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Introduction
The terahertz region of the electromagnetic spectrum (0.1–4 THz, 3.3–133
cm−1, Fig.1), which is between the microwave and infrared regions, has attracted
significant attention from pharmaceutical industries because of the vast range of
potential applications for pharmaceutical product analyses. However, the exploitation of
this spectral range has been difficult owing to the lack of suitable sources and detectors,
and terahertz applications have not been widely adopted by pharmaceutical industries
(1). In recent decades, terahertz technology has considerably advanced with the
development of photoconductive semiconductors and femtosecond laser technology,
which have enabled the development of commercially-applicable terahertz pulsed
spectroscopy (TPS) and terahertz pulsed imaging (TPI) instruments (2).

Figure 1

Electromagnetic spectrum showing terahertz radiation in relation to the

adjacent spectral regimes (3)

The absorption features of the infrared region, which have been widely used in
pharmaceutical analyses, are dominated by intramolecular vibrations of the sample
molecule. In contrast, the terahertz region is related to intermolecular vibrations and
phonon lattice modes, which correspond to periodic structures in crystalline materials (4,
5). Therefore, TPS is an excellent tool for characterizing the crystalline properties of the
4

materials. Using this unique advantage of the terahertz spectrum, TPS has been applied
to polymorphism analyses such as polymorph characterization (6, 7), discrimination
between the different hydrate forms of APIs (8, 9), and detection of phase transitions of
drugs in solid dosage forms (10, 11).
Another remarkable feature of the terahertz spectrum is that most of the
pharmaceutical excipients are transparent or semi-transparent to terahertz radiation
because of the absence of periodic structures. Terahertz pulses can penetrate through a
solid sample (approximately 3 mm, through typical pharmaceutical components),
non-destructive three-dimensional imaging of a sample’s internal structure (12). The
applied terahertz pulse is reflected according to refractive index changes within the
sample. Refractive index changes at the interface are caused by different chemical
components or physical conditions; therefore, TPI can analyze the structural integrity of
a sample (13). Recently, the development of complex dosage forms, such as functional
coating systems (e.g., modified release and multilayer coatings), bilayer tablets, or tablet
in tablet has increased to provide better drug delivery on the basis of specific drug
properties (i.e., physicochemical properties and DMPK). Manufacturing processes have
become complex with the complexity of the dosage form, thus requiring analytical tools
that allow chemical and physical integrity analyses in the dosage form. This has resulted
in a strong demand for imaging techniques that are capable of chemical mapping or
nondestructive analyses and of aiding in the detection of structural defects such as
coating nonuniformity, layer-separation, and drug and excipient segregation within the
dosage form. These quality issues must be resolved for patient safety and compliance;
therefore, techniques that can accurately assess the quality of these dosage forms during
formulation and process development are highly desired.
TPI is a potentially powerful and promising tool for analyzing pharmaceutical
dosage forms because of its unique characteristics mentioned above. However, because
of TPI’s very recent introduction to pharmaceutical industries, its application to
pharmaceutical analyses is limited to the analysis of the coating thickness and
uniformity of conventional film-coated tablets. In particular, few studies have
investigated dosage forms besides conventional film-coated tablets or the correlation
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between the unique, TPI-derived parameters and the structural and physicochemical
properties of the product.
To further investigate the physical or chemical properties acquired by TPI
measurements,

accuracy

and

resolution

of

the

measurements,

and

advantages/disadvantages of TPI compared with other analytical techniques, we
demonstrate the capabilities of TPI for three types of solid dosage form analyses. In
Chapter 1, we demonstrate the use of TPI for estimating the bilayer tablet separation
risk by nondestructively quantifying the adhesion integrity of the two layers’ interface.
In Chapter 2, we demonstrate the use of TPI for the assessment of the surface abrasion
risk of a plain tablet during film coating by evaluating the surface roughness and density
of the tablet. In Chapter 3, we demonstrate the use of TPI for investigating the cause of
insufficient acid resistance in enteric coatings manufactured using various coating
conditions. Four TPI-derived parameters can nondestructively identify the structural
defects within ECTs with poor acid resistance, suggesting that these parameters can be
used as better indicators for quality control.
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Chapter 1 Quantitative analysis of the layer separation risk in bilayer
tablets using terahertz pulsed imaging
1.1 Introduction
Multidrug therapy using a fixed-dose combination (FDC) dosage form has
several advantages, including simplified prescriptions and improved patient compliance
(14, 15). For example, diabetic patients receiving combination therapy who were
switched to FDC therapy exhibited significantly greater compliance (16, 17). To achieve
these advantages, various oral dosage forms, including monolithic systems, multilayer
tablets, multiparticle systems, and active film-coating systems have been developed (18).
The bilayer tablet incorporates and improves the stability of two chemically
incompatible drugs by physical separation (19, 20). In addition, bilayer tablets offer
easier dissolution control to obtain the desired drug release profiles of each drug
substance or to achieve dissolution profiles of each component that are similar to those
of the standard reference products (21, 22). However, several challenges need to be
overcome for successfully manufacturing bilayer tablets with sufficient structural
integrity. One well-known quality issue is fracture of bilayer tablet into individual layers
(layer separation) due to insufficient adhesion integrity (23). Layer separation can occur
during processing, packaging, shipping, or storage and is generally caused by capping
or delamination at the interface of the two layers (24), which adversely affects the
effectiveness of the therapy. Product recalls may lead to enormous financial losses to
pharmaceutical companies, and layer separation may also reduce patient compliance.
Thus, techniques that can accurately assess the risk of layer separation during
formulation and process development are critical for quality control.
Various testing methods such as friability testing (25, 26), tensile strength
measurements (27, 28), scanning electron microscopy (SEM) (29), X-ray computed
tomography (XRCT) (30, 31), ultrasonic testing (32), and nuclear magnetic resonance
(33, 34), have been investigated to assess the adhesion integrity and layer separation
risk of bilayer tablets. Although these methods provide valuable information, they are
not always sufficiently detectable or significantly correlated to layer separation risk. For
example, friability testing can only detect the actual layer separation during testing
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rather than the separation risk. The SEM and XRCT techniques are useful for visually
detecting defects in a tablet. However, the speed of data acquisition is insufficient for
in-process control testing (35), and these methods do not always provide quantitative
information that enables us to precisely estimate the product quality (36). Consequently,
a potential separation risk may be missed at the formulation development stage and only
revealed at the commercial stage, in which product reformulation or process changes
would incur significant costs. Therefore, a quantitative methodology with greater
detectability and higher correlation to the layer separation risk is required for robust
quality control of bilayer tablets during development.
In this study, we evaluated the interface quality of bilayer tablets using the
unique TPI characteristics to derive a quantitative estimate of the layer separation risk.
For this purpose, seven batches of bilayer tablets manufactured using different
compression pressures, a parameter known to affect the fracture tendency, were
examined with TPI. The results were compared with those obtained using other testing
methods (e.g., tensile strength measurements, friability testing, SEM, XRCT) to
evaluate the advantages and disadvantages of TPI.

8

1.2 Materials and methods
1.2.1 Samples
Bilayer tablets without active pharmaceutical ingredients (APIs) were
manufactured using lactose (layer A) and mannitol (layer B). Lactose was used because
it strongly absorbs terahertz pulses, making it easy to distinguish the two layers. Lactose
for layer A (130 mg/tablet) and mannitol for layer B (100 mg/tablet) were separately
granulated by fluid-bed granulation using Hydroxypropylcellulose (HPC-L) as a binder
solution. Each granule was then blended with magnesium stearate, used as a lubricant,
and compressed on a bilayer tablet press (HT-X12SS, Hata Iron Works Co. Ltd.) with
10 rpm and an 8-mm diameter biconvex punch. Seven batches of bilayer tablets were
manufactured using different compression pressures to evaluate the effect of
compression pressure on the tendency for layer separation. The precompression
pressure required to form layer A was 0.3, 0.6, or 0.9 kN, and the subsequent final
compression pressure to form the bilayer tablet was 6.0, 8.0, 10.0, 12.0, or 14.0 kN.

1.2.2 Physical properties
The weight and thickness of all bilayer tablets were measured using Pharma
Test (PHARMA TEST Apparatebau AG). The crushing strength was measured using the
Tablet Hardness Tester (Toyama Sangyo Co. Ltd), and tensile strength (Ts) of the
bilayer tablet was calculated from crushing strength (c), diameter (d), and thickness (t)
using the equation Ts = 2c/πdt (37). Friability testing was performed using Friability
Tester (Matsuoka Machinery Corporation). Ten sample tablets were rotated for 10 min
at 30 rpm in each trial. Friability (F) was calculated as per the following equation: F =
100 × (Wb−Wa)/Wb (USP < 1216 > tablet friability), where Wb and Wa are tablet
weight before and after rotation, respectively. The number of layer-separated tablets was
counted after testing.

1.2.3 SEM
Sample tablets were cut using a Leica EM RAPID milling system (Leica
Mikrosysteme GmbH) to obtain successive cross-sectional surfaces. Each exposed
surface was then sputter coated with gold film to reduce charging effects. Images were
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acquired using a scanning electron microscope (JSM-6390LV, JEOL) operating at a
5-kV acceleration voltage.

1.2.4 XRCT
An X-ray microscope (TDM1000H-II, Yamato-kagaku) was used to
nondestructively characterize the internal features of bilayer tablets. The sample was
placed on a rotating stage between the X-ray source and 2D CCD detector. The X-ray
source was operated at 40 kV and 0.088 mA. The spatial resolution was measured in
µm/pixel. Transmitted projection images were detected by a 2D CCD detector with a
512 × 512 pixel resolution. Image stacks (X-Y planes) were reconstructed using
VGStudio MAX (Volume Graphics) to produce three-dimensional images where each
voxel represents the X-ray absorption at a point within the tablet.

1.2.5 TPI
The TPI Imaga2000 system (TeraView Ltd.) was used in this study (Fig. 2).
The technical configuration, including the details of the terahertz pulse generation,
detection, data acquisition process, and the image analysis procedure are summarized
below.

Figure 2

Terahertz pulsed imaging instrument (38)

(1) Terahertz pulse generation and detection
Figure 3 shows a schematic diagram of the TPI system. The femtosecond beam
10

from the Ti:sapphire laser was split into two paths and launched into separate optical
fibers that links the TPI core system and the separate tablet scanning unit. A pump beam
was used for the terahertz pulse generation at the emitter, and a probe beam was used
for the detection of the terahertz pulse that was reflected from the sample at the receiver.
Both the emitter and receiver were contained in a cartridge unit with silicon lenses to
focus the laser beams onto the gaps of the photoconductive emitter and receiver, which
were made of gallium arsenide (GaAs) semiconductors. The emitter and receiver were
directly attached to silicon lenses, and the terahertz generation and detection were
completely confined within the silicon lens system without exposure of the terahertz
pulse to the atmosphere before it left the silicon lens. The effects of water vapor
absorption were minimal owing to the short distance between the silicon lens and
sample (<8 mm) and the fact that no nitrogen purging was required, which simplified
the measurement procedure. A delay line was incorporated into the probe beam line to
vary the difference in the optical delay between the reflected terahertz pulse from the
sample and probed laser pulse at the receiver (39).
The Ti:sapphire laser generated a femtosecond laser pulse with a photon energy
greater than the band gap of the GaAs semiconductor (<90 fs pulses centered at a
wavelength of 780 nm, with 78 MHz repetition rate). By directing this laser pulse onto a
biased GaAs semiconductor, electron-hole pairs were generated and photoconduction
occurred in the GaAs substrate. These photo-injected charges were accelerated by an
electric field applied between two electrodes connected through the semiconductor. The
physical separation of the electrons and holes by an electric field formed a macroscopic
space-charge field. The fast temporal change in the electric field produced a transient
current, which generated a pulse of electromagnetic radiation in the terahertz frequency
range (<500 fs). These terahertz pulses from each measurement were collected,
collimated, and then focused onto the sample by an off-axis elliptical mirror (3, 13).
The terahertz pulse detection was achieved through the reverse generation
process. The reflected and backscattered terahertz pulses from the sample were then
collected and focused onto an unbiased semiconductor (receiver). A probe beam was
directed to the opposite side of the semiconductor and was used to generate
photo-injected charges. These charges were then accelerated by the transient electric
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field derived from the terahertz pulse of the sample, producing transient current. This
current was proportional to the terahertz electric field and could be measured between
the electrodes. By sweeping the optical delay of the probe beam using a rapid variable
delay stage, the entire terahertz waveform could be measured in <10 ms (40).

Figure 3

Schematic diagram of the sample TPI measurement (1, 13)

(2) Data acquisition process
The entire imaging process was fully automated using a six-axis robotic arm.
Most pharmaceutical tablets have curved surfaces; thus, a precise model of the surface
shape and curvature of the tablet is needed for reliable and quantitative measurements.
In the first step, a surface model of the sample was generated by a 670 nm laser gauge
scan, and this model was used for the subsequent terahertz scan. Using this model, the
sample was always at the focus position, with the sample surface being perpendicular to
the terahertz probe, even if the sample surface was curved (39). Individual points of the
terahertz scan were then assembled into a three-dimensional image. The emitted
terahertz pulse was reflected to a receiver wherever there was a chemical or physical
change in the sample, such as at the interface between two layers or at sites of
12

capping/delamination, leading to a change in the refractive index and/or absorption
coefficient. The time delay of these reflections compared with the surface reflection was
used to calculate the depth of the refraction change. The XY pixel resolution was
approximately 200 μm with a Z-axis (depth) resolution of 2 μm for layers >40 μm thick.
These measurements were performed on both sides of the bilayer tablets using the
point-to-point scan mode (i.e., 1.0 mm PI stage off-set) and thick mode (>2.5 mm in air
as depth resolution) with a 200 μm step size. The layer thickness and interface index
were calculated using refractive indices of 1.5, obtained using TPI. All data were
acquired using the TPI Coating Scan software version 1.7.3 (TeraView) and analyzed
using the TPIcsView software version 2.3.4 (TeraView).

(3) Terahertz parameters obtained by data analysis
Data loaded by this software were automatically adjusted to align the main
peaks (i.e., reflection from sample surface) at the same position and deconvolved using
the reference waveform (i.e., reflection from the mirror). Figure 4 shows a typical
terahertz waveform (after peak position alignment and deconvolution) measured for a
film-coated tablet. Four terahertz parameters can be extracted by waveform analysis:
coating thickness, coating uniformity, terahertz electric field peak strength (TEFPS),
and interface index. Coating thickness, i.e., the layer thickness of the coating, was
calculated using the time delay between the terahertz reflections (△t), speed of light (c),
and refractive index of the coating (n) in the following equation: coating thickness (μ
m) = (△tc)/2n. Coating uniformity was expressed as the averaged standard deviation of
the coating thickness of each tablet. The TEFPS was calculated as TEFPS (%) = Rs/Rm
× 100, where Rs was the magnitude of the reflected terahertz pulse from the sample
surface and Rm was the amplitude of the reference incident terahertz pulse derived from
the mirror. The reflected wave depended on the surface penetration due to density,
scatter due to surface roughness, and on information provided by the surface
roughness/density of the coating layer (41). The interface index was a value uniquely
derived from the time-domain terahertz waveform, which was calculated as the interface
index (%) = Ri/Rs × 100, where Ri was the amplitude of the reflection between the
coating and core tablet interface. Ri depended on the magnitude of the change in the
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refractive index at the coating/tablet core interface, which may be indicative of the
changes in the physical and chemical properties at the interface.

.
Figure 4

Typical terahertz time-domain waveform measured for a film-coated

tablet (1)

1.2.6 Statistical analysis
Paired means were compared by Student’s t-tests and multiple groups means by
analysis of variance (ANOVA) with post hoc pair-wise comparisons using Tukey–
Kramer’s honestly significant difference (HSD) test. All statistical calculations were
performed using the JMP software version 8.0 (SAS Institute Inc., Cary). In all cases, a
p-value <0.05 was considered significant.
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1.3. Results and discussion
1.3.1 Physical properties
We fabricated 7 batches of bilayer tablets using different compression pressures
to manufacture tablets of varying layer separation risks. These batches were then
analyzed for separation risk using tensile strength measurement, friability testing, SEM,
XRCT, and TPI. Tensile strength testing, a ubiquitous technique in the pharmaceutical
industry, is used to evaluate the physical strength of tablets. In this study, tensile
strength did not depend on the compression pressure used for tablet formation (Table 1)
even though an increase in tensile strength is expected at higher compression pressures
(26). Compression pressure affects the fracture tendency of bilayer tablets (37), and the
number of internal fractures increases at higher compression pressures (25).
Table 1 Tensile strength of the bilayer tablets manufactured using different
compression pressures
Batch #

Compression
pressure (kN)

Tensile strength**

Physical properties*
Weight

Thickness

Crushing

(N/mm2)

Pre

Final

(mg)

(mm)

strength (N)

1

0.3

8.0

233.2 ± 1.2

4.69 ± 0.01

70.5 ± 9.9

1.37 ± 0.19

2

0.6

8.0

232.4 ± 1.1

4.70 ± 0.01

64.8 ± 8.4

1.25 ± 0.16

3

0.9

8.0

232.4 ± 1.2

4.67 ± 0.02

73.3 ± 7.4

1.43 ± 0.14

4

0.6

6.0

232.3 ± 1.3

4.83 ± 0.01

75.8 ± 5.0

1.43 ± 0.09

5

0.6

10.0

232.3 ± 1.0

4.62 ± 0.02

65.7 ± 4.2

1.29 ± 0.08

6

0.6

12.0

232.0 ± 1.3

4.60 ± 0.01

70.6 ± 2.8

1.39 ± 0.05

7

0.6

14.0

232.8 ± 0.9

4.55 ± 0.01

72.4 ± 2.6

1.45 ± 0.05

*Data represents average ± SD of 10 measurements.
**Tensile strength of the tablet was calculated by crushing strength (c), diameter (d), and thickness (t)
using the equation Ts = 2c/πdt.

Consistent with previous results, friability testing revealed that the number of
tablets that broke into the two layers was greater in batches fabricated using higher final
compression pressures (Table 2). Thus, friability testing is a convenient method to gain
a rough estimate of the layer separation risk. Samples are subjected to abrasion and
falling during rotation, inducing layer separation. However, friability analysis may lack
15

sufficient detectability because tablet separation may still occur due to flaws created
during fabrication. Moreover, separation may occur subsequent to friability testing if the
settings (rotation speed and time) are too gentle. No layer separation was detected in
batch 4, while one of ten tablets in batch 5 and eight of ten tablets in batch 7 did
separate during friability testing. However, estimation of the layer separation risk for
tablets that remain intact requires imaging of structural flaws using imaging methods.
Table 2 Results of friability testing
Batch #

Compression

Friability (%)*

Layer separation**

pressure (kN)
Pre

Final

1

0.3

8.0

0.29

0/10

2

0.6

8.0

0.37

0/10

3

0.9

8.0

0.31

0/10

4

0.6

6.0

0.66

0/10

5

0.6

10.0

0.50

1/10

6

0.6

12.0

1.67

6/10

7

0.6

14.0

1.48

8/10

*Tablet weights before (Wb) and after (Wa) testing were measured and friability (F) calculated using the
equation F = 100 × (Wb−Wa)/Wb.
**The number of layer-separated tablets.

1.3.2 SEM
To visually identify defects within bilayer tablets, cross-sectional SEM images
of sample tablets were acquired from batches 4, 5, and 7. No visible cracks were
observed in batch 4, while cracks were detected in batches 5 and 7 (Fig. 5), consistent
with the respective propensities for layer separation shown by friability testing. The size
of the cracks increased with final compression pressure. The concordance between
layer-separation during friability testing and crack size as revealed by SEM strongly
suggests that these cracks actually caused layer separation. However, SEM images do
not provide a quantitative index of the layer separation risk (36). It is also possible that
these cracks may have been created during cutting of the sample for surface SEM
imaging. Moreover, SEM is generally not applicable for high-throughput analyses.
16

Figure 5 SEM images of bilayer tablets manufactured using different final
compression pressures.
(A) No cracks were found in samples from batch 4 (final compression pressure of 6 kN). (B) Faint cracks
were observed in batch 5 (final compression pressure 10 kN). (C) Cracks were more obvious in samples
from batch 7 (final compression pressure 14 kN).

1.3.3 XRCT
We also analyzed batches 4, 5, and 7 by XRCT, a nondestructive radiographic
imaging technique that obviates any concern of damage during sample pretreatment. No
visible cracks were observed in batch 4, whereas cracks were detected in batches 5 and
7 (Fig. 6), consistent with the SEM images.

Figure 6

X-ray computed tomography (XRCT) images of bilayer tablets.

In each panel (A−C), the upper left is the X slice, upper right is the Y slice, and lower left is the Z slice at
2 mm from the tablet surface. Reconstructed 3D images are shown at the lower right. (A) No visible crack
was observed in a tablet from batch 4 (final compression pressure: 6 kN); (B) a crack was observed in a
tablet from batch 5 (final compression pressure: 10 kN); (C) a crack was observed in a tablet from batch 7
(final compression pressure: 14 kN), consistent with the SEM results.

In addition to revealing structural defects, XRCT also identified the interface of
17

the two layers by contrast difference. A crack was located along the interface at
approximately 2 mm from the surface of the side B layer. The cracks were
approximately the same size (approx. 50 µm wide) in samples from batches 5 and 7,
despite the large difference in the layer separation risk as indicated by friability testing.
Thus, XRCT can identify the presence and location of cracks in the intact tablet but still
cannot predict the magnitude of the layer separation risk.

1.3.4 Terahertz time-domain waveform of bilayer tablets
TPI was first employed to evaluate batch 7, the batch with the highest layer
separation risk according to friability testing, to examine if TPI can detect cracks with
the same sensitivity as SEM and XRCT and if parameters derived from TPI data are
correlated with the layer separation risk. Each peak in the terahertz time-domain
waveform (in this case as measured from the layer B surface) corresponds to a different
interface in the tablet, while peak direction (positive or negative) reflects whether the
refractive index increases or decreases at the interface (Fig. 7). The first positive peak at
the time delay corresponding to 0 mm represents the partial reflection of the terahertz
pulse at the surface of layer B. The second negative peak at 2.5 mm was identified as
the interface between layer B and a crack because the depth of this second peak as
calculated by time-of-flight measurement corresponded to the crack measured by XRCT
(approximately 2 mm from the surface of layer B). A third positive peak at
approximately 2.7 mm was identified as the interface of the crack and layer A.
Continuous negative and positive peaks observed between 2.5–3.0 mm were identified
as cracks (air gaps) using SEM and XRCT. Thus, TPI is capable of detecting cracks
between two layers of a bilayer tablet.
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Figure 7

The time-domain terahertz waveform of a bilayer tablet from batch 7.

The positive peak at time delay corresponding to 0 mm represents the air-tablet surface. Continuous
negative and positive peaks observed at time delay corresponding to 2.5–3.0 mm arose from a crack (air
gap). Arrows between peaks indicated (A) air/atmosphere, (B) layer B, (C) crack, and (D) layer A.

1.3.5 Quantitative analysis of the interface quality using an interface index
We then tested if TPI could distinguish the differences in interface quality
between three batches, 4, 5, and 7, with distinct layer separation risks as indicated by
friability testing (lowest in batch 4, highest in batch 7). Figure 8 shows a time domain
waveform and a B-scan image cross-section through the depth (Z axis) of the sample.
The magnitudes of the continuous negative and positive peaks from 2.5–3.0 mm
became larger with increasing final compression pressure (batch 4 < batch 5 < batch 7),
indicating that TPI is capable of differentiating the interface quality.
To derive a quantitative index of interface adhesion strength (or conversely of
separation risk), we focused on a unique value obtained by TPI called the interface
index calculated by the peak height of the original time-domain waveform. Peak height
depends on the magnitude of the change in the refractive index at the interface and thus
may be indicative of interface quality and separation risk of bilayer tablets.
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Figure 8

B-scan images and terahertz time-domain waveforms of bilayer tablets.

B-scan images are cross-sections through the tablet (Z axis). (A) Batch 4 (precompression pressure: 0.6
kN, final compression pressure: 6.0 kN), (B) batch 5 (precompression pressure: 0.6 kN, final compression
pressure: 10.0 kN), and (C) batch 7 (precompression pressure: 0.6 kN, final compression pressure: 14.0
kN). The color in the B-scan images indicates the height of the terahertz signal in arbitrary units. The
straight red band is the air/tablet interface and the arc-shaped multicolor band at approximately 2.5 mm is
the two-layer interface.

Typical two-dimensional (2D) interface index maps and corresponding pixel
distribution histograms are shown in Figure 9. The average interface index values were
1.4, 4.6, and 10.5 for batches 4, 5, and 7, respectively. There was a positive correlation
between the interface index and the number of layer-separated tablets found after
friability testing, indicating that this TPI-derived index can distinguish batches with low
and high layer separation risk. We also obtained the spatial distribution of local interface
index values by TPI analysis. The interface index was higher toward the center
compared with the edge, suggesting that cracking was more severe at the center (Fig. 9).
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Figure 9 2D interface index maps and histograms of interface index distribution
for bilayer tablets.
(A) Batch 4 (precompression pressure: 0.6 kN, final compression pressure: 6.0 kN), (B) batch 5
(precompression pressure: 0.6 kN, final compression pressure: 10.0 kN), and (C) batch 7(precompression
pressure: 0.6 kN, final compression pressure:14.0 kN). The value below the interface index maps is the
average ± SD of the interface index.

TPI was used to evaluate the layer separation risk for all 7 batches using 10
randomly selected tablets from each batch. Friability testing was then performed on the
same tablets and the number of fractured tablets used enabled establishment of a
correlation between the interface index and the tendency for layer separation of
individual tablets. Figure 10 presents the results of TPI and friability testing for bilayer
tablets manufactured using different final compression pressures (6.0, 8.0, 10.0, 12.0, or
14.0 kN) and the same precompression pressure (0.6 kN). The interface index depended
on the final compression pressure (ANOVA, p < 0.01), suggesting that the final
compression pressure is related to the interface quality. In addition, the interface index
was positively correlated with the layer separation risk because tablets separated more
frequently at the two layers interface when the interface index was greater than six
(“X”s in Fig. 10). Furthermore, there was a significant difference in the interface index
value between individual tablets that separated during friability testing and those that
remained intact (Student’s t-test, p < 0.01; Fig. 11). Therefore, the interface index is a
potential indicator of the layer separation risk.
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Figure 10 Plot of the interface index of bilayer tablets (open circles or Xs)
manufactured using different final compression pressures.
The Xs demarcate tablets that separated during friability testing.

Figure 11 The mean interface index for tablets that remained intact (no layer
separation) and tablets that separated during friability testing.
Figure 12 presents the TPI results of bilayer tablets manufactured using
different precompression pressures (0.3, 0.6, or 0.9 kN) and a final compression
pressure of 8 kN. No layer separation was observed for any tablet during friability
testing but the interface index depended on the precompression pressure (ANOVA, p <
0.01), indicating that the precompression pressure also affects the interface quality and
the risk of layer separation. In contrast, tensile strength, friability, and the number of
tablet separated during friability testing did not depend on the precompression pressure
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(ANOVA, p > 0.05). Thus, optimization of the precompression pressure may minimize
the risk of layer separation as revealed by TPI but not by tensile strength or friability
testing. A previous study reported that adhesion strength decreases at higher
precompression pressures (42). The precompression pressure determines the surface
roughness of the first layer. As the surface roughness of the first layer is reduced by
higher precompression pressures, the contact area needed for granule interlocking and
interface adhesion with second layer is significantly reduced, leading to possible
capping or delamination of bilayer tablet (37).

Figure 12 Plot of the interface index for individual bilayer tablets manufactured
at different precompression pressures.
To further clarify if differences in adhesion integrity at the interface are
consistent with TPI results, batches 1, 2, and 3 were assessed by SEM. Small cracks
were observed in the sample from batch 3, which showed the highest mean interface
index among 3 batches (4.22), whereas no cracks were detected in batches 2 and 3,
which had lower mean interface indices (1.85 and 3.22) (Fig. 13, Table 3). Thus, the
TPI-derived interface index correlates with the structural integrity of the tablet as
indicated by the presence of cracks, even in cases not distinguished by friability testing.
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Figure 13

SEM images of bilayer tablets of different precompression pressures.

(A) No crack was observed in batch 1 (0.3 kN), (B) no crack was observed in batch 2 (0.6 kN), and (C) a
small crack was observed in batch 3 (0.9 kN).

Table 3 Relationship between compression pressure, number of layer-separated
tablets during friability testing, and the interface index obtained using TPI
Batch #

Compression

Layer separation*

Interface index**

pressure (kN)
Pre

Final

1

0.3

8.0

0/10

1.63 ± 0.17

2

0.6

8.0

0/10

1.85 ± 0.11

3

0.9

8.0

0/10

3.22 ± 0.47

4

0.6

6.0

0/10

4.22 ± 0.34

5

0.6

10.0

1/10

1.74 ± 0.19

6

0.6

12.0

6/10

4.98 ± 0.80

7

0.6

14.0

8/10

9.05 ± 1.19

* The number of layer-separated tablets after testing.
** Data represents average ± SD of 10 measurements.

In summary, TPI results are more strongly associated with the structural
integrity of the bilayer tablet interface than the results from tensile strength
measurements, friability testing, SEM, or XRCT (Table 4).
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Table 4 Advantage/Limitation of techniques for layer separation risk assessment.
Techniques

Advantages

Limitations

Tensile



a traditional technique

strength



easy to test

Friability



a convenient method for rough

testing
SEM



poor correlation to layer separation
risk



estimation

detection of only actual layer
separation rather than its risk.



high spatial resolution





visual identification of defects within

magnitude of layer separation risk)


sample

qualitative analysis (cannot predict

destructive analysis (pretreatment
required)

XRCT



high spatial resolution





non-destructive 3D imaging



visual identification of defects within

magnitude of the risk)


sample
TPI



qualitative analysis (cannot predict

longer data acquisition and
processing time

quantitative analysis (can predict



lower spatial resolution

magnitude of the risk)


non-destructive 3D imaging



faster data acquisition/processing

The present results indicate that TPI can be employed to assess the risk of layer
separation without destroying the tablet, thus enabling subsequent tests for confirmation,
validation, or statistical analysis. Moreover, TPI yields the interface index, which is a
quantitative measure of interface strength. The interface index was well correlated with
the fraction of layer separation during friability testing and with structural defects not
manifested by actual tablet separation during friability testing (at least under the rotation
and time settings employed). In addition, the interface index can be utilized during
formulation development or process control to optimize individual steps, such as the
precompression pressure. This approach may also reveal how each pharmaceutical
excipient in the formulation or operation condition affects other physical and
mechanical properties of the bilayer tablet interface. Furthermore, TPI is faster than
other nondestructive techniques such as XRCT, potentially allowing real-time
monitoring during manufacturing in the future.
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There still are limitations to this methodology. For example, TPI has lower
spatial resolution than SEM or XRCT because of the longer wavelength range; hence, it
is possible to miss small cracks that ultimately contribute to layer separation. In this
study, only the effects of compression pressure were assessed, while many additional
factors, such as the physicochemical properties of drugs or excipients, also affect the
interface properties of bilayer tablets (25, 43, 44)
Brittle excipients such as dicalcium phosphate or lactose tend to produce
smooth surfaces at the interface, while ductile materials such as microcrystalline
cellulose tend to produce rougher surfaces with better adhesion (45). The effect of these
factors on the TPI-derived interface index remains to be investigated. Thus, further
studies using a variety of different excipients pairs manufactured under varying
conditions are required to validate our conclusions.
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1.4 Conclusion
In this study, we demonstrate the utility of TPI for quantitative analysis of the
bilayer tablet separation risk. Terahertz imaging can nondestructively quantify the
adhesion integrity of the bilayer tablet interface and provide an estimate of the layer
separation risk. By combining other imaging methods such as SEM and XTCT, the
“black box” within the tablet is revealed quickly and precisely, providing a better
understanding of layer separation mechanisms and a new, more robust quality control
procedure for development and production of bilayer tablets.
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Chapter 2 Quantitative analysis of visible surface defect risk in tablets
during film coating using terahertz pulsed imaging
2.1 Introduction
Tablets are the most common form of oral solid dosage in pharmaceutical
industries and have been used for many decades to deliver active pharmaceutical
ingredient (APIs), but there remain several challenges to consistent high quality
manufacture of this solid dosage form. One well-known difficulty is to attain the desired
disintegration rate combined with sufficient physical strength in the same tablet (46).
Immediate disintegration/dissolution is usually favored, especially for poorly
water-soluble drugs to enhance bioavailability (47, 48). Orally disintegrating tablets
which are increasingly recommended to improve medication adherence in patients who
have difficulty in swallowing conventional tablets require rapid disintegration in the
oral cavity without the need for administration of water (49, 50). Tablets with high
porosity and/or lower physical strength disintegrate more rapidly but are also prone to
breakage or abrasion during processing, packaging, or shipping (51, 52), resulting in
reduced therapeutic effectiveness and enormous financial losses to pharmaceutical
companies in cases requiring product recall. Techniques that can accurately assess the
physical strength of tablets during formulation and process development are therefore
critical to deliver quality products to patients.
Tensile strength (TS) measurement is a common technique used to evaluate the
physical strength of tablets and predict whether they can maintain their structure and
geometry against external shocks (27, 29). However, the TS is not always indicative of
the propensity for surface abrasion causing visible defects since the TS is mainly
associated with internal bonding strength or structure. Various testing methods, such as
friability testing (26), scanning electron microscopy (SEM) (36), ultrasound (53), NIR
(54, 55), Raman microscopy (56), and chromaticity (57) have been used to assess the
physical strength of the tablet surface. Although these techniques provide valuable
information, they do not always have sufficient sensitivity, and results may not correlate
with the risk of visible surface defects on the tablet surface. For example, friability
testing is convenient for estimating visible surface defect risk during film coating since
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samples are subjected to abrasion and falling, replicating the physical shear stress to the
tablet surface during film coating. However, friability value does not always have
sufficient sensitivity to the abrasion occurred during film coating in the case the defect
occurs only narrow area of tablet surface. SEM provides high resolution images of
surface properties such as roughness and density, but it does not provide quantitative
information (36). Moreover, data acquisition is too slow for in-process control testing.
NIR and Raman microscopy are useful in this regard because the shift in spectra due to
changes in scattering reflect tablet density and these raw data can be acquired quickly
(54, 56). However, results are based on multivariate spectral analysis and each model
requires

time-consuming

development,

validation,

and

calibration

(58,

59).

Consequently, a potential risk for visible surface defects may not be noticed at the
formulation development stage and only identified at the commercial stage when
product reformulation or process changes would lead to significant financial losses. A
quantitative methodology with greater detectability and better correlation with the risk
of visible surface defects is therefore required for more robust quality control.
In the present study, we focused on terahertz electric field peak strength
(TEFPS), a unique TPI parameter related to the magnitude of the terahertz pulse
intensity reflected from sample surfaces that can reveal surface density and roughness
(41, 60). TEFPS may be indicative of the physical strength of the tablet surface and so is
predictive of visible surface defect risk during manufacturing, shipping, or storage. To
evaluate the utility of TPI for the estimation of surface strength, we fabricated 6 batches
of core tablets with different tendencies for surface defect formation during film coating.
The relationship between TEFPS and the tendency for surface abrasion was analyzed to
establish a quantitative technique allowing the estimation of visible surface defect risk
prior to film coating.
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2.2 Materials and methods
2.2.1 Samples
D-Mannitol (Pearlitol 50D, Roquette Co. Ltd.) and microcrystalline cellulose
(PH-101, Asahikasei Chemicals Co. Ltd.), which are widely used as diluents in
pharmaceutical products, were granulated by fluid-bed granulation using hydroxypropyl
cellulose (HPC-L, Nippon Soda, Co. Ltd.) as the binder solution. Granules were
blended with cross-carmellose sodium (Ac-Di-Sol, FMC) and magnesium stearate
(Taihei Chemical Industrial Co. Ltd., Osaka, Japan) using a tumbler mixer (SHOWA
KAGAKUKIKAI CO., LTD). Core tablet batches 1 and 2 were manufactured using the
same formulation and fabrication steps but different blending scales (1 kg and 10 kg,
respectively), and then compressed on a tablet press (Correct 19K, Kikusui Seisakusho)
at 9 kN and 30 rpm using a 9-mm diameter bi-convex punch. Core tablets were then
coated with Opadry red (Colorcon, Inc.) using a DRIA-coater (DRIA-200, Powrex
Corporation). The coating amount was 4% weight gain relative to the core tablet (300
mg). Four additional batches of core tablets were fabricated at 1 kg scale using different
blending times (1, 5, 15, and 30 min) to investigate the effect of the blending time on
visible surface defect of core tablet.

2.2.2 Physical properties
The same method described in section 1.2.2. was used in this chapter.

2.2.3 Microscopy
Sample tablets were sputter-coated with a gold film to reduce charging effects.
Images were acquired using a scanning electron microscope (JSM-6390LV, JEOL)
operating at a 7-kV acceleration voltage. SEM using a S-3500N system (HITACHI,
Tokyo, Japan) by energy dispersive X-ray spectrometry (EMAX-7000 X-ray
Microanalyzer, HORIBA) were used to identify the chemical components segregated on
the tablet surface. In these studies, the acceleration voltage was set to 20 kV and the
vacuum to 10 Pa. A digital microscope (VH-8000, KEYENCE) was also employed to
visually examine the tablet surface.
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2.2.4 TPI
The details of data acquisition and image analysis procedures for the TPI
Imaga2000 are described in section 1.2.5. The measurements were performed on both
sides of the tablet using the point-to-point scan mode, thin mode (>1.0 mm in air as
depth resolution), and a 150-μm step size.

2.2.5 Statistical analysis
The same method described in section 1.2.6 was used in this chapter.
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2.3. Results and Discussion
2.3.1 Surface defects
We fabricated 2 batches of film-coated tablets (batches 1 and 2) using the same
formulation and fabrication steps but different blending scales (1 kg and 10 kg,
respectively). After film coating, no surface defects were observed in samples from
batch 1, whereas severe surface defects were observed near the tablet edge in samples
from batch 2 (Fig. 14). This damage must have occurred during film coating since no
surface defects were observed before film coating (data not shown).

Figure 14

Representative images of film-coated tablets manufactured at different

blending scales.
(A) No visible surface defect in samples from batch 1 (blending scale: 1 kg). (B) Visible surface defects
in samples from batch 2 (blending scale: 10 kg). Black arrows denote the defects.

2.3.2 Physical properties of core tablets
To determine the specific cause of these surface defects, we compared physical
strength of batches 1 and 2 using TS measurement and friability testing (Table 5).
Table 5 Physical properties of core tablets for batches 1 and 2
Batch
numb

Blending
scale (kg)

Tablet
weight (mg)*

Thickness
(mm) *

Crushing
strength (N) *

Tensile
strength*

Friability
(%)**

1
10

301.2 ± 2.0
301.1 ± 1.7

4.94 ± 0.02
4.97 ± 0.02

91.1 ± 3.8
82.6 ± 3.2

1.29 ± 0.05
1.16 ± 0.04

0.28 ± 0.01
0.23 ± 0.04

er
1
2
*

Data represent the average ± SD of 10 measurements

**

Data represent the average ± SD of 3 measurements

32

Samples from batch 2 had a slightly lower TS than those from batch 1, mainly
due to larger scale blending of lubricant, an effect reported previously (61, 62). TS is a
function of internal bonding strength and may not reflect the physical strength of the
tablet surface. Thus, slight differences in the overall TS did not predict a greater
propensity for surface damage in samples from batch 2, necessitating alternative
indicators. Both batches showed friability values of less than 0.3%, much lower than the
1.0% threshold of the U.S. pharmacopeia, despite obvious differences in propensity for
surface defects (Fig. 14). We also manually inspected the core tablets after friability
testing but did not observe any visible surface defects like those observed after film
coating. This may have resulted from weaker external stress during friability testing
than that observed during film coating, at least under the rotation and time settings
employed. Alternatively, abrasion may have occurred only in a very small area of the
tablet and may not be reflected by friability values. Consequently, this method did not
provide any usable information on the cause of visible surface defects in batch 2.

2.3.3 Examination of tablet surface defects by microscopy
Core tablets were photographed using a bright-field microscope to visually
examine the tablet surface; however, no visible defects were observed for both batches 1
and 2 (data not shown). SEM images of core tablets were then acquired from both
batches. No visible defects were observed in samples from batch 1, whereas a rough and
porous surface was revealed in SEM images of samples from batch 2 (Fig. 15).
Furthermore, we observed local segregation of fiber-shaped excipients on the surfaces
of batch 2 tablets, and the area of segregation appeared to overlap with that exhibiting
visible surface defects after film coating, namely the tablet edges. We speculated that
the excipients were easily removed from the edge surface by physical shear stress
during film coating, possibly due to relatively poor compaction of specific components.
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Figure 15

SEM images of the surface and cross-section of core tablets produced

at different blending scales.
(A1) No segregation on the surface in samples from batch 1 (×100), (A2) no segregation on the surface in
samples from batch 1 (×500), (A3) no segregation in the cross-section of samples from batch 1 (×100),
(B1) segregation of fiber shape excipinet in samples from batch 2 (×100), (B2) no segregation on the
surface in samples from batch 2 (×500), (B3) segregation in the cross-section of samples from batch 2
(×100).

To replicate the shear stress condition during coating in the absence of other
effects of coating, batch 2 core tablets were rotated in the coating pan without spraying.
SEM images of samples showed that the fiber-shaped excipients had disappeared from
the tablet surface and were replaced by surface defects similar to those observed after
film coating (Fig. 16). The concordance between the area where segregation was
observed in samples from batch 2 and the area where visible surface defects were
observed after film coating strongly suggested that visible surface defects occurred due
to component segregation.
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Figure 16

Representative images and their corresponding SEM images of core

tablets from batch 2, before and after rotation in the film coating pan using the
same process condition as that used for film coating.
(A) No visible surface defect but segregation of fiber shape excipinets on the surface before rotation, (B)
surface defect like film-coated tablet and fiber shape excipients on the surface disappeared after rotation.

To identify the fiber-shaped excipients, energy dispersive X-ray spectrometry
was employed. A strong Na ion peak was detected from the area where fiber-shaped
excipients segregated (Fig. 17), indicating that the segregated excipient was the
cross-carmellose sodium added for blending process, as only this constituent contains
Na ions. It is generally recognized that particle mixing behavior is a complex process
and that local segregation can occur due to differences in particle size, shape, and
density, generating a locally nonuniform system (63). Thus, segregation must be
prevented to maintain product consistency by optimizing tablet particulate components,
the type of mixer, and mixing conditions (64, 65). It is possible that granules and
cross-carmellose sodium segregated due to differences in particle size and shape (Fig.
18). It was also reported that a higher degree of lubrication induces segregation (66).
SEM provided valuable information on the cause of visible surface defects after film
coating but not a quantitative evaluation of surface properties that could in turn allow
for accurate risk assessment. We therefore focused on the development of a quantitative
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technique to measure surface properties and estimate visible surface defect risk.

Figure 17

Chemical mapping for samples from batch 2 by SEM and energy

dispersive X-ray spectrometry.

Figure 18 SEM images for (A) cross-carmellose sodium and (B) milled granules
used to produce both batches of core tablets.

2.3.4 Analysis of surface defects by TPI
We examined whether TPI analysis yields quantitative indices of surface
properties useful for assessing defect severity and the risk of surface damage during
film coating. TEFPS, a unique parameter obtained by TPI analysis, is related to the
magnitude of the terahertz pulse reflected from the sample surface. The reflected wave
depends on surface penetration due to density and scatter due to surface roughness (41,
60) (Fig. 19). Lower TEFPS values resulted from penetration of the field into the lower
density material and scatter by uneven surfaces. Low surface density or surface
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roughness may increase the likelihood of surface abrasions, suggesting that TEFPS
magnitude may be indicative of visible surface defect risk.

Figure 19

A schematic of how surface density and roughness of the tablet relates

to the magnitude of TEFPS.

Figure 20 shows representative two-dimensional (2D) TEFPS maps and
corresponding pixel distribution histograms of samples from batches 1 and 2. Each
figure consists of more than 3000 pixels, forming a spatial map with quantitative indices
of local surface density and/or roughness, which was not obtained by other techniques
like optical microscopy. These images clearly indicated that TEFPS was not uniform
across the tablet surface but rather was lower near the edges in samples from batch 2.
This suggests that this area has a lower density and (or) rougher surface than the tablet
face, potentially increasing the risk of surface abrasion. Therefore, TPI provides
information on spatial variations in tablet surface properties not revealed by bulk
analytical methods. However, the average TEFPS values of 10 randomly selected tablets
from each batch were 20.7% ± 0.9% and 20.0% ± 0.8% (Table 2) (Student’s t-test, p >
0.05), so average TEFPS over the entire tablet did not distinguish between the surface
properties in this particular case, underscoring the importance of spatial resolution for
identifying specific areas with different physicochemical properties that may contribute
to local abrasion risk.
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Figure 20

2D TEFPS maps and histograms of TEFPS distribution for intact core

tablets.
(A) Batch 1 and (B) batch 2. The value above the histograms is the average ± SD of the TEFPS.

Figure 21 presents TEFPS maps showing only values <30%, 20%, 18%, 16%,
or 14%, respectively. Almost all pixels in the image from a batch 1 sample were
excluded when the TEFPS threshold was 16% (i.e., all values were 16% or greater),
whereas 5.5% pixels remained in images from batch 2. Moreover, these remaining
pixels formed a ring-like field at the periphery of the tablet surface, corresponding to the
area prone to surface defects in samples from batch 2 after film coating. This suggested
that TEFPS <16% may be an appropriate screening value to locate tablet regions with
lower density or rougher surfaces prone to abrasion during coating. We defined a visible
defect index (VDI) to verify this relationship with visible surface defect risk:
VDI (%) = (number of pixels with TEFPS <16%/all pixels on tablet surface) × 100.
We predicted that abrasion would occur over a broader area and cause more
severe visible surface defects in tablets (or regions) with higher VDI. The mean VDI
values for samples from batches 1 and 2 were 0.6% ± 0.3% and 5.4% ± 1.7%,
respectively (Table 6), and unlike the mean TEFPS values, mean VDI values were
significantly different between batches 1 and 2 (Student’s t-test, p < 0.01).
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Figure 21

2D TEFPS maps for intact core tablet surface corresponding to an

applied TEFPS of no more than 30%, 20%, 18%, 16% and 14%.
(A) Batch 1 and (B) batch 2. Pixels not corresponding to the applied TEFPS were masked to be excludes
as holes. Values presented in each figure are the percentage of the pixels corresponded to the used TEFPS
against the whole pixels on tablet surface.

Table 6

Results of TPI analysis of core tablets for batches 1 and 2
Sample

Batch 1

Batch 2

number

TEFPS

VDI

TEFPS

VDI

1
2
3
4
5
6
7
8
9
10

20.9
19.0
21.3
20.3
21.4
19.7
21.8
21.5
20.2
20.5

0.4%
1.0%
0.5%
0.8%
0.3%
0.7%
0.3%
0.3%
0.9%
0.8%

20.0
21.0
20.9
18.8
18.9
19.2
19.8
20.6
20.5
20.3

5.5%
3.6%
2.2%
7.4%
6.1%
6.4%
6.7%
6.9%
5.0%
4.2%

Average
SD

20.7
0.9

0.6%
0.3%

20.0
0.8

5.4%
1.7%

2.3.5 Visible defect index (VDI) analysis
To further assess the predictive value of VDI analysis, we fabricated 4
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additional new batches of core tablets with varying visible surface defect severity by
changing the blending time, which our previous results suggested may affect the
magnitude of cross-carmellose segregation.
Prior to TPI analysis, the physical properties of 4 batches were evaluated as a
reference. TS slightly decreased with increasing blending time; however, we could not
rank the risk and defect severity of these batches using TS data (Table 7). In addition, no
significant difference in friability was observed among 4 batches (ANOVA, p > 0.05).
Table 7

Physical properties of core tablets from four batches manufactured at

different blending times
Batch
#

Blending
time (min)

Tablet
weight (mg)*

Thickness
(mm) *

Crushing
strength (N) *

Tensile
strength*

Friability
(%)**

3
4
5
6

1
5
15
30

302.7 ± 3.3
301.9 ± 1.7
301.5 ± 2.0
301.9 ± 2.9

4.98 ± 0.02
4.96 ± 0.01
4.97 ± 0.01
4.97 ± 0.02

96.6 ± 4.3
93.4 ± 2.6
80.6 ± 4.3
78.7 ± 2.8

1.36 ± 0.06
1.32 ± 0.03
1.13 ± 0.06
1.11 ± 0.04

0.24 ± 0.10
0.31 ± 0.05
0.32 ± 0.09
0.30 ± 0.02

*

Data represent the average ± SD of 10 measurements

**

Data represent the average ± SD of 3 measurements

Representative 2D TEFPS maps for samples from each batch are displayed in
Fig. 22 (top row) along with the threshold TEFPS maps and VDI values (bottom row).
The mean VDI values for 10 randomly selected tablets from each batch were 0.5% for
batch 3 (1 min blending time), 4.7% for batch 4 (5 min), 7.4% for batch 5 (15 min), and
9.1% for batch 6 (30 min). The VDI depended on the blending time (ANOVA, p < 0.01),
suggesting more severe visible defect risk for the batch with longer blending time.
Moreover, there was significant pair-wise difference among 4 batches, quantitatively
distinguishing the severity of visible surface defect (Turkey–Kramer’s HSD test, p <
0.01) (Fig. 23).
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Figure 22

2D TEFPS maps and VDI of intact core tablets.

(A) Batch 3, (B) batch 4, (C) batch 5, and (D) batch 6.

Figure 23

VDI values of core tablets as a function of blending time for samples

from batches 3, 4, 5, and 6.

To test this prediction, samples from these 4 batches of core tablets were
rotated in a coating pan without spraying, and optical images were acquired. Tablets
from batches fabricated with longer blending times (especially batch 6) showed more
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severe surface defects, whereas batch 3 showed no visible deficits (Fig. 24). This result
also suggests that TPI does not directly measure the physical strength of the tablet
surface (as TS values were similar), but rather provides quantitative information on the
risk of visible surface defects based on surface roughness/density information.

Figure 24

SEM images of core tablets from batches 3, 4, 5, and 6 after rotating in

coating pan using the same process condition as that used for film coating.
(A) No visible defect in samples from batch 3 (blending time: 1 min), (B) slight visible surface defect in
samples from batch 4 (blending time: 5 min), (C) obvious visible surface defect in samples from batch 5
(blending time: 15 min), (D) most severe visible surface defect in samples from batch 6 (blending time:
30 min).

This study demonstrates that TPI can be employed to quantify physical
properties related to the damage-resistance of the tablet surface. The spatial distribution
of TEFPS values and the VDI provided quantitative information on the risk of visible
surface defects in core tablets prior to film coating and predicted the location of these
defects. In addition, this technique distinguished the severity of visible surface defects
among batches 3–6 without any pretreatment as required for friability testing or SEM.
The TPI techniques described in this study can be applied to investigate how each
excipients or operation condition contributes to the risk of visible surface defects in
tablets. For example, the blending conditions required to attain sufficient surface
strength and the desired disintegration rate could be determined by TPI analysis of
tablet batches fabricated under different process conditions. In addition, VDI analysis
could be used to predict the requirement for milder coating conditions (e.g., slower pan
rotating speed and higher spray rate) to prevent abrasion when coating tablets that must
have lower surface strength. Fast and nondestructive data acquisition using TPI may be
ideal for process optimization and real-time quality control.
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There are still several limitations in TPI, including lower spatial resolution than
SEM because TPI uses longer wavelengths. Thus, TPI may not detect small flaws that
ultimately contribute to visible surface defects. The sensitivity of TPI for this
application remains to be determined. Only the relationship between the blending
condition and visible surface defects after film coating was investigated in this study,
whereas a myriad of other parameters also affected the surface properties of core tablets.
In addition, the TEFPS threshold and VDI have to be defined for each formulation as it
will be influenced by the surface refractive index of the coating material. Similarly,
these values are applicable to surface density or smoothness related surface defect,
whereas many other factors may cause surface defects. Further studies are necessary to
establish the utility of TPI for analyzing physical strength and other properties of
medicinal tablets.
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2.4 Conclusion
In this study, we demonstrated the utility of TPI for quantifying the surface
strength of core tablets and the risk of surface abrasion. Although TPI does not directly
measure physical strength, TEFPS provides information on surface roughness and
density that is well correlated with the risk and severity of visible surface defects. We
propose that TPI is a valuable tool to precisely estimate the risk and severity of visible
surface defects in tablets during pharmaceutical manufacturing. In addition, TPI can
also reveal the relationship between process condition and visible surface defect risk,
allowing for process optimization and rigid quality control during drug development
and avoiding expensive reruns and product recalls.
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Chapter 3 Evaluations of coating properties of enteric coated tablets
using terahertz pulsed imaging
3.1 Introduction
Film coatings on medicinal tablets can improve the efficacy, tolerability, and
side effect profile of active pharmaceutical ingredients (APIs). For example, coatings
can improve chemical stability under high humidity or light exposure, mask unfavorable
taste, and control the dissolution profile to obtain the desired plasma concentrations
required for therapeutic purposes (67).
One ubiquitous functional coating is enteric coating, which is designed to
protect APIs from the acidic environment of the stomach, thereby allowing the release
of the drug at the higher pH environment of the upper intestine (68, 69). In addition,
enteric coatings can obviate side effects such as nausea or bleeding by protecting the
gastric mucosa from the irritating effects of drugs (70) or be used to design delayed
release formulations (71, 72). Many commercial products such as Prevacid® (Takeda),
Dulcolax®

(Boehringer

Ingelheim),

Voltaren®

(Novartis),

and

Epilim®

(Sanofi-aventis) are available with enteric coatings. Despite these benefits, the effects of
different formulation and manufacturing conditions on the functional properties of
enteric coatings remains still unclear (73, 74), resulting in poor acid resistance or other
quality variations across batches. One possible reason for this lack of consistency is that
coating process has been controlled most often by weight gain measurements (75),
which are not always a good indicator for quality assessment. For example, weight gain
measurements provide no information on how the film coating is distributed over the
surface of the tablet, and it is known that the density of the film coating can vary among
batches that demonstrate the same weight gain (41). Coating properties such as
thickness, uniformity, density/porosity, tensile strength, and surface roughness are
superior indices for quality control. For these measurements, methods such as scanning
electron microscopy (SEM) (76), X-ray computed tomography (XRCT) (77), atomic
force microscopy (78), laser-induced breakdown spectroscopy (79), near infrared
spectroscopy (NIR) (80, 81), and Raman spectroscopy (82) have been investigated.
Although these methods provide valuable information, they often do not possess

45

sufficient sensitivity to assess the properties of film coatings. Optical microscopy
techniques such as SEM and XRCT do not always provide quantitative information for
precise estimates of coating quality (36). Moreover, some of these techniques are
destructive and thus difficult to apply for on-line analysis (83). Raman spectroscopy and
NIR are capable of rapid measurement of coating thickness, but the development of
chemometric models is necessary since the absorption is related to the amount of coated
material (84). Plus, slight variations in process conditions can shift the spectral response,
causing the model to lose its quantitative prediction power (84, 85).
Despite its great potential as an analytical tool, research on TPI applications for
pharmaceutical products has been limited. In particular, few studies have investigated
the correlation between TPI-derived parameters and the physicochemical properties of
the coating and studied the mechanism by which these parameters can be utilized for
actual pharmaceutical development. In the present study, the utility of TPI for the
analysis of enteric coated tablets (ECTs) was investigated. We manufactured 8 ECT
batches under different coating conditions to prepare ECT batches with various acid
resistances, which is critical functional property of enteric coated products. Then, we
analyzed these batches by TPI to evaluate the effect of coating conditions on the
physicochemical properties of the coating and also the relationship between the
physicochemical properties of the enteric coating and acid resistance. Four unique
TPI-derived parameters, i.e., the coating thickness, coating uniformity, terahertz electric
field peak strength (TEFPS), and interface index, were then used to investigate of cause
of poor acid resistance. Lastly, these results were confirmed using loss on drying (LOD),
SEM, and XRCT.
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3.2 Materials and Methods
3.2.1 Samples
D-Mannitol (Pearlitol 50D, Roquette Co. Ltd.) and microcrystalline cellulose
(PH-101, Asahi Kasei Chemicals Co. Ltd.), which are widely used as diluents in
pharmaceutical products, were granulated by fluid-bed granulation using hydroxypropyl
cellulose (HPC-L, Nippon Soda, Co. Ltd.) as a binder solution. Granules were blended
with sodium starch glycolate (Primojel, DFE Pharm) and magnesium stearate (Taihei
Chemical Industrial Co. Ltd.), and compressed on a tablet press (Correct 19K, Kikusui
Seisakusho) at 7 kN and 30 rpm using a 7-mm diameter bi-convex punch. Core tablets
were then coated with coating dispersion containing Eudragit L30D-55 (Evonik
Industries AG), triethyl citrate (TEC) (Morimura Bros., INC.), talc (Matsumura Sangyo
Co. Ltd.), titanium dioxide (Freund Corporation), and ferric oxide (LCW) using a
Hi-coater (HC-LABO, Freund Corporation).
Eight ECT batches were manufactured under different coating conditions
(Table 8). To study process parameters, we focused on product temperature, spray air
volume, and spray rate, which are important parameters required for controlling the
properties of film layers and coating efficiency (12, 26). Other factors such as charged
amount, pan rotation speed, and inlet air volume were held constant at 300 g, 25 rpm,
and 50 m3/min. The coating amount was 6% weight gain (7.2 mg/cm2) relative to the
core tablet (150 mg). TEC, the critical component dictating proper film formation, was
not added to ECT batch 8 to investigate its contribution in film formation. Batch 1,
fabricated using intermediate values for temperature, spray air volume, and spray rate,
was considered as the “control” condition. The combination of these factors determined
whether the coating conditions were “wet’ or “dry,” with low inlet temperature, high
spray rate, and low spray air volume constituting the “wet” condition.

3.2.2 Tablet properties
The water content of sample tablets was measured by the loss on drying
method using approximately 1 g of tablet from each batch according to the procedure
reported in USP 35 NF 30 <731> using DNF 400 (Yamato-kagaku, Tokyo, Japan) at
105°C for 3 h. The equilibrium relative humidity of samples was measured using
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Hygrolab2 (ROTRONIC AG). The other analysis was same method as that described in
section 1.2.2.

3.2.3 Acid uptake
Acid protection by the enteric coating was evaluated by disintegration tests in
two acidic media according to the procedures described in USP 35 NF 30 <701>. Six
tablets of each batch were weighed individually and placed in a disintegration tester
(Toyama Sangyo Co. Ltd.). After 2 h in either high acidity (compendia acid stage, 0.1 N
HCl, pH 1.2) or intermediate acidity (acetate buffer, pH 4.5) at 37 ± 1°C, tablets were
removed from the vessel. Excess surface media was removed with a paper towel, and
the tablets were reweighed. Acid uptake was calculated according to following equation:
Acid uptake (%) = 100 × (Wa − Wb)/Wb, where Wb and Wa are tablet weights before
and after testing.

3.2.4 Moisture conditioning and moisture content measurement of ECTs
To condition tablets to different moisture contents, ECTs from batch 1 were
placed in a humidity chamber (SH-2219, ESPEC Corp.) at 25°C for 2 weeks under 11%,
22%, 33%, 44%, 57%, 68%, 75%, or 85% RH. Tablets were removed from the chamber
at 3, 7, and 14 days and weighed to determine the moisture level. After 14 days in the
humidity chamber, the equilibration of water content in ECTs was confirmed and TPI
was employed. The moisture level was evaluated as a function of equilibrium relative
humidity using a water activity analyzer (HygroLab; Rotronic AG). The water content
of the samples was determined by weighing samples before and after moisture
conditioning with correction for intact tablet weight.

3.2.5 SEM
The method is to be referred in Section 1.2.3.

3.2.6 XRCT
An X-ray microscope (Nano 3DX, Rigaku Corporation) was used to
nondestructively characterize the internal features of ECTs. The sample was placed on a
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rotating stage between the X-ray source and 2D CCD detector. The X-ray source was
operated at 50 kV and 24 mA. The spatial resolution was 4.32 µm/pixel. Image stacks
(X–Y planes) were reconstructed using Nano 3D Calc (Rigaku Corporation) to produce
3D images where each voxel represents the X-ray absorption at a point within the tablet.

3.2.7 TPI
The details of data acquisition and image analysis procedures for the TPI
Imaga2000 are described in section 1.2.5. The measurements were performed on both
sides of the ECTs using point-to-point scan mode, thin mole (>1.0 mm in air as depth
resolution), and a 150-μm step size. Pulse width of 12 and cut-off frequency of 120 was
used for data deconvolution so that low noise and sharp peaks are obtained. The
refractive index was set to 1.5, which was determined as experimental value from each
8 batches using TPI, and the layer thickness and interface index were calculated.

3.2.8 Statistical analysis
The method is to be referred in Section 1.2.6.
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3.3 Results and Discussion
3.3.1 Tablet weight and water content
We fabricated 8 ECT batches using different coating conditions (Table 8) to
yield tablets of varying acid resistance.
Table 8 Manufacturing conditions used for enteric coating
Batch
number

Coating
condition

Inlet air
temperature
(C°)

Spray rate
(g/min)

Spray air
volume
(NL/min)

Product
temperature
(°C)

1
2
3
4
5
6
7
8

Control
High temperature
Low temperature
High spray air
Low spray air
Dry
Wet
Without TEC

60
80
40
60
60
80
40
60

3
3
3
3
3
1.5
4.5
3

50
50
50
80
30
80
30
50

37 ± 1
52 ± 1
21 ± 1
37 ± 1
37 ± 1
52 ± 1
21 ± 1
37 ± 1

First, tablet weight and water content of all 8 batches were measured (without
equilibrating these batches to different moisture atmospheres). There was no significant
difference in the mean tablet weight among batches (ANOVA, p > 0.05) (Table 9),
which was as expected since the coating amount was constant. On the other hand, LOD
appeared to differ among batches depending on the coating condition (ANOVA, p <
0.01). The “wet” coating condition due to the combination of lower inlet temperature,
higher spray rate, and lower spray air volume increased the tablet water content as
indicated by LOD measurements.
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Table 9

Summary of the physicochemical properties and TPI results of 8 ECT

batches manufactured using different coating conditions
Batch

Weight

LOD

#

(mg) *

(%)**

Acid uptake (%)***
pH 1.2

pH 4.5

TPI *****
Thickness

Coating

TEFPS

Interface

(μm)

uniformity

(%)

Index (%)

(μm)
1

158.9 ± 1.6

1.1 ± 0.0

4.9 ± 0.7

6.2 ± 0.5

55.7 ± 4.4

4.6 ± 1.0

21.7 ± 1.2

8.4 ± 1.2

2

158.0 ± 1.9

0.8 ± 0.1

4.9 ± 1.3

6.4 ± 0.9

57.1 ± 2.3

6.0 ± 1.1

21.9 ± 0.3

6.6 ± 1.0

3

158.8 ± 1.5

1.6 ± 0.1

5.6 ± 0.3

8.9 ±0.9

52.1± 3.4

4.0 ± 1.1

22.3 ± 0.3

9.3 ± 0.8

4

158.8 ± 1.4

0.9 ± 0.0

5.2 ± 0.3

6.5 ± 0.6

62.6 ± 5.4

7.1 ± 1.4

21.8 ± 0.3

6.6 ± 0.6

5

158.3 ± 2.0

1.1 ± 0.1

5.8 ± 0.4

8.2 ± 0.6

49.8 ± 1.4

5.4 ± 1.3

22.0 ± 1.6

9.3 ± 1.2

6

158.9 ± 1.2

1.0 ± 0.0

39.1 ± 19.0

19.8 ± 19.9

70.8 ± 3.4

12.0 ± 1.0

19.7 ± 0.4

5.7 ± 0.5

7

158.5 ± 0.9

1.6 ± 0.1

8.2 ± 5.1

17.6 ± 18.2

50.4 ± 0.9

3.6 ± 0.9

22.2 ± 1.0

10.4 ± 0.9

58.1 ± 6.6

5.0 ± 1.3

19.9 ± 0.6

8.6 ± 0.8

8

159.7 ± 1.3
*

1.1 ± 0.1

N.D

****

N.D

****

Data represent the average ± SD of 10 measurements

**

Data represent the average ± SD of 3 measurements. Data measured using tablets of approximately 1 g

from each batch.
***

Data represent the average ± SD of 6 measurements

****

Not determined due to complete disintegration within 2 h.

*****

Data represent the average ± SD of 10 measurements (totally 20 surfaces from 10 top and bottom

surfaces).

3.3.2 Acid uptake
Acid resistance of all 8 ECT batches was evaluated by acid uptake in two
acidic media (pH 1.2 and 4.5) over 2 h. Acid uptake of no more than 10% was
considered sufficient acid resistance (86). Batches 6 and 8 showed insufficient acid
resistance at pH 1.2, whereas batch 7 showed poor acid resistance (17.6%) at pH 4.5
(Table 9). Batch 8, fabricated without plasticizer, immediately disintegrated in both
media, so their acid uptake could not be measured. The other 5 batches showed
sufficient acid resistance, with <10% acid uptake in both acidic media. However, acid
resistance varied among batches, indicating that the coating condition substantially
affected the physicochemical properties of the enteric coating layer. These results also
suggest that weight gain is not a good indicator of coating quality because all 8 batches
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exhibited the same weight gain. TPI was then employed to reveal the difference in the
physicochemical properties of these 8 ECT batches.

3.3.3 TPI parameters
Here we evaluated the coating thickness, coating uniformity, terahertz electric
field peak strength (TEFPS), and interface index using TPI. Coating thickness is the
layer thickness of the enteric coating, which is calculated using the time delay between
the terahertz reflections (△t), the speed of light (c), and refractive index of the coating
(n) in the equation coating thickness (μm) = △tc/2n. Coating uniformity is expressed
as the averaged standard deviation of the coating thickness examined for 10 tablets in
each batch. TEFPS is calculated as TEFPS (%) = Rs/Rm × 100, where Rs is the
magnitude of the reflected terahertz pulse from the sample surface and Rm is the
amplitude of the reference incident terahertz pulse derived from mirror. The reflected
wave depends on surface penetration due to density and scatter due to surface roughness,
provided information on the surface roughness/density of the coating layer (Fig. 19)
(41). Surface roughness/density is an important factor determining tablet surface
appearance and media permeability of the coating layer, and is thus associated with acid
resistance. The interface index is a value uniquely derived from the time-domain
terahertz waveform, which was calculated as interface index (%) = Ri/Rs × 100. Ri is
the amplitude of the reflection between coating and core tablet interface. Ri depends on
the magnitude of the change in refractive index at the coating/tablet core interface,
which may be indicative of the changes in the physical and chemical properties at the
interface.
Figure 25 is the terahertz time-domain waveform from single pixel of the ECT
from batch 1 after signal deconvolution. The waveform exhibits a surface peak at 0 mm
time delay (air/coating interface) and a negative peak at 0.05–0.1 mm time delay at the
coating/tablet core interface. Signal amplitude of reflected pulse was reduced close to
tablet edges due to scattering losses (Fig. 25C), measurement in these areas are
potentially unreliable in TPI (87). Therefore, the threshold in TEFPS (15–30) was set to
exclude the data close to the edges prior to numerical data analysis. In all parameters,
the average of data points of a single tablet surface was calculated, and then the average
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of 10 tablets (totally 20 top and bottom surfaces) was calculated for each batch.
Influence of water content on TPI parameters

Figure 25

Terahertz time-domain waveforms of ECT from batch 1 after signal

processing (pulse width: 12, cut-off frequency: 120).
(A) Center, (B) middle, and (C) close to the edge of the tablet surface, where is marked with x.

A previous report found that terahertz radiation was sensitive to water content,
similar to other forms of spectroscopy such as NIR (88). Prior to examining all 8 ECT
batches by TPI, we investigated whether the differences in water content affected the
results of TPI analysis. ECTs from batch 1 were placed in a humidity chamber (25°C,
11%–85% RH) for moisture conditioning to yield tablets with different moisture levels
prior to TPI. No significant differences were observed in any of the 4 terahertz
parameters over a water content range of 0.6%–3.0% (p > 0.05, HSD test) (Table 10).
The water content of the 8 batches ranged from 0.8% to 1.7% (Table 9), which was well
within the range of the water dependence test. Thus, we concluded that differences in
water content among batches would not affect the results of TPI analysis.
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3.3.4 Comparison of ECT batches using TPI
TPI was performed on all 8 ECT batches to distinguish the physicochemical
properties of enteric coating layers formed under different conditions and to identify
coating parameters associated with poor acid resistance (observed in samples from
batches 6, 7, and 8). These parameters were then compared with weight, LOD, and acid
uptake testing results (Table 9).

3.3.4.1 Coating thickness and uniformity
Table 9 shows the coating thickness of each ECT batch measured by TPI. The
coating thickness depended on the coating condition (ANOVA, p < 0.01). Compared
with batch 1, the coating tended to become thicker at dry coating conditions (batches 2,
4, and 6), and thinner under wet coating conditions (batches 3, 5, and 7). This may stem
from the difference in water content of the atomized polymer droplets delivered to the
tablet surface. Water evaporation from the droplets is an important driving force for
droplet coalescence required to form a dense coating layer, a certain amount of water is
necessary for sufficient coalescence (89, 90). Droplets with low water content (under
dry coating conditions lose this driving force. Under conditions where the same total
amount of coating is deposited, greater thickness implies a less dense coating layer.
Batch 8 had similar thickness as batch1; the presence of TEC had little effect on coating
thickness in this study.
Table 9 shows the coating uniformity of the 8 batches. Similar to coating
thickness, coating uniformity depended on the coating condition (ANOVA, p < 0.01).
Lower coating uniformity was observed in samples from batches coated under dry
coating conditions (batches 2, 4, and 6), whereas greater coating uniformity was
observed in samples from batches coated under wet coating conditions (batches 3, 5,
and 7). Dry coating conditions would cause spray droplets to dry too soon and prevent
their spread over the surface of the tablet. Spray drying could also occur in dry
condition.
Figures 26 and 27 depicted the 2D and 3D coating thickness distributions of
individual sample tablets. Each figure consists of more than 2000 pixels (2D, Fig. 26) or
5000 pixels (3D, Fig. 27), providing more accurate estimates of acid resistance than
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optical microscopy. Optical microscopy provides a higher spatial resolution compared
with TPI, but it is typically not possible to sample many points as it is largely manual
analysis of the interface for thickness estimation (91). The figures show that batch 6 had
the thickest coating among eight batches, indicating a more porous, lower density
coating compared with batch 1. This high porosity explains the poor acid resistance of
batch 6. The 2D images also demonstrate the greatly reduced uniformity of the coating
thickness in samples from batch 6. Indeed, the thickness distribution is bimodal, with a
thicker coating at the center of the tablet face and a thinner coating at the edges of the
tablet surface (Fig. 26F). Bi-convex tablets are not geometrically spherical, resulting in
variations in the coating uniformity as they pass through the spray zone during coating.
The mechanical shear stress on the tablet surface due to inter-tablet rubbing allows
smoothing of the film coating (92), but spray droplets may not efficiently spread around
by the mechanical shear stress due to low water content under the dry coating
conditions used for batch 6. Furthermore, the coating thickness around the periphery
(the central band on the side view) was 49.5 ± 2.0 μm (batch 1), 55.4 ± 2.8 μm (batch 6),
and 47.8 ± 1.2 μm (batch 7), usually 10%–20% thinner than that in the central tablet top
or bottom surfaces (Fig. 27).Although most quality control measures focus on the
coating thickness on the tablet surface, the possible thinning of the coating at the
periphery would limit acid resistance even if the coating thickness at the central face
was acceptable. Thus, the coating thickness around the periphery of the tablet should be
assessed more carefully.
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Figure 26

2D coating thickness maps of the ECT surface manufactured at

different coating conditions.
(A) Batch 1 (control), (B) batch 2 (high temperature), (C) batch 3 (low temperature), (D) batch 4 (high
spray air), (E) batch 5 (low spray air), (F) batch 6 (dry), (G) batch 7 (wet), and (H) batch 8 (w/o TEC).

Figure 27

3D coating thickness maps of ECTs manufactured at different coating

conditions.
(A) Batch 1 (control), (B) batch 6 (dry), and (C) batch 7 (wet). The figures consist of 3 parts, both sides
of the tablet surface and a central band.
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To validate the results of coating thickness obtained by TPI, XRCT was
employed on samples from batches 1, 6, and 7. Although measurements of coating
thickness slightly differed between methods (Fig. 28), the same trends were apparent in
batch coating thickness and uniformity. Differences in absolute thickness estimates
between these techniques may arise from the number of sampling points used to
calculate the mean (41, 75). For TPI, more than 5000 pixels from the whole tablet were
acquired, providing a more reliable estimate of the coat thickness at each point and thus
a better measure of uniformity. A second advantage of TPI over XRCT is that
automatically identifying the coating/tablet core interface based on the terahertz
reflection allows for more accurate and faster coating thickness determination, whereas
XRCT requires visual identification of the interface for thickness estimation.

Figure 28

XRCT images of ECTs manufactured at different coating conditions.

(A) Batch 1 (control) with average coating thicknesses of 61 μm (surface) and 49 μm (central band). (B)
Batch 6 (dry) with average coating thicknesses of 68 μm (surface) and 48 μm (central band). (C) Batch 7
(wet) with average coating thicknesses of 44 μm (surface) and 36 μm (central band). Each figure is the Y
slice at approximately 3.5 mm from the tablet edge. The coating thickness of 5 points from both the
surface and the central band were measured using Nano 3D Calc.
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3.3.4.2 TEFPS
Table 9 shows that TEFPS also depended on the coating condition (ANOVA, p
< 0.01). The 2D TEFPS maps of individual batches clearly shows that batches 6 and 8
had lower TEFPS values (Fig. 29), indicating a rougher surface or lower density coating
compared with other batches.

Figure 29

2D TEFPS maps of the ECT surface manufactured at different coating

conditions.
(A) Batch 1 (control), (B) batch 2 (high temperature), (C) batch 3 (low temperature), (D) batch 4 (high
spray air), (E) batch 5 (low spray air), (F) batch 6 (dry), (G) batch 7 (wet), and (H) batch 8 (w/o TEC).

SEM images of batches 1, 6, 7, and 8 were acquired to confirm that TEFPS is
indicative of physicochemical properties of layer. SEM micrographs revealed smooth
surface and densely formed layers of tablets from batches 1 and 7, whereas pores and
cracks were found in the coating layers of tablets from batches 6 and 8 (Figs. 30 and 31).
Thus, the lower TEFPS was indicative of a rougher surface and lower density coating.

58

Figure 30 SEM images of ECT surface manufactured at different coating conditions.
(A) No pores or cracks in samples from batch 1 (control), (B) many pores in samples from batch 6 (dry), (C) no
pores or cracks in samples from batch 7 (wet), (D) many cracks in samples from batch 8 (w/o TEC).

Figure 31

SEM images of the ECT cross-section manufactured at different coating

conditions.
(A) No visual defect in samples from batch 1 (control), (B) cracks in samples from batch 6 (dry), (C) no
crack or pore, but a slightly different structure in comparison to batch 1, (D) many cracks in samples from
batch 8 (w/o TEC).
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The difference in TEFPS may also relate to the water content in the coating
layer. TEFPS is a function of the relative difference in refractive index at the surface of
tablet, higher TEFPS will be observed with increasing water content in coating layer
due to higher refractive index of water (2.0). However, no significant differences were
observed in any of the 4 terahertz parameters over a water content range of 0.6%–3.0%
(p > 0.05, HSD test) (Table 10). In addition, batch 8 was the same water content as
batch 1 but significantly lower TEFPS. These results suggested that coating density had
higher impact on TEFPS rather than water content in the coating layer.
Table 10

TPI results for batch 1 samples stored at different ERH conditions

Storage
condition

ERH
(%)*

LOD
(%)*

Coating
thickness
(μm) **

Coating
uniformity
(μm)**

TEFPS
(%)**

Interface
index
(%)**

11%
22%
33%
44%
57%

21.9

0.6 ± 0.1

26.8

0.9 ± 0.0

35.8

1.0 ± 0.0

39.6

1.2 ± 0.1

45.7

1.5 ± 0.1

58.5 ± 3.5
58.7 ± 2.5
57.9 ± 0.9
56.4 ± 1.0
59.5 ± 5.7

4.5 ± 1.3
4.3 ± 0.8
4.2 ± 0.7
4.6 ± 0.7
5.4 ± 1.3

21.6 ± 0.3
21.6 ± 0.4
21.2 ± 1.1
21.3 ± 1.0
21.0 ± 0.8

7.7 ± 0.8
7.4 ± 0.9
7.3 ± 0.4
7.5 ± 0.8
7.6 ± 0.7

68%
75%
85%

54.7

1.9 ± 0.0

63.5

2.3 ± 0.1

75.8

3.0 ± 0.1

58.9 ± 4.3
60.7 ± 3.4
57.3 ± 3.8

5.6 ± 1.3
5.3 ± 1.6
4.4 ± 1.0

21.3 ± 0.5
21.6 ± 0.8
21.8 ± 1.0

7.8 ± 0.7
7.9 ± 1.0
8.3 ± 0.7

*

Data represent the average ± SD of 3 measurements. Data measured using tablets of approximately 1 g

from each batch.
**

Data represent the average ± SD of 10 measurements (totally 20 surfaces from 10 top and bottom

surfaces)
ERH: Equilibrium relative humidity, LOD: Loss on drying

These results are also consistent with acid resistance measurements (Table 9) as
pores and cracks may act as channels for penetration of the acidic medium into the
tablet core, resulting in poor acid resistance as observed in samples from batch 6. The
porous structure in samples from batch 6 was due to the dry coating condition, which
would make spray droplets more similar to dried powder, preventing coalescence and
resulting in a porous structure (93). Batch 7 also showed insufficient acid resistance but
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no obvious structural defects were identified by SEM. We suggest that this “over wet”
condition may interrupt water evaporation essential for droplet coalescence (90). In
addition, the production temperature during coating (approximately 20°C) in samples
from batch 7 may have been too low. The minimum film forming temperature (MFT) of
Eudragit L30D-55 containing 10% TEC is approximately 0°C, and a production
temperature of at least 10°C−20°C above the MFT is recommended for the coating
process. Obara and McGinity (1995) also reported that production temperatures
10°C−15°C above MFT were not always sufficient for aqueous latex dispersion to form
a continuous coating layer. The structural defects in samples from batch 8 could be due
to lack of plasticizer in the formulation. Plasticizer lowers the MFT of aqueous
dispersion and the glass transition temperature of the component polymer by increasing
polymer mobility (76), which is essential to avoid film cracking caused by mechanical
stress during the coating process or tablet stretching during storage.

3.3.4.3 Interface Index
The interface index, a measure of the change in refractive index at the
boundary between the coating and tablet core, also depended on the coating condition
(ANOVA, p < 0.01) (Table 9). The interface index was lower under dry coating
conditions (batches 2, 4, and 6), and higher under wet coating conditions (batches 3, 5,
and 7). Thus, the interface index may change with the water content within the coating
layer. Indeed, the refractive index of the coating layer should increase with increasing
water content within coating layer due to the higher refractive index of water (2.0)
compared with that of the typical coating components mixture (1.5). Moreover, there
was a positive correlation between the interface index and LOD (ANOVA, p < 0.01, r =
0.723), further supporting the dependence of the interface index on the coating water
content. However, no significant differences in the interface index were observed
among batch 1 ECTs equilibrated to different humidity conditions (Table 10) even
though the water content varied from 0.6% to 3.0%. This could be due to the differences
in the water distribution within tablets. In the case of film coating, sprayed water
appears to remain within the coating layer, but equilibrating the moisture level in
humidity chamber would uniformly hydrate the whole tablet, resulting in the same
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water content in both film coating and tablet core.
This finding indicates that TPI may allow us to evaluate the water distribution
within the tablet, which is difficult by LOD measurements or microscopy. SEM and
XRCT could not identify any differences in water content or distribution among batches
(Figs. 28 and 31). Although other factors such as density of the coating layer may also
affect the interface index (12, 94), this contribution appeared limited as batch 8 showed
significantly lower density of the coating than batch 1 but had an almost identical
interface index value.
Although acid resistance did not depend on the interface index, the main focus
of this study, the water content of the film coating will also greatly affect the quality of
the product. For instance, the dissolution profile of sustained release formulations may
change depending on the water content in the film coating because water acts as a
plasticizer to enhance the coalescence of latex polymers during coating or curing (95).
In addition, tablets with water sensitive APIs will become unstable if the coating water
content is too high. In these cases, the interface index can be a good indicator for quality
control.

3.3.5 Outlook
The present study indicates that TPI can be employed to evaluate the critical
properties of enteric coatings, including acid resistance. The 4 TPI-derived parameters
reflect the important physicochemical properties of enteric coatings, allowing for
nondestructive identification of structural defect within ECTs. Thus, these parameters
may be better indicators for ECT quality control than traditional weight gain
measurements. TPI may also reveal how each excipient in the formulation or each
operation condition affects the physicochemical properties of the film coating. Many
possible quality defects can arise in functional coatings depending on the manufacturing
conditions used. Some conditions lead to poor coating uniformity, whereas others may
result in a low density coating. Therefore, we have to assess various characteristics of
film coatings to accurately predict potential problems and improve formulation/
processes. The rich information content of TPI allows for the quantitative evaluation of
multiple physicochemical coating film properties, including thickness, uniformity,
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porosity/density, and water distribution, using a single measurement without destruction
of the tablet. Furthermore, nondestructive and calibration-free direct TPI measurements
can be used for real-time monitoring of the coating process. A THz sensor for real-time
monitoring of coating thickness is currently under development (85).
There are few limitations with the use of TPI. For example, TPI has lower
spatial resolution than SEM or XRCT because of the longer wavelength range; hence, it
is possible to miss small pores or cracks that could contribute to insufficient acid
resistance. The data acquisition to produce imaging data of an entire tablet took about
30 min−60 min depending on measurement conditions, data acquisition speed need to
improve for real-time monitoring of film coating process. In addition, the effects of only
a few coating process parameters were assessed in this study, whereas many other
parameters are known to alter the properties of film coating. Thus, further study is
required to extend the range of indices measured by TPI and to validate these against
other measurement techniques.
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3.4 Conclusion
In this study, we demonstrated the utility of TPI to investigate the cause of
insufficient acid resistance in enteric coatings. Four TPI-derived parameters can
nondestructively identify the structural defects within ECTs with poor acid resistance,
suggesting that these parameters can be utilized as better indicators for quality control.
TPI provides a better understanding of the relationship between formulation/process
condition and the resultant properties of enteric coatings, allowing more robust quality
control for the development and production of ECTs.
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Conclusion
This study investigated the use of the terahertz imaging technique for
pharmaceutical dosage form analysis.
In Chapter 1, the use of TPI for quantitative analysis of the bilayer tablet
separation risk was investigated. We demonstrated that TPI can nondestructively
quantify the adhesion integrity of the bilayer tablet interface and provide an estimate of
the layer separation risk. In addition, TPI revealed the relationship between the
compression process parameters and adhesion integrity at the interface of the two layers
of a bilayer tablet. This relationship has been difficult to determine using other
techniques, thus TPI allows a more robust quality design and control for the
development of bilayer tablets.
In Chapter 2, the use of TPI for quantifying the physical properties related to
the damage-resistance of the core tablet surfaces was investigated. The TPI-derived
unique parameter TEFPS provided quantitative information on surface roughness and
density that was well correlated with the risk and severity of visible surface defects. The
spatial distribution of TEFPS values predicted the location of these defects before film
coating. Furthermore, TPI could also show the relationship between the process
condition and visible surface defect risk, enabling process optimization, rigid quality
control, and avoidance of expensive reruns and product recalls. The other techniques
showed insufficient correlation or only qualitative information on the visible surface
defect risk. Thus, TPI allows a more robust quality design and control for the
development and production of core tablets.
In Chapter 3, the use of TPI for investigating the cause of insufficient acid
resistance in enteric coatings was investigated. Four TPI-derived parameters can
nondestructively identify the structural defects within ECTs with poor acid resistance,
suggesting that these parameters could be better indicators for quality control compared
with the coating amount. Many possible quality defects can arise in functional coatings
depending on the formulation or manufacturing conditions used. Therefore, we need to
assess the various coating characteristics to accurately predict potential problems and
improve formulation/processes. The rich information content of the TPI enables
quantitative evaluation of multiple physicochemical coating film properties, including
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thickness, uniformity, porosity/density, and water distribution through a single
measurement without destruction of the tablet. TPI provides a better understanding of
the relationship between the formulation/process conditions and the resultant properties
of enteric coatings, allowing a more robust quality control for the development and
production of ECTs.
We demonstrated that TPI is a powerful tool for quantitatively characterizing
the structural and physicochemical properties of the solid dosage forms. The four
TPI-derived unique parameters enabled quantitative evaluation of adhesion integrity of
bilayer tablet interfaces, physical strength of plain tablet surfaces, and multiple coating
properties of enteric coatings. These properties are directly related to the appearance or
dissolution profile, critical quality of these dosage forms, and thus to the key
information for producing quality product. TPI also revealed how each pharmaceutical
excipient in the formulation or operation condition affects the properties of the dosage
form. These advantages, including the nondestructive nature of the measurement and
the deep probing of solid dosage forms, offer new strategies for examining
pharmaceutical solid dosage forms.
The limitations of this technique related to the relatively lower XY resolution
due to the high wavelength of the terahertz spectrum can be circumvented using
complementary techniques such as NIR and XRCT. In addition, data acquisition speed
needs to be improved. However, in the future, rapid terahertz sensors may become
commercially available for real-time quality assessment applications.
These advances will further improve our understanding of pharmaceutical
development processes and broaden the applicability of TPI. By combining other
spectroscopy techniques such as NIR and XRCT, the current “black box” on the
pharmaceutical solid dosage form will be quickly and precisely revealed, enabling more
robust formulation and process development based on a deeper understanding of the
product.
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