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Thesis Findings

1.

The twinscrew melt granulation of dredgaded electrospufibers 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 extspresulting in

a 34% reduction in tablet sibempared tdahedirect compression roufél]

The significant influence of the electrospinning polymer on the stability of the
amorphous solid dispersion during granulation was confirhbaes demonstrated that

the use ohydroxypropyl methylcellulose improved the stability of itraconazole
containingamorphous solid dispersion during granulation, preventing phase separation
or the crystallization of the active pharmaceutical ingrediwhich would otherwise
impair dissolution performandél]

A fully continuous, scalable, twiacrew granulatiofibased integrated powdta-tablet

line was developed, consisting of feeding, tsarew granulation, continuous drying,
milling, and tabletingwhich is applicableto 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 incremsthe production rate of more than one
order of magnitude can be achieved using the same equipment, only by increasing
production speedThe productivity was significantly increased (from 0.5 to 8 kg/h)
without equipment changadwithout any substantial change in product qudlityi]

The flowability and tabletability of glucose monohydrate were significantly enhanced
using the twinrscrew granulation line, proposing a system that is easily integrable into
the current industrial production process of crystalline glucose. The systend prove
suitable for producing pure glucose tablets (only containing a lubricant) with adequate
breaking force, while tablet capping was effectively prevefitedl ]

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-lime and reatime monitoring was achieved usingarinfrared
spectroscopy and multivariate data analysis. By applying this method, sufficient drying
was ensured, consequently the tablets with adequate breaking force coulduoegrod

that were not prone to cappifiy.



6.

It was confirmed that glucoseonohydrate 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
conditionsthat minimized or prevented this transformation were identified. Tiaen
crystal form quantification of glucose in granules following an integrated granulation
process was achieved for the first time, using Raman spectroscopy and multivariate data
andysis, thereby ensuring consistent product quéljty]

Artificial neural networkbased datariven soft sensors were developed for the first
time to predict the moisture content of granules after a continuousstnemw
granulationbased pharmaceutical process, only from the applied process parameters.
Two mockls, a fully connected, feedforward network and a recurrent,-deries
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 coirfimed by their alignment with the results obtained from
simultaneous iline monitoring with neamfrared spectroscopy and die reference
measurements. The proposed methods providestfigent, orthogonal alternatives to
traditional monitoring teamiques (e.g. nednfrared spectroscopy). By carrying out
SHAP SHapley Additive exPlanationsggnalysis on the feedforward network, an
explainable artificial neural network model was developed for the first time to indirectly
predict the moisture content after tw8orew granulation. This approach enhances
process understanding, providing a sigrifit advantage over traditional monitoring

techniqueg!V]
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1. Introduction

In recent yearsa fundamental paradigm shift has begun in the pharmaceutical indlsten

by the need fomore agile, efficient, and robusianufacturingvhile simultaneously enhancing
product qualityThe key innovationsiclude thantegrationof continuous manufacturing (CM)
technologies, the Quality by Design framewdHeadvanced quality assurance tools based on
modern process analytical technolodieaT), digitalization, the Pharma 4.0 concept, and the
application of artificial intelligence. While thegeovationsoffer significant advantages over
traditional practices, theiwidespreadndustrial application remains limitetdighlighting the
need for further research. Notablyparticularly promising opportunity lies in the simultaneous
implementation of these modern approaches, assyrergistieffects can help maximize their

overallbenefits.

Twin-screw granulation (TSGa continuousgranulationtechnique presentsan excellent
opportunity tointegrate these advanced practices and demonstrate #wiantagesAs
granulationis a critical formulation method required for most solid drug formulations to
enhance powder properties and enable tableting, T®@Es significant potential in
pharmaceuticalproduction While granulation is still most commonly carried out using
traditional batch processes, thenefitsof TSGacceleratéts implementatiorand highlight its
transformative potential. Additionallygpplying TSG provides an excellent opportunity to
develop connected CM lines amd implementadvanced monitoring and quality assurance
systems. This holistic approach can help realize the full potential of these modern practices,

leading to improved efficiency and quality.

Thereforethiswork focuses on the development and investigationi®@@based formulation

line while simultaneoushyadvancingthese 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 enablidgnéard reattime process
monitoring using various PAT tools, dadaven soft sensors utilizing artificial neural networks
were developed and explored to enhance monitoring and ensure product Gbalfipdings

of this research could facilitate the developtnand 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 developitiglds of thechemical industrythe pharmaceuticasector
hasfaced increasing criticism over the past decade for relyirqutaatedechnologiesWhile

strict regulations andomplexapproval processes were originadigforced to protect patient
safety, theemeasurshavehad an inverse effedy consistently relying on conventional, well
establishednethods, innovatiomas beerslowed down, making the sector lag behind other
areas The overregulation hindered the adoption of advanced quality assurance sgsi@ms
novel technologieshereby reducing process understanduigmately leading todecreased
efficiency and increased drug recalland shortage$l] 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 sumarized inFigurel, all aimed atenhancing efficiency, agility,

and flexibility while ensuring consistent and high product qu§dityThe following sections

will exploresome of th&key aspects of thigransformatiorand discuss future perspectives.

Process
Analytical
Technologies

Continuous

Manufacturing Pharma 4.0

Artifitial
Inteligence

Quality by
Design

Figurel: The most important elements of the paradigm change aiming to modernize
pharmaceutical manufacturing.

2.1.1 Continuous Manufacturing

In recent decadethe shift fromtraditional batctproduction tacontinuousnanufacturing (CM)

has become a widespread tendency in most fields of the chemical industry. Although the
transition has been slowerthe pharmaceutical sector, thenerousdvantages aZM (Figure

2) strongly supportits adoption.These benefitsnclude for example increased efficiency,
smaller equipment sizesind significantly lower investment and operation expenggsThe
implementation of CM also usually leads to moomtrolled productionimproved product
guality, less matéal waste reducedenvironmental footprintand overall, greener production.
Contrary to the global nature of most pharmaceutical supply chains, the flexibility of CM

facilitates the integration of manufacturing stefpy connecting manufacturing steps, @sin
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eliminatethe needor transport and storage between operation ur@ssilting in shortermore
energ-efficient production lineandamoresecure supply chaildditionally,integrated lines
reduce thalegradation risk of sensitivactive pharmaceutical ingrediensRls) and improve

safetywhen handlindhazardous materialgi 9]

v'High efficiency )
¥ Secure supply chain

NonSetop v'No need for material transport or storage

production v Easy scale-up y
v'Robust systems h
¥ Increased flexibility

Crsmirsti] v'Reduced operation cost

manufactoring v Automatization Y.

lines

v'Reduced investment cost
v'Reduced space
v'Reduced energy usage
v'Reduced safety hazards

Small
equipment
size

Figure2: The most important advantages of CM.

Scaling up of continuous technologies is also more convenient. In many cases, commercial
scale equipment can be ugbhtbughout all experimental phasebminating the need for time

and energsconsuming separate laboratorand commercialscale optimizatiofl0,11]
Avoiding equipment change also redutles risk ofhaving to nodify an already approved
processwhich would require additional time and expenses. Bhgarticularlycritical in the
pharmaceuticalindustry, where processeme highly depenént on equipment size and
geometrny{10,12] Furthermoretheinherentflexibility of CM can expedite the timm®-market

and enable eapidincrease in productiocapacity which can berucial duringdrug shortages

or unexpected emergencjassich ashe COVID-19 pandemid.7,9]

Although the advantages of CM have been known for decades, the prolonged transition to its
adaptation is primarily due the strictregulatory requirementshe currently availableyell-
establishedbatch equipment parksand the high initial investment cosassociated with
implementingnew technologies. Overcoming these challenges and changing the mindset of
industryexpertsis a long process, but the rising cost of research and development (R&D), the
increasingcompetition of generic manufacturers, stertened effectivpatentlifespans(due

to longer development timeand thedecliningnumberof i bl oc k b u s t rmake ther o d u c t
changeanevitable As these conditionscreasinglyhinder profitaldity , CM offersa promising

andviable solutiorf3,9,13 15]
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The importance of CM has also been recognized byedfelatory agencies, which strongly
supportits adoption In 2005 the American Chemical Society Green Chemistry Institute
Pharmaceutical Roundtable announced CM as a research priority, and inD20J&net
Woodcock,the Director of the Center for Drug Evaluation and ResearthedS. Food and
Drug Administration (FDA)publicly advocated for accelerating its adoptj@6,17] This led

to severalinternational Symposia on Continuous Manufacturing of Pharmaceut&}land
numerous guidelines issued tmajor regulatory bodiescludingthe FDA[19], the European
Medicines Agency (EMA]20], and the International Council for Harmonizati@di 26], all

encouraging the development angplementatiorof CM.

By now, all the biginnovative pharmaceutical companies have been actively working on
developingCM technologies. Thanks to the collaborative efforts of academia, industry and
authorities,severalAPI-containing solid drug products are manufactunsthg continuous
systemg27,28] Janssenfor example,shifted the productionof P r e z ifremh bakeh to
continuous production, reducing the manufacturing time, foot@mmak quality testing duration
thereby further highlighting the advantages M.(2,29]

While the literature review revealed that CM has excellert potential and could
significantly enhance pharmaceutical manufacturing the integration of these
technologies remains challenging, with significantly fewer publications focused on

operating multiple continuous unitssimultaneously[30]

2.1.2 Quality by Design

CM s closely aligned with another paradigm change in the pharmaceutical industry, the
implementation othe Quality by Design (QbD)rameworksn place of the traditionaQuality

by Testing approacl an initiative strongly supported by tHeDA. The QbD concept came

from therecognition that product quality does not necessarily improve with increased testing.
Insteadbf relying solely on testingQbD offers asystematic, ristbasedand 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 &ngbdeep process and product
understanding31,32]

In the QbD approach, the first step of pharmaceutical development is defining the parameters
thatensuethedesired product qualifknown aghequality target product profile (QTPH)his
is followed by the identification of the physical, chemjcaihd biological propertieshat
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determne the QTPPreferred to agritical quality attributes (CQAs)ByY establishing dink
between the CQAsinfluential input material properties (the critical material attributes
(CMAS)), and the applied operation parameters (thécal process parameters (CPPSs))
enhanced process understandiag be achieve[83,34] This comprehensive understanding
enables the selection of thsuitable formulationand the adequatemanufacturing and
development procesvhile also enabling the definition of tleeesign spacdt is important to
note that the design spaceyipically equipmentdependent, further highlighting the advantage

of theconvenient scalep of CM technologies discussauSection2.1.1

Besides the deep product and process understanding, risk managerdenbntinuous
monitoring and improvemearekey aspectsf the QbD frameworkFigure3). Several control
strategies can be utilized simultansiyuo ensure adequate operatidhesdanclude endpoint
testing, the monitoring of CMAs and CPPs, fiiale release testinfg5] i which involves
continuous monitoring and evaluation of product quality during manufacturing, enabling
immediate release without eqpdoduct testing andthe use ofdifferent, datadriven and
mechanistic modelsAmong other methods, the application of process analytical technologies

(PAT) is a valuable todbr QbD that is strornlg encouraged by regulatory agendig$,36]
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5 Unit Operation Ly Product
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Critical Process ]

. Parameters
Continuous

Improvment
Process
Control
Figure3: TheQbD framework

The importance of QbD is highlighted by the numerous guidelines issued by regulatory
agencieghatencouragets implementation and define its main princip|@si 42] In the past
decades, Qbbb as gone -tdhraome Antioccea key and highly re
development processyith an increasing number of its industrial applicati¢83] The

enhanced process understanding and advanced manufacturing approach provided by

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

the full potential of CM technologies[7] Despitethe increasingnumber of publications
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discussingQbD, similarly to CM, most of them investigate individual operation units, and
the evaluation and deeper understanding of connected, integrated continuous linase
still limited. [43]

2.1.3 Process Analytical Technologies

The application oPAT 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,-baked approadqd4] PAT was first introduced by

the FDA in 2004, describedd&sa sy st em f or designing, analyzin
through timely measuremenise( during processing) of critical quality and performance attributes
ofrawandimppr ocess materials and proc ¢3g45¢PATiIE® ensul
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 strategiemnd continuous improveme(iigure 4)[46]
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Figure4: The key elements ¢fAT.

PAT is based on the application of advanced, reliable monitoring tools. Given the importance of
providing timely data,ite FDA guideline recommends tapplicationof atline, ortling, or in-line
process analyzers instead of the traditionalio#f analyticaimethodsParticularly,in-line and on

line sensoreffer a considerableadvantagdy enablingreattime monitoringof CMAs, CPPs and
CQAs.

Althoughseveraimethodscan beutilized for reaitime monitoring such ascousticemission47],
digital image analysi§48], focused beam reflectance measurenjéfj, and ultravioletvisible
(UV-Vis) spectroscopy50], the most commonly applied techniquase two, vibrational spectra
based methodsiearinfrared (NIR) and Raman Spectroscqp¥] The primary reason behind their

widespread application is thabth methods are fast, n@lestructive and versatiladditionally, as
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a spectrum can contaigualitative and quantitative informatiorabout 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 sirehgth
coat thicknes§s2i 58] 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 met¥fadsus chemometric
methods can be employed for PAT, among which the most commonly applied are partial least

squares (PLSandprincipal component analygS9]

The literature reviewconfirmed that the application of PAT is rapidly increasing in the
pharmaceutical industry, and it is an essential tool for enhancing process understanding and product
guality. Given the complex data provided by advanced process analyzers, multivariate data analysi
is a crucial part of the PAT framework, and the development and continuous improvement of
chemometric methodare crucial for its implementatiomAs sample collection during CM
technologies can be challenging, their combindon 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 manufacturimgnalyzing this vast amount of collected data offers an
unprecedented opportunity to enhance efficiency, process understanding and control, taking
manufacturing to a new levdhdustry 4.0also known as thd" industrial revolution (a term
originating from GermanyyJefers to the implementation of complex, integrated anddtatan

smart factories supported by modern sensams)necunication, computing platforms, control
strategies, simulation and modellifleigure5).[60] The initiative has the potential to change
manufacturing fundamentally in all sectorBhe pharmaceutical industry's adaptation of
Industry 4.0 Pharma 4.0also focuses on digital transformation to enhance the development
and manufacturing of drug produ¢é.]

Although the spread of CM, QbD and PAT ha already reformed the pharmaceutical
industry and laid the foundation for future improvements, implementing Pharma 4.0
requires further effort. Theprimaryreasons preventing its widespread implementation are the
uncertaintiesand mistrustaused by the lack of precedents and regulajaigelines and the

high financial investment associated with the developi@&jtt 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 automatizatiomodernCM technologies and advanced quality control systems
(including QbD and PAT), practices of Industry 2.0 (manufacturing with conventional batch
technologies and using traditional -tifie analytical methods) are still applied. Despite these
challenges, thenplementation of Pharma 4.0 is inevitaphs it can solve numerous problems

in the industry{63], making pharmaceutical manufacturing more agile, robust, effective and
flexible while reducing waste and enhancing product qugRy64,65]
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Figure5: The chapters of the Industrial Revolution.

An essential cornerstone of the Pharma 4.0 initiative is the application of artificial intelligence
(Al). Among other benefits, Al can enhance efficiency and quality control and accelerate
research andevelopment through the effective analysis of big data, the development of digital
twins and advanced process optimiza{@®] Machine learning (ML) is one of the most
steadily advancing subdisciplines of Al, showing great potential due to its ability to learn
patterns from datand make decisions or predictions without being explicitly programmed.
Furthermore, thability 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 applicatiof@2,66] Although implementing Al 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 thestechnologies. Their support is demonstrated by the release of the
FDAG®s8 i deGoadMachirie Learning Practice for Medical Device Development: Guiding
Pri ncanpgdiesdussi on paper AUsing Artificial

Developmen of Dr ug and Brhesdpobgcatiormarksignificadt miestong
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in regulabry development, positionintpe implementation of Al and ML as viable alternasive
within the industry[67i 69]

ML can be divided into three categories: supervised learning, unsupervised learning, and
reinforcement learnindduring supervised learning, the algorithm learns from a training dataset
containing known input and output palvefore predicting or classifying the predetermined
output attribute from new inputs. In contrasfjsupervised learning finds relationships in
complex datasets, drawingfeénences from the input data without using the outpugking it

mainly applicablefor clusteringand dimension rduction. Finally, reinforced learning can
correlate actions with delayed future outcomes and can beéaidedcribecomplex dynamics.
Although all these approaches have considergigtential, thdewer risks and uncertainties
associated with supervised learningken& the mosinvestigated approach for pharmaceutical

manufacturing applicatior[62,70]

Artificial neural networks (ANNS), a branch of ML algorithms applying supervised learning
(Figure6), areamong the most steadily advanciigjds, showing significant potential in the
pharmaceutical sectP2] 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, summayization
and transfer function), and the calculated output is transferred to connectedsr@sungout

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 v4iHs.

Artificial
Intelligence

Machine
Learning

Supervised

learning

Figure6: The relationship betweel andANN.

Variousstudies 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

18



by PAT sensors. It is most commonly used to analyze spectroscopi¢sdeltaasJV-Vis
[72,73] infrared[74], NIR [75i 77], or Raman spectfa8]); however, examples of applying
ANN to complement acoustic emissipff], focused beam reflectance measurenf@®i81]

and image analysi82] can also be found in the literature. Various process steps such as
synthesis, crystallization, granulatiandtableing have been studied, and in the case of non
linearity, ANN regularly outperformed conventional meth{@8.Another possible application

of ANN is to enhance process understanding and optimization by exploring the relationship
betweenCMAs, CPPs, andCQAs. Numerous application examples can be found in the
literature: among others, ANNs have been utilizepredict the yield83], optimizesynthesis

[84], predict the growth rate during crystallizatif®b], explore the relationship between
granule properties and process paramé8is reduce capping tendency during table{®g]

andoptimize tablet coatin{g8].

Anot her promising yet relatively undrvenexpl or
soft sensorsSoft 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 @dtigal setups,

using ANNs as soft sensors can be a viable altern@®jeAlthough the advantages of the
approach have been highlighted by some studasong which its application for monitoring

complex systems is particularly promisif@0] 7 its potential isyet to befully realized. A

reason behind this is tHdack-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 ANN$91i 93]

Realizing this issue, a growing amount of research focuses on developing methods to explain
the operation of ML, Al and, consequently, ANN94,95] Various strategies have been
establishedo make ANNs explainable: it can be achieu®dfocusing onthe analysisof
individual model componen{86] andthrough the development and investigation of surrogate
models that mimic the behavior of the original ANN (e.g., Local Interpretable Magledstic
Explanations method®7] 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., througperturbationfeature importancg8]) or locally, explaining the
individual predictions (e.g. the game thetasedSHAP 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 literaturg100i 105]
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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 advantagdsasther 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 Challengesof tablet formulations

2.2.1 Poor mechanical properties

In the pharmaceutical industrgompressed tablets represent the most popular dosage form
thanks to theihigh durability easy packaging, and simple (no medical supervision requiring)
administration Beyondthe therapeutic effect of the API, compressed tablets have to meet
various practical requirements to be considered suitable for commercial prodictiong
these, mechanical strength is a particularly important factor, directly determihatberthe
tabletformulation is suitable for further processing (éilgh coating, packgng, and transport)

and subsequent distribution.

Severaktandardized guidelinese provided by the United States Pharmacopoeia and European

Pharmacopoeia to assess these key properties, most impdiriabitlity, breaking force, and

tensile strengthFr i abi | ity describes the fAdurabilityo

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 targeditithte fnable

film coatingand highspeed packagindor whichafriability bdow 0.3%is required106i 109]
Breaking force (also known as crushing force or tablet hardessgssethe mechanical
strength of tabletby determininghe minimumforce required to break ¢im[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, tbaited States Pharmacopoeia monograpivides equations to
convert the breaking force into tensile stren@téspiteits limitation, breaking forceemains a
widely wutilized metric i n t hesimplicit, sgédrand due
conveniencgserving as a pctical in-process control criterioto eficiently monitor tablet

guality. In most casest provides sufficient information to evaluate mechanical strength and
optimize formulationsparticularly for comparinggblets of the same size and sh&penerally,

a breaking force of 40 N is considered the minimum requirement for oral tahlmtgh the
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specificlimit should betailored toeach formulation. Additionallylower limits are typically

required for chewable and orodispersible taljlet€i 112]

The mechanicahtegrity can be compromised by various factors, with capping tendency being
a common defect that weakens tablé&tse term capping refers to the horizontal breakage of
tablets, which can occur during tablet production, handling, or teptiogedures While
breaking forceaypically increasesvith the goplied compression force, in casef cappingit
reachesa maximum before declinng sharply Although the phenomenon is not fully
understood, capping can be caused by air entrapnedadiic 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 f¢t¢4s113 115]

The physical properties of the initial powders usedformulation arekey factorsinfluencing
mechanical properties and other practical requiremsmt$, as controlled dissolution, stability,

and mass uniformyt[113,115 117] Thus understanding and often improng i the powder
propertiess critical for pharmaceutical processingowability, a key characteristicefers to

the ability of a powder to flow smoothly and consistently. Beyond ensuring steady material
transport between operation unitsa key requirement for connected CM linds good
flowability alsofacilitatesconsistenpunchloadingduring tableting thereby ensuringniform

tablet masswhich is critical in industrial higispeed tableting device€ompressibility and
compadtility also play essenal roles in tableting Compr essi bil ity descr.i
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. Whit®mpressibility enables tablet formation, compactibility ensures
mechanical strength and quality, making both characteristics crucial for tablet prodiut8pn.

Poor powder properties can hinder direct compression which is the preferred
manufacturing route due to its simplicitdlowever, \arious studies havehown that the
majority of tablet formulations cannot be processedvith this method. For instancel eane
et al. revealed that according tiee European Public Assessment Repdrtsn the EMA
website, only 16% of tablet formulations are produced ugiregt compressiafil19] While
adding excipients casometimedacilitate direct compressiogyranulation is often required
as an additional downstream processing stepo enhance powder properties before

tableting.
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2.2.1.1 Improving powder properties viargnulation

Granulation isa particle enlargement technologfyattransforms the primary powder particles
into | arger aggl ontata® physcallg sirbnyee ahd damg bre alesarilbed s 0
with enhanced flow and compression properties. Furdldeantages of the process include
prevening segregation, ensimg content uniformity, increasg bulk density reduéng dust
formation, and, consequentlyemployee 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 irdrmediate of tablet or capsule productipR0,121]Granulation is particularly
beneficial for formulations with either very high or low dosagesabitty to reducethe need

for excessive excipieatwhich would otherwise be required to improve powder properties
helps decreasehe tablet size andconsequentlyenhance patient compliance making it
especiallyuseful for AP with high dosagg[122] On the other handis capacityto ensure
content uniformityprovidesa significant advantader ultra-low dosage formgL23] Although

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

most commonly applied types of granulation are dry, ,;aall wet granulatiofi24,125]

During dry granulation, the powder particles are aggregated under high preéggicaly
throughslugging or roller compaction. In the case of slugging, the powder particles are pressed
into a | ar ger ,whaérollertompactian applies twé rollera tp achieve high
pressure and bond together the powder partjt8] Both methods are finished with milling

and screening to produce granules with adequate size distribution. Although dry granulation
hasreceived increased attention in recent years, the challenges of the technmaetpofably

the limited amount of compounds it is suitable for, the excessive production of fines, the
increased dust formation, and the tise@suming nature of the process) prevent its widespread

application making it thdeast frequently applied granulation methfi®5,126]

In contrast, Wt granulation is the most commordynployedgranulationtechniquein the
pharmaceutical industry. During wet granulation, particle agglomeratiproimotedby the
addition ofa granulation liquidwith the agglomeratdseingheld together by adhesion forces.
The process involveshree main stepq1) wetting and nucleation, (2) granule growth and
consolidation, and finally (3) attrition and breaka@ke choice ofyranulation liquigd which
can onsist solely of a solvent or include a bindeterial has a crucial role in the proce$te
solvent must meet several key requiremesiish asonrtoxicity, no incompatibility with the

appliedAPIsor excipientsJow cost,adequate viscosifandeasyevaporabn after granulation.
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Thereforethe most commonly used granulation liquids are water, ethanol, isdficphol
and tleir respective mixtured.27,128]

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 melbhwedion isunsuitable for
thermosensitive materials, it offers various advantages over other granulation techniques. It
requires milder operation conditions compared to dry granulgtiand contrary to wet
granulaton, it is applicable for moistwgensiive materials.Furthermore, sincéhe use of
solvents’ andthe subsequent dryimyocess can be avoided with this technique, the process

is typically shorter less energyntensive andnore environmentally friendlgompared tavet
granulation129i 131] Although melt granulation is a relatively new, modern approach, it holds

significant potential, as evidenced by its multipleecessful commercial applicatiofi82i 134]

The importance of granulation in tidarmaceutical industry isell-established, as it plays a
crucial role in enhancing powder properties and, consequently, overcoming various
manufacturing challenge®y enabling successful tabke production, granulation is an
essential formulation process that is applied for a wide range of formulationue to the
distinct advantages and limitations of the different sypiegranulation techniques, selecting

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

requiremats.

2.2.1.1.1 Twin-screw granulation

With the growing significance CM, continuous granulatioas alsobecome an important
research focus. While dry granulation is commonly performed continuously, melt and wet
granulation are traditionally batch processes, mostly carried out usingtmegin or fluidized

bed granulation method%35i 138] Therefore, investigating continuous alternatives, such as

twin-screw granulatioiTSG), hasgainedincreased attention mecentyears.

During TSG, the particle agglomeration is carried ougitwin-screw equipmerit originally
invented for hot melt extrusidnwhere two parallel rotating screws convey, mix and knead the
particles simultaneouslyThe potential of TSG is confirmed by the increasing amount of
research published since the first appearance of the technology ifl398&letailing its
advantages and investigating the effects of the process parameters on produdfig8ali

148] One critical factor is thegeometry and thecrew configuration of the equipment, as it

determines the course of the processes in the grandlaetwo most common types of screw
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elements are the conveying elements (CEs) and kneading elements (KEs), both consisting of
many different subtypesVhile conveying elementsrimarily transport the material and impart

low mechanical energy, kneading elemesyply higher shear force mix and compacthe
materials.Additionally, conveying elements with reverse configuratipeverse conveying
elementy can also be used, strongly influencing ti@nulationprocessby significantly

increagng the residence time and pressure in the equipfiidat148]

Besides the previously mentioned benefits of @&, efficiency, lower production and
installation costsincreasedlexibility , and higher, more consistent quality), T8&h provide
additional alvantages compared to batch granulatimethods While universal conclusions
cannot be drawrand each formulation should be evaluated separately, several instances can be
found in the literature where the applicatiolT&G led to superior granule or tablet properties

such adetter tabletability and increastablettensile strengtfil49i 152] The significance of

TSG isfurther demonstratedy several commercially available drug products fromajor
pharmaceutical companies.q.Janssen, Eli Lilly, Pfizerand Vertex)that aremanufactured
usingTSG[153i 158]

The literature reviewunderscoreghe growing importanceof TSG in the pharmaceutical
industry, with thetechnologyexpectedo expand and become a key downstream processing
step within connected CM ligeDespite the extensivéody of researchfocused on TSG, its
scaleup and integration with other manufacturing technologies remain underexplored,
highlighting the need for further investigation. This is particularly true for twkscrew melt
granulation (TSMG)which hagprimarily been studied irsolation fom 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 transtefoe further processingd.59]

Moreover,the combination off'SG with advanced quality assurance syst@msentsan
excellent opportunity to simultaneously explore CM technologies and modern process
monitoring technique&Vhile several studies focus on thdime 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 adridatasoft

sensors and Al) holds significant potential that is yet to be fully explored.
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2.2.2 Pooraqueous solubility

Another critical challengein tablet formulations is the pooraqueous solubilityof potential

APIs. The ratio of new drug candidate APIs belonging to the Biopharmaceutics Classification
System (BCS) Il clasé characterized by low agueosslubility and high permeability has
increasedsignificantly in recentdecadesAs these properties result in low dissolution and,
thereby, lov bioawailability, improving dissolutionhas becomea key focusin pharmaceutical
developmenf160i 162] Several both chemical and physical, strategies hiagen developed

to address this issuacluding salt formation pro-drug formationcocrystalspH adjustment,
particle size reductiorsolubilization, and thuseof surfactant$163] Among them,physical
technique®ffer the important advantage of enhancing dissolution without altering the chemical
structure of the ARI by increasing apparent (kinetic) solubility and the degree of
supersaturatiafil64] Amongthese approaches, the preparation of amorphous solid dispersions
(ASDs) has emerged as a particularly versatile and effective methodmorith than50

commercially available formulations utilizing this strat¢@5i 169]

In ASDs, an amorphous API is molecularly dispersed within an amorphous exdyjécl(y
polymer) matrix.The amorphous statiminates theenergybarrier required todisruptthe
crystdline structure thereby enhancing the appareatubility 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 proposdii70]

2.2.2.1 Enhancing dissolution properties vial@ctrospinning

A simple yet promising approach for ASD preparation is electrospinningitE8hich nane

or microfibers are produced by applying electrostatic foregsically from a polymer solution

or a polymer melteS offers several advantagescludinglow cost, mild operation conditions

(e.g. ambient temperature and atmospheric pressure), relatively low solvent and energy need,
andbroad material compatibility, as a large variety of polymers can be uti[izétll Moreover,

ES isacontinuous and easily scalable procesigning well with the pharmaceutical industry's

shift towardsCM. 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 limitatipf171 173]

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 prdé€gs176] and even the
scalability of the technologyhas been explorgt77i 179], research focsedon formulating
electrospun fibersremains limited. Whensuccessful formulation have been achieved,
nonconventional methods were often employed, challenging their integration into existing
tablet manufacturing lines and hindering their industrial applicfti®@.182] In other cases,
large amounts oéxcipients were required, leading to economic and environmental concerns

while also increasing tablet size, which could negatively affect patient comp]is884.88]

Reviewingthe literature highlighted the ongoing need foefficient technologiedo process
electrospun materials Granulation, although yet to be explored for electrospun materials,
presents a promising approach teenhance fiberproperties without relying on excessive
excipients. While the granulation of electrospun materials has yeitbeen reportedhoth
wel{189 192] and dry193,194] granulation techniques have besuaccessfully utilizedo
enhancehe propertiesuch as the flowability and tabletabiliy ASDsprepared 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 tdhleemost promising, as it avoids the
mechanical stress of dry granulation, and the solvents used in wet granulation.s§hese i
could otherwise induce amorphdasnorphous phase separation and crystallization, thereby
compromising the stability of the AS[289,195] Moreover, the application of TSMG is
particularly promising, aboth ES and TSMG areontinuais methodghat 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 solidtateform of the appliedcrystalline
materiak, influencing both physical andphysicochemical properties, includisgability and
therapeutic efficacy196,197] 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 solvatomorfl&8i 200] While the analysis of the API is
standard in drug development, examining excipients is equally critical asftbayconstitute

the bulk of the final drug product, thereby defining its characteristics and the manufacturing
procesg201,202] 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 strg2@3h?14]

The literature review highlightethat the crystal form is a significant characteristic that
frequently influences CQAand, consequently, the final product qualfg. a key CMA, the
crystal form of the raw materials is routinely evaluated in the industryever, investigating
theapplied manufacturingrocesesand evaluating the risk of the sothte transformation is

also crucial. Various reports have shown that the crystal form can be compromised during
formulation, which could significantly impact the final drug prod@disi 217] 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
understandingaligning well with the QbD principles.
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2.3 Objectives

Reviewing the current statd-art related to CM, PAT, QbD, and Al applications in the
pharmaceutical industry highlighted their growing relevance and need for their implementation.
Despite the considerable amount of reseatolady accomplished, gaps remain, particularly
regarding connected, integrated CM lines and their combination with advanced monitoring
methods. TSGan advantageougormulation technology with sigificant yet unexploited
potentialto enhancenaterialpropertiesor even facilitate the application of novel technologies

provides gpromisingopportunity to realize the benefits of these advanced approaches.
Consequently, the following objectives were set for this work.

1 TSMG of drugloadedelectrospun fibrs to enhance their flowability arfdcilitate their
successful tableting withowddingan excessive amount of excipientgile preserving
their enhanced dissolution properties.

1 Development of a TSMéased, integrated, continuous powttetablet line from
optimization to scakelp.

1 Investigaton of the integrated SWG of glucose monohydrat® improve its flowability
and tabletability, prevent cappirend produce tablets with adequate mechanical properties.

1 Monitoring the moisture conterind the crystal forrof the glucosgranulestwo important
characteristisinfluencingCQAs, in-line and reatime with NIRand Ramaspectroscopy
respectively

1 Development ofa datadriven soft sensor based erplainableANN to indirectly monitor
the moisture content of the granuf@®duced on the integrated TS\Wiased linesolely

based on theeattime gatheregharameters, withowtny direct measurement.
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3. Materials and methods
3.1 Applied materials

3.1.1 Active pharmaceutical ingrediesst

3.1.1.1 Itraconazole

Itraconazole (ITR) is a weknown, broaespectrum antifungal API belonging to the Il. class

of the Biopharmaceutics Classification System (BCS). Consequently, it can be characterized
with very low aqueous solubilityl(ng/mL at pH 7 an® 5 g/mL at pH 1)218i 220] Due to its

low solubility and, thereby, low bioavailability, the properties of ITR are comynionproved

via the preparation of ASD formulatiof21] Therefore, ITRwaschosen as a model API for

ES (a technique already proven to be suitédmemprovingits 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 weds 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 bet2@@n 80

mg. Besides its most common application, its usage as a stimulant #theweunter drug
producs, 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 utilizedtims workwas obtained from BASF (Ludwigshafen,

Germany)and it was applied asmodel API for the melt granulation experiments.

3.1.1.3 Glucose

D-glucose (dextrose) is a widely appliegjredientboth in the food and the pharmaceutical
industry[222 228] It is most commonlysedasatablet or capsule diluent, sweeterard taste
maskingexcipient but it can also be applied &Pl or utilized as the base product of the
synthesis of drugs and essential pharmaceutical subs{2@8233] The significance of
glucoseis demonstrated by the magnitude of the value of its global market, which is expected
to grow furtherbecause of stricter regulation and the emerging trendppfying natural

products for human consumptifiz84,235]

In aqueous solutionglucoseexists as an equilibrium mixture of thkandb glucopyranose,
mutarotating through the op@hain aldehyde fon.[226] Depending on the conditionsyree

crystalline forms can bebtainedfrom the solution U-p-glucose monohydrate (monoclinic
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crystal lattice), anhydrous-p-glucose and anhydroub-D-glucose bothorthorhombic crystal
lattice).[226,236,237]Another form, thought to be a hydrated formbeb-glucose, has also
been reported; however, psacticalimportance is limited by its instabili{238,239]

The two most commonly applied form$p-glucose monohydrate and anhydraks-glucose

exhibit significantly different powder properties, including variationsbulk 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, disintegratignand dissolution profileR42,243] Despite the well
documented influence of the crystal form, the commercially avaidbt®mse powdeis 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 anhydroks-glucose can occur above 55% relative
humidity (RH), andthe hydrate loss of}b-glucose monohydrate can occur below 11% RH,
potentially impacting important CQAR41,245]Moreover, the form ofjlucoses 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 Ub-glucose monohydraties ed i n this work was provided
Hungary), and it was utilized for ouretvgranulation experimentadditionally, anhydrous}*
D-glucose was produced by drying t®-glucose monohydrate in a dryingovatri 0 5 AC f or
24 hours.

3.1.2 Excipients

Two different watersoluble polymers, vinylpyrrolidonesinyl acetate 6:4 copolymer
(poly(vinylpyrrolidoneco-vinyl acetatg, PVPVA64) and hydroxypropylmethylcellulose
(HPMC), were usedsexcipients for the ESf ITR. Both materials are widely applied time
pharmaceutical industyyvith numerous examples of ES applicatj@n8,249]The PVPVA64
and the HPMQtype: HPMC 2910 apparent viscosity: ~4000 mPassed in this workvere
provided by SigmdaAldrich (Burlington, United States).

Various granulation excipientgere usedas multiple granulation systemsere investigated
The excipients and APIs applied in each system are summariz&dbie 1. U-lactose
monohydrate, a commonly applied granulation and tableting excipiasutilized as a diluent.

Two types of lactose (GranuL'%lG'O andGranuLaé 230) with different particle sizes were
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used both provided by Meggle Pharma (Wasserburg, Germanyn &tarch(type: Maize
Starch Extra White)supplied by Roquette Pharma (Lestrem, France), was also utilized as a
diluent and disintegrant in wet granulation experimeRislyvinylpyrrolidone PVP K30,
KollidonE 30) was usedas a binderand crosdinked polyvinylpyrrolidone (crospovidone,
KollidonE CL) asadisintegrantboth obtained from BASF (Ludwigshafen, Germany). Multiple
types ofpolyethyleneglycol (PEG)with different molecular weights (PEG 3000, PEG 6000
and PEG 2@00) were utilizeds a binder for the melt granulation experimgeailssuppliedoy

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

Thus,whenapplied inlargequantites, it also functioned as a lubricant.

3.1.3 Other materiak

Dichloromethane (DCM) and absolute ethanol were applied as solvents for the ES experiments
while 37% wi/w hydrochloric acid (HCIl) was used to prepare the dissolution mediim.
solventssuppliedby Merck Ltd. (Budapest, Hungaryere analytical grade aneere utilized
without further purificationDistilled water was alsasedto prepare the dissolution medium

and as granulation liqujeither alone or a& solvent.

3.2 Methods

3.2.1 High-speed electrospinning

Although theprimary objective of this researciwas the investigationof TSG, ES was also
employed to improve the initial, poor dissolution propertie$Té&d before granulationTwo
types of electrospun fibers were prepared: one contaP\fig/A64 andanother containing
HPMC asESexcipients.

PVPVAG64-containing fibers were produced in a higjeed electrospinning (HSES) device
equipped with a rotating, rourghaped stainlessteel spinneret (d = 34 mm) with 36 orifices
(d = 500 e m) cspeed mator. Budingtthe experinmentsyy thiation speed of

the spinneret was fixed to 400 rpm, and 40 kV voltage was applied. The apparatus was also
combined with a cyclone, and a constant 12thrgas flow provided by a fan supported the
collection of the electrospun material at the bottom k@ tyclone. The solid material
concentration of th&S solution was 0.376 g/ml. The solution was prepared by dissolving the
solid materials (4% w/w ITR and 6086 w/w PVPVA64) in a mixture of DCM andthanol
(volume ratio of 2:1). The solution was added to the system with aifbya#ristaltic pump
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(Watsoni Marl ow Fluid Technol ogy Grvhoresglting Hung a
in a productivity rate of 200 g/h.

The production of the HPMContaining fibersvas carried out in a laboratesgale HSES

device also equipped with a rousdaped, stainlessteel spinneret (d = 34 mm) connected to

a highspeed motor (Unitronik Ltd., Hungary). The spinneret contained eight orifices (d = 330
em), t he r adfieedat OO0 rEmpardss kV woltage 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 concentratiof:8f the

solution was 0.125 g/ml (containing ¥O0w/w ITR and 6086 w/w HPMC), with the solids

dissolved in a mixture of DCM arethanol(volume ratio of 1:1). The solution was fed to the
system with a peristaltic pump (Watsoni Mar |
flow rate of 300 m/h. All ES experiments were performed at an ambient temperatunand

150 g of electrospun fibre was prepared in each experiment

Before further processingach batch ofTR-loaded fibersvasmilled in a QUICKmill Lab
multifunctional milling apparatuéescribed in Sectiof.2.2.4. The equipmentvasoperated

in oscillating mode, applying 200 cycle/min milling rate and using a sieve with holes of 2.0
mm. The amorphous statehe fibrous structurteand the improved dissolution properties

remainedduring this milling processas demonstrated by previous studie3,250,251]

3.2.2 The @mntinuous granulationline

The main focus of this researcshas the investigation of &gully continuous, integrated

manufacturing line based drsG (Figure7).

Solid feeder
' Liquid feeder
»

Twin-screw granulator |

J mill
Continuous
tablet press

=t
Vibratory feeder

Figure7: The fully continuous, integrated granulation line

Continuous dryer
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After slight modifications, arious studies have been conducted orctimginuous lineit was
utilized for the melt granulation of electrospun materik melt granulation of caffeine, the
wet granulation of glucose, and the wet granulation of a placebo sysstiould be noted that
in some experiments, only parts of the continuous potatblet line were used, artie
system was slightly altered (e.quultiple different feeders were utilizedrhe details okach
investigation with the experimentsetups and thperformed experimentare summarized in
Section3.2.3

3.2.2.1 Feecers

Threefeedes, a DDW-MDO-MT type gravimetric feeder (Brabender Technologie, Germany)
a K-SFS24 type gravimetric feeder (Kon, 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 th®iKfeeder were suitable for accurate
gravimetric feedinghowever higher feed rates could only be achieved with thiedd feeder.
While the vibratory feeder did not allow for as precise comvel the feed rate, it was the only
option for feeding the electrospun materga the gravimetric feeders would have compromised
the fibrous structureWhile the vibratory feeder could be equipped with either-sotJa \-

shaped chutdhe electrospun materiafasfed usingthe V-shaped chutm all cases

3.2.2.2 Twin-screw granulabr

The granulation was carried out in raultifunctional TS16étype twinscrew granulator
(QuickExtruder, 2000 Ltd, Hungary) equipped with parallel rotating sciEwesgranulator had

a 16 mm screw diameter, 400 mm length I@igthto-diamete), and consisted of 4 heating
zones where the temperature could be individually controlled. Dumveg 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 (Watdanlow 120 U, U}). The peristaltic

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

adequatdiquid-to-solid (L/S) ratios.

The screw configuration of the granulator was alterable as it consisted of various screw
elements that could be arranged fre€lyur different screw configurations (A, A+, B, C) were

applied all comprising three conveying zones (CZs) and two kneading zones [Kéase,

0OA6 configuration and OA+06 configuration WwWEe
conveying element added afterthe fk&&i n 6 A+6 configuration. Thi

reverse conveying of the material, thereby indrepthe pressure and residence time in the
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equi pment si gni fscreneanfiglrations aveAllastraed siguke andthe
details of the applied screw elements are shown in Fi@lraad 2 of Supplementary Material

[E]

Material flow

E Zone 1 Zone 2 Zone 3 Zone 4
£(
S
-
£ (
3\ A L J
@ -
C'Z KZ C'Z KZ CYZ

Screw rotation
~

Reverse conveying element

Figure8: The (a)A 6 aAdo(brrew confi guof@Cisandtwo, each
KZs. After the firstKZAA+6 confi guration al so contains

In6 Adnd o6émbi gurations, both KZ comprised f i\
angle offset between the neighbiogrelements Eigure9a). The forward offset angle means

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

the same directiof252] This configuration, thereforenot only facilitateskneadingbut also

supports the forward conveying of the materialthe'B' and 'C' configurations, the CZs and

the second KZ werthe same. Bwever,in these configurationshe first KZ was modified to

increase the pressure in the equipment and aigrdmeile formation. Itheé Bddnfiguration,

the first KZ consisted of 4 discs with a 90A

conveying)whilet he | ast disc was pl ac &iguredt).inthe'€ 45A r
configuration, all the discs of thREgukd)r st KZ

to promote reverse conveying, theyesignificantlyincreasing the pressure in the equipment.
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Flow direction

Screw
rotation

Increased
pressure

Screw
rotation

Screw
rotation

Figure9: Conf i gurations of the KZs: (a) 5 discs

in 6A6 and ¢ Andbhe secondfKZsgnuall corfiguations); (b) 4 discs with a

90A offset and one disc with a 45A reverse
(c) 5 discs with a 45Areverse offset (use

3.2.2.3 Continuoushorizontal fluidized bed dryer

After granuhtion, granulesvere dried in a continuous horizontal fluidized bed dryer (Quick
2000 Ltd., Hungary), where the material was transported by a vibrating perforated métal belt
comprising a fivdayered sintered mesh, with the top layer featuring the sméllest ) Pare

sizei 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 wasdlimtdefour 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 abm temperaturdt 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 syudvestigating the granulation of gluco3&{.3.4 andfor part of
theexperiments performed during theanulation of the placebo syste&3#.3.5.

3.2.2.4 Continuousmill

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

Ltd.,, Hungary)usi ng a si eve si z eopedted B 0sgilatbhgnmodandh e mi |
the oscillation speeddf the mill could be altered before eamkperiment.

3.2.2.5 Vibratory feeder

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

3.2.2.) equipped with the t$haped 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 mateo#iers it was

solelyutilized to transport the granules to the continuous tableting device.

3.2.2.6 Tableting

The tableting othegranulesvas carried out ia Dott Bonapac€PR6type eccentric tableting
machine (Limbiate, Italy The tableting device was instrumented with sensors for measuring
compression force, and roumstdaped 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 experiménghould be noted that in some experiments, the
tableting was carried out separately from the other process steps. During these cases, the tablet
press waseither 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 spee@Oaiblets per hour was
applied.

3.2.3 Experiment setups

Various systemsvere investigated witthe continuous linewith slight modifications made
(e.g., different types of feeders were ysadonly part of the line was utilized). The systems
employed for each investigation are detailed in the following sections, while the utilized

equipment, applied configurations, APdsd excipients are summarizieadT able .

Tablel: The investigated systems and the applied experiment setup of the continuous line for
eachstudy.

Study Melt Melt Wet Wet Wet
granulation of  granulation granulation granulation granulation
ES material of caffeine  of glucose to of glucose to of a placebo
improve determine the system with
properties crystal form  ANN-based
monitoring
Granulation Melt Melt Wet Wet Wet
type
API ITR Caffeine Glucose Glucose -
Granulation  Graniac 70  Grandac - - Granlac
excipients PEG6000 230 70
KollidonE CL PEG3000 or Corn starch
PEGE000 or Kollidont 30
PEG20 000
Kollidon® CL
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Study Melt Melt Wet Wet Wet
granulation of  granulation granulation granulation granulation
ES material of caffeine  of glucose to of glucose to of a placebo
improve determine the system with
properties crystal form  ANN-based

monitoring
Other PVPVAG4 or - - - -
excipients HPMC (ES
excipients)
Solid feeder Vibratory Brabender Brabender K-tron K-tron
feeder K-tron
Peristaltic - - \" \" \
pump
Twin-screw \% \) Vv \ \
granulator
Granulator A B,C A A, A+ A+ A
screw
configuration
Continuous - V* (used for \% \% \'%
dryer cooling)
Continuous - \) Vv \ \
mill
Vibratory - \" V (with a NIR V (with a V (with a
feeder probe placed Raman probe NIR probe
above) placed above) placed
above)
Tableting V* separately \" V* separately - -
device (individually, (in continuous
manually) mode)
Details in 3.2.3.1 3.2.3.2 3.2.3.3 3.2.3.4 3.2.35
Section

3.2.3.1 Melt granulation ofthe ES material

For continuous melt granulation of the electrospun ITR fipms granulation was performed

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

First, two preblends (one from the milled IFHR/PVA64 fibers and one from the milled ITR
HPMC fibers) were made by mixing ®w/w electrospun material with 56 w/w Granu.ac
70 and 1% w/w PEG 6000and homogenimg themmanuallyfor 15 minutesin batches of
100200 g

Then, the melt granulation of both preblends was carried out in thestnew 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 experim@nting the experiments, 100 rpm screw rotation

speed was applied in the granulator, and the three different screw configurationaitd,@

were utilized.To preserve the ITRbaded 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 temperaturegf bf the ASDs were used. To further protect the fibrous structure,

the continuous cooleand mill werenot usedin these experiments; instead, the samples were
cooled at room temperature. The applied granulation temperature, screw configuaaiibns

the ES excipient of the preblesir each experiment are summarized able?2.

Table2. The process parameters and produced saroptbe melt granulation experiments of
the ES material.

Sample ccThe pol ymer Screw Granul at

ASD configu temper at

| TR_PVPVAG 4 50AC

| TR_PVPVAG 4 55AC
PVPVAG 4 A

| TR_PVPVAG 4 60AC

| TR_PVPVAG 4 65AC

| TR_PVPVAG 4 50AC

| TR_PVPVAG 4 55AC
PVPVAG 4 B

| TR_PVPVAG 4 60AC

| TR_PVPVAG 4 65AC

| TR_PVPVAG 4 55AC
PVPVAG 4 C ]

| TR_PVPVAG 4 60AC

| TR_HPMC_A_ 50AC

| TR_HPMC_A_ 55AC
HPMC A

| TR_HPMC_A_ 60AC

| TR_HPMC_A _ 65AC

Samples were collected after the system reached sstateygluring each experiment, which
was determined by the residence time distribution of the prodeswaiting 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 samphalglitionally, 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 theame process parameters). These samples were taken 1
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 rouneshaped punches withcompression forcef approximatelyt 0 kN ( 9. 3 N
to prepare 357.1 migiconvextablets (50 mg dosage). The other half of the-HRMC_A 60
granules was supplemented withspovidonega mixture of 186 w/w Kollidon® CL and 9046

w/w granules was prepared), and tald¢B896.8mg with 50 mg dosagelerepresed fromthe
mixture usingthe 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 investigatesihg the complete powddn-tablet line
(described in Section 3.2.8ince melt granulation was performed, the continuous dojely
functioned as a cooler to cool down the granules. The schematic drawing and photo of the

applied systenareillustrated inFigure10.

Figurel0: The (a) schematic drawing and (b) photeh&f modified continuous line used for
the melt granulation of caffeine consisting of (1) a gravimetric feeder, (2) sstnew
granulator, (3) a horizontal fluidized bed dryer used for cooling, (4) an oscillating mill, (5) a
vibratory conveying feeder, J&nd tableting device.

First, three preblends wepreparedy manually homogenizing each typeREG(PEG3000,
PEG 6000and PE&0 000) with lactose, caffeine, and crospovidfmmel5 minutesn batches
of approximately2 kg Prior to blending, all types of PEG were milled using the continuous
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oscillating milling device (descri bbeeduce n Sec
their particle size The composition of the mixtures was the following%&#/w lactose 15%
w/w caffeine, 186 w/w PEG and %6 w/w crospovidone.

Pre-experiments were performed with all the preblenddéatify the most suitable binder for

the systemsDuring these prexperimentsthe granulation was carried out separatabling

the Branbeder feedavith 0.5 kg/h feed ratand applyingg A6 screw configurat
rotati on s piathdgrandamdandth2 grdndes were cooled on trays at room
temperatureEach preexperiment yielded 200 g of granules, whiehresubsequentlynilled

(with 150 L/min oscillation speed) and pressea itablets with varyinggompression fores.

Additionally, tablets were pressed from the preblends.

In the main experiments (Experime@d4-C.10), only the mixturecontainingPEG20 000 was
utilized, andgranulation wasntegrated with the other process units. During Experiments C.1
C.4, the tableting was performed separatalthbughstill 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 syStegure 10).

In Experiments CAC.7, the Brabender gravimetric feedeas used, while Experiments €.8

C.10 employed the #ron gravimetric feeder to achieve higher mass flow ratesughout all
experimentsp A6 screw configuration was wused, and
temperature supply amt al120 L/min airflow rate at each zenThe continuous mill was
operated witha 150 L/min oscillation speed’he milled granules were transported to the
tableting device with the vibratory feederere tabletsvith a target weighof 600 mg (90 mg

caffeine doseyvere pressedontinuously using 1#dm roundshaped punclsat acompression

force of 5 kN. The operation parametershafexperiments are summarizedliable3.

Table3: The process parameters of the melt granulation experiments using caffeine

Experiment Feed rate of the preblend Rotation speed of Granulation
number mixture (kg/h) granulator (rpm) temperature ( A C)
C.1 0.5 100 40
C.2 0.5 100 60
C3 0.5 100 80
C4 0.5 100 100
C5 0.5 100 120
C.6 1 200 120
C.7 3 600 120
C.8 4.5 900 120
(OX°) 8 900 120
C.10 8 900 150
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It should be noted that the system was only stopped betwgmrientsC.4 and C.5,and

again betweerC.8 and C.9to empty and refill hle hopper of the feeder. Duririge three
intervals (C.1-C-4, C.5C.8, and C.9C.10) the process parametergere changedvithout
interruptingthe systemAfter eachadjustmentthe material was nabllected for 5 minutes to

allow the system toeach steady state. Subsequently, 0.5 kg of material was produced at each
parameteset and samples were collected manually throughout. In some castsdbewas
refilled during production For these refills,the feeders automatically switchedfrom

gravimetricto volumetric feedingfor 10-20 s), allowing the refill to occur without disrignt.

3.2.3.3 Wet granulation of glucose to improve granule and tablet properties

Thewet granulatiorof glucose granules was carried aging most parts of the continuous line
In these experiments, tiBrabender feedawas appliedandthe peristaltic pump was used to
add the granulation liquid (distilled wateg) the second zone of the granulaidditionally,
the NIR probddetailed in Sectio.2.5.9 wasplacedabove the chutef the vibratory feeder

to enable the uline processnonitoring The modifiedsetupis illustrated inFigure11.

[N

Figurell: The (a)schematic drawin¢a) and photo (b) of the modified continuous
manufacturing lineised for the granulation of glucosensisting of (1) gravimetric feeder,
(2) a peristaltic pump, (3) a twiscrew 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 constlr@#64 L/Sratio was used. This ratio was chosen to make
our process easily integple into the current industrial crystallization of glucose. In the
industrial crystallization of the glucose, the last processingogtiepe dryingthe centrifugation

of the glucose syrup, ressith 14% w/wwater containing glucoge26] Our goal waso design

a system based on the same wgtacose ratio as the centrged materialtherebyenabling
our lineto be easily inserted inthhe manufacturing process. That wéye drying stegould

be completely skipped, and the remaining water coctaritibe used agranulation liquidTo

determine the adequate L/S ratithe initial water content of theénitial, dry glucose
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monohydrate was measured by lossdrying (LOD) measurement&etailed in Section
3.2.4.7). It was revealed thahe solid glucose already contained%.%/w water (including
both the crystalline water arttie additional moisture hand to the surface)Therefore,the
liquid feeding (the feed rate of the peristaltic pump) was adjusted to achieve eatib/&
0.064, therebyproviding 14% w/w water in the granulator.

First, preliminary experiments were carried
granul ation temperature (from 60 to 80AC) an
rpm) in a wide range. However, as these experiments led to potis (@&wr flowability and

tabl et breaking force), the screw configurat

Theprocess parameters of the makperimentsallp e r f o r me dscremicdnfiguraiidy+ 6
are summarized imable 4. Each experiment yieldedpproximatelyl50 g of granules.
ExperimentsG.1-G.6 focused on evaluatinthe effect of the granulation temperatufde
primary objective was to identify the appropriate granulation parameters; therefore, the
continuous dryer was not usdtere Instead, samples were -giied on trays at room
temperatur¢RH = 45 N5%), followed bycontinuous milling witf200 1/min oscillation speed

Next, experiments werearried out using the identified optimgtanulation temperature
(Experimentg5.7-G.10) with the complete continuous lifEigurell). An airflow rateof 120

L/min was used in the dryewithth e dr yi ng air t enheéstaoheande s et
varied bet we e inZéhesARBto asseds it9impache continuous mill was

operated with a 200 1/min oscillation speed

Finally, scaleup experiments were also performg@kperimentsG.11-G.12). During these
experiments, wet glucose was utilized, to more accurately model the centrifugated material of
the crystallization proces$o accomplish this, ater was added to the dry glucdssorethe
experimentdo reach al4% w/w water content, and the wet material was fed into the hopper

manually eliminating the need for theeristaltic pump.

Table4: The process parameters of geformed wet granulatioexperiment®f glucose.

Experiment Feed rate of Rotation speed ol Granulation Drying

glucose(kg/h) granulator (rpm)  temperature (A (
G.1 1 100 55 air dryingt for 3 days
G.2 1 100 60 air dryingt for 3 days
G.3 1 100 65 air dryingt for 3 days
G.4 1 100 55 air dryingr for 1 day
G.5 1 100 60 air dryingr for 1 day
G.6 1 100 65 air dryingt for 1 day
G.7 1 100 55 continuous

in Zones 13
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Experiment Feed rate of Rotation speed of Granulaton  Drying
glucose(kg/h) granulator (rpm)  temperature ( A (
G.8 1 100 55 continuous  drying

60AC in3Zor
G.9 1 100 55 continuous drying ¢
85AC in3Zor
G.10 1 100 55 continuous  drying
9 5 A Zonest3
G.11 3** 200 55 continuous drying ¢
8 5 AnZones 13
G.12 3** 200 50 continuous drying ¢

8 5 AnCones 13

* room temperature,3N 5% RH
**the glucose and the granulation liquid were mipeidr to the process and were fambether

The tableting of the granules was carried out separately but in continuous mode using 14 mm

roundshaped punches and-28 kN compression for¢éargetng atablet weightof 750 mg.

3.2.3.4 Wet granulation of glucose to investigate the crystal form of the granules

The granulation of glucose (described in Secd@3.3 was repeated with slightodifications

to investigate the crystal form of teén the granules. The main change was ithsteadof the

NIR probe, a Raman probe was placed above the vibratory feeder to enablinthandreal

time monitoring of the crystal form of the glucose in the granules. The applied Raman
equipment and the spectra collection parameters are detailed in Se2tB The schematic
drawing and pictures of the complete continuous system are illustrafegline12.

Figurel2 The schematic drawing (a) and photos (b and c) of the continuous system
consisting of (1) a gravimetric feeder, (2) a peristaltic pump, (3) adeview granulator, (4) a
continuous fluidized bed dryer, (5) an oscillating mill, (6) a vibratory convegieder, (7) a

Raman spectroscope and a connected to a computer.

During these experiments, thetkon feeder was usednd6 A+ 6 screw confi gu
applied in the twirscrew granulatorAll 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 temperatniteeadequatéevel without applying heatirg
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Thedrying airtemperature walept consistent across the four zones of the dryer, beginning at
60AC and t heninggroa dwWaAlCl,y 1i0mcArCeasand .ThafovAC i n
rate of the drying air wakept & 120L/min in all zonesand the milling was performed wigh

200 1/m oscillation speedt eachdryingtemperaturé after the system reachstkady staté

samples were collected investigateheir anhydrous content with elihe analytical methods.

3.2.3.5 Wet granulation of a placebo system to develop ANhked, datadriven soft sensors
Finally, the continuous line was used for the granulation of a placebo sy$teraxperiment
setup(Figure 13) was similar to the setup used for the wet granulation of glucose (Sections
3.2.3.3and3.2.3.9, with the NIR probe fixed abowhe chuteof the vibratory feededio collect

the spectra of the moving materiatditionally, all the process parameters were collected with

a SIMATIC SIPAT software (detailed in SectiBr2.6.] throughout all the experiments.

Collecting process
paraneters

BLAW. N
f J "
:

Figurel3: The (a) schematic drawing and (b) photos of the continuous system consisting of
(1) a gravimetric feeder, (2) a peristaltic pump, (3) a+4sarew granulator, (4) a continuous
fluidized bed dryer, (5) an oscillating mill, (6) a vibratory conveying fegd@@ra near
infrared spectroscope connected to a computer.

The solid phasecomprisng U-lactose and corn star¢manually homogenized in batches of 2

kg for 15 minutes)was fed into the hopper of the granulatarsing the K-tron feeder.
Simultaneouslythegranulation liquid 75 gPVP K30dissolvedn 200 mL distilled watgrwas

added with the peristaltic pump to the second zone of the granulator, @ére s cr ew
configuration was appliedThe 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 modifiedng this study l{etween
ExperimentsP.3 and P4); therefore, Experiment$.1-P3 and P4-P6 were evaluated
separately. The modification led to faster granule transport, decreasing the residence time in the
complete continuous line (determined by applying impulse disturb@a&)sfrom 120 to 70
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s. Additionally,during Experiment®.1-P 3, the temperature of the last zone fieesd at2 5 A C
whereas irExperimentd 4-P 6, it was adjustedo 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 B¢ 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, electroaml granulesampleswere
investigated using a JEOL 6380LA (JEOL, Japan) type scanning electron microscope. The
investigated specimen was fixed with conductive doslded carbon adhesive tape and
sputtered with gold to avoid electrostatic charging. The measurements wese gat in high
vacuum, witha 10-15 mm working distance and 15 kV accelerating voltage. During the
investigation of the electrospun fibers, the average fiber diameseral@ilated by performing

a randomized diameter determination metf&]

3.2.4.2 Polarized optical microscopy

Amplival Carl Zeiss type (Jena, Germaglarized optical microscopy (POM) was also utilized

for examining the morphology and investigating the crystalline form of granules. The polarized
optical microscope was equipped with @hLYMPUS C4040 Ztype camera, and DBoft
software was used for the evaluation. For the measurements, the specimen was dispersed in

silicone oil to avoid the aggregation of the patrticles.

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 with09Ing weight were measured

in 40 OL pierced aluminium pans wHi IA&€C iwidrhe a
10AC/ min heating rate. During the measur emen
using a 25 mL/min flow rate. Additionally, samples containing the referérmalucose
monohydrate and anhydrolkp-glucose with @ wiw, 20% wiw, 40% wiw, 60% wiw, 80%

w/w, and 1006 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) measurementsalsgmgerformed using
the sam@®SCmachine in a stochastic temperature modulation (TO%EM)de. Samples with

9914 mg weight were measured in pierced 40 C
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flushed with nitrogen using 50 mL/min gas flow rate. During the measurements, the
temperature was increaedAC/fmom QOACrtada2Hhe@aAhl
1AC pulse height was used QtBeACpmp&hat tirequw

modulation fluctuated randomly between 15 andefbeds

3.24.4 Thermogravimetric analysis

The thermogravimetric analysi§ GA) of granules was performed using a Q5000 TGA
instrument (TA Instruments, USA). The sampleswith0 mg wei ght wer e hea
to 110AC with a 10 AC/ min heating rate follo

During the measurements taL/min nitrogen flush was applied.

3.2.4.5 X-ray powder diffraction

The Xray powder diffraction (XRPD) patterns of granules and referexaceples were
investigated with a PANalytical 'Rert Pro MDPtype X-ray diffractometer (Almelo, The
Netherlands) using GK U r a d(ila t5i 4n2a Nj fijter in reflection mode. During the
measurements, 40 kV voltage and 30 mA current were applied. The samples were analyzed

bet ween 2d angles of 2A and 42A with a step

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 methoXRIPB patterns of the
referencelUD-glucose monohydrate and anhydrdiks-glucose were investigated with the

same parameters applied to the granules, and they were used as pure spectra in the model. The
investigated range of22tBO&Amodvdli | wadhulRdmat ilc
baseline corr ectli0®andnormalizatiod to héuhit agea Wereappled as

preprocessing methods.

3.2.4.6 Laser diffraction

Particle size distributionwas examined using a Malvern Mastersizer 2000 (Malvern
Instruments Ltd., UK) laser diffraction particle size analymeh a detection range of 0.2

2 000 Fdb sach measurement, arouné §j samples were transported into the equipment
with a vibratory Malvern Scirocco 2000 dry powder fee@dalvern Instruments Ltd., UK)
with 75% intensity of the vibrational amplitudé&lucosesamples were investigated with a
measurement time of 3@sondsand a background recording time 3@ sconds under an
applied pressure df.5 bar.For ITR samplesthe measurement time wé8 secondswvith 45

second®f backgroundecording,and the applied pressure was 0.4 Baffeine samples were
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measured in triplicate using a measurement timg&0afecondswvith 30 secondsackground

recordingand 0.4 barpressuiRee s ul t s were reported as averag

Particle size distributions were characterized udneg{10), d(50),andd(90)values, indicating

the 10%, 50%and 90% cumulative undersize of the volumetric distributiegpectively.

3.2.4.7 LOD measurements

The remaininggranulemoisture contenivasdetermined using LOD measuremer@amples

of 2-3 g, collected at the end of the continuous Jweredried for 24 hours in a pheated oven

s et t orhelnads &f @e samples was measured before and after drying using an analytical
scale, and the moisture content was calculated from the difference. Additionally, unprocessed
glucoseand the physical mixture of the placebo system were alstyzed usinghe same

method

It should be noted that under these conditidims glucosemonohydrate fully converted into
anhydrous form. Thu$gr theglucosesamplesthe total water content was measured, indgd

boththe crystalline wateandthe moisture bound to the surface.

3.2.4.8 Bulk and tapped density test

The bul ked an dpudaan mhpeg[2b5] dezermeasurad bysan ERWEKA SVM12
type tapped density tester (Erweka, Germany), and the flowability and compressibility were
determined by calculating the Hausner rg##66] and Carss indexeR57] (Tableb).

Table5. The flowability characteristics based on Gaimdexes and Hausner ratios
Carr's index (%) Hausner ratio (-) Flowability

>38 >1.6 Very. very poor
21-25 1.261.34 Passable
16-20 1.191.25 Fair

3.2.4.9 Flowablity

The flowability of the powdemwasalsoassessedy measuring the required time for samples of
100 g powder to flowthrougha funnel with 10 or 15 mm diamet&khile thestandardLO mm
funnel was used for most measuremetite unprocesseglucoseand the ES materialere
measured with the 15 mfanneldue to their poor flow propertie&iven the limitedquantity

of ES material, the ITR samplesre measured using a smaller but known amount of material

(10-20 g per measuremenfll 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 Il type
gaspycnometeXQuantaTec, USA), applying helium gahe porosity was determined using

Equation 1 with - indicating the porosity, the bulk densityand” the true density.

- p — Pprnmhb 1)

3.2.4.11 Characterization of tablemechanical properties

The breaking force of tablets was measwsiiga Dr. Schleuniger THRM tabletcrushing

tester (Dr. Schleuniger Productronic, Switzerlaii)ltiple measurements were carried out for
each samp: 5 tablets forcaffeine andglucose and 10 tablets for ITR, with thaverage
breaking force calculated. In some cases, the tensile strength was also determined for
comparativepurposes usingquation 2, wherg represents the tensile strength of the tablet,

F is the breaking fore, 3 the diameter, and H is the height of the tablets.

y oo )

Additionally, the friability of tabletswas evaluated with a Pharma Test PTF 20E type friability
tester (Pharma Test, Germany3ing 10 tablets and applying 100 rotation rounaschcase

3.2.4.12In vitro dissolution test

The dissolution properties ¢TR sampleswvere investigated with a Pharma Test PTWS 600
dissolution tester (Pharma Test Apparatebau AG, Germany). The concentration of dissolved
ITR was measured elime, using an Agilent 8453JV-Vis spectrophotometer (Agilent
TechnologieslJSA) connected to the dissolution tester through a flow cell system. Each sample
was investigated with a previously developedgcalbed 'tapped basketmethod177], which
combines elements of the basket and the paddle appé@uaitesd States Pharmacopoeia | and

Il [258]). 900 ml of 0.1 M HCl keptat 30 . 5AC t emper ature was used
with the stirrer speed set to 50 rpm. Samples of 50 mg from the crystalline ITR, 125 mg from
the milled electrospun fiberand 357.1 mg from the preblends and granules were measured,
ensuring anTR contentof 50 mg in all casesl'he concentration of the dissolved ITR was
determined in reaime, using a preliminary built calibration based on the absorbance at 254
nm wavelength, with 100% dissolution corresponding to tta tlissolution of the target dose

of ITR (50 mg).The dissolution properties of th€R tablets were examined using the same
equipment andnethod but applying the paddle apparatus (USP II) @atl00 rpm rotation

speed of the paddleall sampleswere examined in triplicate

48


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pycnometer

The dissolution properties of the caffeine table¢seinvestigated with a different equipment,
aHanson SR&Ius dissolution tester (Hanson Research, JJ$Ae measurements were carried
out wusing the paddle method with 90képtand di

constant temperature of 37 N 0.5 AC and sti

caffeine was measured ine by an Agilent 8453 M-Vis spectrophotometer (Hewlett
Packard, USA), connected to the dissolution tekteugh flow cells. The concentration of the
dissolved caffeine was calculated in réiahe using a preliminarily built calibration at a
wavelength of 272 nm, with 100% dissolution corresponding to the total dissolutibe of t

target dose of the API (90 mdill 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 granulatedahatet the cooled

granules were investigated after applying different granulation temperatures and feed rates.

Additionally, aconventional thermometer wassertedinto the material flowto validate the

thermal imagingneasurements.

3.2.5.2 Near-infrared spectroscopy

The moisture content of the granulesclaaracteristic influencingmportant CQA, was
monitored inline and reatime during the granulation of tiggucoseand the placebo system
usinga Bruker MPA I Multi Purpose Fourigransformed Near Infrared (FNIR) Analyzer
(Bruker Qptik GmbH, Germany) with a higimtensity NIR source (Tungsten) and PbS detector
The NIR probe was positioned above Uwshaped chute of the vibratory feeder to enable the
direct spectraollecion from the moving materiaduring the granulation ajlucoseand the
placebo systeniThe specawerecollected in reflection mode in the 4602500 cm? spectral
range with 8 cmt resolution and 8 scansvere accumulated with doublsided, forward
backward acquisition modeesulting in an approximately 9 s of acquisition tinfé)e spect
accumulatiorwas carried out usin@PU§ 7.5 software (Burker Optik GmbH, Germangind
therelationship between the spectra amoisture content was determinaih PLS regression

using the spectra as dependent and the moisture content as independent variable.

The placebo system was first evaluated witRL&5 model developed for a previous study
investigating the same systgh9]. 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 accdraeyadditional
calibration data (the moisture content and spectra pa@ggathered during ExperimeRtl

while the continuous line was in operation. The granulation temperature, the rotation speed of
the granulator, the drying temperatuamd the L/Sratio were altered in a wide range, thus
different moisture contents could be detected. Simultaneously, sample3 @fwiere taken
manually for offline LOD measurements (detailed in Sec82.4.7 as a reference method to
determine their residual moisture contéfitereby, 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 expanketinvestigated 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 @ w/w to 10.526 w/w. Validation measurements were also carriedtout
further confirm the goodness of the modsl collecting the spectraluring continuous
operation, with offine LOD measurements taken for comparison. The predicted moisture
contentsof twenty-one validation samplesere compared to those obtained from the LOD
measurementovering a moisture content range of 20®&/wto 6.38%6 w/w.

The calibration data for thglucosesystem wagollected similarlyin-line, while the process
parameters were altered in a wide rarigg¢hatcase 45 spectra were collected buildaPLS

model, covering residual moisture content range of approximatéyw8w to 10% wi/w.

After building the PLS models (detailed in Sect®B.5.4, both models were uséar the real
time detecton of the moisture contenty applying two in-house developedMATLAB

scripts[53,253] The first scriptimported the collected spectra into thHATLAB program
during the granulation processghile the secondcriptperformedthe chemometric analysis

3.2.5.3 Raman spectroscopy

The anhydrous content of the glucose granules was also monitdned andreattime using
Raman spectroscgpThe Raman probevasplaced above the vibratory feedbe same way

as the NIR probe, antlé spectra collection was performed using a Kaiser RamaﬁFHgtﬁid

in situ analyzer (Kaiser Optical Systems, USA) equipped aRharmaceutical Area Testing
(PhAT) probe. The measurements were carried out in reflection mode with 400 mwW

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 Wwds8200
cm' twith 4 cmi ! resolution. The spectra collection was carriedvadth a5-secondacquisition
time applyingtwo scans. The evaluation of the collected spectracaaged out with a PLS

mode] similarly to the evaluation of the NIR spectra.

The PLS model was built based the spectra of calibration samples collected prior to the
experimentThese calibrationasnpleshad0, 20, 40, 60, 80and 100%w/w anhydrous content,
and they were obtained by mixiagd homogenizingnhydroud}p-glucose and}p-glucose
monohydrate for 5 minuteédditionally, the spectraf validationsamples containg 12, 26,

53, 69 and 906 w/w anhydrateverealso recordedAll the samples were measured in triplicate,

applying the samparameters described in the previous paragraph

After the model development (detailed in Secti82.5.9, the anhydrous contentvas
monitored in reatime using thetwo in-house developedlATLAB codes(Section3.2.5.9.

3.2.5.4 Multivariate data analyss

The relationshipbetween thélIR spectra and the moisture content (Section 3.2.3.15) and the
Ramanspectra and the anhydrous content (Section 3.2.3uH®$¢ determined by PLS
regression, using the spectra as independent and moisture or anhydrous content as dependent
variable Three models werauilt in MATLAB 9.7. or 9.11 program (MathWorks, USA) using

PLS Toolbox 8.7.1. or 9.0 (Eigenvector Research, USAg¢most importanmodelparameters

and the applied preprocessing methasssummarized imable6.

Table6: The most importarparametersf the PLS models

PLS G1 PLS G2 PLS P
C Glucosegranulation Glucosegranulation Placebo granulation
Model application (Sectiond.3) (Sectiond.4) (Sectiond.5)
Indep_endent NIR spectra Raman spectra NIR spectra
variable

Anhydrousglucose

Dependent variable Moisture content Moisture content

content

Softwares MATLAB 9.7. PLS MATLAB 9.11. MATLAB 9.11. PLS

Toolbox 8.7.1 PLS Toolbox 9.0 Toolbox 9.0
Genetic algorithm

(population size of 64, ¢

Variable selection Interval PLS. (forward variable window width
mode with 30 Manual .

method of 10, and a maximum

variables per interval) latent variablesiumber

of 6)

Utilized spectra 11711200 12611290 311-320, 561570, 741
range (nm) 13211350 13831410 13001800 e 860, 871880,
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PLS G1 PLS G2 PLS P

901-910, 941950,
11511160, 12041220,
12411250, 12911300

Baseline correction

(Automatic Whittaker : .
Normalization Filter with an Smoothl_ng (SgwtzL(y
Golay filter with 2
(Standard Normal ~ asymmetry paramete S
. order polynomial with
: Variate) (p) of 0.001 and : .
Preprocessing hi 15 window width)
methods smoothing parameter
(&) of I
, o Normalization (Standart
Mean Centering Normalization (Area) Normal Variate)
Mean Centering Mean Centering
Venetian blinds (with . . . . . .
Crossvalidation 10 data splits and 1 Venetian _bllnds (with Venetian blinds (with 1C
9 data splits and 1 left data splits and 1 lefiut
method left-out sample per | blind I blind
blind) out sample per blind) sample per blind)
Number of latent 3 3 6

variables

*chosen based on tHRMSEy to minimize it

The performance of the models was evaluated by the coefficient of determin&)icdhgRoot
mean square error (RMSEand the bias of the calibration curve. All these values were
determined not only for the calibration¥RRMSE:, Bias:) but for the crossalidation (Rcv,
RMSEcy, Biasy) and prediction (external validation samplegp, RRMSEs, Biasp) too.
Additionally, the limit of detection (LoD) and limit of quantification (LoQ) were calculated by
Equations3 and4 [260], and were used to characterize the performance of the model.

, I $— (3)

, T 1 — (4)
(I'n the equathe8Dnand S is thei stogkicalcalatezl rom the measured and
predicted concentrations.)

The Hotelling ? and Qesiquavaluesi widely applied statistical tools designed to detectaut
scope data during multivariate data analysigere also determine@he Hotelling F values

show the variation inside the model (and were determined by applying the multivariate
generalization of Studéstt-test), while the Qsiquaivalues describe the portion of variation
unexplained by the model. Highdiuavalues 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?Values can be caused by extrapolation. Before the in
line application of the models, limits were set to both vahased on the calibration déta
detect outliersThen, diring the inline monitoring,the Hotelling T2 and QesidualValues were
determined simultaneously with the predictions, and if either of these values was owdside th

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 mbaatsultilayer perceptron

(MLP) and a Nonlinear Autoregressive with Exogenous Inpui#sRX) 1 which could both be

used as datdriven 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 ANNSs relied on theapplied process parameters for prediction, all operazawere
continuously recordedthroughout the experimentsith the SIMATIC SIPAT (Siemens,
Germany) software connected to the units of the continuous Ma& were collected
simultaneously from the gravimetric feeder, tvwgtrew granulator, continuous fluidized bed
dryer, and continuous mill. Additionally, the granulation liquid was placed on a balance
connected to the system to monitbe mass Ias thereby enabling th#etermination othe

liquid feed rate. The parameters were registered evenyithghe collected parameters of each
unit summarized iTableS2 of Supplementamnaterial. Theraw datawereconverted into new
variables(e.g. averageairflow, L/S ratig, whichwerealsoused as inpstduring prediction.

The final inputsof themodels are summarized ligure14.

3.2.6.2 MLP

First, a thredayer MLP, consisting of one input, one outpahd one hidden laygwas builtto

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, asth@nnection having its own
weight. The input layer of the MLP consisted of 12 neurons, each corresponding to a value
calculated from the registered operatfmerameters, while the output layer haake neuron

belonging to the moisture content of the granule. Following preliminary optimization (during

53



which the number of neurons was varied from 1 to 10 with 100 repetitions), the hidden layer
was set to contain a single neurdrhyperbolic tangent sigmoitansfer 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 showigime14.

Operation unit Inputs Input layer Hidden layer Output layer  Output
(Prediction)

POWDER FEEDING ™8 )Myss flow E—)
LIQUID FEEDING mmmmdp |/ S

[ Temperature (zone 1) mmp

Temperature (zone 2) #
g:fl?&fffffg;t mmmmm) | Temperature (zone 3) W .
Temperature (zone 4) Hp .

' Moisture
content
Screw speed E—) .

™ Air flow (zone 1-4) mmmp
HORIZONTAL
FLUIDIZED BED =y ~ Temperature (zone 1-3)mp
DRYER
Temperature (zone 4) ﬂ
[ Mill type E——)
MILL —— -

Sieve diameter EEE—

Figurel4: The structure of the MLP used to predict theisture 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 Tat88 of Supplementary material. During these experiments,

the operation parameters were altered wide range, and aftesteady statevas reached, the
applied process parameters and the corresponding moisture content were registered. Altogether,
108 samples were utilized, each consisting of 12 ifgaitires (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 inputoutput pairs) and 20% (22 inpattput pairs) of all data points, respectively.
The training dataset was then further split randomly into thubgroups: 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.i&@ayegularization was
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applied as training algorithrfwith training-control hyperparameters listed in Tat#d of
Supplementarynateria), 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 NegWjidrow layer
initialization function[262] Given the inherent randomness of MLP model buildang 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 modeA 95% confidence interval, determined by the 2.5 and 97.5 percentiles

of the repetitionswas used in this studyhe performance of the model was evaluated by the
mean square error (MSE), the RM3Ed R, which were all determineidr both the training

and theexternalvalidation dataset separately.

After the training was finished, the model was applied to predict the moisture content of the
granules during ExperimeRt2-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 predictedy the MLP to the one detected by the NIR spelstrsed®LSmodel(PLS_P)

and the results of the elihe LOD measurements. & important to note that the effect of the
process parameters on the moisture content was delayed due to the long resideAceaime.
result,the MLP predicted a future value when these effects have already influenced the moisture
contenti one that had not reached the NIR sensor or been captured by -thee (fOD
measurements at the end of the lifleerefore the MLP predictioa wereoffsetby 120 s (the
residence time in the continuous line) to aligemwith theresults of theNIR spectrabased

PLS model and the offine 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 t[@%83,264] 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 usetiqmstnodel
independent explanation technigfier machine learning modeJ85] 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 aimproviding 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 deation 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 &hsdPof

zero indicates that the input feature does not contribute to the predighdea 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 usingstiepleyfunction of the Statistics and
Machine Learning Toolbox dIATLAB , using the interventiondernel algorithn[265] The

SHAP values for the training dataset and each time pbixperimentP 2 andP.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 AN the moisture content of the granules and the

recorded operational parameters in this study are sequential (i.esetireg) data, for which
recurrent neural network (RNN) types might be more suitable. Therefore, a NARX imadel
type of RNNi' was alsdested 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 forwardmplsr terms, the output of the
model not only depends on the current inpuis data from previous time points are also

utilized.

The structure of the NARX modéFigurel5) was very similar to the MLP, wittheneuron in

the hidden layer applying hyperbolic tangent sigmoitlansfer function and the one in the
output layer applying linear transfer function. Similarly, the model also used the same 12
input parameters. Howeverfeedback 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 O,
meaning that the input values were only utilized in the current predicfiomnumber of FD,

ID, andneurons irthe hidden layer were all chosen by preliminary optimizatidmch 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).

Operation unit Inputs Input layer Hidden layer Output layer  Qutput
(Prediction)

POWDER FEEDING ) s flow eem—) .
LIQUID FEEDING mmmm) | /5 Do) .

B Temperature (zone 1 )- .

Temperature (zone 2) ) .

gﬁ%ﬁfﬁ& —) Temperature (zone 3)mm) .
Temperature (zone 4)- .

- Moisture

content

Screw speed E— .

[ Air flow (zone 1-4) mmmp .
HORIZONTAL
FLUIDIZED BED wmmmly - Temperature (zone 1-3)8 .

DRYER

|_ Temperature (zone 4) mp .
[ Mill type o— .
| Sieve diameter EE—) .

FEEDBACK |
DELAY (=1)

Figurel5: The structure of the NARX used to predict the moisture content, indicating the
operation unit from which each input variable was obtained.

MILL — =

As the training of the NARX models &ito 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
steadystate 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 NéRtisgbased PLS model) were
known throughout the whole experiment. Similarly to the MLP model, the NARX predicted a
future moisture content. Thus, the NARX predictioverealsooffset with the residence time

of the continuous line (in this case, 70 s) to align it with the results of the NIR spastd

PLS model and the cfine LOD measurements.

To avoid overfitting and minimize the effect of small random fluctuations, the training data
both the input data and the moisture contlterminedoy the PLS model 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 éits are summarized TFableS5 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 backgedjmn and
Bayesian regularization as training algorithm. The dataset was also set into training, internal
validation and internal test groups with a 70:15:15 ratipplying block division to preserve

the sequential nature of the dafdter 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 drugloaded electrospun

fibers

Although ESis a promising continuous formulation stratdgy produéng amorphous solid
dispersions (ASDs)o enhancehe dissolution of poorly watesoluble drugsthe poor flow
properties of thelectrospun materi&linder its further processingto solid dosage formsuch
astablets.To overcome this challengthe present work focuses on the application of TSMG
to improvethe flowability of the fibersTwo fiber compositionsi one containing ITR and
PVPVAG64 and the other containing ITR and HPM®@ere granulatedsingPEGas the binder
while the effects of the process parameters vievestigated Beyond enhaning granule
propertiesthe primary objective wat® produce tablets with reduced excipient content and,
thereby, smallesizesto improve patient compliance.

4.1.1 Preparation of the electrospun fibers

In the first part of ouresearch, the production of electrosfibers was carried out successfully
with both polymers. The average diameter of the-PNRPVA64 and ITRHPMC fibers was
1.4 N 0.8 Omesgectigely. Nhe GibroBis stucture remained after the oscillating
milling and can be observed in teeanning electron microscop$KEM) images of the milled
electrospun material shown figure 16.
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Figurel6: SEM images of (a) the milled electrospun HPRPVAG fibersand(b) the milled
electrospun ITRHPMC fibers.

Next, the transformation of the ITR into an amorphous state was confirmed by the MDSC
measurementd-igurel?) . The endothermic melting peak of
thermogram of the pure crystalline ITR) could not be detected on the thermograms of the milled
electrospun materials. Based on the reversing heat flow curvesy tig¢hE ITRPVPVAG64
andITRHPMC fibers wemesPlAQG iared y30M3EZ th onset t
77AC. As expec tgeaues ot thedibenn wearesbetween theTalues of the
amorphous | TR g¢f i@ES@xcipients G R \WRV A6 4 ) HPNIO S AC, T
175AC as meas[aasled previously.)

g crystalline ITR
L PVPVAG4
—— HPMC
~ || ——ITR-HPMC fiber
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Figurel7: MDSC thermograms of the milled ITRVPVA64 and ITRHPMC 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 thédHMRC fibers.

The slower (yet still complete) drug release can be attributed to the getimerties of HPMC,

a welldocumented effect in the literat&@67,268]
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Figure18: Dissolution profiles of the milled electrospun fibers and the crystalline ITR

Applied parameters: 37 N 0.5 AC, 9bGskletdf
method, 50 rpm, n = 3 and 50 mg of the API content.

4.1.2 Granulation experiments

4.1.2.1 Granulation of ITR-PVPVAG64 fibers

Although the ES was successful, the poor flow properties of the milled electrospumpdibers
significant challenges for further processifige bulk density of the milled fibers was very
lowand the flowability of the preblends was \
Hausner ratios iTable8 andTable11). 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 erhancing the flow properties of IFRVPVAG4 fibers, since our previous studies confirmed

that this ASD system could be promising from the downstream processing and industrial
applicability[186,187]

First, the  TRPVPVA64 granul es prepared with the O0A®b
As the G ofthe TRPVPVAG64 fibers is around 90AC base
(Figure17), granulation temperatures below that value but above or around the melting point
ofthe PEG6000 (58 3 AC) were examined. The aim was t
the ITR fibers.

The laser diffraction measurements of the granules revealedhthptocess resulted in a
narrowing of the previously multimodal particle size distribution, suggesting that it influenced

the preblend in all instanceBigure19 andTable7). 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 decreasepan values.

[a] [b]

84 ——ITR_PVPVAG64_A_50 § ——ITR_PVPVAG4_A_55

Preblend = Preblend

(=)
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8 ——ITR_PVPVAG4_A_60 8 ——ITR_PVPVAG4_A_65

= Preblend = Preblend
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Figurel9: The particle size distribution of timeilled ITR-PVPVA64 granules produced (a)
at 50AcC, (b) 55AC, (c) 60AC, (d) 65AC with
ITR_PVPVA64_A_ 50, (b) ITR_PVPVA64_A 55, (c) ITR_PVPVAB4_A 60, (d)
ITR_PVPVAG64_A _65)xompared to the ITRVPVAG64 preblend.

Table7: The d(50) and span values of th#led ITR-PVPVAG4 granules produced(@)5 0 A C,

(b) 55AC, (¢c) 6 0AC, (d) 65AC with O6A6 s
ITR_PVPVA64 A 50, (b) ITR_PVPVAB4 A 55 (c) ITR_PVPVA64 A 60, (d)

ITR PVPVA64 A 65) compared to the ITIRVPVA64 preblend.

d50) (Om) Span
ITR_PVPVA64 preblend 172.4 N 27 6 . N\
ITR_PVPVA64 50 106.6 N 20 5.6 N 1
ITR_PVPVA64 55 116.5 N 7. 5. @2N
ITR_PVPVA64_60 145.9 N 1. 4.3 N 0
ITR_PVPVA64 65 202.7 N 10 3.3 N 0

These results indicate that two phenomena occurred inside the equipment simultaneously. First,
the high shear forces caused intense homogenizatiofuehédr 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 ingra¢he material
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characteristics in all cases, there is insufficient evidence to classify the process as granulation
at | ower temper anherethe sack(OfSn@reaasenndthe paticlé\sz¢ and small
change in the particle size distribution indicates itsafficiency 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 AC (around aatadlyimpiovede t he
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 i ntielgranelesexhibitedpassablal e f
flowability, making them potentially suitable for further processing.

Table 8. The flow properties of the  TRVPVA64 granules produced
configuration compared to the preblend.

Hausner Car r

} bulk } tapped Jtue  Porosity . - o Flow rate
Sample ratio index Flowabilit
P (g/cn®)  (glem®) (glem®) (%) t o y (g/s)
ITR-PVPVAG4 Does not flow
preblend 0.33 0.55 1.40 76.41 through

Does not flow
through

ITR-PVPVA64 A 55 0.39 0.6 136  71.28 9.6
ITR-PVPVA64 A 60 041 059 136  69.80 1.45 31 Poor 7.4
ITR-PVPVA64 A 65 043 055 136  68.40 1.28 22 Passable 11.0

ITR-PVPVAG4_A 50 0.34 0.51 1.36 74.91

The morphology investigation of the granules by SEM{re20) r eveal ed t hat a
majority of the fibers were distributed evenly between the excipients (shown with red arrows

in Figure20b), and only some adhered to the surface of the particles (shown with green arrows

in Figure20b). 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 55AC (close to the rméketing
agglomerates were clearly identifiable, and most of the fibers were attached to their surface
(Figure20c). A small portion of fibers could still be observed between agglomerates, together
with fine particles. At 60AC and 65AC, the .
were all adhered to the surface of the graniegi(e20d andFigure20e). 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 fibraigicture had been compromised.
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Figure20: SEM images of (a) thmilled ITR-PVPVAG4 containing preblend and thelled

ITR-PVPVAG4 granules produced@5 0 AC, (c) 55AC, (d) 60AC, (
configuration (Sample codes: (b) ITR_PVPVA64_A 50, (c) ITR_PVPVA64 A 55, (d)

ITR_PVPVAG64_A 60, (e) ITR_PVPVAG64_A 65). The red arrows show the fibers between

the particles, and the green arrows indicatdibers 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 temperatbkigure21). Although it remained above the
dissolution of the crystalline ITR, it significantly declined compared to the dissolution of the

preblendlt is worth notingthat the dissolution of the preblend was as good as the fibers, further
confirming the compatibility of the excipients.

«—ITR-PVPVAG64 preblend
—=—ITR_PVPVAG4 A 50
100 4 Lo 3 V- —1 —*—ITR_PVPVAG4 A 55
- —+—ITR_PVPVAG4_A_60
A - —~+—ITR_PVPVAG4 A _65
2 i 1 b —— crystalline ITR
s f |
=
£ 11 | J
2 sod Sk .
4
2 .
(=]
0 * T T T v T T T T T T
0 20 40 60 80 100 120
Time (min)

Figure21: Dissolution profiles of théTR-PVPV A6 4 granul es produced
configuration compared to the ITIRVPVAG64 preblend and the crystalline ITR. Applied
parameters: 37 N 0.5 AC, 900 mL of 0.1 M HCI
50 rpm, n = 3 and 50 mg of the APIntent.

These results suggest that even in the cases where the granulation temperature was below the

T4 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 I TR appears with an offset around 150
(60AC) , the recrystall i @igurei2®.MrhisocbnfirmsTthat thea s a |

amorphous structure was compromised, explaining the decreased dissolution properties.

Exo->

—— Physical mixture

Preblend
—— ITR _PVPVAG64 A 6

Reversing heat flow (a. u.)

0 50 I(I}O Ié() 200 250
T (°C)
Figure22. MDSC thermogram®f the ITRPVPVAG64 preblend, the ITRVPVA64 physical
mixture and the ITR_PVPVA64_A_ 60 granules. Timéal T4 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 {PMNPVA_A 65

granules) was still above the dissolution of the crystalline ITR, further improvement was
necessaryTherefore, the screw configurations with increased pressure and residence time were
also investigated. The aim was to improve the flowability without raising the temperature,
whi ch was achieved with both 6B6 dlowdbilityCd scr
measurements showed t hat obsip®grassvelyimpfoved tBese a n d
properties Table9), evenwhile 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.

Table9. The flow properties ofthe  TRVPV A6 4 gr anul es produced wi

configurations compared to the preblend.
Hausner Car |

: ) o Flow rate
Sample code bouk - dapped patig index Flowabilit
P (g/cm®)  (glcny) 0 %) y (a/s)
ITR-PVPVAB4 0.33 0.55 Does not flow throug}
preblend
ITR_PVPVAG64 B 50 044 0.63 1.42 30 Poor Does not flow througt
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Hausner Car |

bulk tapped : : i, Flow rate
Sample code ( é’/c ) (J’g /gr")rﬁ) re(l'fl)o |r(1(;)(;x Flowability (gls)
ITR_PVPVA64_B 55 0.48 0.67 141 29 Poor Does not flow througt
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 fl owabil:|
with 6B6 and 50AC with O6C6 screw configurat
ITR_PVPVAG64_C50), the increased shear and compression forces also decreased the
dissolution(Figure23). 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 pheus

and recrystallized ITR, resulting from the differences in processing temperature and screw

configuration.
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—=—ITR_PVPVAG4_A_50
100 - —»—ITR_PVPVAG4_A_55
—+—ITR_PVPVAG4_A_60
ST S R SR +—ITR_PVPVAG4_A_65
i 4 --a-- ITR_PVPVA64_B_50
i , ——— | --+- ITR_PVPVA64_B_55
s : --a-- ITR_PVPVA64 B 60
2 --v- ITR_PVPVA64_B_65
; --a-ITR_PVPVAG4_C_50
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Figure23: Dissolution profiles of the ITRPVPVAG64 granules compared to the FTR
PVPVA64 preblend and the crystalline | TR. Ar¢
M HCI di ssolution medium, Otapped basketd n
content.

4.1.2.2 Granulation of ITR-HPMC fibers

Although the dissolution of the granules containingHRPVA64 fibers remained enhanced
compared to the crystalline API, it was lower than the dissolution of the preblend.ti&nce
primary objectivewas toimprove the flow properties withoutompromisingdissolution,

further granulation experiments were performed. Previmdings of our research group

highlighted that HPMC can better stabilize the amorphous form of the ITR in the electrospun

65



sampleg§251] Therefore, granulation of the IFRPMC fibers was carried out in the ngxktase
of this study Given thatthe Ty of the ITRHP MC f i ber s i s (Figured® thar ound
same granulation temperaturagestigated in Sectiof.1.2.1were applied here.

[a] [b]
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Figure24: The particle size distribution of timeilled ITR-HPMC granules produced (a) at
50AC, (b) 55AC, (c) 60AC, (d) 65AC with O6Abd
HPMC _A 50, (b) ITR_HPMC _A 55, (c) ITR_HPMC _A_60, (d) ITR_HPMC _A 65
compared to the ITRIPMC preblend.

Table10: The d(50) and span values of thédled ITR-HPMC granules produced &)5 0 A C,

(b) 55AC, (c) 6 0AC, (d) 65AC with O6A6 s
ITR_HPMC_A_50, (b) ITR_HPMC_A 55, (c) ITR_HPMC_A_60, (d) ITR_HPMC_A_65)
compared to the ITRIPMC preblend.

d50) (Om) Span
ITR-HPMC preblend 136.8 N 27 6.0 N 2
ITR_HPMC_A_50 118.7 N 9. 2.8 N 0
ITR_HPMC_A_55 115.1N4.8 2.6 N o0
ITR_HPMC_A_61 157.0N12.4 3.8 N 0
ITR_HPMC_A_65 176.5N7.0 4.1 N 1

Similarly to the observations with IFRVPVAG64 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) vallegure24 andTable10). Moreover, the flow
properties improved considerably in all cases, and passable flowability could be reached at both
60 andTafedh C (
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Table 11. The flow properties of the ITHRIP MC
configuration compared to the preblend.

granul es produced

Hausner

Car

Porosity . : o Flow rate
Sample code dbuk - 4 tapped -} true ratio index  Flowabilit
P (@len?) (glen?) (glem) (%) Y o) L)
ITR-HPMC Does not
preblend 0.36 0.55 L4l 76.54 flow through
ITR-HPMC_A_ 50 036 061 139  74.08 ﬂo'evofhsr:lfth
ITR-HPMC_A 55 039 058 139 7194 flosvotehsr:fg;h
ITR-HPMC A 60 0.41 051 139 _ 70.50 1.26 21 Passable 9.6
ITR-HPMC_A_65 0.36 046 140  74.28 1.28 22 Passable 7.4

The SEM images revead a significant difference between the FHR/PVA64 and the ITR
HPMC granules. The ITRIPMC fibers remained more intact after granulatibigyre 25)

compared to the ITRVPVAG64 granulesKigure20). Thisdifferencecan be attributed to the

increased stability of thlPMC ASD, caused by the strong hydrogen bonds between the drug

and HPMC in electrospun fibersa well-establishegphenomenon thdtas beemlemonstrated

in multiple studieg269] The preserving effect of the hydrogen bonds between the drug and the
HPMC has already beeihownto enhance the lorgrm stability of the ITR fibef251], and

these findings indicate that this effect can also contributs stability during granulation.

11 4@ SE 18kL

Figure25: SEM images of théa) milled ITR-HPMC containing preblend, the ITRPMC

granules produced &)5 0 A(©5 5 A6 0 A®65AC wi t h

S8 1 - El

6AO6 screw c

(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 suidhtee larger particles.

The increased stability of the ASD also preserved the dissolution propastide dissolution

of the granul es
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Figure26: Dissolution profiles of the ITRHPMC granules compared to the FHPMC
preblendand t he crystalline I TR. Applied

di ssolution medium, O6tapped basketd m

The comparison between the FHR/PVA64 and the ITRHPMC granules (prepared undbe

sameconditiors) demonstrated theuperior dissolution and flow propertiekthe latte{Table

8 andTable11). The dissolution of the ITRIP MC gr anul es prepared at
ITR_HPMC_A 60) exceeded that of the FPR'PVA64 granules prepared under identical
conditions (sample code: ITR_PVPVA64_A 60) by 2@Rig(re27). This indicates that the
hydrogen bonds between the drug and HRMGancestability during the procesmakingthe

HPMC-containing fibers more suitable for granulation.

100 4

W ‘

—e—ITR_HPMC_A_60
—=—JTR_PVPVA64_A_60
—+—crystalline ITR

- - :
0 20 40 60 80 100 120

504

Disssolution (%)

Time (min)
Figure27: Dissolution profiles of the ITRPVPVA64 and ITRHPMC granules produced at

60AC,with OAOG screw conf i gurAgptpilane dc opnapraarnmeed et
0.5 AC, 900 mL of 0.1 M HCI di ssolution medi
50 mg of the API content.

Asthe TRHPMC gr anul e s C(@ampl@cadediR HPMC B B®A 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 fiberloaded granules

Next, the preparation of tablets with reduced size from theHPRIC _A_60 granules was also
successfully achieved. The size of the tablets (357.1 mg) was reduced¥%w¥@5ompared

to our previous experiments with the same ASD system (where tablets of 600 mg could be
prepared from the ITR fiber§)87] 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%-{gure28), which was attributed to the incomplete disintegration of

the tabletsThis issue was resolved loycorporatinga disintegrant into the formulation @0

w/w KollidonE CL), resulting in a dissolution rate 82.8%(Figure28).

100 +

50 —=— ITR-HPMC granules

—&— ITR-HPMC tablets (without Kollidon® CL)
—4— ITR-HPMC tablets (with Kollidon® CL)
—&— crystalline ITR

Disssolution (%)

L

= WREEC | e
e = e 3
= ==
0 - . . . . . . . . r .
0 20 40 60 80 100 120
Time (min)

Figure28: Dissolution profiles of the TRIPMC gr anul es produced at ¢
configuration and the tablets pressed from the granules (with or without adding KolGdon

as disintegrant) compared to the crystalline
0.1 M HCI di ssolution medium, Otapped basket

paddl e method for tabl ets, 5 0pmrfoppaddfe methodht app e
n = 3 and 50 mg of the API content.

Therefore, the preparation of immediagtease tablets with adequate dissolution was also
accomplished, while the tablet si396.8 mg) remained reduced by¥84v/w (Figure29).
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Figure29: The size of (aptablet(10 mm diameterbiconvey pressed from the
ITR_HPMC_A_60 granules with 20 w/w Kollidon® CL compared to (b tablet(14 mm
diametey biconvex pressed from the milled ASD and necessary excipients descagiad

one of our previous studies, where granulation was not aghB&di

4.1.4 Conclusions

This study demonstrated that TSMG is a valuable tool for enhancing the ploldgsef
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 wereneatlby TSMG enabling the
successful production of tablets without excessive excipi€hts this study provides a viable
solution to overcome various formulation challengleg combining two continuous

technologies that could hetegratednto a CM line.

It was revealed that the harsher granulation conditions (such as higher temperature and
increased shear forces) could destr@fibrous structure and lead to crystallization even below

the Ty of the ASD, negatively affecting the dissolutid®olymerchoice also influenakthe

stability of the ASD duringgranulation The HPMGcontaining fbers displagd enhanced
stability, likely due tothe hydrogen bonds between the drug and the polymmaing them

more suitable for the process. Using HPMi@der mild process conditionenabledthe
preparation of granules with adequate flow properties vnéservinggood dissolution. The
tabletsize pressed was also reduced by 348%, minimizing excipient use and improving

patient convenience.

4.2 Continuous melt granulation-based powderto-tablet line i process
investigation and scaleup

The previoussectiondemonstrated the feasibility of TSMG for enhancing powder properties
and improving the processability of challenging materials, theselpporing the industrial
application of novel continuous technologgsh as ESAs thepotential of TSG in the CM
framework is also notabléhis nextsectiondetailsthe development dheintegrated, versatile
powderto-tablet linebased on TBG. The main goal was to enhance the flowability and
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tabletability ofanother model API (caffeinéhrough TSMGusing PEGas binder material and
produce tablets with improved breaking force, excellent friability, and immesiktase
dissolution. Furthermore, tlogtimization andcaleup of the systerarealso discussed in this
section,with the latterachieved by increasing the production speed while using the same

equipment.

4.2.1 Pre-experimentdo evaluate the effect dfifferent binders

As illustrated inFigure 30 and Table 14, the initial caffeinecontaining model formulation
exhibited a smallaverage particle size armbor flow and compression properties. These
properties hinderedhe processability of the untreated powdeesulting in tablets with
inadequate mechanical properties. These tabladsa breaking force of less than 15 N and
broke down completely during the friability testirf®jnceincreasing the compression fordid

not sufficiently improve these propertigsgure32), the primary objective of this work was to
develop a TSM&ased formulation line tovercomehesdimitations

First, the optimal bindervasselected for the granulation. For these-@xperiments, three pre
blends were made containing PEG 3000, PEG 6000 and PB@02a8nd he granulation was

carried out separately for each {imend

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 paglickes (

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 distributioronlgsgchievedvith PEG 20 000.

| == Physical mixture
1 ‘ 3000 PEG

| =—6000 PEG

[ ——20000 PEG

Volume (%)

. Particle size (um)

Figure30: The particle size distribution of the physical mixture (containing PEG0B) and

the granules containing PEGs of different
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 und@&iahhsé (
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12). The friability of the tablets pressed from the PEGO0Q0-containing granules was
particularly favorable, with a weight los$ less than 0.3 %, indicating that these tablets were
reliably suitable for further processing (e.g. film coating). The lubrication efficiency of the
tablet compressiowas also assessed usiting lubrication valugthe 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 efficidabrication (typically values over O&e considered
excellent)208]. The lubrication values of the prepared tablets vaéirabove 0.9, confirming

that the use of PEG in the applied amoun®§lWw/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

granul es produced at a granulation temperatu
10 kN compression force, along with the results of the friability tests.

The breaking force of tablets Friability of tablets
(N) (%)
Physical mixture 15 cannot be measured
PEG 3000 122 0.51%
PEG 6000 146 0.61%
PEG 20 000 168 0.15%

Although all tabletsqualified asimmediaterelease (Q=80% in 30 minut§j0], those
containing PEG 20 000 showed a slightly slower dissolution rate compared to(éiljare

31). NonethelessPEG 20000was chosen as the optimal excipient for the continuous system
due to its superiogranule and tablet properti€Since the goal was to develop a scalable and
robust process, the powder mixture with PEG 20 000 was selected for subsequent experiments.

{1

100 4

504

Dissolution (%)

—=—PEG 6000
—— PEG 3000
——PEG 20 000

0 ZIO 4I() ()I() Xl() 1 (Ilﬂ 120
Time (s)
Figure31: Investigation of the effect of different binders on the dissolution of the tablets (900
mL distilled water dissolution medium, 37 K
content, n = 3).

0
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To further ensure that all the tablets would be immediase, it was necessary to improve

the dissolution rate. Since the breaking force of the tablets (compressed with 10 kN force)

showed significant improvementgblel1?2), 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 tfeedereaking forceRigure

32a) and dissolution raté=igure 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 physicemixture, 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 undefigLa® (

32c).Overall, tablets compressed at 5 kN demonstrated optimal properties, making it the chosen
compression force for the system.
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+  granules
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ﬂi

—=—5kN
*— 10 kN
—— 20 kN

Friablitity
(%)

5 kN

0.07

10 kN

0.05

15 kN

0.13

Compression force (kN)

30

T
0 20

T T
40 60

Time (min)

T
80

T
100

120

Figure32: Investigatiornof the effect of theompression force on the (a) breaking force, the

(b)

method, 90 mg API content, n = 3) and the (c) friability of the tablets prepared with PEG
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4.2.2 Effect of the granulation temperature

stil

ed

water

Subsequently, PEG 2ID0 was utilized for all experiments carried out with @i line using

di

5 kN compression force during tablet compression. The effect of the granulation temperature
was investigated (Experimen@.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 thermometefsgure 33). The cooling was found to be effective in all

cases, as the granules reached room temperature after the coolifigstep3).
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Figure333 The temperature of the granules produc
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 Temperature of the granules

before cool i after cool i
Granul at ed 50 24
Granul at ed 60 25
Granul at ed 75 27
Granul at ed 95 27

The microscopic characteristics of the milled granules were examined usingFaitive34).
An increase in the particle size was observed isaatipleswith granule formation becoming
more distincebove8 0 AC, as t he aggr eagnddcleadyrecaghized. ni t i al

Figure34: SEM images of the (a) physical mixture and the milled granules produced at (b) )
60AC, (c) 80AC, (d) 100AC and (e) 120A«

Laseddiffraction measurementssessed thraacroscopic characteristics of the milled granules
(Figure 35), revealing thatthe 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 snsgitondary pealemained in most cases,

the i mprovement is evident. At temperatures
100 Om) decreased significantly, and the ave
The particle size distributions of the millgdr anul es produced at 80 an

improvedwi t h an even more distinct increase in t

|

physical mixture
granulated at 60°C
granulated at 80°C
granulated at 100°C
granulated at 120°C

£

Volume (%)

T T T T
0,1 1 10 100 1000

Particle size (um)

Figure35: The particle size distribution of the physical mixture and the milled granules
produced at different granulation temperatures.

The investigation of the flowability and compressibiliynfirmed thathe powder properties
werealsosignificantlyenhanced by the granulation proc€table14).

Tablel14: The flowability of the physical mixture and the milled granules produced at different
granulation temperatures.

Hausner Car r 6 Flowability Required time for 100
ratio index g powder to flow out of
) (%) a 10 mmdiameter

funnel (s/100 g)
Does not flow through

Physical mixture

Granul at ed 1.28 21.62 Passable 8.50 N O
Granul ated 4.48 N 0
Granul ated 4.67 N O
Granul ated 4.44 N O
The flowability and compressibilitymprovednotaby e ven at 60AC; however,

80AC and 100AC r esulpropediesAh § Rigedef@dpertieswaré | y b e
further enhanced to excellenategory.The improved properties ailikely 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 cohesiofhe positive correlation between temperature and the
granule properties igresumably attributed tthe more effective melting and dispersion of the

binder,promotng efficient granulationThis is supported bthe increased granule formation
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and growth observed ifigure 34 and Figure 35, ultimately leading toenhanced granule
properties.

Tablets pressed from the milled granules using 5 kN compression force were also examined.
The resultssummarized iTablel5, confirmedthe positive effect of the increased granulation
temperaturesExcept for tablets granulated@&t0 AC ( whi ch were crushed i
similarly to those compressed from the physical mixture), all taleetsbited excellent

friability. The highest breaking force (around 100 N corresponding to 1.09 MPa tensile
strength) was observed1 2 0 AC gr anul ati on temperatur e.

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 (%)
Granul at ed 4.0 N 0.0 cannot beneasured
Granul ated 63.3 N 2.3 0.09%
Granul at ed 75.7 N 4.7 0.08%
Granul at ed 99. M7N 0.07%

The dissolution of the tablets was also examimadluding those pressed from the granules
gr anul aCduato theifragdity @igure36). Sinceall testedabletsshowedsatisfactory
dissolution1 20 AC granul ati on t e mp e umexpermentbecsse s el ec

of the superior physical properties of the tablets, particularly the breaking force and friability.

100 - | —3% —
% 504
—=— granulated at 80°C
—e— granulated at 100°C
—— granulated at 120°C
’ 0 ' 2'0 ' 4]() ' ()'() ' 81() ' I(I)O ’ 120
Time (min)
F i g 8 6lnwvestigation of the effect of the temperature on the dissolution of the tablets (900 X
mL distilled water dissolution medium, 37 N
content, n 3 ) .
4.2.3 Scaleup

Finally, to achieve the s@lp 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 (Expefddents
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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 ath&5 kg/h feed rate
Therefore this rotation speed was appliedhigher feed rategoo. 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 agsificant 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 utilipedonger 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
roomtemperature (22 8 AC) , the capacity odequdtefethecsoael er w
up production. Howeveat 8 kg/h production speealdecrease was observed in the flowability

and tabletability of granule$his negative effect was likely die the increased fill level in the
granulator. The specific fill load an influential parametfg] determined by dividing the

powder feed rate by the screw spéaacreased to almost twice the original value. The volume

of material in the barrel, which required heating increased, Widleeat transfer area remained

the same, leadintp less effective heating and, consequently, less effective granulatmn.

address this, an additional experiment (Experin@8) was carried out, where the 8 kg/h
production speed was combined wahh i g her granul ation temper at
120AC) .

Samples were collected from the milled granules and the tablets in all cases to investigate both

the granuleTablel6, Figure37 andFigure38) and tabletTable17 andFigure39) properties.
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Figure37: The particle size distribution of the milled granules produced with different
production speeds and granulation temperatures.

Figure38 SEM i mages of the milled granules pro
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
150AC granul ati on ptoeuntipnespeact ur e wi t h 8

Tablel6: The flow and compression properties of the physical mixture and the milled granules
prepared with different production speeds and granulation temperatures (Exp&r4rer&).
Required time for

Rotation

Production speed of the Granulation Hausner Car r 100 g powder to
speed pranulator temperature  ratio index  Flowability flow out of a 10
(kgh) 9 (rom) ( AC) ) (%) mm diameter

P funnel (s/100 g)
0.5 100 120 4. 44 N
3 600 120 4.646 N
4.5 900 120 4.582 N
8 900 120 6.123 N
8 900 150 4.729 N
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Although the higher production speed increased the amount of fine parfijase@7), the
formation of granules can be observed in all céSerire38). At the 8 kg/h feed rate, the flow
properties of the powder worsened slightly, but the negative effect could be relgrsed
utilizing a higher granulation temperaturdaple 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 declinetievhen
feed rate was raised to 8 kg/h (with 120AC g
tablets decreased to 63.2 N (indicating 0.66 MPa tensile strength), but this could also be

i mproved by applying 15&lAl@. granul ati on tempe

Tablel17: 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 rotatbrisg same tablets.

Production Rotation speed of the Granulation The breaking Friability of tablets

speed granulator temperature  force of tablets (%)
(kgrh) (rpm) (AC) N
0.5 100 120 99. B.7N 0.07
3 600 120 83.3 N 0.01
45 900 120 88.2 N 0.12
8 900 120 63.2 N 0.25
8 900 150 85. 4 N 0.13

By applingl 50 AC granul at i on-ugvwasiguecesalyl achieved asndve s c a
significant difference was observed between the tablet and gmamodeced at 8 kg/h and 0.5

kg/h. The breaking force exceeded 80 N (indicating over 0.8 MPa tensile stremgththe

tablet friability remained below 0.3%. Furthermore, the dissolution testing of the tablets
produced with these process parameters (8 kc
the dissolution rate being immediate and comparable to thatlefs produced at 0.5 kg/h
(Figure39). Therefore, the scal@p to a production speed 16 times faster than the original was

succesfullyaccomplished.
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Figure39: Investigation of the dissolution of the tablets produced with different production
speeds (900 mL distilled water dissolution r
mg API content, n = 3).

4.2.4 Conclusions

In the presengtudy, a fully continuous powdeo-tablet line based ohSMG was successfully
developed. Thénitially poor flow and compression properties of &Pl-containing powder
mixture, along withinadequate tablet propertjesere significantlyimproved. Consequently,

tablets were produced with excellent friability, increased breaking force, and imrretiaise
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 ireatdemm 0.5 kg/h to 8 kg/h using the

same equipment while maintaining the improved granule and tablet properties.

This studydemonstrateshe benefits of both TSMG and CMhowing the feasibility of
developing and operating a fully continuous production line. Moreover, the conveniamj scal
up of the production speedy 16 timeswith minimal adjustments furthenighlights the
advantages of CMThis approach eliminatethe need for different equipment and, more

importantly,theseparate optimization typically required in batch manufacturing.

4.3 Continuous integrated wet granulation of glucose granuledo enhance
flowability and tabletability

The previoussectionsdemonstrated the feasibility of TSMG for enhanciig powder
propertiesof various materials. Tehdevelopment of an efficient, versatile, and scalable system
based on TSMGighlightedthe advantages of the technolagyd its potentialvithin the CM
framework. Tdurtherdemonstrate the flexibility of TSG, tisamecontinuous line was adapted

for wet granulatiorto enhance the properties of glucose ushegymodified systenBeyond
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investigating TSG and CM, ensuring consistent product quality and aligning with the principles
of QbD and the PAT framewonkere also key objectives of this researchmakingreattime
monitoringanintegralpart of thisstudy.

The main goal was to develop a scalable technology to enhandceitthlepoor flow and
tableting properties ofjlucosevia 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 produe easyto-handle glucose granules with 100% glucose content. Additionally,

the inline andreakttime monitoring of the moisture caniti aproperty influencing important

CQAsi 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 industpesrthe
flow andtablet properties ahdustrially crystallized glucose pose challenges for its formulation
into solid dosage forms (e.g., tablets)s 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
fluctuaions[271] Therefore, additional excipients or further processing stepsst of which

rely on batch methofa71i 273]1 are usually required to improve its properties and enable its
tableting.Thereforethe first part of the study focused on therough 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 (Figure46) . While the observed average part.
particularly small, the | arge proportion (ov
free-flowing of the material. These poor flow properties were confirmed in subsequent
experments, where the powder failed to flow through the standard 10 mm diameter wide funnel
without agitation(Table20).

The morphology of glucose particles was examined with POM and EiMré40), revealing
elongated crystallines. These crystallifielsesides worsening the flowabilityare rigid and
poorly deformable. As a result, they cannot fit together and be compacted smoothly like
granulesinstead, theyreak under higher compression forces during tableting, leading to the

formation of weak spots. These characteristics negatively impatalitet properties, cause
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capping, and ultimately result in fragile tablets that break under a force of 40 NFayaee(
41).

Figure4Q: The (a) M and (b) SEM images of the milled nulgtadse with 6.3x and
30x magnifications, respectively.

Thereby, thekey characteristics requiring improvement were identified: the size of the
elongated crystallines needed to be reduced, and the proportion of the fine particles (under 100
Om) needed to be decreased. The mai mbilgypal wa:

ultimately producing tablets with increased breaking force, targeting a 100 N breaking force.

4.3.2 Pre-experiments with the twirscrew granulator

Before testing the integrated process, the key element of the procedure, the granvdation
investigated in detail. In these experiments, the parts @¥hene (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 igtr at e d , continuoussrewpr oduc
configuration was utilizedespite modifying rany factors in a wide range, the tabletability of

the final powder remained poor, and the produced tablets were witakHe breaking force
remainng under 60N. Sincethis configuratiorwas not suitabldor adequately improving the
properties® A <dnfiguration wasused in the following experimentghe reverse conveying
element of this configuratioincreased the pressure and residence time igrdraulatorby 30

secongd (from 40second to 70second in case of the 100 rpm rotation speddese 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.

I n the first experi ment s ExparimemsGtlic® indable3y scr ev
the glucose was fed to the granulator with a constant 1 kg/h feediilgthe water was added
separately through the peristaltic pump with the feeding rate adjusted to ensure the constant

0.064 L/S ratio (corresponding to%4w/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 ex@manabbs

were dried at room temperature for 1 and 3 days before milling.

Under these conditionsthe lengthy crystéihes broke prior to tablet compression (during
granulation), improving the tabletability of the powdgrereby enabling the production of
tablets with acceptable breaking fo{Eégure41l).
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Figure4l: 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 showigure4l. 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 impactedabletproperties Thus the effect of the drying temperatwas 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 harmonizedllowing theCM line to operate together. Based on the previous experiments,

the temperature of the granul ator was set toc
the feeding rate of the glucose set to 1 kg/h). While the temperature in the continuous dryer was
increased thg HDAC 25 EEE.26.9imTahes), thetabletabilitywas evaluated

by measuring the breaking force of the tablets prepared from granudes adr different
temperaturegFigure42) . The tablets prepared from the g
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tested, as the excess remaining moisture content caused the tablet to deform immediately
instead of br eaki ngFigyure4d)d.i cTahtee dg raasn uwietsh- dorOi eNdod
3) could be pressed into tablets with acceptable breaking force, which was further improved by
applyingahi gher dryi ng t eesefirelings deamonstratédstiaitie) more T h
effective drying athigher drying temperatusepositively impacs the tablets’ mechanical

properties. It is important to note that additional dryi(ar dryingat room temperature for 24

hourg of the granules initially dried at 60AC
achieving mechanical strength comparable to that of tablets pressed from granules dried at
85AC. However, additiintialadr ided i atg ®FAC heei gr o
i mprovements. This suggests that the drying
the evaporation of the remaining small quantity of moisture enhanced tablet properties.
contrast, drying at 85AC was |ikely complete
changes
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Figure42: 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 driegranules

The experiments confirmed that the remaining moisture is an impoctaaracteristic
influencingCQAs, such asablet properties. Therefore, the following experiments focused on
the examination of the moisture content and itine andreattime monitoring using NIR

spectroscopy.

First, a NIR spectrdased PLS moddPLS_G1 detailed inTable 6) was developed. In the

model,threelatent variables were used, explam97.2% of the variation. The model yielded
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an RMSE of 0.443 and an RMSf of 0.531, indicating that the moisture content could be

quanti fied with wiw(Tablels)..Conseruyently the Mmbdedwas dcepted
for in-line application.

Table18: Performance parameters of the NIR matectrabased PLS model.
Model parameters

R%c 0.980
R2%cv 0.972
RMSEc (% wiw) 0.443
RMSEcv (% wiw) 0.531
Biasc (% wiw) 0.000
Biascv (% wiw) 0.011
LoD (% w/w) 1.512
LoQ (% wiw) 4.582

Next, the PLS model was applied to detect the remaining moisture content of the granules in
reattime.The t emper ature of the drying chamber wa
Experimens G8-G9) and t hen t d3.10) &hildthe(sfeotrp wereicatiected in
reattime (Figure 43). Through the experiment, 20 samples were taken folingfLOD
measurements. The detected moisture contents, illusinaftegluire43 with red symbols, were

utilized to validate the model.

in-line NIR
* off-line LOD

60°C

Tl e

,] Gizem

Moisture content (%)

T T T T T T T v T T T
0 5 10 15 20 25 30

Time (min)
Figure43: Monitoring of continuous granulation process by the NIR spdesad PLS
model (blacKine), validated by LOD measurements (red symbols). The blue areas indicate
periods ofsteady statevith different drying temperatures applied, along with the breaking
force of the tablets (marked with blue arrows) pressed from granules collectedstesityg
State

The inline and the offine validation measurements yielded similar results, with the NIR model
providing an adequately low RMSETable19). These resu#t confirmed that the model was

suitable for inline process monitoring, as it could reliably detect the moisture content.
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Table19: Prediction performance of the NBpectrabased PL3nodel
Model parameters

R% 0.957
RMSEp (% wiw) 0.356
Bias- (% wiw) -0.031

AsshownirFigure43, drying at 60AC yi e%ww wdhichisabavé st ur e
the theoretical moisture content of glucose monohydrate ¥9\08v) , while drying
resulted in a moisture content slightly belowa&/w). This confirms the previous assumption

that the drying at 60AC was incomplete. I n
lower remaining moisture content (&5wn/w), well below the theoretical moisture content of

glucose monohydrate, suggesting a partial conversiomgluwfose monohydrate into its
anhydrous form. Tése findings indicatéhati ncr easi ng the temperatur
only unnecessary but may also hamdverse effest potentially inducing solidstate
transformation that could influence the granule and tablet propértiegablets pressed from
thegranulesd r i e d eatibitel IBfériGr mechanical properties (decreased breaking force),
suggestinghat overdying should be avoided. Althoughdgyinat 85 A | eft t he m
slightly below the theoretical valieindicating some degree of soktate transformationthe

overdrying was not too excessigadensured that the granules were sufficiently dried. While

all three temperaturegelded @t i sf actory result s, drying at
experimentsasit led to completely dry (even slightly overdried) granules and the best tablet
properties. Although drying atlower temperature (around-5 AC) coul d potent i
compl ete drying without overdrying tahdat mat er
resuledin a robust system, makir®y5 Ah@ 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 propertiesaidtabilityi thus

the breaking force of glucose tablétsa further objective was to make the aforementioned
technology adaptable into the industrial crystallization technology used to produce glucose
monohydrate from stard226] In the industrial crystallization of glucose, centrifugation, the

last manufacturing step before the drying, yields glucose with approximagélyvivw 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 anddter 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 websgé is sufficient for the

granulation on its own, making the complete, combined production line shorter and simpler.

For these experimen(Experiments G.115.12 inTable3), 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 incteasede! aarger

scale productionThe feed rate of the wet glucose was 3 kg/h, with the granulator set to a
rotation speed of 200 rpm and a temperature
with | ower granulation temperature (3@AC) we
altered conditions could affect the optimal process paramé&igna€44).
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Figure44: The impact of the granulation temperature on the breaking force of the tablets
produced from the priory wetted glucose during the lasgate production

In contrast to the previous experiments, the breaking force of the tablets pressed from the
granules produced at 55AC, although increase
bel ow our | imit (100 N). Howeyresults. Agordngtol at i o
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) oy the different wetting of the glucose. Witte previous wetting

of the material, part of the solid glucose could have dissolvedtjing a viscous syrup and

changing thel/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 integratdueinto t
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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 higBD).

4.3.5.1 Further investigation of the physical properties of the granules
Althoughthe main focus of the present work was to improve the tabletabilithie 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 crystallinéSigure 40), the phenomenon that we already suspected to

contribute to the improvktabletability.

PREEE j":-ﬁ — «mr;- -
Figure45: The (a) POMand(b) SEM images of the milled granulatgtlicosewith 6.3xand
30x magnificatiors, respectively.

Compared to the initial unprocessed powder, the size increase is also,rasaolefirmed by
laser diffraction measurementSiqure46). The average particle size increased significantly,
and the proportion of the smaller particles
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Figure46: The comparison of the particle size distribution of the granulated and unprocessed
glucose

In addition to the better tabletabilifgs discussed in the previous sect)ptige granulation also

resulted in enhanced flow properties, as confirmed by the reduced time required for the samples
to flow out of a funnelTable20).

Table20: Flowability of the unprocessed and the granulated and milled glucose
Required time to flow Required time to flow  Amount of small

out of a 10 mm out of a 15 mm particles
diameter funnel diameter funnel (under 1
Unprocessed ~30s

glucose (only with agitation) 8.2 N 0. 20.4 MwO

Granulated and ~
milled glucose 11.5 N0 4.6

pal

0. 14. 7 %M/wO

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 stréadtreaking 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 imgraypowder properties.

The integration of the described system into the industrial production line is also promising.
Although the manual feeding caused minor fluctuations in the praesssting in higheSD

in the breaking force of the tablets, the production of directly tabletdbtesefrom the
previously wetted material with higher feed rates was also achieved, demonstrating the
robustness of the system.
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Furthermore, the Hine andreaktime monitoring of the system was also accomplished. A NIR
spectrabased PLS model was developed and applied as a PAT tool to measure the moisture
content, acharacteristic influencingmportant CQ#A, of the dried granules throughout the
process. The most suitable drying temperature was identfieldhe reatime monitomg the

remaining moisture content ensured the proper operation of the system.

4.4 In-line monitoring the crystal form of glucose after acontinuous twin-

screw wet granulation process

Although theprevious section demonstrated thia properties of glucoseould beenhanced

using TSWGegnabling the successful tableting of the material, the stdié of glucose in the

granules remains an important question. Since it is well established in the literature and
confirmedby our experiments that the soBthte of glucose significantly impadtisy CQAS

its investigation is essentidlVhile the findings of the previous section indicate that the partial
dehydration of glucose monohydrate into anhydrous form occurred during the prcess,
thorough investigation of the transformation is required to ensure adequate product quality and
enhance process understanding. Therefore, in the nexthgacrystal form ofjlucosewas
investigated after the continuous granulation process. The main objective was to explore the
connections betweenthe applttd yi ng t emper ature mnand heevelsa

a Ramanbapedt madel -ltiommede-t@albme mbaeitoring of t

4.4.1 In-line monitoring of the anhydrous content with Raman

spectroscop

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 temperatuhe anystal form of glucose

To achieve this, the continuous line was supplemented with Raman spectroscopy to enable in
line and reatime monitoring. Since the anhydrousp-glucose and thelp-glucose
monohydrate are the stable forms under the applied conditions, the focus was on differentiating
bet ween these two for ms. Therefore, i this

D-glucose content.

4.4.1.1 Development of the calibration model

Figure47 and previous studif&74] demonstrate that the Raman spectra of anhyddkmis
glucose and therp-glucose monohydrate exhibit distinct differences, allowing for their clear
differentiation and making the technique suitable for anhydrous content monitdheg.
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evaluated spectral range, highlighted in yellow, includes key peaks and notable differences

between the two forms.

a-D-glucose monohydrate
anhydrous a-D-glucose

ms

Raman shift (cm™?)

Figure47: The Raman spectra of anhydrds-glucose andllp-glucose monohydrate after
baseline correctigmormalization and smoothingwith the evaluated spectral range
highlighted in yellow.

Intensity (a.u)

Based on these spectral differences, a PLS model (PL$ledled inTable6) was built using
calibration samples with different anhydrous content. The regression fit and the residual
distributions are presented kigure 48a and Figure 48b, respectively.The model explained

97.8% of the observed variation. The RMS#E the PLS model was 1.65, while the RMSE

was 5.07, indicating that anhydrous wownt ent
(Table21).

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 witlucetable limits,

confirming the robustness of the model.
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Figure48: The (a) regression of the PLS model and (b) the distribution of the residuals

Table21: Thecalibration performancefdhe Raman spectiaased PLS model.
Model parameters

R?%c 0.998

RZcv 0.978
RMSEc (% wiw) 1.648
RMSEcv (% wiw) 5.066
Biasc (% wiw) 0.000
Biascv (% wiw) 0.251
LoD (% w/w) 4.011
LoQ (% wiw) 12.154

The highest Hotelling T and Qesiqual Values of the calibration, their SD, and the limits
establishedased on these values for thdime application are summarized Tiable22. The
acceptance limit was set by adding three time$S#& the maximum of the calibration.

Table22: The maximum and the standard deviation (SD) of the HotelR@mndQesiquavalues
of the calibration, with the acceptance limit (three times the SD added to the maximum) set for
the inline applicationof the Raman specttzased 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 validatiormeasurements revealed that the model performed well and accurately predicted
the moisture content of the validation samples. Its prediction performance was satisfactory, with
a low RMSE value of 3.312Table23). Consequently, the model was deemed suitable for in
line monitoring.

Table23: The prediction performance of the Raman spdeaised PLS model.
Model parameters

R% 0.996
RMSEp (% wiw) 3.312
Biass (% wiw) 2.569

4.4.1.2 In-line monitoring of the anhydrous content

During the inline, reattime application of the modeFigure49), the drying temperature was

increased in subsequent stépenablehe investigation of its effect on the anhydrous content.

I 1

Anhydrous content - 120
Temperature , ~ L
/ Al 9
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Figure49: In-line, reattime monitoring of the anhydrous content (red ling)ngthe Raman
spectrabased PLS modglvhile the drying temperature (black line) was gradually increased.
Blue symbols indicate excluded outliedetected by the higHotelling T? and Qesiquaivalues

and the yellow areas show the times of the sample collection fbneffneasurements.

To ensure reliable detection, outliers (marked in bluéigure 49) identified by the elevated
Hotelling T? and Qesiquavalues, 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 nooveling

the conveyor belt, leading to weak signals, or from external light entering the $ystgmof

which Raman measurements are highly sensitivé tausing 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 Hine monitoring confirmed that solistate transformation occurred during

the drying process. Whiletlger anul es dri ed at a | ow temperat
form, with an anhydrous content of approximatéy@/w, even drying at 80A«
level of transformation, which became more pronounced as the temperature increased. At
120AC, %owwef the5naterial transformed into anhydrous fdrra change that may
significantly impact various CQAs, as reported by multiple studa3,240 243,275] These

findings also support the observations made in the previous section, where partial dehydration
was presumed in the granules dried at 95AC,
that solidstate transformation can occur at higher tempegat negatively impacting product

guality. In contrast, the short residence time in the dryer (90 seconds) minimizes transformation

at 60 and 80AC, making these temperatures mo

To further validate the results, samples were collected throughout the experiment, and the
crystal form ofglucosein the granules was investigated using traditionaklio& analytical
methods. The periods during which these samples were collected are highlighted by the yellow

areas irFigure49.

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
t hermograms of the samples dried at differen

shown inFigure50.
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Figure50: TheTGA of the granules dried at different temperatures.

Assuming that surface water was completely removed during the drying process, the anhydrous

content can bestimated based on the measured water content (mass loss) by comparing it to

the theoreticatrystalline water content of thdp-glucose monohydrate (9. 29w/w). The

resul ts

suggest

that at 60 AC

and 80 AC, t

the monohydrate form, while the anhydrous content was notable at higher tempeTatoies (

24). The detected anhydrous contents aligned well with the Raman measurements, further

confirming the results.

Table24: The investigation of the anhydrous content of the samplé&kya p p | y i ng
u-minutel isotiedmOp&riod. The arhywnwes d

heati ng

temperatur e

he

by

content was determined by comparing the mass loss of the granules to the theoretical moisture
content (9.0% w/w) of UD-glucosemonohydrate.

The granule samples Mass loss Anhydrous content
Granul es dri e 9.0% wiw 1.2% wiw
Granul es dri e 8.8% wiw 3.0% wiw
Granul es drie 6.1% wiw 32.9% wiw
Granul es drie 3.9% wiw 56.9%6 wiw

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 kigure 51a, with two large endothermic phenomena being

present on them. The frstoccurri ng

around

75AC onset

corresponds to the hydrate loss of the material and is present on all the thermograms, except in

the sample containing onlynAydrousUb-glucose (100% anhydrous content). The second

endot her mi ¢

peak occurs aroun
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corresponds to the melting of the anhydrous form. Therefore, it can be observed in all the

thermograms.

[a] [b]

—— 0% anhydrate 1001
———20% anhydrate

40% anhydrate
——60% anhydrate 504

80% anhydrate
——100% anhydrate
T ~
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Figure51: The (a) DSC thermograms of calibration samples containing anhylchmus
glucose andl}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 int
value of 0.994, indicating a good fRigure51b).

Next, the thermograms of the granules were investigated, as illustratéduire 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 contentgble?25).
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Figure52: TheDSCthermograms of granules dried at different temperatures.

Table25: The investigation of the anhydrous content of the granules by DSC ausatigration
based on the enthalpy of the endothermic peak occurring with atohd C o ns et and
peak

The granule samples Anhydrous content
Granules dried at | 6.7 Bw\g . 4
Granules dried at 4.8 oONwhMg . 3

30. 3 %M/w3 . 3
58. 0 %M/w8 . 4

Granules dried at

1
Granules dried at 1

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
(60AC). These differences are |likely due to
the calibration samples that were revealed by our previous.gudflyy 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 metimd

4.4.2.3 X-ray powder diffraction

Finally, XRPD was alsasedto determinghe anhydrous content of the granul€se spectra
of the pure componentdXp-glucose monohydrate and anhydrais-glucose), on which the
CLS calibration was based, are showirigure53. The XRPD patterns of the two forms are
clearly distinguishablewith peaks at 19&and 20.@\corresponihg to the characteristic peaks
of the hydrated and the anhydrous forms, respectif@l] These peaks also exhibited
significant changes in the granuleserisfore, the CLS evaluation was focused on them.
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Figure53: The XRPD patterns of anhydroUs-glucose andl-p-glucose monohydrate, with
their characteristic peaks highlightedgrey.

The investigation of the XRPD patterns of the granules revealed trends that were consistent
with those observed in the previous measuremeéigsife54). The characteristic peaks of the
monohydrate form decreased with the temperature, while the one corresponding to the
anhydrous form increasedhd& quantitative analysis, carried out using the CLS model, revealed
that the anhydrous contents determined by the XRPD measurehainls26) were close to

those obtained from other methods. This further confirmedrehability of the previous
measurements and the determined anhydrous content. Additionally, this method also effectively
eliminated the possibility of the occurrence of tiferm as its characteristic peaks (reported at
16. 3A and 16 .[24A278)werd absent in alltRRD patterasr e

Granules dried at 60°C
Granules dried at 80°C
Granules dried at 100°C
Granules dried at 120°C

Intensity (a. u.)

2F

20
Figure54: The XRPD patterns of the granules dried at different temperatures.
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Table26: The investigation of the anhydrous content of the granules byRIRD pattern
based CLS model.

The granule samples Anhydrous content
Granules dried at | 0.0% wiw
Granules dried at | 2.2% wiw
Granules dried at 1 35.26 wiw
Granules dried at 1 55.%8%6 wiw

4.4.3 Comparison of the results of the iline and off-line measurements

To quantify the agreement between methods, the RMSE was calculated betweelnthe in
Raman spectrbased prediction and the results of eacHiné reference technique. The RMSE
values were low (1.6% for TGA, 0.8% for DSC, and 3.7% for XRPD), confirrtlieggood
consistency of Raman measurements with established methods. AdditionallyAktaad
analyses further demonstrated the agreenkeégiife55). The mean difference between Raman
and TGA was1.25% w/w (with 95% limits of agreement ranging from 1.18% w/wBt68%
w/w), indicating negligible bias. Between the Raman and DSC, it-&/&8o0 w/w (ranging
between 3.7% w/w and.7% w/w), and for Ramaand XRPD, it was0.10% w/w (ranging
between 1.66% w/w an€l.86% wi/w), showing similarly good alignment. Overall, the
observed differences remained within acceptable limits, and no significant trends or
proportional bias were found in the BlaAttman plots. These findings further confirm that the

Raman model provides a reliable and consistent estimation throughout the experiment.
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Figure55: The results of the Blardltman analysis comparing the results of the (a) Raman

and thermogravimetric analysis, (b) Raman and differential scanning calorimetry, and (c)
Raman and Xay powder diffraction measurements. The mean of the differences isteese
in red on the diagrams, together with the

4.4.4 Conclusions

The anhydrous content gfucosegranules produced with the integrated, continuous pewder
to-granule pharmaceutical line wamnitoredin-line andreaktime using Raman spectroscopy

The examination of the impact of drying temperature on the transformation of theUrtial
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glucose monohydrate into anhydrdiss-g | ucose reveal ed that at | o
transformation was mini mal % whwoimeeyglacosewas t 120
converted to anhydrous forrBince the crystal form aflucoseis 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 #Hine monitoring were validated by various-difie 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-pasedCLS method.

The methods showed good alignment, further confirming the applicability of the Reasad

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 benefitd reakltime monitoring in the pharmaceutical industry to ensure
consistent and high product qualignd detailed the development of such monitoring systems
using advanced PAT toolg/hile PAT-based idine andreaktime monitoring remains a state
of-the-art approach offeringignificant advantagesver commonly used traditional, offline
analytical methods, an even more advanced apprdaehpplication of Abasedsoft sensors

was investigated next.

This study focused ae development of two ANN models (an MLP and a NARX model) that

can be utilized as datdriven soft sensors iadirectly monitor an integratedM line based on

TSG. The primary objective was to predict the moisture coritemiproperty influencing

important CQAT of granules based on only the applied process parameters without any direct
measurements, offering a ceadficient, orthogonal alternative to traditional analytical

met hods. Additional-bygx06 toatadrde ess ANNs 0bt he
explainableto enhane process understanding and pravdsight into the model.

4.5.1 The evaluation of theNIR spectrabased PLSnodel

First, the NIRspectrabased PLS moddPLS R detailed inTable 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 ANNased models. Our goal was to predict the moisture
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content withan absolut&kMSE of 1%, enablingthe detection oimportantchanges and trends
that could significantly affect product qualityThe model parameters and the prediction
performance are summarizedliable27 ard Table28, respectively.

Table27. Themodel parameters of the PLS model.

Model parameters PLS model
R% 0.989
R%v 0.986
RMSEc (% wiw) 0.252
RMSEcv (% wiw) 0.290
Biasc (% wiw) -8.88:1016
Biascv (% wiw) -0.001

As presented inTable 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-lme and realtime monitoring during Experimen82-P 6.

Table28: The prediction performanad the PLS model.

Model parameters PLS model
RZ 0.949
RMSEp (% wiw) 0.418
Biase (% wiw) -0.256

The Hotelling 7 and Qesiquaivalues of the calibration were also determined. Based on the
investigation of these values, a limit was set for each by multiplying the hajtsestved/alues

of each by 10Table29). These limits wer¢hen used for outlier detection during theliime
application of the model.

Table29: The Hotelling ?andQesiauaivalues of the calibration, with the acceptance limit (the
maximum multiplied by 10) set for the-lime 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 withoutlying ondirect measurement tneNIR spectra. The application of MLP
holds significanpotential, as the low development and operation costs of the technique make
it a viable alternative to the expensive spebtiaed approach. Furthermore, the simultaneous
application of the two models (the NHsaised PLSand theprocess parametéasedMLP)

could enhance reliability and robustness, as #dreyorthogonal techniques utilizing different

datasources

The training of the MLP was carried out using historical datble S3 of Supplementary
Material) and the obtained regression curve of the MLP is illustrat&dgure 56, while the
model parameters are summarized ainle30.
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Figure56: 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 obserwedrigure56, the R and RMSE values of both the
training and validation dataselemonstrate acceptable predictive accursidyile the RMSE

of the MLP was slightly higher than that of the PLS modeb{e27 and Table 28), the two

values were close to each other, the observed errors remained in the acceptable range (with
RMSE bel ow 1%), and no systematic bias was
models were also similar, indicating that despite the minor difference BER e models are
comparable. Therefore, the MLP was deemed acceptablelioeimonitoring.
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Table30: The modeparameters of the MLP model.

Model parameters MLP
R>2rrain 0.9414
R3aiid 0.9138
MSErran (% wiw) 0.2188
MSEvaia (% wiw) 0.3448
RMSEran (% wiw) 0.4678
RMSEvaia (% wiw) 0.5872

4.5.2.2 Model application

As the MLP yielded adequate results, the model was applied to predict the moisture content
during Experiment® 2 andP 3. The registered process parameters of Experifi@ntisedas

inputs in the MLRP are presentediiFigure57. 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
inputsremainectonstant during Experimes® 1-P 6. Thereby, they are not illustrated~igure

57, nor any other figure.

Figure57: The input parameters of the MLP registered during Experif2niThe mill type
(oscillating) and the mill sieve size (800
constant throughout the experiment.
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