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1. Introduction 

In our aging society, reliable and affordable medical treatment becomes ever more 

important. Recently the pharmaceutical industry has made its first steps toward the 

implementation of continuous manufacturing which has vast benefits both in the terms of 

productivity and quality assurance. In order to realize its maximum potential, continuous 

manufacturing requires advanced analytical sensors which are capable of accurate, real-time 

measurements, ultimately the data provided by these can be used for the feedback control of 

the system. However, the achievement of such an ambitious goal requires extensive 

knowledge of analytical instruments, data analysis methods and a solid understanding of the 

intricate manufacturing process. 

 Near-infrared (NIR) and Raman spectroscopy are showing tremendous potential as 

sensors in pharmaceutical manufacturing, they have been used many times to realize the real-

time measurement of the composition or various physical properties of intermediate and end 

products. Dissolution testing is one of the most important steps in the evaluation of the 

quality of tablets, the most popular form of medicine. However, dissolution testing is not 

compatible with continuous manufacturing, as it is a time consuming and destructive process 

and as such it cannot yield real-time information. Therefore, alternative methods have been 

proposed which utilize data obtained about the properties of the tablets with real-time sensors 

such as NIR or Raman spectroscopy to predict the dissolution profile without performing the 

actual measurement. The area of surrogate dissolution modeling needs further research in 

order to facilitate its industrial implementation. 

 Machine vision is a rapidly developing field in the 21st century. Digital cameras can 

be used as sensors in many different fields such as industrial robots, self-driving cars and 

medicine production, their versatility can be attributed to their compact size, low price, fast 

image acquisition and easy implementability among other benefits. They also have many 

potential applications in pharmaceutical manufacturing. So far most authors exploited the 

spatial information yielded by cameras in order to measure the particle size and shape of 

intermediate products which is often their most important quality attribute. However, digital 

cameras can also provide information about color, in the case of a colored drug, digital 

images might be suitable for the measurement of drug content, substituting much more 

complex and expensive spectrometers. This possibility has not yet been widely investigated, 

thus digital imaging might have great untapped potential in pharmaceutical manufacturing. 
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After surveying the current ‘state of the art’ related to the applications of Process 

Analytical Technology (PAT) sensors in pharmaceutical manufacturing, the main objectives 

of the experimental work could be set up: 

• the application of Artificial Neural Networks for the prediction of the in vitro 

dissolution profile of extended release tablets based on near-infrared spectra, Raman spectra 

and compression force data, and the comparison of the developed method to Partial Least 

Squares; 

• the augmentation of dissolution prediction models with particle size information, the 

comparison of methods to represent particle size data and the comparison of the performance 

of Artificial Neural Networks with Support Vector Regression and Random Forest 

approaches; 

• to evaluate the applicability of machine vision as a PAT tool for the real-time 

measurement of colored active pharmaceutical ingredient (API) content during continuous 

blending; 

• the development of a machine vision-based indirect method for the real-time 

monitoring of ultra low API content in the product of continuous twin screw wet granulation. 

2. Methods 

2.1 Preparation of samples 

Tablet compression 

Tablets were prepared on a Dott Bonapace CPR-6 single punch tablet press. 

Continuous powder blending 

Powder mixtures containing low doses of riboflavin (RI), a material with intense orange 

color were prepared by feeding powders from two twin screw feeders (RI-microcrystalline 

cellulose blend from a MechaCAD feeder and calcium dihydrogen phosphate (CHP) from a 

Brabender feeder) into a continuous twin screw blender (QuickExtruder). The concentration 

of RI could be adjusted by changing the feeding rate of the feeder responsible for the delivery 

of the mixture containing RI. 

Continuous twin screw wet granulation 

A Brabender gravimetric feeder was utilized to dose the mixture of lactose and corn 

starch into a continuous twin screw wet granulator (QuickExtruder). The granulation liquid 

containing polyvinylpyrrolidone (PVPK30) was fed using a Watson Marlow 120U peristaltic 

pump. By changing the feeding rate of the liquid, the liquid/solid ratio of the product could be 

adjusted. In later experiments, carvedilol (CAR) and RI were also dissolved in the 



3 

granulation liquid, thus the API content and color of the product changed along with the 

liquid/solid ratio. 

2.2 Analytical methods 

In vitro dissolution testing 

The in vitro dissolution profile of the tablets was recorded using a Hanson SR8-Plus 

dissolution tester in an USP II setting (paddle method). To measure the concentration of 

dissolved drug, a Hanson Autoplus Maximizer syringe pump was used to take samples from 

the dissolution medium at set intervals, concentration was measured by an on-line coupled 

Agilent 8453 UV-Vis spectrophotometer. 

UV-Vis spectroscopy 

UV-Vis spectroscopy was used as a reference method to determine the concentration of 

RI in samples. An Agilent 8453 UV-Vis spectrophotometer was utilized, dissolved samples 

were placed in 10 mm cuvettes, the absorption at 445 nm was measured. 

High pressure liquid chromatography 

HPLC was used to determine the concentration of CAR in wet granulation samples. 

HPLC measurements were performed on a reverse phase Gemini® NX-C18 3 μm 100 x 4,6 

mm column with gradient elution method. The concentration of CAR was determined by 

measuring the absorption of the solution at 285 nm wavelength. 

NIR spectroscopy 

The NIR spectrum of the tablets was recorded using a Bruker Optics Multi Purpose 

Analyzer (MPA) FT-NIR spectrometer. 

Raman spectroscopy 

The Raman spectrum of the tablets was acquired with a Kaiser Raman RXN2 Hybrid 

Analyzer equipped with a Pharmaceutical Area Testing (PhAT) probe. 

Digital imaging 

Images of the material leaving the continuous blender or the continuous granulator were 

acquired using a Basler acA4112-30uc area scan RGB digital camera by placing the camera 

either above a conveyor (after the blender) or a chute (after the granulator). 

Particle size measurement 

The particle size distribution of the powders was determined using a Malvern 

Mastersizer 2000 laser diffraction device equipped with a Malvern Scirocco 2000 powder 

feeding inlet. 
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3. Results 

3.1 Prediction of in vitro dissolution profile of extended release tablets with Artificial 

Neural Networks 

The aim of this work was to evaluate the capability of Artificial Neural Networks 

(ANNs) in the prediction of the in vitro dissolution profile of an extended release tablet 

formulation and to compare the performance of ANN with Partial Least Squares (PLS) which 

is currently the dominant method used for this purpose. In order to achieve this, a tablet 

formulation using hydroxypropyl methylcellulose (HPMC) as matrix polymer and 

drotaverine hydrochloride (DR) as model drug with good water solubility was utilized. Input 

data for the dissolution prediction models was derived from the NIR and Raman spectra and 

the compression curve of the tablets. Firstly, the effect of manufacturing parameters on the 

dissolution profile was studied. Afterwards, the NIR and Raman spectra were used to 

construct PLS models to predict the DR and HPMC content of the tablets. Finally, PLS and 

ANN models were constructed for the prediction of the dissolution profiles. As input, these 

models received the DR and HPMC content of the tablets predicted from NIR or Raman 

spectra and the maximum compression force. Figure 1. shows the structure of the ANN 

models. 

 

Figure 1. Structure of the ANN models used for the prediction of the in vitro dissolution 

profiles. 

The developed ANN models were capable of predicting the dissolution profile of all test 

tablets within the f2 acceptance limit of 50. ANNs yielded better performance than PLS, 

mainly because they were proven to be more effective at modeling the nonlinear effect of 

HPMC content on dissolution rate. The proposed method can be used with various data 
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sources, as it only requires a predicted HPMC and DR content, this information can be 

derived from multiple techniques. 

3.2 Augmentation of surrogate in vitro dissolution prediction models with particle 

size data 

The application of ANNs for the prediction of in vitro dissolution profile of extended 

release tablets was studied further in this work. The effect of API and HPMC particle size on 

the dissolution rate was evaluated, it was found that the latter has a significant impact (Figure 

2). 

 

Figure 2. Average dissolution profiles of formulations with different a) HPMC and b) 

DR particle size fractions. Error bars represent the standard deviation of the samples. 

 Thereafter, additional dissolution experiments were performed where the particle size 

distribution (PSD) of HPMC was introduced as a new factor in order to create data which can 

be used to augment the previously described models. As the PSD data obtained from laser 
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diffraction consists of 100 variables, it was necessary to study how this data should be treated 

before using it as input in the dissolution prediction models. For this purpose, five different 

PSD representations were tested. Therefore, the augmented models received PSD input along 

with DR content, HPMC content and compression force. The capability of ANN was also 

compared with two other popular machine learning methods, support vector regression (SVR) 

and ensemble of regression trees (ERT) in order to find out which is the most suitable. 

It was found that including HPMC PSD data significantly improves the predictive ability 

of models compared to a case where it was omitted. Reducing the PSD data to 3-5 variables 

yields good results, therefore it is not necessary to include more. After evaluating the 

predictive ability of the models it was determined that ANN yielded a better performance 

than SVR and ERT. 

3.3 Utilization of machine vision as a PAT tool in a continuous powder blending 

process 

The purpose of this work was to develop a novel PAT tool which is capable of the in-line 

monitoring of the API content of a powder blend. A digital camera can potentially measure 

the concentration of colored substances in low concentrations where spectroscopic techniques 

are not reliable. RI was chosen as a model drug for these experiments, firstly the limit of 

detection (LoD) and limit of quantification (LoQ) values of the method were determined. 

Thereafter, a calibration was prepared for the measurement of RI concentration in the range 

of 0.2-0.45 w/w%, this technique was validated with UV-Vis spectroscopy. Lastly, the 

effectiveness of the new PAT tool was demonstrated by realizing the in-line measurement of 

RI concentration and utilizing the obtained information for real-time feedback control of the 

continuous blending process. 

Examination of LoD revealed that RI gives an intense color even in low concentrations 

(Figure 3). The LoD and LoQ values were found to be 0.015 w/w% and 0.046 w/w%, 

respectively, meaning that the measurement method can detect RI with very good sensitivity. 

The concentration measurement method was validated with UV-Vis spectroscopy, a relative 

prediction error of 2.53% was achieved in the concentration range between 0.2 and 0.45 

w/w%. 
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Figure 3. Sample images of six calibration samples used to determine the LoD and LoQ 

of the method. 

Using the digital camera to measure the concentration of RI in the material leaving the 

continuous blender in real-time, it was possible to create a feedback control for the feeder of 

RI to control RI content. In an experiment, CHP was fed in volumetric mode, this resulted in 

a constant decay of its mass flow, without feedback control of the RI feeder, this would lead 

to a constant increase of RI content in the product. Figure 4. shows the result of feedback 

control, the system could maintain concentration near the target value. At 540 seconds, the 

feedback control was turned off and RI was fed at a constant rate thereafter. It can be 

observed that after this, concentration indeed starts to increase. 

 

Figure 4. Predicted RI concentration during feedback control experiments. The arrow 

marks where feedback control was turned off. 

The proposed machine vision technique is capable of accurately measuring the 

concentration of RI in quantities below 0.5 %. This implies that APIs with an intense color 

can still be reliably measured even if its concentration is too low for spectroscopic 

instruments. The LoQ value of 0.046 w/w% suggests that RI concentration can be safely 

quantified around 0.1 w/w%. This could be the foundation of future research where RI is 

applied as a tracer material for APIs which do not have strong color and for some reason 

cannot be measured with conventional spectroscopic techniques in the case when the API and 

the tracer material are coprocessed. 
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3.4 Indirect measurement of ultra low dose API content in the product of continuous 

twin screw wet granulation with machine vision 

As the previous work has shown, the concentration of RI in powder blends can be 

accurately measured even in very small quantities with a digital camera. The aim of this study 

was to capitalize on this result by investigating the possibility of using RI as a colored tracer 

for the indirect real-time measurement of the ultra low API content of granules manufactured 

on a continuous twin screw wet granulation apparatus. This can be accomplished by 

dissolving both RI and the API in the granulation liquid, therefore it can be expected that the 

color of the granules will correlate with the API content. Firstly, the concept was tested in a 

placebo experiment by attempting to create a correlation between the color of the granules 

and the applied L/S ratio. Afterwards, a manufacturing was performed with CAR dissolved in 

the granulation liquid, therefore this time the connection between color and API content 

could be examined. The method was also validated by performing a run where samples were 

taken and their API content was determined with HPLC. To conclude the work, a second 

calibration was created and then validated with improved settings. This time, the amount of 

RI in the granulation liquid was halved, while the mass flow rate of the system was doubled 

and the calibration covered a slightly larger range. 

The method was validated at experiments where the powder was fed at a constant rate 

while the feeding rate of the liquid was changed several times. The concentration values 

predicted by the machine vision system were validated with HPLC measurements. The 

comparison of predicted and measured values of an experiment is shown in Figure 5. The 

relative error of prediction was 2.62% which shows that this method can accurately predict 

the concentration of the drug which is present in concentrations as low as 0.05 w/w%. 
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Figure 42 CAR content predicted by image analysis and measured by HPLC in the 

validation run 

The success of this experiment encouraged further improvements to the technique. For 

this purpose, a second calibration was performed with some changes in the manufacturing 

settings. Most notably, the amount of RI in the granulation liquid was halved, as based on our 

experience, it still gives adequate color to the product in that quantity. Furthermore, the mass 

flow rate of the granulation system was doubled, the feeding rate of the lactose-corn starch 

powder mixture was 2 kg/h, the screw speed of the continuous twin screw wet granulation 

apparatus was 200 rpm and the peristaltic pump rates were also doubled. With the higher 

mass flow, theoretically on average twice as many particles should be present in each image 

which is obviously a great benefit. Also, the higher throughput is closer to what would be 

applied in an industrial environment. This time, a relative prediction error of 4.51% was 

achieved. 

The proposed tracer technique has many possible utilizations, apart from the real-time 

monitoring of manufacturing, it might also be used during the development of granulation 

processes. In such a scenario, this method might be used for a faster measurement of the 

distribution of the API in the product, therefore homogeneity can be evaluated in a much 

faster way. 
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4. Thesis findings 

1. The in vitro dissolution profile of extended release tablets, containing (the most 

commonly utilized matrix polymer) hydroxypropyl-methlycellulose (HPMC), was predicted 

using an artificial neural network (ANN) for the first time. By using the active 

pharmaceutical ingredient (API) content and HPMC content (predicted with partial least 

squares (PLS) models from near-infrared (NIR) or Raman spectra), and the maximum 

compression force as input, the in vitro dissolution profile of test tablets could be predicted 

with f2 acceptance values higher than 50 in all cases. The best model (using input derived 

from Raman spectra) achieved an average f2 value of 74.27. [I, III, IV] 

2. Particle size distribution (PSD) data was used to significantly improve the 

performance of an ANN predicting the in vitro dissolution profile of extended release tablets 

(using HPMC as matrix polymer) for the first time. The performance of ANN using PSD 

data, API content, HPMC content and maximum compression force as input was compared 

with methods of “support vector regression” and “ensemble of regression trees”. Based on the 

average f2 value of predictions and the number of predictions with values below 50, ANN 

consistently outperforms the other two methods. [I, III, IV] 

3. In-line monitoring of the concentration of a low dose (0.3-0.4 w/w%) colored API was 

performed using a digital camera for the first time in the product of continuous powder 

blending line with a very low limit of detection (0.015 w/w%) and limit of quantification 

(0.046 w/w%). Predictions of the image analysis method were validated using destructive off-

line UV-Vis spectroscopy. The relative RMSEP value was 2.54%. [II, V, VI, VII] 

4. Indirect determination of the concentration of an ultralow dose API during continuous 

twin screw wet granulation using colored excipient as a tracer material was performed for the 

first time. It was shown that the CIELAB b* value of the granules correlates with the applied 

liquid/solid ratio and the API content determined by HPLC. Validation experiments resulted 

in a relative RMSEP of 2.62% for API content prediction. By using only half the amount of 

tracer material and doubling the mass flow the validation showed a relative error of 4.51% for 

API content prediction. [II, V, VII, VIII, IX] 

5. A digital image analysis-based method was applied for the feedback control of a 

continuous powder blending process for the first time. Based on the CIELAB b* value of 

images, the concentration of the colored API in the product was predicted real-time and this 

information was used as control signal in a feedback control loop where the feeder of the 
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colored material was adjusted. It was demonstrated that the feedback control can effectively 

mitigate the effect of disturbances caused by volumetric feeding. [II, V, VI, VII] 
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