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Thesis Findings 

1. The twin-screw melt granulation of drug-loaded electrospun fibers was successfully 

achieved for the first time, significantly improving the flow properties while 

maintaining adequate dissolution. With this approach, tablets containing amorphous 

solid dispersions were produced without the addition of excess excipients, resulting in 

a 34% reduction in tablet size compared to the direct compression route.[III]  

2. The significant influence of the electrospinning polymer on the stability of the 

amorphous solid dispersion during granulation was confirmed. It was demonstrated that 

the use of hydroxypropyl methylcellulose improved the stability of the itraconazole-

containing amorphous solid dispersion during granulation, preventing phase separation 

or the crystallization of the active pharmaceutical ingredient, which would otherwise 

impair dissolution performance.[III]  

3. A fully continuous, scalable, twin-screw granulation-based integrated powder-to-tablet 

line was developed, consisting of feeding, twin-screw granulation, continuous drying, 

milling, and tableting, which is applicable to both melt and wet granulation, and was 

proved suitable for enhancing the flowability and tabletability of various materials and 

improve the mechanical tablet properties, such as breaking force and friability. 

Furthermore, it was confirmed that an increase in the production rate of more than one 

order of magnitude can be achieved using the same equipment, only by increasing 

production speed. The productivity was significantly increased (from 0.5 to 8 kg/h) 

without equipment change and without any substantial change in product quality.[I, II]  

4. The flowability and tabletability of glucose monohydrate were significantly enhanced 

using the twin-screw granulation line, proposing a system that is easily integrable into 

the current industrial production process of crystalline glucose. The system proved 

suitable for producing pure glucose tablets (only containing a lubricant) with adequate 

breaking force, while tablet capping was effectively prevented.[I , VI ] 

5. It was proved that the remaining moisture content in glucose granules negatively affects 

the mechanical properties of tablets produced from them. The effect of the drying 

temperature on the moisture content, a critical granule property, was systematically 

investigated, and the in-line and real-time monitoring was achieved using near-infrared 

spectroscopy and multivariate data analysis. By applying this method, sufficient drying 

was ensured, consequently the tablets with adequate breaking force could be produced 

that were not prone to capping.[I]  
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6. It was confirmed that glucose-monohydrate can transform into anhydrous form during 

the continuous granulation process, affecting the tablet properties. The impact of 

different drying temperatures on the anhydrous content was revealed, and drying 

conditions that minimized or prevented this transformation were identified. The in-line 

crystal form quantification of glucose in granules following an integrated granulation 

process was achieved for the first time, using Raman spectroscopy and multivariate data 

analysis, thereby ensuring consistent product quality.[I, V]  

7. Artificial neural network-based data-driven soft sensors were developed for the first 

time to predict the moisture content of granules after a continuous twin-screw 

granulation-based pharmaceutical process, only from the applied process parameters. 

Two models, a fully connected, feedforward network and a recurrent, time-series 

network, were proved to be suitable for accurately determining the granule moisture 

content indirectly with a root mean square error below 1%. The accuracy of the 

predictions was confirmed by their alignment with the results obtained from 

simultaneous in-line monitoring with near-infrared spectroscopy and off-line reference 

measurements. The proposed methods provide cost-efficient, orthogonal alternatives to 

traditional monitoring techniques (e.g. near-infrared spectroscopy). By carrying out 

SHAP (SHapley Additive exPlanations) analysis on the feedforward network, an 

explainable artificial neural network model was developed for the first time to indirectly 

predict the moisture content after twin-screw granulation. This approach enhances 

process understanding, providing a significant advantage over traditional monitoring 

techniques.[IV]   
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Đj tudom§nyos eredm®nyek 

1. ElŖszºr val·s²tottam meg hat·anyag-tartalm¼, elektrosztatikus sz§lk®pz®ssel elŖ§ll²tott 

amorf szil§rd diszperzi·k ikercsig§s olvad®kgranul§l§s§t, jelentŖsen jav²tva azok 

porfoly§si tulajdons§gait, de megŖrizve a kedvezŖ kiold·d§si tulajdons§gait. A sz§lakat 

sikeresen tudtam tablett§zni, a direkt pr®sel®ses technol·gi§hoz k®pest szignifik§nsan 

kevesebb seg®danyaggal, amivel 34%-os tablettatºmeg csºkken®st ®rtem el.[III]  

2. Igazoltam, hogy az elektrosztatikus sz§lk®pz®ssel elŖ§ll²tott amorf szil§rd diszperzi· 

stabilit§s§t a granul§l§s sor§n jelentŖsen befoly§solja a sz§lk®pz®s sor§n alkalmazott 

polimer. Bizony²tottam, hogy az itrakonazol eset®ben a hidroxi-propil-metilcellul·z 

alkalmaz§sa jav²tja az amorf szil§rd diszperzi· stabilit§s§t a granul§l§s sor§n, 

megelŖzve a hat·anyag kiold·d§st ront· f§zisszepar§ci·j§t, krist§lyosod§s§t.[III]  

3. Kifejlesztettem egy olyan a poradagol§st, az ikercsig§s granul§l§st, a folyamatos 

sz§r²t§st, Ŗrl®st ®s tablett§z§st is mag§ban foglal·, a kiindul§si porkever®ktŖl a k®sz 

tablett§kig teljesen integr§lt ®s folyamatos gy§rt·sort,  mely alkalmas mind olvad®k, 

mind nedves granul§l§sra, ®s k²s®rletileg igazoltam, hogy a rendszerrel k¿lºnbºzŖ 

anyagok porfoly§si tulajdons§gai ®s tablett§zhat·s§ga jav²that·, ®s a kapott 

granul§tumokb·l megfelelŖ mechanikai tulajdons§gokkal (tºr®si szil§rds§g ®s 

kop§s§ll·s§g) jellemezhetŖ tablett§k §ll²that·k elŖ. Bizony²tottam, hogy a gy§rt§s 

termel®kenys®g®nek tºbb, mint egy nagys§grenddel val· nºvel®se megval·s²that· a 

berendez®sek cser®je n®lk¿l, kiz§r·lag a gy§rt§si sebess®g nºvel®s®vel. JelentŖs 

nºveked®st tudtam el®rni a termel®kenys®gben (0,5 kg/h-r·l 8 kg/h-ra) a term®kminŖs®g 

®rdemi v§ltoz§sa n®lk¿l. [I, II]  

4. Folyamatos ¿zemŤ ikercsig§s granul§l§son alapul· technol·giai sort fejlesztettem 

gl¿k·z-monohidr§t porfoly§si tulajdons§gainak ®s tablett§zhat·s§g§nak jav²t§s§ra, 

mely technol·giai l®p®sek kºnnyen integr§lhat·k a krist§lyos gl¿k·z por jelenlegi, ipari 

gy§rt§si folyamat§ba. A rendszer alkalmasnak bizonyult a lubrik§nson k²v¿l kiz§r·lag 

gl¿k·zt tartalmaz· tablett§k elŖ§ll²t§s§ra, amelyek megfelelŖ tºr®si szil§rds§ggal 

rendelkeztek, valamint alkalmaz§s§val elker¿lhetŖ volt a tablett§k lamin§ris tºr®se 

(kalapososd§sa).[I, VI]  

5. Igazoltam, hogy gl¿k·z granul§tumokban a marad®k nedvess®gtartalom negat²van 

befoly§solja a gy§rtott tablett§k mechanikai tulajdons§gait. Szisztematikusan 

vizsg§ltam a sz§r²t§si hŖm®rs®klet hat§s§t a nedvess®gtartalomra, megalkottam egy 

kºzeli infravºrºs spektroszk·pi§n ®s tºbbv§ltoz·s adatelemz®sen alapul· m·dszert, 
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mellyel a kritikus granul§tum jellemzŖ, a nedvess®gtartalom in-line ®s val·s idŖben 

kºvethetŖ ®s kontroll§lhat·. A m·dszer alkalmaz§s§val biztos²that· a granul§tumok 

megfelelŖ sz§rad§sa, ez§ltal az elŖ§ll²tott tablett§k megfelelŖ tºr®si szil§rds§ggal 

rendelkeznek, ®s nem jellemzŖ r§juk a lamin§ris tºr®s (kalaposod§s).[I]  

6. Igazoltam, hogy a gl¿k·z-monohidr§t a folyamatos granul§l§s sor§n anhidr§tt§ 

alakulhat, ami befoly§solja a granul§tumokb·l elŖ§ll²tott tablett§k tulajdons§gait. 

Felt§rtam a k¿lºnbºzŖ sz§r²t§si hŖm®rs®kletek hat§s§t az anhidr§t forma kialakul§s§ra. 

Meg§llap²tottam azokat a sz§r²t§si be§ll²t§sokat, amivel az anhidr§t forma kialakul§sa 

minim§lis vagy teljes m®rt®kben elker¿lhetŖ. ElŖszºr alkottam meg egy m·dszert, 

mellyel gl¿k·z krist§lyform§ja az integr§lt granul§l§si elj§r§s ut§n in-line m®rhetŖ. 

Raman spektroszk·pia ®s tºbbv§ltoz·s adatelemz®s seg²ts®g®vel kifejlesztettem egy 

olyan analitikai m·dszert, mellyel a gl¿k·z-monohidr§t ®s anhidr§t forma ar§nya in-line 

m®rhetŖ a granul§l§s sor§n ezzel biztos²tva az §lland· term®kminŖs®get.[V]  

7. ElsŖk®nt fejlesztettem ki mesters®ges neur§lis h§l·-alap¼, adatvez®relt szoftveres 

®rz®kelŖket ikercsig§s granul§l§ssal elŖ§ll²tott granul§tumok nedvess®gtartalm§nak 

j·sl§s§ra, kiz§r·lag az alkalmazott folyamatparam®tereket felhaszn§lva bemenetk®nt. 

K®t h§l·, egy teljesen kapcsolt, visszacsatol§s n®lk¿li h§l· ®s egy rekurrens, idŖsoros 

h§l·, alkalmasnak bizonyult a nedvess®gtartalom pontos meghat§roz§s§ra 1%-n§l 

kisebb r®szleges legkisebb n®gyzetes hiba®rt®kkel, ²gy kºlts®ghat®kony, ortogon§lis 

alternat²v§t biztos²tva a hagyom§nyos analitikai elj§r§sok (pl. kºzeli infravºrºs 

spektroszk·pia) mellett vagy helyett. Igazoltam, hogy mindk®t mesters®ges neur§lis 

h§l·-alap¼ modell alkalmas a folyamat indirekt kºvet®s®re, melyet al§t§maszt a j·solt 

nedvess®gtartalmak j· egyez®se a p§rhuzamosan alkalmazott in-line kºzeli infravºrºs 

spektroszk·pia-alap¼ nyomon kºvet®s ®s az off-line referenciam®r®sek eredm®nyeivel. 

SHAP (SHapley Additive exPlanations) elemz®s elv®gz®s®vel biztos²tottam a 

visszacsatol§s n®lk¿li h§l· ®s a becsl®sek §tl§that·s§g§t, elŖszºr fejlesztve egy olyan 

magyar§zhat·, transzparens mesters®ges neur§lis h§l· alap¼ modellt nedvess®gtartalom 

j·sl§s§ra, mellyel egy ikercsig§s nedves granul§l§s folyamatmeg®rt®se jelentŖsen 

jav²that·, jelentŖs elŖnyt biztos²tva a hagyom§nyos monitoroz§si technik§kkal 

szemben.[IV]  
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1. Introduction  

In recent years, a fundamental paradigm shift has begun in the pharmaceutical industry, driven 

by the need for more agile, efficient, and robust manufacturing while simultaneously enhancing 

product quality. The key innovations include the integration of continuous manufacturing (CM) 

technologies, the Quality by Design framework, the advanced quality assurance tools based on 

modern process analytical technologies (PAT), digitalization, the Pharma 4.0 concept, and the 

application of artificial intelligence. While these innovations offer significant advantages over 

traditional practices, their widespread industrial application remains limited, highlighting the 

need for further research. Notably, a particularly promising opportunity lies in the simultaneous 

implementation of these modern approaches, as their synergistic effects can help maximize their 

overall benefits. 

Twin-screw granulation (TSG), a continuous granulation technique, presents an excellent 

opportunity to integrate these advanced practices and demonstrate their advantages. As 

granulation is a critical formulation method required for most solid drug formulations to 

enhance powder properties and enable tableting, TSG holds significant potential in 

pharmaceutical production. While granulation is still most commonly carried out using 

traditional batch processes, the benefits of TSG accelerate its implementation and highlight its 

transformative potential. Additionally, applying TSG provides an excellent opportunity to 

develop connected CM lines and to implement advanced monitoring and quality assurance 

systems. This holistic approach can help realize the full potential of these modern practices, 

leading to improved efficiency and quality. 

Therefore, this work focuses on the development and investigation of a TSG-based formulation 

line while simultaneously advancing these innovative research areas. It demonstrates the 

advantages of TSG for both wet and melt granulation, its potential to enhance powder properties 

and its role in facilitating the processing of otherwise challenging materials. Moreover, the 

development of integrated CM lines and advanced quality assurance and monitoring systems 

was also an important objective of this work. Beyond enabling in-line and real-time process 

monitoring using various PAT tools, data-driven soft sensors utilizing artificial neural networks 

were developed and explored to enhance monitoring and ensure product quality. The findings 

of this research could facilitate the development and widespread application of TSG and the 

described advanced manufacturing practices, thereby contributing to the ongoing innovation of 

pharmaceutical manufacturing.  
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2. Literature review 

2.1 The paradigm shift in the pharmaceutical industry 

Contrary to other rapidly developing fields of the chemical industry, the pharmaceutical sector 

has faced increasing criticism over the past decade for relying on outdated technologies. While 

strict regulations and complex approval processes were originally enforced to protect patient 

safety, these measures have had an inverse effect. By consistently relying on conventional, well-

established methods, innovation has been slowed down, making the sector lag behind other 

areas. The overregulation hindered the adoption of advanced quality assurance systems and 

novel technologies, thereby reducing process understanding, ultimately leading to decreased 

efficiency and increased drug recalls and shortages.[1] Recognizing these challenges, the 

collaborative efforts of academia, industry, and regulatory agencies led to the simultaneous and 

synergistic emergence of various strategies to modernize pharmaceutical manufacturing. The 

most impactful initiatives are summarized in Figure 1, all aimed at enhancing efficiency, agility, 

and flexibility while ensuring consistent and high product quality.[2] The following sections 

will explore some of the key aspects of this transformation and discuss future perspectives. 

 
Figure 1: The most important elements of the paradigm change aiming to modernize 

pharmaceutical manufacturing. 

2.1.1 Continuous Manufacturing 

In recent decades, the shift from traditional batch production to continuous manufacturing (CM) 

has become a widespread tendency in most fields of the chemical industry. Although the 

transition has been slower in the pharmaceutical sector, the numerous advantages of CM (Figure 

2) strongly support its adoption. These benefits include, for example, increased efficiency, 

smaller equipment sizes, and significantly lower investment and operation expenses.[3] The 

implementation of CM also usually leads to more controlled production, improved product 

quality, less material waste, reduced environmental footprint, and overall, greener production. 

Contrary to the global nature of most pharmaceutical supply chains, the flexibility of CM 

facilitates the integration of manufacturing steps. By connecting manufacturing steps, CM can 
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eliminate the need for transport and storage between operation units, resulting in shorter, more 

energy-efficient production lines and a more secure supply chain. Additionally, integrated lines 

reduce the degradation risk of sensitive active pharmaceutical ingredients (APIs) and improve 

safety when handling hazardous materials.[4ï9] 

 
Figure 2: The most important advantages of CM. 

Scaling up of continuous technologies is also more convenient. In many cases, commercial-

scale equipment can be used throughout all experimental phases, eliminating the need for time- 

and energy-consuming separate laboratory- and commercial-scale optimization.[10,11] 

Avoiding equipment change also reduces the risk of having to modify an already approved 

process, which would require additional time and expenses. This is particularly critical in the 

pharmaceutical industry, where processes are highly dependent on equipment size and 

geometry.[10,12] Furthermore, the inherent flexibility of CM can expedite the time-to-market 

and enable a rapid increase in production capacity, which can be crucial during drug shortages 

or unexpected emergencies, such as the COVID-19 pandemic.[7,9] 

Although the advantages of CM have been known for decades, the prolonged transition to its 

adaptation is primarily due to the strict regulatory requirements, the currently available, well-

established batch equipment parks, and the high initial investment cost associated with 

implementing new technologies. Overcoming these challenges and changing the mindset of 

industry experts is a long process, but the rising cost of research and development (R&D), the 

increasing competition of generic manufacturers, the shortened effective patent lifespans (due 

to longer development time), and the declining number of ñblockbuster productsò make the 

change inevitable. As these conditions increasingly hinder profitability , CM offers a promising 

and viable solution.[3,9,13ï15] 
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The importance of CM has also been recognized by the regulatory agencies, which strongly 

support its adoption. In 2005, the American Chemical Society Green Chemistry Institute 

Pharmaceutical Roundtable announced CM as a research priority, and in 2007, Dr. Janet 

Woodcock, the Director of the Center for Drug Evaluation and Research of the US. Food and 

Drug Administration (FDA) publicly advocated for accelerating its adoption.[16,17]. This led 

to several International Symposia on Continuous Manufacturing of Pharmaceuticals [18] and 

numerous guidelines issued by major regulatory bodies, including the FDA [19], the European 

Medicines Agency (EMA) [20], and the International Council for Harmonization [21ï26], all 

encouraging the development and implementation of CM.  

By now, all the big innovative pharmaceutical companies have been actively working on 

developing CM technologies. Thanks to the collaborative efforts of academia, industry and 

authorities, several API-containing solid drug products are manufactured using continuous 

systems.[27,28] Janssen, for example, shifted the production of PrezistaÈ from batch to 

continuous production, reducing the manufacturing time, footprint, and quality testing duration, 

thereby further highlighting the advantages of CM.[4,29] 

While the literature review revealed that CM has excellent potential and could 

significantly enhance pharmaceutical manufacturing, the integration of these 

technologies remains challenging, with significantly fewer publications focused on 

operating multiple continuous units simultaneously.[30] 

2.1.2 Quality by Design 

CM is closely aligned with another paradigm change in the pharmaceutical industry, the 

implementation of the Quality by Design (QbD) frameworks in place of the traditional, Quality 

by Testing approach ï an initiative strongly supported by the FDA. The QbD concept came 

from the recognition that product quality does not necessarily improve with increased testing. 

Instead of relying solely on testing, QbD offers a systematic, risk-based, and scientific approach 

to product development, focusing on the designing quality into the product. Its main objective 

is to reduce product variability and improve product quality by enhancing robustness, 

development, and manufacturing efficiency and enabling deep process and product 

understanding.[31,32] 

In the QbD approach, the first step of pharmaceutical development is defining the parameters 

that ensure the desired product quality, known as the quality target product profile (QTPP). This 

is followed by the identification of the physical, chemical, and biological properties that 
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determine the QTPP, referred to as critical quality attributes (CQAs). By establishing a link 

between the CQAs, influential input material properties (the critical material attributes 

(CMAs)), and the applied operation parameters (the critical process parameters (CPPs)), 

enhanced process understanding can be achieved.[33,34] This comprehensive understanding 

enables the selection of the suitable formulation and the adequate manufacturing and 

development process while also enabling the definition of the design space. It is important to 

note that the design space is typically equipment-dependent, further highlighting the advantage 

of the convenient scale-up of CM technologies discussed in Section 2.1.1. 

Besides the deep product and process understanding, risk management and continuous 

monitoring and improvement are key aspects of the QbD framework (Figure 3). Several control 

strategies can be utilized simultaneously to ensure adequate operation. These include end-point 

testing, the monitoring of CMAs and CPPs, real-time release testing [35] ï which involves 

continuous monitoring and evaluation of product quality during manufacturing, enabling 

immediate release without end-product testing ï and the use of different, data-driven, and 

mechanistic models. Among other methods, the application of process analytical technologies 

(PAT) is a valuable tool for QbD that is strongly encouraged by regulatory agencies.[31,36] 

 
Figure 3: The QbD framework. 

The importance of QbD is highlighted by the numerous guidelines issued by regulatory 

agencies that encourage its implementation and define its main principles.[37ï42] In the past 

decades, QbD has gone from Ănice-to-haveò to a key and highly required part of the product 

development process, with an increasing number of its industrial applications.[33] The 

enhanced process understanding and advanced manufacturing approach provided by 

QbD align well with the principles of CM, providing an excellent opportunity to exploit 

the full potential  of CM technologies.[7] Despite the increasing number of publications 
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discussing QbD, similarly to CM, most of them investigate individual operation units, and 

the evaluation and deeper understanding of connected, integrated continuous lines are 

still limited. [43] 

2.1.3 Process Analytical Technologies 

The application of PAT is a valuable tool for facilitating the implementation of QbD. PAT and 

QbD are closely linked concepts, both aiming to support innovation and efficiency in 

pharmaceutical manufacturing and development and enhance quality assurance through deep 

process understanding and a scientific, risk-based approach.[44] PAT was first introduced by 

the FDA in 2004, described as ña system for designing, analyzing and controlling manufacturing 

through timely measurements (i.e. during processing) of critical quality and performance attributes 

of raw and in-process materials and processes to ensure final product qualityò.[37,45] PAT is a 

complex regulatory framework, exceeding the simple application of common analytical methods. 

Its key cornerstones include advanced process analyzers, the use of multivariate data analysis, 

process control strategies, and continuous improvement (Figure 4).[46] 

 
Figure 4: The key elements of PAT. 

PAT is based on the application of advanced, reliable monitoring tools. Given the importance of 

providing timely data, the FDA guideline recommends the application of at-line, on-line, or in-line 

process analyzers instead of the traditional off-line analytical methods. Particularly, in-line and on-

line sensors offer a considerable advantage by enabling real-time monitoring of CMAs, CPPs and 

CQAs. 

Although several methods can be utilized for real-time monitoring, such as acoustic emission [47], 

digital image analysis [48], focused beam reflectance measurement [49], and ultraviolet-visible 

(UV-Vis) spectroscopy [50], the most commonly applied techniques are two, vibrational spectra-

based methods: near-infrared (NIR) and Raman Spectroscopy.[51] The primary reason behind their 

widespread application is that both methods are fast, non-destructive and versatile. Additionally, as 



16 

 

a spectrum can contain qualitative and quantitative information about chemical or physical 

properties, they can be applied to monitor various characteristics, including blend uniformity, API 

content, moisture content, phase transformation, particle size distribution, crushing strength and 

coat thickness.[52ï58] While the traditional evaluation of the spectra can be challenging, 

multivariate data analysis is an integral element of PAT, facilitating the extraction of valuable 

information and, thereby, enabling the use of complex analytical methods. Various chemometric 

methods can be employed for PAT, among which the most commonly applied are partial least 

squares (PLS) and principal component analysis.[59] 

The literature review confirmed that the application of PAT is rapidly increasing in the 

pharmaceutical industry, and it is an essential tool for enhancing process understanding and product 

quality. Given the complex data provided by advanced process analyzers, multivariate data analysis 

is a crucial part of the PAT framework, and the development and continuous improvement of 

chemometric methods are crucial for its implementation. As sample collection during CM 

technologies can be challenging, their combination with PAT methods is particularly 

promising, further enhancing efficiency and ensuring product quality. 

2.1.4 Pharma 4.0 and Artificial Intelligence in the pharmaceutical 

industry 

With the spread of PAT and digitalization, a rapidly increasing amount of data is collected 

during pharmaceutical manufacturing. Analyzing this vast amount of collected data offers an 

unprecedented opportunity to enhance efficiency, process understanding and control, taking 

manufacturing to a new level. Industry 4.0, also known as the 4th industrial revolution (a term 

originating from Germany), refers to the implementation of complex, integrated and data-driven 

smart factories supported by modern sensors, communication, computing platforms, control 

strategies, simulation and modelling (Figure 5).[60] The initiative has the potential to change 

manufacturing fundamentally in all sectors. The pharmaceutical industry's adaptation of 

Industry 4.0, Pharma 4.0, also focuses on digital transformation to enhance the development 

and manufacturing of drug products.[61] 

Although the spread of CM, QbD and PAT has already reformed the pharmaceutical 

industry  and laid the foundation for future improvements, implementing Pharma 4.0 

requires further effort.  The primary reasons preventing its widespread implementation are the 

uncertainties and mistrust caused by the lack of precedents and regulatory guidelines and the 

high financial investment associated with the development.[62] It is also important to note that 

the transformation from Industry 2.0 to Industry 3.0 is still in progress in the sector, further 
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complicating the field and making the implementation of new technologies challenging.  

Although part of the pharmaceutical industry utilizes improvements associated with Industry 

3.0, such as automatization, modern CM technologies and advanced quality control systems 

(including QbD and PAT), practices of Industry 2.0 (manufacturing with conventional batch 

technologies and using traditional off-line analytical methods) are still applied. Despite these 

challenges, the implementation of Pharma 4.0 is inevitable, as it can solve numerous problems 

in the industry [63], making pharmaceutical manufacturing more agile, robust, effective and 

flexible while reducing waste and enhancing product quality.[62,64,65] 

 
Figure 5: The chapters of the Industrial Revolution.  

An essential cornerstone of the Pharma 4.0 initiative is the application of artificial intelligence 

(AI). Among other benefits, AI can enhance efficiency and quality control and accelerate 

research and development through the effective analysis of big data, the development of digital 

twins and advanced process optimization.[66] Machine learning (ML) is one of the most 

steadily advancing subdisciplines of AI, showing great potential due to its ability to learn 

patterns from data and make decisions or predictions without being explicitly programmed. 

Furthermore, the ability of ML to enhance its performance by modifying the applied algorithms 

automatically with the expansion of the training dataset makes the method particularly well-

suited for manufacturing applications.[62,66] Although implementing AI and ML into the 

current good manufacturing practice still poses a challenge and the regulatory framework still 

requires complementation, the regulatory agencies have already recognized the importance and 

potential benefits of these technologies. Their support is demonstrated by the release of the 

FDAôs guideline ñGood Machine Learning Practice for Medical Device Development: Guiding 

Principlesò and discussion paper ñUsing Artificial Intelligence & Machine Learning in the 

Development of Drug and Biological Productsò. These publications mark significant milestones 
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in regulatory development, positioning the implementation of AI and ML as viable alternatives 

within the industry.[67ï69] 

ML can be divided into three categories: supervised learning, unsupervised learning, and 

reinforcement learning. During supervised learning, the algorithm learns from a training dataset 

containing known input and output pairs before predicting or classifying the predetermined 

output attribute from new inputs. In contrast, unsupervised learning finds relationships in 

complex datasets, drawing inferences from the input data without using the outputs, making it 

mainly applicable for clustering and dimension reduction. Finally, reinforced learning can 

correlate actions with delayed future outcomes and can be used to describe complex dynamics. 

Although all these approaches have considerable potential, the fewer risks and uncertainties 

associated with supervised learning make it the most investigated approach for pharmaceutical 

manufacturing applications.[62,70] 

Artificial neural networks (ANNs), a branch of ML algorithms applying supervised learning 

(Figure 6), are among the most steadily advancing fields, showing significant potential in the 

pharmaceutical sector.[62] ANNs consist of an interconnected web of processing units called 

artificial neurons, where the information is processed similarly to the operation of the human 

brain. In the network, each neuron receives information from connected neurons, which is then 

processed by applying different mathematical calculations (activation function, summarization, 

and transfer function), and the calculated output is transferred to connected neurons as input 

value. As the neurons are organized into layers (input layer, hidden layer(s) and output layer), 

the information is passed through the ANN, making it capable of describing complex, non-

linear relationships between the input and output values.[71] 

 
Figure 6: The relationship between AI  and ANN. 

Various studies have shown the potential of ANN in the pharmaceutical industry. One of the 

most studied fields is the application of ANN for process monitoring to evaluate data collected 
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by PAT sensors. It is most commonly used to analyze spectroscopic data (such as UV-Vis 

[72,73], infrared [74], NIR [75ï77], or Raman spectra[78]); however, examples of applying 

ANN to complement acoustic emission [79], focused beam reflectance measurement [80,81] 

and image analysis [82] can also be found in the literature. Various process steps such as 

synthesis, crystallization, granulation, and tableting have been studied, and in the case of non-

linearity, ANN regularly outperformed conventional methods.[66] Another possible application 

of ANN is to enhance process understanding and optimization by exploring the relationship 

between CMAs, CPPs, and CQAs. Numerous application examples can be found in the 

literature: among others, ANNs have been utilized to predict the yield [83], optimize synthesis 

[84], predict the growth rate during crystallization [85], explore the relationship between 

granule properties and process parameters [86], reduce capping tendency during tableting [87] 

and optimize tablet coating [88]. 

Another promising yet relatively underexplored field is ANNsô application as data-driven 

soft sensors. Soft sensors (also known as virtual or software sensors) are applied to estimate 

process variables that are otherwise hard to measure with physical sensors. When the direct 

measurement is limited due to technological difficulties, financial reasons or impractical setups, 

using ANNs as soft sensors can be a viable alternative.[89] Although the advantages of the 

approach have been highlighted by some studies ï among which its application for monitoring 

complex systems is particularly promising [90] ï its potential is yet to be fully realized. A 

reason behind this is the black-box nature of ANN models, as the lack of transparency 

complicates gaining regulatory approval, increases mistrust in the predictions, and 

thereby prevents the widespread industrial application of ANNs.[91ï93] 

Realizing this issue, a growing amount of research focuses on developing methods to explain 

the operation of ML, AI, and, consequently, ANNs.[94,95] Various strategies have been 

established to make ANNs explainable: it can be achieved by focusing on the analysis of 

individual model components [96] and through the development and investigation of surrogate 

models that mimic the behavior of the original ANN (e.g., Local Interpretable Model-Agnostic 

Explanations method).[97] Another promising approach is to study the model sensitivity by 

analyzing the model predictions to the perturbations of the input data. It can also be carried out 

either globally (e.g., through perturbation feature importance [98]) or locally, explaining the 

individual predictions (e.g. the game theory-based SHAP analysis [99]). Despite the evident 

importance of model interpretation and the need for explainable ANNs, only a few 

pharmaceutical examples can be found in the literature.[100ï105] 
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To summarize, several initiatives have emerged in recent years to modernize pharmaceutical 

manufacturing. While some, such as CM and QbD, have been established for decades with 

well-documented advantages, further research is needed to realize their full potential. A 

holistic approach and the simultaneous implementation of these advanced practices offer 

a particularly promising strategy that can fundamentally enhance pharmaceutical 

manufacturing through their synergistic effect. 

2.2 Challenges of tablet formulations 

2.2.1 Poor mechanical properties 

In the pharmaceutical industry, compressed tablets represent the most popular dosage form 

thanks to their high durability, easy packaging, and simple (no medical supervision requiring) 

administration. Beyond the therapeutic effect of the API, compressed tablets have to meet 

various practical requirements to be considered suitable for commercial production. Among 

these, mechanical strength is a particularly important factor, directly determining whether the 

tablet formulation is suitable for further processing (e.g. film coating, packaging, and transport) 

and subsequent distribution. 

Several standardized guidelines are provided by the United States Pharmacopoeia and European 

Pharmacopoeia to assess these key properties, most importantly friability, breaking force, and 

tensile strength. Friability describes the ñdurabilityò of tablets by testing their resistance to 

abrasion using a rotating drum. While the threshold acceptance limit is set to 1.0% by both the 

United States and European Pharmacopoeia, a lower value is usually targeted to facilitate enable 

film coating and high-speed packaging, for which a friability  below 0.3% is required.[106ï109] 

Breaking force (also known as crushing force or tablet hardness) assesses the mechanical 

strength of tablets by determining the minimum force required to break them.[110] The most 

recognized limitation of this parameter is the size dependence, which prevents the comparison 

of tablets of different sizes and shapes and complicates the establishment of universal limits. 

To address this challenge, the United States Pharmacopoeia monograph provides equations to 

convert the breaking force into tensile strength. Despite its limitation, breaking force remains a 

widely utilized metric in the industry due to the direct measurementôs simplicity, speed, and 

convenience, serving as a practical in-process control criterion to efficiently monitor tablet 

quality. In most cases, it provides sufficient information to evaluate mechanical strength and 

optimize formulations, particularly for comparing tablets of the same size and shape. Generally, 

a breaking force of 40 N is considered the minimum requirement for oral tablets, though the 



21 

 

specific limit should be tailored to each formulation. Additionally, lower limits are typically 

required for chewable and orodispersible tablets.[110ï112] 

The mechanical integrity can be compromised by various factors, with capping tendency being 

a common defect that weakens tablets. The term capping refers to the horizontal breakage of 

tablets, which can occur during tablet production, handling, or testing procedures. While 

breaking force typically increases with the applied compression force, in cases of capping, it 

reaches a maximum before declining sharply. Although the phenomenon is not fully 

understood, capping can be caused by air entrapment, elastic recovery, uneven stress 

distribution, or the fracture of long crystalline structures during tablet pressing, which creates 

weak spots and hinders the formation of sufficient converging forces.[111,113ï115] 

The physical properties of the initial powders used in a formulation are key factors influencing 

mechanical properties and other practical requirements, such as controlled dissolution, stability, 

and mass uniformity.[113,115ï117] Thus, understanding ï and often improving ï the powder 

properties is critical for pharmaceutical processing. Flowability, a key characteristic, refers to 

the ability of a powder to flow smoothly and consistently. Beyond ensuring steady material 

transport between operation units ï a key requirement for connected CM lines ï good 

flowability also facilitates consistent punch loading during tableting,  thereby ensuring uniform 

tablet mass, which is critical in industrial high-speed tableting devices. Compressibility and 

compactibility also play essential roles in  tableting. Compressibility describes a powderôs 

ability to decrease in volume under pressure, while compactibility refers to its capacity to be 

compressed into a tablet with a defined mechanical strength, such as radial tensile strength or 

deformation hardness. While compressibility enables tablet formation, compactibility ensures 

mechanical strength and quality, making both characteristics crucial for tablet production.[118] 

Poor powder properties can hinder direct compression, which is the preferred 

manufacturing route due to its simplicity. However, various studies have shown that the 

majority of tablet formulations cannot be processed with this method. For instance, Leane 

et al. revealed that according to the European Public Assessment Reports from the EMA 

website, only 16% of tablet formulations are produced using direct compression.[119] While 

adding excipients can sometimes facilitate direct compression, granulation is often required 

as an additional downstream processing step to enhance powder properties before 

tableting. 
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2.2.1.1 Improving powder properties via granulation 

Granulation is a particle enlargement technology that transforms the primary powder particles 

into larger agglomerates called ñgranulesò that are physically stronger and can be described 

with enhanced flow and compression properties. Further advantages of the process include 

preventing segregation, ensuring content uniformity, increasing bulk density, reducing dust 

formation, and, consequently, employee exposure risk and waste. It is a widely used 

formulation step in the pharmaceutical industry, where granules can be the final pharmaceutical 

product or an intermediate of tablet or capsule production.[120,121] Granulation is particularly 

beneficial for formulations with either very high or low dosages. Its ability to reduce the need 

for excessive excipients, which would otherwise be required to improve powder properties, 

helps decrease the tablet size and, consequently, enhances patient compliance, making it 

especially useful for APIs with high dosages.[122] On the other hand, its capacity to ensure 

content uniformity provides a significant advantage for ultra-low dosage forms.[123] Although 

various advanced granulation methods have been developed in the past decades, the three main, 

most commonly applied types of granulation are dry, melt, and wet granulation.[124,125] 

During dry granulation, the powder particles are aggregated under high pressure, typically 

through slugging or roller compaction. In the case of slugging, the powder particles are pressed 

into a larger tablet (called ñslugò), while roller compaction applies two rollers to achieve high 

pressure and bond together the powder particles.[126] Both methods are finished with milling 

and screening to produce granules with adequate size distribution. Although dry granulation 

has received increased attention in recent years, the challenges of the technology (most notably 

the limited amount of compounds it is suitable for, the excessive production of fines, the 

increased dust formation, and the time-consuming nature of the process) prevent its widespread 

application, making it the least frequently applied granulation method. [125,126] 

In contrast, wet granulation is the most commonly employed granulation technique in the 

pharmaceutical industry. During wet granulation, particle agglomeration is promoted by the 

addition of a granulation liquid, with the agglomerates being held together by adhesion forces. 

The process involves three main steps: (1) wetting and nucleation, (2) granule growth and 

consolidation, and finally (3) attrition and breakage. The choice of granulation liquid, which 

can consist solely of a solvent or include a binder material, has a crucial role in the process. The 

solvent must meet several key requirements, such as non-toxicity, no incompatibility with the 

applied APIs or excipients, low cost, adequate viscosity, and easy evaporation after granulation. 
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Therefore, the most commonly used granulation liquids are water, ethanol, isopropyl-alcohol 

and their respective mixtures.[127,128] 

Finally, a novel yet currently underexamined field of granulation is melt granulation. During 

melt granulation, the primary particles are agglomerated by a molten or softened thermal binder, 

which is heated near or over its melting point. Although melt granulation is unsuitable for 

thermo-sensitive materials, it offers various advantages over other granulation techniques. It 

requires milder operation conditions compared to dry granulation, and contrary to wet 

granulation, it is applicable for moisture-sensitive materials. Furthermore, since the use of 

solvents ï and the subsequent drying process ï can be avoided with this technique, the process 

is typically shorter, less energy-intensive and more environmentally friendly compared to wet 

granulation.[129ï131] Although melt granulation is a relatively new, modern approach, it holds 

significant potential, as evidenced by its multiple successful commercial applications.[132ï134] 

The importance of granulation in the pharmaceutical industry is well-established, as it plays a 

crucial role in enhancing powder properties and, consequently, overcoming various 

manufacturing challenges. By enabling successful tablet production, granulation is an 

essential formulation process that is applied for a wide range of formulations. Due to the 

distinct advantages and limitations of the different types of granulation techniques, selecting 

the appropriate method is critical to address the specific formulation and manufacturing 

requirements. 

2.2.1.1.1 Twin-screw granulation 

With the growing significance CM, continuous granulation has also become an important 

research focus. While dry granulation is commonly performed continuously, melt and wet 

granulation are traditionally batch processes, mostly carried out using high-shear or fluidized 

bed granulation methods.[135ï138] Therefore, investigating continuous alternatives, such as 

twin-screw granulation (TSG), has gained increased attention in recent years. 

During TSG, the particle agglomeration is carried out in a twin-screw equipment ï originally 

invented for hot melt extrusion ï where two parallel rotating screws convey, mix and knead the 

particles simultaneously. The potential of TSG is confirmed by the increasing amount of 

research published since the first appearance of the technology in 1986[139], detailing its 

advantages and investigating the effects of the process parameters on product quality.[128,140ï

148] One critical factor is the geometry and the screw configuration of the equipment, as it 

determines the course of the processes in the granulator. The two most common types of screw 
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elements are the conveying elements (CEs) and kneading elements (KEs), both consisting of 

many different subtypes. While conveying elements primarily transport the material and impart 

low mechanical energy, kneading elements apply higher shear force to mix and compact the 

materials. Additionally, conveying elements with reverse configuration (reverse conveying 

elements) can also be used, strongly influencing the granulation process by significantly 

increasing the residence time and pressure in the equipment.[141,148] 

Besides the previously mentioned benefits of CM (e.g., efficiency, lower production and 

installation costs, increased flexibility , and higher, more consistent quality), TSG can provide 

additional advantages compared to batch granulation methods. While universal conclusions 

cannot be drawn, and each formulation should be evaluated separately, several instances can be 

found in the literature where the application of TSG led to superior granule or tablet properties, 

such as better tabletability and increased tablet tensile strength.[149ï152] The significance of 

TSG is further demonstrated by several commercially available drug products from major 

pharmaceutical companies (e.g. Janssen, Eli Lilly, Pfizer, and Vertex) that are manufactured 

using TSG.[153ï158] 

The literature review underscores the growing importance of TSG in the pharmaceutical 

industry, with the technology expected to expand and become a key downstream processing 

step within connected CM lines. Despite the extensive body of research focused on TSG, its 

scale-up and integration with other manufacturing technologies remain underexplored, 

highlighting the need for further investigation . This is particularly true for twin-screw melt 

granulation (TSMG), which has primarily been studied in isolation from other operational units. 

Although the downstream processing of the granules (produced using TSMG) has been 

investigated, demonstrating the robustness of the technology, it has mostly been carried out 

independently, with the granules manually transferred for further processing.[159] 

Moreover, the combination of TSG with advanced quality assurance systems presents an 

excellent opportunity to simultaneously explore CM technologies and modern process 

monitoring techniques. While several studies focus on the in-line monitoring of TSG using PAT 

tools, the investigation of complex, connected systems requires further research. Furthermore, 

integrating TSG with even more advanced monitoring techniques (such as data-driven soft 

sensors and AI) holds significant potential that is yet to be fully explored. 
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2.2.2 Poor aqueous solubility 

Another critical  challenge in tablet formulations is the poor aqueous solubility of potential 

APIs. The ratio of new drug candidate APIs belonging to the Biopharmaceutics Classification 

System (BCS) II class ï characterized by low aqueous solubility and high permeability ï has 

increased significantly in recent decades. As these properties result in low dissolution and, 

thereby, low bioavailability, improving dissolution has become a key focus in pharmaceutical 

development.[160ï162] Several, both chemical and physical, strategies have been developed 

to address this issue, including salt formation, pro-drug formation, cocrystals, pH adjustment, 

particle size reduction, solubilization, and the use of surfactants.[163] Among them,  physical 

techniques offer the important advantage of enhancing dissolution without altering the chemical 

structure of the API, by increasing apparent (kinetic) solubility and the degree of 

supersaturation.[164] Among these approaches, the preparation of amorphous solid dispersions 

(ASDs) has emerged as a particularly versatile and effective method, with more than 50 

commercially available formulations utilizing this strategy.[165ï169] 

In ASDs, an amorphous API is molecularly dispersed within an amorphous excipient (typically 

polymer) matrix. The amorphous state eliminates the energy barrier required to disrupt the 

crystalline structure, thereby enhancing the apparent solubility of the API. Various strategies 

have been established for the preparation of ASDs. While the most commercially available 

formulations are produced using hot melt extrusion or spray drying, several novel methods have 

also been proposed.[170] 

2.2.2.1 Enhancing dissolution properties via electrospinning 

A simple yet promising approach for ASD preparation is electrospinning (ES), in which nano- 

or microfibers are produced by applying electrostatic forces, typically from a polymer solution 

or a polymer melt. ES offers several advantages, including low cost, mild operation conditions 

(e.g. ambient temperature and atmospheric pressure), relatively low solvent and energy need, 

and broad material compatibility, as a large variety of polymers can be utilized.[171] Moreover, 

ES is a continuous and easily scalable process, aligning well with the pharmaceutical industry's 

shift towards CM. However, the technology has yet to be integrated into pharmaceutical 

manufacturing due to various challenges, among which the poor processibility of the 

electrospun material is a key limitation.[7,171ï173] 

Electrospun fibers are prone to electrostatic charging, have low bulk density,  and exhibit poor 

flowability and tabletability, hindering their further processing into practical solid dosage 
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forms. While numerous publications investigate the ES process[174ï176] and even the 

scalability of the technology has been explored[177ï179], research focused on formulating 

electrospun fibers remains limited. When successful formulation have been achieved, 

nonconventional methods were often employed, challenging their integration into existing 

tablet manufacturing lines and hindering their industrial application.[180ï182] In other cases, 

large amounts of excipients were required, leading to economic and environmental concerns 

while also increasing tablet size, which could negatively affect patient compliance.[183ï188] 

Reviewing the literature highlighted the ongoing need for efficient technologies to process 

electrospun materials. Granulation, although yet to be explored for electrospun materials, 

presents a promising approach to enhance fiber properties without relying on excessive 

excipients. While the granulation of electrospun materials has not yet been reported, both 

wet[189ï192] and dry[193,194] granulation techniques have been successfully utilized to 

enhance the properties such as the flowability and tabletability of ASDs prepared through spray 

drying or hot melt extrusion. This approach could enable the efficient tableting of the 

electrospun fibers, thereby facilitating the industrial application of ES. Among the various 

granulation methods, melt granulation appears to be the most promising, as it avoids the 

mechanical stress of dry granulation, and the solvents used in wet granulation. These issues 

could otherwise induce amorphousïamorphous phase separation and crystallization, thereby 

compromising the stability of the ASD.[189,195] Moreover, the application of TSMG is 

particularly promising, as both ES and TSMG are continuous methods that can be integrated 

into a connected manufacturing line, aligning well with the current trend of CM in the 

pharmaceutical industry. 

2.2.3 Polimorphs and solvatomorphs 

Another critical factor in tablet formulation is the solid state form of the applied crystalline 

materials, influencing both physical and physicochemical properties, including stability and 

therapeutic efficacy.[196,197] Therefore, investigating different crystal forms and their 

transformations is essential in the pharmaceutical field, where most APIs and excipients can 

exist as various polymorphs or solvatomorphs.[198ï200] While the analysis of the API is 

standard in drug development, examining excipients is equally critical as they often constitute 

the bulk of the final drug product, thereby defining its characteristics and the manufacturing 

process.[201,202] Solid state properties can impact various properties, including bulk and 

tapped densities, flow behavior, voluminosity, swelling ability, water sorption, lubrication, 
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caking properties, aerosolization efficiency, tabletability, formulation stability during storage 

and tablet properties (e.g. disintegration, dissolution and tensile strength).[203ï214] 

The literature review highlighted that the crystal form is a significant characteristic that 

frequently influences CQAs and, consequently, the final product quality. As a key CMA, the 

crystal form of the raw materials is routinely evaluated in the industry; however, investigating 

the applied manufacturing processes and evaluating the risk of the solid state transformation is 

also crucial. Various reports have shown that the crystal form can be compromised during 

formulation, which could significantly impact the final drug product.[215ï217] Therefore, the 

development of reliable monitoring techniques is also essential to ensure high, consistent 

quality. This practice not only ensures high product quality but also enhances process 

understanding, aligning well with the QbD principles. 
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2.3 Objectives 

Reviewing the current state-of-art related to CM, PAT, QbD, and AI applications in the 

pharmaceutical industry highlighted their growing relevance and need for their implementation. 

Despite the considerable amount of research already accomplished, gaps remain, particularly 

regarding connected, integrated CM lines and their combination with advanced monitoring 

methods. TSG, an advantageous formulation technology with significant yet unexploited 

potential to enhance material properties or even facilitate the application of novel technologies, 

provides a promising opportunity to realize the benefits of these advanced approaches. 

Consequently, the following objectives were set for this work. 

¶ TSMG of drug-loaded electrospun fibers to enhance their flowability and facilitate their 

successful tableting without adding an excessive amount of excipients while preserving 

their enhanced dissolution properties. 

¶ Development of a TSMG-based, integrated, continuous powder-to-tablet line from 

optimization to scale-up. 

¶ Investigation of the integrated TSWG of glucose monohydrate to improve its flowability 

and tabletability, prevent capping, and produce tablets with adequate mechanical properties. 

¶ Monitoring the moisture content and the crystal form of the glucose granules, two important 

characteristics influencing CQAs, in-line and real-time with NIR and Raman spectroscopy, 

respectively. 

¶ Development of a data-driven soft sensor based on explainable ANN to indirectly monitor 

the moisture content of the granules produced on the integrated TSWG-based line, solely 

based on the real-time gathered parameters, without any direct measurement. 
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3. Materials and methods 

3.1 Applied materials 

3.1.1 Active pharmaceutical ingredients 

3.1.1.1 Itraconazole 

Itraconazole (ITR) is a well-known, broad-spectrum antifungal API belonging to the II. class 

of the Biopharmaceutics Classification System (BCS). Consequently, it can be characterized 

with very low aqueous solubility (1 ng/mL at pH 7 and Ḑ 5 g/mL at pH 1).[218ï220] Due to its 

low solubility and, thereby, low bioavailability, the properties of ITR are commonly improved 

via the preparation of ASD formulations.[221] Therefore, ITR was chosen as a model API for 

ES (a technique already proven to be suitable for improving its dissolution properties) and the 

consequent melt granulation of the fibers to enhance the originally poor flow and tablet 

properties of electrospun material. The ITR utilized in this work was provided by Sigma-

Aldrich (Burlington, United States). 

3.1.1.2 Caffeine 

Caffeine is a widely used central nervous system stimulant with a usual dosage between 80-200 

mg. Besides its most common application, its usage as a stimulant in over-the-counter drug 

products, caffeine can be utilized for various purposes, e.g., it can be administered together with 

another API for pain relief, where it can act as an analgesic adjuvant to enhance the effect of a 

primary analgesic. The caffeine utilized in this work was obtained from BASF (Ludwigshafen, 

Germany), and it was applied as a model API for the melt granulation experiments. 

3.1.1.3 Glucose 

D-glucose (dextrose) is a widely applied ingredient both in the food and the pharmaceutical 

industry.[222ï228] It is most commonly used as a tablet or capsule diluent, sweetener, and taste 

masking excipient, but it can also be applied as API or utilized as the base product of the 

synthesis of drugs and essential pharmaceutical substances.[229ï233] The significance of 

glucose is demonstrated by the magnitude of the value of its global market, which is expected 

to grow further because of stricter regulation and the emerging trend of applying natural 

products for human consumption.[234,235] 

In aqueous solutions, glucose exists as an equilibrium mixture of the Ŭ and ɓ glucopyranose, 

mutarotating through the open-chain aldehyde form.[226] Depending on the conditions, three 

crystalline forms can be obtained from the solution: Ŭ-D-glucose monohydrate (monoclinic 
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crystal lattice), anhydrous Ŭ-D-glucose, and anhydrous ɓ-D-glucose (both orthorhombic crystal 

lattice).[226,236,237] Another form, thought to be a hydrated form of ɓ-D-glucose, has also 

been reported; however, its practical importance is limited by its instability.[238,239]  

The two most commonly applied forms, Ŭ-D-glucose monohydrate and anhydrous Ŭ-D-glucose, 

exhibit significantly different powder properties, including variations in bulk and tapped 

densities, solubility, hygroscopicity, caking properties, and responses to the same storage 

conditions.[233,240,241] Additionally, tablets produced from these forms can differ in tensile 

strength, friability, disintegration, and dissolution profiles.[242,243] Despite the well-

documented influence of the crystal form, the commercially available glucose powder is likely 

a mixture of both forms, caused by overdrying or incomplete dehydration during 

production.[244] Furthermore, the inadequate storage conditions can also induce 

transformation: the hydrate formation of anhydrous Ŭ-D-glucose can occur above 55% relative 

humidity (RH), and the hydrate loss of Ŭ-D-glucose monohydrate can occur below 11% RH, 

potentially impacting important CQAs. [241,245] Moreover, the form of glucose is also critical 

when utilized in oral glucose tolerance tests to diagnose diabetes, as any unknown 

transformation in the material can affect the ingested glucose, thereby directly influencing test 

accuracy.[246,247] 

The Ŭ-D-glucose monohydrate used in this work was provided by Hungrana (Szabadegyh§za, 

Hungary), and it was utilized for our wet granulation experiments. Additionally, anhydrous Ŭ-

D-glucose was produced by drying the Ŭ-D-glucose monohydrate in a drying oven at 105ÁC for 

24 hours. 

3.1.2 Excipients 

Two different, water-soluble polymers, vinylpyrrolidone-vinyl acetate 6:4 copolymer 

(poly(vinylpyrrolidone-co-vinyl acetate), PVPVA64) and hydroxypropyl methylcellulose 

(HPMC), were used as excipients for the ES of ITR. Both materials are widely applied in the 

pharmaceutical industry, with numerous examples of ES application.[248,249] The PVPVA64 

and the HPMC (type: HPMC 2910, apparent viscosity: ~4000 mPas) used in this work were 

provided by Sigma-Aldrich (Burlington, United States). 

Various granulation excipients were used as multiple granulation systems were investigated. 

The excipients and APIs applied in each system are summarized in Table 1. Ŭ-lactose 

monohydrate, a commonly applied granulation and tableting excipient, was utilized as a diluent. 

Two types of lactose (GranuLacÈ 70 and GranuLacÈ 230) with different particle sizes were 
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used, both provided by Meggle Pharma (Wasserburg, Germany). Corn starch (type: Maize 

Starch Extra White), supplied by Roquette Pharma (Lestrem, France), was also utilized as a 

diluent and disintegrant in wet granulation experiments. Polyvinylpyrrolidone (PVP K30, 

KollidonÈ 30) was used as a binder, and cross-linked polyvinylpyrrolidone (crospovidone, 

KollidonÈ CL) as a disintegrant, both obtained from BASF (Ludwigshafen, Germany). Multiple 

types of polyethylene glycol (PEG) with different molecular weights (PEG 3000, PEG 6000, 

and PEG 20 000) were utilized as a binder for the melt granulation experiments, all supplied by 

Merck Ltd. (Budapest, Hungary). It should be noted that PEG also has lubricating properties. 

Thus, when applied in large quantities, it also functioned as a lubricant. 

3.1.3 Other materials 

Dichloromethane (DCM) and absolute ethanol were applied as solvents for the ES experiments, 

while 37% w/w hydrochloric acid (HCl) was used to prepare the dissolution medium. All 

solvents, supplied by Merck Ltd. (Budapest, Hungary), were analytical grade and were utilized 

without further purification. Distilled water was also used to prepare the dissolution medium 

and as granulation liquid, either alone or as a solvent. 

3.2 Methods 

3.2.1 High-speed electrospinning  

Although the primary objective of this research was the investigation of TSG, ES was also 

employed to improve the initial, poor dissolution properties of ITR before granulation. Two 

types of electrospun fibers were prepared: one containing PVPVA64 and another containing 

HPMC as ES excipients. 

PVPVA64-containing fibers were produced in a high-speed electrospinning (HSES) device 

equipped with a rotating, round-shaped stainless-steel spinneret (d = 34 mm) with 36 orifices 

(d = 500 ɛm) connected to a high-speed motor. During the experiments, the rotation speed of 

the spinneret was fixed to 40 000 rpm, and 40 kV voltage was applied. The apparatus was also 

combined with a cyclone, and a constant 120 m3/h gas flow provided by a fan supported the 

collection of the electrospun material at the bottom of the cyclone. The solid material 

concentration of the ES solution was 0.376 g/ml. The solution was prepared by dissolving the 

solid materials (40% w/w ITR and 60% w/w PVPVA64) in a mixture of DCM and ethanol 

(volume ratio of 2:1). The solution was added to the system with a built-in peristaltic pump 
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(WatsonīMarlow Fluid Technology Group, Hungary) with a flow rate of 1000 mL/h, resulting 

in a productivity rate of 200 g/h. 

The production of the HPMC-containing fibers was carried out in a laboratory-scale HSES 

device also equipped with a round-shaped, stainless-steel spinneret (d = 34 mm) connected to 

a high-speed motor (Unitronik Ltd., Hungary). The spinneret contained eight orifices (d = 330 

ɛm), the rotation speed was fixed at 15 000 rpm and 35 kV voltage was applied. The electrospun 

fibers were collected on a grounded collector covered with aluminium foil that was placed 35 

cm from the spinneret in a horizontal arrangement. The solid material concentration of the ES 

solution was 0.125 g/ml (containing 40% w/w ITR and 60% w/w HPMC), with the solids 

dissolved in a mixture of DCM and ethanol (volume ratio of 1:1). The solution was fed to the 

system with a peristaltic pump (WatsonīMarlow Fluid Technology Group, Hungary) with a 

flow rate of 300 mL/h. All ES experiments were performed at an ambient temperature. Around 

150 g of electrospun fibre was prepared in each experiment. 

Before further processing, each batch of ITR-loaded fibers was milled in a QUICKmill Lab 

multifunctional milling apparatus (described in Section 3.2.2.4). The equipment was operated 

in oscillating mode, applying 200 cycle/min milling rate and using a sieve with holes of 2.0 

mm. The amorphous state, the fibrous structure, and the improved dissolution properties 

remained during this milling process, as demonstrated by previous studies.[187,250,251]  

3.2.2 The continuous granulation line 

The main focus of this research was the investigation of a fully continuous, integrated 

manufacturing line based on TSG (Figure 7). 

 
Figure 7: The fully continuous, integrated granulation line. 
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After slight modifications, various studies have been conducted on the continuous line: it was 

utilized for the melt granulation of electrospun material, the melt granulation of caffeine, the 

wet granulation of glucose, and the wet granulation of a placebo system. It should be noted that 

in some experiments, only parts of the continuous powder-to-tablet line were used, and the 

system was slightly altered (e.g., multiple different feeders were utilized). The details of each 

investigation, with the experiment setups and the performed experiments, are summarized in 

Section 3.2.3. 

3.2.2.1 Feeders 

Three feeders, a DDW-MD0-MT type gravimetric feeder (Brabender Technologie, Germany), 

a K-SFS-24 type gravimetric feeder (K-tron, Switzerland), and a LABORETTE 24 type 

vibratory feeder (Fritsch GmbH, Germany) were utilized to add the solid materials into the 

hopper of the granulator. Both the Brabender and the K-tron feeder were suitable for accurate 

gravimetric feeding; however, higher feed rates could only be achieved with the K-tron feeder. 

While the vibratory feeder did not allow for as precise control over the feed rate, it was the only 

option for feeding the electrospun material, as the gravimetric feeders would have compromised 

the fibrous structure. While the vibratory feeder could be equipped with either a U- or a V-

shaped chute, the electrospun material was fed using the V-shaped chute in all cases. 

3.2.2.2 Twin-screw granulator 

The granulation was carried out in a multifunctional TS16-type twin-screw granulator 

(QuickExtruder, 2000 Ltd, Hungary) equipped with parallel rotating screws. The granulator had 

a 16 mm screw diameter, 400 mm length (25 length-to-diameter), and consisted of 4 heating 

zones, where the temperature could be individually controlled. During wet granulation, 

granulation liquid was added to the second zone of the granulator through a silicone tube with 

a 3.1 mm inner diameter by a peristaltic pump (Watson-Marlow 120 U, USA). The peristaltic 

pump was calibrated before each experiment, and the feed rate was set accordingly to provide 

adequate liquid-to-solid (L/S) ratios. 

The screw configuration of the granulator was alterable as it consisted of various screw 

elements that could be arranged freely. Four different screw configurations (A, A+, B, C) were 

applied, all comprising three conveying zones (CZs) and two kneading zones (KZs). The base, 

óAô configuration and óA+ô configuration were very similar, only differing in a reverse 

conveying element added after the first KZ in óA+ô configuration. This element prompted the 

reverse conveying of the material, thereby increasing the pressure and residence time in the 
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equipment significantly. óAô and óA+ô screw configurations are illustrated in Figure 8, and the 

details of the applied screw elements are shown in Figures S1 and 2 of Supplementary Material. 

 
Figure 8: The (a) óAô  and (b) óA+ô screw configurations, each consisting of 3 CZs and two 

KZs. After the first KZ, óA+ô configuration also contains a reverse conveying element. 

In óAô and óA+ô configurations, both KZ comprised five kneading discs with a 45Á forward 

angle offset between the neighbouring elements (Figure 9a). The forward offset angle means 

that the outer lobes of the kneading elements and the flights from the feeding screws rotated in 

the same direction.[252] This configuration, therefore, not only facilitates kneading but also 

supports the forward conveying of the material. In the 'B' and 'C' configurations, the CZs and 

the second KZ were the same. However, in these configurations, the first KZ was modified to 

increase the pressure in the equipment and aid the granule formation. In the óBô' configuration, 

the first KZ consisted of 4 discs with a 90Á angle offset (not promoting either forward or reverse 

conveying), while the last disc was placed with a 45Á reverse angle offset (Figure 9b). In the 'C' 

configuration, all the discs of the first KZ are placed with a 45Á reverse angle offset (Figure 9c) 

to promote reverse conveying, thereby significantly increasing the pressure in the equipment. 
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Figure 9: Configurations of the KZs: (a) 5 discs with a  45Áforward offset (used as the first KZ 

in óAô and óA+ô configuration and the second KZs in all configurations); (b) 4 discs with a 

90Á offset and one disc with a 45Á reverse offset (used as the first KZ in óBô configuration); 

(c) 5 discs with a 45Áreverse offset (used as the first KZ in óCô configuration). 

3.2.2.3 Continuous horizontal fluidized bed dryer 

After granulation, granules were dried in a continuous horizontal fluidized bed dryer (Quick 

2000 Ltd., Hungary), where the material was transported by a vibrating perforated metal belt ï 

comprising a five-layered sintered mesh, with the top layer featuring the smallest (10 Õm) pore 

size  ï applying 50 Hz vibration intensity. Simultaneously, the granules were dried by a vertical 

airflow, which passed through the small holes of the perforated conveying belt without 

interfering with the transport of the granules. The continuous dryer was divided into four drying 

zones with separate filter bags, where the temperature and the flow rate of the drying air could 

be controlled individually. During melt granulation, the dryer was used as a cooler to cool down 

the granules by applying supply air at room temperature. It should be noted that the dryer was 

modified during the studies, which led to quicker granule transport, decreasing the residence 

time in the equipment despite applying the same vibration intensity (50 Hz). The modified dryer 

was used for the second study investigating the granulation of glucose(3.2.3.4) and for part of 

the experiments performed during the granulation of the placebo system(3.2.3.5). 

3.2.2.4 Continuous mill  

After drying (or cooling), the granules were milled in a continuous milling device (Quick 2000 

Ltd., Hungary) using a sieve size of 800 Õm. The mill was operated in oscillating mode, and 

the oscillation speed of the mill could be altered before each experiment. 

3.2.2.5 Vibratory feeder 

The granules were transported after milling by the vibratory feeder (described in Section 

3.2.2.1) equipped with the U-shaped chute. In some cases, a spectroscopic probe was placed 
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above the chute of the feeder to collect the spectra of the moving material; in others, it was 

solely utilized to transport the granules to the continuous tableting device. 

3.2.2.6 Tableting 

The tableting of the granules was carried out in a Dott Bonapace CPR6-type eccentric tableting 

machine (Limbiate, Italy). The tableting device was instrumented with sensors for measuring 

compression force, and round-shaped punches with various diameters could be used to press 

tablets of different sizes. The adequate tablet mass was set by adjusting the position of the upper 

and lower punches before each experiment. It should be noted that in some experiments, the 

tableting was carried out separately from the other process steps. During these cases, the tablet 

press was either operated in continuous mode or the tablets were pressed manually, 

individually. When the tableting device was integrated into the continuous line, its speed was 

adjusted to match the production rate. Otherwise, a tableting speed of 2500 tablets per hour was 

applied. 

3.2.3 Experiment setups 

Various systems were investigated with the continuous line, with slight modifications made 

(e.g., different types of feeders were used, or only part of the line was utilized). The systems 

employed for each investigation are detailed in the following sections, while the utilized 

equipment, applied configurations, APIs, and excipients are summarized in Table 1. 

Table 1: The investigated systems and the applied experiment setup of the continuous line for 

each study. 

Study Melt 

granulation of 

ES material 

Melt 

granulation 

of caffeine 

Wet 

granulation 

of glucose to 

improve 

properties 

Wet 

granulation 

of glucose to 

determine the 

crystal form 

Wet 

granulation 

of a placebo 

system with 

ANN-based 

monitoring 

Granulation 

type 

Melt Melt Wet Wet Wet 

API ITR Caffeine Glucose Glucose - 

Granulation 

excipients 

GranuLacÈ 70 

PEG 6000 

KollidonÈ CL 

 

GranuLacÈ 

230 

PEG 3000 or 

PEG 6000 or 

PEG 20 000 

KollidonÈ CL 

- - GranuLacÈ 

70 

Corn starch 

KollidonÈ 30 
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Study Melt 

granulation of 

ES material 

Melt 

granulation 

of caffeine 

Wet 

granulation 

of glucose to 

improve 

properties 

Wet 

granulation 

of glucose to 

determine the 

crystal form 

Wet 

granulation 

of a placebo 

system with 

ANN-based 

monitoring 

Other 

excipients 

PVPVA64 or 

HPMC (ES 

excipients) 

- - - - 

Solid feeder Vibratory 

feeder 

Brabender 

K-tron 

Brabender 

 

K-tron K-tron 

Peristaltic 

pump 

- - V V V 

Twin-screw 

granulator 

V V V V V 

Granulator 

screw 

configuration 

A, B, C A A, A+ A+ A 

Continuous 

dryer 

- V* (used for 

cooling) 

V V V 

Continuous 

mill  

- V V V V 

Vibratory 

feeder 

- V V (with a NIR 

probe placed 

above) 

V (with a 

Raman probe 

placed above) 

V (with a 

NIR probe 

placed 

above) 

Tableting 

device 

V* separately 

(individually, 

manually) 

V V* separately 

(in continuous 

mode) 

- - 

Details in 

Section  
3.2.3.1 3.2.3.2 3.2.3.3 3.2.3.4 3.2.3.5 

 

3.2.3.1 Melt granulation of the ES material 

For continuous melt granulation of the electrospun ITR fibers, the granulation was performed 

separately, only using the vibratory feeder and the twin-screw granulator of the continuous line.  

First, two preblends (one from the milled ITR-PVPVA64 fibers, and one from the milled ITR-

HPMC fibers) were made by mixing 35% w/w electrospun material with 50% w/w GranuLacÈ 

70 and 15% w/w PEG 6000 and homogenizing them manually for 15 minutes in batches of 

100-200 g. 

Then, the melt granulation of both preblends was carried out in the twin-screw equipment using 

the vibratory feeder to add the powder mixture into the hopper of the granulator. The feed rate 
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was set to ~570 g/h, achieved by calibrating the intensity of the vibrational amplitude of the 

feeder and testing it before each experiment. During the experiments, a 100 rpm screw rotation 

speed was applied in the granulator, and the three different screw configurations (A, B, and C) 

were utilized. To preserve the ITR-loaded fibers during melt granulation and only melt the 

binder, granulation temperatures above or around the melting point of PEG 6000 and below the 

glass transition temperature (Tg) of the ASDs were used. To further protect the fibrous structure, 

the continuous cooler and mill were not used in these experiments; instead, the samples were 

cooled at room temperature. The applied granulation temperature, screw configurations, and 

the ES excipient of the preblends for each experiment are summarized in Table 2. 

Table 2. The process parameters and produced samples of the melt granulation experiments of 

the ES material. 

Sample code The polymer used in the 

ASD 

Screw 

configuration 

Granulation 

temperature 

ITR_PVPVA64_A_50 

PVPVA64 A 

50ÁC 

ITR_PVPVA64_A_55 55ÁC 

ITR_PVPVA64_A_60 60ÁC 

ITR_PVPVA64_A_65 65ÁC 

ITR_PVPVA64_B_50 

PVPVA64 B 

50ÁC 

ITR_PVPVA64_B_55 55ÁC 

ITR_PVPVA64_B_60 60ÁC 

ITR_PVPVA64_B_65 65ÁC 

ITR_PVPVA64_C_50 

PVPVA64 C 

55ÁC 

ITR_PVPVA64_C_55 60ÁC 

ITR_HPMC_A_50 

HPMC A 

50ÁC 

ITR_HPMC_A_55 55ÁC 

ITR_HPMC_A_60 60ÁC 

ITR_HPMC_A_65 65ÁC 

Samples were collected after the system reached steady state during each experiment, which 

was determined by the residence time distribution of the process. A waiting period 

corresponding to twice the average residence time (35, 50, and 60 s for configurations A, B, 
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and C, respectively) was ensured prior to sampling. Additionally, visual observation confirmed 

the steady state, as granule formation became evident and stable after 1.5 times the residence 

time. Once steady state was reached, multiple samples (>3) were collected during each 

experiment (while applying the same process parameters). These samples were taken 1-2 

minutes apart and were evaluated separately. As no significant differences were found, only the 

average results for each experiment are presented. 

Finally, the granules with the best dissolution and flow properties (sample code: ITR-

HPMC_A_60) were divided into two halves. The first half was compressed into tablets using 

10 mm round-shaped punches with a compression force of approximately 10 kN (9.3 Ñ 1.2 kN) 

to prepare 357.1 mg biconvex tablets (50 mg dosage). The other half of the ITR-HPMC_A_60 

granules was supplemented with crospovidone (a mixture of 10% w/w KollidonÈ CL and 90% 

w/w granules was prepared), and tablets (396.8 mg with 50 mg dosage) were pressed from the 

mixture using the same parameters. All the tablets were pressed individually and manually, 

while the compression force was registered for each tablet. 

3.2.3.2 Melt granulation of caffeine 

The melt granulation of caffeine was investigated using the complete powder-to-tablet line 

(described in Section 3.2.2). Since melt granulation was performed, the continuous dryer solely 

functioned as a cooler to cool down the granules. The schematic drawing and photo of the 

applied system are illustrated in Figure 10. 

 
Figure 10: The (a) schematic drawing and (b) photo of the modified continuous line used for 

the melt granulation of caffeine consisting of (1) a gravimetric feeder, (2) a twin-screw 

granulator, (3) a horizontal fluidized bed dryer used for cooling, (4) an oscillating mill, (5) a 

vibratory conveying feeder, (6) and tableting device. 

First, three preblends were prepared by manually homogenizing each type of PEG (PEG 3000, 

PEG 6000, and PEG 20 000) with lactose, caffeine, and crospovidone for 15 minutes in batches 

of approximately 2 kg. Prior to blending, all types of PEG were milled using the continuous 
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oscillating milling device (described in Section 3.2.2.4) with a sieve size of 800 Õm to reduce 

their particle size.  The composition of the mixtures was the following: 65% w/w lactose, 15% 

w/w caffeine, 15% w/w PEG, and 5% w/w crospovidone. 

Pre-experiments were performed with all the preblends to identify the most suitable binder for 

the systems. During these pre-experiments, the granulation was carried out separately (using 

the Branbeder feeder with 0.5 kg/h feed rate and applying óAô screw configuration, 100 rpm 

rotation speed, and 120ÁC in the granulator), and the granules were cooled on trays at room 

temperature. Each pre-experiment yielded 200 g of granules, which were subsequently milled 

(with 150 L/min oscillation speed) and pressed into tablets with varying compression forces. 

Additionally, tablets were pressed from the preblends. 

In the main experiments (Experiments C.1-C.10), only the mixture containing PEG 20 000 was 

utilized, and granulation was integrated with the other process units. During Experiments C.1-

C.4, the tableting was performed separately (although still in continuous mode), as the goal of 

these experiments was to identify the optimal operation parameters. Then, Experiments C.5-

C.10 were carried out with the connected, fully continuous system (Figure 10). 

In Experiments C.1-C.7, the Brabender gravimetric feeder was used, while Experiments C.8-

C.10 employed the K-tron gravimetric feeder to achieve higher mass flow rates. Throughout all 

experiments, óAô screw configuration was used, and the cooling was carried out with room 

temperature supply air at a 120 L/min airflow rate at each zone. The continuous mill was 

operated with a 150 L/min oscillation speed. The milled granules were transported to the 

tableting device with the vibratory feeder, where tablets with a target weight of 600 mg (90 mg 

caffeine dose) were pressed continuously using 14 mm round-shaped punches at a compression 

force of 5 kN. The operation parameters of the experiments are summarized in Table 3. 

Table 3: The process parameters of the melt granulation experiments using caffeine. 

Experiment 

number 

Feed rate of the pre-blend 

mixture (kg/h) 

Rotation speed of 

granulator  (rpm) 

Granulation 

temperature (ÁC) 

C.1 0.5 100 40 

C.2 0.5 100 60 

C.3 0.5 100 80 

C.4 0.5 100 100 

C.5 0.5 100 120 

C.6 1 200 120 

C.7 3 600 120 

C.8 4.5 900 120 

C.9 8 900 120 

C.10 8 900 150 
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It should be noted that the system was only stopped between Experiments C.4 and C.5, and 

again between C.8 and C.9 to empty and refill the hopper of the feeder. During the three 

intervals (C.1-C-4, C.5-C.8, and C.9-C.10), the process parameters were changed without 

interrupting the system. After each adjustment, the material was not collected for 5 minutes to 

allow the system to reach steady state. Subsequently, 0.5 kg of material was produced at each 

parameter set, and samples were collected manually throughout. In some cases, the feeder was 

refilled during production. For these refills, the feeders automatically switched from 

gravimetric to volumetric feeding (for 10-20 s), allowing the refill to occur without disruption. 

3.2.3.3 Wet granulation of glucose to improve granule and tablet properties 

The wet granulation of glucose granules was carried out using most parts of the continuous line. 

In these experiments, the Brabender feeder was applied, and the peristaltic pump was used to 

add the granulation liquid (distilled water) to the second zone of the granulator. Additionally, 

the NIR probe (detailed in Section 3.2.5.2) was placed above the chute of the vibratory feeder 

to enable the in-line process monitoring. The modified setup is illustrated in Figure 11. 

 
Figure 11: The (a) schematic drawing (a) and photo (b) of the modified continuous 

manufacturing line used for the granulation of glucose consisting of (1) a gravimetric feeder, 

(2) a peristaltic pump, (3) a twin-screw granulator, (4) a fluidized bed dryer, (5) an oscillating 

mill, (6) a vibratory conveying feeder and (7) a NIR spectroscope connected to a computer. 

During all the experiments, a constant 0.064 L/S ratio was used. This ratio was chosen to make 

our process easily integrable into the current industrial crystallization of glucose. In the 

industrial crystallization of the glucose, the last processing step before drying, the centrifugation 

of the glucose syrup, results in 14% w/w water containing glucose.[226] Our goal was to design 

a system based on the same water-glucose ratio as the centrifuged material, thereby enabling 

our line to be easily inserted into the manufacturing process. That way, the drying step could 

be completely skipped, and the remaining water content could be used as granulation liquid. To 

determine the adequate L/S ratio, the initial water content of the initial, dry glucose 
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monohydrate was measured by loss-on-drying (LOD) measurements (detailed in Section 

3.2.4.7). It was revealed that the solid glucose already contained 8.5% w/w water (including 

both the crystalline water and the additional moisture bound to the surface). Therefore, the 

liquid feeding (the feed rate of the peristaltic pump) was adjusted to achieve an L/S ratio of 

0.064, thereby providing 14% w/w water in the granulator. 

First, preliminary experiments were carried out using óAô screw configuration and varying the 

granulation temperature (from 60 to 80ÁC) and the rotation speed of the granulator (50 to 200 

rpm) in a wide range. However, as these experiments led to poor results (poor flowability and 

tablet breaking force), the screw configuration was changed to the óA+ô configuration.  

The process parameters of the main experiments, all performed with óA+ô screw configuration, 

are summarized in Table 4. Each experiment yielded approximately 150 g of granules. 

Experiments G.1-G.6 focused on evaluating the effect of the granulation temperature. The 

primary objective was to identify the appropriate granulation parameters; therefore, the 

continuous dryer was not used here. Instead, samples were air-dried on trays at room 

temperature (RH = 45 Ñ 5%), followed by continuous milling with 200 1/min oscillation speed. 

Next, experiments were carried out using the identified optimal granulation temperature 

(Experiments G.7-G.10) with the complete continuous line (Figure 11). An airflow rate of 120 

L/min was used in the dryer, with the drying air temperature set to 25ÁC in the last zone, and 

varied between 25ÁC and 95ÁC in Zones 1ï3 to assess its impact. The continuous mill was 

operated with a 200 1/min oscillation speed. 

Finally, scale-up experiments were also performed (Experiments G.11-G.12). During these 

experiments, wet glucose was utilized, to more accurately model the centrifugated material of 

the crystallization process. To accomplish this, water was added to the dry glucose before the 

experiments to reach a 14% w/w water content, and the wet material was fed into the hopper 

manually, eliminating the need for the peristaltic pump. 

Table 4: The process parameters of the performed wet granulation experiments of glucose. 

Experiment Feed rate of 

glucose (kg/h) 

Rotation speed of 

granulator  (rpm) 

Granulation 

temperature (ÁC) 

Drying 

G.1 1 100 55 air drying*  for 3 days 

G.2 1 100 60 air drying*  for 3 days 

G.3 1 100 65 air drying*  for 3 days 

G.4 1 100 55 air drying*  for 1 day 

G.5 1 100 60 air drying*  for 1 day 

G.6 1 100 65 air drying*  for 1 day 

G.7 1 100 55 continuous drying,  25ÁC 

in Zones 1-3 
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Experiment Feed rate of 

glucose (kg/h) 

Rotation speed of 

granulator  (rpm) 

Granulation 

temperature (ÁC) 

Drying 

G.8 1 100 55 continuous drying at 

60ÁC in Zones 1-3 

G.9 1 100 55 continuous drying at 

85ÁC in Zones 1-3 

G.10 1 100 55 continuous drying at 

95ÁC in Zones 1-3 

G.11 3**  200 55 continuous drying at 

85ÁC in Zones 1-3 

G.12 3**  200 50 continuous drying at 

85ÁC in Zones 1-3 

* room temperature, 45 Ñ 5% RH 

** the glucose and the granulation liquid were mixed prior to the process and were fed together 

The tableting of the granules was carried out separately but in continuous mode using 14 mm 

round-shaped punches and 22-26 kN compression force, targeting a tablet weight of 750 mg. 

3.2.3.4 Wet granulation of glucose to investigate the crystal form of the granules 

The granulation of glucose (described in Section 3.2.3.3) was repeated with slight modifications 

to investigate the crystal form of the s in the granules. The main change was that instead of the 

NIR probe, a Raman probe was placed above the vibratory feeder to enable the in-line and real-

time monitoring of the crystal form of the glucose in the granules. The applied Raman 

equipment and the spectra collection parameters are detailed in Section 3.2.5.3. The schematic 

drawing and pictures of the complete continuous system are illustrated in Figure 12. 

 
Figure 12: The schematic drawing (a) and photos (b and c) of the continuous system 

consisting of (1) a gravimetric feeder, (2) a peristaltic pump, (3) a twin-screw granulator, (4) a 

continuous fluidized bed dryer, (5) an oscillating mill, (6) a vibratory conveying feeder, (7) a 

Raman spectroscope and a connected to a computer. 

During these experiments, the K-tron feeder was used and óA+ô screw configuration was 

applied in the twin-screw granulator. All the experiments were carried out applying 100 rpm 

screw speed, 0.064 L/S ratio and no heating in the granulator (as it was revealed that the high 

shear forces increased the temperature to the adequate level without applying heating). 
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The drying air temperature was kept consistent across the four zones of the dryer, beginning at 

60ÁC and then gradually increasing to 80ÁC, 100ÁC, and 120ÁC in subsequent stages. The flow 

rate of the drying air was kept at 120 L/min in all zones, and the milling was performed with a 

200 1/m oscillation speed. At each drying temperature ï after the system reached steady state ï 

samples were collected to investigate their anhydrous content with off-line analytical methods. 

3.2.3.5 Wet granulation of a placebo system to develop ANN-based, data-driven soft sensors 

Finally, the continuous line was used for the granulation of a placebo system. The experiment 

setup (Figure 13) was similar to the setup used for the wet granulation of glucose (Sections 

3.2.3.3 and 3.2.3.4), with the NIR probe fixed above the chute of the vibratory feeder to collect 

the spectra of the moving material. Additionally, all the process parameters were collected with 

a SIMATIC SIPAT software (detailed in Section 3.2.6.1) throughout all the experiments. 

 
Figure 13: The (a) schematic drawing and (b) photos of the continuous system consisting of 

(1) a gravimetric feeder, (2) a peristaltic pump, (3) a twin-screw granulator, (4) a continuous 

fluidized bed dryer, (5) an oscillating mill, (6) a vibratory conveying feeder, (7) a near-

infrared spectroscope connected to a computer. 

The solid phase, comprising Ŭ-lactose and corn starch (manually homogenized in batches of 2 

kg for 15 minutes), was fed into the hopper of the granulator using the K-tron feeder. 

Simultaneously, the granulation liquid (75 g PVP K30 dissolved in 200 mL distilled water) was 

added with the peristaltic pump to the second zone of the granulator, where óAô screw 

configuration was applied. The continuous dryer and mill were used in all experiments, 

applying 150 1/min oscillation speed in the mill. 

It is important to note that the continuous dryer was modified during this study (between 

Experiments P.3 and P.4); therefore, Experiments P.1-P.3 and P.4-P.6 were evaluated 

separately. The modification led to faster granule transport, decreasing the residence time in the 

complete continuous line (determined by applying impulse disturbances[253]) from 120 to 70 
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s. Additionally, during Experiments P.1-P.3, the temperature of the last zone was fixed at 25ÁC, 

whereas in Experiments P.4-P.6, it was adjusted to align with the other zones. 

Six experiments were performed, each varying four key process parameters: the powder mass 

flow, the L/S ratio, and the temperature and flow rate of the drying air. The applied process 

parameters of each experiment are summarized in Table S1 of Supplementary material. 

3.2.4 Off-line analytical methods 

3.2.4.1 Scanning electron microscopy 

The morphology and the size of the physical mixtures, electrospun and granule samples were 

investigated using a JEOL 6380LA (JEOL, Japan) type scanning electron microscope. The 

investigated specimen was fixed with conductive double-sided carbon adhesive tape and 

sputtered with gold to avoid electrostatic charging. The measurements were carried out in high 

vacuum, with a 10-15 mm working distance and 15 kV accelerating voltage. During the 

investigation of the electrospun fibers, the average fiber diameter was calculated by performing 

a randomized diameter determination method.[254] 

3.2.4.2 Polarized optical microscopy 

Amplival Carl Zeiss type (Jena, Germany) polarized optical microscopy (POM) was also utilized 

for examining the morphology and investigating the crystalline form of granules. The polarized 

optical microscope was equipped with an OLYMPUS C4040 Z-type camera, and DP-Soft 

software was used for the evaluation. For the measurements, the specimen was dispersed in 

silicone oil to avoid the aggregation of the particles. 

3.2.4.3 Differential scanning calorimetry 

The differential scanning calorimetry (DSC) measurements were carried out using a DSC3+ 

(Mettler Toledo AG, Switzerland) equipment. Samples with ~ 9-10 mg weight were measured 

in 40 ÕL pierced aluminium pans while increasing the temperature from 25ÁC to 180 ÁC with a 

10ÁC/min heating rate. During the measurements, the chamber was flushed with nitrogen gas 

using a 25 mL/min flow rate. Additionally, samples containing the reference Ŭ-D-glucose 

monohydrate and anhydrous Ŭ-D-glucose with 0% w/w, 20% w/w, 40% w/w, 60% w/w, 80% 

w/w, and 100% w/w anhydrous content were also measured, and a linear calibration was fitted 

to the measured values. Each sample was measured in triplicate. 

Modulated differential scanning calorimetry (MDSC) measurements were also performed using 

the same DSC machine in a stochastic temperature modulation (TOPEMÈ) mode. Samples with 

9-14 mg weight were measured in pierced 40 ÕL aluminium pans while the chamber was 
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flushed with nitrogen using a 50 mL/min gas flow rate. During the measurements, the 

temperature was increased from 0ÁC to 250 ÁC with a 2 ÁC/min overall heating rate, while a 

1ÁC pulse height was used (the temperature was modulated by Ñ 0.5 ÁC). The frequency of the 

modulation fluctuated randomly between 15 and 30 seconds. 

3.2.4.4 Thermogravimetric analysis 

The thermogravimetric analysis (TGA) of granules was performed using a Q5000 TGA 

instrument (TA Instruments, USA). The samples with ~ 9-10 mg weight were heated from 25ÁC 

to 110ÁC with a 10 ÁC/min heating rate followed by an isotherm period at 110ÁC for 60 minutes. 

During the measurements, 25 mL/min nitrogen flush was applied. 

3.2.4.5 X-ray powder diffraction 

The X-ray powder diffraction (XRPD) patterns of granules and reference samples were 

investigated with a PANalytical X'Pert Pro MDP-type X-ray diffractometer (Almelo, The 

Netherlands) using Cu-KŬ radiation (1.542 ¡) and Ni filter in reflection mode. During the 

measurements, 40 kV voltage and 30 mA current were applied. The samples were analyzed 

between 2ɗ angles of 2Á and 42Á with a step size of 0.0167Á. 

A calibration model to determine the anhydrous content of the granule was developed in 

MATLAB 9.11. program (MathWorks, USA) with PLS Toolbox 9.0. (Eigenvector Research, 

USA) using the Classical Least Squares (CLS) regression method. The XRPD patterns of the 

reference Ŭ-D-glucose monohydrate and anhydrous Ŭ-D-glucose were investigated with the 

same parameters applied to the granules, and they were used as pure spectra in the model. The 

investigated range of the model was 2ɗ = 19.04-22.05Á, while Automatic Whittaker Filter 

baseline correction (p = 0.001 and ɚ = 106) and normalization to the unit area were applied as 

preprocessing methods. 

3.2.4.6 Laser diffraction 

Particle size distribution was examined using a Malvern Mastersizer 2000 (Malvern 

Instruments Ltd., UK) laser diffraction particle size analyzer with a detection range of 0.02-

2000 Õm. For each measurement, around 1-2 g samples were transported into the equipment 

with a vibratory Malvern Scirocco 2000 dry powder feeder (Malvern Instruments Ltd., UK) 

with 75% intensity of the vibrational amplitude. Glucose samples were investigated with a 

measurement time of 30 seconds and a background recording time of 30 seconds, under an 

applied pressure of 1.5 bar. For ITR samples, the measurement time was 60 seconds with 45 

seconds of background recording, and the applied pressure was 0.4 bar. Caffeine samples were 
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measured in triplicate using a measurement time of 30 seconds with 30 seconds background 

recording and 0.4 bar pressure. Results were reported as averages Ñ standard deviations (SDs). 

Particle size distributions were characterized using the d(10), d(50), and d(90) values, indicating 

the 10%, 50%, and 90% cumulative undersize of the volumetric distribution, respectively. 

3.2.4.7 LOD measurements 

The remaining granule moisture content was determined using LOD measurements. Samples 

of 2-3 g, collected at the end of the continuous line, were dried for 24 hours in a preheated oven 

set to 105ÁC. The mass of the samples was measured before and after drying using an analytical 

scale, and the moisture content was calculated from the difference. Additionally, unprocessed 

glucose and the physical mixture of the placebo system were also analyzed using the same 

method. 

It should be noted that under these conditions, the glucose monohydrate fully converted into 

anhydrous form. Thus, for the glucose samples, the total water content was measured, including 

both the crystalline water and the moisture bound to the surface. 

3.2.4.8 Bulk and tapped density tests 

The bulked and tapped densities (ɟbulk and ɟtapped)[255] were measured by an ERWEKA SVM12 

type tapped density tester (Erweka, Germany), and the flowability and compressibility were 

determined by calculating the Hausner ratios[256] and Carr's indexes[257] (Table 5). 

Table 5. The flowability characteristics based on Carr's indexes and Hausner ratios. 

Carr 's index (%) Hausner ratio (-) Flowability  

>38 >1.6 Very. very poor 

32-37 1.46-1.59 Very poor 

26-31 1.35-1.45 Poor 

21-25 1.26-1.34 Passable 

16-20 1.19-1.25 Fair 

11-15 1.12-1.18 Good 

<=10 1.00-1.11 Excellent 

3.2.4.9 Flowablity 

The flowability of the powder was also assessed by measuring the required time for samples of 

100 g powder to flow through a funnel with 10 or 15 mm diameter. While the standard 10 mm 

funnel was used for most measurements, the unprocessed glucose and the ES material were 

measured with the 15 mm funnel due to their poor flow properties. Given the limited quantity 

of ES material, the ITR samples were measured using a smaller but known amount of material 

(10-20 g per measurement). All samples were measured in triplicate. 
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3.2.4.10 Porosity 

The true density of the ITR samples was measured with an Anton Paar Ultrapyc 5000 II type 

gas pycnometer (QuantaTec, USA), applying helium gas. The porosity was determined using 

Equation 1, with ‐ indicating the porosity, ”  the bulk density, and ”  the true density. 

‐ ρ ϽρππϷ (1) 

3.2.4.11 Characterization of tablet mechanical properties 

The breaking force of tablets was measured using a Dr. Schleuniger THP-4M tablet crushing 

tester (Dr. Schleuniger Productronic, Switzerland). Multiple measurements were carried out for 

each sample: 5 tablets for caffeine and glucose, and 10 tablets for ITR, with the average 

breaking force calculated. In some cases, the tensile strength was also determined for 

comparative purposes using Equation 2, where „ represents the tensile strength of the tablet, 

F is the breaking fore, D is the diameter, and H is the height of the tablets. 

„  (2) 

Additionally, the friability of tablets was evaluated with a Pharma Test PTF 20E type friability 

tester (Pharma Test, Germany), using 10 tablets and applying 100 rotation rounds in each case.  

3.2.4.12 In vitro dissolution test 

The dissolution properties of ITR samples were investigated with a Pharma Test PTWS 600 

dissolution tester (Pharma Test Apparatebau AG, Germany). The concentration of dissolved 

ITR was measured on-line, using an Agilent 8453 UV-Vis spectrophotometer (Agilent 

Technologies, USA) connected to the dissolution tester through a flow cell system. Each sample 

was investigated with a previously developed, so-called 'tapped basket' method[177], which 

combines elements of the basket and the paddle apparatus (United States Pharmacopoeia I and 

II [258]). 900 ml of 0.1 M HCl kept at 37 Ñ 0.5ÁC temperature was used as dissolution media 

with the stirrer speed set to 50 rpm. Samples of 50 mg from the crystalline ITR, 125 mg from 

the milled electrospun fibers, and 357.1 mg from the preblends and granules were measured, 

ensuring an ITR content of 50 mg in all cases. The concentration of the dissolved ITR was 

determined in real-time, using a preliminary built calibration based on the absorbance at 254 

nm wavelength, with 100% dissolution corresponding to the total dissolution of the target dose 

of ITR (50 mg). The dissolution properties of the ITR tablets were examined using the same 

equipment and method, but applying the paddle apparatus (USP II) and a 100 rpm rotation 

speed of the paddles. All samples were examined in triplicate. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pycnometer
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The dissolution properties of the caffeine tablets were investigated with a different equipment, 

a Hanson SR8-Plus dissolution tester (Hanson Research, USA). The measurements were carried 

out using the paddle method with 900 mL distilled water used as dissolution medium, kept at a 

constant temperature of 37 Ñ 0.5 ÁC and stirred at 100 rpm. The concentration of the dissolved 

caffeine was measured on-line by an Agilent 8453 UV-Vis spectrophotometer (Hewlett-

Packard, USA), connected to the dissolution tester through flow cells. The concentration of the 

dissolved caffeine was calculated in real time using a preliminarily built calibration at a 

wavelength of 272 nm, with 100% dissolution corresponding to the total dissolution of the 

target dose of the API (90 mg). All  tablets were examined in triplicate. 

3.2.5 In-line analytical methods applying PAT tools 

3.2.5.1 Thermal imaging camera 

As the continuous dryer was used for cooling during the melt granulation of caffeine, the 

effectiveness of the cooling system was investigated with a FLIR T660 type thermal imaging 

camera (FLIR, USA). The temperature of the granulator, the granulated material, and the cooled 

granules were investigated after applying different granulation temperatures and feed rates. 

Additionally, a conventional thermometer was inserted into the material flow to validate the 

thermal imaging measurements. 

3.2.5.2 Near-infrared spectroscopy 

The moisture content of the granules, a characteristic influencing important CQAs, was 

monitored in-line and real-time during the granulation of the glucose and the placebo system 

using a Bruker MPA II Multi Purpose Fourier-transformed Near Infrared (FT-NIR) Analyzer 

(Bruker Optik GmbH, Germany) with a high-intensity NIR source (Tungsten) and PbS detector. 

The NIR probe was positioned above the U-shaped chute of the vibratory feeder to enable the 

direct spectra collection from the moving material during the granulation of glucose and the 

placebo system. The spectra were collected in reflection mode in the 4000-12 500 cm-1 spectral 

range with 8 cm-1 resolution, and 8 scans were accumulated with double-sided, forward-

backward acquisition mode (resulting in an approximately 9 s of acquisition time). The spectra 

accumulation was carried out using OPUSÈ 7.5 software (Burker Optik GmbH, Germany), and 

the relationship between the spectra and moisture content was determined with PLS regression 

using the spectra as dependent and the moisture content as independent variable. 

The placebo system was first evaluated with a PLS model developed for a previous study 

investigating the same system[259]. However, the differences in the material (new batches were 
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used for this research) and the slight changes in the equipment and experiment setup impaired 

the prediction performance. Given our goal to detect small differences, the model was modified 

and complemented with new calibration samples to enhance accuracy. The additional 

calibration data (the moisture content and spectra pairs) were gathered during Experiment P.1 

while the continuous line was in operation. The granulation temperature, the rotation speed of 

the granulator, the drying temperature, and the L/S ratio were altered in a wide range, thus 

different moisture contents could be detected. Simultaneously, samples of 1-2 g were taken 

manually for off-line LOD measurements (detailed in Section 3.2.4.7) as a reference method to 

determine their residual moisture content. Thereby, the correlation between the spectra and the 

corresponding moisture content could be determined. Additionally, the spectra of dry (not 

granulated) samples were also collected, and their moisture content was determined by LOD 

measurements to expand the investigated moisture content range further. These measured 

moisture content values and the corresponding spectra were added to the original calibration 

dataset, increasing the number of the calibration sample from 70 to 90 and covering a moisture 

content range of 0% w/w to 10.57% w/w. Validation measurements were also carried out to 

further confirm the goodness of the model by collecting the spectra during continuous 

operation, with off-line LOD measurements taken for comparison. The predicted moisture 

contents of twenty-one validation samples were compared to those obtained from the LOD 

measurement, covering a moisture content range of 1.06% w/w to 6.38% w/w. 

The calibration data for the glucose system was collected similarly in-line, while the process 

parameters were altered in a wide range. In that case, 45 spectra were collected to build a PLS 

model, covering a residual moisture content range of approximately 6% w/w to 10% w/w. 

After building the PLS models (detailed in Section 3.2.5.4), both models were used for the real-

time detection of the moisture content by applying two in-house developed MATLAB  

scripts.[53,253] The first script imported the collected spectra into the MATLAB  program 

during the granulation process, while the second script performed the chemometric analysis. 

3.2.5.3 Raman spectroscopy 

The anhydrous content of the glucose granules was also monitored in-line and real-time using 

Raman spectroscopy. The Raman probe was placed above the vibratory feeder the same way 

as the NIR probe, and the spectra collection was performed using a Kaiser RamanRxn2È Hybrid 

in situ analyzer (Kaiser Optical Systems, USA) equipped with a Pharmaceutical Area Testing 

(PhAT) probe. The measurements were carried out in reflection mode with 400 mW 

illumination using a 785 nm diode laser (Invictus). The laser spot size was set to a diameter of 
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6 mm, with a nominal focal length of 250 mm. The investigated spectral range was 200ï1890 

cmī1 with 4 cmī1 resolution. The spectra collection was carried out with a 5-second acquisition 

time applying two scans. The evaluation of the collected spectra was carried out with a PLS 

model, similarly to the evaluation of the NIR spectra. 

The PLS model was built based on the spectra of calibration samples collected prior to the 

experiment. These calibration samples had 0, 20, 40, 60, 80, and 100% w/w anhydrous content, 

and they were obtained by mixing and homogenizing anhydrous Ŭ-D-glucose and Ŭ-D-glucose 

monohydrate for 5 minutes. Additionally, the spectra of validation samples containing 12, 26, 

53, 69, and 90% w/w anhydrate were also recorded. All the samples were measured in triplicate, 

applying the same parameters described in the previous paragraph. 

After the model development (detailed in Section 3.2.5.4), the anhydrous content was 

monitored in real-time using the two in-house developed MATLAB  codes (Section 3.2.5.2). 

3.2.5.4 Multivariate data analysis 

The relationships between the NIR spectra and the moisture content (Section 3.2.3.15) and the 

Raman spectra and the anhydrous content (Section 3.2.3.16) were determined by PLS 

regression, using the spectra as independent and moisture or anhydrous content as dependent 

variable. Three models were built in MATLAB 9.7. or 9.11 program (MathWorks, USA) using 

PLS Toolbox 8.7.1. or 9.0 (Eigenvector Research, USA). The most important model parameters 

and the applied preprocessing methods are summarized in Table 6. 

Table 6: The most important parameters of the PLS models. 

 PLS_G1 PLS_G2 PLS_P 

Model application 
Glucose granulation 

(Section 4.3) 

Glucose granulation 

(Section 4.4) 

Placebo granulation 

(Section 4.5) 

Independent 

variable 
NIR spectra Raman spectra NIR spectra 

Dependent variable Moisture content 
Anhydrous glucose 

content 
Moisture content 

Softwares 
MATLAB 9.7.      PLS 

Toolbox 8.7.1 

MATLAB 9.11.      

PLS Toolbox 9.0 

MATLAB 9.11.      PLS 

Toolbox 9.0 

Variable selection 

method 

Interval PLS (forward 

mode with 30 

variables per interval) 

Manual 

Genetic algorithm 

(population size of 64, a 

variable window width 

of 10, and a maximum 

latent variables number 

of 6) 

Utilized spectra 

range (nm) 

1171-1200 1261-1290 

1321-1350 1381-1410 
1300-1500 cm-1 311-320, 561-570, 741-

750, 851-860, 871-880, 
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 PLS_G1 PLS_G2 PLS_P 

901-910, 941-950, 

1151-1160, 1201-1220, 

1241-1250, 1291-1300 

Preprocessing 

methods 

Normalization 

(Standard Normal 

Variate) 

Baseline correction 

(Automatic Whittaker 

Filter with an 

asymmetry parameter 

(p) of 0.001 and 

smoothing parameter 

(ɚ) of 106) 

Smoothing (Savitzky-

Golay filter with 2nd 

order polynomial with 

15 window width) 

Mean Centering Normalization (Area) 
Normalization (Standard 

Normal Variate) 

 Mean Centering Mean Centering 

Cross-validation 

method 

Venetian blinds (with 

10 data splits and 1 

left-out sample per 

blind) 

Venetian blinds (with 

9 data splits and 1 left-

out sample per blind) 

Venetian blinds (with 10 

data splits and 1 left-out 

sample per blind) 

Number of latent 

variables 
3 3 6 

*chosen based on the RMSECV to minimize it 

The performance of the models was evaluated by the coefficient of determination (R2), the root 

mean square error (RMSE), and the bias of the calibration curve. All these values were 

determined not only for the calibration (R2
C, RMSEC, BiasC) but for the cross-validation (R2

CV, 

RMSECV, BiasCV) and prediction (external validation samples, R2
P, RMSEP, BiasCP) too. 

Additionally, the limit of detection (LoD) and limit of quantification (LoQ) were calculated by 

Equations 3 and 4  [260], and were used to characterize the performance of the model. 

,Ï$
Ȣ

 (3) 

,Ï1  (4) 

(In the equations, ů indicates the SD, and S is the slope calculated from the measured and 

predicted concentrations.) 

The Hotelling T2 and Qresidual values ï widely applied statistical tools designed to detect out-of-

scope data during multivariate data analysis ï were also determined. The Hotelling T2 values 

show the variation inside the model (and were determined by applying the multivariate 

generalization of Student's t-test), while the Qresidual values describe the portion of variation 

unexplained by the model. High Qresidual values indicate that the collected spectra significantly 

differ from the calibration, signifying unmodelled variation or instrument failure (for example, 
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sampling error), while high Hotelling T2 values can be caused by extrapolation. Before the in-

line application of the models, limits were set to both values based on the calibration data to 

detect outliers. Then, during the in-line monitoring, the Hotelling T2 and Qresidual values were 

determined simultaneously with the predictions, and if either of these values was outside the 

set limits, the prediction was considered invalid. 

3.2.6 ANN 

The main goal of the study investigating the placebo system was to determine the moisture 

content of the granules without any direct measurements, only based on the applied process 

parameters. This was accomplished by developing two ANN models ï a multilayer perceptron 

(MLP) and a Nonlinear Autoregressive with Exogenous Inputs (NARX) ï which could both be 

used as data-driven soft sensors to determine the moisture content indirectly. Both models were 

built in MATLAB  9.11 program (MathWorks, USA) with Statistics and Machine Learning 

Toolbox 12.2 and Deep Learning Toolbox 14.3. 

3.2.6.1 Data collection 

As the ANNs relied on the applied process parameters for prediction, all operation data were 

continuously recorded throughout the experiments with the SIMATIC SIPAT (Siemens, 

Germany) software connected to the units of the continuous line. Data were collected 

simultaneously from the gravimetric feeder, twin-screw granulator, continuous fluidized bed 

dryer, and continuous mill. Additionally, the granulation liquid was placed on a balance 

connected to the system to monitor the mass loss, thereby enabling the determination of the 

liquid feed rate. The parameters were registered every 5 s, with the collected parameters of each 

unit summarized in Table S2 of Supplementary material. The raw data were converted into new 

variables (e.g. average airflow, L/S ratio), which were also used as inputs during prediction. 

The final inputs of the models are summarized in Figure 14. 

3.2.6.2 MLP 

First, a three-layer MLP, consisting of one input, one output, and one hidden layer, was built to 

predict the moisture content solely based on the recorded parameters. In this ANN structure, 

the information is only transferred forward (the network did not contain any loops), and every 

neuron is connected to every neuron in the previous layer, with each connection having its own 

weight. The input layer of the MLP consisted of 12 neurons, each corresponding to a value 

calculated from the registered operation parameters, while the output layer had one neuron 

belonging to the moisture content of the granule. Following preliminary optimization (during 
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which the number of neurons was varied from 1 to 10 with 100 repetitions), the hidden layer 

was set to contain a single neuron. A hyperbolic tangent sigmoid transfer function was used in 

the neurons of the hidden layer, while a linear transfer function was applied in the output layer. 

The schematic structure of the applied MLP structure is shown in Figure 14. 

 

Figure 14: The structure of the MLP used to predict the moisture content, indicating the 

operation unit from which each input variable was obtained. 

The training of the model was carried out using historical data registered throughout previous 

experiments, summarized in Table S3 of Supplementary material. During these experiments, 

the operation parameters were altered in a wide range, and after steady state was reached, the 

applied process parameters and the corresponding moisture content were registered. Altogether, 

108 samples were utilized, each consisting of 12 input features (registered process parameters) 

and one output (target) value (measured granule moisture content). 

The full dataset was initially divided into training and external validation datasets, containing 

80% (86 input-output pairs) and 20% (22 input-output pairs) of all data points, respectively. 

The training dataset was then further split randomly into three subgroups: 70% was used for 

training (training subset), 20% for internal validation and 10% for internal testing. 

The training of the MLP was carried out using error backpropagation, meaning that the weights 

and biases in each neuron were determined by an iteration to minimize the difference between 

the output calculated by the model and the actual target value. Bayesian regularization was 
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applied as training algorithm (with training-control hyperparameters listed in Table S4 of 

Supplementary material), which is a commonly applied algorithm known to reduce the risk of 

overfitting and provide better generalization by updating the weights and biases during 

training.[261] The initial values of the weights and biases were set by Nguyen-Widrow layer 

initialization function.[262] Given the inherent randomness of MLP model building and the 

complex nature and small size of the dataset, bootstrap resampling with 500 repetitions was 

applied.[263] This technique ensures the development of a robust model by training 500 

submodels separately, with the final MLP model determined as the average of these submodels. 

Moreover, bootstrap resampling enabled the estimation of the distribution and confidence 

intervals of the model. A 95% confidence interval, determined by the 2.5 and 97.5 percentiles 

of the repetitions, was used in this study. The performance of the model was evaluated by the 

mean square error (MSE), the RMSE, and R2, which were all determined for both the training 

and the external validation dataset separately. 

After the training was finished, the model was applied to predict the moisture content of the 

granules during Experiment P.2-P.3. A moving average of 60 s was applied to the prediction to 

reduce the random fluctuation (presumably caused by the fluctuations in the frequently 

registered input data). The prediction performance was evaluated by comparing the moisture 

content predicted by the MLP to the one detected by the NIR spectra-based PLS model (PLS_P) 

and the results of the off-line LOD measurements. It is important to note that the effect of the 

process parameters on the moisture content was delayed due to the long residence time. As a 

result, the MLP predicted a future value when these effects have already influenced the moisture 

content ï one that had not reached the NIR sensor or been captured by the off-line LOD 

measurements at the end of the line. Therefore, the MLP predictions were offset by 120 s (the 

residence time in the continuous line) to align them with the results of the NIR spectra-based 

PLS model and the off-line LOD measurements. That way, the results could be compared. 

Although some operation parameters (e.g., screw speed of the granulator, air flow rate of the 

dryer) are known to influence the residence time [253,264], an average value was applied for 

the offset in this study. Incorporating variable residence time could further improve the model, 

but these minor effects were considered negligible and thus not investigated here. 

3.2.6.3 The explainability of the MLP 

The explainability of the MLP model was studied by using the SHapley Additive exPlanations 

(SHAP), or as also called Shapley value, which is one of the most used post-hoc, model-

independent explanation techniques for machine learning models.[95] The technique originates 
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from game theory, where the SHAP value represents the average marginal contribution of a 

player in a cooperative game, with the aim of providing a fair distribution of the total gain 

among individual players. For machine learning models, the SHAP of the input features at a 

specific prediction (query) point characterizes the feature's contribution to the model output. It 

reflects the deviation of the prediction at the query point from the average prediction, 

attributable to the feature. For any query point, the sum of the SHAP values across all features 

equals the total deviation of the prediction from the average. Practically, the SHAP value of 

zero indicates that the input feature does not contribute to the prediction, while increasing 

absolute value shows a higher contribution. The sign of the SHAP value also indicates whether 

the feature increases or decreases the predicted value. 

In this work, the SHAP values are calculated using the shapley function of the Statistics and 

Machine Learning Toolbox of MATLAB , using the interventional-kernel algorithm.[265] The 

SHAP values for the training dataset and each time point of Experiment P.2 and P.3 were used 

as query points, assessed for all the 500 bootstrapped submodels of the MLP model. As a result, 

the mean SHAP values of these bootstrapped models are presented for each time point. 

3.2.6.4 NARX 

Although MLP is a widely used type of ANN, the moisture content of the granules and the 

recorded operational parameters in this study are sequential (i.e., time-series) data, for which 

recurrent neural network (RNN) types might be more suitable. Therefore, a NARX model ï a 

type of RNN ï was also tested and compared with the MLP model. The main difference between 

the MLP and NARX is the direction of the information flow: in the NARX model, the 

information can be transferred backwards, not only forward. In simpler terms, the output of the 

model not only depends on the current inputs but data from previous time points are also 

utilized.  

The structure of the NARX model (Figure 15) was very similar to the MLP, with the neuron in 

the hidden layer applying a hyperbolic tangent sigmoid transfer function and the one in the 

output layer applying a linear transfer function. Similarly, the model also used the same 12 

input parameters. However, a feedback delay (FD) of 1 (corresponding to 5 s) was also applied, 

indicating that each estimated moisture content was used for the next time point's prediction 

(but only for that and not for the ones after). Meanwhile, the input delay (ID) was set to 0, 

meaning that the input values were only utilized in the current prediction. The number of FD, 

ID, and neurons in the hidden layer were all chosen by preliminary optimization, which was 
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carried out similarly to the optimization described for the MLP model, varying the number of 

neurons, ID, and FD from 1 to 10 (with 100 repetitions). 

 

Figure 15: The structure of the NARX used to predict the moisture content, indicating the 

operation unit from which each input variable was obtained. 

As the training of the NARX models has to be carried out with sequential data, the historical 

data used to train the MLP could not be utilized, as during those experiments, the process 

parameters and moisture contents were recorded manually, and only the ones belonging to 

steady state were registered. Instead, for the NARX training, two complete experiments 

(Experiments 4 and 5) were used, where both the operation parameters (recorded by the SIPAT 

software) and the moisture content (determined by the NIR spectra-based PLS model) were 

known throughout the whole experiment. Similarly to the MLP model, the NARX predicted a 

future moisture content. Thus, the NARX predictions were also offset with the residence time 

of the continuous line (in this case, 70 s) to align it with the results of the NIR spectra-based 

PLS model and the off-line LOD measurements. 

To avoid overfitting and minimize the effect of small random fluctuations, the training data ï 

both the input data and the moisture content determined by the PLS model ï were smoothed 

using moving averages. Since the variation in the operation parameters differed, a different 

moving average was applied to each parameter to filter out random fluctuations while retaining 

meaningful trends. The applied filters are summarized in Table S5 of Supplementary material. 
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After smoothing, the two experiments were used to train the NARX model, resulting in a 

training dataset of 2660 data points (each containing 12 input parameters and one output). 

Similarly to the MLP, the training was carried out by applying error backpropagation and 

Bayesian regularization as training algorithm. The dataset was also set into training, internal 

validation, and internal test groups with a 70:15:15 ratio, applying block division to preserve 

the sequential nature of the data. After training, the NARX model was applied to predict the 

moisture content during Experiment 6. 

4. Results and discussion 

4.1 Continuous twin-screw melt granulation of drug-loaded electrospun 

fibers 

Although ES is a promising continuous formulation strategy for producing amorphous solid 

dispersions (ASDs) to enhance the dissolution of poorly water-soluble drugs, the poor flow 

properties of the electrospun material hinder its further processing into solid dosage forms, such 

as tablets. To overcome this challenge, the present work focuses on the application of TSMG 

to improve the flowability of the fibers. Two fiber compositions  ï one containing ITR and 

PVPVA64 and the other containing ITR and HPMC ï were granulated using PEG as the binder 

while the effects of the process parameters were investigated. Beyond enhancing granule 

properties, the primary objective was to produce tablets with reduced excipient content and, 

thereby, smaller sizes to improve patient compliance. 

4.1.1 Preparation of the electrospun fibers 

In the first part of our research, the production of electrospun fibers was carried out successfully 

with both polymers. The average diameter of the ITR-PVPVA64 and ITR-HPMC fibers was 

1.4 Ñ 0.8 Õm 1.5 Ñ 0.8 Õm, respectively. The fibrous structure remained after the oscillating 

milling and can be observed in the scanning electron microscopy (SEM) images of the milled 

electrospun material shown in Figure 16. 
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Figure 16: SEM images of (a) the milled electrospun ITR-PVPVA6 fibers and (b) the milled 

electrospun ITR-HPMC fibers. 

Next, the transformation of the ITR into an amorphous state was confirmed by the MDSC 

measurements (Figure 17). The endothermic melting peak of the ITR at 166ÁC (present on the 

thermogram of the pure crystalline ITR) could not be detected on the thermograms of the milled 

electrospun materials. Based on the reversing heat flow curves, the Tg of the ITR-PVPVA64 

and ITR-HPMC fibers were 91ÁC and 90ÁC, respectively, with onset temperatures of 83ÁC and 

77ÁC. As expected, the measured Tg values of the fibers were between the Tg values of the 

amorphous ITR (59ÁC) and the Tg of the ES excipients ( Tg(PVPVA64) = 109ÁC, Tg(HPMC) = 

175ÁC as measured previously.)[266] 

  
Figure 17: MDSC thermograms of the milled ITR-PVPVA64 and ITR-HPMC fibers 

compared to the crystalline ITR and the polymers. The green arrows indicate the glass 

transition of the ASDs. 

The main goal of the ES, the improvement of the dissolution properties was also accomplished 

(Figure 18). The process significantly enhanced the initial poor dissolution of the crystalline 

ITR from 16% to 100%, although it was slightly delayed in the case of the ITR-HPMC fibers. 

The slower (yet still complete) drug release can be attributed to the gelling properties of HPMC, 

a well-documented effect in the literature.[267,268] 
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Figure 18: Dissolution profiles of the milled electrospun fibers and the crystalline ITR. 

Applied parameters: 37 Ñ 0.5 ÁC, 900 mL of 0.1 M HCl dissolution medium, ótapped basketô 

method, 50 rpm, n = 3 and 50 mg of the API content. 

4.1.2 Granulation experiments 

4.1.2.1 Granulation of ITR-PVPVA64 fibers 

Although the ES was successful, the poor flow properties of the milled electrospun fibers pose 

significant challenges for further processing. The bulk density of the milled fibers was very 

low, and the flowability of the preblends was very poor (as shown by the Carrôs indexes and 

Hausner ratios in Table 8 and Table 11). Additionally, the materials could not flow through a 

15 mm diameter funnel. Given these limitations, granulation was necessary to ease the handling 

and facilitate the further processing steps, including tableting. The experiments initially focused 

on enhancing the flow properties of ITR-PVPVA64 fibers, since our previous studies confirmed 

that this ASD system could be promising from the downstream processing and industrial 

applicability.[186,187] 

First, the ITR-PVPVA64 granules prepared with the óAô screw configuration were examined. 

As the Tg of the ITR-PVPVA64 fibers is around 90ÁC based on the MDSC measurements 

(Figure 17), granulation temperatures below that value but above or around the melting point 

of the PEG 6000 (58-63 ÁC) were examined. The aim was to melt only the binder but preserve 

the ITR fibers. 

The laser diffraction measurements of the granules revealed that the process resulted in a 

narrowing of the previously multimodal particle size distribution, suggesting that it influenced 

the preblend in all instances (Figure 19 and Table 7). This effect was particularly pronounced 
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at higher temperatures, where an increase in granulation temperature corresponded with a rise 

in d(50) values and a decrease in span values. 

 
Figure 19:  The particle size distribution of the milled ITR-PVPVA64 granules produced (a) 

at 50ÁC, (b) 55ÁC, (c) 60ÁC, (d) 65ÁC with óAô screw configuration (Sample codes: (a) 

ITR_PVPVA64_A_50, (b) ITR_PVPVA64_A_55, (c) ITR_PVPVA64_A_60, (d) 

ITR_PVPVA64_A_65) compared to the ITR-PVPVA64 preblend. 

Table 7: The d(50) and span values of the milled ITR-PVPVA64 granules produced at (a) 50ÁC, 

(b) 55ÁC, (c) 60ÁC, (d) 65ÁC with óAô screw configuration (Sample codes: (a) 

ITR_PVPVA64_A_50, (b) ITR_PVPVA64_A_55, (c) ITR_PVPVA64_A_60, (d) 

ITR_PVPVA64_A_65) compared to the ITR-PVPVA64 preblend.  
 d(50) (Õm) Span 

ITR_PVPVA64 preblend 172.4 Ñ 27.8 6.0 Ñ 0.3 

ITR_PVPVA64_50 106.6 Ñ 20.4 5.6 Ñ 1.0 

ITR_PVPVA64_55 116.5 Ñ 7.0 5.6 Ñ 0.2 

ITR_PVPVA64_60 145.9 Ñ 1.1 4.3 Ñ 0.1 

ITR_PVPVA64_65 202.7 Ñ 10.1 3.3 Ñ 0.1 

These results indicate that two phenomena occurred inside the equipment simultaneously. First, 

the high shear forces caused intense homogenization and further milling of the electrospun 

fibers, initially decreasing the d(50) values. However, at higher temperatures, the binder 

material also melted, promoting particle agglomeration and thereby increasing the d(50) values. 

Although the evaluation of the flow properties showed a significant impact on the material 
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characteristics in all cases, there is insufficient evidence to classify the process as granulation 

at lower temperatures (50 and 55 ÁC), where the lack of increase in the particle size and small 

change in the particle size distribution indicates that its efficiency was low. Nevertheless, the 

porosity and, more importantly, the flowability did improve even in these cases, as shown in 

Table 8. This improvement could be due to the high shear forces creating local temperature 

peaks inside the granulator, which induced the (partial) melting of PEG even below its melting 

point. At 60 and 65 ÁC (around and above the melting point of PEG), both the notably improved 

granule properties and the visual inspection confirmed that granulation was indeed achieved. 

The improvement was more pronounced at higher temperatures, indicating that elevated 

temperatures positively influenced granule formation. At 65ÁC, the granules exhibited passable 

flowability, making them potentially suitable for further processing. 

Table 8. The flow properties of the ITR-PVPVA64 granules produced with the óAô screw 

configuration compared to the preblend. 

Sample 
ɟbulk 

(g/cm3) 

ɟtapped 

(g/cm3) 

ɟtrue 

(g/cm3) 

Porosity 

(%) 

Hausner 

ratio  

(-) 

Carrôs 

index 

(%) 

Flowability  
Flow rate 

(g/s) 

ITR -PVPVA64 

preblend 
0.33 0.55 1.40 76.41 1.67 40 

Very. very 

poor 

Does not flow 

through 

ITR -PVPVA64_A_50 0.34 0.51 1.36 74.91 1.52 34 Very poor 
Does not flow 

through 

ITR -PVPVA64_A_55 0.39 0.6 1.36 71.28 1.54 35 Very poor 9.6 

ITR -PVPVA64_A_60 0.41 0.59 1.36 69.80 1.45 31 Poor 7.4 

ITR -PVPVA64_A_65 0.43 0.55 1.36 68.40 1.28 22 Passable 11.0 

The morphology investigation of the granules by SEM (Figure 20) revealed that at 50ÁC the 

majority of the fibers were distributed evenly between the excipients (shown with red arrows 

in Figure 20b),  and only some adhered to the surface of the particles (shown with green arrows 

in Figure 20b). At this temperature (considerably below the melting point of the PEG 6000), 

the process resembled more closely to a homogenization step. The particle agglomeration was 

more evident at 55ÁC (close to the melting point of the PEG 6000). At this temperature, the 

agglomerates were clearly identifiable, and most of the fibers were attached to their surface 

(Figure 20c). A small portion of fibers could still be observed between agglomerates, together 

with fine particles. At 60ÁC and 65ÁC, the amount of fine particles decreased, and the fibers 

were all adhered to the surface of the granules (Figure 20d and Figure 20e). These results further 

confirm that the granule formation was achieved under these conditions, and the process was 

more effective with the temperature increase. However, the fibers were less detectable at higher 

temperatures, indicating that the fibrous structure had been compromised. 
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Figure 20: SEM images of (a) the milled ITR-PVPVA64 containing preblend and the milled 

ITR-PVPVA64 granules produced at (b) 50ÁC, (c) 55ÁC, (d) 60ÁC, (e) 65ÁC with óAô screw 

configuration (Sample codes: (b) ITR_PVPVA64_A_50, (c) ITR_PVPVA64_A_55, (d) 

ITR_PVPVA64_A_60, (e) ITR_PVPVA64_A_65). The red arrows show the fibers between 

the particles, and the green arrows indicate the fibers stuck to the surface of larger particles. 

The loss of the fibrous structure led to a decrease in the dissolution properties of the granules, 

which worsened with the increase in temperature (Figure 21). Although it remained above the 

dissolution of the crystalline ITR, it significantly declined compared to the dissolution of the 

preblend. It is worth noting that the dissolution of the preblend was as good as the fibers, further 

confirming the compatibility of the excipients. 

 
Figure 21: Dissolution profiles of the ITR-PVPVA64 granules produced with óAô screw 

configuration compared to the ITR-PVPVA64 preblend and the crystalline ITR. Applied 

parameters: 37 Ñ 0.5 ÁC, 900 mL of 0.1 M HCl dissolution medium, ótapped basketô method, 

50 rpm, n = 3 and 50 mg of the API content. 

These results suggest that even in the cases where the granulation temperature was below the 

Tg of the ASD, local temperature peaks could have occurred in the granulator. Combined with 
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the high pressure and shear forces, these properties led to the destruction of the fibrous structure 

and a decrease in dissolution. The MDSC measurements showed that the previously observed 

Tg of the ASD is not detectable on the thermogram of the granule. Instead, the crystalline peak 

of the ITR appears with an offset around 150ÁC, suggesting that at this granulation temperature 

(60ÁC), the recrystallization of ITR has already started (Figure 22). This confirms that the 

amorphous structure was compromised, explaining the decreased dissolution properties. 

 
Figure 22: MDSC thermograms of the ITR-PVPVA64 preblend, the ITR-PVPVA64 physical 

mixture and the ITR_PVPVA64_A_60 granules. The initial Tg in the preblend is indicated 

with a green arrow, and the crystalline peak of ITR in the granules is shown with a red arrow. 

Although the dissolution of the granules with passable flowability (ITR-PVPVA_A_65 

granules) was still above the dissolution of the crystalline ITR, further improvement was 

necessary. Therefore, the screw configurations with increased pressure and residence time were 

also investigated. The aim was to improve the flowability without raising the temperature, 

which was achieved with both óBô and óCô screw configurations. The results of the flowability 

measurements showed that the use of óBô and óCô configurations progressively improved these 

properties (Table 9), even while applying the same granulation temperature. It is important to 

note that even though lower temperatures were applied during these experiments, the increased 

shear forces could have led to local temperature peaks inside the equipment, which could have 

aided the melting of the binder. 

Table 9. The flow properties of the ITR-PVPVA64 granules produced with óBô and óCô screw 

configurations compared to the preblend. 

Sample code 
ɟbulk  

(g/cm3) 

ɟtapped 

(g/cm3) 

Hausner 

ratio 

(-) 

Carrôs 

index 

(%) 

Flowability  
Flow rate 

(g/s) 

ITR -PVPVA64 

preblend 
0.33 0.55 1.67 40 

Very, very 

poor 
Does not flow through 

ITR_PVPVA64_B_50 0.44 0.63 1.42 30 Poor Does not flow through 
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Sample code 
ɟbulk  

(g/cm3) 

ɟtapped 

(g/cm3) 

Hausner 

ratio 

(-) 

Carrôs 

index 

(%) 

Flowability  
Flow rate 

(g/s) 

ITR_PVPVA64_B_55 0.48 0.67 1.41 29 Poor Does not flow through 

ITR_PVPVA64_B_60 0.54 0.68 1.24 19 Fair  16.4 

ITR_PVPVA64_B_65 0.56 0.7 1.25 20 Fair  21.3 

ITR_PVPVA64_C_50 0.53 0.68 1.27 21 Passable 19.8 

ITR_PVPVA64_C_55 0.52 0.67 1.28 22 Passable 20.3 

Even though granules with adequate flowability could be produced at lower temperatures (60ÁC 

with óBô and 50ÁC with óCô screw configuration, sample codes: ITR_PVPVA64_B_60 and 

ITR_PVPVA64_C50), the increased shear and compression forces also decreased the 

dissolution (Figure 23). As detailed previously, this reduction is likely due to the disruption of 

the electrospun fibrous structure and the partial recrystallization of the ITR. Consequently, the 

observed differences in dissolution are presumably caused by the varying ratios of amorphous 

and recrystallized ITR, resulting from the differences in processing temperature and screw 

configuration. 

 
Figure 23: Dissolution profiles of the ITR-PVPVA64 granules compared to the ITR-

PVPVA64 preblend and the crystalline ITR. Applied parameters: 37 Ñ 0.5 ÁC, 900 mL of 0.1 

M HCl dissolution medium, ótapped basketô method, 50 rpm, n = 3 and 50 mg of the API 

content. 

4.1.2.2 Granulation of ITR-HPMC fibers 

Although the dissolution of the granules containing ITR-PVPVA64 fibers remained enhanced 

compared to the crystalline API, it was lower than the dissolution of the preblend. Since the 

primary objective was to improve the flow properties without compromising dissolution, 

further granulation experiments were performed. Previous findings of our research group 

highlighted that HPMC can better stabilize the amorphous form of the ITR in the electrospun 
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samples.[251] Therefore, granulation of the ITR-HPMC fibers was carried out in the next phase 

of this study. Given that the Tg of the ITR-HPMC fibers is also around 90ÁC (Figure 17), the 

same granulation temperatures investigated in Section 4.1.2.1 were applied here. 

 
Figure 24: The particle size distribution of the milled ITR-HPMC granules produced (a) at 

50ÁC, (b) 55ÁC, (c) 60ÁC, (d) 65ÁC with óAô screw configuration (Sample codes: (a) ITR_ 

HPMC _A_50, (b) ITR_ HPMC _A_55, (c) ITR_ HPMC _A_60, (d) ITR_ HPMC _A_65 

compared to the ITR-HPMC preblend. 

Table 10: The d(50) and span values of the milled ITR-HPMC granules produced at (a) 50ÁC, 

(b) 55ÁC, (c) 60ÁC, (d) 65ÁC with óAô screw configuration (Sample codes: (a) 

ITR_HPMC_A_50, (b) ITR_HPMC_A_55, (c) ITR_HPMC_A_60, (d) ITR_HPMC_A_65) 

compared to the ITR-HPMC preblend. 
 d(50) (Õm) Span 

ITR -HPMC preblend 136.8 Ñ 27.3 6.0 Ñ 2.7 

ITR_HPMC_A_50 118.7 Ñ 9.5 2.8 Ñ 0.6 

ITR_HPMC_A_55 115.1 Ñ 4.8 2.6 Ñ 0.3 

ITR_HPMC_A_ 61 157.0 Ñ 12.4 3.8 Ñ 0.9 

ITR_HPMC_A_ 65 176.5 Ñ 7.0 4.1 Ñ 1.0 

Similarly to the observations with ITR-PVPVA64 granules, the previously multimodal particle 

size distribution of the preblend narrowed after the process, and the increase in granulation 

temperature led to the rise of the d(50) values (Figure 24 and Table 10).  Moreover, the flow 

properties improved considerably in all cases, and passable flowability could be reached at both 

60 and 65ÁC (Table 11). 
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Table 11: The flow properties of the ITR-HPMC granules produced with óAô screw 

configuration compared to the preblend. 

Sample code 
ɟbulk 

(g/cm3) 

ɟtapped 

(g/cm3) 

ɟtrue 

(g/cm3) 

Porosity 

(%) 

Hausner 

ratio  

(-) 

Carrôs 

index 

(%) 

Flowability  
Flow rate 

(g/s) 

ITR -HPMC 

preblend 
0.36 0.55 1.41 76.54 1.52 34 Very poor 

Does not 

flow through 

ITR -HPMC_A_50 0.36 0.61 1.39 74.08 1.69 41 
Very, very 

poor 

Does not 

flow through 

ITR -HPMC_A_55 0.39 0.58 1.39 71.94 1.51 34 Very poor 
Does not 

flow through 

ITR -HPMC_A_60 0.41 0.51 1.39 70.50 1.26 21 Passable 9.6 

ITR -HPMC_A_65 0.36 0.46 1.40 74.28 1.28 22 Passable 7.4 

The SEM images revealed a significant difference between the ITR-PVPVA64 and the ITR-

HPMC granules. The ITR-HPMC fibers remained more intact after granulation (Figure 25) 

compared to the ITR-PVPVA64 granules (Figure 20). This difference can be attributed to the 

increased stability of the HPMC ASD, caused by the strong hydrogen bonds between the drug 

and HPMC in electrospun fibers ï a well-established phenomenon that has been demonstrated 

in multiple studies.[269] The preserving effect of the hydrogen bonds between the drug and the 

HPMC has already been shown to enhance the long-term stability of the ITR fibers[251], and 

these findings indicate that this effect can also contribute to its stability during granulation. 

 
Figure 25: SEM images of the (a) milled ITR-HPMC containing preblend, the ITR-HPMC 

granules produced at (b) 50ÁC, (c) 55ÁC, (d) 60ÁC, (e) 65ÁC with óAô screw configuration 

(Sample codes: (b) ITR_HPMC_A_50, (c) ITR_ HPMC _A_55, (d) ITR_ HPMC _A_60, (e) 

ITR_ HPMC _A_65). The red arrows show the fibers between the particles, and the green 

arrows indicate the fibers that are stuck to the surface of the larger particles. 

The increased stability of the ASD also preserved the dissolution properties, as the dissolution 

of the granules remained adequate at 50, 55, and 60ÁC (Figure 26). 
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Figure 26: Dissolution profiles of the ITR-HPMC granules compared to the ITR-HPMC 

preblend and the crystalline ITR. Applied parameters: 37 Ñ 0.5 ÁC, 900 mL of 0.1 M HCl 

dissolution medium, ótapped basketô method, 50 rpm, n = 3 and 50 mg of the API content. 

The comparison between the ITR-PVPVA64 and the ITR-HPMC granules (prepared under the 

same conditions) demonstrated the superior dissolution and flow properties of the latter (Table 

8 and Table 11). The dissolution of the ITR-HPMC granules prepared at 60ÁC (sample code: 

ITR_HPMC_A_60)  exceeded that of the ITP-PVPVA64 granules prepared under identical 

conditions (sample code: ITR_PVPVA64_A_60)  by 20% (Figure 27). This indicates that the 

hydrogen bonds between the drug and HPMC enhance stability during the process, making the 

HPMC-containing fibers more suitable for granulation. 

 
Figure 27: Dissolution profiles of the ITR-PVPVA64 and ITR-HPMC granules produced at 

60ÁC with óAô screw configuration compared to the crystalline ITR. Applied parameters: 37 Ñ 

0.5 ÁC, 900 mL of 0.1 M HCl dissolution medium, ótapped basketô method, 50 rpm, n = 3 and 

50 mg of the API content. 

As the ITR-HPMC granules prepared at 60ÁC (sample code: ITR_HPMC_A_60) had passable 

flowability and around 100% dissolution, the aim of the research was accomplished. The ITR-
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loaded fibers were made suitable for further processing while also maintaining adequate 

dissolution. 

4.1.3 Tableting of the fiber-loaded granules 

Next, the preparation of tablets with reduced size from the ITR-HPMC_A_60 granules was also 

successfully achieved. The size of the tablets (357.1 mg) was reduced by 40.5% w/w compared 

to our previous experiments with the same ASD system (where tablets of 600 mg could be 

prepared from the ITR fibers).[187] The average breaking force of tablets was over 60 N, and 

the friability was under 0.3%, indicating excellent mechanical properties. However, the 

dissolution was only 17% (Figure 28), which was attributed to the incomplete disintegration of 

the tablets. This issue was resolved by incorporating a disintegrant into the formulation (10% 

w/w KollidonÈ CL), resulting in a dissolution rate of 92.8% (Figure 28). 

 
Figure 28: Dissolution profiles of the ITR-HPMC granules produced at 60ÁC with óAô screw 

configuration and the tablets pressed from the granules (with or without adding KollidonÈ CL 

as disintegrant) compared to the crystalline ITR. Applied parameters: 37 Ñ 0.5 ÁC, 900 mL of 

0.1 M HCl dissolution medium, ótapped basketô method for granules and crystalline ITR and 

paddle method for tablets, 50 rpm for ótapped basketô method and 100 rpm for paddle method, 

n = 3 and 50 mg of the API content. 

 Therefore, the preparation of immediate-release tablets with adequate dissolution was also 

accomplished, while the tablet size (396.8 mg) remained reduced by 34% w/w (Figure 29). 
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Figure 29: The size of (a) a tablet (10 mm diameter, biconvex) pressed from the 

ITR_HPMC_A_60 granules with 10% w/w KollidonÈ CL compared to (b) a tablet (14 mm 

diameter, biconvex) pressed from the milled ASD and necessary excipients described, as in 

one of our previous studies, where granulation was not applied.[187] 

4.1.4 Conclusions 

This study demonstrated that TSMG is a valuable tool for enhancing the processability of 

challenging materials and, thereby, could facilitate the industrial application of novel 

continuous technologies. The dissolution properties of ITR were improved using ES, while the 

inadequate flow properties of the electrospun material were enhanced by TSMG, enabling the 

successful production of tablets without excessive excipients. Thus, this study provides a viable 

solution to overcome various formulation challenges by combining two continuous 

technologies that could be integrated into a CM line. 

It was revealed that the harsher granulation conditions (such as higher temperature and 

increased shear forces) could destroy the fibrous structure and lead to crystallization even below 

the Tg of the ASD, negatively affecting the dissolution. Polymer choice also influenced the 

stability of the ASD during granulation. The HPMC-containing fibers displayed enhanced 

stability, likely due to the hydrogen bonds between the drug and the polymer, making them 

more suitable for the process. Using HPMC under mild process conditions enabled the 

preparation of granules with adequate flow properties while preserving good dissolution. The 

tablet size pressed was also reduced by 34% w/w, minimizing excipient use and improving 

patient convenience. 

4.2 Continuous melt granulation-based powder-to-tablet line ï process 

investigation and scale-up 

The previous section demonstrated the feasibility of TSMG for enhancing powder properties 

and improving the processability of challenging materials, thereby supporting the industrial 

application of novel continuous technologies such as ES. As the potential of TSG in the CM 

framework is also notable, this next section details the development of the integrated, versatile 

powder-to-tablet line based on TSMG. The main goal was to enhance the flowability and 
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tabletability of another model API (caffeine) through TSMG using PEG as binder material and 

produce tablets with improved breaking force, excellent friability, and immediate-release 

dissolution. Furthermore, the optimization and scale-up of the system are also discussed in this 

section, with the latter achieved by increasing the production speed while using the same 

equipment. 

4.2.1 Pre-experiments to evaluate the effect of different binders 

As illustrated in Figure 30 and Table 14, the initial caffeine-containing model formulation 

exhibited a small average particle size and poor flow and compression properties. These 

properties hindered the processability of the untreated powder, resulting in tablets with 

inadequate mechanical properties. These tablets had a breaking force of less than 15 N and 

broke down completely during the friability testing. Since increasing the compression force did 

not sufficiently improve these properties (Figure 32), the primary objective of this work was to 

develop a TSMG-based formulation line to overcome these limitations. 

First, the optimal binder was selected for the granulation. For these pre-experiments, three pre-

blends were made containing PEG 3000, PEG 6000 and PEG 20 000, and the granulation was 

carried out separately for each pre-blend. 

The measured particle size distribution demonstrated that granulation was successful in all 

cases, as it increased the average particle size and reduced the portion of fine particles (Figure 

30). It was also revealed that the higher molecular weight of the binder had a positive effect on 

the process, and a monomodal particle size distribution was only achieved with PEG 20 000. 

 
Figure 30: The particle size distribution of the physical mixture (containing PEG 20 000) and 

the granules containing PEGs of different molecular weights, which were granulated at 120ÁC 

with 100 rpm rotation speed and 0.5 kg/h production speed. 

The mechanical properties of the tablets pressed from the granules improved significantly: the 

breaking force increased while the friability became acceptable, remaining under 1% (Table 
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12). The friability of the tablets pressed from the PEG 20 000-containing granules was 

particularly favorable, with a weight loss of less than 0.3 %, indicating that these tablets were 

reliably suitable for further processing (e.g. film coating). The lubrication efficiency of the 

tablet compression was also assessed using the lubrication value, the ratio of the maximum 

lower punch force to the maximum upper punch force. As with lubricated powders, the force 

exerted by the upper punch and the one transmitted to the lower punch are essentially the same, 

higher lubrication values indicate efficient lubrication (typically values over 0.9 are considered 

excellent)[208]. The lubrication values of the prepared tablets were all above 0.9, confirming 

that the use of PEG in the applied amount (15% w/w) provides adequate lubrication. These 

results demonstrated that no additional lubricating agent was required for this formulation. 

Table 12: The breaking force of the tablets compressed from the physical mixture and the 

granules produced at a granulation temperature of 120ÁC and a rotation speed of  100 rpm, using 

10 kN compression force, along with the results of the friability tests.  
The breaking force of tablets 

(N) 

Friability of tablets  

(%) 

Physical mixture 15 cannot be measured 

PEG 3000 122 0.51% 

PEG 6000 146 0.61% 

PEG 20 000 168 0.15% 

Although all tablets qualified as immediate-release (Q=80% in 30 minutes)[270], those 

containing PEG 20 000 showed a slightly slower dissolution rate compared to others (Figure 

31). Nonetheless, PEG 20 000 was chosen as the optimal excipient for the continuous system 

due to its superior granule and tablet properties. Since the goal was to develop a scalable and 

robust process, the powder mixture with PEG 20 000 was selected for subsequent experiments. 

 
Figure 31: Investigation of the effect of different binders on the dissolution of the tablets (900 

mL distilled water dissolution medium, 37 Ñ 0.5ÁC, 100 rpm, paddle method, 90 mg API 

content, n = 3). 
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To further ensure that all the tablets would be immediate-release, it was necessary to improve 

the dissolution rate. Since the breaking force of the tablets (compressed with 10 kN force) 

showed significant improvement (Table 12), it was suspected that utilizing lower compression 

force could possibly accelerate the dissolution rate while still maintaining adequate mechanical 

strength. Therefore, the correlation between the compression force, the breaking force (Figure 

32a) and dissolution rate (Figure 32b) was investigated. It was found that even with 5 kN 

compression force, an adequate breaking force (over 100 N, corresponding to 1.09 MPa tensile 

strength based on tablet geometry) could be achieved. This represents a significant increase 

from the physical mixture, where the breaking force was below 10 N (indicating a tensile 

strength of 0.16 MPa). The friability of the tablets (compressed with 5 kN, 10 kN and 20 kN) 

was also measured, which was excellent in all cases, with a weight loss of under 0.3% (Figure 

32c). Overall, tablets compressed at 5 kN demonstrated optimal properties, making it the chosen 

compression force for the system. 

 
Figure 32: Investigation of the effect of the compression force on the (a) breaking force, the 

(b) dissolution (900 mL distilled water dissolution medium, 37 Ñ 0.5ÁC, 100 rpm, paddle 

method, 90 mg API content, n = 3) and the (c) friability of the tablets prepared with PEG 

20 000. 

4.2.2 Effect of the granulation temperature 

Subsequently, PEG 20 000 was utilized for all experiments carried out with the CM line using 

5 kN compression force during tablet compression. The effect of the granulation temperature 

was investigated (Experiments C.1-C.4) to identify the optimal conditions for our system. 

During these experiments, the efficiency of the continuous cooler was evaluated using a thermal 

imaging camera and thermometers (Figure 33). The cooling was found to be effective in all 

cases, as the granules reached room temperature after the cooling step (Table 13). 
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Figure 33: The temperature of the granules produced at 120ÁC (a) before and (b) after cooling, 

as detected by the thermal imaging camera. The light blue arrows show the granulated 

material. 

Table 13: The temperature of the granules (produced at different granulation temperatures) 

before and after cooling in the horizontal fluid bed cooler, as detected by the thermal imaging 

camera. 

 Temperature of the granules 

before cooling (ÁC) 

Temperature of the granules 

after cooling (ÁC) 

Granulated at 60ÁC 50 24 

Granulated at 80ÁC 60 25 

Granulated at 100ÁC 75 27 

Granulated at 120ÁC 95 27 

The microscopic characteristics of the milled granules were examined using SEM (Figure 34). 

An increase in the particle size was observed in all samples, with granule formation becoming 

more distinct above 80ÁC, as the aggregation of initial particles can be clearly recognized. 

 
Figure 34: SEM images of the (a) physical mixture and the milled granules produced at (b) 

60ÁC, (c) 80ÁC, (d) 100ÁC and (e) 120ÁC granulation temperatures. 

Laser diffraction measurements assessed the macroscopic characteristics of the milled granules 

(Figure 35), revealing that the granulation process effectively improved the particle size 

distribution in all cases, transforming the initial multimodal particle size distribution towards a 
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predominantly unimodal distribution. Although a small secondary peak remained in most cases, 

the improvement is evident. At temperatures over 80ÁC, the amount of fine particles (below 

100 Õm) decreased significantly, and the average particle size increased with the temperature. 

The particle size distributions of the milled granules produced at 80 and 100ÁC were similarly 

improved, with an even more distinct increase in the average particle size at 120ÁC. 

 
Figure 35: The particle size distribution of the physical mixture and the milled granules 

produced at different granulation temperatures. 

The investigation of the flowability and compressibility confirmed that the powder properties 

were also significantly enhanced by the granulation process (Table 14).  

Table 14: The flowability of the physical mixture and the milled granules produced at different 

granulation temperatures.  
Hausner 

ratio  

(-) 

Carrôs 

index 

(%) 

Flowability  Required time for 100 

g powder to flow out of 

a 10 mm diameter 

funnel (s/100 g) 

Physical mixture 1.40 28.65 Poor Does not flow through 

Granulated at 60ÁC 1.28 21.62 Passable 8.50 Ñ 0.15 s 

Granulated at 80ÁC 1.15 13.17 Good 4.48 Ñ 0.08 s 

Granulated at 100ÁC 1.12 10.45 Good 4.67 Ñ 0.07 s 

Granulated at 120ÁC 1.09 8.17 Excellent 4.44 Ñ 0.02 s 

The flowability and compressibility improved notably even at 60ÁC; however, granulation at 

80ÁC and 100ÁC resulted in significantly better properties. At 120ÁC, these properties were 

further enhanced to excellent category. The improved properties are likely caused by the 

granule formation facilitated by the melted and dispersed PEG binding the particles together. 

Additionally, the deformability of the particles also improved, making them fit together more 

effectively and enhancing cohesion. The positive correlation between temperature and the 

granule properties is presumably attributed to the more effective melting and dispersion of the 

binder, promoting efficient granulation. This is supported by the increased granule formation 
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and growth observed in Figure 34 and Figure 35, ultimately leading to enhanced granule 

properties. 

Tablets pressed from the milled granules using 5 kN compression force were also examined. 

The results, summarized in Table 15, confirmed the positive effect of the increased granulation 

temperatures. Except for tablets granulated at 60ÁC (which were crushed in the friability tester 

similarly to those compressed from the physical mixture), all tablets exhibited excellent 

friability . The highest breaking force (around 100 N corresponding to 1.09 MPa tensile 

strength) was observed at 120ÁC granulation temperature. 

Table 15: The breaking force of the tablets compressed from granules produced at different 

temperatures using 5 kN compression force, along with the results of the friability tests (10 

tablets tested with 100 rotations) of the same tablets.  
The breaking force of tablets (N) Friability of tablets  (%)  

Granulated at 60ÁC 4.0 Ñ 0.0 cannot be measured 

Granulated at 80ÁC 63.3 Ñ 2.3 0.09% 

Granulated at 100ÁC 75.7 Ñ 4.7 0.08% 

Granulated at 120ÁC 99.9 Ñ 10.7 0.07% 

The dissolution of the tablets was also examined, excluding those pressed from the granules 

granulated at 60ÁC due to their fragility (Figure 36). Since all tested tablets showed satisfactory 

dissolution, 120ÁC granulation temperature was selected for the scale-up experiments because 

of the superior physical properties of the tablets, particularly the breaking force and friability. 

 
Figure 36: Investigation of the effect of the temperature on the dissolution of the tablets (900 

mL distilled water dissolution medium, 37 Ñ 0.5ÁC, 100 rpm, paddle method, 90 mg API 

content, n = 3). 

4.2.3 Scale-up 

Finally, to achieve the scale-up using the same production line, the feed rate of the physical 

mixture was gradually increased from 0.5 kg/h up to 8 kg/h in several steps (Experiments C.4-
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C.7). The rotation speed of the granulator was proportionally increased with the feed rate to 

facilitate material transport and maintain a consistent fill level inside the granulator. However, 

the maximum rotation speed (900 rpm) of the granulator was reached at 4.5 kg/h feed rate. 

Therefore, this rotation speed was applied to higher feed rates, too. It is important to note that 

at feed rates over 3 kg/h, a slight accumulation was observed at the hopper of the tableting 

device. Although it did not pose a significant challenge during our experiments due to the 

smaller batch sizes, a larger tableting device (e.g., a rotary tableting device, which is widely 

used in the pharmaceutical industry) could be utilized for longer production runs. 

The temperature of the cooled granules was measured upon exiting the continuous cooler using 

thermal imaging and conventional thermometers. As the measured temperatures were close to 

room temperature (27-28ÁC), the capacity of the cooler was proved to be adequate for the scale-

up production. However, at 8 kg/h production speed, a decrease was observed in the flowability 

and tabletability of granules. This negative effect was likely due to the increased fill level in the 

granulator. The specific fill load ï an influential parameter[6] determined by dividing the 

powder feed rate by the screw speed ï increased to almost twice the original value.  The volume 

of material in the barrel, which required heating increased, while the heat transfer area remained 

the same, leading to less effective heating and, consequently, less effective granulation.  To 

address this, an additional experiment (Experiment C.8) was carried out, where the 8 kg/h 

production speed was combined with a higher granulation temperature (150ÁC instead of 

120ÁC). 

Samples were collected from the milled granules and the tablets in all cases to investigate both 

the granule (Table 16, Figure 37 and Figure 38) and tablet (Table 17 and Figure 39) properties. 
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Figure 37: The particle size distribution of the milled granules produced with different 

production speeds and granulation temperatures. 

 

 
Figure 38: SEM images of the milled granules produced at 120ÁC granulation temperature 

with (a) 0.5 kg/h, (b) 3 kg/h, (c) 4.5 kg/h, (d) 8 kg/h production speed and (e) produced at 

150ÁC granulation temperature with 8 kg/h production speed. 

Table 16: The flow and compression properties of the physical mixture and the milled granules 

prepared with different production speeds and granulation temperatures (Experiment C.4-C.8). 

Production 

speed 

(kg/h) 

Rotation 

speed of the 

granulator  

(rpm) 

Granulation 

temperature 

(ÁC) 

Hausner 

ratio  

(-) 

Carrôs 

index 

(%) 

Flowability  

Required time for 

100 g powder to 

flow out of a 10 

mm diameter 

funnel (s/100 g) 

0.5 100 120 1.09 8.17 Excellent 4.44 Ñ 0.02 s 

3 600 120 1.10 8.68 Excellent 4.646 Ñ 0.04 s 

4.5 900 120 1.11 9.78 Excellent 4.582 Ñ 0.01 s 

8 900 120 1.14 12.35 Good 6.123 Ñ 0.05 s 

8 900 150 1.10 9.39 Excellent 4.729 Ñ 0.17 s 
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Although the higher production speed increased the amount of fine particles (Figure 37), the 

formation of granules can be observed in all cases (Figure 38). At the 8 kg/h feed rate, the flow 

properties of the powder worsened slightly, but the negative effect could be reversed by 

utilizing a higher granulation temperature (Table 16). Consequently, satisfactory granule 

properties were achieved even at the 8 kg/h feed rate. 

Similarly to the granule properties, the physical properties of the tablets also declined when the 

feed rate was raised to 8 kg/h (with 120ÁC granulation temperature). The breaking force of the 

tablets decreased to 63.2 N (indicating 0.66 MPa tensile strength), but this could also be 

improved by applying 150ÁC granulation temperature (Table 17). 

 

 

Table 17: The breaking force of the tablets compressed from granules produced with different 

production speeds at different granulation temperatures using 5 kN compression force, along 

with the results of the friability tests (10 tablets tested with 100 rotations) of the same tablets. 

Production 

speed 

(kg/h) 

Rotation speed of the 

granulator  

(rpm) 

Granulation 

temperature 

(ÁC) 

The breaking 

force of tablets 

(N) 

Friability of tablets 

(%) 

0.5 100 120 99.9 Ñ 10.7 0.07 

3 600 120 83.3 Ñ 10.0 0.01 

4.5 900 120 88.2 Ñ 8.1 0.12 

8 900 120 63.2 Ñ 10.8 0.25 

8 900 150 85.4 Ñ 18.7 0.13 

By appling 150ÁC granulation temperature, the scale-up was successfully achieved, as no 

significant difference was observed between the tablet and granule produced at 8 kg/h and 0.5 

kg/h. The breaking force exceeded 80 N (indicating over 0.8 MPa tensile strength), and the 

tablet friability remained below 0.3%. Furthermore, the dissolution testing of the tablets 

produced with these process parameters (8 kg/h and 150ÁC) showed satisfactory results, with 

the dissolution rate being immediate and comparable to that of tablets produced at 0.5 kg/h 

(Figure 39). Therefore, the scale-up to a production speed 16 times faster than the original was 

succesfully accomplished. 
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Figure 39: Investigation of the dissolution of the tablets produced with different production 

speeds (900 mL distilled water dissolution medium, 37 Ñ 0.5ÁC, 100 rpm, paddle method, 90 

mg API content, n = 3). 

4.2.4 Conclusions 

In the present study, a fully continuous powder-to-tablet line based on TSMG was successfully 

developed. The initially poor flow and compression properties of the API-containing powder 

mixture, along with inadequate tablet properties, were significantly improved. Consequently, 

tablets were produced with excellent friability, increased breaking force, and immediate-release 

dissolution. All production steps (including feeding, granulation, cooling, milling and tablet 

pressing) were connected and synchronized to ensure continuous operation. The line was also 

easily scalable: the production rate was successfully increased from 0.5 kg/h to 8 kg/h using the 

same equipment while maintaining the improved granule and tablet properties. 

This study demonstrates the benefits of both TSMG and CM, showing the feasibility of 

developing and operating a fully continuous production line. Moreover, the convenient scaling 

up of the production speed by 16 times with minimal adjustments further highlights the 

advantages of CM. This approach eliminates the need for different equipment and, more 

importantly, the separate optimization typically required in batch manufacturing. 

4.3 Continuous integrated wet granulation of glucose granules to enhance 

flowability and tabletability  

The previous sections demonstrated the feasibility of TSMG for enhancing the powder 

properties of various materials. The development of an efficient, versatile, and scalable system 

based on TSMG highlighted the advantages of the technology and its potential within the CM 

framework. To further demonstrate the flexibility of TSG, the same continuous line was adapted 

for wet granulation to enhance the properties of glucose using the modified system. Beyond 
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investigating TSG and CM, ensuring consistent product quality and aligning with the principles 

of QbD and the PAT framework were also key objectives of this research, making real-time 

monitoring an integral part of this study.  

The main goal was to develop a scalable technology to enhance the initial poor flow and 

tableting properties of glucose via wet granulation using the previously described fully 

continuous, integrated processing line. The aim was to develop a system that can be easily 

inserted into the existing industrial crystalline glucose production lines, providing a simple 

process to produce easy-to-handle glucose granules with 100% glucose content. Additionally, 

the in-line and real-time monitoring of the moisture content ï a property influencing important 

CQAs ï was also accomplished using NIR spectroscopy. 

4.3.1 The characterization of the unprocessed glucose 

Despite the wide application of glucose in both the food and pharmaceutical industries, the poor 

flow and tablet properties of industrially crystallized glucose pose challenges for its formulation 

into solid dosage forms (e.g., tablets). It is prone to packing during storage and transport, and 

can arch during feeding. Its tableting is also challenging, as the resulting tablets are typically 

fragile, and poor flowability can lead to inconsistent punch loading, causing tablet weight 

fluctuations.[271] Therefore, additional excipients or further processing steps ï most of which 

rely on batch methods[271ï273] ï are usually required to improve its properties and enable its 

tableting. Therefore, the first part of the study focused on the thorough examination of the initial 

glucose powder to identify the underlying causes behind the inadequate powder properties.  

The macroscopic characteristics of the initial glucose monohydrate were analyzed using laser 

diffraction (Figure 46). While the observed average particle size (210.0 Ñ 4.1 Õm) was not 

particularly small, the large proportion (over 20%) of fine particles under 100 Õm hindered the 

free-flowing of the material. These poor flow properties were confirmed in subsequent 

experiments, where the powder failed to flow through the standard 10 mm diameter wide funnel 

without agitation (Table 20). 

The morphology of glucose particles was examined with POM and SEM (Figure 40), revealing 

elongated crystallines. These crystallines ï besides worsening the flowability ï are rigid and 

poorly deformable. As a result, they cannot fit together and be compacted smoothly like 

granules; instead, they break under higher compression forces during tableting, leading to the 

formation of weak spots. These characteristics negatively impact the tablet properties, cause 
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capping, and ultimately result in fragile tablets that break under a force of 40 N force (Figure 

41). 

 
Figure 40: The (a) POM and (b) SEM images of the milled granulated glucose with 6.3x and  

30x magnifications, respectively. 

Thereby, the key characteristics requiring improvement were identified: the size of the 

elongated crystallines needed to be reduced, and the proportion of the fine particles (under 100 

Õm) needed to be decreased. The main goal was to enhance granule flowability and tabletability, 

ultimately producing tablets with increased breaking force, targeting a 100 N breaking force. 

4.3.2 Pre-experiments with the twin-screw granulator 

Before testing the integrated process, the key element of the procedure, the granulation, was 

investigated in detail. In these experiments, the parts of the CM line (the granulation, the drying, 

the milling, and the tablet compression) were operated and examined separately. The aim of 

these experiments was to examine the granulation process solely and find the adequate 

operation parameters before testing the integrated, continuous production. First, óAô screw 

configuration was utilized. Despite modifying many factors in a wide range, the tabletability of 

the final powder remained poor, and the produced tablets were weak (with the breaking force 

remaining under 60N). Since this configuration was not suitable for adequately improving the 

properties, óA+ô configuration was used in the following experiments. The reverse conveying 

element of this configuration increased the pressure and residence time in the granulator by 30 

seconds (from 40 seconds to 70 seconds in case of the 100 rpm rotation speed). These altered 

conditions (higher pressure and longer residence time) are presumed to have led to the breakage 

of the previously described long crystallines before the aggregation of the particles. 

In the first experiments with the óA+ô screw configuration (Experiments G.1-G.6 in Table 3), 

the glucose was fed to the granulator with a constant 1 kg/h feeding, while the water was added 

separately through the peristaltic pump with the feeding rate adjusted to ensure the constant 

0.064 L/S ratio (corresponding to 14% w/w water) in the granulator. The rotation speed of the 
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granulator was set to 100 rpm, and the temperature of the granulation was examined. Granules 

were dried at room temperature for 1 and 3 days before milling. 

Under these conditions, the lengthy crystallines broke prior to tablet compression (during 

granulation), improving the tabletability of the powder, thereby enabling the production of 

tablets with acceptable breaking force (Figure 41). 

 
Figure 41: The breaking force of the tablets compressed from the (a) unprocessed and (b) 

granulated and milled glucose (produced with different granulation temperatures and drying 

times). 

Lower granulation temperatures positively impacted the tabletability of the powder and, after 

adequate drying, resulted in better tablets, as shown in Figure 41. This could be attributed to 

higher temperatures causing more intense melting of the glucose, leading to its later re-

crystallization after the granulation process, negatively affecting tabletability. 

These experiences also confirmed the importance of the drying step, as inadequate drying 

profoundly impacted tablet properties. Thus, the effect of the drying temperature was examined 

in the following experiments. 

4.3.3 Investigation of the continuous manufacturing line 

After the adequate process parameters of TSWG were identified, the feeders and the granulator 

were connected to the continuous drying and milling device. The production speed of each step 

was harmonized, allowing the CM line to operate together. Based on the previous experiments, 

the temperature of the granulator was set to 55ÁC (with the rotation speed set to 100 rpm and 

the feeding rate of the glucose set to 1 kg/h). While the temperature in the continuous dryer was 

increased from 25ÁC to 85ÁC (Experiments G.7-G.9 in Table 3), the tabletability was evaluated 

by measuring the breaking force of the tablets prepared from granules dried at different 

temperatures (Figure 42). The tablets prepared from the granules dried at 25ÁC could not be 
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tested, as the excess remaining moisture content caused the tablet to deform immediately 

instead of breaking (indicated as with ó0 Nô in Figure 42). The granules dried at 60 ÁC (zone 1-

3) could be pressed into tablets with acceptable breaking force, which was further improved by 

applying a higher drying temperature (85ÁC). These findings demonstrated that the more 

effective drying at higher drying temperatures positively impacts the tablets' mechanical 

properties. It is important to note that additional drying (air drying at room temperature for 24 

hours) of the granules initially dried at 60ÁC further increased the tablet breaking force, 

achieving mechanical strength comparable to that of tablets pressed from granules dried at 

85ÁC. However, additional drying of the granules initially dried at 85ÁC did not yield further 

improvements. This suggests that the drying process at 60ÁC may not have been complete, and 

the evaporation of the remaining small quantity of moisture enhanced tablet properties. In 

contrast, drying at 85ÁC was likely complete, as further drying did not result in any additional 

changes. 

 
Figure 42: The breaking force of tablets pressed from granules produced at different drying 

temperatures (with and without additional drying after the continuous process) 

4.3.4 In-line monitoring of the moisture content of the dried granules 

The experiments confirmed that the remaining moisture is an important characteristic 

influencing CQAs, such as tablet properties. Therefore, the following experiments focused on 

the examination of the moisture content and its in-line and real-time monitoring using NIR 

spectroscopy. 

First, a NIR spectra-based PLS model (PLS_G1, detailed in Table 6) was developed. In the 

model, three latent variables were used, explaining 97.2% of the variation. The model yielded 
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an RMSEC of 0.443 and an RMSECv of 0.531, indicating that the moisture content could be 

quantified with an accuracy of Ñ 0.5% w/w (Table 18). Consequently, the model was accepted 

for in-line application. 

Table 18: Performance parameters of the NIR model spectra-based PLS model.  
Model parameters 

R2
C 0.980 

R2
CV 0.972 

RMSEC (% w/w) 0.443 

RMSECV (% w/w) 0.531 

BiasC (% w/w) 0.000 

BiasCV (% w/w) 0.011 

LoD (% w/w) 1.512 

LoQ (% w/w) 4.582 

Next, the PLS model was applied to detect the remaining moisture content of the granules in 

real-time. The temperature of the drying chamber was increased from 60ÁC to 85ÁC (repeating 

Experiments G.8-G.9) and then to 95ÁC (Experiment G.10) while the spectra were collected in 

real-time (Figure 43). Through the experiment, 20 samples were taken for off-line LOD 

measurements. The detected moisture contents, illustrated in Figure 43 with red symbols, were 

utilized to validate the model. 

 
Figure 43: Monitoring of continuous granulation process by the NIR spectra-based PLS 

model (black line), validated by LOD measurements (red symbols). The blue areas indicate 

periods of steady state with different drying temperatures applied, along with the breaking 

force of the tablets (marked with blue arrows) pressed from granules collected during steady 

state. 

The in-line and the off-line validation measurements yielded similar results, with the NIR model 

providing an adequately low RMSEP (Table 19). These results confirmed that the model was 

suitable for in-line process monitoring, as it could reliably detect the moisture content. 
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Table 19: Prediction performance of the NIR spectra-based PLS model.  
Model parameters 

R2
P 0.957 

RMSEP (% w/w) 0.356 

BiasP (% w/w) -0.031 

As shown in Figure 43, drying at 60ÁC yielded a moisture content of 10% w/w, which is above 

the theoretical moisture content of glucose monohydrate (9.08% w/w), while drying at 85Á 

resulted in a moisture content slightly below (8% w/w). This confirms the previous assumption 

that the drying at 60ÁC was incomplete. In contrast, drying at 95ÁC resulted in a significantly 

lower remaining moisture content (6.5% w/w), well below the theoretical moisture content of 

glucose monohydrate, suggesting a partial conversion of glucose monohydrate into its 

anhydrous form. These findings indicate that increasing the temperature beyond 85ÁC is not 

only unnecessary but may also have adverse effects, potentially inducing solid state 

transformation that could influence the granule and tablet properties. The tablets pressed from 

the granules dried at 95ÁC exhibited inferior mechanical properties (decreased breaking force), 

suggesting that overdying should be avoided. Although drying at 85Á left the moisture content 

slightly below the theoretical value ï indicating some degree of solid state transformation ï the 

overdrying was not too excessive and ensured that the granules were sufficiently dried. While 

all three temperatures yielded satisfactory results, drying at 85ÁC was selected for the next 

experiments, as it led to completely dry (even slightly overdried) granules and the best tablet 

properties. Although drying at a lower temperature (around 70-75ÁC) could potentially lead to 

complete drying without overdrying the material, the overdrying at 85ÁC was minimal, and it 

resulted in a robust system, making 85ÁC the preferred choice for the next experiments. 

4.3.5 Testing the integrability of our technology to the industrial 

crystallization line of glucose 

In addition to developing a technology to improve the flow properties and tabletability ï thus 

the breaking force of glucose tablets ï a further objective was to make the aforementioned 

technology adaptable into the industrial crystallization technology used to produce glucose-

monohydrate from starch.[226] In the industrial crystallization of glucose, centrifugation, the 

last manufacturing step before the drying, yields glucose with approximately 14% w/w water 

content (including the crystal water), which corresponds to the conditions applied in our 

experiments. Thus, our process can be modified to be applicable for directly processing the wet, 

centrifugated glucose instead of adding the dry glucose and the water separately (as described 
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in the previous paragraphs). With this change, our system can be inserted immediately after the 

centrifugation step, eliminating the need for the drying step. In this case, no additional 

granulation liquid is required, as the moisture content of the wet glucose is sufficient for the 

granulation on its own, making the complete, combined production line shorter and simpler. 

For these experiments (Experiments G.11-G.12 in Table 3), the adequate amount of water was 

mixed with the dry glucose to model the centrifugated, still wet material, which was then fed 

manually into the hopper of the granulator. The feed rate was also increased to model a larger-

scale production. The feed rate of the wet glucose was 3 kg/h, with the granulator set to a 

rotation speed of 200 rpm and a temperature of 55ÁC, followed by drying at 85ÁC. Experiments 

with lower granulation temperature (50ÁC) were also carried out because it was suspected that 

altered conditions could affect the optimal process parameters (Figure 44). 

 
Figure 44: The impact of the granulation temperature on the breaking force of the tablets 

produced from the priory wetted glucose during the larger-scale production. 

In contrast to the previous experiments, the breaking force of the tablets pressed from the 

granules produced at 55ÁC, although increased compared to the unprocessed glucose, remained 

below our limit (100 N). However, granulation at 50ÁC led to satisfactory results. According to 

our theory, the conditions in the granulator could have been altered by the higher rotation speed 

and modified fill level in the granulator (leading to higher shear force and more intense breakage 

of the crystals in the device) or by the different wetting of the glucose. With the previous wetting 

of the material, part of the solid glucose could have dissolved, making a viscous syrup and 

changing the L/S ratio in the granulator. Nevertheless, by making slight adjustments to the 

process parameters, satisfactory results were achieved with the previously wetted material, 

demonstrating that the system is sufficiently robust and can indeed be integrated into the 
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industrial production line. In that case, the manual feeding could be substituted with appropriate 

industrial feeders, enhancing the consistency of the production (e.g., further reducing the 

observed relatively high SD). 

4.3.5.1 Further investigation of the physical properties of the granules 

Although the main focus of the present work was to improve the tabletability of the powders 

and, thus, the breaking force of the prepared tablets, other characteristics of the granules were 

also examined to further confirm the improved physical properties. 

The process resulted in the formation of enlarged granules illustrated on the SEM and POM 

images (Figure 45). These measurements also confirmed the breakage of the previously 

observed elongated crystallines (Figure 40), the phenomenon that we already suspected to 

contribute to the improved tabletability. 

 
Figure 45: The (a) POM and (b) SEM images of the milled granulated glucose with 6.3x and  

30x magnifications, respectively.  

Compared to the initial unprocessed powder, the size increase is also notable, as confirmed by 

laser diffraction measurements (Figure 46). The average particle size increased significantly, 

and the proportion of the smaller particles (below 100 Õm) decreased. 
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Figure 46: The comparison of the particle size distribution of the granulated and unprocessed 

glucose 

In addition to the better tabletability (as discussed in the previous sections), the granulation also 

resulted in enhanced flow properties, as confirmed by the reduced time required for the samples 

to flow out of a funnel (Table 20). 

Table 20: Flowability of the unprocessed and the granulated and milled glucose 

 Required time to flow 

out of a 10 mm 

diameter funnel 

Required time to flow 

out of a 15 mm 

diameter funnel 

Amount of small 

particles 

(under 100 Õm) 

Unprocessed 

glucose  

~30 s 

(only with agitation) 
8.2 Ñ 0.2 s 20.4 Ñ 0.8% w/w 

Granulated and 

milled glucose  
11.5 Ñ 0.2 s 4.6 Ñ 0.1 s 14.7 Ñ 0.8% w/w 

4.3.6 Conclusions 

This study demonstrated the applicability of the continuous system for wet granulation, 

highlighting the flexibility of the technology. The flowability and tabletability of glucose were 

significantly improved, and tablets with adequate mechanical strength (a breaking force over 

100 N) were produced. It was also revealed that the high pressure and shear forces generated 

by the reverse conveying element were beneficial for the process, resulting in the breakage of 

the elongated crystals, thereby improving powder properties. 

The integration of the described system into the industrial production line is also promising. 

Although the manual feeding caused minor fluctuations in the process, resulting in higher SD 

in the breaking force of the tablets, the production of directly tabletable glucose from the 

previously wetted material with higher feed rates was also achieved, demonstrating the 

robustness of the system. 
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Furthermore, the in-line and real-time monitoring of the system was also accomplished. A NIR 

spectra-based PLS model was developed and applied as a PAT tool to measure the moisture 

content, a characteristic influencing important CQAs, of the dried granules throughout the 

process.  The most suitable drying temperature was identified, and the real-time monitoring the 

remaining moisture content ensured the proper operation of the system. 

4.4 In-line monitoring the crystal form of glucose after a continuous twin-

screw wet granulation process 

Although the previous section demonstrated that the properties of glucose could be enhanced 

using TSWG, enabling the successful tableting of the material, the solid state of glucose in the 

granules remains an important question. Since it is well established in the literature and 

confirmed by our experiments that the solid state of glucose significantly impacts key CQAs, 

its investigation is essential. While the findings of the previous section indicate that the partial 

dehydration of glucose monohydrate into anhydrous form occurred during the process, a 

thorough investigation of the transformation is required to ensure adequate product quality and 

enhance process understanding.  Therefore, in the next part, the crystal form of glucose was 

investigated after the continuous granulation process. The main objective was to explore the 

connections between the applied drying temperature and the resulting crystal form and develop 

a Raman spectra-based model to enable the in-line and real-time monitoring of the process.  

4.4.1 In-line monitoring of the anhydrous content with Raman 

spectroscopy 

As the crystal form is a key attribute influencing product quality, the primary objective of this 

research was to investigate the effect of the drying temperature on the crystal form of glucose. 

To achieve this, the continuous line was supplemented with Raman spectroscopy to enable in-

line and real-time monitoring. Since the anhydrous Ŭ-D-glucose and the Ŭ-D-glucose 

monohydrate are the stable forms under the applied conditions, the focus was on differentiating 

between these two forms. Therefore, in this study, óanhydrous contentô refers to anhydrous Ŭ-

D-glucose content.  

4.4.1.1 Development of the calibration model 

Figure 47 and previous studies[274] demonstrate that the Raman spectra of anhydrous Ŭ-D-

glucose and the Ŭ-D-glucose monohydrate exhibit distinct differences, allowing for their clear 

differentiation and making the technique suitable for anhydrous content monitoring. The 
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evaluated spectral range, highlighted in yellow, includes key peaks and notable differences 

between the two forms. 

 
Figure 47: The Raman spectra of anhydrous Ŭ-D-glucose and Ŭ-D-glucose monohydrate after 

baseline correction, normalization, and smoothing, with the evaluated spectral range 

highlighted in yellow. 

Based on these spectral differences, a PLS model (PLS_D2, detailed in Table 6) was built using 

calibration samples with different anhydrous content. The regression fit and the residual 

distributions are presented in Figure 48a and Figure 48b, respectively. The model explained 

97.8% of the observed variation. The RMSEC of the PLS model was 1.65, while the RMSECV 

was 5.07, indicating that anhydrous content could be detected with an accuracy of Ñ 5.1% w/w 

(Table 21). 

The residuals of both the calibration and validation datasets were randomly distributed around 

zero without systematic trends, indicating the absence of significant bias or nonlinearity. 

Although a few samples exhibited higher residuals, they fell within acceptable limits, 

confirming the robustness of the model. 
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Figure 48: The (a) regression of the PLS model and (b) the distribution of the residuals. 

Table 21: The calibration performance of the Raman spectra-based PLS model. 

 Model parameters 

R2
C 0.998 

R2
CV 0.978 

RMSEC (% w/w) 1.648 

RMSECV (% w/w) 5.066 

BiasC (% w/w) 0.000 

BiasCV (% w/w) 0.251 

LoD (% w/w) 4.011 

LoQ (% w/w) 12.154 

The highest Hotelling T2 and Qresidual values of the calibration, their SD, and the limits 

established based on these values for the in-line application are summarized in Table 22. The 

acceptance limit was set by adding three times the SD to the maximum of the calibration. 

  

Table 22: The maximum and the standard deviation (SD) of the Hotelling T2 and Qresidual values 

of the calibration, with the acceptance limit (three times the SD added to the maximum) set for 

the in-line application of the Raman spectra-based PLS model. 

 Hotelling T2 Qresidual 

Maximum of calibration  0.851 1.316 

SD of calibration 0.195 0.315 

Acceptance limit 1.436 2.260 
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The validation measurements revealed that the model performed well and accurately predicted 

the moisture content of the validation samples. Its prediction performance was satisfactory, with 

a low RMSEP value of 3.312 (Table 23). Consequently, the model was deemed suitable for in-

line monitoring. 

Table 23: The prediction performance of the Raman spectra-based PLS model. 

 Model parameters 

R2
P 0.996 

RMSEP (% w/w) 3.312 

BiasP (% w/w) 2.569 

4.4.1.2 In-line monitoring of the anhydrous content 

During the in-line, real-time application of the model (Figure 49), the drying temperature was 

increased in subsequent steps to enable the investigation of its effect on the anhydrous content. 

 
Figure 49: In-line, real-time monitoring of the anhydrous content (red line) using the Raman 

spectra-based PLS model, while the drying temperature (black line) was gradually increased. 

Blue symbols indicate excluded outliers, detected by the high Hotelling T2 and Qresidual values, 

and the yellow areas show the times of the sample collection for off-line measurements. 

 

To ensure reliable detection, outliers (marked in blue in Figure 49) identified by the elevated 

Hotelling T2 and Qresidual values, were excluded from the evaluation. As these values exceeded 

the previously set broad acceptance limits, it is reasonable to assume that issues occurred during 

the spectra collection in these cases. This likely resulted from the granules not fully covering 

the conveyor belt, leading to weak signals, or from external light entering the system ï both of 

which Raman measurements are highly sensitive to ï causing interference in the spectra. 
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Regardless of the reason, with such broad acceptance limits, these few outliers had to be 

excluded from the prediction. 

The results of the in-line monitoring confirmed that solid state transformation occurred during 

the drying process. While the granules dried at a low temperature of 60ÁC remained in hydrated 

form, with an anhydrous content of approximately 0% w/w, even drying at 80ÁC induced some 

level of transformation, which became more pronounced as the temperature increased. At 

120ÁC, over 50% w/w of the material transformed into anhydrous form ï a change that may 

significantly impact various CQAs, as reported by multiple studies [233,240ï243,275]. These 

findings also support the observations made in the previous section, where partial dehydration 

was presumed in the granules dried at 95ÁC, which exhibited weak properties. This indicates, 

that solid-state transformation can occur at higher temperatures, negatively impacting product 

quality. In contrast, the short residence time in the dryer (90 seconds) minimizes transformation 

at 60 and 80ÁC, making these temperatures more suitable for the system.  

To further validate the results, samples were collected throughout the experiment, and the 

crystal form of glucose in the granules was investigated using traditional, off-line analytical 

methods. The periods during which these samples were collected are highlighted by the yellow 

areas in Figure 49. 

4.4.2 Off-line investigation of the anhydrous content 

4.4.2.1 Thermogravimetric Analysis 

First, the water content of the granule samples was determined by TGA measurements. The 

thermograms of the samples dried at different temperatures (60ÁC, 80ÁC, 100ÁC and 120ÁC) are 

shown in Figure 50. 



95 

 

 
Figure 50: The TGA of the granules dried at different temperatures. 

Assuming that surface water was completely removed during the drying process, the anhydrous 

content can be estimated based on the measured water content (mass loss) by comparing it to 

the theoretical crystalline water content of the Ŭ-D-glucose monohydrate (9.09% w/w). The 

results suggest that at 60 ÁC and 80 ÁC, the granules were still predominantly characterized by 

the monohydrate form, while the anhydrous content was notable at higher temperatures (Table 

24). The detected anhydrous contents aligned well with the Raman measurements, further 

confirming the results. 

Table 24: The investigation of the anhydrous content of the samples by TGA applying 10ÁC/min 

heating temperature until 110ÁC followed by a 60-minute isotherm period. The anhydrous 

content was determined by comparing the mass loss of the granules to the theoretical moisture 

content (9.09% w/w) of Ŭ-D-glucose monohydrate. 

The granule samples Mass loss Anhydrous content 

Granules dried at 60ÁC 9.0% w/w 1.2% w/w 

Granules dried at 80ÁC 8.8% w/w 3.0% w/w 

Granules dried at 100ÁC 6.1% w/w 32.9% w/w 

Granules dried at 120ÁC 3.9% w/w 56.9% w/w 

4.4.2.2 Differential Scanning Calorimetry 

The DSC measurement of the samples was also carried out. The DSC thermograms of the 

calibration samples are shown in Figure 51a, with two large endothermic phenomena being 

present on them. The first ï occurring around 75ÁC onset and 80ÁC peak temperature ï 

corresponds to the hydrate loss of the material and is present on all the thermograms, except in 

the sample containing only anhydrous Ŭ-D-glucose (100% anhydrous content). The second 

endothermic peak occurs around 130ÁC onset and 152ÁC peak temperature (Figure 51a) and 
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corresponds to the melting of the anhydrous form. Therefore, it can be observed in all the 

thermograms. 

 
Figure 51: The (a) DSC thermograms of calibration samples containing anhydrous Ŭ-D-

glucose and Ŭ-D-glucose monohydrate, and (b) the calibration curve (linear fit) of the enthalpy 

of the dehydration process as a function of anhydrous content. The area used for the 

calibration is indicated by the blue arrow and grey area in (a). 

A linear calibration was applied to the enthalpy change of the first endothermic peak, 

determined by calculating the normalized integral of the curve. The calibration yielded an RĮ 

value of 0.994, indicating a good fit (Figure 51b). 

Next, the thermograms of the granules were investigated, as illustrated in Figure 52. The 

decrease in the normalized integral of the endothermic peak can be clearly identified in the 

samples dried at higher temperatures, indicating a loss in the crystalline water and an increase 

in the anhydrous content (Table 25). 
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Figure 52: The DSC thermograms of granules dried at different temperatures. 

Table 25: The investigation of the anhydrous content of the granules by DSC, using a calibration 

based on the enthalpy of the endothermic peak occurring with around 75ÁC onset and 80ÁC 

peak. 

The granule samples Anhydrous content 

Granules dried at 60ÁC 6.7 Ñ 3.4% w/w 

Granules dried at 80ÁC 4.8 Ñ 3.3% w/w 

Granules dried at 100ÁC 30.3 Ñ 3.3% w/w 

Granules dried at 120ÁC 58.0 Ñ 8.4% w/w 

Although the anhydrous content detected by this method aligned reasonably well with the TGA 

measurements, slight discrepancies were observed, particularly at a lower drying temperature 

(60ÁC). These differences are likely due to variations in particle size between the granules and 

the calibration samples that were revealed by our previous study.[276] Such particle size 

differences are known to influence onset and peak temperatures, peak broadening, and specific 

enthalpy.[277] Nevertheless, the same trends were identifiable with this method, too. 

4.4.2.3 X-ray powder diffraction 

Finally, XRPD was also used to determine the anhydrous content of the granules. The spectra 

of the pure components (Ŭ-D-glucose monohydrate and anhydrous Ŭ-D-glucose), on which the 

CLS calibration was based, are shown in Figure 53. The XRPD patterns of the two forms are 

clearly distinguishable, with peaks at 19.6Á and 20.6Á corresponding to the characteristic peaks 

of the hydrated and the anhydrous forms, respectively.[241] These peaks also exhibited 

significant changes in the granules; therefore, the CLS evaluation was focused on them. 
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Figure 53: The XRPD patterns of anhydrous Ŭ-D-glucose and Ŭ-D-glucose monohydrate, with 

their characteristic peaks highlighted in grey. 

The investigation of the XRPD patterns of the granules revealed trends that were consistent 

with those observed in the previous measurements (Figure 54). The characteristic peaks of the 

monohydrate form decreased with the temperature, while the one corresponding to the 

anhydrous form increased. The quantitative analysis, carried out using the CLS model, revealed 

that the anhydrous contents determined by the XRPD measurements (Table 26) were close to 

those obtained from other methods. This further confirmed the reliability of the previous 

measurements and the determined anhydrous content. Additionally, this method also effectively 

eliminated the possibility of the occurrence of the ɓ form as its characteristic peaks (reported at 

16.3Á and 16.9Á in the literature[241,278]) were absent in all XRPD patterns. 

 
Figure 54: The XRPD patterns of the granules dried at different temperatures. 
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Table 26: The investigation of the anhydrous content of the granules by the XRPD pattern-

based CLS model. 

The granule samples Anhydrous content 

Granules dried at 60ÁC 0.0% w/w 

Granules dried at 80ÁC 2.2% w/w 

Granules dried at 100ÁC 35.2% w/w 

Granules dried at 120ÁC 55.4% w/w 

4.4.3 Comparison of the results of the in-line and off-line measurements 

To quantify the agreement between methods, the RMSE was calculated between the in-line 

Raman spectra-based prediction and the results of each off-line reference technique. The RMSE 

values were low (1.6% for TGA, 0.8% for DSC, and 3.7% for XRPD), confirming the good 

consistency of Raman measurements with established methods. Additionally, Bland-Altman 

analyses further demonstrated the agreement (Figure 55). The mean difference between Raman 

and TGA was -1.25% w/w (with 95% limits of agreement ranging from 1.18% w/w to -3.68% 

w/w), indicating negligible bias. Between the Raman and DSC, it was -2.5% w/w (ranging 

between 3.7% w/w and -8.7% w/w), and for Raman and XRPD, it was -0.10% w/w (ranging 

between 1.66% w/w and -1.86% w/w), showing similarly good alignment. Overall, the 

observed differences remained within acceptable limits, and no significant trends or 

proportional bias were found in the Bland-Altman plots. These findings further confirm that the 

Raman model provides a reliable and consistent estimation throughout the experiment.  

 
Figure 55: The results of the Bland-Altman analysis comparing the results of the (a) Raman 

and thermogravimetric analysis, (b) Raman and differential scanning calorimetry, and (c) 

Raman and X-ray powder diffraction measurements. The mean of the differences is presented 

in red on the diagrams, together with the 95% confidence intervals (Ñ1.96 SD). 

4.4.4 Conclusions 

The anhydrous content of glucose granules produced with the integrated, continuous powder-

to-granule pharmaceutical line was monitored in-line and real-time using Raman spectroscopy. 

The examination of the impact of drying temperature on the transformation of the initial Ŭ-D-
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glucose monohydrate into anhydrous Ŭ-D-glucose revealed that at low temperature (60ÁC), the 

transformation was minimal; however, at 120ÁC, more than 50% w/w of the glucose was 

converted to anhydrous form. Since the crystal form of glucose is an essential characteristic 

significantly influencing various key CQAs, its continuous monitoring with a PAT sensor 

ensures the production of the desired form and, consequently, consistent product quality. 

The results of the in-line monitoring were validated by various off-line analytical methods. The 

anhydrous content was detected by the mass loss during TGA measurements, the enthalpy of 

dehydration (peak area) of the DSC measurements, and an XRPD pattern-based CLS method. 

The methods showed good alignment, further confirming the applicability of the Raman-based 

model and the detected anhydrous contents. 

4.5 Explainable artificial neural network as a soft sensor to indirectly  

predict the moisture content in a continuous granulation line 

In addition to demonstrating the advantages and flexibility of TSG and highlighting the 

potential of CM, process monitoring was also a key focus of the previous sections. The studies 

emphasized the benefits of real-time monitoring in the pharmaceutical industry to ensure 

consistent and high product quality, and detailed the development of such monitoring systems 

using advanced PAT tools. While PAT-based in-line and real-time monitoring remains a state-

of-the-art approach offering significant advantages over commonly used traditional, offline 

analytical methods, an even more advanced approach, the application of AI-based soft sensors 

was investigated next. 

This study focused on the development of two ANN models (an MLP and a NARX model) that 

can be utilized as data-driven soft sensors to indirectly monitor an integrated CM line based on 

TSG. The primary objective was to predict the moisture content ï a property influencing 

important CQAs ï of granules based on only the applied process parameters without any direct 

measurements, offering a cost-efficient, orthogonal alternative to traditional analytical 

methods. Additionally, to address the óblack-boxô nature of ANNs, the model was made 

explainable to enhance process understanding and provide insight into the model. 

4.5.1 The evaluation of the NIR spectra-based PLS model 

First, the NIR-spectra-based PLS model (PLS_P, detailed in Table 6) was investigated to 

determine whether it was suitable for accurate moisture content detection, as it was aimed to be 

utilized for the validation of the ANN-based models. Our goal was to predict the moisture 
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content with an absolute RMSE of 1%, enabling the detection of important changes and trends 

that could significantly affect product quality.  The model parameters and the prediction 

performance are summarized in Table 27 and Table 28, respectively. 

Table 27: The model parameters of the PLS model. 

Model parameters PLS model 

R2
C 0.989 

R2
CV 0.986 

RMSEC (% w/w) 0.252 

RMSECV (% w/w) 0.290 

BiasC (% w/w) -8.88Ŀ10-16 

BiasCV (% w/w) -0.001 

As presented in Table 28, the moisture content could be detected during the validation 

measurements with 0.418% RMSE, indicating that the model was suitable for this study. 

Therefore, it was used for in-line and real-time monitoring during Experiments P.2-P.6. 

Table 28: The prediction performance of the PLS model. 

Model parameters PLS model 

R2
P 0.949 

RMSEP (% w/w) 0.418 

BiasP (% w/w) -0.256 

The Hotelling T2 and Qresidual values of the calibration were also determined. Based on the 

investigation of these values, a limit was set for each by multiplying the highest observed values 

of each by 10 (Table 29). These limits were then used for outlier detection during the in-line 

application of the model. 

Table 29: The Hotelling T2 and Qresidual values of the calibration, with the acceptance limit (the 

maximum multiplied by 10) set for the in-line application 

 Hotelling T2 Qresidual 

Maximum of calibration  2.16 2.01 

SD of calibration 0.348 0.331 

Acceptance limit 21.6 20.1 
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4.5.2 The MLP model 

4.5.2.1 Model development 

Next, the MLP model was built to predict the moisture content solely from the recorded process 

parameters without relying on direct measurement or the NIR spectra. The application of MLP 

holds significant potential, as the low development and operation costs of the technique make 

it a viable alternative to the expensive spectra-based approach. Furthermore, the simultaneous 

application of the two models (the NIR-based PLS and the process parameter-based MLP) 

could enhance reliability and robustness, as they are orthogonal techniques utilizing different 

data sources. 

The training of the MLP was carried out using historical data (Table S3 of Supplementary 

Material), and the obtained regression curve of the MLP is illustrated in Figure 56, while the 

model parameters are summarized in Table 30. 

 
Figure 56: The regression curve of MLP. The blue marks indicate the data used to train the 

MLP model, while the red marks show the validation samples. 

Although some deviations can be observed in Figure 56, the R2 and RMSE values of both the 

training and validation datasets demonstrate acceptable predictive accuracy. While the RMSE 

of the MLP was slightly higher than that of the PLS model (Table 27 and Table 28), the two 

values were close to each other, the observed errors remained in the acceptable range (with 

RMSE below 1%), and no systematic bias was detected. Moreover, the RĮ values of the two 

models were also similar, indicating that despite the minor difference in RMSE, the models are 

comparable.  Therefore, the MLP was deemed acceptable for in-line monitoring. 
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Table 30: The model parameters of the MLP model. 

Model parameters MLP  

R2
Train  0.9414 

R2
Valid 0.9138 

MSETrain  (% w/w) 0.2188 

MSEValid (% w/w) 0.3448 

RMSETrain  (% w/w) 0.4678 

RMSEValid (% w/w) 0.5872 

4.5.2.2 Model application 

As the MLP yielded adequate results, the model was applied to predict the moisture content 

during Experiments P.2 and P.3. The registered process parameters of Experiment P.2, used as 

inputs in the MLP, are presented in Figure 57. Although the model had two additional inputs 

(the mill type and the sieve size of the mill) with varying values in the training dataset, these 

inputs remained constant during Experiments P.1-P.6. Thereby, they are not illustrated in Figure 

57, nor any other figure. 

 
Figure 57: The input parameters of the MLP registered during Experiment P.2. The mill type 

(oscillating) and the mill sieve size (800 Õm) are not presented in the figure, as they were 

constant throughout the experiment. 

 






































