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Zusammenfassung

Die in den letzten Jahren neu entwickelten Arzneistoffe umfassen einen hohen Anteil an
hochpotenten Wirkstoffen. Daher gewinnt deren sichere Handhabung immer mehr an
Bedeutung zum Schutz des Personals in Produktion und Forschung sowie der Patienten.
Die grofdte Gefahr geht hierbei von luftgetragenem Staub aus, welcher bei der Handha-
bung des Arzneistoffes entsteht. In der vorliegenden Arbeit wurde in drei Studien mittels
eines neu entwickelten Messsystems die Staubentstehung sowie die anschlieRende
raumliche Ausbreitung des luftgetragenen, wirkstoffhaltigen Staubes untersucht. In der
Emissionskammer des Messsystems wird eine Pulverprobe zerstaubt, die dann Uber eine
definierte Offnung in eine Detektionskammer Ubertritt, in der anhand von neun filter-
basierten Messpunkten die rdumliche Ausbreitung der Staubemission detektiert werden
kann.

Die erste Studie befasste sich mit dem Konzeptnachweis des Messsystems. Versuche
mit der Surrogatsubstanz Paracetamol zeigten, dass reproduzierbare Messungen der
Staubemission kleinster Mengen des Arzneistoffes als auch seiner raumlichen Ausbrei-
tung mit dem Messsystem madglich sind. Es konnte ein linearer Zusammenhang zwischen
Probenmasse und detektiertem Gesamtstaub gezeigt werden. Interessanterweise
verhielt sich die raumliche Staubausbreitung nicht wie erwartet, also mit der héchsten
Konzentration in der Nahe des Emissionsortes, sondern umgekehrt. Daher wurde dieses
Ergebnis mittels Computational Fluid Dynamics-Simulationen Uberprift, was ergab, dass
die Ausbreitung des Aerosols der Luftstromung, welche im Messsystem entsteht,
entspricht.

Basierend auf diesen Ergebnissen wurde in einer zweiten Studie der Einfluss der Zer-
staubungsparameter auf die gemessene Staubemission und die raumliche Staubausbrei-
tung genauer untersucht. Mittels statistischer Versuchsplanung konnte der lineare
Zusammenhang zwischen Probenmasse und detektierter Staubemission bestatigt und

eine Interaktion zwischen dem zur Zerstadubung genutzten Druckluft-Volumenstrom und
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der Zerstaubungsdauer sowohl bezlglich der detektierten Staubemission als auch der
raumlichen Staubausbreitung festgestellt werden. Daruber hinaus wurde der Einfluss der
PartikelgroRenverteilung sowie der Partikelform der Pulverprobe auf die gemessenen
Staubemissionen deutlich. Anhand dieser Ergebnisse sowie einer Optimierung der Mess-
prozedur, konnte die detektierte Staubemission bei gleichbleibender Probenmasse mehr
als verzehnfacht und der Einfluss der Zerstaubungsparameter auf die raumliche Ausbrei-
tung charakterisiert werden.

In einer dritten Studie wurde das entwickelte Messsystem mit laserbasierten optischen
Sensoren ausgestattet, welche den Feinanteil des Staubes (Partikel < 2,5 pum)
detektieren kdnnen. Dies ermdglichte die zeitlich aufgeldste und sofortige Detektion der
raumlichen Ausbreitung des Staubes. Die Ergebnisse der Studie bestatigten nicht nur die
in den ersten beiden Studien beobachtete raumliche Ausbreitung der Staubemission,
sondern zeigten darlUber hinaus, dass die raumliche Staubausbreitung innerhalb der
ersten Minuten nach Zerstaubung stattfindet und es anschlieRend zu einem Konzentra-
tionsausgleich im Messsystem kommt. Mit den optischen Sensoren war es mdglich die
Staubemission einer typischen Tablettiermischung aus feinpartikularem Paracetamol und
grobkoérniger Lactose zu untersuchen. Diese Mischung wies eine reduzierte Staubemis-
sion im Vergleich zu reinem Paracetamol auf.

Zusammenfassend konnte in den drei Studien gezeigt werden, dass nicht nur die Unter-
suchung der Staubemission, sondern auch die der raumlichen Ausbreitung des Staubes
mit dem vorgestellten Messsystem moglich ist. Die vorliegende Arbeit liefert somit
wichtige Erkenntnisse zur Detektion von Kontaminationsquellen einer Produktions-
anlage, welche durch stationare Messungen lokalisiert werden konnten, sowie Uber eine
mdgliche Verringerung der Staubexposition durch gezielte Luftfihrung in Produktions-

raumen zum Schutz von Personal, Produkten und somit letztendlich auch von Patienten.
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Abstract

In recent years, the percentage of highly potent active pharmaceutical ingredients among
the newly developed drugs has increased significantly. Thus, safe handling is becoming
increasingly important to protect employees as well as patients. The major hazard is
airborne dust generated during handling of these compounds. In the present work, the
generation of dust and the subsequent spatial distribution of airborne dust containing
active pharmaceutical ingredients were investigated in three studies using a newly
developed chamber setup. With this setup, a powder sample is atomized within an
emission chamber and then passes through a defined orifice into a detection chamber, in
which the spatial distribution of the dust emission may be detected using nine filter-based
measurement spots.

In a first study, the proof of concept of the chamber setup was focused on. Experiments
with the surrogate substance acetaminophen showed that reproducible measurements of
both dust emission of very small quantities of the active pharmaceutical ingredient as well
as its spatial distribution are possible with the chamber setup. A linear relationship
between the sample mass and the total dust detected was shown. Interestingly, the
spatial distribution was not as expected, with the highest concentration close to the
emission site, but the opposite. This finding was verified by computational fluid dynamics
simulations and it was demonstrated that the distribution of the aerosol corresponds to
the airflow generated in the chamber setup.

Based on these results, the influence of the atomization parameters on the measured
dust emission and the spatial dust distribution was investigated in detail in a second study.
With a statistical experimental design, the linear relationship between sample mass and
detected dust emission was confirmed and an interaction between the compressed air

volume flow used for atomization and the atomization duration was found with regard to
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both the detected dust emission and the spatial dust distribution. In addition, there was
an influence of the particle size distribution and the particle shape of the sample on the
measured dust emissions. Based on these results and an additional optimization of the
measurement procedure, the detected dust emission could be increased more than
tenfold at a constant sample mass and the influence of the atomization parameters on
the spatial dust distribution was successfully characterized.

In a third study, the newly developed chamber setup was equipped with laser-based
optical sensors, which allow the detection of the fine fraction of the dust
(particles < 2.5 ym). With these sensors, the immediate spatiotemporal detection of the
dust distribution was possible. The results of the study not only confirmed the spatial dust
distributions already observed in the first two studies but also showed that the spatial
distribution occurs within the first few minutes after atomization and that there is a subse-
quent equilibration of the dust concentration in the measuring system. Moreover, the
optical sensors allowed to investigate the dust emission of a binary powder blend, used
for direct compression in tableting, consisting of fine particulate acetaminophen and
coarse lactose. This powder blend showed a decreased dust emission compared to plain
acetaminophen.

In summary, the three studies demonstrated that with the novel chamber setup it is not
only possible to investigate dust emissions, but also the spatial distribution of dust. This
work thus provides important information on how to localize sources of contamination in
a production environment using stationary measurements and how to possibly reduce
dust exposure through directed airflow in production facilities to protect personnel and

ultimately also patients.




1. Introduction

1.1 Highly potent active pharmaceutical ingredients (HPAPIs)

1.1.1 Definition of HPAPIs

HPAPIs are active pharmaceutical ingredients that meet at least one of the following

criteria [1-4]:

A pharmacologically active substance or intermediate that exhibits biological

activity in humans at a concentration of 150 ug/kg body weight or less.

e An active pharmaceutical ingredient with a maximum workplace concentration of
10 pg/mé.

e A pharmacologically active substance or intermediate with a high selectivity (e.g.

binding to receptors or inhibition of enzymes) or a substance that can trigger

cancer or mutations.

A new compound whose effects and toxicity are still unknown.

A broader definition comprises compounds with a therapeutic dose of 1 mg or less [2].

1.1.2 Increasing relevance of HPAPIs

In recent decades, there has been great progress in the field of pharmaceutical drug
development. An increasing number of innovative and often highly potent active
pharmaceutical ingredients are being developed with combinatorial chemistry and
high-throughput screening [2,4—6]. In addition, this developmental progress was further
accelerated by Artificial Intelligence (Al). For example, the application of Al enables
scientists to streamline the scientific discovery of drug—target interactions [7-9]. This
development is of great benefit for patients worldwide as it enables therapies of
diseases such as cancer, autoimmune diseases, and hormone imbalances [10-12]. In
the field of tumor therapy, approximately 60 % of approved oncological treatments are

based on HPAPIs [10].




1.1.3 Risks posed by HPAPIs

Although beneficial for patients, HPAPIs often pose an increased risk with regard to
the environment, product quality assurance/cross-contamination, and workers' health
because of their high pharmacological and toxicological potential [13—-16].

For environmental protection in the pharmaceutical industry, two aspects have to be
taken into consideration.

The first aspect is the management of HPAPI-containing wastewater, which results
from cleaning of production equipment and facilities [17]. These HPAPIs in wastewater
represent pharmaceutical pollutants of an emerging class of recalcitrant toxicants
threatening drinking water and therefore must be eliminated from wastewater [18]. To
remove these pollutants, several purification methods such as adsorption, biological
treatments with bacteria or microalgae, membrane bioreactors, microbial electro-
chemical technologies, and advanced oxidation processes were implemented [18-20].
The second aspect is the elaborate filtration of exhaust air to protect the environment.
Therefore, all air released into the environment from potentially hazardous areas
during normal operation and in the event of disruptions must be appropriately filtered
[17]. For filtering, different methods are available, such as high efficiency particulate
air filters (HEPA), cyclones, and electrostatic separators [17,21,22].

With regard to product quality and thus patient safety, cross-contamination during
manufacturing has to be prevented [17,23]. Therefore, the spread of hazardous
substances on the production equipment and in the production environment must be
minimized [17]. Also, to protect the personnel, exposure to HPAPIs must not exceed a
tolerable level. To ensure that the exposure does not exceed this level, so-called

occupational exposure limits (OELs) are implemented [6,14,15,24-29].




1.1.4 Control of occupational exposure to HPAPIs

The knowledge of a relationship between health and occupation dates back to the 17t
century. In his book De Morbis Artificum Diatriba, Bernardino Ramazzini not only
describes the adverse effects of inhaled mineral dusts on the health of miners and
stonecutters but also suggests preventive measures such as limiting the exposure to
hazards to prevent injuries [30]. In modern days, this exposure control is still a sound
concept, defined as the acceptable daily exposure (ADE), and is controlled by the
implementation of OELs in the pharmaceutical industry [4,17,27,28,31-34]. The ADE

is described as follows (modified from [35]):

NOAEL « BW
_ Eq. 1
ADE=—5= 5 (Eq. 1)

ADE: acceptable daily exposure (mg/day), NOAEL: no observed adverse effect level
(mg/kg/day), BW: body weight (kg), UF: uncertainty factor accounting for inter-
individual variability and interspecies extrapolation (usually a value of 10 is chosen),
PK: pharmacokinetic adjustment factor to account for the difference in bioavailability
between inhaled exposure and intended administration from which the NOAEL is
derived [4,35,36].

An OEL is based on the ADE and is defined as the maximum airborne dust concen-
tration, expressed as the time-weighted average for a conventional 8 h workday and a
40 h work week, of a substance to which workers may be repeatedly exposed for a
working lifetime without adverse effects [2,4]. There are different methods to specify
OELs. One method is the therapeutic dose/safety factor approach. In this approach,
the lowest recommended therapeutic drug dose is identified and divided by a safety
factor. Usually, a safety factor of 100 is applied for adjusting a therapeutic effective
dose to a therapeutically noneffective dose to take into account the individual variability

in response [27]. Unfortunately, this approach has several drawbacks. The first is a




possible difference between the route of administration of an active pharmaceutical
ingredient (API) for disease treatment and the occupational setting. For example, the
bioavailability of an APl may be much lower if administered orally than via the
respiratory tract [23,27]. In addition, the exposure pathway in occupational settings is
not always known [16]. Another drawback represent drugs used for life-threatening
diseases, where considerable toxicities may be accepted, whereas an exposure of
employees to these drugs would not [27].

Therefore, another method to specify OELs has been introduced, which is based on
the determination of acceptable daily exposure values and occupational exposure
limits of HPAPIs, taking toxicokinetic and toxicodynamic data into account [33,37,38].

The OEL is described as follows (modified from [36]):

NOAEL - BW
= Eq. 2
OEL=—Grrv pK (Eq. 2)

OEL: occupational exposure limit (mg/m3), V: volume of air (m®day) inhaled by a
worker in 8 h (typically 10 m3/day). For the other abbreviations, please refer to
Equation 1. The NOAEL in Equations 1 and 2 may be replaced by the point of
departure (PoD) comprising other effect levels such as the no observed effect level
(NOEL) or the benchmark dose (BMD1o), which may represent critical effect levels
[31,39].

The calculated OELs may result in extremely low acceptable airborne dust concen-
trations of less than 1 ug/m?3[4,17,39]. It must be noted that the average level of OELs
may differ substantially between institutions. For example, exposure limits established
by the US Occupational Safety and Health Administration (OSHA) are almost 40 %
higher than those specified in Poland [34]. Whether these differences are scientific or

policy-related remains to be questioned [34].




If there is no sufficient data available to determine a precise OEL of a substance, it is
categorized into classes or bands used in different systems, for example the health
hazard categories (HHC) or the occupational exposure bands (OEB) [17,40]. This
concept of hazard-based categories to inform employers and workers of the need for
risk management and exposure control was developed in the pharmaceutical industry
and has been utilized for decades [3,40]. The categorization systems as well as the
assignment of substances to specific HHCs or OEBs are not harmonized and therefore
may differ between organisations and companies [11,17,41]. Usually, such a system
comprises four to six categories, whereby substances of very low pharmacologic and
toxic effects are assigned to category one and those with very high effects to the
highest category number [17,25,42]. In Table 1, the example of an occupational

exposure band classification system is shown.

Table 1: Example of an OEB classification system (modified from [4,17]).

Category OEL range (ug/m®) Effect

OEB 1 > 1,000 Very low pharmacologic and/or toxic effect
OEB 2 100-1,000 Low pharmacologic and/or toxic effect
OEB 3 10-100 Medium pharmacologic and/or toxic effect
OEB 4 1-10 High pharmacologic and/or toxic effect
OEB 5 <1 Very high pharmacologic and/or toxic effect

An overview of a classification system, extended by a sixth hazard category and

presenting the relationship between ADE, OEL, and OEB, is shown in Figure 1.




OEB

OCCUPATIONAL EXPOSURE BAND

PDE

PERMITTED DAILY EXPOSURE

ADE

ACCEPTIONAL DAILY EXPOSURE

Figure 1: Relationship between ADE, OEL, and OEB [43].

1.2 Containment

1.2.1 General aspects

As mentioned in Chapter 1.1, HPAPIs pose a risk to the environment, the product
quality, and workers’ health [13—-17]. Therefore, the so-called containment technology
is implemented in the pharmaceutical industry. The term ‘containment’ refers to all
measures taken, i.e. methods, procedures, and technologies, to prevent the release of
a hazardous substance or the contamination of pharmaceuticals during manufacturing
and handling [17]. As completely closed production units are impossible to realize, an
effective containment strategy is essential and should include fail-safes in case of a

manufacturing incident [11,17,44].

1.2.2 Primary and secondary containment

Overall, containment can be divided into primary and secondary containment. Primary
containment refers to all measures that reduce the spread of a substance from the
actual production equipment [17]. Among others, these measures include housings for

tablet presses, isolators, split butterfly valves, and local exhaust systems




[6,14,17,25,42,45]. Secondary containment refers to all measures that reduce a further
spread of substances which were not retained by the primary containment. Examples
of secondary containment are cleanrooms, airlock systems, pressure differentials
between production and surrounding rooms, such as corridors as well as high perfor-

mance filter systems [17,45-47].

1.2.3 Legal and regulatory framework for containment

A regulatory framework with basic requirements for health protection at the workplace
is given by the European Union (EU) in the Directive 89/391/EEC [48]. In this directive,
it is specified that the employer is obliged to protect the employees from health and
safety risks. Therefore, appropriate risk assessments must be carried out [17,48]. The
employees must primarily be protected by ‘collective protective measures’, i.e.
technical measures, supported by organizational interventions. Personal protective
equipment (PPE) may only be used as primary protection against any hazard if no
sufficient technical measures exist [17]. Furthermore, the primary and secondary con-
tainment measures have to be aligned with each other while prioritizing the optimi-
zation of the primary containment [17]. Many countries outside of the EU have similar
laws in place. For example, the US equivalent of the EU Directive 89/391/EEC is the
Occupational Safety and Health Act of 1970 (OSH Act) [49]. The International Labour
Organisation (ILO) has taken up these national directives and combined them in their
guidelines, which in turn have been ratified by numerous countries [17,50]. A detailed
description of occupational exposure control based on ADEs, OELs, and OEBs,
recommended by these guidelines, was presented in Chapter 1.1.4.

In their Good Manufacturing Practice (GMP) guidelines, the International Council for
Harmonisation of Technical Requirements for Registration of Pharmaceuticals for
Human Use (ICH) mentions the requirement of product protection against cross-

contamination [51]. Again, other countries, such as the USA, have their own equivalent




guidelines [52]. This cross-contamination protection is especially of interest in multi-
product pharmaceutical manufacturing facilities [53—55]. The guidelines emphasize the
necessity of separated production areas or production times with adequate cleaning
procedures in between manufacturing processes [51,53]. A considerable reduction of
the required cleaning procedures may be achieved by the use of disposable single-
use production equipment, despite raising environmental concerns [56-59]. In addition
to these international guidelines, the German ‘Arzneimittel- und Wirkstoff-
herstellungsverordnung’ (AMWHYV) specifies in § 5 the necessity of suitable production
rooms to avoid any adverse effects with regard to product quality [60]. The International
Society for Pharmaceutical Engineering (ISPE) states: ‘This protective goal is all the
easier to achieve, the less substance escapes from the equipment, i.e. the more

effective the containment is’ [17].

1.2.4 Hierarchy of controls and implementation of containment technologies
Occupational hygienists use a hierarchy of controls to rank occupational hygiene
control strategies according to the order in which they should be considered [61,62].
The first control strategy taken should be the elimination or reduction of the source of
hazardous material. In the contained manufacture of pharmaceuticals, this measure is
impossible, as HPAPIs cannot be exchanged by less hazardous substances. The
second control strategy is defined as the elimination or reduction of hazardous sub-
stances in production environments by means of engineering controls and administra-
tion procedures. Thus, if a contaminant must be processed, its release has to be
prevented, for instance by means of containment technology. The last control strategy
is the exposure reduction at the employees’ site, preventing them from harm with
personal protective equipment [17,61,62].

The implementation of containment technologies starts with the conceptualization of

production buildings, no matter whether new or existing buildings are chosen for the




contained manufacture of pharmaceuticals [17,61,63]. It has to be taken into consider-
ation, that certain pharmaceuticals, such as live vaccines, radiopharmaceuticals or
highly potent allergens must be produced in dedicated facilities as their production in
multi-purpose facilities is prohibited by EU GMP guidelines [17,64,65]. In general,
building concepts must take the flows of personnel and material into consideration and
planning of all containment measures should always follow an inside-out approach.
For example, the layout of a clean room should be based on the dimensions of the
production equipment [17,66]. A description of primary and secondary containment
equipment and measures may be found in Chapter 1.2.2. The selection of equipment
and measures is based on risk assessment, taking multiple factors, such as health
risks for people and the environment, quality risks for the product, and process risks
into consideration [17,53]. Production equipment should be tested by the supplier in a
factory acceptance test (FAT) to ensure that all critical functions are working correctly
before delivering the equipment to the production site. In addition, after the installation
of the equipment with its containment measures at the production site, a site
acceptance test (SAT) should be carried out. Following a successful SAT, the
operation of the production line may be started with a surrogate substance of similar
characteristics to the intended product [17,67]. During this initial operation, it is recom-
mended to carry out containment measurements in short time intervals to validate that
the required threshold value of airborne dust, i.e. the containment performance target
(CPT), is not exceeded [17,68]. These measurements may be performed following the
Standardized Methodology for the Evaluation of Pharma Airborne Particle Emissions
from Containment Systems (SMEPAC) [17,29]. Subsequently, the production of

pharmaceutical dosage forms containing HPAPIs may begin [17].
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1.2.5 Validation of containment performance

In the SMEPAC, the ISPE describes how containment capabilities of production
equipment may be assessed with regard to the CPT [29]. Therefore, the airborne
particle concentration during the production process is determined at critical spots, for
example at the product in- and outlets of a tablet press or the human-machine interface
(HMTI) [29]. The location of these measurement spots is based on the assessment of a
potential contamination risk. For detection of airborne particles, filter-based IOM
samplers (Institute of Occupational Medicine), DIS (disposable inhalable samplers) as
well as CFC (closed-face cassettes) with subsequent gravimetric analysis or wet
chemical analysis, such as UV/VIS-spectrophotometry or high-performance liquid
chromatography (HPLC) for substance-specific quantification may be used [29,69-72].
Another possibility of airborne dust detection for the validation of containment equip-
ment is real-time monitoring with light-scattering photometers or optical particle
counters (OPC) [29,73-75]. Substance-specific real-time monitoring with optical

methods is currently under development [29].

1.3 Surrogate substances in pharmaceutical containment

A surrogate substance in pharmaceutical containment may be defined as an alterna-
tive substance to a hazardous pharmaceutical compound or product. A surrogate
should be used, if the compound to be processed cannot be used for the validation of
containment equipment, for example because of its hazardous nature or its high costs

[24].

1.3.1 Reasons for the use of surrogate substances
The use of surrogate substances offers several advantages, allowing for a safer and
more cost-effective performance testing of containment systems [24,29,76]. In

addition, with surrogate substances, an early identification and removal of containment
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deficiencies is possible. Furthermore, the ISPE recommends surrogate substances for

pharmaceutical dustiness investigations at laboratory scale [17,24,29,77].

1.3.2 Criteria for selecting a surrogate substance

The choice of a pharmaceutical surrogate substance should be based on multiple
criteria, including safety considerations, transferability of results to the intended API,
and analytical limitations. For selection of an appropriate surrogate substance, the

criteria shown in Table 2 should be taken into consideration [24,29,76].

Table 2: Selection criteria for pharmaceutical surrogate substances.

Powder properties Analytics Safety Other aspects
Dustiness Detection and Pharmacological Possible
Quantification Limit effects (no risk for contamination of
(DL and QL) personnel, no facility prior to
cross- testing (e.g.
contamination) lactose or sucrose)
Particle size Complexity and Ease of disposal Cost and
distribution and cost for analysis (environmental availability of the
particle shape aspect) surrogate
Powder flow Solubility in water  Dust explosion GMP acceptability

and other solvents risk

1.3.3 Commonly used surrogate substances

An overview of commonly used surrogates recommended by the ISPE, their properties
and typical applications is shown in Table 3. The surrogate Riboflavin was excluded,
as it is used as an aqueous solution mainly for the evaluation of an equipment-specific
cleaning system, e.g. clean in place (CIP) systems, but not recommended for airborne

dust investigations or surface contamination assessments [29].
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Table 3: Overview of commonly used pharmaceutical surrogate substances, their

properties, and typical applications (modified from [29]).

Surrogate . . e
substance Advantages Disadvantages Typical Application
Acetaminophen Low toxicity Relatively poor Commonly used
water solubility surrogate
Inexpensive Material is an API Largely replaced by
(potential GMP lactose due to GMP
cleaning issues) concerns
Reasonably dusty Easier to analyze

Multiple analytical
methods available
(QL: 0.05 -

1 ng/sample)

than lactose

Commonly used for
packaging
applications in tablet
form

Lactose Multiple analytical Tendency for Widely used
methods available agglomeration surrogate down to
(QL: 0.05 - (especially if concentrations of ~
5 ng/sample) micronized) 0.1 pg/m?
Highly water Common excipient Not as effective as
soluble (may be presentas  extremely dusty
environmental materials
background)
Widely available Multiple types may Sieved grades
influence test results should be used
Inexpensive Difficult analysis
Non-API material
Low toxicity
Mannitol Multiple analytical Common excipient Less widely used

methods available
(QL: 0.5 -
5 ng/sample)

Other advantages
identical to lactose

(may be present as
environmental
background)

Difficult analysis

than lactose and
hardly available in
suitable grades

Useful if a
considerable lactose
background is
expected
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Surrogate . . e
substance Advantages Disadvantages Typical Application
Naproxen Highly water Relatively expensive Commonly used
sodium soluble at pH > 6 surrogate
Low toxicity Material is an API High dustiness
(potential GMP presents a challenge
cleaning issues)
Simple analytical ~ Aggregates if Very useful for
method (low QL.: micronized testing of systems
0.005 ngffilter) for handling highly
hazardous or dusty
materials
Extremely dusty
Sucrose Widely available Tendency for Less widely used

aggregation than lactose and
(especially if hardly available in
micronized) suitable grades

Highly water Common excipient  Useful if

soluble (may be presentas  considerable lactose
environmental or mannitol
background) background is

expected
Low toxicity Difficult analysis
Inexpensive QL: 10 - 100 ngf/filter

Non-API| material

As an example, acetaminophen (ACAM) is an industry-accepted safe surrogate
substance because of its low LDso with 338 mg/kg (mouse, oral) or 1944 mg/kg (rat,
oral). In human adults, ACAM is used for safe and effective analgesic and antipyretic
treatment in doses of up to 4 g/day [78,79]. In addition, the spectrophotometrical quan-
tification limit of ACAM is low [24,68,80,81]. Potential disadvantages of ACAM include
its high tendency for electrostatic interactions with processing vessels or laboratory
devices and its poor water solubility, resulting in a need of cosolvents for analysis [82—

85].
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1.4 Dust and dustiness

1.4.1 Definition of dust and deposition in the human body

In 1975, the Inhaled Particles Symposium pointed out the inconsistency of national
practices for dust monitoring [86]. At this symposium, the necessity for application of
scientific principles to dust exposure was discussed and resulted in the concept of
‘inhalable dust’ required for occupational dust monitoring [86]. In the following years, a
multitude of studies were carried out to determine the size range of airborne particles
inhalable by humans, the concentration changes of airborne dust in the personal space
close to workers, and adequate sampling methods for occupational monitoring
[69,70,87—-94].

By combining the results of these studies in the mid-1990s, the International Organi-
zation for Standardization (ISO), the American Conference of Governmental Industrial
Hygienists (ACGIH), and the Comité Européen de Normalisation (CEN) agreed on
common definitions for size-selective aerosol sampling conventions for three health-
related aerosol fractions, namely the inhalable fraction with the thoracic and the
respirable subfractions (the latter being deposited in the alveolar/gas-exchange region)
[29,95-98]. These fractions can further be subdivided by their deposition area in the

human respiratory tract, as shown in Figure 2.




15

Aerosol within the
respiratory air

(Inhalable part> Gon inhalable p@
{otal deposited p@ CExhalabIe part>
< Thoracic part > ( Extrathoramc >

deposition

A 4
Tracheo-bronchial
Alveolar deposition
deposition

Figure 2: Classification of airborne aerosols according to occupational health criteria,
modified from [99,100].

The World Health Organization (WHO) defines the upper particle size limit for inhalable
dust particles at an aerodynamic diameter of 100 um, whereas the ISO defines it at
75 um [101-103]. The largest inhalable particles with an aerodynamic diameter of less
than 100 ym are deposited between the point of entry (mouth or nares) and the larynx.
Particles with a maximum diameter of 10 ym may be deposited in the thoracic region,
where only 1 % of them reach the alveolar region. The maximum deposition in the
alveolar region takes place with particles of an aerodynamic diameter of approximately
1 to 2 ym. Particles < 0.5 ym are usually exhaled and thus not deposited in the lungs
[98,101,104-107]. These size limits may vary in the literature as they are dependent

on the breathing passage, e.g. nasal versus mouth breathing [108].
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The 1ISO, ACGIH, and CEN conventions for airborne dust sampling for occupational
monitoring are based on the above-mentioned size limits of the particle fractions and

are defined as follows [29,95-97]:

e Inhalable fraction: airborne particles that enter the body through the lips and/or

nares during breathing. The 50 % cutoff for sampler collection efficiency is at
100 pm.

e Thoracic fraction: particles that penetrate the respiratory tract below the larynx and

enter the trachea, bronchi, and even the alveolar region of the lungs. The 50 %
cutoff for sampler collection efficiency is at 10 ym.

e Respirable fraction: particles that penetrate the bronchioles and enter the alveolar

region of the lungs. The 50 % cutoff for sampler collection efficiency is 1 um.

Where the 50 % cutoff for sampler collection efficiency indicates that only 50 % of

particles at that diameter will be collected by the sampler.

The occupational exposure of a worker to an HPAPI, limited by established OELs,
comprises the entire inhalable fraction, as every inhaled particle has the potential of
being absorbed by the human body and may cause adverse effects [29]. The subdivi-
sion into thoracic and respirable dust fractions is especially of interest for occupational
exposure to particulate matter with no pharmacologic and/or toxicologic potential but
still causing adverse health effects, e.g. nanoparticles or asbestos fibers

[104,106,109-111].

1.4.2 Definition of dustiness

Dustiness may be defined as the propensity of a material to generate airborne dust
during its handling, such as mixing, milling or transferring and/or the tendency of a
powder to form an aerosol after it receives a given energy input [45,76,101,112—-114].

Dustiness may be measured as a collected amount of dust under defined conditions
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and may be determined with dustiness testing devices [76,81,120-
125,99,100,112,115-119]. To compensate for varying defined conditions, dustiness
indices have been introduced [115,123,126]. These indices usually relate the collected
dust, i.e. the suspended particulate matter to the total amount of atomized sample
mass [115,123]. The energy input for atomization must overcome interparticle binding
forces, such as van der Waals, capillary, and electrostatic forces to generate dust, thus
releasing loosely bound primary particles and aggregates from the bulk powder without
decreasing the size of the primary particles [112,114,127,128]. A model of the dust

generation and quantification processes is shown in Figure 3.

< Energy input )—»Geparation forces
Dust generatiorD

@Wder properti%—»(Binding forces i
Garticle transpoD

y
@st concentrati@

Figure 3: Model of the dust generation and quantification processes, modified from
[127].

l

1.4.3 Physicochemical powder properties affecting dustiness

Dustiness is not an intrinsic physical or chemical property of a substance [114,127]. It
is dependent on various physicochemical powder properties, which include true and
bulk densities, residual moisture content, sample mass, particle morphology, as well
as particle size and distribution, as all of these properties influence particle interactions

[77,99,130-136,100,112—-114,122,123,127,129].




18

The bulk density of a powder has significant influence on dustiness, as it represents
the powder’s packing state and is dependent on the interparticle distance [114]. If this
distance is reduced, i.e. the bulk density is increased, the interparticle secondary
valence forces also increase, leading to a reduction of powder dustiness
[114,128,137]. This is especially of interest in dustiness tests in which the powder is
dropped onto a surface for atomization [129]. The bulk density may be affected by
handling of the powder prior to measurements and thereby directly influences
dustiness [76]. The true density also affects dustiness, in particular how long particles
stay airborne, as particles of high true density sediment faster in accordance with
Stokes’ law of sedimentation [138].

The residual moisture content of a powder affects two of the most influential interpar-
ticle binding forces. On the one hand, residual moisture decreases the tendency of a
powder to be electrostatically charged [139-141]. The resulting decrease leads to less
interactions between the powder particles and those between powder particles and
measuring device surfaces, thus increasing dustiness [84,114]. On the other hand, a
high residual moisture content affects the capillary forces of attraction within the
powder, such as water sorption and the formation of capillary bridges, thereby signifi-
cantly decreasing its dustiness [112,114,127,142—-145]. The residual moisture content
is directly related to the hygroscopicity of the powders and the relative humidity of the
surrounding air. An increase in relative humidity and thus an increase in the residual
moisture content results in a substantial decrease of powder dustiness
[114,119,134,146,147)].

The sample mass correlates with the measured dustiness, usually in a linear manner
[77,81,116,125]. In some studies, the measured dustiness reaches a maximum, some-

times even followed by a decrease of dustiness despite a further increase of the
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sample mass [81,85,118,129]. This observation is assumed to be caused by the atomi-
zation device geometry limiting the atomization process and/or a powder densification
decreasing its dustiness [81,85,114,118,129].

The particle morphology, i.e. particle shape, surface structure, and resulting specific
surface area, affects the powder flow and mixing behavior. These powder
characteristics are caused by adsorption phenomena such as interparticle adherence
as well as attraction to or repulsion from surfaces, which ultimately influence powder
dustiness [100,122,129,130,132,148-151]. For example, fibrous elongated particles
show a lower dustiness in comparison to granular particles [122].

The particle size and size distribution are also of major influence on dustiness
[80,122,127,132,152,153]. The particle size directly affects binding and separation
forces. In accordance with the Lifshitz theory of van der Waals forces and the mathe-
matical description of rotationally symmetric liquid bridges by Schubert, binding forces
based on van der Waals attraction and capillary forces are proportional to the particle
diameter d. The separation forces, such as aggregate impaction, increase with d®
according to the kinetic energy formula [127,154,155]. Nevertheless, because of
several overlaying effects of the particle size, i.e. sedimentation of particles > 10 ym
preventing their transport from the atomization site to the measuring site, the measured
dustiness of a powder tends to increase with decreasing particle size
[80,85,127,148,153]. In addition, the particle size distribution affects powder flow and
powder dustiness, as the polydispersity index (PDI) is negatively correlated with
dustiness [114,136,142].

Another important factor that has to be kept in mind when investigating dustiness, but
which is not directly related to the powder, is the type and amount of energy introduced
into the powder sample for atomization [123,127]. An increase in drag force or shear

energy used for atomization results in higher fractions of atomized powder because of
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a more effective powder disaggregation [114]. It must be ensured that the energy input
is sufficient for atomization of the powder sample by disaggregation and separation of
particles, but not too high to prevent grinding, cutting, or crushing of primary particles

[112].

1.5 Dustiness determination

As described in Chapters 1.4.2 and 1.4.3, the dustiness of a substance may be
determined with testing devices by application of a specified type and amount of energy
to a predefined amount of test material. The resulting atomization of the material leads
to a release of particles into the air and may be collected for quantification
[112,114,127]. In an early study on this topic, Heitbrink et al. were able to find a
significant correlation between worker dust exposure from a bag packing operation and
the measured dust with two dustiness testers, in particular the Heubach dustmeter and
the Midwest Research Institute (MRI) dustiness tester [156]. In the following decades,
further dustiness testers were developed to predict the potential of different materials

to cause dust exposures of workers in occupational settings [100,114,142,156—158].

1.5.1 Mechanisms for atomization
There are three basic underlying mechanisms for atomization of powder samples in

dust testing devices [113,159]:

e Gravity dispersion: A powder sample is dispersed by dropping it into an enclosed

space, such as a box shaped chamber, for example the Midwest Research Institute
dustiness tester or the Palas dustview [115,160].

¢ Mechanical dispersion: The powder sample is placed in a drum with baffles and the

powder is dispersed by rotation of the drum. The resulting aerosol is transported to
the detection spot via an airflow directed through the longitudinal axis of the drum.

An example is the Heubach dustmeter [115,127,161].
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e Gas dispersion: Powder dispersion is achieved by directing a gas flow through the

sample, for example in the University of North Carolina (UNC) dustiness tester or

the Two-chamber setup (TCS) [76,81,126].

1.5.2 Sampling of airborne dust

As described in Chapter 1.4.1, certain particle fractions are of interest with regard to
occupational exposure, especially the inhalable and respirable fractions [162,163]. For
the collection of these fractions, different samplers have been designed and investi-
gated for occupational dust monitoring. One of the first samplers was the overall
respiratory burden (ORB) sampler with a spherical design. At the time of its develop-
ment, no systematic studies of variables affecting particle entry efficiency existed.
Thus, its design was largely based on trial and error [164]. Further inventions included
portable rotating samplers to collect coarse particles and different blunt or close/open
faced samplers as well as isokinetic probes for static or personal use [69,70,165-168].
Among other factors, these samplers were investigated and compared based on their
particle size-specific sampling efficiency, sampling bias, precision, accuracy, and the
effect of moving air on them [91,166,167,169—172]. So far, there is no ideal, universally
accepted sampler for dust monitoring in occupational settings available. However, IOM
samplers are currently the most scientifically well characterized personal dust
samplers [29,36,173]. Other popular samplers include the DIS as well as CFC
samplers [29,72]. An overview of the IOM sampler layout in its assembled (a) and dis-

assembled state (b) is shown in Figure 4.
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Figure 4: The original IOM sampler in its assembled (a) and disassembled (b) state,
modified from [70].

The IOM sampler consists of a housing, into which a filter cassette with a 25 mm round
filter is placed. The housing is closed with a front plate and O-rings ensure air tightness
of the cassette. The filter cassette has a 15 mm circular orifice for entry of dust, with a
protruding lip of 1.5 mm. For sampling, a vacuum pump connected to the outlet of the
samplers generates an airflow with a volume flow rate of 2 L/min through the filter [70].
The sampler design has not changed since its first presentation in the literature in 1986
[29,70]. For occupational exposure measurements, the samplers are worn at the lapel
of workers to be as close to their breathing region as possible [70]. In addition, they
may be used for static sampling in the working environment [69]. The samplers collect
particles of up to 90 ym corresponding to the inhalable fraction at wind speeds ranging
from 1 to 3 m/s [69]. Dust detection with dustiness testing devices also follows the
criteria for inhalable and respirable dust. Therefore, the above-mentioned samplers are

also used for dust collection in dustiness testers.
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1.5.3 Laboratory dustiness testers

A wide variety of devices for dustiness measurements of powders were presented in
the last decades [99,100,174,118,120,123-125,127,157,158]. Most of these devices
need a considerable amount of powder sample, up to hundreds of grams, and only a
few of these systems are suitable for small sample quantities, for example powders of
limited availability. These powders include APIs with high production costs and/or
limited quantities [76,77,81,115,120,122,127,156,175].

As described in Chapter 1.5.1, there are three underlying mechanisms for atomization
in dustiness investigations: gravity, mechanical and gas dispersion. These
mechanisms involve and combine several factors affecting the atomization process,
such as friction between particles and the atomization device, as well as particle inter-
actions. An overview of forces involved in the atomization process of different dustiness
testers is given in Table 4.

Table 4: Atomization forces for different dustiness testing devices, modified and
extended from [123].

. UNC Continuous MRI Palas Two-
Atomization . Heubach .
dustiness drop test dustiness dust- chamber
force dustmeter .
tester apparatus tester view setup
Gravity + + + ++ ++ +
Frict_ion 0 + 0 0 + 0
(device)
Friction (air) ++ + ++ + + ++
_ Particle 0 + 0 0 0 0
interactions
Impaction 0 + 0 ++ ++ +
Dispersion ++ + + + 0 +

With 0 = no effect on the powder, + = effect on the powder, and ++ = high effect on the
powder [123].
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A brief introduction to the most commonly used devices and to those specifically
developed for dustiness investigations of small powder quantities is given in the

following subchapters.

1.5.3.1 UNC dustiness tester (Venturi device)

The UNC dustiness tester, in some references referred to as the Venturi device, is a
chamber setup, specifically developed by the University of North Carolina for dustiness
investigations of small pharmaceutical powder samples [76,152]. An illustration of its
design and function is shown in Figure 5. With this tester, a powder sample of
5 1+ 0.1 mg is turbulently dispersed through the nozzle of an injector into a 5.7 L sealed
glass jar [76,126]. The device collects the resulting aerosol in a respirable mass
cyclone with a 50 % cutoff at particles > 4 ym, followed by a filter cassette in which a
@ 37 mm filter is placed, collecting the respirable dust with an airflow of 4.2 L/min. A
second filter cassette in the jar directly collects the total suspended dust with an airflow
of 2 L/min. Dust is quantified gravimetrically by weighing the filters on which the dust
had settled [76]. The Venturi device disperses powder samples at significantly higher
Reynolds numbers than gravity-driven rotating drum or falling powder techniques and
therefore has a unique ability in simulating high energy dust dispersion operations in

the workplace [126,152].
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Figure 5: Schematic illustration of the UNC dustiness tester, modified from [76].

1.5.3.2 Heubach dustmeter (rotating drum tester)

The Heubach dustmeter is a rotating drum tester for powder samples of 1 up to 100 g,
depending on the powder density [77,115,127,156]. A simplified scheme of the
Heubach dustmeter is presented in Figure 6. For dustiness testing, the powder sample
is placed in a dust-generating drum that rotates at 30 rpm [115,120,127]. Within this
drum, three baffles are installed at an angle of 45° [113,127]. The baffles repeatedly

lift the powder from the bottom to the top of the drum, from where the powder falls
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down 14 cm [127]. An airflow of 2 up to 75 L/min is generated with a vacuum pump
and the turbulent airflow is led horizontally through the dust-generating drum, carrying

along airborne particles.

Airinlet

|

N

Vacuum

Motor Dust-generating drum  Coarse dust separator Impactor with filter
Figure 6: Simplified scheme of the Heubach dustmeter, modified from [115,127].
Coarse particles are separated in a dust separator and airborne particles are collected

by an impactor and a @ 37 mm glass fiber filter [115,120,127,174,176]. Measured

dustiness is described by the Heubach dustiness index, which is calculated as follows:

Dust collected on the filter (g)
Sample mass (g)

Dustiness index (%)= *100 % (Eq. 3)

1.5.3.3 Continuous drop test apparatus

The continuous drop test apparatus developed by the ‘Institut fir Gefahrstoff-
Forschung’ (IGF) is described in the EN 15051 as reference test method B
[120,175,177]. A schematic illustration of the apparatus is shown in Figure 7. For
dustiness investigations, bulk material is transported via a metering device at mass
flow rates between 6 and 10 g/min from the sample tank towards the drop pipe.
Subsequently, the powder sample falls through the drop pipe into the airflow of the
back flow pipe. This airflow is caused by a pump on top of the apparatus, and the air
enters the device through holes in the collector tank. Simultaneously, sampling pumps

generate an airflow of 2 L/min through @ 37 mm glass fiber filters mounted within the
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inhalable and respirable sampling heads to separate and collect the corresponding

aerosol fractions [120,177].

Sample tank

Metering device

/

Drop pipe |_ |
Sampling\ pump [~ Sampling pump
1

. m [
Sampling head Sampling head
(inhalable fraction) (respirable fraction)

Back flow pipe

\ Collector tank

Figure 7: Schematic illustration of the continuous drop test apparatus, modified from
[120,175].

OO0 00O

Because of its relatively high feeding rates, the total sample amount may be as high

as 180 g [120].




28

1.5.3.4 MRI dustiness tester

The MRI dustiness tester is a single-drop test apparatus and its design is shown in
Figure 8. For measurements, a metal beaker with a volume of 270 mL is filled with a
powder sample and the weight of the sample is noted. Subsequently, the beaker is
rotated by 180° at a rotating speed of 5.5 rpm, whereby the powder sample is dropped

out of the beaker and falls down for 25 cm [127,174].

Filter
Impactor /

\ ' EB— Vacuum

Beaker

\ Beaker vibrator
Beaker rotating — | T~ ] /

mechanism

\ Airinlets
Foam pad

/

[ |

Figure 8: Schematic diagram of the MRI dustiness tester, modified from [127].

A vacuum pump draws an airflow with a rate of 10 L/min through a @ 47 mm glass fiber
filter, if necessary with a preconnected impactor positioned at the top of the chamber.

Thereby, resulting airborne dust is collected for 10 min. The amount of airborne dust
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is determined gravimetrically [127,156,174]. Dustiness is calculated similarly to the

Heubach dustiness index (Eq. 3) [174].

1.5.3.5 Palas dustview
The Palas dustview is a commercially available dustiness tester, based on single drop

atomization. A simplified illustration of the device is shown in Figure 9.
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Figure 9: Simplified illustration of the Palas dustview, modified from [120,175].

For dustiness measurements, 30 g of a powder sample are transferred into a feed
funnel. At the beginning of a measurement, the valve positioned underneath the funnel
opens up automatically and the sample falls into the dust housing. Dustiness measure-

ment is determined based on dust causing attenuation of the laser light. From the laser
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light intensity detected 30 s after measurement start, as well as from the maximum

intensity, the respirable and inhalable dust fractions are calculated [120,175].

1.5.3.6 Low-mass dustiness tester (LMDT)
In 2012, O'Shaughnessy et al. presented a low-mass dustiness tester (LMDT) based
on the single drop method but capable of measurements of only milligram quantities of

test powders [122]. A diagram of the LMDT is shown in Figure 10.

Powder
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Figure 10: Diagram of the low-mass dustiness tester, modified from [122].

With the LMDT, sample quantities of 15 mg are sufficient to differentiate the respirable
dustiness of various powder types. For dustiness measurements, the powder sample
is transferred into a ball valve positioned at the top of the device. This ball valve is then

opened, the powder falls down the gravity tube and enters a cross-flow section (cross-
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fitting tube) in which small particles are captured by the sample airflow of 5 L/min and
directed to the aerodynamic particle sizer (APS). The APS is an aerodynamic particle
size spectrometer and determines the aerodynamic size of particles from 0.5 — 20 ym
based on their time of flight [178]. Larger particles fall down through the cross-fitting
tube and directly into a collecting jar. The respirable dustiness mass fraction of particles
< 20 ym, detected with the APS, is calculated by multivariable regression analysis

[122].

1.5.3.7 Two-chamber setup (TCS)

In recent years, a TCS was presented designed for investigations of the dustiness of
pharmaceutical powders, for example APIs and binary mixtures of APIs with excipients
in dependence on an oppositely directed airflow [80,81,148,179]. A simplified illustra-

tion of this setup is presented in Figure 11.

Powder
sample Ball valve
Emission chamber i Controllable flap Detection chamber

¥ . Orifices for pressure
O O~ compensation

/ — Vacuum

IOM sampler

Figure 11: Simplified illustration of the Two-chamber setup, modified from [81].
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The setup consists of two chambers, the emission and the detection chamber. Both
chambers are connected by an orifice that may be opened and closed with a
controllable flap. For measurements with the TCS, a powder sample between 50 and
400 mg is transferred into a double-acting ball valve and pneumatically atomized with
compressed air [81]. After atomization, the controllable flap is opened and depending
on the pressure difference between both chambers, which is achieved by compressed
air led through the corresponding ball valve on top of the detection chamber, the
distribution of dust under diffusive and/or convective conditions may be investigated.
For dust collection, an airflow of 5 L/min is directed through a glass fiber filter within
the IOM sampler, which is positioned beneath the detection chamber. The subsequent

quantification of the collected dust is performed by HPLC analysis [80,81,148].

1.5.4 Comparability of the dustiness testers for exposure prediction

In a study by Carlson et al., the authors state that the results of laboratory dustiness
measurements of the same substance strongly vary depending on the applied test
method. If at all, the results may be compared qualitatively, but not quantitatively. The
authors further postulate that no laboratory dustiness tester provides accurate predic-
tions about workplace exposure [115]. These results are underlined by a comparison
of dustiness data determined with three dustiness testers (continuous drop test
apparatus, Heubach dustmeter, and Palas dustview), which did not confirm
equivalence between the testers [120]. Furthermore, the correlation of laboratory
dustiness data with dust emissions released by mechanical powder stressing during
production processes is impossible in most cases [99]. To address these problems,
dustiness measurements should always be referred to a reference powder. Thereby,
it should be possible to make ‘informed judgements’ about the dustiness of a powder
determined with different testing devices [76]. Moreover, the sampling of emitted dust

has to focus on the health-related aerosol fractions, and the mechanism of atomization
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must reflect the dust generation by handling of powdery materials at the workplace
[112]. Even though the transferability of dustiness measurements to occupational
settings is subject to discussion, with fixed location sampling it should be possible to

identify areas within the workplace where dust is emitted. [68].

1.6 Novel approaches for airborne dust detection

As the filter-based sampling methods described in Chapter 1.5.2 have major limita-
tions, novel approaches for airborne dust detection have been developed, which are
based on optical methods. In contrast to sampling methods with subsequent
gravimetrical or wet chemical analysis, optical detection allows time-resolved investi-
gations of dust concentrations in real-time [180-183]. Furthermore, most of these
methods allow the detection of size-specific particle concentrations, for example the
monitoring of the inhalable fraction or of fine particulate matter of airborne dusts
[181,184]. In the following subchapters, two of today’s most commonly used methods

for the determination of airborne dust concentrations are presented.

1.6.1 Aerodynamic particle sizing

The aerodynamic particle sizer, as part of the LMDT (please refer to Chapter 1.5.3.6),
is based on time of flight measurements [122,185]. A schematic diagram of the particle
sizer is displayed in Figure 12. Aerosol particles are accelerated through a nozzle in a
sonic expansion flow until their velocity temporarily falls behind that of the surrounding

air molecules (ultra-Stokesian flow) [183,186,187].
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Figure 12: Schematic diagram of a time-of-flight aerodynamic particle sizer, modified
from [185,186].

The aerosol particles then pass through two parallel light beams of fixed distance.
Thereby, the time-of-flight of the particles needed for passing from the first to the
second light beam is measured. The time-of-flight is dependent on the aerodynamic
particle size [183,188]. With this method, particles within a range of 0.2 and 700 pm in
aerodynamic diameter may be detected and the resulting individual particle signals are

converted into a number-weighted size distribution [183,186].

1.6.2 Optical particle counter (OPC)

As mentioned in Chapter 1.4.1, not only inhalable particles of HPAPIs pose a health
risk, but also fine particulate matter in general. Because of their ability to reach even
deep regions of the lungs, particles < 10 ym (PM1o) and < 2.5 ym (PM2.5) pose a threat

to human health [104,109,189,190]. As the monitoring of air pollution, especially of fine
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particulate matter, is of high priority concern in environmental hygiene, affordable low-
cost particulate matter sensors (PM sensors) have been developed in recent years
[181,184,191,192]. The majority of these sensors are OPCs and their principle of
detection is based on light extinction (large particles) and/or on the Mie scattering
theory (small particles) [74,193—195]. A simplified diagram of an OPC based on light

scattering is presented in Figure 13.
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Figure 13: Simplified diagram of an OPC, modified from [194].

In the first step of a measurement, aerosol particles are drawn into a narrow inlet of
the OPC by a fan. Subsequently, the particles pass through a laser curtain and the
light scattered by the particles is detected at a perpendicular angle to limit the effects
of stray light within the device. In accordance with the Mie theory, the pulse height of
each of the measured signals correlates with the respective particle size [194,196].
Particles are counted and tabulated into size categories to determine their number

concentration [194]. This number concentration may be subsequently converted into a
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mass concentration as necessary for occupational exposure assessment [197-199].
In addition to their use in environmental hygiene, OPCs also play a role in other
scenarios, for example in monitoring of dust containment at construction sites as well
as personal dust exposure, and in pharmaceutical contexts such as aerosol

characterization of single-dose inhalers [75,200,201].

1.6.3 Substance-specific real-time monitoring of airborne dust

As mentioned in Chapter 1.2.5, substance-specific real-time monitoring with optical
methods is currently under development [29]. Such a monitoring would significantly
improve the safety in the contained manufacture of pharmaceuticals. There are several
potential detection methods being investigated for monitoring, including the electronic
sum frequency scattering, ion mobility spectrometry, photoacoustic spectroscopy, and
laser-induced breakdown spectroscopy [202—-209]. Another promising approach for
real-time aerosol monitoring has been presented in a study based on a polarized
optical particle counter combined with deep learning of multi-angle synchronous

polarization scattering indices [210,211].

1.7 Computational Fluid Dynamics (CFD)

1.7.1 CFD and its application in pharmaceutical contexts

CFD simulations are a versatile tool for analyzing complex air and fluid flow dynamics
and are gaining importance in the pharmaceutical field [212]. The three-dimensional
mathematical simulation of fluid motion is defined by the Navier-Stokes equation,
which is based on the conservation of mass, momentum, and energy, whereby several
physical properties of the fluid, such as pressure, density, and viscosity, have to be
taken into consideration [212,213]. CFD simulations provide a numerical approxi-
mation to this equation and present the results in a graphical and easy to read format

[213]. They have been used to characterize particle deposition in human lungs, to
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simulate the dynamic flow and particle motion in dry powder inhalers as well as air
movement in the UNC dustiness tester, Heubach dustmeter, and TCS

[80,81,106,126,176,214].

1.7.2 CFD coupled with discrete element modeling (DEM)

A combined approach for aerosol simulation is CFD-DEM coupling. With this method,
CFD is again used to simulate the airflow, but is combined with the simulation of indi-
vidual aerosol particles via DEM [215-218]. This combination has been used to
characterize particle-fluid, particle-particle as well as particle-device interactions in
rotary drum dustiness testers, providing valuable insights on lift and drag forces caused
by airflow and device geometry acting on individual particles [219]. Furthermore, the in
vitro-in vivo correlation of aerosol particle deposition in the human respiratory tract has
been predicted by the gas-aerosol flow behavior [220]. Additional studies in recent
years include the investigation of the dispersion mechanism in dry powder inhalers,
the characterization of fluidized beds, and even the simulation of non-spherical
particles, emphasizing the increasing importance of CFD-DEM coupling in the pharma-

ceutical field [216-218].
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2. Aim of the work

In recent years, an increasing number of innovative and highly potent APIs have been
developed using high-throughput screening, combinatorial chemistry, and Atrtificial
Intelligence. Although beneficial for the treatment of millions of patients worldwide,
HPAPIs pose a major risk because of their high pharmacologic and toxicologic
potential during handling. Dust emissions caused by handling HPAPIs must be mini-
mized to prevent cross-contamination during the manufacture of pharmaceuticals,
exposure of personnel, and contamination of the environment. Therefore, the so-called
containment technology has been implemented in the manufacture of pharma-
ceuticals. However, in practice, dust emissions are still being detected in contained
production environments and it has not yet been possible to draw conclusions from the
determined exposure data with regard to the sources of contamination because of a
lack of knowledge concerning aerosol transport mechanisms. So far, no device has
been developed to investigate the spatial distribution of pharmaceutical airborne dusts.
Therefore, the aim of this work was the development of a laboratory scale chamber
setup to investigate not only dustiness but also the subsequent spatial distribution of
airborne dust with small amounts of pharmaceutical powders. The newly developed
chamber setup consists of an emission chamber in which a powder sample is
atomized. This emission chamber is connected to a larger detection chamber equipped
with nine measurement spots to determine the spatial distribution of dust. The
detection chamber itself has a modular design and the emission chamber may be
connected to the detection chamber at one of nine different positions. This setup allows
an investigation of the spatial dust distribution in multiple spatial orientations. For the
experiments, ACAM was used as a safe surrogate substance, as it is a suitable
surrogate for small chemical compounds and shows low toxicity, a low quantification

limit as well as high dustiness.
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The aim of the first study of this work was to prove the functionality of the chamber
setup with regard to the reproducible atomization of small powder quantities and the
determination of the spatial distribution of airborne dust. Therefore, small amounts of
ACAM were atomized in the setup and the spatial ACAM distribution was determined
in an opposite and an orthogonal arrangement. In this first study, only one combination
of atomization parameters was used, yet indicating a strong influence of the pneumatic
atomization on the spatial dust distribution.

Because the pneumatic atomization of powder samples has not yet been characterized
in the existing literature, the second study focused on the investigation of the atomi-
zation parameters in more detail by means of statistical design of experiments.
Moreover, the measurement procedure was evaluated and subsequently optimized to
increase the amount of detected airborne dust. Based on the results, the influence of
particle size distribution and particle shape on dustiness and spatial distribution of dust
was investigated.

The third study considered technological developments of recent years, and the
chamber setup was therefore equipped with laser-based low-cost particulate matter
sensors, originally developed for environmental hygiene scenarios. This modification
of the chamber setup allowed the detection of the spatiotemporal distribution of
airborne dust in real time. With this modified setup, it was not only possible to examine
the plain surrogate ACAM but also the excipient lactose and a binary powder blend of

both.
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3. Cumulative part of the dissertation

3.1 Investigations on the spatial dust distribution for emission site localization

in containment

This first study dealt with the development and proof of concept of a novel chamber
setup designed for the investigation of the spatial distribution of pharmaceutical dusts.
The setup consists of an emission chamber in which small powder quantities, in the
case of this study the surrogate substance ACAM, were atomized by compressed air.
The emission chamber is attached to a detection chamber at one of nine possible
positions and the atomized sample may pass through a connecting orifice from the
emission to the detection chamber via convective and diffusive mass transport. The
detection chamber may be set up in an opposite or orthogonal arrangement and the
airborne dust eventually settles on the filters located within the nine measurement
spots.

The evacuation time required to gather the complete aerosol content of the detection
chamber filled with the fume of sulfuric acid was determined to be 278 min. Based on
this result, a subsequent investigation with varying sample amounts of ACAM revealed
a linear relationship between sample mass and detected dust emission. The
experiments with ACAM confirmed that with the presented chamber setup, a precise
and reproducible atomization as well as detection of small amounts of powder samples
may be realized.

The spatial dust distribution was expected to show the highest concentration of
airborne dust close to the emission site, with decreasing concentrations at the more
distant measurement spots. However, the results with the orthogonal arrangement of
the detection chamber revealed the opposite. To explain these results, CFD simula-
tions were carried out. The results of these simulations resembled exactly the pattern

of the spatial dust distribution measurements, indicating a strong influence of the
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airflow caused by the pressurized air for atomization on the spatial dust distribution.
The combination of these results allowed an exact three-dimensional localization of
the emission site within the chamber setup. In addition to the experiments with the
chamber setup, the powder properties of ACAM were analyzed to identify factors that
may influence dustiness or spatial dust distribution.

In Figure 14, a visual summary of the study is shown, pointing out the similarity of the
spatial dust distributions detected in the chamber setup with both arrangements, and

the simulated airflows of the computational fluid dynamics.

Chamber setup for the investigation of the spatial dust distribution of pharmaceutical powders

Dustiness measurements Spatial distributions Computational Fluid Dynamics
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Conclusion: A chamber setup for spatial investigations of pharmaceutical dusts
was developed and the experimental results were confirmed with CFD simulations.

Figure 14: Visual summary of the study methodology and key results [221].

In summary, the first study was a successful proof of concept of the presented chamber
setup. Because a strong influence of the pneumatic atomization on the detected
dustiness and the spatial dust distribution became apparent, a subsequent study was

performed to investigate the atomization process in detail.
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Abstract

Dustiness and the spatial distribution of dust are major problems when working with highly active pharmaceutical ingredi-
ents. Therefore, the aim of this study was to develop a chamber setup that allows a reproducible atomization of small powder
quantities and the detection of not only dustiness but also the spatial distribution of airborne dust at extremely low concentra-
tions, to prove that an emission site may be localized with stationary sampling even in a confined space. For this purpose,
the time required for evacuation of the chamber setup was determined with fuming sulfuric acid. In subsequent atomization
experiments, the safe surrogate acetaminophen was used. The spatial distribution of the surrogate was detected with nine
IOM samplers (Institute of Occupational Medicine) and its quantification was carried out via HPLC. A linear tendency of the
quantity of aerosol formed in dependence of the sample mass was demonstrated. In addition, significant differences between
individual spots of detection and thus a spatial distribution in the detection chamber was observed. These results indicated
a strong convective mass transport within the chamber setup. To verify these results, the airflow used for atomization was
simulated using Computational Fluid Dynamics, confirming the convective mass transport and the spatial distribution of the
airborne acetaminophen dust. In summary, it was shown that an emission site may be localized based on stationary exposure
data even at concentrations as low as those mandatory in the contained manufacture of HPAPI-containing pharmaceuticals.

Keywords computational fluid dynamics - containment - dustiness chamber - IOM sampler - spatial particle distribution

Introduction

In the past decades, there has been great progress in the
field of pharmaceutical drug development [1]. By high-
throughput screening, combinatorial chemistry and compu-
tational techniques such as artificial intelligence, innovative
and often highly potent active pharmaceutical ingredients
(HPAPIs) have been developed [2—4]. Although beneficial
for the patient, HPAPIs often pose an increased risk for
the personnel in the pharmaceutical industry as well as a
challenge during manufacturing. On the one hand, cross-
contamination during manufacturing has to be avoided, and
on the other hand, the exposure of personnel to the HPA-
PIs must not exceed a tolerable level. For this purpose, so
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called Occupational Exposure Limits (OELs) were defined,
which specify the maximum acceptable airborne concentra-
tion of an API in production environments. Depending on
the API these concentrations may be as low as 0.1 pg/m’
[5-8]. Apart from this, environmental pollution is a global
concern which is why the release of HPAPIs into the envi-
ronment must be prevented [9]. In addition to these hazards,
dust generated during manufacturing processes may pose a
risk due to potential charge accumulation caused by tribo-
charging and local accumulation of dust in specific areas of
the production environment, which may result in inadvert-
ent contamination of materials and surfaces or even in dust
explosions [10, 11]. With regard to dust explosions, key fac-
tors influencing the ease of ignition and burn rates include
primary particle size distribution, cloud turbulence and the
particle concentration distribution inside the dust cloud [12].
However, a basic condition for a dust cloud to be explosive,
is that its concentration usually has to be several orders of
magnitude higher than even typical dust concentrations in
unpleasant dusty atmospheres in production environments,
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thus far exceeding any acceptable concentrations in the con-
tained manufacture of pharmaceuticals [5-8, 11].

To effectively prevent the above-mentioned dust expo-
sure risks, containment measures are implemented in the
manufacture of pharmaceuticals. In tableting with rotary
tablet presses, for example, these measures are realized by a
housing around the tablet press itself and the application of
reduced pressure inside that housing. In addition, high per-
formance filter systems for the ambient air, special transfer
valves for powder feed and isolators are implemented at the
production site [13, 14]. Nevertheless, in practical applica-
tions, emissions of the active ingredient are still detected at
stationary measuring points outside the containment hous-
ing due to the dust generated during the tableting process.
The positioning of these measuring points is based on the
assessment of the contamination risk at certain locations of
the tablet press, such as the operator panel or the product
outlet of the press. However, it has not yet been possible to
draw conclusions from the stationary exposure data obtained
by these measurements regarding the causal contamination
sources, i.e. emission sites of the production machines [13,
15]. In addition to the pharmaceutical industry, the genera-
tion and spatial distribution of airborne dust poses a threat
in various other industrial sectors, such as the mining, con-
struction and woodworking industry [16-20]. Because of
the large size of these production areas and the relatively
high concentrations of generated airborne dust, these stud-
ies usually investigate the spatial distribution of dust with
optical sensors or meteorological image analysis [16-20].
Unfortunately, these methods are neither substance-specific,
as desired in containment investigations because only HPA-
PIs pose a threat to the health of employees, nor capable of
detecting extremely low airborne dust concentrations due
to their relatively high detection and quantification limits
[21-23]. Optical sensors are thus only suitable to a limited
extent for containment investigations, as substance-specific
sensors are still under development [15].

Dustiness is defined as the propensity of a material to
generate airborne dust during its handling. It can be tested by
applying a specified type and amount of mechanical energy
to a specified amount of test material for a specified time
period in order to overcome adhesive binding forces within
the test material, and thus to release particles into the air [24,
25]. It is a well-known fact that the dustiness of powders
is dependent on various physicochemical powder proper-
ties such as moisture content, particle shape and density.
In addition, there are statistical powder characteristics, for
example the particle size distribution, which may have an
influence on dustiness [24]. Beyond that, the type of energy
input needed for atomization and the geometry of the meas-
uring system itself have to be taken into account, because
the energy input and the flight path from the atomization to
the detection site may influence the measured dustiness [26].

@ Springer

As the handling of materials, for example milling, con-
veying, filling, and mixing leads to dust release and poses a
problem in different industries, various chambers for dusti-
ness measurements of powders have been described over
the last decades [27-34]. Unfortunately, most of the above-
mentioned systems require a relative high amount of pow-
der sample, which presents a problem when working with
active pharmaceutical ingredients (APIs) with high produc-
tion costs and sometimes limited quantity. Considering the
high number of publications focusing on dustiness only few
describe systems suitable for small sample quantities and/
or pharmaceutical powders [35-38].

Based on the above-mentioned remarks and the potential
health risks associated with the handling of HPAPIs, safe
surrogate substances are used for testing of containment
equipment and pharmaceutical dustiness investigations.
These substances include, among others, acetaminophen,
naproxen sodium, lactose and insulin. The choice of the
surrogate should be based on its physicochemical powder
properties and limits of analytical quantification [6, 39].

For the analysis of complex dynamics of air and fluid
flow, Computational Fluid Dynamics (CFD) simulations
which are already established in the automotive and aer-
ospace industries and gaining importance in the pharma-
ceutical field, are a versatile tool [40]. It has already been
used to characterize the dynamic flow, particle motion and
deposition in dry powder inhalers as well as in dustiness
testing setups [41—43]. These simulations can be used for the
investigation and visualization of atomization processes and
the spatial distribution of the aerosols in a dustiness testing
chamber setup [38, 42].

As mentioned above, only the dustiness of pharmaceutical
powders but not the spatial distribution of dust, especially
that of smallest amounts of atomized APIs resulting in very
low concentrations, as necessary for investigations in the
context of containment, has so far been investigated. There-
fore, the objective of this study was to develop a novel cham-
ber setup consisting of an emission and a detection cham-
ber to investigate the spatial distribution of pharmaceutical
dusts. One aim was to ensure that the chamber setup allows
to gather the complete content of the detection chamber so
that each atomized aerosol sample may be detected entirely
with IOM samplers (Institute of Occupational Medicine). A
further aim was to verify that the newly developed chamber
setup is capable of reproducible and precise atomization of
small amounts of pharmaceutical powders and that it allows
the investigation of the spatial distribution of pharmaceuti-
cal dust inside the detection chamber to proof its ability of
emission site localization based on stationary exposure data
in laboratory scale containment investigations.
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Materials and Methods
Chamber Setup

The experimental setup consists of two chambers, the
emission and the detection chamber, as shown in Fig. 1.
The inner dimensions of the emission chamber are
19.4 cmXx19.4 cm X 19.4 cm resulting in a volume of
approximately 7.3 L. In the top plate of the emission cham-
ber an orifice with an attachment point for a pneumatic dou-
ble-acting ball valve is positioned. The detection chamber
shows inner dimensions of 100 cm X 100 cm X 100 cm which
results in a volume of 1 m>. The chamber setup represents
a modular system: The emission chamber can be connected
to the detection chamber at one of nine possible positions
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Fig.1 Simplified illustration of the disassembled chamber setup for
dust measurements, consisting of an emission chamber with a detach-
able lid and a modular detection chamber: a detachable lid, b emis-

Fig.2 Chamber setup in
opposite (a) and orthogonal (b)
arrangement

through a protruding tube with an inner diameter of 2.54 cm
fixed at the emission chamber. The eight unused attachment
positions of the detection chamber are closed with specially
designed seals. This allows the investigation of multiple
emission site positions in one system.

The detection chamber can be set up in two different
arrangements. Two of the panels of the detection chamber
are interchangeable, so that the measurement spots may
either be positioned on the opposite site of the emission
chamber or in an orthogonal arrangement (Fig. 2).

For dust detection nine IOM samplers (I.O.M. Multi-Dust
samplers, SKC, Blandford Forum, UK) are attached to the
measurement spots and connected to independent flowme-
ters with a flow rate of 0.4-5 L/min (MR3000, Key Instru-
ments, Croydon, USA). The flowmeters are connected to an
air sampling pump (Flite 4, SKC, Blandford Forum, UK) as
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shown in Fig. 3. The lid of the emission chamber is detach-
able for cleaning purposes. A rubber seal is attached to the
edges of the emission chamber and to the interchangeable
panels of the detection chamber. The remaining four panels
of the detection chamber are sealed with silicone to ensure
tightness. The panels of both chambers consist of acrylic
glass with a thickness of 0.8 cm. An outer framework of
aluminum B type profiles is fastened to the panels of the
detection chamber with polyurethane glue for stabilization.
The aluminum framework is also used to mount various con-
trol and measuring instruments such as pneumatic valves,
flowmeters and a programmable logic controller (PLC). A
grounding cable is attached to the aluminum profiles to dissi-
pate electrostatic charges. As shown in Fig. 3, a double-act-
ing ball valve (KH 14 P, Pneumatikatlas, Liibeck, Germany),
used for atomization of the powder samples, is positioned
above the emission chamber. The ball valve is pneumatically
controlled by a 5/2-way solenoid valve (VUVS-L25-M52-
AD-G14-F8, Festo, Esslingen, Germany). 3/2-way solenoid
valves (VUVS-LK25-M32C-14-B, Festo, Esslingen, Ger-
many) are used to control two 3/2-way pneumatic valves
(SFP4701, YPC, Jeongwang-Dong, South Korea). One of
these two pneumatic valves controls the airflow through the
IOM samplers. The other valve controls the flow of pres-
surized air used for atomization. A pressure reducing valve
(Futura 1 RP14-2 F, Riegler, Bad Urach, Germany) and a
flowmeter with a flow rate of 10-100 L/min (MR3000, Key

15

Instruments, Croydon, USA) regulate the pressurized air for
atomization. All valves of the chamber setup are controlled
by a PLC (Siemens LOGO! 12/24 RCE, Munich, Germany).
The PLC can be started via a simple toggle switch and the
programmed sequence ensures that the complete measuring
process takes place in a precise chronological order. The
chamber setup is positioned in a climate room to control the
environmental conditions during the experiments. Tempera-
ture in the climate room is set to 20°C and relative humidity
to 40%.

Determination of the Evacuation Time with Fuming
Sulfuric Acid

To determine the necessary evacuation time for gathering
the complete aerosol content of the detection chamber fum-
ing sulfuric acid was used for flow visualization. Therefore,
a Driiger Air Flow Tester (Dréger, Liibeck, Germany), was
inserted into the pressurized air tube between the source
of compressed air and the double-acting ball valve. Subse-
quently, the 3/2-way pneumatic valve and the double-acting
ball valve, controlled by the PLC and positioned above the
emission chamber (Fig. 3), were opened. By this means, the
white fume of sulfuric acid was introduced into the emis-
sion chamber for 60 s. Simultaneously, the 3/2-way pneu-
matic valve between the sampling pump and the nine IOM
samplers attached to the measurement spots at the detection
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Fig.3 Simplified piping and instrumentation diagram of the chamber setup
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chamber was activated resulting in an airflow of 2 L/min
through each of the glass microfiber filters (1820-025,
Whatman, Little Chalfont, UK) located in the samplers.
Through the connecting orifice the fume flowed from the
emission into the detection chamber and was evacuated
through the nine IOM samplers. During this experimental
procedure the entire cross-sectional area of the detection
chamber was monitored using a digital camera (ZV-1, Sony,
Tokyo, Japan) positioned to the side of the detection cham-
ber. Pictures were taken every 10 s for a time period of 5 h.
The focus of the camera was manually set to the center of
the detection chamber and the white balance, aperture, ISO
value and shutter speed were adjusted to predefined values
to minimize any optical bias, such as distortion. To increase
the visual contrast of the fume, a black backdrop was placed
behind the detection chamber and additionally a cold light
source (CL 1500 ECO, Zeiss, Jena, Germany) was used for
illumination. This series of pictures taken was subsequently
examined via image analysis using the processing software
ImageJ (US National Institute of Health, Bethesda, USA)
[44]. For analysis of the evacuation of the fume, the optical
fume density in the pictures was determined based on the
mean gray value in four different zones (390 pixels x 390
pixels each) selected around the center of the side panel.
This measure was taken to exclude picture areas with inter-
fering effects such as reflections caused by the outer frame-
work of aluminum profiles fastened to the panels. The values
were then evaluated via nonlinear regression to determine
the necessary evacuation time for the detection chamber.

Powder Characterization of the Surrogate
Acetaminophen (ACAM)

Particle Size Distribution

The particle size distribution of ACAM was determined by
laser diffractometry (Helos KR, Sympatec, Clausthal-Zeller-
feld, Germany). Measurements (n=3) were performed using
a lens with an effective range of 0.5-875 um. The ACAM
powder was dispersed by compressed air at an air pressure
of 1.5 bar. For analysis of the particle size distribution the
Pagxos software (Version 2.0.3, Sympatec, Clausthal-Zel-
lerfeld, Germany) was used.

Residual Moisture Content

The residual moisture content of samples with approxi-
mately 14 mg of ACAM (n=3) was measured via thermal
gravimetric analysis (TGA 2, Mettler Toledo, Germany).
The temperature increase was set from 25°C to 160°C, with
a heat rate of 10°C/min.

True Density

The true density of ACAM was determined with a helium
pycnometer (Pycnomatic ATC EVO, Porotec, Hofheim am
Taunus, Germany). For each sample of approximately 5 g
(n=23) ten measurement cycles were performed.

Bulk Density

The untapped bulk density and tapped bulk density were
estimated according to the monograph 2.9.34, “Bulk Den-
sity of Powders” in the European Pharmacopoeia [45]. A
graduated 250 mL measuring cylinder was filled with 100
g of ACAM and measured using a jolting volumeter (STAV
2003, J. Engelsmann, Ludwigshafen, Germany). The Haus-
ner ratio was calculated using Eq. (1).

Hausner ratio = Untapped bulk volume / Tapped bulk volume
(1)

Dust Measurements with ACAM

For the determination of dustiness and spatial distribu-
tion of dust the safe surrogate substance ACAM (Caelo,
Hilden, Germany) was selected, as it is commonly used
for containment investigations [6, 15]. Powder samples of
the surrogate substance ACAM at quantities of 65, 125,
250, 500 and 1000 mg were atomized. For each measure-
ment the respective sample was transferred into the closed
double-acting ball valve with a funnel. The measurement
was started by actuating a toggle switch on the PLC. Sub-
sequently, the double-acting ball valve was opened by the
5/2-way solenoid valve for a duration of 5 s (Fig. 3). By
this means, compressed air with a gauge pressure of 1.5
bar and a flow rate of 100 L/min was directed through the
double-acting ball valve and the powder sample inside.
This expels the powder sample out of the ball valve and
atomizes it via turbulent air and subsequent impact on the
lower inner wall of the emission chamber. Simultaneously,
the toggle switch activated the 3/2-way valve at the vac-
uum pump, leading to an airflow of 2 L/min through each
of the glass microfiber filters within the IOM samplers
for 278 min. Via convective and diffusive mass transport
the aerosol passed through the connecting orifice from the
emission to the detection chamber and eventually settled
on the filters. The quantification of the settled amount of
ACAM on the filters was performed by HPLC.

HPLC Assay
To quantify the amount of ACAM by HPLC (Chromas-

ter 5000, VWR-Hitachi, Tokyo, Japan), the glass micro-
fiber filters containing the collected ACAM dust were
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transferred to individual iodine flasks. To also gather the
ACAM amount deposited on the inside of the cassette
fronts of each of the IOM samplers they were swabbed
using additional glass microfiber filters which were trans-
ferred into the corresponding iodine flasks. The ACAM
was extracted from the filters by adding 2 mL of the
mobile phase, consisting of a mixture of acetonitrile and
water (75:25 v/v), which was adjusted to a pH of 3.5 with
phosphoric acid. Subsequently the flasks were shaken at
100 rpm for 30 min (Unimax 1010, Heidolph Instruments,
Kelheim, Germany). These extracts were diluted with the
mobile phase (1:15) and approximately 1.5 mL of the dilu-
tions were transferred into HPLC vials. The HPLC flow
rate was set to | mL/min and the injection volume was 20
pL. All measurements were carried out at a temperature
of 22°C. ACAM quantification was performed by using a
LiChroCART RP-18e 250—4 column (Merck, Darmstadt,
Germany) with subsequent spectrophotometrical detection
by a Diode Array Detector (Chromaster 5430, Hitachi,
Tokyo, Japan) at 245 nm. The run time for each sample
was 3.00 min and the retention time of ACAM was 1.92
min. The calibration of ACAM was linear between a con-
centration of 0.033 pg/mL and 2 pg/mL (R”=0.9999).
Based on the signal-to-noise ratio the detection limit (DL)
for the assay was 0.0014 pg/L and the quantitation limit
(QL) was 0.0047 pg/L [46].

Computational Fluid Dynamics (CFD) Simulations

Computational Fluid Dynamics simulations were per-
formed to simulate the airflow in the form of air velocity,
causing a convective mass transport of aerosol particles
inside the chamber setup. These simulations were carried
out with the SimScale CFD simulator (SimScale, Munich,
Germany). The model used was the k-omega shear stress
transport turbulence model (k-w-SST) in a steady-state
approach. In accordance to the Reynolds analogy the tur-
bulent Schmidt number (Sc,) was set to 1 and diffusion
coefficients to 1 x 107 m%s. As initial conditions for the
air, density was set to 1.196 kg/m? and the kinematic vis-
cosity to 1.529 x 10> m?/s applying a Newtonian viscos-
ity model. The initial global air velocity was set to 0 m/s
and the initial volumetric airflow through the inlet to 0 L/
min. The initial global gauge pressure as well as the gauge
pressures at the nine outlets (measurement spots) were set
to 0 bar. Furthermore, the turbulence kinetic energy (k)
was adjusted to 1.297 x 107> m%/s® and the specific dissipa-
tion rate (w) to 12.49 s~'. A physics-based meshing was
chosen, resulting in 271,600 cells and 66,000 nodes in the
model. The simulated space was limited to the geometry of
the chamber setup. In accordance with standard practice,
the air was regarded as incompressible fluid, because the
resulting flow velocities were significantly below mach 0.3
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and therefore no relevant differences in density, pressure,
or temperature were expected. Thus, no boundary limits
were set for these parameters in the simulations numeric
control. Nevertheless, to ensure a correct simulation it
was tested for outliers and instabilities based on the con-
vergence between individual iteration steps, the so-called
residuals. A limitation of the simulation is the restricted
resolution because of a maximum runtime of 24 h. To
emulate the atomization process the orifice on top of the
emission chamber was chosen as an inlet and a flow rate
of 100 L/min was simulated for a duration of 5 s in incre-
ments of 0.005 s. For additional 2 s an inlet flow rate of
18 L/min was simulated to emulate the first seconds of the
volume flow caused by the vacuum pump.

Results
Evacuation time of the Detection Chamber

To ensure that the complete content of the detection cham-
ber is gathered for detection, the necessary evacuation time
was determined with fuming sulfuric acid. The results of the
evacuation time investigation are shown in Fig. 4. The maxi-
mum mean gray value of the fume density, determined pho-
tographically, was defined as 100% relative fume density and
the corresponding time point was set to 0 s. The decrease of
the fume density over time followed an exponential course
and reached a value of less than 1% after 278 min [47].

Powder Characterization of the Surrogate ACAM

The dustiness of powders is influenced by various factors,
such as particle size distribution, residual moisture content,
true density as well as bulk density. These powder proper-
ties were determined for the investigated surrogate ACAM.
Residual moisture was not detected. The respective values
for the particle size distribution, true and bulk densities as
well as flowability may be found in Table I.

Totally Settled Amount of ACAM (Dustiness)

To verify reproducible and precise dust measurements,
experiments with the surrogate powder ACAM were car-
ried out using the newly developed chamber setup. Differ-
ent amounts of ACAM (65-1000 mg) were atomized and
the totally settled amount, regarded as dustiness, as well as
the spatial distribution were examined. In Fig. 5 the totally
settled amounts of ACAM on all filters within the nine
IOM samplers for both chamber arrangements are shown.
It is evident, that the measurements in the orthogonal
arrangement resulted in lower detected amounts of totally
settled ACAM than in the opposite arrangement. In the
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Fig.4 Time course of the relative fume density of fuming sulfuric acid (means +SD, n=3) modified after [47]

Table | Physicochemical properties of the investigated surrogate
ACAM (means +SD, n=3)

Powder properties Values
Particle size [um]

Xi0 3.23+0.04
Xs0 21.39+0.36
Xgp 128.85+1.91
True density [g/cm’] 1.290 +0.001
Untapped bulk density [g/mL] 0.401 +0.001
Tapped bulk density [g/mL] 0.586+0.003
Hausner ratio 1.461 +£0.007

opposite arrangement, values ranged from 26.62 + 11.67
pg/m? up to 140.28 + 18.32 ug/m*® whereas in the orthogo-
nal arrangement they ranged from 18.54 +2.89 pg/m’ up
to 81.98 +10.92 pg/m®. At lower sample amounts of 65,
125, and 250 mg, the percentage of totally detected ACAM
in the orthogonal arrangement amounted to 70, 78 and
73% (m/m), respectively, compared to the settled amounts
in the opposite arrangement. For higher sample amounts of
500 and 1000 mg this percentage decreased to 58% (m/m).

Spatial Dust Distributions
Opposite Arrangement

The spatial distribution of the ACAM dust inside the detec-
tion chamber was investigated regarding the position of the
nine IOM samplers. Only the results of the experiments with
500 mg ACAM are shown in the following 2 figures. In
Fig. 6 the spatial distribution of the ACAM dust examined
with the opposite arrangement is shown. It is noticed that the
highest amount of ACAM (13.51 +0.84 pg) settled on the
filter within the IOM sampler #5, which is positioned right
in the middle of the detection site and directly opposite to
the emission chamber. Significantly less ACAM settled on
all surrounding IOM samplers (p <0.05), except for IOM
sampler #2. The lowest settled amount was found on IOM
sampler #9 with 7.34 + 0.88 pg.

Orthogonal Arrangement

The spatial distribution for the experiments with the orthog-
onal arrangement is shown in Fig. 7. The highest amount
of ACAM was found within the IOM sampler #6, with
8.23 +1.76 pg, positioned on the right-hand side of the
detection chamber. It is evident, that for all three horizontal
IOM sampler rows, the corresponding highest amount of
ACAM settled on the samplers which were positioned most
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Fig.5 Totally settled amount of ACAM on the filters within the IOM samplers for the opposite (blue) and the orthogonal (orange) arrangement
(total of all nine samplers, means + SD, n=3); modified and extended from [48]

distant to the emission chamber, i.e. IOM samplers #3, #6
and #9. Moreover, the detected amount of ACAM decreases
in a circular pattern with its origin at the position of sam-
pler #6. The lowest amount of ACAM settled on the filter
within IOM sampler #1 (3.98 +£0.53 pg). The differences in
the settled amount of ACAM is on a significance level of
p<0.1 for the IOM samplers on the right-hand side of the
panel compared to their corresponding IOM samplers in the
center column (IOM samplers #2, #5 and #8). The differ-
ences between the samplers on the right-hand side and their
corresponding samplers on the left-hand side, closest to the
emission chamber, are significant (p <0.05).

Computational Fluid Dynamics (CFD) Simulations

The resulting air velocities inside the chamber setup dur-
ing the 5 s of atomization and the two additional seconds
thereafter were simulated with CFD and are shown in Figs. 8
and 9.

The resulting airflow for opposite arrangement is
depicted in Fig. 8a) from a side view with the cutting
plane positioned vertically in the middle of the chamber
setup. After 0.2 s the airflow, caused by atomization of
the powder sample, already passed through the emis-
sion chamber and through approximately one third of the
detection chamber. The airflow reached the opposite wall
in little more than 3 s. After 5 s the atomization process
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stops, but the increased airflow is still evident at 7 s. In
Fig. 8b), from top view and a cutting plane located hori-
zontally in the middle of the chamber setup, the airflow
was directed in the same pattern as in Fig. 8a) through
the chamber setup and towards the measurement spots
located in the opposite panel of the detection chamber.
In Fig. 8c) the airflow is shown in a cutting plane placed
2.5 cm inwards of the measurement spots. In this plane,
the airflow increased uniformly during the first 0.2 s, but
at 3 s it becomes evident, that the airflow raised to higher
velocities in a circular pattern with its origin in the center
of the panel.

In Fig. 9a), the airflow in the orthogonal arrangement
is shown, again from side view with the cutting planes
positioned vertically in the middle of the chamber setup.
The resulting airflow is similar to that shown in Fig. 8a). In
contrast, the simulated airflow in Fig. 9b) from top view,
and cutting plane located horizontally in the middle of
the chamber setup, shows an asymmetrical pattern. After
approximately 3 s, the airflow is redirected sideways by
the opposite panel and towards the measurement spots
located in the side panel. This redirection is further sup-
ported by the simulation shown in Fig. 9c). The airflow
first increases uniformly, but after 3 s the airflow increases
to higher velocities on the right-hand side of the panel.
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Discussion
Evacuation Time of the Detection Chamber

An important parameter for dustiness measurements is the
required sampling duration to gather the entire airborne dust
content within the chamber setup, especially if dealing with
very low sample amounts and resulting dust concentrations.
For this purpose, Wirth et al. compared three methods for
determination of the evacuation time: CFD simulations,
flow visualizations with fuming sulfuric acid, and dustiness
measurements with a surrogate substance [38]. The CFD
simulations showed a relatively large deviation compared
to the other two methods, whereas the results obtained with
the surrogate and those obtained with the fume of sulfu-
ric acid corresponded to each other [38]. As the evacuation
time determination with fuming sulfuric acid proved to be

an accurate and precise method, it was chosen for the present
study. As shown in Fig. 4, the decrease of the fume density
followed an exponential course. Based on a chosen cut off
at 1% remaining relative fume density, the necessary evacu-
ation time to gather the complete content of the detection
chamber took 278 min. With a flow rate of 2 L/min through
each of the nine IOM samplers and a detection chamber vol-
ume of 1 m?, the evacuation time corresponds to an approxi-
mately fivefold air exchange. Wirth et al. also reported an
exponential decrease of the fume density over time. In addi-
tion, Evans et al. reported a similar time-dependent decrease
of the particle mass concentration in studies with the Venturi
dustiness testing device, introduced by Boundy et al. [35,
49]. A study by Breum reported a non-linear accumulation
of the particle mass arriving at an outlet of a rotating drum
dustiness tester [50]. A similar result is presented in a study
by Heitbrink for the MRI dustiness test, further underlining
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the above-mentioned results [51]. Based on this knowledge,
the detection time for the ACAM investigations was set to
278 min in the PLC for the surrogate experiments in the
present study.

Powder Characterization of the Surrogate ACAM

The dustiness of a powder is defined as its propensity to
generate airborne particles during its handling, such as mix-
ing, milling or transferring [14, 25, 52]. Multiple physico-
chemical properties of powders may influence the propensity
of particles to become airborne and thus powder dustiness.
In one of the first investigations of this topic, Plinke et al.
described the influence of moisture content and particle
size of a powder sample on its dustiness [24]. Furthermore,
Pujara and Kildsig identified powder sample mass, mois-
ture content, bulk density as well as particle shape, size,
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and cohesion as the most important factors determining
the dustiness of a powder [53]. In addition, Boundy et al.
described the size and shape of powder particles as well as
the moisture content as influencing factors for dustiness also
considering factors such as prior handling of the powder
[35]. In two studies, an increase in residual moisture content
was found to cause a direct decrease of powder dustiness
[30, 54]. As no residual moisture was detected by thermal
gravimetric analysis in the present study, its influence on
dustiness can be ruled out. The bulk densities and the result-
ing Hausner ratio of 1.46 indicate a very poor powder flowa-
bility [55].The particle size distribution and true density of
ACAM in the present study, as shown in Table I, are compa-
rable to other well-known APIs and thus ACAM represents a
well suited surrogate to simulate occupational exposure and
airborne spatial dust distributions in pharmaceutical produc-
tion environments [56].
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Fig.8 Air velocities during the atomization process at different time points for the opposite arrangement: a centered cutting plane from side
view, b centered cutting plane from top view, ¢ cutting plane located 2.5 cm inwards of the measurement spots

Totally Settled Amount of ACAM (Dustiness)

Initial investigations with the chamber setup dealt with
confirmation of a reproducible and precise atomization of
small amounts of powders and the subsequent detection of
low airborne dust concentrations as permitted in contained
manufacturing of pharmaceuticals to ensure the highest
possible transferability to industrial scenarios [7, 8, 15,
57]. This is of importance, as APIs are often of limited
availability because of their high costs. Moreover, typi-
cal dustiness testers require high sample amounts, which
would lead to exorbitantly high costs for the testing of
pharmaceutical powders [26, 49, 58]. In the present study,

IOM samplers were chosen as measurement devices of the
detection chamber. These samplers consist of an enclosed
housing with a 15 mm circular orifice and a protruding
lip of 1.5 mm for entry of airborne dust particles even-
tually settling onto a 25 mm round filter. IOM samplers
are usually worn at the lapel of workers to assess occupa-
tional exposure to airborne dust in the workers breathing
region [59]. In addition, they are used for static sampling
in the production environment, for example during fac-
tory acceptance tests of equipment [15, 60]. IOM samplers
collect particles with a diameter of up to 90 um, corre-
sponding to the inhalable fraction of airborne dust, at wind
speeds of up to 3 m/s [60]. Furthermore, IOM samplers
are not limited by a specific minimum detectable airborne
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Fig.9 Air velocities during the atomization process at different time points for the orthogonal arrangement: a centered cutting plane from side
view, b centered cutting plane from top view, ¢ cutting plane located 2.5 cm inwards of the measurement spots

dust concentration, as their detection limit is solely based
on the volume of air sampled and the DL and QL of the
subsequent analytical method.

The results of the totally settled amount on the filters
within the IOM samplers, regarded as dustiness, were as
low as 18.54 +2.89 pg at a sample mass of 65 mg (orthogo-
nal arrangement) with single IOM sampler values as low as
3.98 +0.53 pg. These values do not only demonstrate the
reproducibility of measurements with the newly developed
chamber setup, but also its ability to generate and detect
concentrations of airborne dust similar to the conditions in
the contained manufacture of pharmaceuticals.

The totally settled amount followed a linear tendency
depending on the sample mass in both, the opposite and the
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orthogonal arrangement. These results are in agreement with
several studies dealing with the influence of the applied sam-
ple mass onto the detected dustiness with multiple dustiness
testers, for example with a rotating drum tester as well as a
chamber with dust generation by free falling powders [29,
37, 38, 50]. Whereas, the lowest settled amount of ACAM
was found at a sample mass of 65 mg the highest ACAM
amount was detected at a sample mass of 1000 mg for both
arrangements. The opposite arrangement resulted in higher
settled amounts of ACAM for every sample mass, but a sig-
nificant difference between opposite and orthogonal arrange-
ment (p <0.05) was only detected at sample masses of 500
and 1000 mg. This difference may be explained by influenc-
ing factors affecting the measured dustiness, as not only the
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physicochemical powder properties influence dustiness, but
also the amount and type of energy applied as well as the
measuring device itself. This is caused by the convective
mass transport represented by the flight path of airborne
particles from the atomization to the detection site defined
by the geometry of the chamber setup [26]. The flight path in
the opposite arrangement directs airborne particles straight
from the emission site towards the measurement spots. In
contrast, in the orthogonal arrangement the flight path of
airborne particles includes a ninety degree turn to eventually
settle on the filters. Thereby particles that cannot follow this
turn because of their mass inertia are not captured on the
filters. Moreover, a loss of airborne particles may be caused
by gravitational settling or by wall effects in the chamber
setup [61, 62].

Investigations on the Spatial Dust Distribution
for Emission Site Localization

Since the beginning of the twenty-first century, more than
65 dustiness testing devices have been published and this
number further increased in recent years [33, 35]. Never-
theless, only a small number of these devices is suitable for
dustiness investigations of pharmaceutical powders at low
sample quantities [26, 35, 36, 38]. In addition, all of these
devices are equipped with only one measurement spot (in
some cases two, but only to collect different particle size
fractions of the airborne dust) and are therefore not able to
detect the spatial distribution of airborne dust. Nevertheless,
in some references it is suggested, that stationary location
sampling may be used to identify areas of dust emission
within a pharmaceutical production environment [6, 39]. To
proof this suggestion, the spatial dust distribution within the
newly developed chamber setup was investigated with nine
measurement spots in two arrangements.

Transport mechanisms of airborne dust particles are cat-
egorized into diffusive and convective processes. Diffusion
represents a process by which particles move from regions
of higher concentration to those of lower concentration. This
phenomenon is particularly significant for airborne dust par-
ticles < 0.5 pum, resulting from Brownian motion [63, 64].
However, diffusion should be negligible in measurements
within the presented chamber setup because of the relatively
large distance of 1 m from the emission site to the meas-
urement spots. In contrast, the convective mass transport,
caused by atomization of powder samples with compressed
air and the subsequent airflow of 2 L/min through each of
the IOM samplers plays a major role in the spatial distribu-
tion of airborne dust. This assumption is confirmed by the
results in the opposite arrangement, where it is evident, that
the convective airflow transports the airborne dust particles
directly towards the opposite panel of the detection chamber
and thus into the IOM samplers. As expected, this particle

transport results in the highest settled ACAM amount on
the filter within IOM sampler #5 and significantly less on
all surrounding IOM samplers (p < 0.05), as this sampler
represents the center measurement spot, directly located
opposite to the connecting orifice of the emission chamber.
These results confirm the localization of the emission cham-
ber at the center position of the nine possible attachment
points of the detection chamber, even at a relatively small
distance of only 1 m between emission and detection site
and a minimum distance of 25 cm between the individual
measurement spots.

Assuming plain diffusive mass transport for particle
distribution, the highest concentration should be expected
close to the emission site. However, the opposite became
evident during the measurements (orthogonal arrangement).
The highest settled ACAM amount was found on the filters
within [OM samplers #3, #6, and #9 on the right-hand side
of the detection chamber and most distant to the emission
chamber. Significantly lower amounts were detected with
IOM samplers #1, #4, and #7 on the left-hand side of the
detection chamber and closest to the emission chamber.
These results confirm the assumption of a strong convec-
tive mass transport of the dust particles. Nevertheless, to
identify the location of the attached emission chamber from
the side view, additional knowledge of the airflow within
the chamber setup is necessary. Therefore, CFD simulations
were performed.

Computational Fluid Dynamics (CFD) Simulations

CFD simulations are a versatile tool for airflow visualiza-
tions, not only in production environments but also in dusti-
ness test chambers [40]. Such simulations have been used
by Dubey et al. to analyze the airflow in the Venturi dusti-
ness tester and Chen et al. simulated aerosol behavior in the
Heubach rotating drum dustiness tester [42, 43]. In addition,
Wirth et al. investigated the required evacuation time of a
dustiness test chamber as well as the relationship between
dust emission and airflow with CFD simulations [38, 65]. In
the present study, CFD simulations were performed to visu-
alize the airflow in the chamber setup to confirm the assump-
tion that the detected spatial dust distribution is caused by
the convective mass transport. Regarding the simulations a
few limitations have to be considered: It was only possible to
simulate airflows but not the spatial distribution of particles
with their corresponding particle interactions were simulated
and it was impossible to simulate the flow resistance caused
by the IOM samplers and the vacuum pump. Nevertheless,
the simulations confirmed that with both arrangements the
airflow resulting from atomization is directed straightly
from the emission chamber towards the opposite panel of
the detection chamber as depicted in Figs. 8 a) and 9 a).
The simulations shown in Fig. 8 b) visualize an airflow
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directed almost symmetrically through the chamber setup
and the measurement spots located in the opposite panel
of the detection chamber. In contrast, in Fig. 9 b) the visu-
alized airflow shows an asymmetrical pattern. This asym-
metrical airflow may be explained by the measurement spots
representing the outlets of the chamber setup leading to a
sideways redirection of the airflow of the pressurized air.
The airflow causes a strong convective mass transport of
ACAM particles from the emission through the detection
chamber and onto the filters inside the IOM samplers in
both arrangements. In Figs. 8 c) the airflow is shown in a
cutting plane placed 2.5 cm inwards of the measurement
spots. The simulations confirmed the spatial distribution of
ACAM as observed in Fig. 6 with the highest settled ACAM
amount on the filter in the middle of the panel (IOM sam-
pler #5) is caused by the airflow in the detection chamber.
Furthermore, the airflow simulated in Figs. 9 ¢) confirmed
the spatial distribution of ACAM experimentally observed
with the orthogonal arrangement (Fig. 7).

Three-Dimensional Localization of the Emission Site

The results of the spatial dust distribution measurements
in the opposite arrangement clearly allowed a localization
of the emission site in the center position of the nine avail-
able positions. These results were confirmed with the CFD
simulations visualizing the airflow. The results of the dust
distribution in the orthogonal arrangement also suggested
the localization of the emission site to be in the horizontal
center row. However, solely based on these results, it would
be assumed that the emission chamber is positioned on the
right-hand side of the panel equipped with the measurement
spots. Only by combining the knowledge of the convective
mass transport caused by the airflow in the chamber setup,
visualized by the CFD simulations, and the results of the spa-
tial dust distribution measurements it is possible to clearly
localize the three-dimensional attachment position of the
emission chamber and thus emission site (left-hand side and
center position). This conclusion is based on the assumption
that the airborne particles follow the simulated airflow of the
CFD simulations. This is probably only true for a fraction of
the atomized ACAM particles, because larger particles will
not be able to follow the airflow from the emission to the
detection site in the chamber setup, because of their inertia
and resulting impaction on the panels of the emission cham-
ber. Furthermore, sedimentation of particles > 10 pum, may
prevent them from being collected at the measurement spots
of the chamber setup. Several studies showed, that the meas-
ured dustiness of a powder tends to increase with decreasing
particle size and that the polydispersity index (PDI) is nega-
tively correlated with dustiness [24, 54, 56, 65-69]. These
findings also indicate an influence of particle size and dis-
tribution on the spatial dust distribution. A direct analysis of
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collected ACAM particle sizes on the filters within the IOM
samplers was not possible in this study because of the sub-
sequent HPL.C quantification. Another factor that has to be
considered is the chosen size of the chamber setup, which is
a compromise between its usability in a laboratory scale and
the minimum required distance between measurement spots
and number of measurement spots (resolution). In addition,
the chamber setup represents a strictly confined space for
reproducible investigations of the spatial dust distribution,
but real world influences, such as controlled airflows in
production environments and electrostatic charging of dust
caused by production processes, directly affecting potential
travelling distances of airborne dust particles are not taken
into account, or only to a limited extent. For example, the
selected material for the chamber setup panels is acrylic
glass, a material which inherits a low conductivity [70, 71].
This choice was purposely made to mitigate any potential
electrostatic interactions of the chamber setup with sample
material. Nevertheless, ACAM shows a high tendency for
electrostatic interactions and because of the limited space
for its spatial distribution within the detection chamber in
comparison to larger production environments, these inter-
actions are more likely to occur than in real world scenarios
[72]. The degree to which the chamber setup results may be
transferred to real world scenarios therefore still needs to be
verified. Nevertheless, the newly developed chamber setup
represents the first system capable of substance-specific
determination of spatial airborne particle distributions. The
method requires only small sample amounts of API, has a
low quantification limit, and due to the modular design of
the chamber setup it represents a valuable tool suitable for
a multitude of pharmaceutical containment investigations.
With this chamber setup, the assumption, that an emission
site localization is possible by means of stationary exposure
data, even with extremely low amounts of airborne dust in
single-digit microgram concentrations and minimum dis-
tances between the measurement spots was confirmed in the
present study.

Conclusion

The newly developed chamber setup has shown to be capa-
ble of not only a reproducible atomization and detection of
a surrogate powder but furthermore its capability for the
investigation of the spatial powder distribution in the context
of containment. The chamber setup allows a controlled and
directed airflow from the emission to the detection chamber.
According to the results of the fume experiments a five-
fold air exchange was required for complete evacuation of
the detection chamber. A linear tendency of the totally set-
tled amount of the surrogate substance ACAM on the fil-
ters within the IOM samplers in dependence of the amount
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of atomized substance was demonstrated. Furthermore, a
spatial distribution of the ACAM dust within the detec-
tion chamber was detected and a convective mass transport
caused by the flow of compressed air for atomization was
suggested. This assumption was proven by Computational
Fluid Dynamics simulations. The combined results allowed
an exact three-dimensional localization of the emission site
in the chamber setup. Future studies will deal with the com-
parison of APIs with different physicochemical properties as
well as binary mixtures of APIs with excipients commonly
used in tableting, regarding their dustiness and spatial distri-
bution behavior. In addition, the chamber setup may be used
in two arrangements to simulate real world scenarios such
as the spatial dust distribution around a production device
placed in the detection chamber. The results obtained with
the laboratory scale chamber setup may eventually be useful
as a training dataset for artificial intelligence thus allow-
ing to localize potential leakages of a containment system
in industrial production environments based on stationary
exposure data. These investigations may provide valuable
insights into factors affecting dustiness and especially the
spatial distribution of pharmaceutical dusts and may thus
significantly contribute to improve safety in the manufacture
of pharmaceuticals containing HPAPIs.
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3.2 Optimization of a newly developed chamber setup for spatial dust

measurements in the context of containment

In a second study, the cleaning method of the chamber setup and the effect of particle
characteristics on the detected dustiness were investigated. In addition, atomization
parameters ‘volume flow rate for atomization’, ‘atomization duration’ as well as ‘sample
mass’ were investigated by means of a design of experiments approach.

Because of the appearance of wipe marks of deposited dust on the panels of the
emission and detection chamber during the first study, the cleaning method of the
setup was reviewed. Even though the chamber setup was attached to a grounding
cable, the wipe marks were assumed to be caused by electrostatic charging resulting
from friction during the cleaning procedure of the panels with laboratory wipes. This
assumption was confirmed by measurement of the surface charge of the panels prior
to and after cleaning. Therefore, the cleaning procedure was modified to achieve a
friction-free method, leading to higher detectable amounts of airborne dust.

Two ACAM types, differing in particle size distribution and particle shape, were inves-
tigated to determine the influence of these powder characteristics on the detected
dustiness. It became evident, that the ACAM type with smaller particles and a more
granular, almost spherical particle shape exhibited a higher dustiness than ACAM with
larger, elongated and needle-like particle shape, indicating an influence of the particle
properties on dust emission.

To extend the investigated design space of the design of experiments approach for the
investigation of the atomization parameters, the chamber setup was modified to allow
higher air pressures and thus higher volume flow rates for atomization. The results
confirmed the linear relationship of sample mass and detected dust emission of sample
masses up to 400 mg. In addition, a two-factor interaction of the atomization volume

flow rate and atomization duration was observed with regard to the detected dustiness.
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Interestingly, the same two-factor interaction became obvious for the spatial dust dis-

tribution. Thereby, the atomization effectiveness of the chamber setup can be

predicted and optimized regarding the dustiness and the spatial dust distribution.

A visual summary of the study results is presented in Figure 15.
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Figure 15: Visual description of the main findings and results of the study [85].

In summary, multiple strategies for influencing dust emissions on a laboratory scale

were identified. These strategies may be applied to reduce dust emissions in industrial

environments. Moreover, the influence of the atomization parameters on the detected

dustiness and the spatial dust distribution were determined. Based on the obtained

results, in a further study, the detection chamber was equipped with optical sensors,

allowing a real-time spatiotemporal detection of airborne dust.
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Abstract: Background/Objectives: A specially designed chamber setup for containment
investigations of pharmaceutical dusts was recently developed. The aim of the present
study was to optimize the measurement procedure with this chamber setup, focusing on
the atomization parameters. The optimization was aimed at a maximization of the amount
of detected dust and a minimization of the required sample mass. Methods: For this
purpose, the safe surrogate substance acetaminophen was used for dust measurements.
In addition to the atomization parameters investigated by a design of experiments, the
cleaning of the chamber setup and the selection of two different types of acetaminophen
with different physicochemical properties were examined. Results: By altering the cleaning
method of the chamber setup, more than a tenfold increase of detected acetaminophen was
observed. In addition, by selecting the more appropriate acetaminophen type, the totally
detected acetaminophen amount was further increased by more than 25%. By means of
the design of experiments two models were developed, one dealing with the atomization
parameters with regard to the atomization effectiveness and the other describing their
influence on the spatial dust distribution of acetaminophen. Based on the model for
atomization effectiveness, the totally detected acetaminophen amount may be increased by
more than double at a constant sample mass. Conclusions: In summary, the measurement
procedure of the chamber setup was optimized in terms of the cleaning method, surrogate
choice, and the adjustment of the atomization parameters, giving valuable insights to
deepen our understanding of dustiness and the spatial distribution of dust in the context
of containment.

Keywords: containment; dustiness chamber; IOM sampler; spatial dust distribution design
of experiments

1. Introduction

Highly potent active pharmaceutical ingredients (HPAPIs) have lately become increas-
ingly important in therapeutic fields such as oncology or the treatment of autoimmune
diseases [1]. With high-throughput screening and the application of artificial intelligence,
an increasing number of innovative and highly effective compounds have been devel-
oped [2-5]. Because of their high pharmacological and toxicological potential, HPAPIs
often pose a risk for the personnel in the pharmaceutical industry during manufactur-
ing [3,6]. To control the exposure of personnel to HPAPIs, so-called Occupational Exposure
Limits (OELs) are implemented to ensure that this exposure does not exceed a tolerable
level [7-10]. In addition, cross-contamination during manufacturing must be prevented,
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and environmental protection is of concern [6,11,12]. Because of the high risks posed
by HPAPIs during the manufacturing of pharmaceuticals, containment measures have
to be implemented at production sites, machines, and devices. These measures involve
barrier concepts such as airlocks or housings for production machines as well as pressure
differentials and high performance filter systems for ambient air [6,13-15].

The dustiness of a powder is defined as its propensity to generate airborne particles
during processes such as mixing, milling, or transferring, which may lead to the generation
of inhalable dust [14,16,17]. Airborne dust comprises particles with an aerodynamic diame-
ter of up to 100 um. The largest inhaled particles with an aerodynamic diameter of 100-30
um are deposited between the point of entry (lips or nares) and the larynx. Smaller particles
with a size of less than 10 pm may reach the thoracic region, and maximum deposition
occurs with particles of approximately 2 um aerodynamic diameter in the alveolar region.
Particles smaller than 0.5 pum are usually exhaled without being deposited [17].

As dustiness with its associated health risks is of concern in different industries,
various chambers for dustiness measurements of powders have been described in recent
years [18-26]. Most of these systems require a relatively high amount of powder sample.
As most active pharmaceutical ingredients (APIs) are of high production costs and thus
of limited quantity, devices suitable for small sample quantities and /or pharmaceutical
powders have been developed [27-30].

Dustiness is dependent on various physicochemical powder properties such as moisture
content, particle morphology, density, and particle size distribution [28,31-33]. In addition,
the type and amount of energy input needed for atomization as well as the flight path from
the atomization to the detection site may influence the measured dustiness [18,32].

Because of the above-mentioned health risks associated with the handling of HPAPIs,
the International Society for Pharmaceutical Engineering (ISPE) recommends safe surrogate
substances such as lactose, naproxen sodium, or acetaminophen for tests of containment
equipment and pharmaceutical dustiness investigations in the laboratory [10,13,34]. The
choice of the surrogate substance should be based on its limits of analytical quantification
as well as its physicochemical powder properties. For example, acetaminophen is a suitable
surrogate for HPAPIs of low molecular weight. Furthermore, the quantification limit of
acetaminophen by HPLC with subsequent spectrophotometrical detection is low, making it
an industry-accepted standard for dustiness investigations [10,35,36]. If no suitable surro-
gate exists for dustiness investigations of a specific HPAPI, the risk posed for employees by
handling this HPAPI has to be assessed. The risk assessment includes the identification of
any potential hazards, defining who may be harmed, and the verification of whether exist-
ing precautions are adequate or need improvements [1]. These precautions may include,
among others, the use of bottles with split butterfly valve connectors, handling of HPAPIs
in isolators, as well as personal protective equipment [1,13].

In a previous study, a newly developed chamber setup was introduced, being the
first of its kind, allowing not only the investigation of the dustiness of an API but also
the determination of its spatial dust distribution. The results of these investigations were
verified with computational fluid dynamics [37]. As the detected amount of generated
airborne dust was low compared to the applied sample amount, the objective of this study
was to optimize the presented chamber setup regarding its atomization effectiveness. This
was performed by alteration of the cleaning method and by surrogate choice. As mentioned
above, the type and amount of energy input applied for atomization of a powder sample
is of major concern in dustiness investigations. To our knowledge, most investigations
and comparisons of dustiness chambers comprised different methods for atomization of
powder samples (for example, a rotating drum or a single-drop method). In addition, these
studies only focused on experimental parameters such as sample mass, sampling duration,
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or volume flow rate for filter-based sampling, while none of these chambers were capable
of measuring the spatial distribution of pharmaceutical dust [18,26,27,29,30,32]. Therefore,
in the present study, the influence of the atomization parameters for pneumatic atomization
with a newly developed chamber setup on the detected dustiness was investigated by
application of a design of experiments approach.

2. Materials and Methods
2.1. Materials

The determination of the spatial distribution of dust was carried out with two different
types of acetaminophen as safe surrogate substances (ACAM 1: Caelo, Hilden, Germany;
ACAM 2: Fagron, Glinde, Germany), differing in their particle size and shape.

2.2. Methods
2.2.1. Chamber Setup

The experimental setup was described in detail in a previous publication [37]. Briefly,
the chamber setup consisted of two connected chambers, a small emission chamber and a
larger detection chamber made of acrylic glass (Plexiglas XT, Polyvantis, Weiterstadt, Ger-
many), as depicted in Figure 1. The emission chamber showed a volume of approximately
7.3 L and was connected to the detection chamber at one of nine possible positions by a
protruding tube fixed to the emission chamber. The detection chamber with a volume of
1 m? was set up in two different arrangements, either with oppositely or with orthogonally
positioned measurement spots. In the present study all experiments were carried out with
the orthogonal arrangement as displayed in Figure 1.

Figure 1. Simplified illustration of the chamber setup for dust measurements in orthogonal arrange-
ment with measurement spots 1-9, modified after [37].

The measurement spots for dust detection were equipped with nine IOM samplers
(LO.M. Multi-Dust samplers, SKC, Blandford Forum, UK), each connected to an air sam-
pling pump (Flite 4, SKC, Blandford Forum, UK) with independent flowmeters being
located in the tube connections, as shown in Figure 2. A double-acting ball valve was
connected to an orifice with an attachment point located in the top plate of the emission
chamber and used for atomization of the powder samples. The ball valve was pneumati-
cally controlled by a 5/2-way solenoid valve. An arrangement of two 3/2-way solenoid
valves and two 3/2-way pneumatic valves controlled the duration of the airflow through
the IOM samplers and the flow of pressurized air used for atomization (Figure 2). For
the present study, three modifications with regard to the initial chamber setup were made.
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A compressor (Metabo Mega 400-50W, Niirtingen, Germany) was used as a source for
compressed air for atomization to generate pre-pressures of up to 10 bar. To regulate
the high pressures, the pressure-reducing valve (Futura 1 RP14-10 F, Riegler, Bad Urach,
Germany) had to be exchanged. To make use of these pressures for high atomization
volume flow rates, the flowmeter (FR4500, Key Instruments, Croydon, PA, USA) installed
upstream of the double-acting ball valve also had to be exchanged. A Programmable Logic
Controller (PLC: Siemens LOGO! 12/24 RCE, Munich, Germany) controlled all valves of
the chamber setup. To dissipate electrostatic charges, a grounding cable was attached to
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Figure 2. Simplified piping and instrumentation diagram of the optimized chamber setup.

2.2.2. Dust Measurements

For each dust measurement, the respective sample was transferred into a small tube
above the double-acting ball valve. After starting the measurement by actuating a toggle
switch on the PLC, the programmed sequence led to the immediate opening of the double-
acting ball valve (Figure 2). Thereby, the sample was atomized with compressed air,
introduced into the emission chamber, and passed through the connecting orifice from the
emission to the detection chamber. As the lag time between atomization and detection was
set to 0 s, the 3/2-way solenoid valve between the IOM samplers and the vacuum pump
was activated simultaneously. By this measure, an immediate airflow through each of the
glass microfiber filters (1820-025, Whatman, Little Chalfont, UK) fixed within the IOM
samplers with a flow rate of 2 L/min was realized for 278 min. Thereby, the ACAM dust
moved via convective and diffusive mass transport and eventually settled on the filters.
This settled amount was quantified by HPLC.

2.2.3. HPLC Assay

The quantification of the settled amount of ACAM on the glass microfiber filters was
performed by HPLC (Chromaster 5000, VWR-Hitachi, Tokyo, Japan) using a LiChroCART
RP-18e 250-4 column (Merck, Darmstadt, Germany). Therefore, the filters were withdrawn
from the IOM samplers and transferred to individual iodine flasks. The cassette fronts of
each of the IOM samplers were swabbed with additional glass microfiber filters. These
filters were also transferred to the corresponding iodine flasks. ACAM was extracted from
the filters with 2 mL of the mobile phase, consisting of a mixture of acetonitrile and water
(75:25 v/v), and adjusted to a pH of 3.5 with phosphoric acid. Therefore, the flasks were
shaken for 30 min at 100 rpm (Unimax 1010, Heidolph Instruments, Kelheim, Germany).
The obtained extracts were diluted with the mobile phase (1:150), and approximately
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1.5 mL of the dilutions were transferred to HPLC vials. 20 uL of each diluted sample
was injected into the sample loop, and the HPLC flow rate was set to 1 mL/min. The
measurements were carried out at a temperature of 22 °C, and the spectrophotometrical
detection was performed with a Diode Array Detector (Chromaster 5430, Hitachi, Tokyo,
Japan). Because of the higher ACAM load on the filters, caused by the optimization of
the dust measurements performed in the present study, the calibration range had to be
extended compared to a previous study [37] and was linear between 0.033 ug/mL and
19.99 pg/mL (R? = 0.9999).

2.2.4. Cleaning of the Chamber Setup

Two different methods for cleaning the chamber setup were investigated. In “Cleaning
method 17, the residual ACAM dust deposited on the inner panel surfaces was removed
with a vacuum cleaner (Nilfisk GM 80, Bellenberg, Germany). Subsequently, the surfaces
were wiped with a moistened microfiber cloth. The residual moisture was removed with
Kimtech Science Precision Wipes (Kimberly-Clark, Koblenz, Germany). In “Cleaning
method II”, the residual ACAM dust was directly removed with a moistened microfiber
cloth. The residual moisture was removed with a conventional hair dryer (ThermoProtect
2200 W, Philips, Hamburg, Germany) to prevent electrostatic charging of the chamber setup
as a result of friction. The electrostatic potential of the acrylic panel surfaces of the emission
and detection chamber was measured with an [ZH10 Handheld Electrostatic Meter (SMC
Corporation, Tokyo, Japan) prior to cleaning and after Cleaning method I and 1.

To evaluate the influence of the cleaning methods on the dust measurements, samples
of ACAM 2 with a mass of 250 mg each were measured. The compressor was set to 10 bar,
and the pre-pressure at the pressure reducing valve was reduced to 6 bar. The volume flow
rate for atomization was set to 300 L/min with a duration of 0.2 s.

2.2.5. Sieving of the Surrogate

Both ACAM types were sieved with 90 um mesh size (LINKER Industrie-Technik,
Kassel, Germany), as this step may improve the reproducibility of dust measurements [38].
By this means a coarse and a fine fraction were obtained for each ACAM type. The coarse
fractions were discarded, and only the fine fractions were used in this study.

2.2.6. Particle Size Distribution

The particle size distributions of both ACAM types were determined in triplicate by
laser diffractometry (Helos KR, Sympatec, Clausthal-Zellerfeld, Germany). The measure-
ments were performed with a lens with an effective range of 0.5-875 um. Compressed
air at a pressure of 1.5 bar was used to disperse the ACAM powder samples. The par-
ticle size distribution was analyzed with the Paqxos software (Version 2.0.3, Sympatec,
Clausthal-Zellerfeld, Germany).

2.2.7. Residual Moisture Content

The residual moisture contents of both ACAM types were measured in triplicate via
thermal gravimetric analysis (Pyris 1 TGA, PerkinElmer, Waltham, MA, USA). Therefore,
approximately 15 mg of ACAM were heated up with a heat rate of 10 °C/min to 105 °C
and were kept at this temperature for 30 min to remove the residual moisture.

2.2.8. True Density

The true densities of the two ACAM types were measured with a helium pycnometer
(Pycnomatic ATC EVO, Porotec, Hotheim am Taunus, Germany). For this purpose, approx-
imately 4 g of each ACAM type, measured in triplicate, were used, and five measurement
cycles per sample were performed.



Pharmaceutics 2025, 17, 565

6of 16

2.2.9. Bulk Density

In accordance with the monograph 2.9.34, “Bulk Density of Powders” in the European
Pharmacopoeia [39], the untapped and tapped bulk densities of both ACAM types were
determined with a jolting volumeter (STAV 2003, J. Engelsmann, Ludwigshafen, Germany)
in triplicate. Therefore, approximately 22 g of ACAM 1 and approximately 40 g of ACAM 2
were transferred into a 100 mL graduated measuring cylinder and subjected to the specified
number of taps. The determined volumes were used to calculate the Hausner ratios.

2.2.10. Scanning Electron Microscopy (SEM)

To investigate the particle shape of the two ACAM types, SEM images of the particles
were taken with a Scanning Electron Microscope (Zeiss EVO MA10, Carl Zeiss, Oberkochen,
Germany). The measurements were carried out in a high vacuum with an acceleration
voltage of 5 kV.

2.2.11. Atomization Parameters (DoE)

The experimental design for the statistical and factorial analysis of the atomization
parameters was created with the software Design-Expert (Version 11.1.2.0, Stat-Ease Inc.,
Minneapolis, MN, USA). An I-optimal design was chosen to analyze the effect of three
atomization parameters (atomization duration, atomization volume flow rate, and ACAM
sample mass). A custom optimal design had to be chosen because the volume flow rate
of the flowmeter used for atomization could only be set in increments of 10 L/min. From
the given options, the [-optimal design was selected, as designs based on the I-optimality
criterion minimize the integral of the prediction variance across the design space [40,41].
This design is commonly used if the response surface has to be modeled with good precision
and if the significance of the investigated factors has been determined [40,42,43]. For
analysis of the three atomization parameters mentioned above, for the basic model, ten
model points were required. Five additional lack-of-fit points were added if a higher-
order model, such as a quadratic model, was required to describe the response surface.
Eight replicate points were added to estimate the precision of the model. Another eight
additional model points were added to improve the statistical power (>80%) of potential
two-factor interactions.

The choice of the factor limits for the DoE design is based on preliminary tests and
a previous study and is shown in Table 1 [37]. Based on this previous study, the upper
limit for the atomization duration was set to 5 s, as with this duration it was possible to
obtain sufficient airborne dust concentrations in the detection chamber of the setup. The
lower duration was set to 0.1 s because a synchronization of the double-acting ball valve
and the 3/2-way pneumatic valve was not possible with shorter atomization durations
due to switching delays. The upper limit for the atomization volume flow rate was set
to 300 L/min, representing the maximum adjustable flow rate for the flowmeter. The
lower limit was set to 100 L/min, as already applied in the above-mentioned previous
study. ACAM 1 (50 to 500 mg) was selected for the DoE because of its higher dustiness
(see Section 3.3). The compressor was set to its maximum pressure of 10 bar, which was
subsequently reduced to 4 bar by the pressure-reducing valve. In a preliminary study, the
reduction to 4 bar turned out to be best suited to achieve a constant volume flow over
several seconds for both high and low atomization volume flow rates with the flowmeter.
With a pressure reduction to values lower than 4 bar, the pressurized air was insufficient to
achieve a volume flow rate of 300 L/min, and with a reduction to values higher than 4 bar,
the compressed air of the compressor was not sufficient to maintain a constant volume flow
for a duration of 5 s.
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Table 1. Selected factor limits for the DoE.
Factor Lower Limit Upper Limit
Atomization duration [s] 0.1 5
Atomization volume flow rate [L/min] 100 300
ACAM 1 sample mass [mg] 50 500

A model for the atomization effectiveness of the chamber setup was created by select-
ing the totally settled amount of ACAM 1 on all nine filters within the IOM samplers as a
response. A further model for the spatial dust distribution in the detection chamber was
created by selecting the mathematical difference of the settled amount of ACAM 1 between
the lower row of IOM samplers (#7-#9) and the upper row of IOM samplers (#1-#3) as
response, named ‘Mass difference between lower and upper IOM samplers’ throughout
this paper.

Both models were statistically evaluated based on an analysis of variance (ANOVA).
With the ANOVA, the significance of the models, their lack-of-fit, their R?, adjusted R?, and
predicted R? were determined. Non-significant model terms were omitted unless required
for support of the factor hierarchy.

For the validation of both models, two additional measurements (confirmation runs)
each were performed in triplicate at factor combinations different than those used to
calculate the models. One confirmation run was carried out at the center point of the design
space with an atomization duration of 2.55 s, an atomization volume flow rate of 200 L/min,
and an ACAM 1 sample mass of 275 mg. For the other confirmation run, the atomization
parameters were randomly chosen in the design space with an atomization duration of 3 s,
an atomization volume flow rate of 100 L/min, and an ACAM 1 sample mass of 500 mg.

3. Results and Discussion
3.1. Powder Characterization

Various factors may influence the dustiness of powders. The particle size distribution
and the residual moisture content play a major role; however, other parameters such as
the bulk density and particle shape may also be of importance [28,32,33]. These relevant
powder properties were determined for both investigated ACAM types used as surrogates
in this study. The respective values are shown in Table 2. Even though both ACAM types
were sieved with 90 um mesh size, they differed in their particle size distribution. ACAM 2
showed larger particle sizes than ACAM 1.

Table 2. Physicochemical properties of the investigated surrogate ACAM (means + SD, n = 3).

Powder Properties ACAM1 ACAM2
Particle size [pum)]
X10 3.01 4+ 0.08 454 +0.10
X50 16.84 + 0.11 31.52 +0.18
Xg( 58.43 £ 0.59 76.69 £ 0.24
True density [g/cm?] 1.2903 £ 0.0043 1.2894 £ 0.0025
Untapped bulk density [g/mL] 0.233 £ 0.006 0.429 £ 0.002
Tapped bulk density [g/mL] 0.415 + 0.011 0.710 £ 0.006
Hausner ratio 1.76 £ 0.01 1.66 + 0.02

For both ACAM types, no residual moisture content was detectable, and therefore,
its supposedly high influence on dustiness was ruled out. The same applied to the true
density, which did not show a significant difference (p < 0.05) regarding both ACAM types.
Hausner ratios of 1.78 for ACAM 1 and 1.66 for ACAM 2 indicated a very, very poor
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powder flowability of both ACAM types [44]. ACAM 2 showed higher untapped and
tapped bulk densities than ACAM 1.
In Figure 3, SEM images of ACAM 1 (a) and ACAM 2 (b) are shown. It is clearly
visible that the particles of the two different types of ACAM exhibited different shapes.
The particles of ACAM 1 showed a more granular, almost spherical shape, whereas
the particles of ACAM 2 exhibited a more elongated, irregular, needle-like shape.

(a) (b)
Figure 3. SEM images of ACAM 1 (a) and ACAM 2 (b).

3.2. Influence of the Cleaning Method

The totally settled amount of ACAM 2 after each of the two cleaning methods was
measured, and the results are shown in Figure 4. A highly significant difference (p < 0.0001)
was evident, with a more than tenfold higher totally settled amount of ACAM 2 if the
chamber setup was cleaned with Cleaning method II as compared to Cleaning method
I. This result demonstrated a strong influence of the cleaning method on the dustiness
measurements. By drying the acrylic glass panels of the chamber setup with Kimtech
Science Precision Wipes as described in Cleaning method I, electrostatic charging of the
panels, especially with the attached grounding cable, was not expected. However, dust
traces remained on the panels in the form of wipe marks after each experiment. ACAM
itself shows a high tendency for electrostatic interactions with processing vessels, and
acrylic glass exhibits a low conductivity [45-47]. Therefore, the presence of wipe marks
combined with the results of the cleaning experiments strongly suggests electrostatic
charging of the acrylic panels, resulting in a loss of airborne dust. Generally, electrostatic
charging is described as one major factor influencing powder dustiness [31]. The lower
dustiness detected after application of Cleaning method I was therefore assumed to be
caused by electrostatic charging. Thus, the electrostatic potential of the emission and
detection chamber was determined prior to cleaning, after Cleaning method I, and after
Cleaning method II. The electrostatic potential of the emission chamber surface prior to
cleaning amounted to 0.16 £ 0.12 kV, after Cleaning method I to 7.34 £ 0.49 kV, and after
Cleaning method II to —2.40 + 0.21 kV (n = 5). Similar values were measured at the
surface of the detection chamber. The electrostatic potential prior to cleaning resulted in
—0.01 £ 0.01 kV, after Cleaning method I'in —1.56 =+ 0.32 kV, and after Cleaning method II
in 7.52 = 0.61 kV (n = 5). The results demonstrated a significant difference (p < 0.0001) in
the electrostatic potential between the two cleaning methods, verifying their influence on
the detected settled amount of ACAM in this study.

With the change to a friction-free cleaning method, it was possible to mitigate electro-
static charges on the panels. To further reduce electrostatic charges, Sayahi et al. described
an anti-static system consisting of a helical pattern of grounded copper strips and wire at-
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tached to their chamber setup, which was also made of acrylic glass [48]. With the modified
cleaning method, a potential bias of the chamber setup when comparing electrostatically
chargeable powders with non-chargeable substances is reduced, thereby improving its
reliability. The results underline the importance of mitigating electrostatic charges when
investigating dustiness in a laboratory environment. However, electrostatic charging only
plays a minor role in pharmaceutical manufacturing under contained conditions, as pro-
duction machines are usually grounded. Furthermore, tablet presses or isolators for the
manufacture of dosage forms containing HPAPIs may be washed in place.

5000
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Figure 4. Totally settled amount of ACAM 2 after Cleaning methods I and II as well as that of ACAM
1 after Cleaning method II, on all nine filters within the IOM samplers (means £ SD, n = 3).

3.3. Comparison of the ACAM Types

The difference in the totally settled amount of ACAM 1 and ACAM 2, obtained with
the same atomization parameters as used for the cleaning evaluation, is also shown in
Figure 4. As the Cleaning method II led to higher dustiness values, as mentioned above, it
was selected for the comparison of the two ACAM types. A significant difference (p < 0.05)
between the totally settled amount of ACAM 1 and ACAM 2 was evident. As mentioned
in the introduction, if investigating the dustiness of powders, the energy input needed for
atomization must be taken into consideration [18]. As the atomization parameters for the
comparison of both ACAM types were identical and no residual moisture content as well
as no significant difference in their true density was detectable, the observed dustiness
results were caused most likely by their different particle size distributions, particle shapes,
and bulk densities.

Several authors identified the particle size distribution as one of the most important
powder characteristics affecting dustiness [28,32,36,38,49,50]. Regarding the particle size,
Plinke et al. postulated that the size-specific dust generation rate increases with the
particle diameter d. They explained this observation in their experiments with the fact
that the separation forces, such as impaction, increase with d°, whereas binding forces
based on van der Waals attraction and capillary forces are proportional to d [32]. This
influence of binding and separation forces is overlaid by the particle transport away
from the atomization site. Larger particles (>10 um) are affected by gravity and thus
sedimentation, preventing the transport from the atomization site to the measuring site [32].
Results of coating experiments with powder particles on an aluminum tray indicated
that with decreasing particle size, dustiness tended to increase [49]. This observation is
supported by findings of Wirth et al. in two studies, where different particle size fractions of
ACAM were investigated regarding their dustiness. A significant decrease in dust emission
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was observed with increasing particle size [36,51]. This is in accordance with the detected
differences in dustiness observed with the two ACAM types in the present study.

Beyond that, the particle morphology may affect the measured dustiness because
of its influence on interparticular adherence as well as attraction to or repulsion from
surfaces [24,28,51]. As shown in Figure 3, ACAM 2 showed a more elongated, irregular,
needle-like shape. In experiments with nanoparticles carried out by O’Shaughnessy et al.,
a lower dustiness for fibrous particles in comparison to granular particles was demon-
strated [28]. This result supports the lower dustiness of ACAM 2 observed in this study.
Furthermore, a significantly higher untapped bulk density (p < 0.01) of ACAM 2 than that
of ACAM 1 was observed (Table 2). This also may have contributed to the lower dustiness
of ACAM 2 [31].

3.4. Results of the DoE

An I-optimal design was used to analyze the effect of the three atomization parameters
on the atomization effectiveness and spatial dust distribution within the detection chamber
of the newly developed chamber setup. The results are shown in Table 3. The non-
significant lack of fit showed that both models described the original data well. One value
had to be excluded from the data set of the spatial dust distribution model because of a
sampling error. This did not affect the totally settled ACAM amount and thus the model
for the atomization effectiveness. For this model, the high values for R?, adjusted R?, and
predicted R?, as well as the high adequate precision value, indicated a good model for
correlation and prediction. These values were lower for the spatial dust distribution model,
but the predicted R? was still in reasonable agreement with the adjusted R? (difference <0.2),
and the adequate precision was higher than 4. Therefore, the model was used to navigate
the design space. As shown in Table 3, non-significant model terms and higher-order
models were excluded, if possible, to simplify the models.

The results for the confirmation runs are listed in Table 4. The predicted values of
the statistical models were compared to the measured values of the confirmation runs.
For the atomization effectiveness model, a good overall prediction was achieved with
deviations of only 3.49 and 16.67%, respectively. However, the second model for the
spatial dust distribution failed in terms of the confirmation runs at the center point of
the model with a deviation of 120.59% from the predicted value. This was caused by
slightly more settled dust on the filters in the upper IOM row than in the lower IOM
row. The second combination of atomization parameters resulted in a deviation of 47.12%,
indicating an imprecise overall model prediction. Therefore, predictions based on this
model should only be made with keeping the quality of the model in mind. On the one
hand, the imprecise prediction was caused by the chosen factor limits. These limits were
selected based on preliminary studies with the optimization of the atomization effectiveness
in mind. On the other hand, as the main goal of this study was the optimization of the
atomization effectiveness, ACAM was sieved to improve the reproducibility of the dustiness
measurements [38]. This sieving step narrowed the particle size distribution (Table 2) by
removing the coarse fraction of the particles. Consequently, the fraction of particles affected
by sedimentation within the detection chamber was reduced, and thus the spatial dust
distribution with regard to the mass difference between lower and upper IOM samplers
was less pronounced.

In Figure 5 the results of the response surface model for the atomization effectiveness
are shown. As the sample mass did not show any factor interactions (Table 3), its direct
influence on the totally settled ACAM amount is shown in Figure 5a. It is obvious that
the curve profile of the settled ACAM amount shows a linear tendency from 50 mg up to
approximately 300 mg with a peak maximum of 410 mg. A similar effect was observed with
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a different chamber setup for dustiness investigations using an identical double-acting ball
valve for atomization [30]. This observation indicates that with this ball valve geometry, the
atomization of even low sample amounts is possible, which is advantageous with regard
to reduced experimental costs. Furthermore, by adjusting the atomization duration and
volume flow rate according to the results of the DoE, the totally settled ACAM amount may
be more than doubled at a constant sample mass (Figure 5b). This poses a major advantage
compared to a previous study [37].

Table 3. ANOVA results of the DoE models.

Atomization Effectiveness (Totally Spatial Dust Distribution

Model Settled Amount) (Lower-Upper IOM Row)
p-Value p-Value
Model 0.0001 0.0001
Sample mass (A) 0.0001 0.0004
Atomization duration (B) 0.0204 0.0009
Atomization volume flow rate (C) 0.0357 Nonsignificant
Interaction AB Nonsignificant Nonsignificant
Interaction AC Nonsignificant Nonsignificant
Interaction BC 0.0103 0.0312
A? 0.0027 Nonsignificant
B? 0.0079 Nonsignificant
C? Nonsignificant Nonsignificant
Lack of fit Nonsignificant Nonsignificant
R? 0.8455 0.6525
Adjusted R? 0.8069 0.5969
Predicted R? 0.7381 0.4268
Adequate precision 15.7408 13.1658

Table 4. Confirmation of the DoE models.

Model Atomization Effectiveness Spatial Dust Distribution
Atomization duration [s] 2.55 3 2.55 3
Atomization volume flow rate [L/min] 200 100 200 100
Sample mass [mg] 275 500 275 500
Predicted mean [ug] 4245.83 4294.13 133.95 220.26
Measured mean =+ SD [ug] (7 = 3) 4394.02 + 184.32 5010.07 + 359.31 —27.58 £ 2.54 116.48 + 11.63
Deviation [%] 3.49 16.67 120.59 47.12

The response surface shown in Figure 5b describes the two-factor interaction of the
atomization volume flow rate and the atomization duration. It is evident that the totally
settled ACAM amount clearly increases if an atomization duration of over 2 s is combined
with an atomization volume flow rate of more than 150 L/min. By combining these
results, a high, totally settled ACAM amount may be achieved with sample masses as low
as possible.

The results of the response surface model for the mass difference between lower and
upper IOM samplers are shown in Figure 6. In Figure 6a, a linear relationship between the
sample mass and the corresponding mass difference becomes apparent, similar to the linear
tendency of the totally settled ACAM amount up to a sample mass of 410 mg, as shown in
Figure 5a. This observation is especially of interest, as both the atomization effectiveness
and the spatial dust distribution may be increased by selecting higher sample amounts.
With the ANOVA of the spatial dust distribution model, the same two-factor interaction
of atomization volume flow rate and atomization duration as with the ANOVA of the
atomization effectiveness model was recognized (Table 3). The two-factor interaction shown
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in Figure 6b indicates that the spatial dust distribution may be increased by increasing
both the atomization duration and the atomization volume flow rate. Thus, both models
highlight the strong influence of the type and amount of applied energy for atomization—in
this case compressed air—on dustiness and spatial dust distribution.
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Figure 5. Totally settled amount of acetaminophen [ug] in dependence of the sample mass with its
95% CI bands at an atomization duration of 2.55 s and an atomization volume flow rate of 200 L/min
(a). Response surface for the totally settled ACAM amount [pg] in dependence of the two-factor
interaction at a sample mass of 410 mg (b).
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Figure 6. Mass difference between lower and upper IOM samplers [pg] in dependence of the sample
mass with its 95% CI bands at an atomization duration of 2.55 s and an atomization volume flow rate
of 200 L/min (a). Response surface for the mass difference between lower and upper IOM samplers
[ug] in dependence of the two-factor interaction at a sample mass of 410 mg (b).
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4, Conclusions

A newly developed chamber setup has been optimized with regard to the atomiza-
tion parameters and other experimental factors. The detected amount of the surrogate
acetaminophen was increased more than tenfold by an alteration of the cleaning method
comprising a friction-free thermal drying. In addition, the choice of an appropriate ac-
etaminophen type with regard to the particle size distribution and particle morphology
resulted in a further increase of the detected surrogate amount. With an I-optimal design
of experiments, a response surface model for the atomization parameters (atomization
duration, atomization volume flow rate, and sample mass) and the resulting atomization
effectiveness was created. According to this model, the atomization effectiveness may be
improved by longer atomization durations, higher volume flow rates, and sample masses
up to 400 mg. These results allow a significant decrease in the required sample mass and
thus cost for dust investigations by increasing the atomization duration and volume flow
rate. A second model with regard to the spatial dust distribution was designed based on
the same dataset gathered for the optimization of the atomization effectiveness. However,
it became apparent that the parameter limits for the design space selected to maximize
the atomization effectiveness were poorly suited for the investigation of spatial dust dis-
tributions. This selection of factor limits and the use of sieved acetaminophen powder
resulted in an imprecise response surface model. As the measurement procedure and the
atomization parameters were optimized with regard to the detected surrogate amount in
the present study, future studies will deal with the optimization of the determination of
spatial dust distributions. For this purpose, non-sieved acetaminophen as well as more
appropriate factor limits for the design space will be selected, and the results will be ana-
lyzed with a machine learning approach to better capture the complexity of spatial dust
distribution. The chamber setup will then be used to investigate and compare the dustiness
and spatial dust distribution of APIs with different physicochemical properties, such as
particle morphology or particle size distribution. Beyond that, binary mixtures of an API
and different excipients will be investigated. These studies may provide valuable insights
into dustiness and especially the spatial distribution of pharmaceutical dusts, and based on
this knowledge, the classification of HPAPIs to OELs is going to be more accurate and will
further improve safety in the manufacturing of pharmaceutical dosage forms.
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Abbreviations
The following abbreviations are used in this manuscript:

HPAPI Highly potent active pharmaceutical ingredient

OEL Occupational exposure limit

APl Active pharmaceutical ingredient

ACAM Acetaminophen

IOM Institute of Occupational Medicine

PLC Programmable logic controller

HPLC High performance liquid chromatography
SEM Scanning electron microscopy

DoE Design of experiments

ANOVA  Analysis of variance
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3.3 Low-cost particulate matter sensors for real-time spatiotemporal detection of

pharmaceutical dust in containment

In the two previous studies, the detection of the atomized powder samples was carried
out with IOM samplers and subsequent quantification via HPLC. However, this procedure
requires a considerable amount of time and effort. Furthermore, an instantaneous and
temporally resolved detection of airborne dust for real-time visualization of spatial dust
distributions is impossible. To overcome these problems, the IOM samplers were
exchanged by laser-based low-cost particulate matter sensors for dust detection of
particles < 2.5 um. Based on the results of the second study, the atomization parameters
were customized during a third study and investigated with regard to a reproducible and
precise spatiotemporal detection of airborne dust by these PM sensors. The measure-
ments with the modified chamber setup demonstrated the ability of the sensors to
determine the spatiotemporal dust distribution. Moreover, the spatial dust distributions
detected with PM sensors resembled those of the first two studies carried out with IOM
samplers. However, it became evident that the spatial distribution of the particle fraction
< 2.5 ym occurs during the first minutes after atomization until a concentration balance in
the detection chamber is reached. This observation not only resulted in a significant
reduction of the experimental runtime but also gave valuable insights into the time-
dependent distribution of airborne dusts.

The handling and processing of plain APIs only play a minor role in the manufacture of
pharmaceuticals, such as direct compression tableting. Therefore, the frequently used
excipient lactose and a binary blend of lactose and ACAM were characterized with regard
to dustiness and spatial dust distributions. As expected, coarse lactose exhibited a
significantly lower dustiness in comparison to fine ACAM. The binary blend of the coarse

and the fine powder showed a reduced, yet higher than expected dustiness, indicating
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particle interactions of the API particles with those of the excipient which may influence
dust generation.
In Figure 16, a simplified illustration of the modified chamber setup and essential

outcomes of the third study are shown.

Real-time visualization of spatial dust distributions with a newly developed chamber setup
and low-cost particulate matter sensors

ﬂawdercharacte rizatim /w Chamber setup s\ @patial dust distributiob
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Figure 16: Overview of the methodology and the main results of the study [222].
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In summary, the results of the study not only confirmed the feasibility of low-cost particu-
late matter sensors for dustiness investigations but also suggest a potential application
for industrial containment monitoring. Moreover, first insights into the detection of airborne

dust resulting from an API-excipient blend were obtained.
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ARTICLE INFO ABSTRACT

Keywords: Highly potent active pharmaceutical ingredients pose a risk with regard to dustiness and spatial distribution of
Containment dust in the manufacture of pharmaceuticals. Traditional filter-based methods for dust investigations, for example
Dustiness

based on IOM samplers have several disadvantages, such as the gravimetrical or wet chemical analysis of the
collected samples, neither allowing the detection of airborne dust concentrations in real-time, nor time-resolved.
Therefore, a recently developed chamber setup was equipped with low-cost particulate matter sensors to
investigate their feasibility to detect and visualize the spatiotemporal distribution of pharmaceutical dusts in
real-time. Experiments with the surrogate substance acetaminophen revealed that with a suitable adjustment of
the atomization parameters, reproducible dust concentrations and the spatiotemporal dust distribution within
the chamber setup were detectable with the sensors in real-time. Based on these results, lactose as a typical
excipient in tableting blends for direct compression and a binary powder blend of acetaminophen and lactose
were also investigated. The binary blend as well as plain lactose showed a reduced dustiness when compared to
plain acetaminophen, indicating particle interactions between both substances which influence their tendency to
become airborne. In conclusion, the particulate matter sensors allow investigations of spatiotemporal dust dis-

Low-cost particulate matter sensors
Spatial dust distribution

Real-time visualization
Spatiotemporal detection

tributions in real-time.

1. Introduction

Lately, in the therapy of autoimmune disorders, cancer, or hormone
imbalances, Highly Potent Active Pharmaceutical Ingredients (HPAPIs)
have become increasingly important [1,2]. To the benefit of patients, an
increasing number of innovative compounds with high efficacy have
been developed by combinatorial chemistry, high-throughput screening,
and the application of artificial intelligence [3-6]. During the manu-
facture of pharmaceutical dosage forms, HPAPIs often pose a risk to the
personnel because of their high pharmacological and toxicological po-
tential [4,7]. The acceptable exposure of personnel to HPAPISs is limited
by Occupational Exposure Limits (OEL) [8-11]. Furthermore, cross-
contamination during manufacturing as well as the release of HPAPIs
into the environment have to be prevented [7,12,13]. To effectively
minimize these risks, containment measures are implemented at pro-
duction sites and machines, such as airlocks, isolators, and/or housings,
as well as high-performance filter systems for ambient air [7,14-16].

The performance of containment systems may be assessed according

* Corresponding author.

to the ‘Standardized Methodology for the Evaluation of Pharma
Airborne Particle Emissions from Containment Systems’ (SMEPAC)
[17]. For the determination of airborne particles, filter-based I0M
samplers (Institute of Occupational Medicine), DIS (Disposable Inhal-
able Samplers), as well as CFC (Closed-Face Cassettes) may be used.
Based on the risk assessment of potential contamination hazards at
critical spots of production machines, such as the product in- and outlets
of a tablet press, the samplers are positioned in the production envi-
ronment. With these samplers, the amount of airborne dust during a
preliminary test prior to production may be determined to detect any
malfunctions or leakages in containment systems [17]. An advantage of
the IOM samplers is that they exclusively capture the inhalable fraction
of airborne dust and offer the possibility to analyze the samples with
regard to a specific substance, for example, an API. However, a major
disadvantage is that they detect airborne particles neither in real-time
nor time-resolved [18,19]. Moreover, the filters have to be analyzed in
a laboratory and the analysis often takes days or even weeks. These
disadvantages result in a major limitation of the SMEPAC methodology:
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Fig. 1. Simplified illustration of the chamber setup used for dust measurements
in orthogonal arrangement with measurement spots 1-9, modified after [47].

Defects or maloperation of containment systems leading to an unwanted
release of dust during production cannot be detected. Therefore, real-
time dust monitoring during production is desirable.

The International Society for Pharmaceutical Engineering (ISPE)
recommends the use of safe surrogate substances such as lactose, insulin,
naproxen sodium, or acetaminophen for performance tests of contain-
ment equipment and pharmaceutical dustiness investigations, to reduce
the above-mentioned health risks associated with the handling of
HPAPIs [11,14,17]. The surrogate should be selected based on various
factors, such as its limits for analytical quantification and its physico-
chemical powder properties [11,20].

The dustiness of a powder is defined as its propensity to generate
airborne particles during handling and is dependent on various physi-
cochemical powder properties, such as particle size distribution, particle
shape, density, as well as moisture content [15,21-25]. For dustiness
investigations, the type and amount of energy input needed for atomi-
zation, along with the sample mass, must be considered. Furthermore,
the flight path from the atomization to the detection site, defined by the
geometry of the measuring system, may influence the measured dusti-
ness [22,26].

As dustiness with its associated health risks is of concern in various
research and manufacturing environments, several systems for dustiness
investigation have been described over the last decades [26-34]. Most of
these systems require a relatively high sample quantity, which might
pose a problem, as many HPAPIs are expensive and sometimes of limited
availability. Therefore, devices for dustiness investigations of small
sample quantities have been developed in recent years [23,35-37].

In containment, three particle size fractions of airborne dust are of
interest: The inhalable fraction consisting of particles with an aero-
dynamic diameter of up to 100 um, the thoracic fraction of particles <
10 pum, and the respirable fraction of particles between 0.5 — 5 pm
[25,38]. Because of the alveolar deposition, not only fine airborne
particles of HPAPIs pose a health risk, but also fine particulate matter <
10 um (PM;g) and < 2.5 pym (PMj35) in general [38,39]. Therefore, the
detection and especially quantification of fine particulate matter in
ambient air became a topic of interest in recent years, with high priority
in environmental hygiene [40,41]. To make affordable monitoring of
pollution with particulate matter possible, several low-cost particulate
matter sensors have been developed [42,43]. Most of these sensors
represent optical particle counters (OPCs) and their principle of detec-
tion is based on the Mie scattering theory [44-46].

European Journal of Pharmaceutics and Biopharmaceutics 223 (2026) 115069

In two previous studies, a chamber setup for the investigation of the
dustiness of the surrogate substance acetaminophen as well as of its
spatial distribution was introduced. In these studies, the detection of the
atomized aerosol samples was carried out with IOM samplers and sub-
sequent quantification via HPLC [47,48]. As expected, this measurement
procedure showed the same disadvantages as the SMEPAC methodol-
ogy. Therefore, in the present study, the chamber setup was equipped
with low-cost particulate matter sensors. With these sensors, the real-
time detection and visualization of spatiotemporal dust distributions
within the chamber setup were investigated.

2. Materials and methods
2.1. Materials

The determination of spatial dust distributions was carried out with
acetaminophen (ACAM; Caelo, Hilden, Germany) and spray-dried ag-
glomerates of a-lactose monohydrate crystals bound by amorphous
lactose (LAC; FlowLac 90, Meggle, Wasserburg am Inn, Germany) as safe
surrogate substances commonly used for containment investigations
[11].

2.2. Methods

2.2.1. Chamber setup

In Fig. 1, a modified version of the chamber setup already used in
previous studies is shown [47,48], The chamber setup consisted of a
small emission chamber with inner dimensions of 19.4 cm x 19.4 cm x
19.4 cm and a larger detection chamber, which showed inner di-
mensions of 100 cm x 100 cm x 100 cm. The panels of both chambers
were made of acrylic glass (Plexiglas® XT, Polyvantis, Weiterstadt,
Germany) with a thickness of 0.8 cm. The emission chamber may be
connected to the detection chamber at one of nine available positions by
a protruding tube with an inner diameter of 2.54 cm fixed to the emis-
sion chamber. In the present study, the emission chamber was posi-
tioned at the attachment point to the right-hand side of the middle row,
as depicted in Fig. 1. The eight unused positions were closed with
specially designed seals. For cleaning purposes, the lid of the emission
chamber was detachable. The detection chamber was set up in two
different arrangements, either with oppositely or with orthogonally
positioned measurement spots, because two of the panels of the chamber
were interchangeable. All experiments were carried out with the
orthogonal arrangement, as only this arrangement allowed different
distances between emission chamber and measurement spots to be
investigated (Fig. 1). In contrast to the previous studies, the nine mea-
surement spots for dust detection were equipped with low-cost partic-
ulate matter sensors (PM sensors; SPS30, Sensirion, Staefa, Switzerland)
instead of IOM samplers. The number and layout of the sensors ac-
cording to Fig. 1 were chosen to obtain the highest possible resolution of
the detected spatiotemporal dust distribution. The maximum number of
sensors is limited by the minimum distance required between individual
measurement spots to detect statistically significant differences in dust
concentration. The 3x3 sensor layout enables the detection of concen-
tration differences resulting from the spatial dust distribution in three
horizontal and three vertical planes in relation to the emission site. In
addition, three measurement spots in each plane allow a determination
of not only linear but also nonlinear spatial dust distributions.

The PM sensors were connected to the detection chamber with 3D-
printed adapters, made of electrostatic discharging acryloni-
trile-butadiene-styrene filament. For the atomization of powder sam-
ples, a double-acting ball valve was connected to an orifice located in the
top plate of the emission chamber, as shown in Fig. 2. A 5/2-way sole-
noid valve pneumatically opened and closed the ball valve. A 3/2-way
pneumatic valve, actuated by a 3/2-way solenoid valve, controlled the
flow of pressurized air used for atomization as well as ambient air for
pressure compensation. A compressor (Metabo Mega 400-50 W,
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Fig. 2. Simplified piping and instrumentation diagram of the chamber setup equipped with SPS30 sensors.

Table 1
Physicochemical properties of the investigated surrogates ACAM and LAC
(means + SD, n = 3).

Powder properties ACAM LAC

Particle size [um]

X10 2.73 + 0.08 60.92 + 0.97
Xs50 14.32 + 0.55 141.92 + 1.39
Xg0 46.27 + 2.40 231.03 £+ 2.13
Residual moisture content [%] 0.016 + 0.004 4.95 + 0.01
True density [g/cm®] 1.2830 + 0.0030 1.5278 + 0.0008
Untapped bulk density [g/mL] 0.252 + 0.001 0.593 + 0.003
Tapped bulk density [g/mL] 0.448 + 0.004 0.721 + 0.005
Hausner ratio 1.78 + 0.02 1.22 + 0.01

Niirtingen, Germany) generated compressed air with a pre-pressure of
up to 10 bar. This pre-pressurized air was down-regulated to a defined
pressure (between 1 and 8 bar) by a pressure reducing valve and to a
defined volume flow with a flowmeter, both installed upstream of the
double-acting ball valve, to obtain the pressurized air for atomization.
The panels of the detection chamber were attached to an outer frame-
work of aluminum B-type profiles, which was also used to mount various
control and measuring instruments, such as the flowmeter, pneumatic
valves, and a Programmable Logic Controller (PLC; Siemens LOGO! 12/
24 RCE, Munich, Germany). The PLC controlled all valves of the

chamber setup. A grounding cable was attached to the chamber setup to
dissipate electrostatic charges.

2.2.2. Dust measurements

Based on recent studies, powder samples of the surrogate substances
ACAM, LAC, as well as a binary blend of both substances in the quan-
tities of 500 mg each were investigated [47,48]. For each measurement,
the respective sample was transferred into a small tube, the bottom end
of which was closed by the double-acting ball valve. The measurements
were started by actuating a toggle switch on the PLC. Thereby, the
programmed sequence led to the immediate opening of the double-
acting ball valve. By this means, compressed air was directed through
the sample present in the double-acting ball valve, thereby atomizing
the sample and introducing it into the emission chamber. Subsequently,
the dust moved through the connecting orifice into the detection
chamber via convective and diffusive mass transport. The spatial dust
distribution (particle sizes between 0.3 and 2.5 pm) was registered with
the PM sensors. Experiments were run over a time period of 33 min,
whereby the first 3 min served for background measurements to ensure
that the setup was aerosol free. For real-time visualization, the signals of
the PM sensors were directly transferred to a laptop (Fig. 2). To reduce
signal noise, the sensor signals were smoothed by means of a moving
average with a length of 30 data points.

All of the experiments in the present study were carried out at an

Fig. 3. SEM images of ACAM (A) and LAC (B).
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Fig. 4. Sensor-position dependent ACAM particle concentration at gauge pressures of 1 bar (A) and 3 bar (B) at an atomization duration of 1 s (means + SD, n = 3).

atomization volume flow rate of 30 L/min. The influence of the gauge
pressure (1, 3, 4.5, 6, and 8 bar, controlled by the pressure reducing
valve) was investigated at an atomization duration of 1 s. Subsequently,
atomization durations of 1, 2, and 3 s at a gauge pressure of 4.5 bar were
examined. Finally, for measurements of binary blends of ACAM and
LAC, a gauge pressure of 4.5 bar and an atomization duration of 2 s were
selected.

2.2.3. Sieving

To improve the reproducibility of the dust measurements, the ACAM
powder was sieved at 90 pm mesh size (LINKER Industrie-Technik,
Kassel, Germany) [49]. The obtained coarse fraction was discarded
and only the fine fraction was used for this study.

2.2.4. Blending

For dust investigations, binary powder blends at a ratio of 1:1 (m/m)
of ACAM and LAC were prepared by adding 250 mg of each powder to a
stainless steel cup. Subsequently, the powders were carefully mixed by
hand to avoid electrostatic charging of the samples. Each sample was
then directly transferred into the tube above the double-acting ball valve
for immediate dust measurement.

2.2.5. Particle size distribution

The particle size distributions of ACAM and LAC were determined in
triplicate by laser diffractometry (Helos KR, Sympatec, Clausthal-
Zellerfeld, Germany). The lens used for the measurements had an
effective range of 0.5-875 um. The powder samples were dispersed by
compressed air at an air pressure of 1.5 bar. With the Pagxos software
(Version 2.0.3, Sympatec, Clausthal-Zellerfeld, Germany) the particle
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Fig. 5. Sensor-position dependent ACAM particle concentration at gauge pressures of 4.5 bar (A) and 6 bar (B) at an atomization duration of 1 s (means + SD, n = 3).

size distributions were analyzed.

2.2.6. Residual moisture content

The residual moisture content of ACAM and LAC was measured by
thermal gravimetric analysis (Pyris 1 TGA, PerkinElmer, Waltham, USA)
with sample masses of approximately 15 mg in triplicate. Therefore, the
temperature was increased from 22 °C to 160 °C with a heating rate of
10 K/min.

2.2.7. True density

The true densities of ACAM and LAC were determined by helium
pycnometry (Pycnomatic ATC EVO, Porotec, Hofheim am Taunus,
Germany). For this purpose, approximately 4 g of each sample (n = 3)
were used and five measurement cycles were performed.

2.2.8. Bulk density

The untapped and tapped bulk densities were estimated according to
the monograph 2.9.34, “Bulk density of powders” in the European
Pharmacopoeia with a jolting volumeter (STAV 2003, J. Engelsmann,
Ludwigshafen, Germany) [50]. Therefore, samples with a mass of 23 g of
ACAM as well as samples of 50 g of LAC were transferred to a graduated
100 mL measuring cylinder and subjected to the specified number of
tapping cycles. The Hausner ratios as well as the bulk densities were
calculated from the resulting volumes.

2.2.9. Scanning Electron Microscopy (SEM)

To investigate the shape and surface structure of the ACAM and LAC
particles, SEM images were taken with a Scanning Electron Microscope
(Quanta 3D FEG, FEI Company, Hillsboro, USA). The measurements
were carried out with an acceleration voltage of 5 kV in high vacuum.
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Fig. 6. Sensor-position dependent ACAM particle concentration at a gauge pressure of 8 bar and an atomization duration of 1 s (means + SD, n = 3).

3. Results and discussion
3.1. Powder Characterization

The dustiness of a powder is influenced by various factors. Hereby,
the particle size distribution as well as the residual moisture content play
a major role. However, other parameters such as powder density and
flowability may also influence dustiness [22,23,51]. Therefore, all of
these powder properties were determined for ACAM and LAC, which
were used as surrogates in this study. The results are shown in Table 1.
The effect of the sieving procedure (90 um mesh) of ACAM became
evident by its xgp value of 46.27 ym. In comparison to ACAM, LAC
showed larger particles (> 2.5 um), which were undetectable by the
sensors. Its residual moisture content was high (4.95 %) compared to
ACAM (0.016 %).

The Hausner ratios, resulting from the bulk densities, indicated a
very, very poor flowability of ACAM (1.78) and a fair flowability of LAC
(1.22) [52]. This combination of ACAM and LAC has been chosen by
purpose to investigate a binary blend of a fine, poorly flowing API and a
coarse excipient.

In Fig. 3, the SEM images of ACAM particles (A) and LAC particles (B)
are shown.

The ACAM particles exhibited an angular shape in contrast to the
granular, almost spherical shape of the LAC particles. The surface of the
ACAM particles appeared quite smooth and distinct variations in their
particle size were apparent. Fine particles with only a few micrometers
in size were noticeable. The LAC particles are larger in size and they
exhibit a rough surface with prominent angled recesses as well as pro-
truding areas. The observations regarding the particle sizes were
confirmed by the results of laser diffractometry, shown in Table 1.

3.2. Influence of the gauge pressure on the dust measurements

In a previous study, it was shown that the PM sensors were capable to
visualize the spatial distribution of dust in the chamber setup [53]. In
this study, two sensors were attached to the chamber setup in position
#4 and #6, and position-dependent concentration maxima of the
respective sensor signals at different time points provided proof of the
spatial distribution of airborne dust in the detection chamber of the

setup. It was noticeable that immediately after atomization, the sensor
signal at position #6 increased to a high maximum concentration. This
could be explained by the results of another previous study where the
spatial distribution in the detection chamber was determined with IOM
samplers. These results and CFD simulations showed that the airflow
caused by atomization was directed to the opposite panel of the detec-
tion chamber. There the airflow was redirected sideways towards the
panel equipped with the samplers [48]. To investigate the influence of
the gauge pressure on the concentration of airborne dust in the detection
chamber, experiments with gauge pressures of 1, 3, 4.5, 6, and 8 bar
were carried out and the results are shown in Fig. 4, 5 and 6. For better
visualization, the time point of atomization was set to 0 s (the prior 3
min of background measurement were cut off) and only the first 5 min of
the 30 min measurement time are shown. During these 5 min the main
differences between the measured concentrations at the sensors as well
as the concentration changes at each individual sensor were already
evident and the concentrations approximated a constant level within
this time span. To be able to present all graphs in Fig. 4, 5 and 6 in an
assessable manner, the y-axes had to be scaled accordingly.

In Fig. 4, the detected concentrations at all nine sensor positions are
shown for gauge pressures of 1 bar (A) and 3 bar (B). The PM sensors
have a precision of + 100 particles/cm?® for measured values of up to
1000 1:»::1rticles/cm3 [44]. Regarding this precision as well as the SDs of
the graphs, it is obvious that low gauge pressures of 1 and 3 bar were not
able to produce sufficient airborne dust concentrations in the detection
chamber. Furthermore, these low gauge pressures seemed to result in a
slow distribution of the dust towards the measurement spots, becoming
apparent as a lag time of 10-30 s between time point of atomization and
beginning increase of dust concentrations. Even though the dust con-
centrations were too low for inter-sensor differences regarding the
spatial distribution, the increase of the gauge pressure from 1 to 3 bar led
to an increase in the airborne dust concentration.

The detected concentrations at all nine sensor positions for gauge
pressures of 4.5 bar (A) and 6 bar (B) are shown in Fig. 5. It is evident
that an increase of the gauge pressure to 4.5 bar resulted in higher
concentration maxima directly after atomization and sufficiently high
airborne dust concentrations for the determination of inter-sensor dif-
ferences. Similar to a previous study in which the highest amount of
ACAM settled on the filter within the IOM sampler at position #6, the
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Fig. 7. Sensor-position dependent ACAM particle concentration at atomization durations of 2 s (A) and 3 s (B) (means + SD, n = 3).

concentration maximum in the present study was also observed at sensor
position #6 [48]. Moreover, the spatial dust distribution determined
with the IOM samplers was comparable to the concentration signals of
the sensors at all nine positions [48].

As expected, a further increase of the gauge pressure to 6 bar led to
even higher dust concentrations. Unfortunately, the concentration
maxima of the unsmoothed signals without noise reduction (data not
shown) exceeded the upper limit of the calibration range of the PM
sensors specified in the datasheet (3000 pa.rticles/cms) [44]. Never-
theless, any signals exceeding the upper threshold of the sensor cali-
bration range were processed in the same manner as signals within the
range.

As shown in Fig. 6, a gauge pressure of 8 bar led to a further increase
of the airborne dust concentrations. However, the maximum values also
exceeded the upper threshold of the sensor calibration range. The next

lower pressure step below 6 bar (4.5 bar) resulted in a pronounced
spatiotemporal dust distribution (Fig. 5A), with all detected concen-
tration values within the calibration range of the sensors. Therefore, this
pressure was selected as the optimum for the further investigations.

Even though not all experiments with different gauge pressures led to
data within the desired concentration range, a similar spatial distribu-
tion pattern was noticeable with almost all gauge pressures. The highest
dust concentration was measured at sensor #6 and the concentration
decreased in a circular pattern from this position. As mentioned above,
this observation is consistent with the results of a previous study using
IOM samplers for dust detection [48].

These new time-resolved results obtained with the PM sensors
showed that the spatial dust distribution was predominantly affected by
the atomization process and the convective transport of dust into the
detection chamber. This spatial distribution is subsequently evened out
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Table 2
AUC values of the concentration vs. time profiles at different atomization du-
rations (means + SD, n = 3).

Sensor Atomization 1 s Atomization 2 s Atomization 3 s
s AUC AUC AUC
[particles-min/ [particles-min/ [particles-min/
crn3] cma] cma]
1 371.7 £ 87.5 644.5 + 204.8 512.3 = 141.1
2 663.8 + 285.8 662.3 +£191.8 809.9 + 362.4
3 1276.6 + 381.1 1351.9 + 443.9 1959.6 + 166.2
4 309.0 + 82.2 849.1 + 308.8 634.8 + 219.7
5 747.4 + 279.6 989.5 + 64.7 1248.7 + 325.4
6 1519.5 + 298.6 2604.5 + 232.2 2108.1 + 175.7
7 588.7 + 26.5 1148.8 + 445.9 618.7 + 362.3
8 459.9 + 142.8 1063.5 + 383.7 863.8 + 213.4
9 1689.6 + 487.5 2618.9 + 708.9 2733.7 £ 353.3
Total 7626.1 + 1908.8 11932.9 + 487.5 11489.5 + 1243.9
dustiness

after a few minutes, probably by particle diffusion. As the sensors are
only able to detect particles < 2.5 um, sedimentation should not become
apparent in the signals and the detected concentration decrease may
only be caused by ‘dilution’ of the airborne dust with ambient air
resulting from the flow through the sensors and out of the detection
chamber.

3.3. Influence of the atomization duration on the dust measurements

In a previous study, it was shown that the atomization duration has a
significant influence on the resulting dust concentration (totally settled
amount on all filters in the IOM samplers) as well as on the spatial
distribution of the dust in the detection chamber [47]. Therefore, the
atomization duration was increased stepwise from 1 to 3 s at a gauge
pressure of 4.5 bar, and the results are shown in Fig. 5A (1 s), 7A (2 s),
and 7B (3 s).

All unsmoothed concentration values were below the upper limit of
the calibration range of the PM sensors. For better comparability of the
signals, the Areas Under the Curve (AUC) of all graphs were calculated
by integration and are shown in Table 2. The influence of the atomiza-
tion duration on the resulting particle concentration in the detection
chamber was investigated based on the total dustiness of the samples.
The total dustiness was regarded as the sum of all nine sensor AUCs of
each measurement in this study. The increase of the atomization dura-
tion from 1 to 2 s led to a significantly elevated dustiness (p < 0.02),
whereas from 2 to 3 s no further increase in dustiness was observed (p >
0.5). Apparently, an atomization duration of 2 s is sufficient for the at-
omization of the powder samples and for convective particle transport
from the emission into the detection chamber.

To investigate the horizontal difference of the spatial dust distribu-
tion for the three atomization durations, the AUCs of the sensor signals
on the left-hand side (#1, #4, and #7) were compared to those on the
right-hand side (#3, #6, and #9). For the investigation of the vertical
difference, the AUCs of the sensor signals in the upper row (#1, #2, and
#3) were compared to those of the lower row (#7, #8, and #9).

For an atomization duration of 1 s, the AUCs of the sensor signals on
the left-hand side made up 16.6 % of the total AUC, whereas the signals
on the right-hand side 58.8 %, resulting in a difference of 42.2 %. The
sensor signals of the upper row amounted to 30.3 % and the signals of
the lower row to 35.9 %, resulting in a difference of only 5.6 %, thus
leading to a total difference of 47.8 %.

In the experiments with an atomization duration of 2 s, the hori-
zontal difference of the sensor signal AUCs revealed a difference of 33 %
(22.1 % to the left and 55.1 % to the right). The vertical difference was
18.2 % (22.3 % upper row and 40.5 % lower row), resulting in a total
difference of 51.2 %.

The experiments with an atomization duration of 3 s showed a per-
centage of 15.4 % for the signal AUCs to the left and of 59.2 % for those
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to the right, making up a horizontal difference of 43.8 %. The vertical
difference between the signals of the upper row (28.6 %) and those of
the lower row (36.7 %) was 8.1 %, accounting for a total difference of
51.9 %. Thus, the resulting total differences, as measures of the het-
erogeneity of the spatial dust distributions, were very similar for all
three atomization durations. However, the vertical difference was
highest at an atomization duration of 2 s. As the horizontal difference at
this duration was sufficient to detect statistically significant differences
in the dust concentrations, it led to the best combination for the exam-
ination of differences in both, the horizontal and the vertical spatial dust
distributions.

In summary, an atomization duration of 2 s was the most effective
time span regarding atomization, resulting in the highest total amount of
dust as well as the best combination for the investigation of horizontal
and vertical concentration differences in spatial dust distributions.
Therefore, it was chosen for the investigation of the binary blend of
ACAM and LAC.

3.4. Dust measurements with the binary blend of ACAM and LAC

Binary powder blends of an API with an excipient play a major role in
powder tableting. In contrast to previous studies, where IOM samplers
were used to investigate the settled amount of ACAM, in the present
study, the chamber setup was operated with PM sensors to allow in-
vestigations of the total dust concentration of a binary blend [47,48]. As
excipient, LAC with a low content of fine particles (Table 1) was chosen.
When comparing the results of plain ACAM (Fig. 7A) with those of LAC
(Fig. 8A), both atomized with the same parameters of 30 L/min, a gauge
pressure of 4.5 bar and an atomization duration of 2 s, it became obvious
that LAC led to a comparably lower detectable dust concentration. The
sensor signals of LAC were below the sensor precision of 100 particles/
cma, whereas those of the binary blend (Fig. 8B) were all above the
precision of the sensors, as well as within the calibration range [44].

Comparing the total dustiness of ACAM and LAC (Table 3), LAC
accounted for only 5.5 % of the ACAM dustiness. On the one hand, this
observation may be explained by the low fine particle fraction of LAC,
detectable with the PM sensors, and on the other hand by the higher
residual moisture content of LAC (Table 1), reducing its dustiness [22].

The binary blend of ACAM and LAC shows a significantly lower total
dustiness than plain ACAM (p < 0.02) and a significantly higher dusti-
ness than plain LAC (p < 0.002). Considering the detected dust con-
centrations of each plain component, the expected percentage of the
total dustiness of the binary blend should have amounted to 52.75 % of
the dustiness of plain ACAM. However, the actual percentage was 66.2
%. Wirth et al. (2024) postulated a similar effect, observing a higher
ACAM dustiness if combined with the coarse fraction of lactose-
monochydrate in contrast to a combination with its fine fraction [54].
The higher than expected dustiness in the present study may be caused
by interacting effects of the ACAM and LAC particles. It is widely known,
that the particle size with its resulting specific surface area as well as
factors such as particle shape, surface roughness, and adsorption phe-
nomena influence the flow, the mixing behavior, and the dustiness of
binary powder mixtures [51,54-59].

For investigation of the spatial dust distribution, the vertical and
horizontal differences of the corresponding sensor signal AUCs were
again calculated as described above. Plain LAC led to AUC values with a
horizontal difference of 40.6 % (16.6 % to the left and 57.2 % to the
right). The vertical difference was 6.5 %, with 27.0 % in the upper sensor
row and 33.5 % in the lower row. Comparing these results to the AUCs
obtained with plain ACAM, it becomes apparent that the horizontal AUC
difference of LAC was higher than that of ACAM (40.6 vs. 33.0 %). This
may be caused by the larger particles of LAC: these coarse particles are
probably more affected by the convective transport into the detection
chamber and are taking the smaller particles along with them, as a result
of adhesion. In contrast, the vertical AUC difference was more pro-
nounced with plain ACAM (6.5 vs. 18.2 %). As sedimentation should not



H. Kiillmar et al.

European Journal of Pharmaceutics and Biopharmaceutics 223 (2026) 115069

A 200
160 +
120 + ~—Sensor 1
~——Sensor 2
%7 ~——Sensor 3
e § ’:’\Tt‘:\x = =0 -
0 NS Bw- == — i —
= 200
£
%’ 160 +
@
g 120 4 ——Sensor 4
a8 -l —Sensor 5
s 1 / ——Sensor 6
2 a0+ 144
S oA ] :
o
S 200
o
160 +
120 + ——Sensor 7
L ——Sensor 8
80 ~]
| ﬂ[\ ——Sensor 9
; b2 M
0 1 2 3 4 5
Time [min]
B 2000
1600 +
1200 J ~——Sensor 1
T -~ Sensor 2
800 1 _ ——Sensor 3
400 +/ ;
/ e e L ]
. 0 e t
E 2000
L
2 1600
] —
S 1200 - Sensor 4
= ——Sensor 5
c
% 800 + ——Sensor 6
= 400 4
o
g 0 7 :
© 2000
1600 +
1200 + ——Sensor 7
800 + ——Sensor 8
400 1 ——Sensor 9
S EEwma-  SEFREESCCC
0 t f +
0 1 3 4 5

Time [min]

Fig. 8. Sensor-position dependent particle concentration of LAC (A) and binary blend (B) at a gauge pressure of 4.5 bar and an atomization duration of 2 s (means +

SD, n = 3).

play a role in this case, the vertical AUC difference cannot be explained
yet and needs to be investigated with sensors able to detect larger
particles.

In the experiments with the binary blend, the horizontal difference
was 35.5 % (16.6 % to the left and 52.1 % to the right). This value is
close to the mean of the horizontal differences of the plain two surro-
gates (ACAM: 33 %, LAC: 40.6 %). The vertical difference was 5.8 %
(34.7 % upper row and 28.9 % lower row). However, previous studies
based on IOM samplers, which are able to detect particles up to 100 pm,
showed larger vertical differences with higher amounts of particles
detected in the lower row than in the upper row [47,48]. As mentioned
above, these discrepancies still have to be further investigated.

Vertical differences in the spatial dust distribution and the decrease
in dust concentrations over the time course of the measurements are

assumed to be higher if particles of up to 100 um were detectable with
the sensors. These larger particles are also of interest, as all particles <
100 um pose a threat to personnel in the industry with regard to
inhalability [25,38]. Also, the horizontal differences of the determined
spatial distribution of larger particles are expected to deviate from those
of smaller particles < 2.5 um, as particle size directly affects binding and
separation forces. Whereas binding forces based on van der Waals
attraction and capillary forces are proportional to the particle diameter
d, separation forces such as aggregate impaction increase with d°
[22,60]. Depending on the geometry of the chamber setup, either
smaller or larger particles are better suited to follow the flight path from
the atomization to the detection site. In addition, larger particles may
take smaller particles along with them as a result of adhesion [22,26].
Combining all of the above-mentioned factors, it is assumed, that a



H. Kiillmar et al.

Table 3
AUC values of the concentration vs. time profiles for ACAM, LAC, and the 1:1
(m,/m) binary blend (means + SD, n = 3).

Sensor ACAM LAC Binary blend
S AUC [particles-s/ AUC [particles-s/ AUC [particles-s/
em?®] em?] em’]

1 644.5 + 204.8 40.4 £11.8 476.9 + 200.4

2 662.3 + 191.8 56.0 + 22.2 857.2 + 166.3

3 1351.9 + 443.9 81.2 £ 18.9 1410.3 = 242.3

4 849.1 + 308.8 50,1 + 22,5 514.9 + 187.7

5 989.5 + 64.7 65.0 + 34.6 987.0 + 389.1

6 2604.5 + 232.2 145.1 + 38.3 1374.3 + 393.5

7 1148.8 + 445.9 18.7 + 5.0 316.5 + 108.4

8 1063.5 + 383.7 51.5 + 35.2 636.1 + 182.6

9 2618.9 + 708.9 150.5 + 46.1 1328.9 + 460.5

Total 11932.9 + 487.5 658.6 + 224.9 7901.8 + 1588.6
dustiness

spatial dust distribution detected with multi-channel sensors, capable to
detect particles of up to 100 um, might be less uniform and particle
interactions influencing the spatial distribution of the inhalable particle
fractions should be investigated in further studies.

Nevertheless, the modification of the chamber setup with PM sensors
proved to be suitable for the detection of dust as well as its spatiotem-
poral distribution. Each experiment of the present study showed that the
spatial distribution took place within the first few minutes after atomi-
zation, reducing the duration of the experiments by more than four
hours compared to previous studies with IOM samplers [47.48].
Furthermore, the real-time spatiotemporal detection allowed the
determination of optimum atomization parameters, not only taking the
total dustiness into consideration but also the time-resolved dust con-
centrations. Although the sensors have the drawback of not being able to
detect substance-specific dust, they are suitable to assess the combina-
tion of both, dustiness and spatiotemporal dust distribution of powder
blends. In addition, because of their ability to detect spatiotemporal dust
distributions in real-time, the sensors allow dust monitoring in pro-
duction environments during pharmaceutical processing. With the PM
sensors, a major limitation of the SMEPAC methodology based on IOM
samplers may be overcome, as PM sensors enable the detection of po-
tential defects or maloperation of containment systems during produc-
tion processes. Furthermore, potential dust emissions originating from a
leakage might be localized based on the detection of the spatiotemporal
dust distribution.

4, Conclusion

The present study deals with the application of low-cost particulate
matter sensors for detection of pharmaceutical dusts in a novel chamber
setup for investigation of the spatiotemporal dust distribution. In
contrast to traditional filter-based methods, such as IOM samplers used
in previous studies, the sensors offer the advantage of not only being
able to detect the spatial, but also the spatiotemporal distribution of dust
in real-time. The results of this study revealed, that the sensors should be
suitable for real-time detection of dust in production environments and
may be used for monitoring ambient air as well as for leakage locali-
zation of containment systems. The only limitation of the sensors is their
maximum detectable particle size of 2.5 pym. Therefore, future in-
vestigations of the spatial dust distribution will deal with multi-channel
sensors, able to detect a wider particle size range and size-specific
airborne particle concentrations, which will enable the chamber setup
to simultaneously monitor specific fractions of inhalable airborne dust.
Moreover, the ability of different sensor technologies for substance-
specific aerosol detection will be investigated. The results of these in-
vestigations might give valuable insights into the size- and substance-
dependent spatiotemporal distribution and sedimentation of dusts and
may allow the implementation of optical sensors as part of real-time
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feedback containment systems. Thereby, the outcome of these studies
may significantly improve safety in the contained manufacture of
pharmaceuticals.
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Discussion

The newly developed chamber setup for the investigation of spatial dust distributions
presented in this work is described in three publications. Prior to these studies, the
conceptualization, the construction of the chamber setup, and preliminary tests were
performed over a time period of more than 2 years. During conceptualization,
fundamental aspects had to be specified, such as the type of powder atomization, dust
detection, and the shape and size of the chamber setup, to allow an investigation of the
spatial dust distribution. In addition, it had to be tested how to mechanically stabilize the
setup to ensure its tightness even under overpressure caused by the atomization process.
All these aspects had to be decided on while keeping the planned modularity of the
system in mind. In the preliminary tests, the intended functionality of all pneumatic
components and of the switching sequence, controlled by the programmable logic
controller (PLC), was confirmed.

In a first investigation, the necessary evacuation time of the detection chamber was
determined with the fume of sulfuric acid. To gather 99 % of the fume through IOM
samplers, 278 min were required, corresponding to a fivefold air exchange. Therefore,
the detection time in the PLC was set accordingly for each experiment of the first two
studies. However, the filter-based aerosol detection represents a cumulative method and
cannot reflect time-resolved spatial dust distributions. Therefore, the chamber setup was
equipped with low-cost particulate matter sensors which allowed a spatiotemporal
detection of airborne dust in the third study. The results revealed that the spatial distri-
bution of airborne dust in the detection chamber occurred in the first few minutes.
Approximately 4-5 minutes after atomization, the airborne dust concentration balanced
out as a result of diffusive mass transport. Consequently, a significant reduction in the

runtime of each experiment was possible with these sensors.
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In the first study, experiments with the surrogate ACAM were initially carried out with the
opposite arrangement of the chamber setup. It was assumed that with this arrangement,
higher amounts of airborne dust would be detected, as the airflow after atomization is
directed towards the measurement spots. Therefore, the opposite arrangement was
expected to be best suited for a first stage in the proof of concept. This assumption was
confirmed by the obtained results: With the opposite arrangement, the measured
dustiness was higher than with the orthogonal arrangement. With both arrangements, a
linear relationship between sample mass and settled amount of ACAM was evident. A
detailed examination of the atomization parameters in the second study further confirmed
this observation. However, a maximum of the measured dustiness was reached at a
sample mass of about 400 mg. This maximum is presumably caused by the ball-valve
geometry, which limits the cross-sectional area of the sample exposed to pressurized air
during atomization. However, this limitation does not represent a disadvantage for
measurements with the chamber setup, as the sample quantities to be examined in a
pharmaceutical context should be as small as possible because of high costs and some-
times limited availability. In the experiments of the first study, the percentage of sample
mass captured by the samplers was less than 0.05 % of the total sample mass applied.
Therefore, the measurement procedure was optimized in the second study to increase
this percentage. With a change to a friction-free cleaning method, electrostatic charges
on the chamber panels were diminished, leading to a tenfold increase of captured
airborne dust. This cleaning method is particularly recommended if powders with a high
tendency to become electrostatically charged, such as ACAM, are measured. In addition,
the influence of the surrogate particle characteristics on dust generation was investigated.
It became evident that ACAM powder consisting of small, granular, almost spherically

shaped particles led to higher dust emissions than ACAM powder with elongated, needle-
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like particles. This observation not only allowed a further increase in the percentage of
captured dust but also gave valuable insights into a potential reduction of the dust emis-
sions in an industrial production environment.

The main focus of the chamber setup was the determination of spatial dust distributions.
With the opposite arrangement, the highest amount of ACAM settled on the filter within
the IOM sampler positioned in the middle of the detection site and directly opposite to the
emission chamber. In most of the surrounding IOM samplers significantly less airborne
dust was detected. With the orthogonal arrangement, the highest amount of ACAM was
detected with IOM samplers positioned on the right-hand side of the detection chamber
and thus most distant to the emission chamber. The settled amount of ACAM was lower
on the filters within the IOM samplers positioned in the center column than on those
positioned on the right-hand side. The lowest settled amount was detected with the
samplers on the left-hand side, closest to the emission chamber. The combined results
of both arrangements confirmed the ability of the chamber setup to detect the spatial
distribution of airborne dust and allow a three-dimensional emission site localization.
Nevertheless, these results were unexpected, as the highest concentration of airborne
dust was expected to be close to the emission site with decreasing values at more
distantly positioned measurement spots. The spatial dust distribution was assumed to be
caused by a strong convective mass transport of the dust particles resulting from the
airflow directed through the connecting orifice of the emission chamber to the opposite
panel of the detection chamber and subsequent lateral distribution. To confirm this
assumption, CFD simulations were performed to simulate the airflow caused by the atomi-
zation of the samples with pressurized air for both arrangements of the chamber setup.

The simulations demonstrated that both airflow patterns caused by the atomization
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process were similar to the observed spatial dust distributions, emphasizing a strong con-
vective mass transport of the airborne dust particles.

To investigate the influence of the individual atomization parameters on the dust emis-
sions and their spatial distribution in more detail, a DoE approach was applied in the
second study. As mentioned above, there was a linear relationship between the sample
mass and the totally settled amount of ACAM. Interestingly, a linear relationship was also
found between the sample mass and the vertical dust distribution. Between the two other
atomization parameters, in particular the atomization duration and the atomization volume
flow rate, a two-factor interaction was evident not only with regard to the amount of dust
generated but also to its spatial distribution. It became apparent that the combination of
these two parameters not only determines the amount of energy input into the sample but
also the convective transport of airborne particles.

In the third study, the modularity of the chamber setup proved to be beneficial, as prelimi-
nary studies showed that by repositioning the emission chamber closer to the
orthogonally arranged panel equipped with the optical sensors, a spatiotemporal
detection of airborne dust was achieved. Furthermore, the influence of the atomization
duration on the airborne dust concentration and the spatial dust distribution was
confirmed. An extension of the atomization duration from 1 to 2 s led to a significantly
increased dust concentration in the detection chamber. In contrast, with a further
extension from 2 to 3 s, no significantly higher dust concentrations were observed.
Apparently, an atomization duration of 2 s was sufficient for complete atomization of the
powder samples and for the convective particle transport from the emission to the
detection chamber. Furthermore, an incremental increase in the gauge pressure of the
compressed air used for atomization led to higher airborne dust concentrations detected

with the PM sensors.
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Similar to the first two studies, the highest ACAM concentration was detected with the
sensor positioned on the right-hand side of the center row of measurement spots, being
most distant to the emission site. From this sensor position the ACAM concentration de-
creased in a circular pattern, as observed in the first two studies based on IOM samplers.
The processing of plain substances only plays a minor role in the manufacture of oral
solid dosage forms, as the API is usually processed in blends during manufacturing.
Therefore, a binary blend of coarse LAC as excipient and fine particulate ACAM as a
surrogate APl was investigated. The results showed a decreased, yet higher than
expected dust emission of the binary blend compared to plain ACAM, indicating particle
interactions of both components which may affect the propensity of the blend to generate
airborne dust.

In contrast to the filter-based detection with IOM samplers, the optical sensors allow a
real-time and size-specific detection of airborne dust. However, to date, the fraction of a
single component in the total dust of an atomized powder blend can only be determined
by filter-based sampling with subsequent chemical analysis. Therefore, the detection
method should be selected based on the subject matter to be investigated in the context
of containment. An optimum sensor should offer real-time monitoring and simultaneous
analysis of the particle size as well as differentiation between individual substances
contained in the airborne dust.

In summary, the successful development of a chamber setup for the investigation of the
spatial dust distribution of pharmaceutical powders is presented in this work. With this
setup, valuable insights into physicochemical powder properties as well as atomization
and detection parameters affecting dust emissions and the spatial dust distribution were
achieved. Hereby, the safety in the contained manufacture of pharmaceuticals may be

improved by the spatial detection and localization of leakages in containment systems
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based on stationary exposure data. Thus, the newly developed chamber setup represents
a valuable tool for the investigation of dust emissions as well as spatial dust distributions.
Because of its modularity, it may be adapted to specific technical requirements and even

allows the implementation of new optical sensor technologies.
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Appendix

Hazardous materials

Substance Supplier Danger Hazard Precautionary
symbol statements statements
Acetaminophen  Caelo, H373 P260, P314, P501
Germany
Fagron,
Germany
Acetonitrile VWR, USA H225, H302, P210, P280,
H312, H332 P301+P312,
P304+P340,
P403+P233
Lactose Meggle, None P261, P280
Monohydrate Germany
Methanol VWR, USA H225, H301, P210, P233, P260,
H311, H331, P280,
H370 P303+P361+P353,
P304+P340, P310
Sulfuric Acid Drager, H290, H314 P260, P280,
Germany P303+P361+P353,
P305+P351+P338,

P310, P405
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