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Abstract: The granulation process of pharmaceutical standard formulation in a high-speed shear
wet granulation (HSWG) was measured by in-line near-infrared spectroscopy (NIRS) and agitation
power consumption (APC) methods. The F-1, F-2, and F-3 formulations (500 g) contained 96% w/w
α-lactose monohydrate (LA), potato starch (PS), and a LA:PS = 7:3 mixture, respectively, and all the
formulations contained 4% w/w hydroxypropyl cellulose. While adding purified water at 10 mL/min,
the sample powder was mixed. The calibration models to measure the amount of binding water
(Wa) and APC of the HSWG formulations were established based on NIRS of the samples measured
for 60 min by partial least-squares regression analysis (PLS). Molecular interaction related to APC
between the particle surface and binding liquor was analyzed based on NIRS. The predicted values
of Wa and APC for all formulations were superimposed with the measured values on a straight
line, respectively. The regression vector (RV) of the calibration model for Wa indicated the chemical
information of all the water in the samples. In contrast, the RV for APC suggested that APC changes
in the processes are related to powder aggregation because of surface tension of binding water
between particles.

Keywords: high-speed shear wet granulation; agitation power consumption; monitoring by in-line
near-infrared spectroscopy; partial least-squares regression; regression vectors; particle aggregation

1. Introduction

High-speed shear wet granulation (HSWG) is a widely used method as raw granules manufacturing
process and is an important manufacturing process for solid oral dosage forms such as tablets in the
pharmaceutical industry [1,2]. Because tableting raw granules with good flowability and tablet-ability
for high-speed tableting could be prepared by using HSWG [1]. The bonding liquid is poured or sprayed
into the mixed raw material powder bed and is stirred by the impeller agitates in the HSWG, and the
surface tension of the liquid acts between the powder particles to form granules [3]. Many process
parameters, such as the speed of rotation of the impeller and chopper, the amount of binder and the
timing of its addition, and the agitating time of the wet mass, affect the formulation properties of
the pharmaceutical preparations [4]. Previous studies [5–7] suggested that the added water amount
during HSWG granulation was the most important factor affecting granule and tablet properties.
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The added binding water amount during HSWG was the most important factor affecting pharmaceutical
properties as reported previously [5–7]. By measuring agitation power consumption (APC), torque,
and temperature rise of the wet-mass during HSWG, the aggregation process was analyzed [8–10].
A study was reported to evaluate the properties of granulation from the measurements of power
consumption and temperature of the HSWG [11]. They indicated that the granular properties can be
controlled by changes in the APC curve of the granulation process in HSWG. The rate-controlling of the
adding water amount in the mixed powder in HSWG was important to prepare high-quality granules,
and the process could be monitored by the time–APC curves. The molecular mechanism related to
binding water distribution between the powder particles during the HSWG for process optimization
of the pharmaceutical properties of the formulation is significantly important. Process analysis
technology (PAT) guidelines based on the quality-by-design concept were issued by the Food and
Drug Administration in 2004 [12,13], and large-scale manufacturing of high-quality products using the
PAT approach based on various kinds of analytical methods has been a significant challenge for the
pharmaceutical industry. Raman spectroscopy can measure any liquid and solid sample [14], but not
the inside of a powder sample because it measures the surface of the sample. Infrared spectroscopy
can measure any sample with high accuracy [15], but it requires the sample to be diluted so that
it’s use examples are limited. On the other hand, near-Infrared Spectroscopy (NIRS) is a useful tool
for monitoring manufacturing processes in the pharmaceutical industry because it allows rapid and
non-invasive measurement of changes in the physical and chemical properties of raw materials during
the drug manufacturing process. Therefore, many NIRS studies were reported on the pharmaceutical
properties of products during various processes [16–22]. In the early formulation development stage,
NIRS was applied to predict the optimal water content for wet granulation [23–26]. Some of the
studies [16–22] were monitoring the product quality during the manufacturing process, but they
did not mention the actual molecular mechanism during the granulation process. In the previous
study [27], to clarify the intrinsic granulation mechanism of HSWG, the dynamic granulation process of
the simplest formulation based on glass beads was measured simultaneously by inline NIRS and APC
methods. This new combination technique was used to clarify the molecular-level role, such as surface
tension of water in the binding solution during the HSWG process, and the intermolecular interactions
between powder particles and kneading liquid were analyzed based on both NIRS and APC data
by multivariate regression analysis. In this study, a new analysis method by combining NIRS and
APC was applied to the analysis of the molecular interaction of powder particles and binding water
during the HSWG granulation process (Figure 1) for standard tablet formulation additive consisting of
water-soluble lactose and water-swellable starch.

Figure 1. Schematic diagram of the high-speed stirring granulator with the near-infrared spectral
monitoring system.
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2. Results and Discussion

2.1. Change in APC-Time Profiles of All the Formulations during HSWG Processes

In the present study, to clarify the intermolecular interaction between particle and binding water
during the HSWG process, the experimental condition was conducted far exceeding the ratio of powder
and bound water comparing with real granulation as a model experiment.

Figure 2 shows the change in APC–time profiles in the HSWG process of each formulation sample
(Table 1). In the granulation process of the wet powder mass (closed circle) based on F-1 consisting
of α-Lactose monohydrate (LA), APC representing powder mixing resistance increased rapidly with
increasing the amount of binding water (Wa) and reached the maximum APC value at a mixing time of
12 min (Wa = 90 mL). After that, it decreased as the Wa increased. In contrast, in the F-3 formulation
consisting of potato starch (PS; closed triangle), the Wa was added dropwise until a mixing time of
22 min, but APC did not increase significantly. However, after 22 min of mixing (Wa = 190 mL),
APC increased rapidly, and the maximum APC value was reached at 25 min. After that, the APC
decreased as the Wa increased further. In the process based on F-2 consisting of a mixture of LA
and PS (open circle), APC increased with increasing Wa, and it reached the maximum APC value at
17 min (140 mL); it then decreased as the Wa increased. The result of APC–time profiles of each sample
showed markedly different variations in the lag time of the profiles, depending on the composition of
the sample powder.

Figure 2. Changes in agitation power consumption–time profiles in the granulation processes of the
model powder formulations.

Table 1. Compositions of the standard powder formulations consisting of lactose and starch.

Matreials F-1 F-2 F-3

(g) (%) (g) (%) (g) (%)

LA 480 96 336 67.2 0 0
PS 0 0 144 28.8 480 96

HPC-L 20 4 20 4 20 4

Wa 500 100 500 100 500 100

LA, α-lactose monohydrate; PS, potato starch, HPC-L, hydroxypropyl cellulose-L; Wa, purified water.
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2.2. Change in NIRS Spectra of Various Formulations during HSWG Processes

To monitor the dynamic change in pharmaceutical properties based on intermolecular actions in
the HSWG, NIRS spectra were measured during the processes. Figure 3 shows NIRS spectral changes
in the model powder formulations during wet granulation processes in the HSWG. In the process
of the F-1 formulation (Figure 3a, left), the spectral baseline was rapidly raised with increasing Wa,
and the highest baseline was observed at 12 min. After the highest point, the baseline was reduced
with the additional water and the increasing of peaks associated with water.

Figure 3. (a) Near-infrared spectral changes in the model powder formulations wet granulation processes
using the high-speed shear wet granulator. (b) Near-infrared spectral changes (5500–5000 cm−1)
in the model powder formulations during wet granulation processes using the high-speed shear
wet granulator.

In the granulation of F-2, as the standard formulation mixture (Figure 3a, middle), the spectral
baseline increased gradually with increasing Wa, and reached its peak at around 17 min after 150 mL of
water was added. After the highest point, the baseline declined with additional Wa, but the increasing
intensity of the peaks associated with water at 5250 and 6800 cm−1 was observed.

In contrast, in the process of the F-3 formulation (Figure 3a, right), the baseline was not significantly
changed up to 20 min with increasing Wa, but after it increased rapidly and the highest baseline was
observed at 23–25 min. After the highest value, similar to the other cases, the baseline declined and the
peaks attributable to water increased.
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In the previous granulation study to predict granular size by off-line NIRS [28], the 1st principle
component had a plateau loading vector, suggesting that the granular size was tightly related with a
baseline shift in the NIRS of aggregated wetting mass powder. Additionally, in the prediction study
for particle size (50–1000 µm) of the bulk powder [29], NIRS light scattering dependent on the particle
size of the bulk powder was related to baseline shifting of the diffused reflectance spectra, as expressed
using Kubeluca–Munk equation.

2.3. Prediction of the Wa and the APC Values by Partial Least-Squares Regression (PLSR) Calibration Models

Multivariate analysis can quantitatively extract feature and regularity of large numerical data
and it is effective for modeling of big data. In the present study, PLSR calibration models [30] were
constructed to analyze the dynamic molecular mechanism of granulation based on second derivative
NIRS spectra (explanatory variables) during the HSWG process and Wa and APC (objective variables).
The calibration models for the Wa and APC were selected to minimize the SECV by the leave-one-out
method in the PLSR, respectively.

Figure 4 shows the plots between actual and predicted values of Wa and APC of the HSWG process
by using NIRS. The plots in all the formulations gave a straight line with a correlation coefficient
constant more than (r) = 0.98, with slopes close to 1. Table 2 shows the chemometric parameters
of the fitted models to predict the Wa and APC values, such as the cumulative percent variance
(CPV), minimized the standard error of cross-validation (SEV), standard error of calibration (SEC),
the prediction residual error sum of squares (PRESS) for calibration and validation (PRESS Cal and
PRESS Val), and r-values for calibration and validation (r-Cal and r-Val). The PLSR calibration models
for the Wa values in all the formulations consisted of two latent variables (LV). The models for the
APC values in the F-1 and F-2 formulations also consisted of two LVs, but that of the F-3 formulation
consisted of three LVs. The results (Figure 4 and Table 2) indicated that the fitted PLSR calibration
models show a sufficient linear relationship between actual and predicted values of the Wa and APC
values. The predicted APC values during the HSWG processes using NIRS are represented in Figure 2
as dotted lines, and the APC-time profiles superimposed well with the measured APC values in all
the formulations.

Figure 4. Relationships between measured values and predicted values of the amount of water added
and the agitation power consumption during high-speed shear wet granulation processes. (A) The
amount of water added (Wa); (B) the agitation power consumption (APC).
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Table 2. The chemometric parameters for the fitted calibration models to measure the added water
amount and the agitation power consumption values.

Wa PC CPV SEV g/lot Press Val r Val SEC g/lot Press Cal r Cal

F-1 2 98.2 7.10 3.03×103 0.999 7.14 2.90×103 0.999
F-2 2 91.7 3.37 6.79×102 1.000 2.22 2.82×102 1.000
F-3 2 96.5 2.09 32.62×102 1.00 1.84 1.92×102 1.000

APC PC CPV SEV, W Press Val r Val SEC, W Press Cal r Cal

F-1 2 92.8 1.09 37.17×10 0.999 1.01 5.81×10 0.999
F-2 2 48.1 1.74 1.82×102 0.999 2.14 2.61×102 0.998
F-3 3 68.7 7.92 3.77×103 0.981 6.64 2.47×103 0.986

CPV, cumulative percent variance; SEV, standard error of cross-validation; SEC, standard error of calibration; PRESS
Cal and PRESS Val, the prediction residual error sum of squares for calibration and validation; r-Cal and r-Val
values, correlation coefficient constant for calibration and validation.

2.4. Quantitative Relationships between Wa and NIRS Spectra of Wet Masses in the Formulation Consisting of
LA and/or PS during HSWG Processes

Figure 5A–C and Figure 6A–C show the LVs and the scores of the calibration models to measure
Wa in all the model powder formulations. Figure 7 shows the second derivative NIRS spectra for the
band 5000–5500 cm−1 of all the formulations during HSWG processes.

In the F-1 formulation (LA), LV1 and LV2 in Figure 5A showed major peaks at 5245 cm−1

and 5168 cm−1, respectively, for which the percent variabilities (PVs) were 95.5% and 2.6% because
the LV1 and LV2 were attributable to free water and crystal water of monohydrate crystalline LA,
respectively [31]. The score of LV1 (Free water) for F-1 (Figure 6A) increased with increasing mixing
time from 2 min to 12 min, it was sustained at 12–23 min, and then it increased again at 23–52 min.
The score of LV2 (Crystal water) decreased with increasing mixing time from 2 min to 12 min, because
LA dissolved, and it was almost constant at 12–52 min. Here, because LA is a soluble material
(solubility of LA monohydrate in water is 16 g/100 mL at 20 ◦C) [32], more than 17% w/w of crystalline
LA monohydrate was dissolved in the binding water, meaning that the peak at 5168 cm−1 attributable
to crystalline LA decreased during granulation. The LVs and the scores for F-1 were reflected in the
second derivative NIRS spectra (Figure 7A), the negative peak at 5249 cm−1 increased with increasing
mixing time, but that at 5168 cm−1 decreased in the initial mixing period at 2–12 min. So, the changes
in both peaks at 5249 and 5168 cm−1 were due to free water and crystal water, respectively.

Focusing on the second derivative NIRS spectral change (Figure 7A), the negative peak at
5249 cm−1 increased with the addition of water, but the negative peak at 5168 cm−1 decreased gradually
when 100 mL of water was added up to 12 min, and after that, the peaks increased sharply. The peak
change at 5332 cm−1 (Figures 3a and 7A) might be due to a baseline shift. LA monohydrate dissolves
17% w/w in binding solution, so the decrease in the peak at 5168 cm−1 up to 12 min was due to their
dissolution. The result suggested that there was a tight relationship between the change in all peaks
and the change in Wa.

In the F-2 formulation (Mixture), the LV1 and LV2 (Figure 5B) showed negative peaks at 5245 cm−1

and 5168 cm−1, for which the PVs were 90.5% and 1.2%, respectively, because the peaks were due to
free water and crystal water, respectively, which was similar to F-1. The score of LV1 (Free water) of
F-2 (Figure 6B) increased with increasing mixing time at 2–52 min, and the score of LV2 (Crystal water)
was almost the constant at 2–52 min, the same as those of F-1. Both the profiles of the scores of LV1 and
LV2 were intermediate between those of F-1 and F-3, respectively. In Figure 7B, the peak at 5249 cm−1

increased, but that at 5168 cm−1 decreased at 2–17 min, and it increased at 17–52 min.
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Figure 5. (A–C) Latent variables of the calibration models to predict the amount of water added and
the agitation power consumption of all formulations. (A–C), the amount of water for lactose, mixture,
and starch samples. The solid line is LV1, the dot line is LV2. (D–F) Latent variables of the calibration
models to predict the amount of water added and the agitation power consumption of all formulations.
(D–F), the agnation power consumption for lactose, mixture, and starch samples. The solid line is LV1,
dot line is LV2.

In contrast, in the F-3 formulation (PS), the LV1 and LV2 in Figure 5C showed negative peaks
at 5245 and 5180 cm−1, in which the PVs were 95.7% and 0.8%, respectively. The peak at 5245 cm−1

was attributable to free water, and a broad peak was observed at 5180 cm−1 attributable to water that
interacted with PS, as with the intermediate peak between crystalline and free water [31]. In Figure 6C,
the score of LV1 (Free water) for F-3 increased constantly with increasing mixing time of 2–52 min.
In contrast, the score of LV2 (Absorbed water) had some peaks at 8–27 min but did not increase
significantly. The result reflected on the second derivative spectra of the F-3 (Figure 7C), the negative
peak at 5180 cm−1 increased with increasing 2–10 min mixing time then it decreased, and shifted to
5249 cm−1 at 10–25 min, then it increased again after 23 min. In the initial stage of mixing time at
2–10 min, the PS absorbed water and swollen, so the peak at 5180 cm−1 increased.
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Figure 6. (A–C) Score–time profiles of the partial least-squares regression calibration models for
the amount of water added and the agitation power consumption during high-speed shear wet
granulation processes of all formulations. (A–C), the amount of water for lactose, mixture, and starch
samples. The solid line is LV1, the dot line is LV2. (D–F) Score–time profiles of the partial least-squares
regression calibration models for the amount of water added and the agitation power consumption
during high-speed shear wet granulation processes of all formulations. (D–F), the agnation power
consumption for lactose, mixture, and starch samples. The solid line is LV1, the dot line is LV2.

In general, it is well known that red and blue shifts on infrared spectra [33] are popular phenomena
related to crystalline transformation caused by molecular interaction. Zelent at al. [34] concluded that
freezing shifts the absorption of the stretch mode lower (redshift) based on the infrared spectra of
ice and liquid water. In our previous report [35], it was demonstrated that theophylline anhydrate
transformed into its monohydrate during granulation by added binding water, and then, peak at
5160 cm−1 (added free water) shift to 5070 cm−1 (crystalline water). The spectral information indicated
that free water was bound by intermolecular interactions with surrounding molecules and the OH
group peaks were red-shifted. In this study, the absorption peaks of 5322, 5207, and 5168 cm−1 were
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assigned to free water, bound water, and crystalline water, respectively, and the reports of the redshift
due to the intermolecular interaction of the OH group were theoretically consisting with our results.

Figure 7. Second derivative near-infrared spectra for the band 5000–5500 cm−1 of the model powder
formulations during the high-speed shear wet granulation processes. (A) The lactose sample, (B)
mixture sample, and (C) starch sample.

2.5. Quantitative Relationships between APC and NIRS Spectra of Wet Masses of the Formulations Consisting
of LA and/or PS during HSWG Processes

To clarify the molecular level granulation mechanism of the HSWG process, the relationships
between the APC and NIRS spectral change were characterized using the PLSR method. Figure 5D–F
and Figure 6D–F show the LVs and scores of the calibration models to measure the APC of all model
powder formulations.

In the case of the F-1 formulation consisted of LA (Figure 5D), the calibration models consisted of
LV1 and LV2 with high contribution ratios PVs of 48.6% and 44.1%, respectively. In the LV1, there were
negative and positive peaks at 5322 and 5245 cm−1, respectively, attributable to baseline shifting and
bonding water. In the LV2, there was a negative peak at 5168 cm−1 attributable to the crystal water of
LA. In Figure 6D, the score profile for the LV1 increased rapidly up to 12 min, and after it decreased,
so the profile was very similar to the APC profile in Figure 2. In contrast, the score for the LV2 decreased
and increased at 2–15 min related to dissolution/hydration of LA, and it reached a minimum at 17 min,
and then it increased.

The peak change at 5332 cm−1 (Figures 3a and 7A) might be due to a baseline shift. The result
suggested that there was a tight relationship between the change in all the peaks and the change in APC
related to viscous resistance. Because, there was a high solid–liquid interaction between water and the
surface of LA particles, which has crystal water on a surface, and it has surface has crystal water on the
surface, and so these might form an interaction between the crystal water and free water. In other
words, the attractive force between water molecules and LA molecules is weak, but the attraction
between the water molecules works strongly. LA monohydrate dissolves 17% w/w, so the decrease in
the peak at 5168 cm−1 up to 12 min was due to their dissolution. Viscous drag was after a maximum at
12 min of mixing time, because the surface tension of the whole wet mass was at a maximum, and it
means that the liquid phase between LA particles formed a liquid bridge, as shown in the Funicular or
Capillary model in Figure 8. It was thought that the liquid bridges between particles disappeared and
formed a slurry by adding further water, and their viscous drag decreased significantly.
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Figure 8. Schematic diagrams of water bridges between the formulation particles in granules during
high-speed shear wet granulation processes.

In the F-2 formulation (the mixture), as shown in Figure 5E, the calibration models to measure APC
consisted of LV1 and LV2, and their PVs were 29.8% and 18.3%, respectively. The LV1 had negative
and positive peaks at 5322 and 5245 cm−1, respectively, attributable to the baseline shift and free water,
and the LV2 had positive and negative peaks at 5253 and 5168 cm−1, respectively, attributable to free
water and crystal water. In Figure 6E, the score LV1 profile of F-2 increased up to 17 min, then it
decreased. The score for LV2 decreased and increased at 2–15 min related to the dissolution/hydration
of LA, and it showed a minimum at 17 min, then it increased. The score LV1 profile of F-2 for APC
were almost similar to that of LA and highest at 17 min.

In the F-3 formulation consisting of PS, as shown in Figure 5F, the calibration model to measure
APC consisted of LV1 and LV2 with high contribution ratios (i.e., PVs) of 31.9% and 32.6%, respectively.
The LV1 had positive and negative peaks at 5361 and 5257 cm−1, respectively, attributable to a baseline
shift and free water, and the LV2 had positive and negative peaks at 5291 and 5207 cm−1, respectively,
attributable to free water and absorbed water. In Figure 6F, the score profile for LV1 had minimum and
maximum peaks at 17 and 27 min. The scoring profile (Absorbed water) for LV2 had maximum and
minimum peaks at 17 and 27 min. The scoring profile of LV 1 showed almost the same pattern as that
of LV2, but it was upside down.

2.6. Molecular Level Granulation Mechanism during HSWG Processes of the Wet Mass Formulations
Consisting of LA and/or PS Based on Changes in APC Values and NIRS

PLSR is effective for the extraction of features and regularity and the modeling of large numerical
data. PLSR also can construct best-fitted calibration models with a linear relationship between
explanatory variables and objective functions. Therefore, the regression vectors (RVs) of the best-fitted
models can explain and reflect the chemical background of the models. As shown in Figure 4, there were
sufficient linear relationships between the predicted and measured values of the Wa or APC for all
formulations during HSWG processes, and their RVs are shown in Figure 9.

First, the mechanisms to measure Wa in standard powder formulations consisting of lactose and
starch were considered based on the individual RVs obtained using NIRS. The RV of the calibration
model for Wa of the F-1 formulation, which involved a CPV of 98.2%, had negative peaks at 5168 and
5261 cm−1 and a positive peak at 5326 cm−1. Therefore, in the second derivative spectra (Figure 7A),
the peak at 5168 cm−1 related to crystal water of LA monohydrate decreased by dissolution, but the
peak at 5261 cm−1 increased due to the formation of aggregates by adding water. In contrast, in the
RV of the F-3 formulation, which involved a CPV of 96.5%, a negative peak at 5249 cm−1 related
to free water and a positive peak at 5300 cm−1 were observed. The negative peak at 5249 cm−1

increased with increasing amounts of added water, and the peak at 5261 cm−1 increased due to the
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formation of aggregates by adding water, as shown in Figure 7C. The RV peak pattern of the F-2
formulation (mixture), which involved a CPV of 91.7%, was intermediate between those of the F-1
and F-3 formulations because F-2 contained both LA and PS. The peaks of the RVs of F-1, F-2, and F-3
reflected the peak changes of the individual second derivative NIRS due to increasing amounts of
added water in Figure 7A–C, respectively.

Figure 9. Regression vectors of the calibration models to predict the amount of water added and the
agitation power consumption respectively of all formulations. (A) The amount of water added (Wa);
(B) the agitation power consumption (APC).

Second, the molecular mechanisms to measure APC during HSWG processes of formulations
consisting of LA and PS were clarified based on the individual RVs obtained by NIRS. In the RVs of the
calibration models for APC (Figure 9B), the model of the F-1 formulation involved a CPV of 92.8%,
and a negative peak at 5318 cm−1 and a positive peak at 5249 cm−1 were observed in the RV. The RV
for F-2 had also almost the same peak pattern as for F-1, but the CPV was much less (48.1%) than that
of F-1. The model of F-3 involved a CPV of 68.7%, and a negative peak at 5249 cm−1 and a positive
peak at 5322 cm−1 were observed in the RV, but the peak RV pattern of F-3 was upside down compared
with that of F-1 or F-2. The peak at 5249 cm−1 on RV may be attributed to some of the free water used
to bind the powder particles. Because it is well known that the surface tension of free water between
particles [11], this is utilized to make granules as a binding force for the particles in wet granulation
(Figure 8). The peak at 5322 cm−1 may be related to the aggregation of particles due to the baseline
shift shown in Figure 3b. The result indicated that APC change during HSWG processes are related to
particle aggregation due to surface tension between the powder particles.

All the results of the RVs indicated that the calibration models to measure Wa are significantly
different from those for APC. Because Wa measured the total water amount involving free water,
bonding water, and crystal water in a powder wet mass, but APC measured the total surface tension
induced by part of the water between powder particles in powder aggregates.

On the other hand, the result of the RVs of the calibration models in the above section were
indicated as follows; although both models were calculated based on the same NIRS data sets, the RVs
were remarkably different, because the information extracted from the basic data sets was different
depending on the objective variable. Therefore, specific NIRS spectra to measure Wa or APC values
can be reconstructed from respective calibration model parameters by an inverse calculation.

Figure 10A–C shows the reconstructed NIRS spectra of F-1, F-2, and F-3, respectively, calculated
based on the calibration model parameters to measure Wa. The reconstructed spectra were almost
the same profiles as those of the second derivative spectra, as shown in Figure 7A–C, because the
calibration models measured the total amounts of all kind water involving crystal water, bonding water,
and free water in all the formulations, respectively.
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Figure 10. (A–C) Reconstructed near-infrared spectra for the band 5000–5500 cm−1 obtained based on
chemometric parameters of the best-fitted calibration models for all formulations. (A–C), the amount
of water for lactose, mixture, and starch samples. (D–F) Reconstructed near-infrared spectra for the
band 5000–5500 cm−1 obtained based on chemometric parameters of the best-fitted calibration models
for all formulations. (D–F), the agnation power consumption for lactose, mixture, and starch samples.

In contrast, Figure 10D–F shows the reconstructed spectra of F-1, F-2, and F-3, respectively,
based on the model parameters to measure APC values. The reconstructed spectra of the model for
APC were significantly different from the original spectra (Figure 7A–C). Additionally, the reconstructed
spectra obtained based on APC values were significantly different from those based on Wa (Figure 10).
The difference indicated that the calibration models to measure APC were involved in the extracted
information of limited water-related to surface tension between powder particles in the wet masses of
all the formulations. All of the NIRS spectral information reflected the roles of water in all formulations
during the HSWG processes, so the particle agglomeration models of the LA and PS formulations were
summarized, and shown in Figure 8.

LA particles were partially and rapidly dissolved in binding water in the initial stage of granulation,
then binding water bridges were formed between LA particles by a limited amount of water (surface
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water), which was thought to increase viscous resistance by surface tension. Because the particle
size of LA is 200 µm and that of PS is around 50 µm, and also the density of PS is lower than that
of LA, when comparing LA with the same mass of PS, PS has a larger a total surface area than LA.
In the case of the PS formulation, PS absorbed water for the swelling at initial granulation stage,
so the water amount to use for the granulation of PS in F-2 and F-3 decreased, it was considered
that the amount of water necessary for maximizing viscous resistance of PS was larger than that of
LA. Therefore, the staring time of granulation in F-2 and F-3 was delay depended on the amount of
PC. In all granulation cases, as shown in Figures 2 and 8, after maximizing viscous resistance during
HSWG processes, APC decreased rapidly by making a slurry with additional water. This meant that
powder particles were suspended into the binding water (Figure 8, upper), so binding forces between
the powder particles formed due to surface tension of the binding liquor disappeared, as shown in
Figure 2.

3. Materials and Methods

3.1. Materials

LA (average particle size was 200 µm; Lot No.3033 2177 43129M), included as a diluent,
was obtained from DFE Pharma (Corporate Head Office, Goch, Germany). PS (average particle size
was 50 µm; Lot No.TC-10), used as the disintegration agent, was obtained from Kosakai Pharmaceutical
Co., Ltd. (Nagaoka, Japan). Hydroxypropyl cellulose (HPC-L; Lot No. NEA-4131), as the binder agent,
was obtained from Nippon Soda Co., Ltd. (Tokyo, Japan). As shown in Table 1, the LA/PS standard
formulation powder [30] contained LA and PS at a ratio of 7:3, and the raw powder sample was added
and mixed with 4% w/w of HPC-L as a binder with 96% w/w of the standard formulation powder.

3.2. Methods

3.2.1. Granulation

The outline of the HSWG with the NIRS monitoring system is shown in Figure 1. The HSWG
(FS 2 type high speed mixer, internal volume 2.0 L, Earth Technica Co., Ltd., Tokyo, Japan) with a
power measurement device for stirring and NIRS diffuser and the injector of a binder solution was
used for granulation. The sample powder (total weight 500 g, Table 1) was placed in a chamber and
mixed by the impeller at 500 rpm and the cross-screw at 1000 rpm for 2 min. Then, without stopping
the apparatus, purified water (total 500 mL) was added dropwise at an addition rate of 10 mL/min for
50 min with a peripheral pump, and stirring was continued for 8 min, and then the sample powder
was mixed for a total of 60 min. The analog signals of the APC output from the HSWG granulator
were recorded using a personal computer every minute through an A/D converter. Stirring power
consumption was calculated based on the converted numerical values using the following equation.

APC(W) = (V× 480)/5

Here V is voltage. The APC data were measured at a sampling rate of 10 data/s for 60 min
(36,000 data), and the values were averaged for each minute.

3.2.2. Measurement of NIRS

The NIRS were measured from 4000 to 12,500 cm−1 with 8 cm–1 resolution, 118 scans using an
NIRS instrument (MPA, Bruker Optics, Germany) every min for 60 min with a diffused fiber-optic
probe during the HSWG process.
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3.2.3. Calibration Models to Predict the Pharmaceutical Properties in the Granular Formulated Powder
Mixture

The calibration models to predict the Wa and the APC during the granulation were obtained as
follows: the NIRS spectra were measured at every min for 60 min during adding binding water, and a
total of 60 spectra were obtained for calibration. After NIRS spectra were pre-treated using a second
derivative function, the calibration models were determined the Wa and APC as objective functions
by the leave-one-out method in PLSR analysis (Pirouette Ver. 4.5, Infometrix Co., Woodenville,
WA, USA) [36]. The CPV, SEV, SEC, PRESS Cal, PRESS Val, r-Cal, and r-Val were obtained as
chemometric parameters.

4. Conclusions

To clarify the dynamic molecular mechanism of the wet-granulation of powder particles of
standard formulations containing LA/PS/HPC in HSWG processes, the process big data (APC and
NIRS) of wet granulation were measured and analyzed using PLSR. The best-fitted PLSR calibration
models of all the formulations were obtained based on NIRS spectra as the explanatory variable,
and Wa or APC as the objective variables during HSWG processes. The RVs to measure Wa were
significantly different from those for APC, because RVs for Wa are to measure the total water amount
involving free water, bonding water, and crystal water in a powder wet mass, but that for APC was to
measure total surface tension induced by water between the powder particles in powder aggregates.
The dynamic molecular mechanism of HSWG was indicated by NIR, as follows: LA particles were
partially and rapidly dissolved in binding water in the initial stage of granulation, after then binding
water bridges were formed granules by surface tension. In contrast, PS absorbed water for the swelling
at the initial granulation stage, so the water amount to use for the granulation decreased, the staring
time of granulation was delay depended on the amount of PC.
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A quantitative study of the effect of process parameters on key granule characteristics in a high shear wet
granulation process involving a two component pharmaceutical blend. Adv. Powder Technol. 2015, 26, 315–322.
[CrossRef]

5. Badawy, S.F.; Narang, A.S.; LaMarche, K.; Subramanian, G.; Varia, S.A. Mechanistic basis for the effects of
process parameters on quality attributes in high shear wet granulation. Int. J. Pharm. 2012, 439, 324–333.
[CrossRef]

6. Pandey, P.; Tao, J.; Chaudhury, A.; Ramachandran, R.; Gao, J.Z.; Bindra, D.S. Combined experimental
and modeling approach to study the effects of high-shear wet granulation process parameters on granule
characteristics. Pharm. Dev. Technol. 2013, 18, 210–224. [CrossRef]

http://dx.doi.org/10.1016/S0939-6411(01)00184-9
http://dx.doi.org/10.3109/03639045.2015.1100199
http://www.ncbi.nlm.nih.gov/pubmed/26489403
http://dx.doi.org/10.1208/s12249-011-9703-1
http://dx.doi.org/10.1016/j.apt.2014.10.012
http://dx.doi.org/10.1016/j.ijpharm.2012.09.011
http://dx.doi.org/10.3109/10837450.2012.700933


Pharmaceuticals 2020, 13, 226 15 of 16

7. Badawy, S.F.; Menning, M.M.; Gorko, M.A.; Gilbert, D.L. Effect of process parameters on compressibility of
granulation manufactured in a high-shear mixer. Int. J. Pharm. 2000, 198, 51–61. [CrossRef]

8. Holm, P.; Schaefer, T.; Kristensen, G. Granulation in High-Speed Mixer, Part VI. Effect of Process Condition
on Power Consumption and Granule Growth. Powder Technol. 1985, 43, 213–223. [CrossRef]

9. Holm, P.; Schaefer, T.; Kristensen, G. Granulation in High-Speed Mixer, Part V. Power Consumption and
Temperature, Changes during Granulation. Powder Technol. 1985, 43, 225–233. [CrossRef]

10. Oike, A.; Terashita, K.; Miyanami, K. Review: Agitating granulation in pharmaceutical manufacturing
process. J. Soc. Powder Technol. Jpn. 1987, 24, 535–541. [CrossRef]

11. Betz, G.; Bürgin, P.J.; Leuenberger, H. Power consumption measurement and temperature recording during
granulation. Int. J. Pharm. 2004, 272, 137–149. [CrossRef] [PubMed]

12. Department of Health and Human Services, Food and Drug Administration, Center for Drug Evaluation
and Research. Guidance for Industry, PAT-a Framework for Innovative Pharmaceutical Development,
Manufacturing, and Quality Assurance. 2004. Available online: http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/ucm070305.pdf (accessed on 10 August 2019).

13. ICH harmonized tripartite guideline, Pharmaceutical development Q8 (R2). In International Conference
on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use; ICH: Geneva,
Switzerland, 2009.

14. Paudel, A.; Raijada, D.; Rantanen, J. Raman spectroscopy in pharmaceutical product design. Adv. Drug
Del. Rev. 2015, 89, 3–20. [CrossRef] [PubMed]

15. Onishi, K. Fourier transform infrared spectroscopy and its applications. Ouyo Butsuri Appl. Phys. 1974,
43, 377–381.

16. Blanco, M.; Cueva-Mestanza, R.; Peguero, A. Controlling individual steps in the production process of
paracetamol tablets by use of NIR spectroscopy. J. Pharm. Biomed. Anal. 2010, 51, 797–804. [CrossRef]

17. Jørgensen, A.C.; Luukkonen, P.; Rantanen, J.; Schæfer, T.; Juppo, A.M.; Yliruusi, J. Comparison of torque
measurements and near-infrared spectroscopy in characterization of a wet granulation process. J. Pharm. Sci.
2004, 93, 2232–2243. [CrossRef]

18. Wu, S.; Panikar, S.S.; Singh, R.; Zhang, J.; Glasser, B.; Ramachandran, R. A systematic framework to monitor
mulling processes using Near Infrared spectroscopy. Adv. Powder Technol. 2016, 27, 1115–1127. [CrossRef]

19. Luukkonen, P.; Fransson, M.; Björn, I.N.; Hautala, J.; Lagerholm, B.; Folestad, S. Real-Time assessment of
granule and tablet properties using in-line data from a high-shear granulation process. J. Pharm. Sci. 2008,
97, 950–959. [CrossRef]

20. Mandato, S.; Taliani, C.C.; Aït-Kaddour, A.; Ruiz, T.; Cuq, B. In-line monitoring of durum wheat semolina
wet agglomeration by near water infrared spectroscopy for different water supply conditions and water
addition levels. J. Food Eng. 2013, 119, 533–543. [CrossRef]

21. Troup, G.M.; Georgakis, C. Process systems engineering tools in the pharmaceutical industry. Chem. Eng.
2013, 51, 157–171. [CrossRef]

22. Candolfi, A.; De Maesschalck, R.; Jouan-Rimbaud, D.; Hailey, P.A.; Massart, D.L. The influence of data
pre-processing in the pattern recognition of excipients near-infrared spectra. J. Pharm. Biomed. Anal. 1999,
21, 115–132. [CrossRef]

23. Miwa, A.; Yajima, T.; Itai, S. Prediction of suitable amount of water addition for wet granulation. Int. J. Pharm.
2000, 195, 81–92. [CrossRef]

24. Miwa, A.; Yajima, T.; Ikuta, H.; Makado, K. Prediction of suitable amounts of water in fluidized bed
granulation of pharmaceutical formulations using corresponding values of components. Int. J. Pharm. 2008,
352, 202–208. [CrossRef] [PubMed]

25. Miwa, A.; Makado, A. A method for predicting the amount of water required for wet granulation using NIR.
Int. J. Pharm. 2009, 376, 41–45. [CrossRef] [PubMed]

26. Vemavarapu, C.; Surapaneni, M.; Hussain, M.; Badawy, S. Role of drug substance material properties in the
processibility and performance of a wet granulated product. Int. J. Pharm. 2009, 374, 96–105. [CrossRef]
[PubMed]

27. Koyanagi, K.; Ueno, A.; Hattori, Y.; Sasaki, T.; Sakamoto, T.; Otsuka, M. Analysis of granulation mechanism in
a high-speed shear wet granulation method using near infrared spectroscopy and stirring power consumption.
Colloid Polym. 2020, 298, 977–987. [CrossRef]

http://dx.doi.org/10.1016/S0378-5173(99)00445-7
http://dx.doi.org/10.1016/0032-5910(85)80002-4
http://dx.doi.org/10.1016/0032-5910(85)80003-6
http://dx.doi.org/10.4164/sptj.24.535
http://dx.doi.org/10.1016/j.ijpharm.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15019077
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070305.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070305.pdf
http://dx.doi.org/10.1016/j.addr.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25868453
http://dx.doi.org/10.1016/j.jpba.2009.09.038
http://dx.doi.org/10.1002/jps.20132
http://dx.doi.org/10.1016/j.apt.2016.03.022
http://dx.doi.org/10.1002/jps.20998
http://dx.doi.org/10.1016/j.jfoodeng.2013.06.022
http://dx.doi.org/10.1016/j.compchemeng.2012.06.014
http://dx.doi.org/10.1016/S0731-7085(99)00125-9
http://dx.doi.org/10.1016/S0378-5173(99)00376-2
http://dx.doi.org/10.1016/j.ijpharm.2007.10.044
http://www.ncbi.nlm.nih.gov/pubmed/18160237
http://dx.doi.org/10.1016/j.ijpharm.2009.04.013
http://www.ncbi.nlm.nih.gov/pubmed/19375491
http://dx.doi.org/10.1016/j.ijpharm.2009.03.014
http://www.ncbi.nlm.nih.gov/pubmed/19446765
http://dx.doi.org/10.1007/s00396-020-04655-y


Pharmaceuticals 2020, 13, 226 16 of 16

28. Otsuka, M.; Mouri, Y.; Matsuda, Y. Chemometric Evaluation of Pharmaceutical Properties of Antipyrine
Granules by Near-Infrared Spectroscopy. AAPS PharmSciTech 2003, 4, 47. [CrossRef]

29. Otsuka, M. Comparative Particle Size Determination of Phenacetin Bulk Powder by Using Kubelka-Munk
Theory and Principal Component Regression Analysis Based on Near-Infrared Spectroscopy. Powder Technol.
2004, 141, 244–250. [CrossRef]

30. Sunada, H.; Hasegawa, M.; Makino, T.; Fujita, K.; Sakamoto, K.; Tanino, T.; Kagaguchi, G. Study on standard
formulation of raw granules for tableting compression. J. Soc. Powder Technol. Jpn. 1997, 34, 785–795.
[CrossRef]

31. Buckton, G.; Yonemochi, E.; Hammond, J.; Moffat, A. The use of near infra-red spectroscopy to detect changes
in the form of amorphous and crystalline lactose. Int. J. Pharm. 1998, 168, 231–241. [CrossRef]

32. Safety Data Sheet No. 12010250 for Lactose, Monohydrate; Showa Chemical Industry Co., Ltd.: Tokyo, Japan, 2018.
33. Scheiner, S.; Kar, T. Red-versus blue-shifting hydrogen bonds: Are there fundamental distinctions? J. Phys.

Chem. A 2002, 106, 1784–1789. [CrossRef]
34. Zelent, B.; Vanderkooi, J.M. Infrared spectroscopy used to study ice formation: The effect of trehalose,

maltose and glucose on melting. Anal. Biochem. 2009, 390, 215–217. [CrossRef] [PubMed]
35. Otsuka, M.; Kanai, Y.; Hattori, Y. Real-Time Monitoring of Changes of Adsorbed and Crystalline Water

Contents in Tablet Formulation Powder Containing Theophylline Anhydrate at Various Temperatures
During Agitated Granulation by Near-Infrared Spectroscopy. J. Pharm. Sci. 2014, 103, 2924–2936. [CrossRef]
[PubMed]

36. Martens, H.; Naes, T. Multivariate Calibration; John Wiley and Sons: New York, NY, USA, 1989.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1208/pt040347
http://dx.doi.org/10.1016/j.powtec.2004.01.025
http://dx.doi.org/10.4164/sptj.34.785
http://dx.doi.org/10.1016/S0378-5173(98)00095-7
http://dx.doi.org/10.1021/jp013702z
http://dx.doi.org/10.1016/j.ab.2009.04.019
http://www.ncbi.nlm.nih.gov/pubmed/19376080
http://dx.doi.org/10.1002/jps.24006
http://www.ncbi.nlm.nih.gov/pubmed/24832393
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Change in APC-Time Profiles of All the Formulations during HSWG Processes 
	Change in NIRS Spectra of Various Formulations during HSWG Processes 
	Prediction of the Wa and the APC Values by Partial Least-Squares Regression (PLSR) Calibration Models 
	Quantitative Relationships between Wa and NIRS Spectra of Wet Masses in the Formulation Consisting of LA and/or PS during HSWG Processes 
	Quantitative Relationships between APC and NIRS Spectra of Wet Masses of the Formulations Consisting of LA and/or PS during HSWG Processes 
	Molecular Level Granulation Mechanism during HSWG Processes of the Wet Mass Formulations Consisting of LA and/or PS Based on Changes in APC Values and NIRS 

	Materials and Methods 
	Materials 
	Methods 
	Granulation 
	Measurement of NIRS 
	Calibration Models to Predict the Pharmaceutical Properties in the Granular Formulated Powder Mixture 


	Conclusions 
	References

