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Thesis findings
1. We could produce the first homogeneous low-dose (µg) tablet batches from
electrospun amorphous solid dispersions (ASD) based on a scaled-up electrospinning
technology. The electrospun fibers were manufactured by high-speed electrospinning
(HSES), while the subsequent blending and tableting process steps were carried out
by adopting traditional industrial equipment. Batch size was set to 8000 tablets and the
corresponding physical (weight uniformity, hardness, friability and time of
disintegration) and chemical (content uniformity) results all met the requirements set
by the Pharmacopeias. Based on the applied production rate of the HSES equipment,
electrospun fibers sufficient for the production of 45.000 low-dose tablets/hour could
be manufactured [1].
2. We determined that the extent of the applied shear force throughout homogenization
steps with electrospun materials is of great importance. We have shown that by
applying low shear force mixing, the homogeneity of the active pharmaceutical
ingredient (API) in the ES product was inadequate indicated by the high relative
standard deviation (RSD) values. However, selection of high-shear blenders,
exhibiting greater shear force on the processed materials by adopting appropriate
impeller and chopper elements, resulted in excellent homogeneity levels even in the
investigated low-dose ASD containing formulations [1,6,7].
3. By adopting sieve analysis and Raman microspectrometry, we proved that the cause
of inhomogeneity in the ASD containing powder blends prepared by low-shear
mixing (LSM) is the presence of large fiber aggregates (> 355 µm). The
implementation of high-shear mixing (HSM) resulted in their complete disintegration
and disappearance, thus low-dose tablets with acceptable content uniformity could be
prepared [1].
4. We managed to manufacture tablet batches in the µg dose range based on continuous
wet granulation for the first time. Granulations were achieved by adopting a twinscrew wet granulator, while tableting was carried in an industrial rotary tablet press.
We have shown, that since the applied API was dissolved in the granulating liquid,
the primary requirement in realizing acceptable API homogeneity and thus content
uniformity is the adequate, consistent feeding profile of the applied liquid dosing unit
[2].
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5. We developed a fully integrated continuous manufacturing (CM) technology line for
the production of ultralow-dose (µg) highly homogeneous granules comprising of
twin-screw granulation, continuous vibratory fluid bed drying and continuous
sieving/milling for the first time. To characterize the process dynamics of the
production line, the residence time distribution (RTD) model was recorded. The CM
technology was also compared to regular batch high-shear granulation resulting in its
superiority by providing a lower L/S ratio for successful granulation. The prepared
granules were later compressed into tablets with a batch size of 5000 and the
corresponding physical (weight uniformity, hardness, friability and time of
disintegration) and chemical (content uniformity) results all met the requirements set
by the Pharmacopeias [3,4,5].
6. The integrated continuous production of low-dose granules meeting industrial market
demands was achieved for the first time. We proved, that the increase of output from
1 kg/h to 10 kg/h does not necessitate the adoption of an alternate manufacturing line,
and thus the production of the model API containing tablets with an average weight
of 100 mg, sufficient for 100.000 tablets/hour can be realized without the risk of scaleup. Granules prepared this way met all the physical (PSD, bulk/tapped density,
flowability) and chemical (assay, homogeneity) requirements set by the
Pharmacopeias [3,4,5].
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Új tudományos eredmények
1. Elsőként állítottam elő méretnövelt elektrosztatikus szálképzéssel gyártott amorf
szilárd diszperziót (ASD) tartalmazó kis dózisú (µg) tabletta sarzsokat. Az ASD-k
előállítását nagy sebességű elektrosztatikus szálképzéses technológiával valósítottam
meg, míg a homogenizálási és tablettázási műveleteket hagyományos ipari
berendezéseken hajtottam végre. Az így előállított tételek átlagos mérete 8000 db
tabletta volt, amelyek fizikai (tömegegységesség, szilárdság, kopás, szétesési idő) és
kémiai

(hatóanyag-tartalom

egységesség)

eredményei

az

érvényben

lévő

gyógyszerkönyvi előírásoknak megfeleltek. A gyártás során beállított termelési
sebesség alapján a HSES berendezés 45.000 kis dózisú tabletta/óra előállításához
szükséges szálas anyagot tud gyártani [1].
2. Megállapítottam, hogy a nanoszálas anyagok homogenizálási műveletei során
kritikus jelentőségű a gyártási eljárás során fellépő nyíróerő nagysága. Kísérletileg
igazoltam, hogy a szálas ASD eloszlatása nem megfelelő - a hatóanyag-tartalom
szórása túl nagy - amennyiben kis nyíróerőt kifejtő homogenizálási eljárást
használunk. Ugyanakkor az örvényáramú homogenizáló berendezések a technológiai
művelet során - a beépített keverő és aprító elemek révén - szignifikánsan nagyobb
nyíróhatást képesek kifejteni, amely még kis dózis (µg) mellett is képes volt a
nanoszálas ASD egyenletes eloszlatására [1,6,7].
3. Szitaanalízis és Raman mikrospektrometria alkalmazásával igazoltam, hogy a kis
nyíró hatású homogenizálással (low-shear mixing, LSM) előállított szálas anyagot
tartalmazó porkeverék inhomogenitása a nagyobb méretű szálas aggregátumok (>
355 m) jelenlétére vezethető vissza. Ezek a képletek nagyobb nyíró hatású
homogenizálás (high-shear mixing, HSM) során szétesnek és így nem jelennek meg
a homogenizátumban és így megfelelő homogenitású kis dózisú tablettákat tudtunk
előállítani [1].
4. Elsőként állítottam elő folyamatos nedves granulálással előállított granulátumokból
µg-os dózisú tartományban tabletta sarzsokat. A granulálásokat egy ikercsigás
granuláló berendezéssel hajtottam végre, míg a tablettázási műveleteket ipari
körforgós tablettázógépen valósítottam meg. Megállapítottam, hogy a hatóanyag
megfelelő homogenizálásának és ezáltal a végtermék megfelelő hatóanyag-tartalom
egységességének elsődleges követelménye - a hatóanyag granuláló folyadékban
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történő feloldása révén - a felhasznált adagolószivattyú megfelelő adagolási
karakterisztikája, egyenletes oldatfelvitele [2].
5. Elsőként fejlesztettem ki egy teljesen integrált, folyamatos üzemben működtethető
technológiai sort kis dózisú (µg), kiváló homogenitású granulátumok előállítására. A
rendszer egy folyamatos nedves granulálóból, egy folyamatos vibrációs fluid
szárítóból és egy szitáló (regranuláló) berendezésből állt össze. A gyártás
folyamatdinamikájának jellemzésére egy tartózkodási idő eloszlás modellt is
felállítottam. A folyamatos technológia egy hagyományos szakaszos granulálási
technológiával is összehasonlításra került. A fejlesztett folyamatos technológia
esetében megfelelő minőségű végtermék előállításához kisebb folyadék/szilárd arány
is elegendő, így egy hatékonyabb gyártástechnológia alakítható ki. A granulátumokat
körforgós, ipari tablettázó berendezéssel 5000 db-os sarzsméretben tablettává
préseltük, amelyek fizikai (tömegegységesség, szilárdság, kopás, szétesési idő) és
kémiai

(hatóanyag-tartalom

egységesség)

eredményei

az

érvényben

lévő

gyógyszerkönyvi előírásoknak megfeleltek [3,4,5].
6. Kis-dózisú granulátumok integrált folyamatos gyártásának ipari igényeket is kielégítő
méretnövelését elsőként sikerült megvalósítani. Igazoltam, hogy a termelékenység
megnövelése1 kg/h-ról 10 kg/h-ra nem igényli új gyártósor alkalmazását és így a
modellhatóanyagot tartalmazó 100 mg-os átlagtömegű tabletta 100.000 db/óra
tablettához elegendő granulátum gyártása a léptékváltás kockázata nélkül valósítható
meg. Az így előállított granulátum fizikai (PSD, halmazsűrűség, folyási tulajdonság)
és kémiai (hatóanyag-tartalom, homogenitás) tulajdonságai az érvényben lévő
gyógyszerkönyvi előírásoknak megfeleltek [3,4,5].
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1. Introduction
In recent decades, the pharmaceutical industry has been working intensively on adopting new,
innovative Continuous Manufacturing (CM) process steps in order to increase their overall
effectiveness and final product quality of their medicines. CM has numerous benefits compared
to traditional batch production methods, such as significant cost-reduction, lower ecological
footprint, faster and more economic transition from small scale to production scale, which are all
realized by maintaining a higher level of control throughout production. In addition, the authorities
heavily support the companies in this endeavour, most notably by the Food and Drug
Administration (FDA) by developing new guidelines intended to be used in future CM based
formulation development projects. As of 2020, there are now 7 approved CM products, Vertex’s
Orkambi, Symkevi and Trikafta, Johnson & Johnson’s Prezista, and Tramacet, Eli Lilly’s
Verzenio, and Pﬁzer’s Daurismo with more expected to be approved in the upcoming years.
Adopting CM technologies is challenging in its own right, but the development of specialized
dosage forms, such as low-dose drug formulations present additional tasks to solve. In these
compositions, the concentration of the Active Pharmaceutical Ingredient (API) is ≤2%,
contributing to the fact that the formulation is predominantly made up of the applied excipients.
Consequently, the potential hurdles during development can be listed as in Figure 1.

Figure 1 Challenges in low-dose drug formulation development

None of the aforementioned approved CM products is a low-dose drug formulation, so it is
clear that the extra set of challenges are indeed considerable. Consequently, the proper selection
of manufacturing equipment capable of meeting the requirements of low-dose drug product
development operated in a continuous manner is of great importance.
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To tackle this problem, we have chosen two continuous manufacturing platforms for our
purposes. The first one was a Twin-Screw Granulator (TSG) commonly adopted in numerous CM
production lines, that can be operated via multiple settings, such as Twin-Screw Wet Granulation
(TSWG), Twin-Screw Melt Granulation (TSMG), and Twin-Screw Dry Granulation (TSDG).
Throughout our experiments, we have only used TSWG, which is the most well-known and
utilized out of all three. The produced wet granules were intended to be processed via classical
batch and CM downstream steps and ultimately to be compressed into low-dose tablets with an
industrial tablet press.
The other selected piece of equipment was a scaled-up electrospinning (ES) device called
high-speed electrospinning (HSES), capable of producing nanofibers with an increased output
(~450 g/h), that ultimately contain the processed API in an amorphous form resulting in an
amorphous solid dispersion (ASD). Due to the significantly increased surface area of these
products, ASDs have superior solubility and dissolution properties compared to the traditional
crystalline counterparts. However, unlike these clear advantages, ES has not been adopted by the
industry so far, due to the limited amount of downstream knowledge with electrospun fibers and
limited productivity. In our investigations, the manufactured fibers were designed to be blended
with excipients and ultimately to be compressed into low-dose tablets.
API homogeneity of the produced solid dosage forms was planned to be investigated via
multiple methods, such as UV-Vis spectrometry, High-Performance Liquid Chromatography
(HPLC), and Raman mapping. Along with these analytical measuring techniques, the essential
requirements for ideal content uniformity, such as proper settings of technological parameters and
appropriate choice of complementary equipment was also intended to be inspected. Ultimately,
by investigating these aspects, the possibility of low-dose drug development via CM methods can
be realized, thus paving the way for their future implementation into the pharmaceutical industry.
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2. Literature review
2.1. Continuous Manufacturing in the pharmaceutical industry
Adopting Continuous Manufacturing in the pharmaceutical industry can be considered a
necessary step in order to achieve a higher level of efficiency and quality in the final products [1].
In a CM process, materials are simultaneously charged and discharged from the production line
as opposed to the batch solution when all materials are placed into the processing equipment before
start-up and only discharged after the processing stage is completed [2]. Most industries have
already taken this approach with pharma and biotech being the only exception. However, in the
year 2007 Janet Woodcock CDER (Center for Drug Evaluation and Research) Director, USFDA
challenged [1] the pharma industry at the establishment of the Novartis-MIT (Massachusetts
Institute of Technology) Center for CM to invest more resources and effort into its potential future
implementation. Subsequently, in the upcoming years, the number of CM based papers have
increased exponentially, highlighted by the first end-to-end process developed by the NovartisMIT cooperation [3].
The industry has also been working intensively on adopting CM into their production lines
and consequently by the year 2020, there are now a total of 7 approved CM products in the market,
which are listed in Table 1.
Table 1 Approved CM products on the market
Name

Company

API(s)

Indication

Technology

OrkambiTM [4]

Vertex
Pharmaceuticals

lumacaftor/
ivacaftor

Cystic fibrosis

Wet Granulation

Prezista® [5]

Johnson &
Johnson

darunavir

Human immunodeficiency
virus (HIV)

Direct
Compression

SymkeviTM [6]

Vertex
Pharmaceuticals

ivacaftor/
tezacaftor

Cystic fibrosis

Dry Granulation

TrikaftaTM [7]

Vertex
Pharmaceuticals

ivacaftor/
tezacaftor/
elexacaftor

Cystic fibrosis

Dry Granulation

Tramacet®[8,9]

Johnson &
Johnson

tramadol HCl/
paracetamol

Pain management

Wet Granulation

VerzenioTM [10]

Eli Lilly
and Company

ademaciclib

Metastatic
breast cancer

Direct
Compression

DaurismoTM
[11]

Pfizer Inc.

glasdegib

Acute
myeloid leukemia

Direct
Compression

The potential benefits of implementing CM process steps are substantial [12]. The
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manufacturing cycle time is greatly reduced through integrated manufacturing stages, the size of
production equipment is smaller and the in-line measurement of Critical Quality Attributes (CQA)
with Process Analytical Technology (PAT) tools results in a decreased rate of product variance
[13]. Based on these advantages, the consequent benefits can be listed as:

•

Significant improvement in overall process quality thorough an increased rate of
control, low residence times with no intermediate hold steps

•

Minimal or no effort required for scale-up activities from development scale to
production scale

•

Increased overall flexibility

•

Reduced risk of stock-outs

•

Increased ability to respond to drug shortages

•

Potential route for future personalized medicine

Throughout this ongoing shift from batch to continuous processing, the regulatory agencies
have also been working hard to develop specific new guidelines for CM. As a result of these
efforts, the inaugural document by FDA was released in February 2019 with the title of “Quality
Considerations for Continuous Manufacturing” [14]. This paper primarily focuses on small
molecule medicinal products with important elements essential for consideration, such as key
concepts of CM and Control Strategy. In addition, the International Council for Harmonisation
(ICH) has also started working on its CM guideline called the ICH Q13 in November 2018, with
an estimated 3-year requirement for completion [15]. Upon finalization, this upcoming draft
guidance will unify the views and expectations of all major agencies including the FDA, European
Medicines Agency (EMA), and Pharmaceuticals and Medical Devices Agency (PMDA) making
it a highly anticipated document in the pharma community.
It is clear that the pharma industry has started to put an increased amount of effort into the
implementation of CM, but the approval of low-dose drug products has not been realized so far.
In the upcoming section, a wide range of requirements essential for successful low-dose product
development, such as drug substance and product content uniformity (CU) and formulation design
will be detailed.
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2.2. Challenges in low-dose drug product development
Oral solid dosage forms, such as tablets are generally composed of the APIs and a certain
amount of inactive ingredients each with its distinct characteristics serving a specific goal in the
final product performance. These can involve fillers or diluents, binders, disintegrants, glidants,
lubricants, coating agents, colorants, etc. all potentially equipped with the capability to alter certain
product quality attributes, such as drug-release or product stability [16].
In the case of a low-dose formulation with the dose of the API as low as a few micrograms,
the ratio of excipients to the drug can be as high as 10000, indicating its unique nature compared
to regular formulations [17]. Therefore, the thorough investigation of the following Critical Quality
Attributes (CQAs) during development is of high importance:
•

Content Uniformity (CU) in the final powder blend and finished product;

•

API potency;

•

Product stability during production and storage

Proper CU is an essential requirement in all pharmaceutical products [18], but meeting it in a
low-dose environment is always challenging [19]. The minuscule amount of the process API can
easily be lost during manufacturing [20] and product stability is also subject to deterioration,
especially during prolonged shelf-life [21].
These potential challenges are all relevant in low-dose drug product development and are
independent of the adopted platforms used for their manufacturing. Consequently, the rigorous
examination of these potentially disadvantageous factors is very important. This thesis will mainly
focus on CU, while API potency and Product stability will be detailed in shorter subchapters.
2.2.1. Content Uniformity
CU requirements are strictly regulated by the authorities, especially the FDA, specifying the
need to demonstrate the adequacy of homogeneity in final powder blends and subsequent final
dosage forms as well [22]. Ultimately, only products meeting these conditions are allowed to be
distributed in the market ensuring patient safety.
During the production of oral solid dosage forms, at a certain point, a homogeneous final
powder blend is obtained ready for the upcoming tableting or capsule filling step. This can be
realized by adopting various manufacturing lines incorporating blending units such as a fluid-bed
granulator, high-shear granulator, roller compactor, or a simple mixing unit. In order to evaluate
the API homogeneity in the completed powder blend and subsequent final dosage units, traditional
Blend Uniformity Analysis (BUA) [23] can be used in conjunction with CU measurements, or an
15

alternative procedure labeled stratified sampling can be carried out detailed in the following FDA
document and publication [24,25]. By following the description of this method, samples of the
investigated dosage units need to be collected at predefined time points during
compression/capsule filling and/or from representative locations in the blender potentially yielding
extreme over-or under-potency values in the final dosage forms. Once the data has been evaluated
and the critical time points/locations are found, countermeasures (e.g., by using different impeller
blades during powder mixing) can be applied to provide an acceptable powder mix and ultimately
homogeneous API distribution in the manufactured products.
Throughout low-dose drug product development, regular issues associated with mixing are
inhomogeneity and/or significant API content variability (high Relative Standard Deviation, RSD)
and the presence of outliers (stray values) in assay results. Notable within-location deviation in the
measured data can correspond to a single or a potential combination of factors, such as sampling
error, insufficient blending, segregation [26], the presence of API aggregates, and analytical
method error [27,28]. By contrast, a significant between-location variance is an indication that the
blending operation is simply inadequate.
As briefly discussed earlier, the bulk of the low-dose formulation composition is made up of
the inactive ingredients, therefore their appropriate selection to achieve acceptable CU is crucial.
As a result, detailed characterization and control of excipient quality adopted in manufacturing are
warranted. However, there has been limited progress in developing standard methods for
characterizing pharmaceutical excipients, but the recent emergence of continuous manufacturing
seems to have accelerated this process [29]. In the cited study written by Van Snick et al., a total
of 55 different materials were characterized and described by over 100 descriptors related to
Particle Size Distribution (PSD), specific surface area, flowability, etc. The developed Principal
Component Analysis (PCA) model can be used to select certain excipients for formulation
development or even identify potential surrogates when limited amounts of APIs are available.
The impact of the adopted materials is typically highly dependent on the quantity and general
function of the excipient used in the composition. By contrast, specific ingredients such as glidants
and lubricants can significantly alter the overall behaviour of the powder blend even in a relatively
low concentration. The potentially critical material properties, along with their impact on final
product attributes are listed in Table 2 [30].
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Table 2 Impact of material properties on final product attributes and processing behaviour for solid oral
dosage forms
Attributes

Blending

Drying

Flowability

Mechanical

CU

Dissolution

Wettability

Stability

Particle size
distribution

+

+

+

+

+

+

+

+

Bulk and tapped
density

+

+

+

+
+

+

Pore size
distribution

+

Flowability

+

+

Cohesiveness

+

+

+
+

Adhesiveness
Static charge

+

+

+

Amorphous
content
Hygroscopicity

+
+

+

+

+

+
+

+

Based on the data from the listed characteristics, PSD can be considered the most important.
Its adequacy influences several product CQAs and overall processing behaviour [31].
Aside from taking into account these inherent material properties in developing low-dose
products, the careful selection of adequate production equipment is equally important. By doing
so, a robust manufacturing process can be achieved securing conforming CU. However, strict
control of API particle size is critical unless the drug undergoes complete solubilization during the
manufacturing process e.g., it is dissolved in the granulating liquid. Consequently, should a single
or more bigger particles or aggregates of fines be present in the bulk API, and later happened to
be found in a single dosage unit, the measured drug content can easily be Out-of-Specification
(OOS). These larger particles may unintendedly disintegrate in the processing unit rendering the
problem solved, but if not, no amount of blending can effectively eliminate this issue, therefore
the development of a proper PSD specification for the produced API cannot be avoided [32].
2.2.1.1. Concept of ideal mixing
The effect of API particle size on the resulting final dosage form CU can be described by the
theory of ideal mixing [33]. The main goal is to develop a model to predict when unacceptable
uniformity will likely happen, and therefore, lay out a potential strategy to determine appropriate
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drug PSD specifications to tackle the issue [34,35].
Basically, the concept of ideal mixing tries to provide the drug PSD in the final dosage forms
identical to the initial distribution in the unprocessed raw API [36]. However, during the various
manufacturing steps, the potential of drug particle size reduction due to mechanical stress (e.g.
intense mixing) cannot be neglected, but this phenomenon may also be later beneficial for the final
content uniformity [37].
Figure 2 shows a schematic portrayal of the theory of ideal mixing.

Figure 2 Concept of ideal mixing. Redrawn from [36].

The drawn ovals are schematic representations of 40 individual final dosage forms. These
separate units contain three different sized particles corresponding to the API, that together make
up the overall PSD of the unprocessed drug. In this case, the required amount of API contained
760 small, 10 medium and lastly 4 large particles.
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Assuming that ideal mixing takes place during processing, the homogeneous distribution of
the smallest particles is feasible leading to each unit getting 19 of them. By contrast, both the
intermediate and large class of particles can only be added to every fourth and tenth unit, due to
their insufficient amount. Consequently, it is clear that not every dosage form possesses the same
number of particles from each size group, so their resulting PSD will not match the starting PSD
of the raw API. In this case, the theory of ideal mixing will turn to the evaluation of the final
powder blend, where the original PSD of the unprocessed drug can still be obtained in the smallest
amount of sample. In the detailed example seen in Figure 2, this required quantity would ultimately
correspond to 20 dosage units, significantly more than the necessary amount for a single dose.
However, this method of evaluation results in the best overall API homogeneity in the powder
mixture.
The apparent difference in the drug PSD of the final dosage forms also leads to alterations in
the measured assay values. The main proportion of units that only contain small-sized particles
(28 out of 40) are going to be underpotent, while dosage forms with both intermediate and largesized APIs (20 and 40) will be overpotent.
In order to translate these theoretical considerations into potential real-life CU situations, an
additional aspect needs to be looked at. The illustrated content uniformity in Figure 2 can be
deemed the best potential outcome upon completing the blending step, meaning further mixing
would not improve the final result. If the initial PSD of the raw API were to be modified by
reducing the smaller size fraction in favor of the larger ones, the final distribution in the
produced dosage form would still be mostly made up of the small particles due to the applied
mechanical stress during processing. Consequently, the best approach to achieve excellent CU
is to break up the bigger sized particles into smaller ones and subsequently evenly distribute
them in the final powder mixture. In order to realize this, the PSD specification has to be set by
removing these oversized fractions of the API, which in most cases during low-dose drug
development lead to the micronization of the drug with approximate sizes of a few microns
[38].

Although, smaller particle size distributions (PSD) are beneficial for CU and other CQAs
such as dissolution [39], the reduced size range is generally unfavorable for overall powder flow
[40]. Consequently, these competing characteristics need to be looked at during the development

of the manufacturing technology potentially leading to the final PSD specification of the drug
finalized in an intermediate range. It is clear, that the production of small or even micronized
API particles in low-dose drug development is very important, therefore the next subchapter will
discuss the available techniques capable of achieving these goals.
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2.2.1.2. Particle size reduction of drugs for low-dose product development
As discussed before, CU of a low-dose final dosage form may be adversely affected in
certain specific cases, when the initial particle size of the drug is either too big or the size
distribution is too broad [41]. Therefore, the necessity can easily arise to produce API particles
below a certain size range to improve its homogeneity characteristics. Previously, Rohr et al.
built a statistical model in order to predict the required volume mean diameter of API to
successfully meet United States Pharmacopeia (USP) stage 1 criteria on content uniformity for
tablets with a 99% confidence level (1) [32]:
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where CV is the coefficient of variation (%), D is the dose (mg), ρ is the density of the solid
particles (g/cm3) and σg is the log-normal standard deviation of the distribution.
Generally, when evaluating the physical properties of the drug for future adoption in lowdose or even poorly soluble drug products, specifications are most regularly set up at a small,
narrow PSD range (mostly provided by API micronization) for the intention of providing
acceptable final CU results or improving dissolution/bioavailability properties [42].
Micronization can be realized by multiple methods. These solutions mainly belong to two
major categories: milling (or mechanical breakage techniques) or direct particle formation
technologies (crystallization and precipitation) with the scope of this thesis only covering the
former ones. Article reviews detailing a wider spectrum of particle size reduction methods can
be found in the literature [43].
Milling can be classified in various ways, such as milling media (wet or dry) or mechanism
of breakage (impaction or compression). The basic principle in choosing the suitable particle
size reduction technique is the awareness of the initial and the required smaller PSD of the API.
In addition, the inherent physical features of the solid particles determine the mode and degree
of fracture that a particle will suffer throughout a specific milling experiment [44,45].
Taking a regular manufacturing cycle into consideration, the synthesized API is isolated by
crystallization, the solids are subsequently filtrated and finally, the produced material is dried.
If the achieved PSD is within the desired specification, then no further modification is required
attainable by various particle engineering methods [46,47]. However, in most cases the crystals
are deliberately allowed to grow larger due to aspects like significantly reduced filtration time
and API stability [43], therefore their subsequent size reduction is necessary. Both wet and dry
milling techniques have their fair share of advantages and drawbacks, which are shown in Figure
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3.

Figure 3 Advantages of wet and dry milling techniques

Generally, the selection of milling equipment is highly dependent on the physical/chemical
properties of the API and overall process efficiency. Prior to choosing the proper particle size
reduction device for a certain target PSD, multiple additional factors need to be considered, that
can be listed as:
•

Starting PSD of the unmilled API

•

The total width of the size distribution

•

Crystal breakage traits

•

Operating parameters of the mill

Upon taking all these features under review, the list of potentially applicable milling devices
and their produced particle size ranges are detailed in Table 3.
Table 3 List of milling devices with an estimation of produced particle sizes
Characteristics

Approximate size
range (µm)

Toothed
rotor stator
mills

Colloid
mill

Hammer
mill

Pin
mill

Jet
mill

Media
mills

Type

-

Wet

Wet

Dry

Dry

Dry

Wet and
Dry

Very fine

50 – 150

+

-

+

+

-

-

Super fine

10 – 50

+

+

+

+

+

+

Ultra fine

<10

-

+

-

+

+

+

Colloidal

<1

-

+

-

-

-

+

According to the data shown in Table 3, two wet milling devices (media [48] and colloid
[49]) and three dry equipment (media [50], pin [51], and jet [52]) have the capability to produce

micronized or ultrafine APIs. In a wet milling environment, the drug is suspended in the solvent
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and the heterogeneous mixture is directed through the mill, where high-intensity mechanical
shear is inflicted on the incoming slurry. This can be achieved with small-sized (~1 mm)
spherical milling media (e.g., media mill) or by pushing the mixture through tiny holes in a rotorstator mixer (e.g., colloid mill). Furthermore, the slurry can be milled once via single-pass or if
it is operated in a recycle mode (with an additional well-stirred holding tank), multiple times
until the required PSD is acquired. The image of a vertical wet media and a colloid mill is shown
Figure 4.

Figure 4 Image of a vertical wet media (left) [48] and colloid mill (right) [49]

By contrast, dry milling is carried out without the presence of liquids via grinding or highintensity collisions with a moving pin or a hammer. In the case of the jet mill, the particle size
reduction is realized with direct particle-particle and particle-wall hits provided by high-velocity
gas streams. The unmilled API can be transported through the mill by either gravitation, screw
elements, or with a carrier gas (e.g., nitrogen).
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The image of a pin and a jet mill is shown in Figure 5.

Figure 5 Image of a pin (left) and jet mill (right)

Ultimately, through the production of micronized APIs, the probability of realizing
acceptable CU in low-dose drug products is greatly increased, therefore the application of these
milling devices is highly beneficial.
2.2.2. API potency
Besides the previously detailed CU challenges, the appearance of significantly decreased
API potency values in low-dose products is also quite common [53,54]. The extent of this
phenomenon is based on the influence of several factors, that can be listed as the following:
•

Inherent physical attributes of the applied API

•

Dose of API in the formulation

•

Production equipment

•

Manufacturing technology

Since the API is mostly micronized to meet the CU requirements, the corresponding
material characteristics such as sticking, adhering and electrostatic charging may all contribute
to potency loss. In addition, these powders also have very low bulk density values resulting in a
fluffy behaviour making their handling more complicated than regular materials. The dose of
the drug can also have a significant effect on the observed potency loss due to the minuscule
amount used in development. Furthermore, the applied manufacturing setup and technology
may also have potentially negative effects on final assay values. This can originate from badly
chosen filter bags with larger screens allowing micronized material to pass through resulting in
an apparent API loss in the final dosage forms.
If the cause of the observed low assay values cannot be identified and is the product of an
inevitable processing-related manufacturing method generating a quantitatively consistent loss
of drug, then an overage can be justified [17]. However, if the loss is the result of API degradation
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or an inability to measure the drug content with appropriate analytical methods, then the
acceptance for overage cannot be obtained.
2.2.3. Product stability
Product stability of low-dose products is yet another critical factor that needs to be
monitored during development. Most issues originate from the large ratio of excipients used in
a low-dose formulation, but impurities in the composition may appear due to various other
reasons such as:
•

inherent physical and chemical attributes of the API

•

incompatibility with excipients

•

presence of impurities (e.g., oxidizing agents) in the excipients

•

production technology

•

container closure system

•

shelf-life conditions

There can be events when the API undergoes a polymorphic change during manufacturing
and the stability of the new form (crystalline or amorphous) is worse compared to the original
form [55,56]. This disadvantageous behaviour will be even more pronounced in long-term
stability results.
The applied excipients may be incompatible with APIs or contain traces of impurities, that
can be traced back to their production methods [57,58]. Due to the various methods used for
excipient production, these materials will carry small amounts of degradation agents, residues
from the process, or other structural derivatives acquired during production. Numerous
examples can be found in the literature with a few examples detailed in Table 4.
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Table 4 Examples of drug incompatibility with excipient impurities in low-dose compositions
Drug

Impurity

Excipient

Drug loading
(w/w%)

Haloperidol[59]

Furfuraldehyde

Lactose-monohydrate

0.575

Varenicline [60]

Formic acid/formaldehyde

PEG

0.68

BMS-203452 [61]

Formaldehyde

PEG 300 or Tween 80

1

Org-30659 [62]

Lactose phosphate

Lactose

0.1

CP448187 [63]

Free radicals/peroxides

Microcrystalline cellulose

0.5

Compound A [64]

Peroxides

Povidone/Copovidone

2-3

Compound B [64]

Peroxides

Povidone/Copovidone

2-3

PEG – polyethylene glycol; Tween 80 – Polysorbate 80; Povidone – polyvinylpyrrolidone, PVP;
Copovidone – vinylpyrrolidone-vinyl acetate 6:4 copolymer, PVPVA64

The excipients shown in Table 4 are commonly adopted pharmaceutical ingredients, that
have been used by the industry for many years. However, the presence of impurities has to be
considered during formulation development with their actual quantity varying in different grades
and manufacturers [65].
Drug–excipient compatibility studies can also be conducted to assess drug stability at
elevated temperatures in the presence of single or multiple excipients (either as powder blend or
compact) with or without humidity/water [66]. These investigations are mostly carried at the
beginning of development, which can help eliminate certain incompatible materials, but these
studies need to be re-evaluated if there is a change (most notably reduction) in API particle size
or drug-excipient ratio. By altering both parameters, the API interaction surface with excipients
or oxidizing agents may increase significantly, potentially leading to increased degradation
during storage.
Excipients containing amorphous materials such as spray-dried lactose, and hygroscopic
ingredients, such as microcrystalline cellulose have the propensity to adsorb water, which
ultimately initiates a change in the micro-environment of the composition. As a result, if the API
is moisture-sensitive, impurities will be detected in the formulation [67]. Therefore, assessment
of both drug-excipient compatibility and excipient impurity profile in selecting excipients in
terms of long-term stability of the low-dose product is of great importance.
In the following chapters of the thesis, the available literature on the adopted manufacturing
platforms namely Twin-screw granulation and Electrospinning will be reviewed.
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2.3. Twin-screw granulation
Granulation is one of the most commonly used technology in the pharmaceutical industry
[68]. Its significance stems from the ability to produce enlarged particle sizes (granules)

possessing superior downstream properties [69]. These include improved flowability, bulk
density, and compaction characteristics coupled with increased resistance to segregation
ensuring reproducible tableting with exceptional quality [70]. The benefits can also be applied to
low-dose formulations to prevent potential CU issues [71].
Solid oral dosage forms (tablets, capsules) can be manufactured via various granulation
methods, such as dry granulation [72] and melt granulation [73], but wet granulation is still one
of the most commonly chosen platforms [74]. Traditional batch wet granulation technologies
such as high shear granulation [75] and ﬂuid bed granulation [76] operate by adding either a
solvent or a binder solution to a powder mixture to commence with particle size enlargement.
These platforms have been used by the industry for many decades, therefore initiating the shift
to continuous processing had a lot of challenges [77]. Raised issues included the need for a
significant amount of capital, final product quality, and initial concerns of regulatory agencies
in terms of the inability to monitor “batch” quality.
As it was discussed earlier in the thesis, this trend completely changed about a decade ago
and with the appearance of the Process Analytical Technology (PAT) tools and Quality by
Design (QbD) concepts [78], the adoption of twin-screw extruders for continuous granulation
have become more widespread. This piece of equipment consists of two intermeshing, corotating screws placed in a barrel, and the individual screw elements are loaded onto a shaft rod.
In this unique environment, the excipients are consistently fed into the device and the granules
are formed in the kneading zones with or without the aid of binders, and ultimately collected at
the exit point [79,80]. The schematic representation of a twin-screw granulator is shown in Figure
6.

Figure 6 Elements of a twin-screw granulation setup. Redrawn from [80].
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The first published paper on successful granulation in such a setup was reported by Gamlen
et al. back in 1986 detailing the production of paracetamol extrudates [81]. Then later in 1988,
Lindberg et al. reported the successful manufacture of effervescent granules [82], which was
followed up by several publications on the influence of various process variables on final granule
quality [83] and the measurement of residence time [84].
The influence of the adjustable processing parameters such as liquid-to-solid ratio (wet
granulation) [85], screw configuration [86,87], barrel fill level [88], barrel temperature [89], and
overall process settings [90,91] have been thoroughly investigated over the years. The efficiency
of TSG has also been evaluated in the field of solubility enhancement by manufacturing
amorphous granules, as demonstrated by Majumder et al. [92].
In the upcoming subchapters, elements essential for a successful TSG experiment, such as
consistent powder feed and appropriate choice of various screw elements will be discussed.
2.3.1. Powder feeding in twin-screw granulation
Powder feeding into the inlet of the granulator can be realized via multiple dosing units,
such as screw feeders, gravity feeders, and vibratory feeders. Generally, the pharmaceutical
industry applies loss-in-weight (LIW) gravimetric dosing units, that operate via the volumetric
principle (volume displaced as a function of screw free-volume and screw speed) with an
incorporated balance gravimetrically controlling the powder flow [93,94]. However, multiple
issues can arise in providing a steady, consistent feed of the raw materials. In the case of poor
inherent flowability characteristics, phenomena like rat-holing, screw clogging, or powder
bridging can appear. In the paper written by Cartwright et al., the applicability of multiple LIW
feeders with multiple screw designs was evaluated to feed a poorly flowable API [95]. In order
to successfully dose the drug, the originally rigid wall of the feeder had to be replaced with a
more flexible material to prevent powder bridging and only core and spiral screws were capable
of reaching the desired feed rate.
On such occasions when the API cannot be dosed solely by any means, pre-blends with
intragranular excipients need to be made to proceed with operations. Pre-blends are mostly
acquired via the traditional batch bin blending method, thus essentially an additional extra
manufacturing step was added to the production cycle. However, this solution also has its risks
since segregation/demixing [96] can occur during processing, especially during the emptying
phase.
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2.3.2. Screw elements in twin-screw granulation
Various twin-screw elements with different working principles are available to be ultimately
placed in a twin-screw extruder as part of the final screw configuration. This versatility allows
the user to select the ideal combination of individual elements for the successful production of
granules with the requested properties. In addition, these intermeshing twin-screws have selfcleaning characteristics since the flight of one of the screws can clean the surface of the other
one in rotation. The most widely adopted screws, namely conveying, kneading and comb mixer
elements in twin-screw granulation are presented in Figure 7.

Figure 7 Regular screw elements in a twin-screw extruder. Intermeshed conveying elements in
isometric (A/1) and end view (A/2), kneading block with a 60° forward angle from isometric (B/1) and end
view (B/2) and comb mixer elements from isometric (C/1) and end view (C/2). Redrawn from [80].

Taking a regular screw configuration into consideration, Conveying Elements (CEs) or
forwarding elements are the main components of the setup. Their main purpose is to transport
the incoming powder mixture towards the kneading zones, where the granulation takes place,
and later to discharge the product from the extruder. Since their function is simply to convey the
material, the rate of inflicted shear in these elements is low. The conveying capacity depends on
the length of the pitch size resulting in an increased amount of material being transported with
each revolution. Conveying property is improved with an increase in pitch, as more material will
be conveyed in each revolution, while the rate of screw fill level is correspondent with the
applied feed rate, screw speed, and screw geometry. Most CEs are forwarding elements, but
reverse ones can also be adopted right after the end of a kneading zone in order to increase the
duration the material spends in the granulating area [97]. Examining the impact of CEs on final
granule quality, Djuric et al. demonstrated that by applying CEs with shorter pitch size, the
amount of the produced fine and oversized granule fraction both increased [86]. Since these CEs
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have more flight chambers, the processed powder mixture can be unevenly distributed among
them, while materials in adjacent chambers remain isolated. Consequently, the number of
oversized agglomerates and fines can increase potentially leading to undesired final granule
properties.
The next type of screws regularly adopted in almost all configurations is the Kneading
Elements (KEs). These KEs are combined to form multiple kneading blocks inflicting high shear
on the incoming material, which ultimately serve as the mixing or granulating zones in the setup.
The elements can be set up at different offset angles, that ultimately decide their blending and
transporting characteristics. By decreasing the angles, the conveying behaviour grows, while the
mixing capabilities weaken. If the elements are set up at a 90° angle, then the material will not
be conveyed, but only mixed. The effect of KEs with alternating offset angles on final granule
quality has been investigated by Vercruysse et al. [98] and they determined that it has no
significant impact on resulting granule PSD in their experiments. By contrast, by increasing the
number of KEs in the configuration, the granule size grows considerably indicated by the
reduction of fines (characterized as <150 µm) and the increase of over-granulated fractions
(>1400 µm). In addition, the applied number of KEs directly contributed to the actual torque
values registered during production and produced granules with higher density ultimately
providing slower disintegration and dissolution for the manufactured tablets.
Compared to the previously discussed screw elements, comb mixer elements or Distributive
Mixing Elements (DMEs) exhibit both mixing and conveying behaviour with a closer similarity
to CEs, but possess longitudinal slots for distributive mixing [86]. These DMEs can also be set
up at a reverse configuration along with the standard forward orientation [99]. Li et al. evaluated
the effect of DMEs on produced granule quality placed in the kneading zones without KEs and
have reported similar results [100]. In addition, superior binder dye uniformity was demonstrated
due to the capability of breaking the oversized fraction up and homogenize them with the
ungranulated fines.
By applying these various screw elements in a TSG setup, granulation can be carried out by
various means based on the employment of the binders, such as Twin-Screw Dry Granulation
(TSDG) [101-104], Twin-Screw Melt Granulation (TSMG) [105-108] and Twin-Screw Wet
Granulation (TSWG). This thesis will only cover TSWG in detail, therefore the reader is kindly
directed to the cited literature on the other two techniques.
2.3.3. Twin-screw wet granulation
In a TSWG environment, the granules are produced with the addition of the granulating
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liquid (water/solvent/binder solution). The amount of fluid added to the incoming materials is
characterized by the L/S ratio (Liquid to solid ratio). Throughout the operation, the
gravimetrically fed material is transported in the equipment and the granulating liquid is dosed
with a suitable liquid dosing unit, such as a peristaltic or a piston pump. The obtained wet mass
is thoroughly blended and agglomerated in the kneading zones, ultimately forming the granules
with specific properties [109-113].
The potential impact of some processing parameters (liquid-to-solid ratio, screw speed,
input rate, screw configuration, etc.) in the course of TSWG has been thoroughly investigated
from the start of the ascension of this technology [114-116]. The overall success evaluations of
these studies are generally based on the reported granule properties (PSD, compressibility,
friability, etc.) and consequent tablet characteristics (hardness, friability, time of disintegration,
etc.). However, the evaluation of liquid distribution in the granulator is usually excluded from
these investigations despite it undoubtedly has a significant impact on the resulting granule
properties, especially on the PSD. According to El Hagrasy et al. [117] granules obtained by
TSWG usually have bimodal size distribution due to the poor liquid distribution. This
phenomenon was also observed by Dhenge et al. [118] although by applying a binder with a
sufficiently high viscosity, the coveted mono-modal PSD was achieved. Yu et al. [119] showed
that increasing hydrophobicity led to a more heterogeneous liquid distribution resulting in a
relatively large portion of fines. Liquid distribution can also be examined by adopting a tracer
method as demonstrated by a few papers in the literature [120-122]. Consequently, the
understanding of the liquid distribution phenomenon during TSWG is crucial, and real-time
monitoring techniques such as near-infrared chemical imaging can become a valuable tool in
the future [123]. In special cases, such as when the API and the binder are co-dissolved in the
granulating liquid, the requirement of a homogeneous liquid distribution can be even more
pronounced.
Throughout TSWG operations, the binder can also be directly blended with the intragranular
excipients, instead of dissolving it in the granulating solution. Subsequently, it can be activated
by the addition of the granulating liquid. According to Kleinebudde et al. [124], TSWG can also
be used for the processing of thermolabile APIs, since successful granulation was realized by
keeping the barrel temperature at standard conditions (20-25°C) throughout the experiments.
In the case of low-dose drug formulations, the adoption of TSWG is still at its infancy, since
only a few publications have been published on this field so far. Based on our previous
experiences this can be mainly attributed to the significant feedability challenges of the lowdose APIs via gravimetric dosing units. Consequently, methods such as silication should be
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considered during development [125]. In this relevant article [126], the successful homogeneous
distribution of the tracer molecule (riboflavin sodium phosphate) is demonstrated, although the
homogeneity studies were not extended to tablets. However, the advantages of this unique
technology, e.g., continuous operation and potentially more efficient homogenization
characteristics are definitely worth further investigation.
Overall, the collected publications prove that the TSWG technology is a viable continuous
alternative to the traditional batch wet granulation process with an inherent potential to
significantly reduce the required amount of labor, time, and space for equipment concerning
plant site to carry out successful production of granules.

2.4. Electrospinning
Another potential technology suitable for low-dose drug formulation is called
Electrospinning (ES). It is a cost-efficient manufacturing technology, capable of producing
micro/nanofibers (generally <10 µm [127]) with the aid of electrostatic forces from a liquid
solution or melt [128-130]. ES can be considered a benign procedure since the process is carried
out at room temperature resulting in the production of dried materials. The classic solution by
which ES is carried out is called Single-Needle Electrospinning (SNES), by which most of the
studies found in the literature is based on [131,132]. The SNES setup is detailed in Figure 8.

Figure 8 Schematic representation of the SNES setup. Redrawn from [132]

In order to produce ES products, fiber-forming materials such as polymers or cyclodextrins,
etc. are dissolved in an appropriate solvent or a solvent mixture and the prepared solution is
transported into a single spinneret (generally hypodermic needle with a blunt tip) at a predefined
flow rate. Simultaneously, the tip is subjected to high voltage from a power supply.
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Consequently, electrostatic repulsion deforms the incoming droplet resulting in a phenomenon
called the Taylor cone [133]. Subsequently, a charged jet is released from the cone indicating the
surface tension of the droplet was surpassed by the electrostatic forces. Initially, the jet follows
a straight path, but as it gets elongated, whipping-like motions are displayed due to bending
instabilities leading to the final fibrous product. As the material is stretched towards smaller
diameters, the increase in surface area leads to the rapid evaporation of the applied solvent, and
the solidified fibers are deposited on the grounded collector [134,135].
In recent years, the adoption of ES has become more extensive since the apparent structural
advantages of the fibers can be utilized in various fields, such as tissue engineering [136-138],
catalysis [139,140], electronics [141,142], and drug delivery [143-145]. For pharmaceutical
applications, the API is co-processed with the fiber-forming excipients ultimately resulting in a
molecularly dispersed structure, producing an amorphous solid dispersion (ASD) [146-148].
Formulating drugs to ASDs contribute to enhanced dissolution and subsequent bioavailability
characteristics [149,150], which in the case of ES is magnified due to the huge surface area of the
fibers [151]. In addition, ES-based ASDs have the potential to keep the incorporated API in
amorphous form for an extended time associated with the homogeneous drug distribution within
the matrix coupled with the ability to restrict molecular motion [152]. Upon dissolving the ES
polymer structure, the state of supersaturation can be prolonged, promoting an increased rate of
adsorption [153].
The inaugural paper for oral drug delivery applications based on ES was published back in
2003 by Verreck and his coworkers demonstrating significant dissolution enhancement of the
poorly soluble antifungal API itraconazole incorporated in a hydroxypropyl methylcellulose
polymer matrix [154]. The subsequent publication on the field was written by Yu et al. in 2009
detailing a polyvinylpyrrolidone-based ES matrix with rapid dissolving characteristics. In this
study, an 85% drug release was realized within 20 seconds in dissolution experiments [155].
Only a year later, the results of a complete 100% drug release achieved in mere seconds were
made public with the utilization of a polyvinyl alcohol-based orally dissolving web [156]. Since
the appearance of the aforementioned paper, ES-based studies on oral drug delivery have
increased exponentially [157].
The aforementioned benefits of ES may also be exploited for the goal of producing lowdose drug products. Once the low amount of API is formulated into an ASD, its potency may
increase due to its increased bioavailability ultimately leading to a final lower dose
requirement. At the same time, the quantity of a low-dose ASD to be processed is considerably
larger compared to a micronized API, therefore the chance of potential drug loss during
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production is much smaller. ES is also somewhat comparable to other micronization
techniques due to production of the nano/micron-sized fibers [158]. Consequently, achieving
acceptable CU in final formulations is simpler.
Although the fabrication of electrospun materials via SNES has gained widespread
acceptance, the production rate of the technique is severely limited (< 1 g/hr), therefore its
potential industrial implementation is impossible. The investigation of various possible scale-up
techniques is a commonly discussed subject in the literature [159], hence the following
subchapter will be dedicated to this topic.
2.4.1. Scaled-up electrospinning techniques for pharmaceutical applications
In order to realize scale-up via ES, the number of Taylor cones need to be increased, thus
multiple liquid jets can leave the solution. The techniques by which this can be achieved belong
to two main categories distinguished by their different operating conditions: nozzle and free
surface methods [160]. However, nozzle technologies have a limited amount of open solution
surface ready to form Taylor cones, since their final quantity depends on the applied number of
charged needles. By contrast, by adopting free surface methods, this restriction is non-existing,
ultimately contributing to a considerably higher number of Taylor cones appearing during
production. Various APIs formulated with scaled-up ES technologies can be found in the
literature out of which a few are detailed in Table 5.
Table 5 Active pharmaceutical ingredients formulated with scaled-up ES technologies
API

Fiber matrix

Final dosage form

Technology

Production
rate

Carvedilol [161]

Eudragit E,
Eudragit L 100-55,
PVPK90

Drug-loaded fibers

Alternating current
electrospinning

11.5 g/hour

Itraconazole
[162]

PVPVA64

Polymer nanofibers

Iodine [163]

PVPK25,
PVPVA64

Fiber tissue

PVPK90, SDS

Nanofibrous plume

SBE-β-CD

Reconstitution
powder for infusion

SBE-β-CD

Tablet

PVPK30

Tablet

Spironolactone
[164]
Voriconazole
[165]
β-galactosidase
[166]
Vitamin B12
[167]

Free surface highspeed electrospinning
High-speed rotary
spinning
Corona-alternating
current electrospinning
Nozzle-based highspeed electrospinning
Nozzle-based highspeed electrospinning
High-speed rotary
spinning

450 g/hour
60 g/hour
117 g/hour
240 g/hour
270 g/hour
60 g/hour

Eudragit E – Amino methacrylate copolymer; Eudragit L 100-55 – poly(methylmethacrylate-comethacrylic acid);

PVPK90 – polyvinylpyrrolidone polymer with a K value of 90; PVPVA64 –

vinylpyrrolidone-vinyl acetate 6:4 copolymer; PVPK25 – polyvinylpyrrolidone polymer with a K value of
25; SDS – sodium-dodecyl-sulfate; SBE-β-CD – sulfobutylether-β-cyclodextrin.
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Noteworthy studies discussing the implementation of scaled-up nozzle-based fiber
production for API incorporation include rotary spinnerets equipped with multiple holes to
achieve an increased production rate of 60 g/hour [163]. Sebe and his coworkers used centrifugal
forces to reach this growth in output to prepare microfibers, which were later formulated into
tablets with Vitamin B12 published in a following study [167]. In another paper written by
Raimi-Abraham et al., the solution labeled pressurized gyration was introduced with the
adoption of a multiple-hole spinneret operated under pressure without electrostatic forces to
produce ibuprofen-PVPK90 fibers [168]. According to the authors, this technology has the
potential to meet the demands of the pharmaceutical industry with an estimated maximum output
rate of 6 kg/h. It should be noted, all techniques that have been mentioned in this paragraph so
far do not apply high voltage, therefore they cannot be deemed as scaled-up ES methods.
However, the combination of electrostatic and centrifugal forces has recently been achieved
giving birth to the technology called multiply nozzle-based High-Speed ES (HSES) [165]. In this
study, voriconazole-cyclodextrin based fibers for a reconstitution injection were manufactured
with a production rate of 240 g/h. Results from the detailed investigation of the formulation
demonstrated similarity to the commercially produced medication obtained via lyophilization.
Regarding free surface methods, the first considerable scale-up was achieved with the
NanospiderTM technology adopting a rotating cylindrical-shaped charged electrode submerged
into the solution serving as the production surface of fiber generation [169]. The technology was
later upgraded replacing the cylinder with a wire in 2010, in which the spinneret is stationary
and instead of submerging, the wire is completely covered with the solution by adopting a
continuous feeding system. In the paper published by El-Newehy et al., the antimicrobial API
metronidazole was incorporated into polyvinyl alcohol, polyethylene oxide nanofibers with the
NanospiderTM technique, resulting in a controlled-release formulation [170]. The production
rate was measured in a separate study, by applying a single wire with a length of 25 cm to
achieve an output of 7.6 g/hour [171].
The adoption of HSES has also been realized in free surface methods to manufacture fibrous
materials with the antifungal itraconazole to reach a significantly increased production rate of
450 g/hour [162]. The results were compared to the product achieved by SNES, ultimately
demonstrating similarity in all evaluation methods such as fiber morphology and dissolution. In
a subsequent study, the stability of the amorphous fibers prepared via HSES was displayed by
emphasizing the need for choosing appropriate fiber-forming polymers [172].
The aforementioned publications all investigate the requirements and details of various
scale-up ES technologies, but the formulation of the prepared fibers into final dosage forms e.g.
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tablets is often neglected. Consequently, the following subchapter will review the potential
downstream processing options for ES materials from the perspective to produce the
aforementioned solid dosage forms.
2.4.2. Downstream processing of electrospun fibers
In order to successfully prepare tablets from the ES materials, the following steps need to
be carried out during production:
•

Continuous fiber collection in the equipment

•

Milling/Grinding of the ES material

•

Prepare the final blend with suitable excipients

•

Tableting

Since the ES technique can operate in CM conditions, the development of an efficient,
continuous fiber collecting method is very important. One such solution was developed by
Szabó et al. adopting a continuous fiber collector embedded with a polypropylene fleece and a
sharp doctor blade that removes the collected material [173]. The fibers can also be collected by
using a cyclone directly connected to the previously detailed HSES production equipment, as
demonstrated by Vass et al. [165]. By forcing the incoming unprocessed fibers to follow a circular
path in the cyclone, the material collides to the inner surface of the equipment contributing to its
fragmentation. Consequently, this phenomenon can pre-grind the fibers, making their further
processing towards tablets simpler.
When the sufficient amounts of fibers have been collected, a milling step needs to be carried
out to obtain a powder-like product from the collected electrospun material. According to the
limited data found in the literature, the grindability of these materials depends on the physical
characteristics of the fiber-forming excipients e.g., type, molecular weight, etc., and other
parameters such as fiber diameter, moisture content, and the plasticizing contribution of the
processed drug. In the relevant studies, the milling of ES materials has been executed by a
cutting mill, an oscillating mill, and a hammer mill [174-176].
The blending of ES materials with excipients and their subsequent tableting has also been
discussed in some publications [167,176,177], where general characteristics of the produced
mixtures (PSD, flowability) and tablets (hardness, friability, time of disintegration, dissolution)
were evaluated. In the cited study written by Démuth et al., the tableting properties of an ES
material composed of PVPVA64 and itraconazole were assessed [178]. The authors
demonstrated that the fibrous material can take up a significant ratio of the tablet volume due to
its apparent low bulk density, but the production of tablets with uniform weight was still
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obtainable.
It is clear, that the tableting of ES fibers is a rather new concept in the literature. However,
no article can be found dealing with the homogeneity challenges in low-dose tablet
formulations. Based on our previous experiences this can be mainly attributed to the
flowability concerns during downstream processing of the ES material. However, its potential
advantages such as lower final dose requirement, lower chance of API loss and increased
possibility of achieving acceptable CU definitely prove that it is a technology worth
investigating.
To conclude, the production of solid dosage forms from ES materials is a realistic goal, but
more studies are required to comprehend the unique nature of this manufacturing method.
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2.5. Objectives
After assessing the available literature on low-dose formulation development, TSG, and ES
technologies, it is clear that the potential challenges associated with CM-based low-dose drug
products are indeed substantial. Only a few publications are available in this field, but most of
them are only investigating it with Direct Compression (DC), widely regarded as the simplest
of all manufacturing methods [179,180]. By contrast, according to the author’s knowledge, the
application of ES and TSG manufacturing platforms to produce low-dose homogeneous tablets
in the micron-dose range has not been investigated so far. Consequently, the main objectives of
the experimental work can be set up as:
•

Manufacture homogeneous low-dose tablets containing an electrospun substance
prepared by HSES; assess the requirements of API homogeneity
o apply fibers with 1% loading of model drug Carvedilol with PVPVA64 as a
fiber forming polymer,
o preparation of final blends to be acquired via DC and tableting on an industrial
rotary press,
o set dose of the API to 50 µg (0.05 m/m%),
o evaluate API homogeneity by UV-Vis spectrometry and Raman mapping.

•

Prepare homogeneous low-dose tablets based on continuous Twin-Screw Wet
Granulation (TSWG); ascertain the requirements of API homogeneity
o develop a production line composed of TSWG, Fluid-Bed Drying (FBD),
sieving, and tableting,
o adopt Carvedilol as the model API with a dose of 30 µg (0.035 m/m%),
o measure API homogeneity by High-Performance Liquid Chromatography
(HPLC),
o evaluate the potential application of various liquid-dosing units based on realtime balance measurements.

•

Produce homogeneous low-dose tablets formulated by the following manufacturing
line: TSWG, Continuous Fluid-Bed Drying (CFBD), Continuous Sieving (CS), and
tableting
o evaluate the applicability of a fully integrated TSWG-CFBD-CS granule
production line for low-dose products,
o use Carvedilol as the model API with a dose of 50 µg (0.05 m/m%),
o measure API homogeneity by High-Performance Liquid Chromatography
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(HPLC),
o perform scale-up experiments,
o compare the efficiency of the CM production line to a traditional batch single
pot granulator/dryer based on granule characteristics.
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3. Materials and methods
3.1. API
Carvedilol (CAR)
Formula: C24H26N2O4
Molar mass: 406.474 g/mol
Appearance: White solid
Supplier: Sigma-Aldrich (Budapest, Hungary)
Solubility of free base (pure water, 25°C): 0.01 mg/ml [181]
Mechanism of action: Nonselective β-receptor blocker
Indication: Hypertension, heart failure
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3.2. Excipients
Table 6 Applied excipients
Chemical name
Vinylpyrrolidone-vinyl acetate 6:4
copolymer (PVPVA64)

Brand name

α-lactose monohydrate

α-lactose monohydrate

Characteristics

A water-soluble excipient used as
the fiber-forming polymer,
BASF
Kollidon® VA64
Mw=45000-70000 Da
(Germany)
Aq. solubility: >300 g/l
Biologically not toxic, inert

Kollidon® 30

A water-soluble polymer used as
binder for the granulation
BASF
experiments, Mw = ~40000 Da
(Germany) Solubility: highly soluble in water
or organic solvents (e.g., ethanol)
Biologically not toxic, inert

Flowlac® 100

Spray-dried mixture of α-lactose
monohydrate and amorphous
lactose. Used as filler in ES tablet
Meggle
formulation
Pharma
Properties: high flowability,
(Germany)
excellent compactability, bulk
density: 0.59 g/cm3, average
particle size: ~150 µm

Granulac® 70

Milled, fine α-lactose
monohydrate. Applied as filler in
Meggle
TSWG-CFBD-CS-based and
Pharma
reference batch formulation
(Germany) Properties: Good compactability,
bulk density: 0.71 g/cm3, average
particle size: ~130 µm

Granulac® 230

Milled, fine α-lactose
monohydrate. Adopted as filler in
Meggle
TSWG-based formulation
Pharma
Properties: Good compactability,
(Germany)
bulk density: 0.46 g/cm3, average
particle size: ~63 µm

Polyvinylpyrrolidone (PVP)

α-lactose monohydrate

Supplier
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Potato starch

Corn starch

Microcrystalline cellulose

Potato starch
Supra Bact. Grade

C*PharmGelTM

Vivapur® 112

Roquette
Pharma
(France)

Native potato starch.
Used in TSWG-based formulation.
Can be applied as fillers,
disintegrants, binders (once
cooked).
Properties: average particle size:
~42 µm

Cargill
(USA)

Native corn starch. Applied in
TSWG-CFBD-CS-based
formulation. Can be used as fillers,
disintegrants, binders (once
cooked)
Properties: average particle size:
~14 µm

Medium size MCC grade.
Adopted as the dry binder in the
JRS Pharma
ES tablet formulation.
(Germany)
Properties: very low moisture
content (< 1.5 %), average particle
size: ~130 µm

Cellulose-based superdisintegrant.
Effective at 1-4 m/m%
concentration.
Used in the ES tablet formulation.

Croscarmellose sodium

Vivasol®

JRS Pharma
(Germany)

Silicium dioxide

Aerosil® 200

Evonik
Industries
(Germany)

Glidant in tablets with high
specific surface area. Used in the
TSWG-based tablet formulation.

Stearic acid

Stellipress Micro

Stearinerie
Dubois
(France)

Water-insoluble lubricant.
Applied in the TSWG-based
formulation.
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Magnesium stearate (MgSt)

Sodium stearyl fumarate (SSF)

Magnesium
Stearate EUR.
PHAR.

Water-insoluble lubricant
with an average particle size
FACI S.P.A.
of ~10 µm.
(Italy)
Adopted in both granulation-based
formulations.

JRS Pharma
(Germany)

Pruv®
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Water-soluble lubricant with
an average particle size of
~12 µm. Applied in the ES
tablet formulation.

3.3. Methods
3.3.1. ES-based tablet formulation
3.3.1.1. Single-Needle Electrospinning (SNES)
The single-needle electrospinning experiments were carried out using a spinneret equipped
with an NT-35 high voltage DC supply (Unitronik Ltd., Nagykanizsa, Hungary). An electric
potential of 25 kV was applied to the spinneret electrode. Sample collection was obtained using
a grounded aluminum plate completely covered by aluminum foil. The distance of the spinneret
from the collector was set at 15 cm, and the experiments were executed at ambient temperature
(25°C). The electrospinnable solution was dosed utilizing a SEP-10S Plus type syringe pump
(Aitecs, Vilnius, Lithuania). The feed rate was 6 mL/h.
3.3.1.2. High-Speed Electrospinning (HSES)
The scaled-up electrospinning productions were achieved by adopting a high-speed
electrostatic spinning setup made up of a stainless-steel spinneret with sharp edges and spherical
cap geometry controlled by a high-speed motor. The electrospinnable solution was dosed by
means of a SEP-10S Plus syringe pump. The flow rate was set at 750 mL/h. A rotational speed
of 35.000 rpm was applied to the spinneret, while the voltage was 35 kV through the experiments
(NT-65 high voltage DC supply Unitronik Ltd., Nagykanizsa, Hungary). The grounded collector
completely covered by aluminum foil was positioned 35 cm from the spinneret in each case.
The manufacture of fibers was carried out at ambient temperature (25°C).
3.3.1.3. Low-Shear and High-Shear Homogenization
Homogenizations were carried out in plastic bags (low-shear mixing, LSM) or a Diosna P06 high-shear mixer (HSM).
100-mesh amorphous lactose called Flowlac was used as the filler, microcrystalline
cellulose type 112 was applied as the binder, croscarmellose sodium (CCS) was adopted as the
superdisintegrant, and sodium stearyl fumarate (SSF) was implemented as the lubricant. The
overall composition of the formulation is detailed in Table 7.
In the HSM setup, the chopper blades are set horizontally, which is standard for Diosna
high-shear mixers.
In practice, all ingredients except the API and SSF were placed into plastic bags (LSM) or
into the HSM, where they were pre-homogenized in 2 min (200 rpm impeller, 600 rpm chopper
for HSM). Then the electrospun product or the crystalline CAR was added to the mixture, where
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it was homogenized in 7 min (200 rpm impeller, 850 rpm chopper for HSM). Upon completion,
the mixtures were sieved applying a 500 µm hand sieve. Finally, SSF was added and blended
with the other components in 30 s (200 rpm impeller, 0 rpm chopper for HSM).
3.3.1.4. Tableting and physical tablet tests
The average tablet weight was set to 100 mg, with the dose of CAR at 50 µg. Tableting was
performed on a Riva Piccola tablet rotary press machine using 8 tablet dies with 6 mm diameter
and no markings. The working principle of rotary tablet presses can be found in the literature
[182]. Table speed was 40 rpm, speed of the forced feeding system was 7 rpm and compression

force was between 1–1.5 kN. A reference batch was also produced containing crystalline
carvedilol as the API. Each batch consisted of 5000 tablets. Tablet composition is shown in
Table 7.
Table 7 ES tablet composition
Applied Tableting Ingredients

Amount
(mg)/Tablet

Amount
(%)/Tablet

Total Amount of
Materials (g)

Electrospun/Crys. Carvedilol

0.05

0.05

0.25

4.95

4.95

24.75

65.00

65.00

325

Microcrystalline cellulose (MCC) 112

25.50

25.50

127.5

Croscarmellose sodium (CCS)

3.00

3.00

15.0

Sodium stearyl fumarate (Pruv)

1.5

1.50

7.5

∑

100.00

100.00

500.00

poly (vinylpyrrolidone-co-vinyl
acetate) (PVPVA64)
Flowlac 100 mesh (amorphous
lactose)

The compressed tablets were evaluated by IPC tests, such as tablet weight, thickness,
hardness, friability measurement, and time of disintegration. The first 3 were determined by an
Erweka MultiCheck apparatus, while friability tests were conducted in a Pharmatest PTFR-A
analyzer, and disintegration time was measured in a Pharmatest PTZ-Auto disintegration tester.
All in all 10 tablets were examined by the MultiCheck, 6 tablets were studied by the PTZ-Auto,
and tablets with the sum weight of 6.5 g were evaluated by the PTFR-A. Friability tests were
made according to the Pharmacopeias with 100 turns in 4 min [183].
3.3.1.5. Scanning Electron Microscopy (SEM) and Fiber Diameter Analysis
Sample morphology was studied by applying a JEOL 6380LVa (JEOL, Tokyo, Japan) type
scanning electron microscope. Initially, the samples were secured by virtue of a conductive
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double-sided carbon adhesive tape, then were coated with an alloy consisting of gold-palladium
prior to investigation. The applied accelerating voltage was between 15 and 25 kV, while the
working distance was in the range of 12–16 mm. A randomized fiber diameter determination
method developed in-house was implemented as described in our previous work [184], n = 100
measurements were made on each sample.
3.3.1.6. Differential scanning calorimetry (DSC)
The differential scanning calorimetry (DSC) experiments were made with a DSC 92
Setaram device (Caluire, France). The average sample weight of ~10–15 mg was placed in a
closed aluminum pan. A nitrogen purge gas flow of 50 mL/min was used in all experiments.
The temperature program started with a preliminary isothermal period that lasted for 1 min at
25°C. Upon completion, a subsequent linear heating phase ensued from 25°C to 200°C at a rate
of 10°C/min. Purified indium standard was applied for calibration.
3.3.1.7. Raman mapping
Raman

mapping

was

performed

using

Horiba

Jobin-Yvon

LabRAM-type

microspectrometer with an external 785 nm diode laser source and Olympus BX-40 optical
microscope. The laser beam was focused by an objective of 20 × (NA = 0.4) to the tablet surface.
The confocal hole of 1000 µm was used in the confocal system. 950 groove/mm grating
monochromator dispersed the backscattered light. The spectral range of 460–1680 cm−1 was
detected as the relevant range with a 5 cm−1 resolution. Spectral data were collected from 41 ×
41 points with a 25 µm step size. The acquisition time was 40 s and two spectra were averaged
per point. The classical least squares (CLS) method was applied to calculate the concentration
of the different materials. All reference spectra (excipients and ES samples) were recorded and
the combination of these was used to approximate the spectra of the maps. The so-obtained
coefficients were depicted in the maps.
3.3.1.8. Content Uniformity Analysis
Content uniformity (CU) was measured by UV-Vis spectrometry. Ten random tablets were
individually put into 10 mL volumetric flasks where they were disintegrated in an acidic buffer
(pH 1) within an ultrasonic bath in 15 min. Upon completion they were filtered by a 0.45 µm
polytetrafluoroethylene (PTFE) syringe filter and the concentration of CAR in the acidic buffer
(pH 1) was determined by a Hewlett-Packard HP 8453G UV-Vis spectrophotometer (Palo Alto,
CA, USA) at a wavelength of 241 nm based on a former calibration.
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3.3.1.9. Sieve Analysis
Sieve analyses were made on the pure ES material and the final powder mixtures by a
Fritsch Analysette 3 Pro Vibratory Sieve Shaker (Idar-Oberstein, Germany). A total weight of
25 g was investigated in each case. The pure ES material and the final powder mixtures were
sieved for 10 min with the amplitude set at 0.5. Upon completion, the sieved fractions were
weighed and evaluated.
3.3.2. TSWG-based tablet formulation
3.3.2.1. Granule production
Granulation experiments were conducted in a multifunctional continuous twin-screw
equipment (TS16, Quick 2000 Ltd, Hungary) operated in wet granulation mode with a basic
screw speed of 150 rpm (revolutions per minute), a screw diameter of 16 mm (25 L/D ratio),
and a set configuration shown in Figure 9 (CE: Conveying Elements, KZ: Kneading Zones).
The kneading zones consisted of individual elements set up at a 45° angle with a forward
configuration (first zone 5 elements; second zone: 15 elements; third zone: 10 elements).
Elements before the Kneading Zones were Conveying Elements with small pitch size to
accumulate enough materials for the granulation. Elements after the Kneading Zones were
Conveying Elements with large pitch sizes to facilitate the transport of the granules. The TSG
was operated at room temperature, without applying any additional heating.
A gravimetric feeder (type: DDW-MD0-MT HYD ISC plus, Brabender Technologie,
Duisburg, Germany) was adopted in order to dispense the solid blend of lactose and starch into
the Twin-Screw Granulator (TSG) by applying a constant feeding rate of 1 kg/h. These preblends were carried out manually in plastic bags with a mixing time of 5 minutes. The
granulation liquid (17.6 m/m% PVPK30 and 0.2 m/m% CAR were dissolved in ethanol) was
dosed into the second zone of the device using a peristaltic pump (Watson-Marlow 120U,
Wilmington, MA, USA) or a syringe pump (SEP-10S Plus, Aitecs, Vilnius, Lithuania) or a
piston pump (JASCO PU-980, Hachioji, Japan) with a constant feed rate of 165 ml/h (in case of
the peristaltic pump, the feeding speed was set based on a previously made calibration).
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Figure 9 The adopted screw configuration of the twin-screw granulator (Zone 1: 10 mm CE, 16
mm CE, 10 mm CE and KZ; Zone 2: 16 mm CEs and 10 mm CE; Zone 3: KZ, 22 mm CEs, 16 mm CE
and 10 mm CEs; Zone 4: KZ, 16 mm CE and 10 mm CEs)

In each case, the liquid was fed through a silicone tube with an inner diameter of 3.1 mm.
The peristaltic pump was applied for the placebo experiments.
The prepared wet granules of roughly 800 grams/run were then subsequently dried in a labscale fluid bed dryer (Aeromatic Strea-1, Düsseldorf, Germany) with a drying temperature of
50°C in 5 minutes with an average air flow rate of 70 m3/h, and lastly passed through a 0.8 mm
hand sieve.
3.3.2.2. Tableting and physical tablet tests
Prior to compaction, the final powder mixture was prepared through simple homogenization
steps. The granules were blended with the components of the outer phase in plastic bags
according to the following chronological order: glidant (1 min), stearic acid (30 sec), and lastly
magnesium stearate (30 sec). The powder mixtures were compressed into tablets on a Piccola
tablet rotary press (Riva, Aldershot, UK) equipped with concave punches of 6 mm diameter and
no markings. Turret speed was 40 rpm, the speed of the forced feeding system was 15 rpm and
main compression force was between 4 and 10 kN.
Batch characteristics are detailed in Table 8. (Due to confidential reasons, the quantitative
composition could not be disclosed.)
Table 8 TSWG-based low-dose tablet batch characteristics
Applied API

API dose (µg)

Tablet weight (mg)

Batch size (tablets)

Total weight (g)

Carvedilol

30

85

6000

510

The compressed tablets were evaluated by standard tests such as tablet weight, thickness,
hardness, friability measurements, and time of disintegration. Most of these physical parameters
were determined by an Erweka MultiCheck apparatus, while friability tests were conducted in
a Pharmatest PTFR-A analyzer, and disintegration time was measured in a Pharmatest PTZAuto disintegration tester in water (37±0.5 °C). In total, 10 tablets were examined by the
MultiCheck, 6 tablets were studied by the PTZ-Auto, and tablets with the sum weight of 6.5
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grams were evaluated by the PTFR-A. Friability tests were made according to the USP with 100
turns in 4 min.
3.3.2.3. Granule characterization
The residual moisture contents of the dried granules were determined by a moisture analyzer
(Sartorius MA 40, Göttingen, Germany). In each case, granules with an approximate weight of
2 grams were evaluated (105 °C, 3 min as endpoint).
The Particle Size Distribution (PSD) measurements were measured by a Malvern
Mastersizer 2000 laser diffraction device (Malvern Pananalytical, Malvern, UK) in solid-state.
The dispersive air pressure was set to 1 bar. Bulk and tapped density measurements were carried
out according to the USP [185] by adopting an SVM 12 tapped density tester (ERWEKA GmbH,
Heusenstamm, Germany). A total granule weight of 100 grams was evaluated accordingly. For
tapped density measurements, the number of taps was set to 1200.
Granule flowability measurements were carried out with a funnel described in ASTM D 1895
and ISO R60 (orifice was 10 mm wide). The time necessary for 100 grams of granule to flow out
of the funnel was measured by a stopwatch. The experiments were done in triplicate.
3.3.2.4. Content Uniformity Analysis
CU was determined by High-Performance Liquid Chromatography (HPLC). Ten randomly
chosen tablets were individually placed into 10 mL volumetric flasks where they were
disintegrated in a mixture of methanol and purified water (1:1) within an ultrasonic bath in 15 min.
Upon completion, the suspensions were filtered by a 0.45 µm polytetrafluoroethylene (PTFE)
syringe filter. The examinations were carried out on a reversed-phase HPLC column (Agilent 1200
series LC system, Santa Clara, CA, USA) with a gradient elution of 0.1 M phosphoric acid and
acetonitrile at 25°C (flow rate was set to 1.0 ml/min). The concentration of CAR was determined
based on the UV absorption of the injected solution at 285 nm.
3.3.2.5. Measurement of the liquid addition rate of different pumps
In these experiments, the granulating liquid (ethanolic solution of PVPK30) was fed from a
bottle to a plastic glass by using the aforementioned pumps and tubes. The plastic glass was placed
on a Sartorius MC-1 AC 210 P analytical balance (Göttingen, Germany) connected to a laptop.
On the laptop, an in-house built software was run, which received the mass recorded on the balance
in real-time (the data was automatically written into a text file). The mass of the liquid was
recorded every 0.2 seconds. The mass flow was calculated based on the masses recorded 5 seconds
separately.
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3.3.3. TSWG-CFBD-CS-based tablet formulation
3.3.3.1. Granule production
Granule production was carried out with an integrated, fully continuous TSWG-CFBD-CS
manufacturing line. Wet granulation experiments were conducted in a multifunctional continuous
twin-screw equipment (TS16, Quick 2000 Ltd, Hungary) operated in wet granulation mode with
a basic screw speed of 300 rpm (revolutions per minute), screw diameter of 16 mm (25 L/D ratio),
and a set configuration shown in Figure 10 (CE: Conveying Elements, KZ: Kneading Zones). The
Kneading Zones consisted of individual elements set up at a 45° angle with a forward
configuration (first zone 5 elements; second zone: 5 elements). The TSG was operated at room
temperature, without applying any additional heating.
A gravimetric feeder (type: DDW-MD0-MT HYD ISC plus, Brabender Technologie,
Duisburg, Germany) was adopted to dispense the solid blend of lactose and starch into the TwinScrew Granulator (TSG) with applying a constant feeding rate of 1 kg/h. These pre-blends were
acquired via manual blending in plastic bags with a mixing time of 5 minutes. The granulation
liquid (28 m/m % PVPK30 and 0.46 m/m% CAR were dissolved in 2 v/v % acetic acid solution)
was dosed into the second zone of the device using a peristaltic pump (Watson-Marlow 120U,
Wilmington, MA, USA) or a piston pump (JASCO PU-980, Hachioji, Japan) with various feed
rates depending on the actual L/S (w/w%) ratio of the granulation (in case of the peristaltic pump,
the feeding speed was set based on a previously made calibration).

Figure 10 The adopted screw configuration of the twin-screw granulator (Zone 1: 22 mm CE, 22 mm
CE and 16 mm CE; Zone 2: 10 mm CE, 16 mm CE and 10 mm CE; Zone 3: 10 mm CE, KZ, 22 mm CE
and 10 mm CE; Zone 4: 10 mm CE, KZ, 16 mm CE)

In each case, the liquid was fed through a silicone tube with an inner diameter of 3.1 mm. The
peristaltic pump was applied for the placebo experiments.
Upon completion, the wet granules were dried in a horizontal fluid bed dryer (Quick 2000
Ltd, Hungary) with a supply air temperature of 80°C and an airflow rate of 100 l/min/zone (24
m3/h). The drying surface area of a single zone is 0.024 m2. Material transport was conducted via
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vibration with an intensity of 50 Hz.
The continuous dryer is made up of a total of four drying zones each with its corresponding
filter bag. The majority of drying takes place in the first three zones since the final fourth zone
serves as a conditioning and cooling area, where the supply air is not heated. The vibrating
conveyor is perforated enabling supply air to pass through, while the particles remain on the belt.
The settings (temperature, airflow rate) of each zone can be adjusted independently, with the final
fourth zone being the only exception (only airflow rate). The automatic dedusting of the fluid filter
bags was set to 2 minutes. The schematic drawing of the continuous fluid bed dryer and sieving
unit is shown in Figure 11.

Figure 11 Schematic drawing of the continuous fluid bed dryer and subsequent sieving unit

Dried granules were directly transported into the sieving device, where large agglomerates
were broken down with a sieve size of 1.5 mm operated at 1000 rpm.
3.3.3.2. Granule characterization
The residual moisture contents or loss-on drying (LOD) of the dried granules were
determined by a moisture analyzer (Mettler Toledo HR73, Columbus, USA). In each case,
granules with an approximate weight of 2 grams were tested (105 °C, until mass steady-state
was reached).
The Particle Size Distribution (PSD) measurements were measured by a Horiba LA-960
laser diffraction device (Horiba Ltd, Kyoto, Japan) by solid dispersing. The dispersive air
pressure was set to 1 bar. Bulk and tapped density measurements with 100 grams of
granules were carried out according to the USP by adopting an SVM 12 tapped density
tester (ERWEKA GmbH, Heusenstamm, Germany). For tapped density measurements, the
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number of taps was set to 1200.
Granule flowability measurements were carried out with a funnel described in ASTM D
1895 and ISO R60 (orifice was 10 mm wide). The time necessary for 100 and in some cases
50 grams of granules to flow out of the funnel was measured by a stopwatch. The
experiments were done in triplicate.
3.3.3.3. Design of Experiments (DoE)
A full factorial Design of Experiments (DoE) were created for systematic evaluation of the
influence of process parameters of the continuous fluid bed dryer on granule LOD results.
Throughout the experiments, the L/S ratio was kept constant at 0.11. The DoE was constructed of
a total of three factors/variables: solid feeding rate, supply air temperature (zone 1-3), and airflow
rate (zone 1-4) on two levels with an additional 3 central point (CP) runs bringing the total number
of experiments to 11. The factor settings of each run in the experimental design are given in Table
9.
Table 9 Full factorial experimental design

5

Feeding
rate
(kg/h)
0.8

Liquid
feeding
rate (kg/h)
0.088

Drying
temp.
(°C)
60

2

2

1.2

0.132

3

1

0.8

4

4

5

Experimental
Number

Run
Order

Airflow rate
(l/min/zone)

Acronym

1

80

1_0.8_60_80

60

80

2_1.2_60_80

0.088

100

80

3_0.8_100_80

1.2

0.132

100

80

4_1.2_100_80

8

0.8

0.088

60

120

5_0.8_60_120

6

9

1.2

0.132

60

120

6_1.2_60_120

7

11

0.8

0.088

100

120

7_0.8_100_120

8

6

1.2

0.132

100

120

8_1.2_100_120

9

7

1

0.11

80

100

9_1.0_80_100

10

3

1

0.11

80

100

10_1.0_80_100

11

10

1

0.11

80

100

11_1.0_80_100

The experimental design was set up and analyzed using MODDE Pro 12.0 (Umetrics,
Sartorius Stedim Biotech, Malmö, Sweden) to discover potential relationships between
independent (solid feed rate, supply air temperature, and airflow rate) and dependent (loss-ondrying) variables. Response surface models were built using multiple linear regression (MLR).
Loss on drying (LOD) values were chosen to perform the statistical evaluation.
3.3.3.4. Tableting and tablet physical tests
Before compaction, the final powder mixture was prepared by a single homogenization step.
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The granules were manually mixed with magnesium-stearate in plastic bags with a blending
duration of 30 seconds. The powder mixtures were then compressed into tablets on a Piccola tablet
rotary press (Riva, Aldershot, UK) equipped with concave punches of 6 mm diameter and no
markings. Turret speed was 40 rpm (approx. 24 000 tablets / h, dwell time about 30.3 ms), speed
of the forced feeding system was 15 rpm and the main compression force was set to 5 kN. Tablet
composition is detailed in Table 10.
Table 10 TSWG-CFBD-CS-based tablet composition
Applied Tableting
Ingredients

Amount
(mg)/Tablet

Amount
(%)/Tablet

Total Amount (g; batch size
5000 tablets)

Carvedilol

0.05

0.05

0.25

Lactose monohydrate

85.4

85.4

427

Corn starch

10.55

10.55

52.75

PVPK30

3

3

15

Magnesium-stearate

1

1

5

∑

100.00

100.00

500.00 g

Tablet weight was set to 100 mg, while the batch size was 5000 tablets. The compressed
tablets were evaluated by standard tests such as tablet weight, thickness, hardness, friability
measurements, and time of disintegration. Most of these physical parameters were determined by
an Erweka MultiCheck apparatus, while friability tests were conducted in a Pharmatest PTFR-A
analyzer, and disintegration time was measured in a Pharmatest PTZ-Auto disintegration tester in
water (37±0.5 °C). In total, 10 tablets were examined by the MultiCheck, 6 tablets were studied
by the PTZ-Auto, and tablets with the sum weight of 6.5 grams were evaluated by the PTFR-A.
Friability tests were made according to the USP with 100 turns in 4 min.
3.3.3.5. Content Uniformity (CU) and Blend Uniformity (BU) analysis
CU and BU were determined by High-Performance Liquid Chromatography (HPLC).
Ten randomly chosen tablets (CU) or granules (BUA) with the sum weight of 1 individual
tablet (100 mg) collected ten times from different locations of the powder bed were placed
into 10 mL volumetric flasks where they were disintegrated in a mixture of methanol and
purified water (1:1) within an ultrasonic bath in 15 min. Upon completion, the suspensions
were filtered by a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter. The examinations
were carried out on a reversed-phase Gemini® NX-C18 3 µm 100x4.6mm HPLC column
(Phenomenex Inc., Torrance, CA, USA) with a gradient elution of 0.1 M phosphoric acid and
acetonitrile at 25°C (flow rate was set to 1.0 ml/min). The concentration of CAR was
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determined based on the UV absorption of the injected solution at 285 nm.
3.3.3.6. Scale-up trials
Scale-up experiments were carried out by increasing the powder feed rate to 3 kg/h and later
to 10 kg/h. Throughout these trials, a constant L/S ratio of 0.11 was used for granulations. The
higher feeding rate was achieved by using a vibratory conveying feeder (Fritsch Laborette 24,
Idar-Oberstein, Germany) with a V-shaped channel operated in volumetric discharge mode (the
vibration intensity was set based on a previously made calibration). During these experiments, the
screw speed of the twin-screw granulator was increased to 900 rpm and for the 10 kg/h powder
feed rate runs, the subsequent drying intensity was also raised (120°C supply air temperature, 133
l/min/zone or 32 m3/h air flow rate).
3.3.3.7. Reference batch granule production
Reference high-shear granulations were carried out in a top driven, small scale batch
granulator (Mi-Mi-Pro, ProCepT, Zelzate, Belgium) in a batch size of 500 g. In practice, corn
starch and lactose monohydrate were placed into the granulator, where they were blended within
3 minutes (200 rpm impeller, 600 rpm chopper). The granulating liquid was prepared the same
way as during the TSWG experiments, but only the L/S ratio of 0.11 was chosen to be replicated
among batch environments. The solution was added dropwise to the mixture by a peristaltic pump
(Watson-Marlow 120U, Wilmington, MA, USA) with a flow rate of 5 g/min, while throughout
the experiments, the impeller and chopper were operated with the same speed (200 and 600 rpm)
as during the pre-blending step. When all of the liquid was added to the mixture, the intensity of
the mixing elements was increased to 250 (impeller) and 850 (chopper) rpm for a total duration of
3 minutes to effectively distribute the droplets in the powder bed. Subsequently, the wet granules
were dried by applying a vacuum of 50 mbar and microwave energy of 150 W in approximately
60-70 minutes and lastly passed through a 1.5 mm sieve.
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4. Results and discussion
This thesis mainly focuses on evaluating the homogeneity requirements of various low-dose
tablet formulations manufactured by different CM platforms. In the first chapter, a low-dose tablet
formulation containing electrospun fibers produced by HSES is discussed. The quality of the
fibrous material was evaluated by various analytical methods (SEM, DSC, etc.) and it was
compared to fibers prepared by the traditional SNES technique. Subsequently, the fibers were
blended with excipients and compressed into tablets. API homogeneity was measured by UV-Vis
spectrometry, while drug distribution in the tablets was also studied with Raman mapping, and
final powder mixture homogeneity was evaluated by sieve analysis.
In the second chapter, a low-dose tablet composition incorporating granules manufactured by
a TSWG technology is detailed. Prior to API experiments, placebo batches were produced in order
to evaluate the quality of the granules (and later tablets). The manufactured granules were
examined thoroughly (PSD, granulometry, residual moisture content) followed by compression
into tablets. API homogeneity was measured with HPLC and later pumps with different operating
principles were characterized via real-time balance measurements.
In the final chapter, a low-dose tablet formulation containing granules produced by a fully
integrated TSWG-CFBD-CS (Twin-Screw Wet Granulation-Continuous Fluid Bed DryingContinuous Sieving) manufacturing line is investigated. Initially, the minimal L/S ratio required
for granulation was determined by placebo tests, then a full factorial DoE was carried out to
evaluate the Critical Process Parameters (CPPs) of the CFBD equipment. The manufactured
granules were examined thoroughly (PSD, granulometry, residual moisture content) and
subsequently the CAR-containing experiments were initiated and ultimately compressed into
tablets. API content and homogeneity of the produced batches were evaluated by CU (Content
Uniformity) analysis. In the next step, scale-up experiments with increased feed rate (3 and 10
kg/h) were carried out and lastly, a reference batch (one-pot high-shear granulation, drying, and
sieving) trial was also executed to compare the efficiency of the CM line with traditional batch
manufacturing methods.
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4.1. ES-based low-dose tablet formulation
4.1.1. Preparation of the CAR-loaded fibers via ES
The production of the ES samples is shown in Table 11.
Table 11 Comparison of the details of manufacturing using SNES and HSES

Sample

Production
method

Applied
solvent

Dissolved
PVPVA64 and
CAR (99:1) in 10
mL of solvent (g)

Flow rate
(ml/h)

Productivity
for dried
material
(g/h)

PVPVA64 +
1% CAR SNES

Single-needle
electrospinning

96% EtOH

4.00

6

1.8

PVPVA64 +
1% CAR HSES

High-speed
electrospinning

96% EtOH

4.00

750

225

Single-needle electrospinning (SNES) is the basic method for preparing electrospun fibers;
although, its production rate (a few grams of product an hour) is severely limited for industrial
purposes and applications. Our results fell in line with these assessments since our fiber production
with SNES was only 1.8 g per hour. By contrast, HSES offered a much higher output rate resulting
in 225 g of fiber production per hour. In both cases, 96% ethanol was applied as the solvent since
it is accepted by the Pharmacopeia. Using this new technology, it was possible to increase our
productivity 125-fold in regard to the dried product. It is encouraging that the output could have
been further increased, but in this case, it was only a secondary objective.
4.1.2. Fiber morphology of the manufactured fibers
Once the ES materials were acquired, their morphology was evaluated with SEM. The images
are shown in Figure 12.

Figure 12 Scanning electron microscopic images of PVPVA64 + 1% CAR fibers prepared by highspeed electrospinning (a) and single-needle electrospinning (b)
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Upon inspecting them, the average diameter was 1.02 ± 1.00 µm and 0.80 ± 0.31 µm for the
HSES and SNES samples, respectively. However, the HSES sample contained more beads
indicating that further research is required to reach optimal morphology. This outcome is likely
the result of the fiber-forming technology. No crystalline objects were visible in either case,
indicating their amorphous states.
4.1.3. Results of DSC measurements
To evaluate the physical state of carvedilol in the electrospun samples, differential scanning
calorimetry measurements were executed. Physical mixture and pure polymer were used as a
reference.
The DSC curves are detailed in Figure 13.

Figure 13 (a,b) Differential scanning calorimetry (DSC) thermograms of PVPVA64, PVPVA64 + 1%
CAR physical mixture and fibers prepared by single-needle and high-speed electrospinning

According to the thermograms, no endotherm melting peaks of API origin were observable
in the electrospun fibers and only a very slight curvature was detected at 120 degrees Celsius in
the physical mixture (3.b). Based on these results, we can assume that this faint signal comes from
the minimal amount of crystalline carvedilol melting in the aforementioned sample.
These data further indicate that total amorphization was achieved in both the scaled-up
(HSES) and regular (SNES) ES samples. The wide endotherm peaks at lower temperatures are
related to water evaporation.
4.1.4. Production of ES tablet batches
Once the ES products proved to be amorphous, a direct compression (DC) technology was
developed to formulate them into final dosage forms. DC technology is the safest, easiest, and
most economical way to produce tablets since it takes the least amount of toll on the ingredients
through simple and short homogenization steps [186].
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However, in order to successfully apply the technology, proper tableting materials are needed.
For our purposes, as they are briefly detailed in Table 7, an amorphous lactose with exceptional
flowability called Flowlac was co-processed with microcrystalline cellulose (with low water
content < 1.5%). The application of this MCC subtype was preferable since ES products are
hygroscopic. The adoption of both materials was desirable since (as it was described in our
previous work [176]) the electrospun samples can adhere to their surfaces. Ultimately, this
beneficial phenomenon sets the foundation to realize effective homogenization.
Croscarmellose sodium, specifically developed for manufacturing tablets was used as the
superdisintegrant. These agents provide superior disintegration characteristics compared to
standard disintegrants while maintaining a low-dose (1–4%) in the formulation [187] . Lastly,
sodium stearyl fumarate (Pruv), was applied to lubricate the tablets. It is a hydrophilic agent
possessing considerable advantages compared to magnesium stearate such as less sensitivity to
over-lubrication [188].
For the DC technology only plastic bags, a high-shear mixer, and a tablet rotary press were
required. Only the HSES samples were compressed into tablets since the production of sufficient
amounts of ingredients by SNES would have taken days to fabricate. Overall, 6 batches were
produced 4 of which contained ES product. Two were manually homogenized in plastic bags
emulating industrial container homogenization and the other two were homogenized in an HSM.
The final two batches contained crystalline carvedilol serving as a reference. One was
homogenized in LSM conditions and the other by HSM. The batch characteristics are detailed in
Table 12.
Table 12 Batch characteristics and their physical test results (A and B are repetitions of the same
technology)

Method of
homogenization

LSM
reference
Crystalline
CAR
Manual
(LSM)

HSM
reference
Crystalline
CAR
High-shear
(HSM)

LSM HSES
Batch A
Electrospun
CAR
Manual
(LSM)

LSM HSES
Batch B
Electrospun
CAR
Manual
(LSM)

HSM HSES
Batch A
Electrospun
CAR
High-shear
(HSM)

HSM HSES
Batch B
Electrospun
CAR
High-shear
(HSM)

Weight (mg)

99.9 ± 0.5

99.2 ± 0.7

99.2 ± 0.8

100.2 ± 0.7

100.9 ± 1.0

99.8 ± 1.1

Thickness (mm)

3.08 ± 0.44

3.02 ± 0.54

3.06 ± 0.69

3.04 ± 0.57

3.05 ± 0.60

3.03 ± 0.52

Hardness (N)

64.3 ± 7.62

69.2 ± 6.22

60.6 ± 5.67

63.8 ± 7.51

68.6 ± 5.11

62.7 ± 6.71

Diameter (mm)

5.97 ± 0.19

5.95 ± 0.22

5.97 ± 0.27

5.98 ± 0.17

5.99 ± 0.29

5.97 ± 0.21

Friability (%)

0.21

0.31

0.39

0.25

0.20

0.27

Disintegration (s)

84 ± 25

95 ± 32

103 ± 29

119 ± 37

138 ± 42

125 ± 35

Characteristics
API type
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The HSM suitable for performing multiple technological steps, such as homogenization,
granulation, and drying, was expected to work well with the ES product [189]. Once the
homogenizations were carried out, the mixtures were compressed into tablets using a tablet rotary
press without any problems. Physical tablet tests were carried out to evaluate the oral dosage
forms. The summary of the results is detailed in Table 12.
According to the acquired results, all batches had roughly the same properties without any
unacceptable data. Friability was well below the 1% limit, while disintegration [190] was easily
achieved within 15 (Ph. Eur.) or 30 (USP) min both criteria set by the Pharmacopeias.
4.1.5. Investigation of API homogeneity via CU measurements
The summary of the measured average API contents and their homogeneity are detailed in
Table 13.
Table 13 CU results of the ES tablet batches
Carvedilol (%)
Sample number
LSM Reference

HSM Reference

LSM ES A

LSM ES A

HSM ES A

HSM ES B

Average

98.76

97.68

94.19

93.21

97.63

96.71

SD (%)

7.43

4.65

9.50

6.80

2.04

2.49

RSD

7.52

5.13

10.08

7.30

2.09

2.58

The batches containing crystalline carvedilol yielded expected results with acceptable API
content and high RSD values. These results can be linked to the low quantity of API (250 mg)
applied and to the fact that the average particle size of crystalline carvedilol is quite large, which
makes its proper homogenization quite difficult in such a small dose. This phenomenon could not
be solved even in the HSM since SD and RSD values were still too high, 4.65 and 5.13
respectively. Out of the ES samples, the batches homogenized in HSM proved to be much better
than the LSM tablets homogenized in plastic bags under low-shear conditions. To differentiate
between the samples, additional measurements were carried out.
4.1.6. Evaluation of API homogeneity by Raman mapping
To investigate the observed homogeneity differences between the LSM and HSM ES tablets,
Raman maps were taken of the aforementioned solid dosage forms. Raman mapping is a nondestructive analytical method enabling API homogeneity measurements in pharmaceuticals [191].
Analyses were conducted on individual tablet surfaces, one from each batch.
Since directly searching for the API at such a low-dose (50 µg) with Raman spectrometry is
a very challenging task, an indirect method was adopted. Given the fact, that the API is
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molecularly dispersed in the PVPVA64 polymer matrix [192], we can assume that the homogeneity
of the API is in correlation with the homogeneity of the polymer. Consequently, the maps were
taken accordingly. These results are shown in Figure 14.

Figure 14 Raman maps of LSM (a) and HSM (b) ES tablets (colorful images show the distribution of
the PVPVA64 polymer)

Upon inspecting the maps, the distribution of API could be indirectly investigated, but only
slight differences were detected within the standalone tablets. This result demonstrates, that the
API containing polymer is evenly distributed in the single solid dosage forms. However, this still
does not explain the large inhomogeneity deviations discovered by the CU measurement, which
is a result of evaluating multiple tablets at once.
4.1.7. Results of sieve analysis
Since the analysis of single tablets did not clarify the deviations between the LSM and HSM,
sieve analysis was selected as an alternative method. A total weight of 25 g (the equivalent of 250
tablets) of LSM and HSM final powder mixtures along with the pure fibers were investigated,
whose results are shown in Table 14. Both LSM and HSM tablets are mainly (more than 90%)
made up of lactose and microcrystalline cellulose tableting materials, whose average particle sizes
are 150 and 130 µm respectively.
Table 14 Sieve analysis results (the mixtures contain 5% ES material)
Sieve size (µm)

Pure ES
material (g)

LSM Final Powder
Mixture (g)

HSM Final Powder
Mixture (g)

355

13.80

0.22

0.02

180

1.61

5.02

5.41

90

1.03

9.22

9.35

sub 90

8.56

10.54

10.22

According to the measured sieve fractions, HSM homogenization was able to decrease the
quantity of the 355 µm portion by more than ten times compared to LSM mixing. This is crucial
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since the bulk of the pure electrospun materials were recovered on this sieve and, more importantly
for complete homogenization, particle sizes should be as close to each other as possible to avoid
segregation [193]. Based on these results, the high-performance impeller and chopper blades
present in the HSM can further reduce the average particle sizes (due to high shear forces) of the
fibrous materials, thus superior blending with excipients can be achieved. These aforementioned
fractions were also evaluated by Raman spectroscopy to look for traces of electrospun substance.
The spectra are shown in Figure 15.

Figure 15 Raman spectra taken of pure ES (red) and sieved (black) material

According to the recorded spectra, the signal of the sieved material is almost identical to the
spectrum of the starting ES material ultimately confirming that the API containing polymer was
detected in the sieved mixture. Conclusively, this contributed to higher inhomogeneity among
LSM tablets compared to HSM tablets. This outcome can be linked to Table 13 where the high
SD and RSD values of the LSM tablets validate these findings.
Based on these results it is clear that a greater sample size was needed to be evaluated in order
to identify the causes of homogeneity differences observed between the mixing methods. By
implementing sieve analysis, the equivalent of 250 tablets could be screened, which enables
broader examination compared to single tablet Raman mapping.
This outcome proves that the high-shear mixer coupled with the direct compression
technology should be the first method of choice when proper homogenization of electrospun
samples is required.
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4.2. TSWG-based low-dose tablet formulation
4.2.1. Results of placebo experiments
4.2.1.1. Production of granules
As it was thoroughly detailed in the literature review section of the thesis, the effect of
parameter changing during continuous TSWG is a highly examined subject in the literature.
Consequently, it was not intended to be covered during these trials. The parameter settings of the
performed experiments are summarized in Table 15.
Throughout the initial experiment, the PVP was dissolved in ethanol to form the granulating
liquid to be dosed into the second zone of the continuous TSG equipment. In the subsequent
(downstream) step, the applicability of wet sieving was compared to the results of standard dry
sieving. This experiment was deemed necessary to discover its effect on the consequent granule
PSD. The final trial, when the PVP was pre-blended with lactose and starch to form a premix, is
considered notable from the aspect of industrial adaptability of TSWG. By simply blending the
binder with the other excipients, the time needed to prepare the granulation liquid (pure solvent)
was greatly reduced. Ultimately, this method decreases the complexity of the granulation.
However, it is unknown if it will change the granulation mechanism and/or impair the PSD.
Upon completion, the wet granules were dried in a batch fluid bed dryer. During this
operation, it is necessary to keep the product temperature at a reasonably low level to protect the
future batches (that will incorporate the low-dose API) from potential degradation.
Table 15 TSWG settings of the placebo granulations
Settings

PVP
quantity
(%)

Screw
speed
(rpm)

Binder
addition
method

Drying
conditions (°C,
min)

Execution of sieving
(Prior or after drying)

Dissolved PVP

3

150

Solution

50;5

After

Premixed PVP

3

150

Premix

50;5

After

Wet sieving

3

150

Solution

50;5

Prior

4.2.1.2. Characterization of the placebo granules
The continuously manufactured placebo granules were examined and evaluated by PSD,
flowability, residual moisture content (Loss on drying), and lastly bulk and tapped density
measurements.
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The results along with the corresponding data of the starting lactose-starch mixture are
detailed in Table 16.
Table 16 The measured properties of the starting powder mixture and the granules
Properties

Bulk
density
(g/cm3)

Tapped
density
(g/cm3)

Compressibility
index (%)

Hausner
ratio

Flowability
(s/100 g)

d(0.9) (µm)

Loss on
drying
(%)

Lactose-starch
premix

0.488

0.677

27.92

1.39

Nonflowing

Lactose: 57
Starch: 79

3.34

Dissolved PVP

0.576

0.640

10.00

1.11

10.75±0.06

1084

3.98

Premixed PVP

0.550

0.625

12.00

1.14

11.01±0.52

831

3.61

Wet sieving

0.499

0.559

10.73

1.12

12.05±0.21

506

3.19

Based on the density values, the compressibility indices and Hausner ratios were also
determined. These non-intrinsic powder properties are easily calculated and provide valuable
information regarding flow characteristics [194]. According to the results, each experiment
produced highly flowable granules, confirmed not only by the calculated values but by the highly
successful funnel flowability tests (10–12 s/100 g). By contrast, the starting lactose-starch powder
mixture could not pass through the orifice. Interestingly, the product made by wet sieving
exhibited good flow properties despite the significantly lower particle size (and less advantageous
PSD, shown in Figure 16).
The loss on drying results demonstrate, that none of the manufactured batches contained more
than 4 % moisture. The measured values enabled the consequent tableting process to be carried
out easily. No signs of capping, lamination (a possible cause of low moisture content), and sticking
(a possible cause of high moisture content) were observed throughout the operation. Wet sieving,
since smaller particles were dried, facilitated the evaporation of ethanol, thus by applying the same
drying method, lower residual moisture content was achieved (3.19 %).
Out of all granule characterization methods, PSD measurements and their evaluations can be
considered as the most vital and important [31], since it provides direct feedback on the actual
success or failure of the size enlargement process. Prior to granulation, the desired range was
determined to be between 90 and 1000 µm following sieving with a unimodal distribution. At this
range, granules generally possess the necessary attributes needed for the upcoming manufacturing
stages [195]. The results of the PSD measurements are shown in Figure 16.
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Figure 16 Particle Size Distribution results based on laser diffraction measurements following
sieving (0.8 mm)

Based on the PSD results of the starting materials (lactose, starch), their small average particle
size is clearly apparent. The d(0.9) values of lactose and starch were found to be 57 and 79 microns
making their possible future application without granulation impossible. Contrarily, the PSDs of
the granulated samples were more favorable as the products had d(0.9) values in the upper
hundred-micron range. These results demonstrate the applicability of this continuous TSWG
technology for size enlargement purposes. Granulation carried out with the initial dissolved PVP
settings produced high-quality granules with a unimodal distribution profile [117]. The premixing
of PVP caused a slight increase of fines indicating that the binder was unable to blend perfectly
with the excipients resulting in an incomplete granulation, although the final result was still
deemed acceptable (the majority of the granules belonged to the desired 90–1000 µm range and
the d(0.9) value remained above 800 µm). The implementation of wet sieving produced great
amounts of fines suggesting that the bonds constructed by the binder between the excipient
particles can be broken before the subsequent drying step could solidify them. Based on this
outcome, the potential application of wet sieving in the upcoming API experiments was discarded.
The granulation with the placebo system was deemed successful, and the obtained granules were
appropriate. Therefore, no further optimization of TSWG seemed necessary.
4.2.1.3. Production of tablet batches
Two of the discussed three kinds of granules were selected to be compressed into final dosage
forms for further investigation. The batches manufactured with the dissolved PVP and the PVP
premix were selected and processed accordingly. These two samples were chosen since the
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mechanism of the granulation (the binding bridge formation among the particles) might be
different, which can have a significant impact on the resulting tablet properties. Upon completion
of the final powder mixtures, the blends were compressed into tablets and their characteristics
were measured and evaluated.
The results are detailed in Table 17.
Table 17 Physical test results of the placebo tablets compressed from granules prepared by TSWG
Compression
force (kN)

4

6

8

10

4

6

8

10

Granule
production

Dissolved
PVP

Dissolved
PVP

Dissolved
PVP

Dissolved
PVP

Premixed
PVP

Premixed
PVP

Premixed
PVP

Premixed
PVP

Weight (mg)

83.4±0.6

83.9±0.7

83.9±0.7

83.4±0.8

86.7±0.8

88.4±0.4

84.0±0.4

83.8±0.5

Thickness (mm)

2.58±0.01

2.53±0.01

2.48±0.01

2.45±0.02

2.64±0.03

2.61±0.01

2.47±0.01

2.45±0.02

Diameter (mm)

5.96±0.01

5.96±0.01

5.96±0.01

5.98±0.02

5.97±0.01

5.97±0.01

5.96±0.01

5.99±0.02

Hardness (N)

75±7

101±13

134±13

136±10

87±10

127±12

134±9

143±5

Friability (%)

0.248

0.282

0.26

0.292

0.360

0.352

0.324

0.415

Disintegration (s)

115±43

131±39

164±32

196±64

126±32

129±45

168±30

119±75

According to the results, the batches containing PVP in premix produced slightly stronger
tablets with the same compression force, while the average time of disintegration was
approximately identical. In each case, the disintegration limit of 15 (Ph. Eur.) or 30 minutes (USP)
set by the Pharmacopeias was easily achieved (2–3 minutes). Average tablet hardness values were
ranging from 75 to 143 N, monotonically increasing with compression force but reaching a close
to the maximum value already at 8 kN (dissolved PVP) and 6 kN (PVP premix). Tablets produced
with the dissolved binder had significantly lower friability at all compression forces, which can be
attributed to the enhanced binding ability of PVP in a solution, but the possibility of reaching the
maximum limit of 1 % was never at risk. Based on the obtained results of the placebo system, the
granulation method with dissolved PVP in the granulation liquid was chosen for the experiments
with the active ingredient.
4.2.2. Results of the low-dose CAR-containing tablets
4.2.2.1. Evaluation of API homogeneity via CU measurements
As it was thoroughly discussed in the literature review part of this dissertation, meeting the
Content Uniformity requirements in low-dose drug products can be quite challenging. High
standard deviation of the processed API can particularly be characteristic of low-dose
formulations. However, studies conducted on this field based on continuous TSWG are very
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limited. In order to obtain highly homogeneous tablet batches, CAR was dissolved in the
granulating liquid, since the precise dosing of the API with a continuous powder feeder at such a
low concentration (0.035 w/w%) can make the homogenization even more challenging [196].
In accordance with the preliminary placebo tablet results, the initial dissolved PVP settings
were selected to manufacture the CAR-containing batches with the TSWG technology. Since the
API content is extremely low, its potentially unfavorable effect on the success of granulation was
deemed negligible. Finding the most Critical Process Parameter affecting homogeneity can be a
cornerstone of this technology. As CAR was dissolved in the ethanol, it seemed worthy to examine
the liquid dosing unit, especially the applied pump. During these experiments, three pumps with
different working principles (peristaltic pump, syringe pump, piston pump) were applied to
discover whether the type of the employed pump has any significant effect on the outcome of
success in CAR homogeneity. API content of the final dosage forms was measured and their RSD
was subsequently calculated. These are shown in Figure 17.

Figure 17 Relative Standard Deviation of the CAR content in tablets (granules were made with
different pumps)

According to the results, the adoption of the peristaltic pump produced higher RSD values in
the tablets signaling a greatly inhomogeneous batch. The apparent pulsating flow observed
throughout the operation of the peristaltic pump ultimately leads to inconsistent feeding, which
prevents the low-dose API to evenly blend with the other materials. As opposed to the peristaltic
pump, syringe and piston pump ensured lower RSDs of the CAR content. The best result was
achieved by applying the syringe pump. It seems obvious that the type of pump has a significant
effect on the homogeneity of the API. It can be claimed that when the API is dissolved in the
granulating liquid, the successful result of the most important CQA (Content Uniformity) of lowdose products can be linked to the liquid dosing rate (and thus, the type of the pump) as the most
important correspondent CPP. Defining CPPs and CQAs in pharmaceutical development is an
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integral part of the Quality by Design (QbD) guidelines promoted by the Food and Drug
Administration [197].
4.2.2.2. Investigation of pump properties – the dosing profiles
As the liquid dosing rate was proved to be a critical parameter, it is worth putting effort into
determining it with a simple method (that ultimately could be adopted as an in-line soft sensor too)
as implied by the QbD guidelines.
In order to compare the different pumps, the liquid addition rate of the three applied types was
measured. The recorded rate for one minute in the case of each pump is shown in Figure 18. The
tested average feeding speeds were realistic, similar to one applied during normal granulation runs.

Figure 18 Liquid dosing rates of (a) peristaltic pump (b) piston pump (c) syringe pump (red lines
denote the average mass flow values while the dashed lines mark the ±5 % deviation)

Not surprisingly, the least consistent dosing was demonstrated by the peristaltic pump
showing a sinusoidal profile (RSD of the mass flow: 10 %). By adopting the piston pump, more
consistent dosing of the ethanolic solution was achieved (RSD: 5.6 %). A very steady dispensing
of the liquid was realizable with the syringe pump (RSD: 3.4 %). Consequently, the application of
the latter two pumps is recommended when homogeneity of the liquid (and possibly, the dissolved
drug) distribution is of great importance. The inconsistent feeding of the granulating liquid may
contribute to more disadvantageous PSDs [111] (besides the inhomogeneous drug distribution)
especially if the granulating agent is dissolved in it.
If the RSD values of the mass flows belonging to the different pumps are compared to the
RSD values of the drug content in tablets, a good correlation can be found as shown in Figure 19.
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Figure 19 Correlation between RSD values of mass flows and of CAR content

The linear correlation means that based on the measurement of the liquid flow rate (as CPP),
the Content Uniformity (as CQA) can be estimated in this case.
Based on these profiles achieved through simple trials, the applicability of certain pumps in
future granulation experiments could be evaluated. Additionally, only minimal amounts of
material – even without an API – is necessary to carry out these investigations. By the potential
development of a residence time distribution model [198], an even more precise method can be
established to estimate Content Uniformity and to determine which profiles are acceptable and
which are not for certain purposes. Ultimately, this can be the "digital twin" of the continuous
TSWG unit.
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4.3. TSWG-CFBD-CS-based low-dose tablet formulation
4.3.1. Manufacture of granules
In order to maximize the production rate and minimize the energy consumption of the CM
line, the minimal L/S ratio required for granulation had to be determined. By doing so, the amount
of water needed to be evaporated throughout the drying phase can be lowered, thus increasing the
overall efficiency of the whole unit. The settings of the performed placebo granulation trials are
summarized in Table 18.
Table 18 Granulation settings for placebo and CAR-containing experiments
Run

L/S
ratio

Powder feeding rate
(kg/h)

Liquid feeding rate
(kg/h)

Outcome

Placebo

0.22

1

0.22

clumps

Placebo

0.19

1

0.19

clumps

Placebo

0.16

1

0.16

Good granules, but few
agglomerates

Placebo

0.14

1

0.14

Ideal granules

Placebo

0.13

1

0.13

Ideal granules

Placebo

0.11

1

0.11

Ideal granules

Placebo

0.09

1

0.09

Good granules, but with fines

Placebo

0.07

1

0.07

Few granules and a lot of fines

CAR

0.16

1

0.16

Good granules, but few
agglomerates

CAR

0.14

1

0.14

Ideal granules

CAR

0.13

1

0.13

Ideal granules

CAR

0.11

1

0.11

Ideal granules

Based on results, L/S ratios of 0.22 and 0.19 produced only clumps and therefore could not
be processed further, while on the other side of the evaluated interval, the value of 0.07 produced
increased amounts of fines indicating the insufficient quantity of granulating liquid in the process.
Ratios of 0.16 and 0.09 can be deemed the border values for acceptable granulation since both
processes have produced small amounts of over-granulated particles and fines signaling the
apparent limits of granulation. Consequently, values of 0.11; 0.13; and 0.14 all produced ideal
granules suitable for the upcoming API containing experiments.
The CAR containing trials were executed out by applying a 2 v/v% acetic acid solution to
solubilize the BCS class 2 API. However, the trial with the lowest, but still acceptable L/S ratio
(0.09) could not be reproduced due to CAR insolubility at this concentration [181]. Consequently,
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L/S ratios from 0.11 to 0.16 were chosen for the API containing granulations and the upcoming
tableting trials. These results are also detailed in Table 18.
Overall, the API containing granulations proceeded without any significant alterations from
the previous placebo trials of the same L/S ratio, indicating that the minuscule amount of API in
the process indeed did not cause any significant alteration throughout the process during
production.
4.3.2. Characterization of granules
Placebo and CAR containing granules manufactured by the integrated CM line were
thoroughly examined and evaluated by PSD, flowability, residual moisture content (LOD), and
lastly bulk and tapped density measurements. The results along with the corresponding data of the
starting lactose-starch mixture are detailed in Table 19.
Table 19 Properties of the starting lactose-starch premix and the produced granules
Properties

L/S
ratio

Bulk
density
(g/cm3)

Tapped
density
(g/cm3)

Compressibility
index (%)

Hausner
ratio

Flowability
(s/100 g)

Loss on
drying
(%)

Lactosestarch
premix

-

0.66

0.92

28.3

1.39

Nonflowable

1.75

Placebo

0.16

0.51

0.59

13.6

1.16

13.0

1.93

Placebo

0.14

0.52

0.61

14.8

1.17

13.2

1.25

Placebo

0.13

0.48

0.57

15.8

1.19

13.9

0.99

Placebo

0.11

0.46

0.55

16.4

1.19

19.3

0.88

Placebo

0.09

0.44

0.54

18.5

1.23

16.4

0.93

Placebo

0.07

0.55

0.74

25.7

1.35

29.4

1.22

CAR

0.16

0.55

0.64

14.1

1.16

12.2

2.10

CAR

0.14

0.54

0.62

12.9

1.15

12.3

1.18

CAR

0.13

0.54

0.63

14.3

1.17

12.4

1.24

CAR

0.11

0.47

0.57

17.5

1.21

13.6

1.29

By using the measured values of tapped and bulk density, the Compressibility Index (CI) and
Hausner ratio (HR) values were calculated. According to the measured data, only the trial with the
lowest L/S ratio of 0.07 produced unacceptable granules (limited flowability, high CI, and HR),
while all the other runs resulted in high-quality products. By comparison, the initial lactose-starch
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mixture is completely non-flowable along with the highest calculated CI and HR ratios,
demonstrating the overall successful outcome of the particle enlargement technology. LOD values
were all deemed acceptable since all were in the range of the result of the starting pre-blend
indicating efficient water evaporation during the drying phase.
Subsequently, PSDs of the produced granules were determined and the results along with the
corresponding d(0.1) (µm), d(0.5) (µm), and d(0.9) (µm) values are shown in Figure 20a
(placebo), 20b (CAR) and Table 20.

Figure 20a, b PSD results of the lactose-starch premix and the manufactured granules with different
L/S ratios from 0.07 to 0.16 (placebo) and 0.11 to 0.16 (CAR) according to laser diffraction
measurements
Table 20 Particle sizes of the starting lactose-starch premix and manufactured granules with different
L/S ratios based on laser diffraction measurements
Properties

L/S ratio

d(0.1) (µm)

d(0.5) (µm)

d(0.9) (µm)

Lactose-starch premix

-

13.4

88.3

198.9

Placebo

0.16

177.6

479.1

913.7

Placebo

0.14

117.8

389.6

858.9

Placebo

0.13

220.4

498.7

906.9

Placebo

0.11

146.7

332.9

694.4

Placebo

0.09

133.6

303.9

663.8

Placebo

0.07

37.9

196.9

581.0

CAR
CAR

0.16

213.1

558.5

955.3

0.14

147.4

448.5

852.7

CAR

0.13

136.1

371.6

777.9

CAR

0.11

195.1

443.2

851.5

PSD requirements were set in accordance with the previously discussed TSWG-based tablet
formulation meaning that the initial goal was to manufacture granules in the size range of 90-1000
µm with a unimodal size distribution, enabling efficient downstream processing and ultimately
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tableting.
According to the acquired results, the starting lactose-starch premix has a bimodal PSD
indicating the apparent size difference of the input materials. Corn starch particles are very small
corresponding to the curve in the 10-30 µm range [199], while the lactose-monohydrate
(Granulac® 70 [200]) values are significantly larger shown by the distribution in the 50-200 µm
area. This outcome further demonstrates the requirement of successful granulation of the initial
powder mixture to achieve efficient homogenization of the low-dose API and to prevent potential
segregation.
By contrast, all granulations except for the lowest applied L/S ratio produced unimodal PSDs
along with particle sizes in the hundred-microns demonstrating the success of the size
enlargement technology. The trial with the lowest L/S ratio resulted in increased amounts of fines
and overall a bimodal distribution indicating the insufficient quantity of granulation liquid in the
process. By adding the low-dose APIs to the process, the resulting average particle sizes did not
differ significantly from the placebo runs of the same L/S ratio ultimately proving the adequacy
of the integrated CM line in producing high-quality granules.
4.3.3. Design of Experiments (DoE) / evaluation of the effect of process parameters of
the CFBD
In order to assess the significance of process parameters (airflow rate, supply air temperature)
of the CFBD device on granule LOD, a full factorial DoE with 11 placebo trials was executed.
LOD can be deemed the most important data regarding the endpoint of the drying process,
therefore it was chosen as the focal point of the statistical evaluation. The produced granules were
measured and evaluated thoroughly (LOD, d(0.1) (µm), d(0.5) (µm), d(0.9) (µm), bulk/tapped
density, flowability, and cone angle) and the acquired results are detailed in Table 21.
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Table 21 Granule attributes produced within the DoE
Acronym (see
also in Table 9)

Loss on
drying
(%)

PSD
D10
(µm)

PSD
D50
(µm)

PSD
D90
(µm)

Bulk
density
(g/cm3)

Tapped
density
(g/cm3)

Flowability
(s/50 g)

Cone
angle
(°)

1_0.8_60_80

1.38

120

312

679

0.476

0.575

8.9

30.1

2_1.2_60_80

1.28

142

420

891

0.472

0.568

8.6

31.6

3_0.8_100_80

1.08

158

404

783

0.431

0.532

11.1

32

4_1.2_100_80

1.14

148

342

726

0.51

0.562

9.4

30.8

5_0.8_60_120

1.23

169

477

906

0.49

0.581

7.4

30.3

6_1.2_60_120

1.29

159

355

650

0.442

0.538

10.8

30.7

7_0.8_100_120

1.09

161

347

688

0.442

0.532

11

30.7

8_1.2_100_120

1.04

136

318

723

0.463

0.568

11.1

31.2

9_1.0_80_100

1.09

152

401

818

0.459

0.562

10.2

31.3

10_1.0_80_100

1.09

153

307

596

0.446

0.521

11.3

32.3

11_1.0_80_100

1.18

141

362

798

0.472

0.562

10.8

30.8

These results were evaluated by Modde software and the overview of the results is detailed in
Figure 21.

Figure 21 Response surface models generated by Modde software on Loss-on drying results
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The upper left section shows the measured LOD values in ascending order of the
Experimental Number (see also in Table 9) attribute. The standard deviation of measurement
results in the center point is smaller than the standard deviation of all data. In the lower-left figure,
the significant effect of the reduced model is highlighted: only the effect of “Drying temperature”
can be deemed significant. Neither the cross-effects nor the main effects of “Feeding rate” and
“Airflow rate” can be considered important (for more accurate evaluation, cross-effects were
removed from the statistical model) on the resulting LOD.
In the upper right section, the summary of fit is shown. The green column corresponds to the
R2 value or the measure of fit signaling how well the model fits the data. The software calculates
R2 based on the following equation (2) [201]:

𝑅2 = 1 −

SSres
SStot

=1−

∑𝑛
̂ 𝑖 )2
𝑖=1(𝑦𝑖 − 𝑦
∑𝑛
̅)2
𝑖=1(𝑦𝑖 −𝑦

(2)

where SSres is the sum of squares of the residual, corrected for the mean, and SStot is the total
sum of squares of Y corrected for the mean. A large R2 is a necessary condition for a good model,
which in this case was achieved, but it is not sufficient alone. The blue column shows the Q2 value
implying how well the model predicts new data. A useful model should have a large Q2, while
poor reproducibility (poor control over the experimental error) can cause low Q2 values. In this
case, the small number of samples also contributes to the resulting lower value. The yellow column
signals model validity, which in all cases should be over 0.25 indicating there is no lack of fit (the
model error is the same range as the pure error). Consequently, model validity in this calculation
is acceptable with a value over 0.8. The last light blue column shows reproducibility, highlighting
the variation of the response under the same conditions (pure error). As a rule of thumb, this value
should be greater than 0.5 indicating good reproducibility [201]. The value around 0.75 means that
the model calculates the same conditions (central point experiments) with negligible error.
Lastly, in the lower right part of the figure, the normality of the residuals is shown. As the
normality of the measured data could not be verified, variable transformation was necessary with
the following parameters (the evaluation itself was based on the transformed data) detailed in the
following formula:

𝑌 ∗ = 10𝑙𝑜𝑔(𝑐1 ∗ 𝑌 + 𝑐2)

(3)

where Y is the untransformed, Y* is the transformed data, while c1 is 1 and c2 is 0. Based
on previous experience gained on acceptable LOD variation, the standard goal for drying was
to produce LODs with ±0.75% from the moisture content in the steady-state of the input materials.
Consequently, the acceptable range was set to 1-2.5% with the center target value of 1.75%.
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Subsequently, the design space along with the probability of failure was also determined, which
is shown in Figure 22.

Figure 22 Design space and the probability of failure for granulation with a feed rate of 1.2 kg/h
with an acceptable LOD of 1-2.5%

The area highlighted in green displays all the potential settings that will ultimately lead to
acceptable LOD results. The area in red should be avoided during production runs since those
settings will only increase the probability of failure for granulation. The numbers on the boundary
lines on the right side of the figure indicate the probability of failure in percentage demonstrating
that in the investigated process space, the potential inadequate selection of the drying parameters
is rather low. The intersection of the black cross represents the theoretical optimum setpoint, that
can be reached by applying the following settings: feeding rate: 1.02 kg/h; drying temperature:
77.1°C; Air flow rate/zone: 102.8 l/min. This is the most robust setpoint meaning a specific setting
that is at a maximized distance from the acceptance boundaries in the design space. Based on the
calculations of the software, the recommended settings of the most robust setpoint for acceptable
LOD results are very similar to the central point experiment settings that were set prior to the
experiments.
As a result of the DoE runs it can be concluded, that all trials yielded acceptable granules
indicating an overall robust manufacturing method with a very low chance of failure.
Consequently, trials with more extreme settings could determine the border limits of successful
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drying, but this was not intended to be incorporated into this study.
4.3.4. Manufacture of low-dose tablet batches
Out of all produced granules, only the low-dose CAR containing ones (L/S ratio of 0.11-0.16)
were selected for tableting in order to investigate the homogeneity characteristics of the low-dose
API in the final solid oral dosage forms. The results are detailed in Table 22.
Table 22 Physical test results of the low-dose tablets compressed from granules prepared by the
integrated CM line
L/S
ratio

Main
compression
force (kN)

Weight
(mg)

Thickness
(mm)

Diameter
(mm)

Hardness
(N)

Friability
(%)

Disintegration
(s)

0.16

5

99.6±1.4

3.13±0.03

5.98±0.01

69±6

0.32

129±30

0.14

5

101.2±1.3

3.19±0.02

5.99±0.01

66±7

0.26

127±34

0.13

5

100.4±1.0

3.21±0.02

5.99±0.01

59±6

0.34

118±28

0.11

5

101.2±0.8

3.28±0.02

5.97±0.01

50±4

0.22

90±28

According to the acquired data, all batches yielded very similar results demonstrating the good
compressibility (minimal weight variation with acceptable hardness) of the produced granules
independent of the applied L/S ratio. Tablet weight exhibited minimal variation indicating efficient
die filling of the granules with hardness values providing approximately the same data for all solid
dosage forms. Friability values indicate sturdy solid dosage forms since the maximum limit of 1%
set by the Pharmacopeias was easily achieved by all batches. The required time for disintegration
is another parameter detailed in the Pharmacopeias, with the acceptable maximum time set at 15
(Ph. Eur.) or 30 (USP) minutes for plain tablets. This criterion was also met for all tablet batches
with only needing approximately 2-3 minutes for total disintegration. In addition, the results
demonstrate that by decreasing the L/S ratio, the tablet hardness and time of disintegration
gradually get smaller, while the thickness values increase indicating an overall decrease in tablet
tensile strength.
4.3.5. Assessment of low-dose API homogeneity via CU measurements
To efficiently produce homogeneous low-dose tablets, the same principle was applied as in
the previously discussed TSWG-based formulation leading to the adoption of a pulse-free liquid
dosing unit (piston pump), while the minuscule amount of API was dissolved in the granulating
liquid.
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API contents of the CAR containing tablet batches were measured and the corresponding SD,
Relative SD (RSD), and Acceptance Value (AV) values were calculated. The results are shown in
Table 23.
Table 23 Content Uniformity of the low-dose CAR tablets
L/S ratio

Mean CAR content (%)

SD (%)

RSD

AV

0.16

94.0

2.82

3.0

11.3

0.14

89.4

0.99

1.1

11.5

0.13

96.8

1.95

2.0

6.4

0.11

96.4

1.02

1.1

4.6

Based on the results, all 4 batches yielded great homogeneity results, with RSD values ranging
from 1.1-3. This outcome demonstrates the suitability of the integrated CM line for producing
low-dose, highly homogeneous tablets with high efficiency. Furthermore, all AV values are
deemed acceptable according to the USP monograph with the maximum value set at 15. AV is the
most relevant parameter regarding content uniformity since it incorporates API content and
standard deviation into its computing formula [18]. Consequently, the batch with the adopted L/S
ratio of 0.11 had the lowest AV value indicating that the best result was achieved with this setting.
All in all, the application of the L/S ratio of 0.11 during these granulations, is not only
beneficial from a maximum drying efficiency standpoint, but also from meeting the content
uniformity requirements making it an ideal choice for the scale-up experiments.
4.3.6. Investigation of scale-up and blend uniformity results
In order to further investigate the applicability of the integrated continuous granule production
line, scale-up experiments were designed to assess its overall capabilities. By comparison,
increasing capacity in traditional batch conditions is quite challenging with multiple factors to
consider [202].
Conveniently, scale-up in a CM environment can be realized in the same setup only by raising
the feed rate of the input materials. Consequently, low-dose API containing granules with
increased feed rates (3 and 10 kg/h) and an applied L/S ratio of 0.11 were manufactured and the
production settings along with the granule characteristics are detailed in Table 24. For comparison,
the data from the previous 1 kg/h runs is also shown.
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Table 24 Scale-up settings and granule results produced by the integrated CM line
Run

Feed
rate
(kg/h)

Drying air
temperature
(°C)

Airflow rate
(l/min/zone)

Bulk
density
(g/cm3)

Tapped
density
(g/cm3)

Flowability
(s/100 g)

Compressibility
index (%)

Hausner
ratio

Loss on
drying
(%)

Ref.

1

80

100

0.47

0.57

13.6

17.5

1.21

1.29

1

3

80

100

0.46

0.55

15.1

16.4

1.19

1.48

2a

10

80

100

NM*

NM*

NM*

NM*

NM*

3.71

2b

10

120

133

0.47

0.56

14.3

16.1

1.19

2.25

*NM: Not measured

Based on the scale-up results, granules achieved with the feed rate of 3 kg/h had very similar
results with the 1 kg/h experiment. This outcome further demonstrates the effectiveness of the
integrated CM line with the capability of achieving a successful scale-up by applying the same
settings. By increasing the throughput rate to 10 kg/h, initial LOD results (3.71%) indicate the
requirement to increase the drying performance of the CFBD equipment. Subsequently, the supply
air temperature and airflow rate were raised considerably (120°C and 133 l/min/zone) resulting in
an acceptable LOD value (2.25%) with the other characterization methods further solidifying the
adequacy of the prepared granules. It can be concluded, that the increase in drying capacity was
necessary due to the thicker layer of wet granules on the perforated belt, while throughout the 3
kg/h run this phenomenon was not significant. Consequently, the width, length and vibration
intensity of the belt can be deemed critical mechanical parameters for future CFBD designs
ensuring simple scale-up even by applying the same process settings.
PSD and the corresponding d(0.1) (µm), d(0.5) (µm), and d(0.9) (µm) values of the granules
produced by scale-up have also been characterized. These are shown in Figure 23 and Table 25
along with the results of the previous 1 kg/h trial and the starting lactose-starch premix.
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Figure 23 PSD results of the lactose-starch premix and the manufactured granules with different
feed rates according to laser diffraction measurements
Table 25 Particle sizes of the starting lactose-starch premix and manufactured granules with different
feed rates based on laser diffraction measurements
Characteristics

L/S ratio

d(0.1) (µm)

d(0.5) (µm)

d(0.9) (µm)

Initial premix

-

13.4

88.3

198.9

1 kg/h

0.11

195.1

443.2

851.5

3 kg/h

0.11

156.9

406.8

856.1

10 kg/h

0.11

147.6

305.4

685.3

Based on the outcome of the acquired results, successful particle size enlargement was
achieved for all granulation experiments. In the case of the 10 kg/h run, a small decrease in granule
size was observed attributing to the apparent increase in barrel fill level [88].
Subsequently, the manufactured granules were not compressed into final dosage forms,
and therefore blend uniformity measurements were initiated to assess API homogeneity. The
measured CAR content and the calculated SD and RSD values are shown in Table 26.
Table 26 Blend Uniformity of the low-dose CAR granules prepared by an increased feed rate of 3 kg/h
and 10 kg/h based on HPLC measurements
Feed rate

L/S ratio

Mean API content (%)

SD (%)

RSD

3 kg/h

0.11

92.2

1.68

1.8

10 kg/h

0.11

95.4

1.41

1.5

To meet the blend uniformity requirements [23], API content in the granules must in the range
of 90-110% with a maximum RSD value of set at 5. According to the acquired data, this was
criterion was met in both trials indicating an overall successful scale-up technology.
According to the results, the integrated continuous granulation-drying-sieving line is
capable of manufacturing adequate granules in the productivity range of 1-10 kg/h without
major optimization work. This gives developers high flexibility and better robustness than
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with continuous lines with semi-batch drying methods. It should be noted, that the increased
throughput rate of 10 kg/h is capable of producing granules sufficient for 100.000 tablets/h
with an average weight of 100 mg. Even by industrial batch size requirements, this throughput
rate can be considered adequate in meeting a lot of market demands.
4.3.7. Production of reference batch granules and blend uniformity results
High-shear granulation (HSG) is still one of the most commonly adopted platforms in the
pharmaceutical industry to produce high-quality granules in a classical batch environment [75,189].
Consequently, several studies have been published comparing the adequacy of manufactured
tablets based on HSG with TSWG [203]. The ideal setting for the adopted L/S ratio has also been
discussed in a few of these publications [204] with the suggestion of applying a lower L/S ratio for
TSWG trials.
Consequently, a reference high-shear batch granulation was executed with the previously set
L/S ratio of 0.11 to determine whether the achieved results (granule quality, API homogeneity)
with the CM line can be reproduced in a batch one-pot granulator. The manufactured batch
granules were evaluated the same way as the previous CM ones and the results are shown in Table
27. For direct comparison, the results of the granules produced with 1 kg/h are also added.
Table 27 Granule results manufactured by the integrated CM line and the batch high-shear one-pot
granulator
Properties

L/S
ratio

Bulk
density
(g/cm3)

Tapped
density
(g/cm3)

Flowability
(s/100 g)

Compressibility
index (%)

Hausner
ratio

Loss on
drying
(%)

CM CAR
granules

0.11

0.47

0.57

13.6

17.5

1.21

1.29

Batch CAR
granules

0.11

0.59

0.72

11.6

18.1

1.22

1.96

According to the obtained data, granules prepared by HSG had acceptable flowability and
LOD results indicating a successful size enlargement technology, however, an apparent increase
in the bulk and tapped density values was discovered. This outcome implies the presence of an
increased amount of fines, which may cause homogeneity and segregation issues during the
manufacturing process.
Subsequently, the PSD and the d(0.1) (µm), d(0.5) (µm), and d(0.9) (µm) values of the
granules produced by HSG were measured. These are shown in Figure 24 and Table 28 along with
the results of the previous 1 kg/h trial and the starting lactose-starch premix.

79

Figure 24 PSD results of the lactose-starch premix and the manufactured granules with TSWG and
HSG according to laser diffraction measurements
Table 28 Particle sizes of the starting lactose-starch premix and manufactured granules with TSWG
and HSG based on laser diffraction measurements
Characteristics

L/S ratio

d(0.1) (µm)

d(0.5) (µm)

d(0.9) (µm)

Initial premix

-

13.4

88.3

198.9

TSWG granules

0.11

195.1

443.2

851.5

HSG granules

0.11

91.1

232.9

579.6

Based on the measured data, the produced granules from high-shear granulation were
indeed smaller compared to the TSWG granules confirming the superiority of the CM
equipment in terms of liquid (and consequently binder) distribution. The apparent increase in
fines implied by the density values was also verified by the PSD measurements.
The manufactured granules by HSG were not compressed into final dosage forms so the API
homogeneity was investigated by blend uniformity analysis. In addition, to assess CAR
homogeneity on a deeper level, both the TSWG and HSG granules were manually sieved to
multiple size fractions. The measured API content and the calculated SD and RSD values are listed
in Table 29.
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Table 29 Blend Uniformity of the low-dose CAR granules produced HSG and TSWG based on HPLC
measurements

TSWG

HSG

Particle size

API content (%)

SD (%)

RSD

<100 µm

98.2

1.6

1.6

100-300 µm

89.5

0.9

1

300-500 µm

95.1

1.3

1.4

500 µm<

99.0

0.6

0.6

BUA

95.8

1.2

1.3

<100 µm

45.4

0.5

1.1

100-300 µm

69.6

1.9

2.7

300-500 µm

121.1

1.4

1.2

500 µm<

166.5

1.8

1.1

BUA

82.5

3.7

4.5

According to the results, the distribution of the low-dose API in the granules produced by
TSWG was homogeneous in all size fractions with minimal loss of potency. The overall BUA
results have also demonstrated acceptable API content and a low RSD value. By contrast, the HSG
granules were clearly overpotent in the larger size fractions with the smaller granules consequently
being underpotent. In addition, the overall BUA results have shown a larger loss of potency
coupled with a more than 3 times larger RSD value indicating a non-uniform API distribution in
the granules.
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Summary
This dissertation deals with the investigation of various low-dose tablet formulations
manufactured by different promising CM technologies. It pays special attention to evaluating the
requirements of acceptable homogeneity, one of many distinct challenges throughout low-dose
formulation development. Carvedilol was adopted as the model API for all experiments at a dose
of either 50 or 30 µg, executed by various modern platforms such as high-speed electrospinning
and twin-screw granulation.
A homogenous low-dose tablet formulation was made from drug-loaded PVPVA64-based
electrospun fibers by applying HSM homogenization. Electrospinning was carried out by HSES
with increased productivity, while the SNES technology was applied as the reference.
Homogenizations were made in plastic bags (LSM) and an HSM, while tableting was performed
by a tablet rotary press. Tablet batches containing crystalline carvedilol served as reference. Sieve
analysis was used to study the particle size distribution in the final LSM and HSM powder
mixtures. API content and homogeneity were measured by UV-Vis spectrometry, while the latter
was also studied by Raman mapping.
In a subsequent work phase, homogeneous low-dose tablet batches compressed from granules
were manufactured by TSWG. Prior to the API-containing experiments, placebo batches were
produced ultimately serving as the foundation to determine the requirements of low-dose batch
preparation via the continuous granulating platform. With the binder and the API dissolved in the
granulating liquid, pump characteristic (i.e., the liquid dosing rate) was determined as the most
important Critical Process Parameter (CPP) in terms of acceptable homogeneity and consequent
Content Uniformity (CQA). The feeding characteristic of the different pumps could be determined
easily by the introduced simple balance-based method and this novel approach can be applied for
following the granulation process as an in-line process analytical solution. Pumps showing no
pulsation of the fed liquid (syringe pump, piston pump) can produce granules with more
homogeneous drug distribution compared to regularly applied peristaltic pumps. The peristaltic
pump was shown to feed the liquid sinusoidally, which causes an inhomogeneous distribution of
the API.
In the final study, homogeneous low-dose tablet batches compressed from granules prepared
by a fully integrated TSWG-CFBD-CS manufacturing line were examined. In order to maximize
the production capacity of the CM line, the minimal L/S ratio of 0.11 was determined. The
influence of the drying process parameters on resulting LOD in the continuous fluid bed dryer was
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evaluated with a DoE. The produced granules were compressed with a tablet rotary press, while
assay and API homogeneity were measured with HPLC. A significant scale-up was achieved with
the CM line by applying a throughput rate of 10 kg/h. The produced granules in scale-up
conditions yielded approximately identical results to the previous granulation runs. CAR
homogeneity was demonstrated via Blend Uniformity analysis. The efficiency of TSWG
granulation was compared to HSG granulation with the same L/S ratio ultimately resulting in its
superiority both in liquid distribution and more importantly API homogeneity.
Overall, implementing continuous processing steps into pharmaceutical manufacturing is of
great importance. The adoption of CM has a lot of potential benefits compared to regular batch
methods, however, its implementation by the industry for low-dose drug product development
has not been carried out so far. This dissertation demonstrates the suitability of different CM
platforms for the potential realization of the aforementioned goal. By applying novel systems
such as these, meeting various market demands, and paving the way for personalized medicine
are all achievable scenarios ultimately making them ideal manufacturing platforms in the 21st
century.
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