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Abstract: The focus of the present investigation was to develop a predictive dissolution model for
tablets coated with blends of cellulose acetate butyrate (CAB) 171-15 and cellulose acetate phthalate
(C-A-P) using the design of experiment and chemometric approaches. Diclofenac sodium was used as
a model drug. Coating weight gain (X1, 5, 7.5 and 10%) and CAB 171-15 percentage (X2, 33.3, 50 and
66.7%) in the coating composition relative to C-A-P and were selected as independent variables by
full factorial experimental design. The responses monitored were dissolution at 1 (Y1), 8 (Y2), and 24
(Y3) h. Statistically significant (p < 0.05) effects of X1 on Y1 and X2 on Y1, Y2, and Y3 were observed.
The models showed a good correlation between actual and predicted values as indicated by the
correlation coefficients of 0.964, 0.914, and 0.932 for Y1, Y2, and Y3, respectively. For the chemometric
model development, the near infrared spectra of the coated tablets were collected, and partial least
square regression (PLSR) was performed. PLSR also showed a good correlation between actual and
model predicted values as indicated by correlation coefficients of 0.916, 0.964, and 0.974 for Y1, Y2,
and Y3, respectively. Y1, Y2, and Y3 predicted values of the independent sample by both approaches
were close to the actual values. In conclusion, it is possible to predict the dissolution of tablets coated
with blends of cellulose esters by both approaches.

Keywords: cellulose acetate butyrate; cellaburate; diclofenac; dissolution; hyperspectroscopy; multivariate

1. Introduction

Dissolution is one of the quality control tests to measure the performance of a drug product and is
required by regulatory agencies [1,2]. Even though it does not completely simulate in vivo conditions,
it can be used as a surrogate of the in vivo behavior of certain drugs [3–5]. Dissolution determines
whether dosage forms is an immediate or extended release formulations, which will eventually
determine the duration of the in vivo action and hence the frequency of administration. The rate of
drug dissolution can be modulated by the design of solid oral dosage forms, which are broadly classified
into monolithic matrix and encapsulated systems [6]. In a monolithic matrix, hydrophilic and/or
hydrophobic polymers/excipients control the drug release. The swelling and solubility characteristics
of hydrophilic polymer/excipients determine the dissolution of drugs [7,8], while the dissolution
mechanism is erosion in a hydrophobic polymer/excipients-based matrix system [9]. In an encapsulated
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system, the functional coating of the polymer acts as a rate controlling membrane that controls the
diffusion of drug from the dosage forms. The encapsulated system can be single (coated tablets) or
multiple units (beads or multiparticulate) [10,11]. The dissolution in coated tablets is controlled by
properties of the film such as composition, thickness, pore size, number of pores, coating weight,
etc. [12,13]. Typically, dissolution is empirically determined, which is a tedious and time-consuming
process. Predictive dissolution models based on the empirical data for dosage forms can be developed.
It is widely reported in the literature for various dosage forms [14,15]. This methodology hastens the
formulation development and predicts the dissolution behavior with future changes in the formulation
or coating variables.

Cellulose acetate butyrate (CAB) is a mixed cellulose ester that contains acetate and butyrate esters.
The manufacture of CAB involves the esterification of cellulose with acetic anhydride and butyric
anhydride in the presence of a sulfuric acid catalyst [16]. The polymer is widely used as a coating
material in various industries e.g., aerospace, automobile, industrial electronics, wood, etc. It is also
used as an excipient in the pharmaceutical industry. In the FDA ‘Inactive Ingredient Database’ and the
United States Pharmacopeia, CAB is listed as ‘Cellaburate’ [17,18]. The literature has reported its
application in fabrication of various drug delivery systems, e.g., nanoparticles [19], microspheres [20,21],
colonic system [22,23], matrix tablets [24], gastroretentive [25], osmotic [26], and so on. It can also be
used as a coating polymer for sustained/extended release of drugs. We demonstrated utility of CAB as a
coating polymer for extended release characteristics when used alone or delayed with extended release
characteristics when combined with an enteric polymer [27]. The enteric polymer in the polymer blends
dissolved at alkaline pH leaving behind pores for water infusion and drug diffusion. The drug release
is controlled by the polymer blend composition and coating percentage applied to the tablets beside
the physicochemical properties of the drug and processing factors [28,29]. It is desirable to predict the
dissolution of the drugs from the coated tablets with the blend of polymers. This can be done using
statistical methods called design of experiment and multivariate analysis [30,31]. The objective of the
present work was to develop predictive dissolution models of tablets coated with blends of CAB and
cellulose acetate phthalate (C-A-P) polymer using experimental design and chemometric approaches
and characterize the film by non-destructive methods. Near infrared spectroscopy data was used for
the chemometric dissolution model development. Diclofenac sodium was used as a model drug for
coating the core tablets with the polymer blends.

2. Materials and Methods

2.1. Materials

CAB 171-15 and C-A-P polymers were obtained from Eastman Chemical Company, Kingsport,
TN, USA. DFS were purchased from Leap Chem, Hangzhou, China. Acetone, acetonitrile
(ACN), monobasic potassium phosphate, croscarmellose sodium (CCS), magnesium stearate (MGS),
polyethylene glycol 400 (PEG, Fisher Scientific, Asheville, NC, USA), hydroxypropyl cellulose (HPC,
MW 100,000, Sigma-Aldrich, St Louis, MO, USA), lactose monohydrate (LMH, Supertab 145D, Mutchler
Inc, Harrington Park, NJ, USA), and microcrystalline cellulose (MCC, Vivapur® 102, JRS Pharma,
Patterson, NY, USA) were used as received. In-house water (18 MΩ.cm, Millipore Milli-Q Gradient
A-10 water purification system) was used in the study.

2.2. Methods

2.2.1. Preparation of Core Tablets

The composition of the core tablets consisted of 25% DFS, 47.25% LMH, 14% MCC, 1.25% HPC,
10% CCS, and 2.5% MGS. All the components except MGS and CCS were sieved through a #18
screen, blended (V-blender, Model VH-2), granulated with water (25% w/w of powder) in a high
shear granulator (KG5, KEY International Inc., East Windsor, NJ, USA), dried at 50 ◦C (Binder In,
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Bohemia USA) to a target loss on drying of ≤2% w/w and milled (Quadro Comil®, Model-193, Quadro
Engineering Inc., Waterloo, ON, Canada). The milled granules were sieved through a #18 screen
followed by the addition of CCS and lubrication with MGS for 2 min in a V-blender. The final
blend was compressed into tablets using Mini Press-1 (Globe Pharma, New Brunswick, NJ, USA)
10-station tableting machine with 8 mm biconvex punches (Natoli Engineering Company, Saint
Charles, MO, USA). The core tablets were characterized for friability (USP friability tester, Varian Inc.,
Cary, NC, USA), hardness (VK 200, Varian Inc., Cary, NC, USA), disintegration (USP disintegration
tester in 900 mL water at 37 ◦C, VK 100, Agilent Technologies, Santa Clara, CA, USA), and dissolution.

2.2.2. Coating Process

Full factorial design was used to build the predictive dissolution model. Independent variables
selected were coating weight (X1) and proportion of CAB 171-15 relative to C-A-P in the blend
(X2). Both independent variables were selected at three level as per Table 1. The core tablets were
coated in 8” Vector Hi-Coater (Model HCT Mini, Freund Vector, Marion, IA, USA). The coating
formulations consisted of 9.6% w/v (1.6% w/v PEG and 8.0% w/v polymer blends) solution in acetone.
The components present in the coating formulation were CAB 171-15, C-A-P, and PEG. The PEG
and polymer blend proportion was 16.7 and 83.3%. Only CAB 171-15 and C-A-P proportion varied
as per Table 1 while PEG was kept constant in all coating compositions. Approximately 400 gm
of core tablets were transferred into the pan. The tablets were prewarmed for 15 min at 80–90 ◦C
before coating. The coating process parameters were: Inlet temperature 80–90 ◦C; core tablets bed
temperature 55–70 ◦C; exhaust temperature 35–40 ◦C; pan rotation speed 40 rpm; atomization pressure
1.5–2.0 bar; spray rate 8 gm/min; and tablet bed to spray gun distance 10 cm. The coating of the tablets
was monitored by measuring weight gain. The coated tablets were dried for 15 min at 70 ◦C and were
characterized for disintegration (USP disintegration tester in 900 mL 0.1 N HCl for 2 h at 37 ◦C, VK 100,
Agilent Technologies, Santa Clara, CA, USA) and dissolution (0.1 N HCl and 0.2 M phosphate buffer
pH 6.8, Model 708-DS with 850-DS autosampler, Agilent Technologies, Santa Clara, CA, USA).

Table 1. Independent variables and experimental matrix.

Independent Variables Level

Low Medium High

Coating (X1, %) 5.0 7.5 10.0
CAB 171-15 (X2, %) 33.3 50.0 66.7

Formulation X1 (%) X2 (%) Actual Coating Gain (%)

C1 5 33.3 5.2
C2 7.5 33.3 7.7
C3 10 33.3 10.8
C4 5 50.0 5.3
C5 7.5. 50.0 7.9
C6 10 50.0 10.3
C7 5 66.7 4.5
C8 7.5 66.7 7.2
C9 10 66.7 9.7

2.2.3. Scanning Electron Microscopy

The surface morphology of the coated tablets was studied by scanning electron microscopy
(SEM, JSM-7500F, JEOL, Tokyo, Japan). The tablets were approximately 8 nm coated with carbon using
sputter coater (Cressington, 208 HR with MTM-20 High-Resolution Thickness Controller) under high
vacuum (argon gas pressure 0.01 mbar) and a high voltage of 40 mV. The morphology was captured at
a working distance of 15 mm, an accelerated voltage of 5 KV, and an emission current of 20 µA.
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2.2.4. Near Infrared Hyperspectroscopy

Via-Spec II Hyperspectral Imaging system was used to collect NIR hyperspectral images of
the coated tablets. The instrument details and method of analysis were described in our previous
publications [32–34]. The data acquisition software used was from Middleton Spectral Vision (Middleton
Spectral Vision, Middleton, WI, USA) and data analysis software was from Prediktera EvinceTM
(Prediktera AB, Umea, Sweden).

2.2.5. Near Infrared Spectroscopy

The FTIR spectra of coated tablets were collected using a modular NicoletTM iSTM 50 (Thermo
Fisher Scientific, Austin, TX, USA). After the instrument passed the diagnostic tests and reflectance
standardization, the tablet was placed on the sample window and centered with an iris. NIR spectra
ranging from 4000 to 10,000 cm−1 with a data resolution of 4 cm−1 and 32 scans were obtained in
10 replicates from both sides of the tablets. Omnic v9 software (Thermo Fisher Scientific, Austin,
TX, USA) was used to collect and analyze the data.

2.2.6. HPLC Method

The published HPLC method was modified and validated for dissolution sample analysis [27,35].
The HPLC consisted of Agilent 1260 series (Agilent Technologies, Wilmington, DE, USA) equipped with
a quaternary pump, online degasser, column heater, autosampler, and UV/Vis detector. The separation
of the analyte was achieved on a 4.6 × 150 mm, 5 µm Luna C18 (Phenomenex, Torrance, CA, USA)
column and a C18, 4.6 × 2.5 mm (5 µm packing) Luna C18 guard column (Phenomenex, Torrance,
CA, USA). The mobile phase was ACN: 20 mM phosphate buffer pH 7.0 (30:70, v/v) flowing at
1.0 mL/min. The column and auto-sampler were maintained at 25 ◦C. The sample volume of 20 µL
was injected into the system and detected at 280 nm. Two injections per samples were analyzed by
HPLC to demonstrate reproducibility of the data. Data collection and analysis were performed using
OpenLab software (Agilent Technologies, Santa Clara, Wilmington, DE, USA).

2.2.7. Dissolution

The dissolution of the core and coated tablets was performed using USP apparatus 2 (Model 708-DS
with 850-DS autosampler, Agilent Technologies Santa Clara, CA, USA). The dissolution of the core
tablets was performed in 900 mL 0.2 M phosphate buffer pH 6.8 at 50 rpm and 37 ◦C. Samples (1 mL)
were collected at 45 min.

The dissolution of the coated tablets was performed in 500 mL 0.1 N HCl at 50 rpm and 37 ◦C for
2 h. The sample (1 mL) was collected at 2 h. The dissolution of the coated tablets was also performed
in 900 mL 0.2 M phosphate buffer 6.8 at 50 rpm and 37 ◦C for 24 h and the samples were collected at
1, 2, 4, 6, 8 and 24 h interval and filtered through 70 µm filter. A 20 µL sample was injected into the
HPLC system to quantitate the amount of drug dissolved. The dissolution of the tablets was performed
in triplicate.

2.2.8. Statistical Analysis

JMP Pro 15 (SAS, Cary, NC, USA) and UnscramblerX (version 10.1; Camo Process, Oslo, Norway)
were used in the data analysis.

3. Results

3.1. Film Characterization

3.1.1. Surface Morphology

The surface morphology of the coated tablets showed rough surface with pinholes, cratering,
and crevices. However, the degree of surface deformation decreased with an increase in the coating
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weight. The C3 formulation (coated at 10.75% weight gain) showed less deformity than C1 (coated at
5.21% weight gain). Similarly, no effects of C-A-P or CAB 171-10 polymer percentage in the coating
formulation on surface morphology were observed (Figure 1).
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Figure 1. Surface morphology of tablets coated with blends of cellulose acetate butyrate (CAB)
171-15/C-A-P.

3.1.2. Near Infrared Hyperspectroscopy

Near infrared hyperspectroscopy provided chemical and spatial information about the samples.
Hypercube data were base line corrected and mathematically treated by standard normal variate to
generate principal component analysis (PCA) images. The PCA images of the coated tablets and
half-cut tablets are shown in Figure 2. The pixel color was relatively uniform in the coated tablets.
Pixel colors changed from yellow to red (C1, C4, and C7) with the composition of the polymer blend
in 5% coated tablets. The pixel color did not change significantly in 10% coated (C3, C6, and C9).
Furthermore, coating thickness can be visualized in the coated tablets. As expected, the coating was
relatively thinner in the 5% coated tablets compared to the 10% coated ones. The core tablets can also
be visualized from half-cut tablets as it showed multicolored pixels indicating the multicomponent
nature of the core tablets.Pharmaceuticals 2020, 13, x FOR PEER REVIEW 6 of 16 
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3.2. Dissolution Models by Design of Experiment Approach

The friability, hardness, disintegrationm and dissolution of the core tablets were less than 1% w/w,
6–7 kP, 4–5 min and >75%. The coated tablets did not disintegrate in 0.1 N HCl and less than 0.5%
drug was released in the 0.1 N HCl dissolution medium.

The dissolution varied as a function of the coating composition and coating weight gain.
The thickness of the coating on the core tablet increased with an increase in the percentage coating
weight gain. The C-A-P polymer and PEG dissolved during the dissolution process leaving behind
a porous film of CAB 171-15 polymer with micro-holes. The degree of porosity controls the rate
of penetration of the dissolution medium and drug diffusion. A thicker film leads to a decreased
permeability of the dissolution medium to penetrate the tablet and less diffusion of the dissolved
drug [36]. Increasing the CAB 171-10 content of the blends resulted in decreased porosity and
decreased the dissolution rate (Figure 3). The coating shell remained intact after 24 h when the coating
composition contained 50% or more CAB 171-15 relative to C-A-P. This explained the shorter duration of
the sustained dissolution (4–8 h) in the formulations containing low percentages of CAB 171-15 (C1–C3,
33.3%) compared to ones (C4–C9, 50–66.7%) containing a high percentage of CAB 171-15. A higher
percentage of CAB 171-15 in the coating composition resulted in a more compact film that remained
intact for longer time and thus sustained the drug dissolution for longer duration (C4–C9). Dissolution
profiles can be divided into three distinct phases, namely initial, middle, and later (Figure 3).
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Figure 3. Dissolution profiles of tablet coated with CAB 171-15/C-A-P at approximately (A) 5%, (B) 7.5%,
and (C) 10% weight gain.

The initial, middle, and later phases can be described by 1 (Y1), 8 (Y2), and 24 h (Y3) dissolution time
points. The effect of variables on the responses Y1, Y2, and Y3 can be described by the following equations:

Y1 = 14.6 − 5.3X1 − 10.2X2 + 1.9X1X2 (1)

Y2 = 62.6 − 9.1X1 − 26.6X2 − 2.5X1X2 (2)

Y3 = 72.8 − 7.5X1 − 23.3X2 − 5.8X1X2 (3)
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An independent variable increases the dependent variable if its sign is positive in the equation
and vice versa [30]. The model showed a good correlation between actual and predicted values as
indicated by the correlation coefficients of 0.964, 0.914, and 0.932 for Y1, Y2, and Y3, respectively
(Figure 4). The model of Y1 can explain the greater percentage of variability in the data compared
to Y2 and Y3. The models of Y1, Y2, and Y3 can explain the 96.4, 83.6, and 86.8% variability
in data, respectively. Moreover, error in the models was measured by residual and root mean
squared errors (RMSE). The residual values varied from −4.2 to 2.9, −15.3 to 10.8, and −14.9 to
9.5 for Y1, Y2, and Y3, respectively. Similarly, the RMSE value was 3.4, 13.1, and 10.2 for Y1, Y2,
and Y3, respectively. Thus, error in Y1 was low compared to Y2 and Y3.
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Figure 4. Actual and model predicted curve of (A) Y1, (B) Y2, and (C) Y3 tablets coated with CAB
171-15/C-A-P blend.

Statistically significant (p < 0.05) effects of X1 on Y1 and X2 on Y1, Y2, and Y3 were observed.
The independent variables had a negative influence over Y1, Y2, and Y3 (Figure 5).
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Figure 5. Response surface curves of (A) Y1, (B) Y2, and (C) Y3 tablets coated with CAB
171-15/C-A-P blend.

The values of dissolution decreased with an increase in the coating percentage (coating weight
gain). This was due to an increase in the thickness of the polymer membrane over the core tablet that
controls drug diffusion from core tablet to the bulk dissolution medium. A thicker membrane means
that the drug will encounter greater resistance when diffusing the membrane [36]. Furthermore, C-A-P
polymer dissolved during the dissolution leaving behind a shell of CAB 171-15 polymer encasing the
core tablet. This also increased the tortuosity of the path that the drug had to travel to cross the thicker
membrane (Figure 6). The C1 and C3 formulations were coated with the same coating composition
but coated at 5.2 and 10.8% weight gain, respectively. The values of Y1, Y2, and Y3 in the C1 and C3
formulations were 34.2 ± 7.1, 99.3 ± 2.0 and 101.3 ± 1.8%, and 17.1 ± 4.1, 85.8 ± 3.0, and 101.4 ± 4.2%,
respectively. Furthermore, the rate and extent of dissolution can be changed with coating composition,
especially the percentage of CAB 171-10 relative to C-A-P polymer. Dissolution decreased with an
increase in CAB 171-10 polymer percentage from 33.3% (C1−C3) to 66.7% (C7−C9). The drug was
released through the micropores formed by the solubilization of PEG and C-A-P during the dissolution.
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Figure 6. Surface morphology of shell of the tablets coated with blends of CAB 171-15/C-A-P blend
after dissolution test.

Since the PEG concentration was constant in all the coating compositions, the micropores size
and number were entirely depend upon C-A-P in the coating composition. The size and number
of micropores decreased with a decrease in C-A-P percent in the coating formulation as less C-A-P
was available for the micropores formation that resulted in decreased dissolution. For examples,
Formulation C4 and C7 were coated at 5.4 and 4.5% coating weight gain, respectively, but the coating
formulation contained 50.0% and 66.7% CAB 171-10 relative to C-A-P. Dissolution at 1, 8, and 24 h
from C4 and C7 formulations was 15.3 ± 2.0, 58.2 ± 2.5 and 73.5 ± 1.2%, and 10.3 ± 2.0, 53.3 ± 1.6,
and 66.4 ± 1.5%, respectively. The micropore size was small in C7 compared C4 that had a higher
percentage of C-A-P (Figure 6).

Analysis of variance (ANOVA) at p < 0.05 was performed to determine whether the effect of
independent variables on the dependent variables was real or by chance. ANOVA indicated a
significant effect of the independent variables on the dependent variables (p < 0.05).

The models were verified by independent data not used in the model development. The coating
composition and coating percentage was selected that would dissolve more than 50% drug in 24 h.
The core tablet was coated at 9.8% weight gain with coating composition containing 60% CAB 171-15,
and 40% C-A-P. The model predicted value of Y1, Y2, and Y3 responses were 4.6, 36.8, and 48.8%,
respectively. Empirical values of Y1, Y2, and Y3 were 1.2 ± 0.2, 30.2 ± 4.5, and 58.6 ± 5.2%, respectively.
The residual was low for Y1 (3.4%) and Y2 (6.6%), and high for Y3 (9.8%) response.
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3.3. Dissolution Models by Chemometric Approach

3.3.1. NIR Spectra

NIR spectra of the coating formulation component, core, and coated tablets are shown in Figure 7A.
NIR spectra of core tablet was different from polymers used in the blend. C-A-P showed major peaks
at 4142, 4435, 4624, 4670, 5203, and 5820 cm−1. CAB 171-10 showed distinct peaks at 4331, 4427, 4690,
5241, 5816, and 5943 cm−1. The coated tablets showed the peaks of both polymers. The intensity and
characteristics of peaks change as the composition of coating formulation changes. With an increase in
CAB 171-10 polymer in the coating composition, the spectra incorporated more features of CAB 171-10
than C-A-P. It was also characterized by changes in slope and intercept of the spectra (Figure 7A).
These spectral changes can be linked to the coating composition and dissolution responses to build
chemometric prediction models.
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3.3.2. Data Pretreatment, Outlier and Number of Latent Variables

There were differences in the baselines of the spectra of the replicate samples. This was due
to physical variation in the replicate samples such as refractive index, packing density, and surface
morphology. These factors contribute to varying/effective sample path-length which resulted in
additive, multiplicative, and wavelength dependent effects. This is manifested in the baseline shift,
tilt, or curvature in the spectra. These effects can be eliminated or reduced by mathematical treatment
of the data. The most commonly used methods are standard normal variate, multiplicative scattering
correction, derivatives, and so forth [37,38]. The NIR spectral data were mathematically corrected
by multiplicative scattering correction (MSC) to eliminate or reduce variation in data of replicate
samples due base-line shift and non-linearity. The corrected data were analyzed for RMSE and R2.
The RMSE and R2 values of mathematically untreated and treated data were 11.9 and 0.68, and 4.8
and 0.949, respectively. Furthermore, replicate data were overlapping each other after MSC treatment
(Figure 7B,C). Additionally, outliers in the data were detected by Hotelier T2 at p < 0.05. The Hotellings
T2 statistics limit was 8.12 and all the samples were within this limit.

The over and under fitting of the models were determined by number of latent variables (LV).
The optimum number of LV was determined by assessing RMSE and R2. The value of RMSE and
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R2 were 15.9 and 0.458, 4.8 and 0.949, and 4.7 and 0.952 for first, second, and third LV, respectively.
Increasing LV beyond two did not significantly change values of RMSE and R2. Therefore, two LV were
selected for model development. Furthermore, LVs are related to physical and chemical information of
the spectra. The first and second LV were compared with the individual component of the coating
formulation. LV1 showed peaks of CAB 171-15, although in inverted position while LV2 showed peaks
of both C-A-P and CAB 171-15 (Figure 8).
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3.3.3. Models Development and Validation

Mathematically treated NIR data ranging from 4000 to 7000 cm−1 were used for the development
of partial least squares regression (PLSR) models as this range showed maximum changes in the
spectra (Figure 7C). The cross-validation approach was employed for PLSR model development. In the
cross-validation approach, same data set was utilized to internally validate the model. The data for
formulations C1–C9 was used for the model development for Y1, Y2, and Y3 responses. The model
showed a good correlation between actual and model predicted values for the responses. The correlation
coefficient was 0.916, 0.964, and 0.974 for Y1, Y2, and Y3, respectively (Figure 9). The error in the model
was measured by residual, standard error (SEC) and RMSE (RMSEC) of calibration. The residual
between actual dissolution and model predicted values ranged from−7.6 to 9.4, −14.6 to 14.8, and −13.7
to 14.2 for Y1, Y2, and Y3, respectively. SEC and RMSEC measure the precision and accuracy of the
model. The SEC and RMSE for Y1, Y2, and Y3 were 3.87 and 3.88, 6.58 and 6.59, and 4.85 and 4.87,
respectively. Thus, the model for Y1 was more accurate and precise compared to Y2 and Y3.
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Figure 9. Chemometric models predicted and actual values curve of (A) Y1, (B) Y2 and (C) Y3 tablets
coated with CAB 171-15/C-A-P blend.

The statistical parameters of internally validated model should be close to the calibration for a
well fitted model. Over fitting of model was indicated by lower values of R, R2, SEP, and RMSEP of the
prediction model compared to the R, R2, SEC, and RMSEC of the calibration model. The statistical
parameter values of the validation model were close to those of the calibration model (Table 2).
Furthermore, the models were further validated by an independent sample not used in the development.
In the independent sample, the core tablet was coated 9.8% weight gain with a coating composition
containing 60% CAB 171-15 and 40% C-A-P. The data of independent sample was truncated and
mathematically treated with MSC. The model predicted values were close to the empirical values.
Additionally, error in the values was low as indicated by the residual. The experimental values of Y1,
Y2, and Y3 were 1.2 ± 0.2, 30.2 ± 4.5, and 58.6 ± 5.2%, respectively. The models predicted values were
5.6 ± 3.0, 38.5 ± 7.1, and 61.3 ± 6.2% for Y1, Y2 and Y3, respectively. The difference between actual and
model predicted values were 4.4, 8.3, and 2.7 for Y1, Y2, and Y3 responses, respectively.

Table 2. Statistical parameters of partial least square models.

Response Model Sample No. Slope Offset Correlation R2 RMSEC (P) 1 SEC (P) 2 Bias

Y1
Calibration 170 0.84 2.26 0.916 0.839 3.87 3.88 2.97 × 10−6

Validation 170 0.84 2.31 0.913 0.834 3.95 3.96 0.03

Y2
Calibration 170 0.93 4.4 0.964 0.929 6.58 6.59 7.74 × 10−6

Validation 170 0.93 4.63 0.962 0.927 6.75 6.77 0.09

Y3
Calibration 170 0.95 3.58 0.974 0.949 4.85 4.87 0
Validation 170 0.95 3.98 0.973 0.948 4.97 4.99 0.06

RMSEC (P) 1—Root mean square error of calibration or prediction. SEC (P) 2—Standard error of calibration
or prediction.

4. Conclusions

Predictive dissolution models of a cellulose ester blend were developed by the design of experiment
and chemometric methods. CAB 171-15 and coating weight gain had a negative effect on dissolution.
Rate and extent of dissolution can be modulated by CAB 171-15 proportion relative to C-A-P and
coating weight gain. Increasing these two variables increased the thickness of film through which the
drug diffused into the bulk dissolution medium. The model shows good correlation for Y1, Y2, and Y3.
Models based on NIR data show a better correlation between empirical and predicted values and low
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error as indicated by RMSE values than the design of experiment approach. However, the predicted
values of the independent samples of both models are similar. Furthermore, the dissolution model
based on NIR method provide quick way of measuring the dissolution.

Author Contributions: Investigation, conceptualization, writing—review and editing, visualization, E.M.M.;
Investigation, conceptualization, T.K., Investigation, H.A., K.S. and S.D.; Conceptualization, Review & Editing,
P.C. and R.A.; Conceptualization, Writing—Review & Editing, Supervision, Project administration, M.A.K.;
Conceptualization, formal analysis, Writing—Review & Editing, Supervision, Project administration, Z.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Eastman Chemicals Inc., and grant number was M1901664.

Acknowledgments: Authors would like to thank Phillip Cook, Technical Associate, Eastman Chemical Company,
for his helpful advice on various technical issues and comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dickinson, P.A.; Lee, W.W.; Stott, P.W.; Townsend, A.I.; Smart, J.P.; Ghahramani, P.; Hammett, T.; Billett, L.;
Behn, S.; Gibb, R.C.; et al. Clinical relevance of dissolution testing in quality by design. AAPS J. 2008, 380–390.
[CrossRef]

2. Graffner, C. Regulatory aspects of drug dissolution from a European perspective. Eur. J. Pharm. Sci. 2006, 29,
288–293. [CrossRef]

3. Maher, E.M.; Ali, A.M.A.; Salem, H.F.; Abdelrahman, A.A. In Vitro/In Vivo evaluation of an optimized
fast dissolving oral film containing olanzapine co-amorphous dispersion with selected carboxylic acids.
Drug Deliv. 2016, 23, 3088–3100. [CrossRef] [PubMed]

4. Kim, T.H.; Shin, S.; Jeong, S.W.; Lee, J.B.; Shin, B.S. Physiologically Relevant In Vitro-In Vivo Correlation
(IVIVC) Approach for Sildenafil with Site-Dependent Dissolution. Pharmaceutics 2019, 11, 251. [CrossRef]
[PubMed]

5. Dharani, S.; Barakh Ali, S.F.; Afrooz, H.; Khan, M.A.; Rahman, Z. Development and Validation of a
Discriminatory Dissolution Method for Rifaximin Products. J. Pharm. Sci. 2019, 108, 2112–2118. [CrossRef]

6. Nokhodchi, A.; Raja, S.; Patel, P.; Asare-Addo, K. The role of oral controlled release matrix tablets in drug
delivery systems. Bioimpacts 2012, 2, 175–187.

7. Korang-Yeboah, M.; Rahman, Z.; Shah, D.A.; Khan, M.A. Spectroscopic-Based Chemometric Models
for Quantifying Low Levels of Solid-State Transitions in Extended Release Theophylline Formulations.
J. Pharm. Sci. 2016, 105, 97–105. [CrossRef]

8. Zahoor, F.D.; Mader, K.T.; Timmins, P.; Brown, J.; Sammon, C. Investigation of Within-Tablet Dynamics for
Extended Release of a Poorly Soluble Basic Drug from Hydrophilic Matrix Tablets Using ATR-FTIR Imaging.
Mol. Pharm. 2020, 17, 1090–1099. [CrossRef]

9. Xu, H.; Liu, L.; Li, X.; Ma, J.; Liu, R.; Wang, S. Extended tacrolimus release via the combination of lipid-based
solid dispersion and HPMC hydrogel matrix tablets. Asian J. Pharm. Sci. 2019, 14, 445–454. [CrossRef]
[PubMed]

10. Hu, M.; Zhu, Z.; Wu, Y.; Meng, Q.; Luo, J.; Wang, H. Exploring the Potential of Hydrophilic Matrix Combined
with Insoluble Film Coating: Preparation and Evaluation of Ambroxol Hydrochloride Extended Release
Tablets. AAPS PharmSciTech 2020, 21, 93. [CrossRef]

11. Ibrahim, M.; Sarhan, H.A.; Naguib, Y.W.; Abdelkader, H. Design, characterization and in vivo evaluation of
modified release baclofen floating coated beads. Int. J. Pharm. 2020, 582, 119344. [CrossRef] [PubMed]

12. Wang, B.; Friess, W. Formation of mannitol core microparticles for sustained release with lipid coating in a
mini fluid bed system. Eur. J. Pharm. Biopharm. 2017, 120, 126–132. [CrossRef] [PubMed]

13. Mitra, S.; Maity, S.; Sa, B. Effect of different cross-linking methods and processing parameters on drug release
from hydrogel beads. Int. J. Biol. Macromol. 2015, 74, 489–497. [CrossRef] [PubMed]

14. Tsunematsu, H.; Hifumi, H.; Kitamura, R.; Hirai, D.; Takeuchi, M.; Ohara, M.; Itai, S.; Iwao, Y. Analysis
of available surface area can predict the long-term dissolution profile of tablets using short-term stability
studies. Int. J. Pharm. 2020, 586, 119504. [CrossRef]

http://dx.doi.org/10.1208/s12248-008-9034-7
http://dx.doi.org/10.1016/j.ejps.2006.05.003
http://dx.doi.org/10.3109/10717544.2016.1153746
http://www.ncbi.nlm.nih.gov/pubmed/26960680
http://dx.doi.org/10.3390/pharmaceutics11060251
http://www.ncbi.nlm.nih.gov/pubmed/31159390
http://dx.doi.org/10.1016/j.xphs.2019.01.020
http://dx.doi.org/10.1016/j.xphs.2015.11.007
http://dx.doi.org/10.1021/acs.molpharmaceut.9b01063
http://dx.doi.org/10.1016/j.ajps.2018.08.001
http://www.ncbi.nlm.nih.gov/pubmed/32104473
http://dx.doi.org/10.1208/s12249-020-1628-0
http://dx.doi.org/10.1016/j.ijpharm.2020.119344
http://www.ncbi.nlm.nih.gov/pubmed/32315750
http://dx.doi.org/10.1016/j.ejpb.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28893692
http://dx.doi.org/10.1016/j.ijbiomac.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/25576745
http://dx.doi.org/10.1016/j.ijpharm.2020.119504


Pharmaceuticals 2020, 13, 311 14 of 15

15. Cid, A.G.; Rigo, M.V.R.; Palena, M.C.; Gonzo, E.E.; Jimenez-Kairuz, A.F.; Bermúdez, J.M. Dual Release Model
to Evaluate Dissolution Profiles from Swellable Drug Polyelectrolyte Matrices. Curr. Drug Deliv. 2020, 17,
511–522. [CrossRef]

16. Huang, K.; Cao, Y.; Wang, B.; Li, H.; Wang, J.; Lin, W.; Mu, C.; Liao, D. Homogeneous Preparation of Cellulose
Acetate Propionate (CAP) and Cellulose Acetate Butyrate (CAB) from Sugarcane Bagasse Cellulose in Ionic
Liquid. J. Agric. Food Chem. 2011, 59, 5376–5381. [CrossRef] [PubMed]

17. Available online: https://www.accessdata.fda.gov/scripts/cder/iig/index.cfm?event=BasicSearch.
pageFDAInactiveingredientsdatabase (accessed on 24 August 2020).

18. USP42-NF37—Cellaburate; U.S. Pharmacopeia, United States Pharmacopeial Convention: North Bethesda,
MD, USA, 2019; p. 5648.

19. Amanat, S.; Taymouri, S.; Varshosaz, J.; Minaiyan, M.; Talebi, A. Carboxymethyl cellulose-based wafer
enriched with resveratrol-loaded nanoparticles for enhanced wound healing. Drug Deliv. Trans. Res. 2020,
10, 1241–1254. [CrossRef] [PubMed]

20. Porcu, E.P.; Salis, A.; Rassu, G.; Maestri, M.; Galafassi, J.; Bruni, G.; Giunchedi, P.; Gavini, E. Engineered
polymeric microspheres obtained by multi-step method as potential systems for transarterial embolization
and intraoperative imaging of HCC: Preliminary evaluation. Eur. J. Pharm. Biopharm. 2017, 117, 160–167.
[CrossRef]

21. Baldelli, A.; Boraey, M.A.; Nobes, D.S.; Vehring, R. Analysis of the Particle Formation Process of Structured
Microparticles. Mol. Pharm. 2015, 12, 2562–2573. [CrossRef]

22. Nour, S.A.; Abdelmalak, N.S.; Naguib, M.J. Bumadizone calcium dihydrate microspheres compressed tablets
for colon targeting: Formulation, optimization and in vivo evaluation in rabbits. Drug Deliv. 2015, 22,
286–297. [CrossRef] [PubMed]

23. Yehia, S.A.; Elshafeey, A.H.; Sayed, I.; Shehata, A.H. Optimization of budesonide compression-coated tablets
for colonic delivery. AAPS PharmSciTech 2009, 10, 147–157. [CrossRef] [PubMed]

24. Banala, V.T.; Srinivasan, B.; Rajamanickam, D.; Basappa Veerbadraiah, B.; Varadarajan, M. Statistical
optimization and in vitro evaluation of metformin hydrochloride asymmetric membrane capsules prepared
by a novel semiautomatic manufacturing approach. ISRN Pharm. 2013, 2013, 719196. [CrossRef]

25. Umamaheshwari, R.B.; Jain, S.; Jain, N.K. A new approach in gastroretentive drug delivery system using
cholestyramine. Drug Deliv. 2003, 10, 151–160. [CrossRef] [PubMed]

26. McClelland, G.A.; Sutton, S.C.; Engle, K.; Zentner, G.M. The solubility-modulated osmotic pump:
In vitro/in vivo release of diltiazem hydrochloride. Pharm. Res. 1991, 8, 88–92. [CrossRef]

27. Barakh Ali, F.B.; Afrooz, H.; Hampel, R.; Mohamed, E.M.; Bhattacharya, R.; Cook, P.; Khan, M.A.; Rahman, Z.
Blend of cellulose ester and enteric polymers for delayed and enteric coating of core tablets of hydrophilic
and hydrophobic drugs. Int. J. Pharm. 2019, 567, 118462.

28. Radtke, J.; Wiedey, R.; Kleinebudde, P. Effect of coating time on inter- and intra-tablet coating uniformity.
Eur. J. Pharm. Sci. 2019, 137, 104970. [CrossRef]

29. Silva, B.S.; Santangelo, M.; Colbert, M.J.; Fauteux-Lefebvre, C.; Bartlett, J.A.; Lapointe-Garant, P.P.; Gosselin, R.
Building Process Understanding of Fluid Bed Taste Mask Coating of Microspheres. AAPS PharmSciTech 2019,
20, 173. [CrossRef]

30. Rahman, Z.; Xu, X.; Katragadda, U.; Krishnaiah, Y.S.; Yu, L.; Khan, M.A. Quality by design approach for
understanding the critical quality attributes of cyclosporine ophthalmic emulsion. Mol. Pharm. 2014, 11,
787–799. [CrossRef]

31. Dharani, S.; Barakh Ali, S.F.; Afrooz, H.; Khan, M.A.; Rahman, Z. Univariate and Multivariate Models
for Determination of Prasugrel Base in the Formulation of Prasugrel Hydrochloride Using XRPD Method.
J. Pharm. Sci. 2019, 108, 3575–3581. [CrossRef]

32. Barakh Ali, S.F.; Dharani, S.; Afrooz, H.; Mohamed, E.M.; Cook, P.; Khan, M.A.; Rahman, Z. Development
of Abuse-Deterrent Formulations Using Sucrose Acetate Isobutyrate. AAPS PharmSciTech 2020, 21, 99.
[CrossRef]

33. Dharani, S.; Barakh Ali, S.F.; Afrooz, H.; Mohamed, E.M.; Cook, P.; Khan, M.A.; Rahman, Z. Development of
Methamphetamine Abuse-Deterrent Formulations Using Sucrose Acetate Isobutyrate. J. Pharm. Sci. 2020,
109, 1338–1346. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/1567201817666200512093115
http://dx.doi.org/10.1021/jf104881f
http://www.ncbi.nlm.nih.gov/pubmed/21452895
https://www.accessdata.fda.gov/scripts/cder/iig/index.cfm?event=BasicSearch.pageFDAInactiveingredientsdatabase
https://www.accessdata.fda.gov/scripts/cder/iig/index.cfm?event=BasicSearch.pageFDAInactiveingredientsdatabase
http://dx.doi.org/10.1007/s13346-020-00711-w
http://www.ncbi.nlm.nih.gov/pubmed/31981141
http://dx.doi.org/10.1016/j.ejpb.2017.04.010
http://dx.doi.org/10.1021/mp500758s
http://dx.doi.org/10.3109/10717544.2014.889779
http://www.ncbi.nlm.nih.gov/pubmed/24601826
http://dx.doi.org/10.1208/s12249-009-9188-3
http://www.ncbi.nlm.nih.gov/pubmed/19199041
http://dx.doi.org/10.1155/2013/719196
http://dx.doi.org/10.1080/713840399
http://www.ncbi.nlm.nih.gov/pubmed/12944135
http://dx.doi.org/10.1023/A:1015890525495
http://dx.doi.org/10.1016/j.ejps.2019.104970
http://dx.doi.org/10.1208/s12249-019-1384-1
http://dx.doi.org/10.1021/mp400484g
http://dx.doi.org/10.1016/j.xphs.2019.06.024
http://dx.doi.org/10.1208/s12249-020-01646-8
http://dx.doi.org/10.1016/j.xphs.2019.12.003
http://www.ncbi.nlm.nih.gov/pubmed/31862204


Pharmaceuticals 2020, 13, 311 15 of 15

34. Barakh Ali, S.F.; Rahman, Z.; Dharani, S.; Afrooz, H.; Khan, M.A. Chemometric Models for Quantification of
Carbamazepine Anhydrous and Dihydrate Forms in the Formulation. J. Pharm. Sci. 2019, 108, 1211–1219.
[CrossRef] [PubMed]

35. ICH Harmonized Tripartite Guideline—Validation of Analytical Procedures: Text and Methodology Q2
(R1). November 2005. Available online: https://somatek.com/wp-content/uploads/2014/06/sk140605h.pdf
(accessed on 24 August 2020).

36. Spencer, J.A.; Gao, Z.; Moore, T.; Buhse, L.F.; Taday, P.F.; Newnham, D.A.; Shen, Y.; Potieri, A.; Husain, A.
Delayed release tablet dissolution related to coating thickness by terahertz pulsed image mapping. J. Pharm. Sci.
2008, 97, 1543–1550. [CrossRef] [PubMed]

37. Gupta, A.; Peck, G.E.; Miller, R.W.; Morris, K.R. Real-time near-infrared monitoring of content uniformity,
moisture content, compact density, tensile strength, and Young’s modulus of roller compacted powder
blends. J. Pharm. Sci. 2005, 94, 1589–1597. [CrossRef]

38. Kirsch, J.D.; Drennen, J.K. Determination of film-coated tablet parameters by nearinfrared spectroscopy.
J. Pharm. Biomed. Anal. 1995, 13, 1273–1281. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 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/10.1016/j.xphs.2018.10.023
http://www.ncbi.nlm.nih.gov/pubmed/30773201
https://somatek.com/wp-content/uploads/2014/06/sk140605h.pdf
http://dx.doi.org/10.1002/jps.21051
http://www.ncbi.nlm.nih.gov/pubmed/17722005
http://dx.doi.org/10.1002/jps.20375
http://dx.doi.org/10.1016/0731-7085(95)01562-Y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Preparation of Core Tablets 
	Coating Process 
	Scanning Electron Microscopy 
	Near Infrared Hyperspectroscopy 
	Near Infrared Spectroscopy 
	HPLC Method 
	Dissolution 
	Statistical Analysis 


	Results 
	Film Characterization 
	Surface Morphology 
	Near Infrared Hyperspectroscopy 

	Dissolution Models by Design of Experiment Approach 
	Dissolution Models by Chemometric Approach 
	NIR Spectra 
	Data Pretreatment, Outlier and Number of Latent Variables 
	Models Development and Validation 


	Conclusions 
	References

