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Abstract 21 

In this study the selection of in vivo predictive in vitro dissolution experimental set ups using a 22 

multivariate analysis approach, in line with the Quality by Design (QbD) principles, is explored. 23 

The dissolution variables selected using a design of experiments (DoE) were the dissolution 24 

apparatus [USP1 apparatus (basket) and USP2 apparatus (paddle)], the rotational speed of the 25 

basket/ or paddle, the operator conditions (dissolution apparatus brand and operator), and the 26 

volume, the pH, the ethanol content of the dissolution medium. The dissolution profiles of two 27 

nifedipine capsules (poorly soluble compound), under conditions mimicking the intake of the 28 

capsules with i. water, ii. orange juice and iii. an alcoholic drink (orange juice and ethanol) were 29 

analysed using multiple linear regression (MLR). Optimised dissolution set-ups generated 30 

based on the mathematical model obtained via MLR were used to build predicted in vitro-in 31 

vivo correlations (IVIVC). IVIVC could be achieved using physiologically relevant in vitro 32 

conditions mimicking the intake of the capsules with an alcoholic drink (orange juice and 33 

ethanol). The multivariate analysis revealed that the concentration of ethanol used in the in vitro 34 

dissolution experiments (47% v/v) can be lowered to less than 20% v/v, reflecting recently 35 

found physiological conditions. 36 

Keywords 37 

QbD, biorelevant dissolution, IVIVC, ethanol, design of experiments, multivariate data analysis 38 

  39 
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1 Introduction 40 

The quality and behaviour of pharmaceutical dosage forms are generally characterised during 41 

their manufacturing process by means of their dissolution profile. The amount of drug released 42 

over time can be linked to the in vivo behaviour of the formulation (Marroum, 2014).  43 

The Quality by Design (QbD) approach has been introduced around 10 years ago in order to 44 

improve the manufacturing and safety of pharmaceutical dosage forms and to provide a flexible 45 

regulatory approach. QbD has been described in four ICH guidelines (International Conference 46 

of Harmonisation of Technical Requirments for Registration of Pharmaceuticals for Human 47 

Use, 2012, 2009, 2008, 2005) and consequently endorsed by the Food and Drug Administration 48 

(FDA) and the European Medical Agency (EMA). The focus of QbD is the quality of the final 49 

product for the safety of the patient. Quality is ensured by the scientific understanding of the 50 

impact of variables occurring during the manufacturing process and by the adaptation of the 51 

process to meet the defined quality target. Understanding the dissolution profile of a 52 

pharmaceutical dosage form and linking it to its in vivo pharmacokinetic profile is a vital 53 

requirement for ensuring the quality of the product (Dickinson et al., 2008). Dissolution profiles 54 

can be analysed using model-dependent methods (experimental data are fitted using 55 

mathematical equations), model-independent methods (single values such as mean dissolution 56 

time, area under dissolution curve etc. are used for the evaluation of the data) and statistical 57 

methods (like ANOVA and multivariate statistics) (Costa and Sousa Lobo, 2001; Ruiz and 58 

Volonte, 2014; Yuksel, 2000). Multivariate approaches have been used to assess the impact of 59 

formulation composition and manufacturing method on dissolution (Andersson et al., 2007; 60 

Huang et al., 2009; Kaul et al., 2011; Maggio et al., 2009; Nagarwal et al., 2009; Ring et al., 61 

2011), to compare dissolution profiles of various pharmaceutical dosage forms (Adams et al., 62 

2002, 2001; Enăchescu, 2010; Huang et al., 2011; Maggio et al., 2008), to quantify the drug 63 

release during dissolution (Hernandez et al., 2016), to develop in vitro dissolution methods for 64 
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pure substance or several formulation types (Eaton et al., 2007; Fish et al., 2009; Graffner et 65 

al., 1996; Persson et al., 2010; Petruševska et al., 2015), and to define the in vivo predictive in 66 

vitro dissolution set-up based on the modification of the polarity of the dissolution medium with 67 

the use of ethanol (Abuzarur-Aloul et al., 1998a, 1998b, 1997). In vitro dissolution profiles can 68 

be used to predict the in vivo behaviour of a formulation by developing an in vitro-in vivo 69 

correlation (IVIVC). Regulatory bodies such as EMA and FDA accept IVIVC (EMA 70 

Committee for Medicinal Products for Human Use (CHMP), 2014; United State Department of 71 

Health and Human Services, Food and Drug Administration, 1997). The clinical impact of 72 

modifications in the formulation design and manufacture can be predicted with an IVIVC, 73 

which can be used to guarantee quality and safety of the product. Physiologically relevant in 74 

vitro dissolution experimental set-up is critical for the prediction of the in vivo dissolution 75 

profile of a formulation (Mercuri et al., 2015).  76 

In this study the dissolution profiles of nifedipine immediate release capsules (Adalat®) based 77 

on a design of experiments (DoE) performed in a USP1 and a USP2 apparatus were analysed 78 

using a multivariate analysis method [MLR - multiple linear regression]. The MLR generated 79 

prediction models were used in two ways: i. to understand the impact of the variables on 80 

nifedipine’s dissolution at each time point and ii. to define the physiologically relevant in vitro 81 

design space enabling the construction of IVIVC for the intake of nifedipine capsules with 82 

different types of beverages (water, orange juice and an alcoholic mixture of orange juice and 83 

ethanol (47 % v/v)). This study is a follow up of a previous study (Mercuri et al., 2015) in which 84 

the impact of the variation of the dissolution parameters on nifedipine’s dissolution profile from 85 

Adalat® capsules was investigated using USP1, USP2, USP3 and USP4 apparatus and the 86 

experimental conditions that better simulate the in vivo scenario of taking the formulation with 87 

different beverages were identified. The novelty of this work is that for the first time a 88 
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multivariate approach is used to define the physiologically relevant in vitro conditions that can 89 

predict the in vivo behaviour of the formulation.  90 

2 Materials and Methods 91 

2.1 Materials  92 

Sodium chloride, pepsin from porcine gastric mucosa (Ph. Eur., lot BCBL9753V) and 93 

nifedipine powder (≥ 98% HPLC) were purchased from Sigma-Aldrich Chemie GmbH 94 

(Steinheim, Germany). Egg- lecithin (Lipoid E PCS, Phosphatidylcholine from egg) from 95 

Lipoid GmbH (Ludwigshafen, Germany), sodium taurocholate from Prodotti Chimici e 96 

Alimentari S.p.A (Basaluzzo, AL, Italy), water of Milli-Q grade and ethanol 96% Ph.Eur. from 97 

VWR BDH Prolabo Chemicals (Leuven, Belgium) were used. Adalat® 10 mg immediate 98 

release (IR) soft gelatine capsules (Bayer Pharma AG, Leverkusen, Germany) in which 99 

nifedipine is dissolved in polyethylene glycol (PEG), were obtained from a local Pharmacy. All 100 

other reagents and chemicals were of analytical grade and were used as received, without 101 

further purification. 102 

 103 

2.2 Design of Experiments 104 

The dissolution experiments performed with the varying parameters are presented in Table 1. 105 

The design of experiments (DoE) was performed with MODDE (v10.1.0, Umetrics AB, 106 

Sweden). A linear model of Fractional Factorial Resolution IV was selected (Block -1), for a 107 

total of 9 runs in triplicates (total of 27 experiments). The dissolution profiles obtained from 108 

this set of experiments (Block -1) were presented previously (Mercuri et al., 2015). The linear 109 

model was complemented with a Fold over design for a total of 54 runs, resulting in a Fractional 110 

Factorial Resolution V+ (Block 1). The fold over design was performed in order to eliminate 111 

the confounding interactions which were observed during the preliminary multivariate analysis 112 
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of the first set of experiments (Block -1, Table 1) (data analysis not shown). The Fold over 113 

design option added a second Block to the experimental plan, in order to account for changes 114 

in dissolution equipment (Erweka versus Agilent, see paragraph 2.5) and operator (dissolution 115 

profiles generated in this work and in (Mercuri et al., 2015)). The factors investigated were: 116 

volume of media (500 and 900 mL), rotational speed of paddle and basket apparatus (50 and 117 

100 rpm), pH (1.6 and 3.4), and ethanol content (0 and 47% v/v). The responses analysed were 118 

the amount of nifedipine dissolved (% of claim) obtained at each sampling time point.  119 

 120 

2.3 Dissolution media preparation 121 

Dissolution experiments were performed in Fasted State Simulated Gastric Fluid (FaSSGF) 122 

without and with ethanol. Fasted State Simulated Gastric Fluid at pH 1.6 (FaSSGFst) and at pH 123 

3.4 (FaSSGFoj) were used in order to mimic the gastric conditions after administration of water 124 

and orange juice, respectively. The ethanol containing media were prepared by adding the 125 

required volume of ethanol to FaSSGFst or FaSSGFoj, with a final ethanol concentration of 126 

47% v/v, as the one used in the in vivo study (Qureshi et al., 1992). The preparation of the media 127 

has been previously described (Mercuri et al., 2015). 128 

 129 

2.4 Dissolution experiments  130 

Dissolution experiments for Block -1, Table 1, were previously described (Mercuri et al., 2015). 131 

Dissolution experiments for Block 1 were performed using an Agilent Technologies 708-DS 132 

USP1/ USP2 apparatus. For each experiment two Adalat® 10 mg immediate release (IR) 133 

capsules were used, to mimic the dose used in the in vivo study (Qureshi et al., 1992). The 134 

temperature was set to 37 ± 0.5 ⁰C and five (5) mL samples were withdrawn at 5, 10, 15, 20, 135 

25, 30, 40, 60, 90, and 120 min, filtered through Regenerated Cellulose 0.45µm filters and 136 
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collected in amber HPLC vials. At each sampling time point the volume of the withdrawn 137 

samples was replaced with fresh media. 138 

 139 

2.5 HPLC analysis 140 

Nifedipine quantification was performed with HPLC-UV. The samples of Block 1 were 141 

analysed with an Agilent 1100 HPLC system with an auto sampler, quaternary pump and Diode 142 

Array Detector (DAD) detector with a reversed phase Kromasil C18 column (250 mm X 4.6 143 

mm, 5 μm, AkzoNobel, Sweden). A mobile phase of MeOH:H2O 60:40 v/v, an injection volume 144 

of 50 μL, a flow rate of 1 mL/min and a run time of 15 min were used. Analysis was performed 145 

at 22°C and the detection wavelength was 238 nm. Standard solutions for the calibration curves 146 

were freshly prepared in duplicate in the corresponding medium in the concentration range of 147 

0.1-54 µg/mL. All the dissolution experiments, sample preparation and nifedipine analysis were 148 

performed in darkness to prevent nifedipine’s photodegradation (O’Neil, 2006). 149 

 150 

2.6 Treatment of in vivo data 151 

In vivo absorption profiles of Adalat® nifedipine IR capsules after oral administration with 152 

water, orange juice and orange juice/ethanol mixture were calculated with the Loo-Riegelman 153 

deconvolution model (Mercuri et al., 2015). 154 

 155 

2.7 Multivariate analysis of the dissolution profiles 156 

The dissolution data were analysed via multiple linear regression (MLR) in order to investigate 157 

the impact of the selected variables on nifedipine’s dissolution at each time point using 158 

MODDE (v10.1.0, Umetrics AB, Sweden). The generated MLR models were evaluated in 159 
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terms of regression coefficient (R2), goodness of prediction (Q2), model validity (based on the 160 

lack of fit test, as part of the ANOVA evaluation performed), reproducibility and condition 161 

number. High values of R2 and Q2 with a difference not greater than 0.2–0.3, model validity 162 

greater than 0.25 (negative model validity values are often observed when reproducibility is 163 

very high and the model error is larger than the experimental error), and condition number 164 

below 3 are indication of successful models (Eriksson et al., 2008). 25 combinations of 165 

dissolution set-ups were analysed (Table 1; number of replicates varied (n = 1, 2 or 3) based on 166 

the MODDE software) with 27 dissolution profiles obtained for each Block (total of 54 167 

dissolution profiles). In order to predict the dissolution set-ups with which the in vitro 168 

dissolution of nifedipine is equivalent to its in vivo absorption for each selected time point the 169 

optimizer tool available in MODDE was used. The calculated in vivo % absorbed (Mercuri et 170 

al., 2015) was set as target in vivo profile (maximum and minimum % defined as +/-15% of the 171 

target values, respectively). The calculated in vitro  dissolution profile obtained from the 172 

optimiser was correlated to the in vivo absorption profile (IVIVC) and fitted to linear (y = ax + 173 

b) and first-order model [y = ymax (1-e-a
1

t)] (where a and a1 are the slope and the first-order rate 174 

constant, respectively, ymax is the maximum predicted drug % absorbed, and b is the y-intercept 175 

of the curve) using GraphPad Prism v.7 (GraphPad Software, Inc., CA, US). The selection of 176 

the best in vitro set-ups generated via the optimisation tool was made based on the log(D) value 177 

(logarithm of the normalized distance to the target) and the best data fittings were decided on 178 

the basis of the coefficient of determination (R square), Akaike corrected information criterion 179 

(AICc), absolute sum of squares and analysis of the residuals. A 95% confidence interval was 180 

used in all cases.  181 

 182 

3 Results 183 
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3.1 Analysis of the dissolution profiles obtained with the USP1 apparatus via MLR 184 

The dissolution profiles obtained for all the 27 runs (considering the replicates of the 16 185 

experiments for Block 1) performed at the test conditions described in Table 1 are presented in 186 

Figure 1A and 1B. Overall the MLR analysis of dissolution data showed a good fit (Figure 2), 187 

as expressed by the fairly high R2, reproducibility and condition number < 3. Model validity 188 

for some time points was found to be negative or very low, due to the fact that either the 189 

reproducibility was very high or most of the dissolution values were close to zero (e.g. early 190 

time points). The ANOVA analysis of the data showed that the regression model was good for 191 

all time points analysed (p < 0.05), but the lack of fit was satisfied only for selected time points 192 

(p > 0.05) (dissolution at 30 and dissolution at 40 minutes; Diss30 and Diss40).  193 

A visual map of the model terms that have a positive or a negative impact on each dissolution 194 

time point is presented in Table 2. A positive effect on dissolution was observed for volume, 195 

speed, block, ethanol (after 20 minutes) and the interaction speed*ethanol, pH*Block and 196 

ethanol*Block. pH, ethanol (up to 20 minutes) and the interaction volume*speed, volume*pH, 197 

volume*ethanol, speed*pH, speed*Block and pH*ethanol, showed to have a negative impact 198 

on the dissolution. The positive impact of the volume relates to nifedipine’s poor solubility in 199 

aqueous media (~5-6 μg/mL over the pH range of 2 to 10 (Yang and de Villiers, 2004)) and 200 

precipitation is likely to occur when volumes are low (Thelen et al., 2010). As shown in our 201 

previous study, variation in the doses administered and the media volume used control the 202 

nifedipine’s dissolution process as this variation can generate an initial dispersion followed by 203 

precipitation of nifedipine (Mercuri et al., 2015). The positive impact of speed relates to the 204 

increased turbulence generated by an increase in the speed that contributes to the rupture of the 205 

capsules shell and the release and dispersion of the liquid filling in which nifedipine is 206 

dissolved. An initial negative impact of ethanol due to the delay in the rupture of the capsules 207 

shell, followed by a positive impact (after 20 minutes from the start of the dissolution) due to 208 
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the increase of nifedipine’s solubility and prevention of precipitation are revealed by the 209 

dissolution data analysis. Despite the fact that nifedipine is a neutral compound (Thelen et al., 210 

2010), pH showed to negatively affect its dissolution. This negative influence was found to be 211 

stronger around the central part of the dissolution, and it may be attributed to the hydration 212 

changes of the gelatin constituting the capsule shells (Chiwele et al., 2000; Thimann, 1930). 213 

The complexity of the dissolution process is further highlighted by the presence of the 214 

interaction of variables as revealed by the MLR analysis, which would not have been identified 215 

otherwise.  216 

3.2 In vitro (USP1 apparatus) -in vivo correlations 217 

3.2.1 Fasted stomach (acidic conditions - FaSSGFst) 218 

The predicted in vitro dissolution set-ups for nifedipine capsules administered with water were 219 

obtained from the optimisation using the in vivo absorption data as the target profile (Mercuri 220 

et al., 2015). Theoretical dissolution set-ups could not be obtained when the physiological 221 

parameters of pH 1.6 and 0% v/v ethanol content for the fasted stomach were set as constrains 222 

in the optimizer tool in MODDE. The optimizer tool suggested 18 predicted dissolution set ups 223 

when no constrains were used. Twelve (12) optimised set-ups gave linear IVIVC, while the 224 

remaining 6 optimised set-ups resulted in nonlinear IVIVC (data not shown). The optimisation 225 

performed revealed that all the theoretical dissolution set-ups required the presence of ethanol 226 

(ranging from 9 to 47% v/v) and a higher pH (up to 3.4) of the dissolution medium than the 227 

expected value for the fasted stomach (pH 1.6). The lack of biorelevant optimised dissolution 228 

set-ups (low volume, low speed, low pH and absence of ethanol) confirmed the findings in a 229 

previous study (Mercuri et al., 2015) in which IVIVC could not be obtained in FaSSGFst 230 

simulating the intake of nifedipine with water (fasted stomach) using the USP1 apparatus. 231 
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3.2.2 Stomach after administration of orange juice (FaSSGFoj) 232 

The predicted in vitro dissolution set-up for nifedipine capsules administered with orange juice 233 

were obtained from the optimisation using the in vivo absorption data as the target profile 234 

(Mercuri et al., 2015). As in the case of the fasted stomach (section 3.2.1), the optimisation 235 

failed to provide any theoretical dissolution set-ups when the physiological parameters for the 236 

stomach after administration of orange juice were used (absence of ethanol and pH 3.4). Sixteen 237 

(16) predicted dissolution set ups were obtained when no constrains were used in the 238 

optimization and resulted in linear IVIVC. The predicted dissolution set-ups required low 239 

volumes and low speed and the presence of ethanol in the dissolution medium. The optimization 240 

confirmed that under this administration scenario IVIVC cannot be obtained with the use of 241 

physiologically relevant dissolution set-ups (Mercuri et al., 2015), probably due to nifedipine’s 242 

in vitro precipitation. 243 

3.2.3 Stomach after administration of orange juice/ethanol mixture (47% v/v) 244 

(FaSSGFoj/EtOH) 245 

The optimisation of the in vitro dissolution set-ups for nifedipine capsules administered with a 246 

mixture of orange juice and ethanol (47% v/v) was performed based on the in vivo target 247 

absorption profile and the physiological conditions of pH (pH 3.4) and ethanol presence (47% 248 

v/v) were used as constrains. Sixteen (16) predicted in vitro set-ups were selected based on the 249 

goodness of fit (logD, R2, and AICc; Table 3), of which 12 gave linear and 4 nonlinear IVIVC 250 

(Figure 4). A low volume and speed, and minimum concentration of ethanol of 10 % v/v which 251 

can be considered as physiologically relevant (as observed in a recent in vivo study where a 252 

drink containing 40 % of alcohol was administered and the % of alcohol measured in the gastric 253 

fluids was 11.4% (Rubbens et al., 2016)), was suggested in the majority of the predicted 254 

dissolution set-ups. In a previous study (Mercuri et al., 2015) the use of experimental 255 

dissolution data obtained from the USP1 apparatus gave 2 linear and 1 nonlinear IVIVC. The 256 
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MLR analysis of the dissolution data expanded the operational area under which 257 

physiologically relevant in vitro dissolution profiles can be designed.  258 

 259 

3.3 Analysis of the dissolution profiles obtained with the USP2 apparatus via MLR 260 

The dissolution profiles obtained for all the 27 experimental runs performed at the conditions 261 

described in Table 1 are presented in Figure 1C and D. The MLR analysis showed a good fit 262 

(Figure 3), as expressed by the fairly high R2, reproducibility and condition number < 3. Model 263 

validity was found to be negative or very low due to the fact that either the reproducibility was 264 

very high or the dissolution values were mostly zero (e.g. dissolution at 5 minutes). The 265 

ANOVA analysis of the data showed significance of the regression model for all time points 266 

analysed (p < 0.05), but the lack of fit was significant at the 5% level (p > 0.05), as the model 267 

error was found to be significantly larger than the pure error (reproducibility). 268 

The model terms with a positive or negative impact on each dissolution time point are presented 269 

in Table 4. Volume, speed, ethanol (after 20 minutes) and the interactions volume*Block, 270 

pH*Block and ethanol*Block have a positive impact, while pH, ethanol (before 20 minutes), 271 

Block (before 10 minutes) and the interactions volume*ethanol, speed*Block, and pH*ethanol 272 

have a negative impact on nifedipine’s dissolution. The impact of these variables on the 273 

dissolution of nifedipine from the IR tablet in the USP2 apparatus can be explained based on 274 

the same observations discussed in the case of the dissolution in USP1 apparatus (section 3.1). 275 

3.4 In vitro (USP2 apparatus) -in vivo correlations 276 

3.4.1 Fasted stomach (acidic conditions - FaSSGFst) 277 

The predicted in vitro dissolution set-ups for nifedipine capsules administered with water were 278 

obtained from the optimisation using the in vivo absorption data as the target profile (Mercuri 279 

et al., 2015). Theoretical dissolution set-ups could not be obtained when the physiological 280 
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parameters of pH and ethanol content for the fasted stomach were set as constrains in the 281 

optimizer tool in MODDE. Similar data to those obtained for the USP1 apparatus was generated 282 

when no constrains were used. The optimised dissolution set ups required an ethanol 283 

concentration ranging from 9 to 47% v/v and in most cases a higher pH (pH 3.4) than the 284 

expected pH of the fasted stomach (pH 1.6) (data not shown). The predicted dissolution set-ups 285 

gave eleven (11) linear and nine (9) nonlinear IVIVC. The lack of biorelevant optimised 286 

dissolution set-ups (low volume, low speed, low pH and absence of ethanol) confirmed previous 287 

findings (Mercuri et al., 2015). 288 

3.4.2 Stomach after administration of orange juice (FaSSGFoj) 289 

The predicted in vitro dissolution set-ups for nifedipine capsules administered with orange juice 290 

were obtained from the optimisation using the in vivo absorption data as the target profile 291 

(Mercuri et al., 2015). The optimization of the dissolution set-ups was not successful when the 292 

physiologically relevant constrains after administration of orange juice were used. Twelve (12) 293 

predicted dissolution set ups were obtained when no constrains were used in the optimization 294 

and resulted in six (6) linear and six (6) nonlinear IVIVC. The predicted dissolution set-ups 295 

required low and high volume of medium, low speed and ethanol at a minimum concentration 296 

of 8% v/v. In a previous work where one physiologically relevant experimental dissolution set-297 

up (100 rpm, 900 mL and FaSSGFoj) led to a linear IVIVC, a time scaling of the dissolution 298 

data had been applied (Mercuri et al., 2015), which is not possible to consider during the 299 

optimization analysis. 300 

3.4.3 Stomach after administration of orange juice/ethanol mixture (47% v/v) 301 

(FaSSGFoj/EtOH) 302 

The optimisation of the in vitro dissolution set-ups for nifedipine capsules administered with a 303 

mixture of orange juice and ethanol (47% v/v) was performed based on the in vivo target 304 
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absorption profile. Nine (9) predicted in vitro set-ups were generated through optimisation 305 

using physiologically relevant constrains (pH and presence of ethanol) gave linear IVIVC 306 

(Figure 4C). A low volume, a low speed, and a minimum ethanol concentration of 7% v/v were 307 

suggested in the majority of the predicted dissolution set-ups (Table 5). In a previous study 308 

(Mercuri et al., 2015) the use of experimental dissolution data obtained from the USP2 309 

apparatus gave 2 linear (after time scaling) and 1 nonlinear correlation. As in the case of the 310 

analysis of the dissolution data obtained with the USP1 apparatus, the MLR analysis of the 311 

dissolution data obtained with the USP2 apparatus increased the operational window under 312 

which physiologically relevant in vitro dissolution profiles can be designed.  313 

 314 

4 Discussion 315 

The multivariate dissolution data analysis revealed that each dissolution time point was affected 316 

differently by each variable and their interactions, and that differences were present between 317 

the two dissolution apparatus (USP1 and USP2 apparatus). These observations can be 318 

correlated with the different steps involved in nifedipine’s dissolution from the IR capsules. 319 

The capsule shell uptakes water from the dissolution medium, and the capsule shell surface 320 

becomes weak and ruptures. The rupture will be facilitated under higher turbulence, that is 321 

created by an increase in rotational speed (Baxter et al., 2005; D’Arcy et al., 2006). The 322 

hydrodynamics in USP1 and USP2 apparatus are different, with the USP1 apparatus presenting 323 

lower velocities than the USP2 apparatus at the same rotational speed (D’Arcy et al., 2009). 324 

Changes in pH or ethanol content of the dissolution medium can slow or hinder the hydration 325 

of gelatin in the capsule shell (Chiwele et al., 2000; Storm et al., 2006; Thimann, 1930). As a 326 

consequence of the delayed capsule rupture, nifedipine’s release and dissolution will be low for 327 

the initial dissolution time points. After the capsule rupture, the liquid content containing the 328 
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dissolved nifedipine is released from the capsule into the dissolution media. The volume of the 329 

dissolution medium, the presence of ethanol in the dissolution medium and the rotational speed 330 

of the apparatus will play a key role in nifedipine’s dissolution, as shown by the MLR analysis 331 

performed in this study. Furthermore, the MLR dissolution data analysis revealed the presence 332 

of interactions between the variables that affect the dissolution of nifedipine at each time point.  333 

For both USP1 and USP2 apparatus the interaction volume*ethanol showed to negatively 334 

impact nifedipine’s dissolution. The interaction speed*pH affected the dissolution of the 335 

nifedipine capsules differently in the USP1 and USP2 apparatus, with a negative effect for 336 

USP1 apparatus, and a positive effect for some dissolution time points for USP2 apparatus. A 337 

clear and negative interaction was observed for both apparatus in the case of the speed*Block 338 

interaction. The remaining interactions showed to have a different impact depending on the 339 

apparatus investigated. The interaction speed*ethanol was found to have a greater impact on 340 

the USP1 apparatus, compared to the USP2 apparatus (Tables 2 and 4). 341 

The statistical MLR models built for both USP1 and USP2 apparatus and based on the analysis 342 

of the experimental dissolution profiles, allowed the generation of the optimal dissolution set-343 

ups able to predict the in vivo target nifedipine absorption profile after administration of the 344 

capsules with water, orange juice or a mixture of orange juice and ethanol (47% v/v). The 345 

predicted IVIVC obtained for the administration of nifedipine with water (for both USP1 and 346 

USP2 apparatus set-ups) required dissolution set-ups with variables set outside the expected 347 

physiological conditions of speed, volume and media composition (pH and absence of ethanol). 348 

A minimum ethanol concentration was predicted as necessary in the case of the predicted 349 

IVIVC for the administration of nifedipine with orange juice for both USP1 and USP2 apparatus 350 

set-ups. The dissolution set-ups proposed by the MLR analysis in the case of the administration 351 

of nifedipine capsules with a mixture of orange juice and ethanol (47% v/v) predicted in most 352 
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cases lower ethanol concentrations (< 30% v/v for USP1 apparatus and < 20% v/v for USP2 353 

apparatus) than those used during the in vitro experiments and in the in vivo study. After 354 

administration of an alcoholic drink such as whisky (80 mL containing 40% ethanol v/v), the 355 

gastric concentration of ethanol was only 11.4% v/v (range 6.3% v/v – 21.1% v/v) and reduced 356 

to 5.9% v/v (range 3.6% v/v – 17.7% v/v) in the intestine (Rubbens et al., 2016). Therefore, it 357 

would appear that the proposed dissolution set-ups obtained from the optimisation could be 358 

more biorelevant than using a 47% v/v concentration of ethanol.  359 

5 Conclusions 360 

The multivariate data analysis of the dissolution profiles obtained with USP1 and USP2 361 

apparatus provided an understanding not only of the critical variables affecting nifedipine’s 362 

dissolution, but also of their interactions. For both dissolution apparatus the impact (positive or 363 

negative) of the single variable (volume, speed, ethanol content and Block) was comparable. 364 

The interactions between variables impacted the dissolution differently depending on the 365 

dissolution stage (early, central, late) and on the type of apparatus used, revealing the 366 

complexity of the dissolution process. The multivariate dissolution data analysis of the profiles 367 

obtained with USP1 and USP2 apparatus allowed the construction of mathematical models, 368 

which were used to predict the optimised dissolution set-ups based on the in vivo target 369 

absorption profile after intake of nifedipine’s capsules with water, orange juice and a mixture 370 

of orange juice and ethanol (47% v/v). The predicted dissolution set-ups for both USP1 and 371 

USP2 apparatus showed that in the case of co-administration of nifedipine capsules with non-372 

alcoholic drinks (water and orange juice) the use of the physiologically relevant parameters in 373 

the dissolution experiments did not reflect the in vivo conditions. In the case of the predicted 374 

dissolution set-ups for co-administration of nifedipine capsules with a mixture of orange juice 375 

and ethanol (47% v/v), it was shown that a lower concentration of ethanol can be used in the in 376 
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vitro dissolution experiments, that would be in accordance with recent in vivo findings 377 

(Rubbens et al., 2016).  378 

In this study it is demonstrated that multivariate dissolution data analysis is a valid tool not only 379 

for gaining a better understanding of the variables and their interactions influencing drug’s 380 

dissolution but also for setting and selecting the physiologically relevant dissolution set-ups 381 

that can be used to predict drug’s in vivo dissolution.  382 
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Table 1 Fractional Factorial Resolution V+ experimental plan (Fractional Factorial Resolution 506 

IV complemented) used for the USP1 and USP2 apparatus set-ups. [$Block -1: experiments 507 

published in (Mercuri et al., 2015); $Block 1: experiments performed in this study]. 508 

Exp n°  Volume (mL) Speed (rpm) pH EtOH (v/v %) $Block Replicates n° 

1 500 50 1.6 0 1 3 

2 500 50 1.6 47 -1 3 

3 500 50 1.6 47 1 2 

4 500 50 3.4 0 -1 3 

5 500 50 3.4 0 1 2 

6 500 50 3.4 47 -1 3 

7 500 50 3.4 47 1 1 

8 500 100 1.6 0 -1 3 

9 500 100 1.6 0 1 2 

10 500 100 1.6 47 1 1 

11 500 100 3.4 0 1 1 

12 500 100 3.4 47 -1 3 

13 500 100 3.4 47 1 2 

14 900 50 1.6 0 -1 3 

15 900 50 1.6 0 1 2 

16 900 50 1.6 47 1 1 

17 900 50 3.4 0 1 1 

18 900 50 3.4 47 -1 3 

19 900 50 3.4 47 1 3 

20 900 100 1.6 0 1 1 

21 900 100 1.6 47 -1 3 

22 900 100 1.6 47 1 2 

23 900 100 3.4 0 -1 3 

24 900 100 3.4 0 1 2 

25 900 100 3.4 47 1 2 

 509 

 510 
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Table 2 Model terms for the MLR analysis of the dissolution profiles of two 10mg nifedipine IR capsules in the USP1 apparatus. Diss5,..120: % 511 

dissolved at the specific sampling time point; Vol: volume; Spe: rotational speed; Et: ethanol; $B: block. 512 

All Vol Spe pH Et $B Vol*Spe Vol*pH Vol*Et Vol*$B Spe*pH Spe*Et Spe*$B pH*Et pH*$B Et*$B 
 

Legend 

Diss5  2.32 -2.00 -2.04 1.44     -1.71 -1.83 1.64 1.39 -1.64  
 

X >  6 

Diss10  2.10 -2.20 -8.07  -1.51 -1.89 -1.96  -2.06 -2.47    1.73 
 

2 < X < 6 

Diss15 5.28  -5.18 -7.79   -3.92  -3.91       
 

X < 2 

Diss20 9.14 5.79 -10.22     -5.61  -4.77 8.70  -6.75   
 

X > -2 

Diss25 7.82 5.18 -10.71 4.20    -5.45  -6.40 11.25  -8.95   
 

-2 < X < -6 

Diss30 5.65  -8.59 7.46 4.43   -6.54  -5.16 11.10 -4.87 -10.69   
 

X < -6 

Diss40 3.35 3.33 -5.27 19.31 6.38   -4.68   8.77 -4.71 -7.65 4.12 5.87 
 

Diss60 5.89 3.59  24.32 7.07   -8.55   7.96 -5.72 -3.19  5.23 
 

Diss90 5.20  -2.18 28.39 2.61   -8.31 3.01  4.57 -2.98 -1.79 2.19  
 

Diss120 5.06 -2.53 -1.76 30.18    -6.86 1.64  2.87     
 

513 
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Table 3 Predicted in vitro dissolution USP1 set-ups and the relevant established IVIVC after 514 

the administration of two 10 mg nifedipine capsules with an orange juice-ethanol mixture 515 

(FaSSGFoj/EtOH). 516 

N 
Volume 

(mL) 

Speed 

(rpm) 
pH 

EtOH 

(% v/v) 
$Block log(D) IVIVC AICc R² 

P1 500 63 3 22 -1 1.840 y=0.6521x + 15.78 34.48 0.9893 

P2 500 50 3 25 -1 1.716 y=0.7715x + 11.21 36.55 0.9884 

P3 500 60 3 26 -1 1.741 y=0.7758x +13.46 33.52 0.9937 

P4 500 60 3 24 -1 1.789 y=0.7178x + 14.32 33.47 0.9928 

P5 500 50 3 27 -1 1.631 y=0.8402x + 10 35.98 0.9913 

P6 500 50 3 26 -1 1.655 y=0.821x + 10.48 36.00 0.9908 

P7 500 100 3 14 -1 1.796 y=42.72*(1-exp(-0.0985x)) 16.85 0.9993 

P8 500 50 3 26 -1 1.695 y=0.7809 + 14.07 38.41 0.9837 

P10 500 50 3 26 -1 1.671 y=0.8081x + 10.57 36.21 0.9901 

P11 500 50 3 25 -1 1.688 y=0.7917x + 11.59 35.23 0.9915 

P12 900 50 3 42 -1 1.799 y=1.1x + 8.488 39.33 0.9901 

P14 504 50 3 24 -1 1.792 y=0.7065x + 15.6 38.18 0.9811 

P15 557 50 3 24 -1 1.932 y=0.7162x + 14.07 36.37 0.9871 

P16 500 100 3 24 -1 1.990 y=59.64*(1-exp(-0.07434x)) 25.66 0.9982 

P17 500 80 3 23 -1 1.890 y=57.97 (1-exp(-0.05255x) 41.44 0.9551 

P19 736 100 3 10 1 2.440 y=45.2*(1-exp(-0.2276x)) 31.65 0.9657 

 517 

 518 
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Table 4 Model terms for the MLR analysis of the dissolution profiles of two 10mg nifedipine IR capsules in the USP2 apparatus. Diss5,..120: % 519 

dissolved at the specific sampling time point;; Vol: volume; Spe: rotational speed; Et: ethanol; $B: block. 520 

All Vol Spe pH Et $B Vol*Spe Vol*pH Vol*Et Vol*$B Spe*pH Spe*Et Spe*$B pH*Et pH*$B Et*$B 
 

Legend 

Diss5 -4.70 5.48 -7.04 -8.29 -8.37    4.51 -4.51 -4.89 -5.28 6.90 7.23 8.26 
 

X >  6 

Diss10 7.75 4.78 -12.68 -13.09 -6.43   -5.76    -4.41   5.63 
 

2 < X < 6 

Diss15 9.76 13.07 -10.90 -6.39 4.44    4.06    -7.74  4.33 
 

X < 2 

Diss20 5.37 10.91 -12.67 8.75    -6.67 5.80 6.19 5.13  -6.97   
 

X > -2 

Diss25 5.00 10.31 -7.91 13.59 3.32   -6.61 7.30 5.92  -3.83 -3.70 4.86  
 

-2 < X < -6 

Diss30 3.90 8.15 -7.17 17.55    -7.33 6.81 3.31  -4.00  3.26 3.15 
 

X < -6 

Diss40 4.73 6.29 -2.94 17.43 2.72   -11.46 7.62      3.19 
 

Diss60 6.51 5.47 -3.78 22.44  -2.17 2.74 -8.51 2.89   -3.56  3.41  
 

Diss90 4.98 2.68  20.98    -9.32 2.81 -4.06  -2.49  3.40  
 

Diss120 5.98 2.36  20.56    -9.73 3.17 -4.65  -3.22  2.75  
 

521 
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Table 5 Predicted in vitro dissolution USP2 set-ups and the relevant established IVIVC after 522 

the administration of two 10mg nifedipine capsules with an orange juice-ethanol mixture 523 

(FaSSGFoj/EtOH). 524 

N 
Volume 

(mL) 

Speed 

(rpm) 
pH 

EtOH 

(% v/v) 
$Block log(D) IVIVC AICc R² 

P1 501 61 3 10 1 2.376 y=0.3869x + 25.7 38.42 0.9367 

P4 533 50 3 13 1 2.259 y=0.5547x + 24.34 40.42 0.9533 

P6 500 63 3 17 1 2.499 y=0.4476x + 32.22 41.51 0.9144 

P7 538 50 3 7 1 2.235 y=0.4805x + 21.64 39.19 0.9514 

P8 629 50 3 7 1 2.506 y=0.4615x + 30.07 36.44 0.969 

P9 500 50 3 15 1 2.181 y=0.579x + 23.25 42.66 0.9343 

P10 573 77 3 16 1 2.845 y=0.2348x + 45.22 35.96 0.8992 

P11 500 51 3 15 1 2.178 y=0.5819x + 22.83 41.63 0.9463 

P17 500 62 3 17 1 2.469 y=0.4606x + 30.89 40.58 0.9316 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 
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Figure Captions 538 

Figure 1 Dissolution profiles of two 10mg nifedipine capsules tested in Block -1: A and B) USP1 539 

apparatus; C and D) USP2 apparatus.  (―) FaSSGFst: fasted state simulated gastric fluid at pH 1.6 540 

(acidic conditions); (----) FaSSGFoj: fasted state simulated gastric fluid at pH 3.4 (orange juice); (─ ─) 541 

FaSSGFst/EtOH: fasted state simulated gastric fluid at pH 1.6 with 47% v/v ethanol (acidic 542 

conditions/ethanol) and (·····) FaSSGFoj/EtOH: fasted state simulated gastric fluid at pH 3.4 with 47% 543 

v/v ethanol (orange juice/ethanol).  544 

Figure 2 Summary of fit for the MLR data analysis of the dissolution profiles of two 10 mg nifedipine 545 

IR capsules performed in the USP1 apparatus. 546 

Figure 3 Summary of fit for the MLR data analysis of the dissolution profiles of two 10 mg nifedipine 547 

IR capsules performed in the USP2 apparatus. 548 

Figure 4 Predicted IVIVC for the administration of two 10 mg nifedipine capsules with an orange juice 549 

and ethanol mixture (47% v/v) based on the predicted in vitro % dissolved for A) USP1 apparatus (linear 550 

correlations), B) USP1 apparatus (non linear correlations) and C) USP2 apparatus (linear correlations). 551 

[In vivo % absorbed: published in (Mercuri et al., 2015)]. 552 
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