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Hot-melt Extrusion

1 Introduction

1.1 Hot-melt Extrusion

Research and development in the pharmaceutical industry have advanced hot-melt
extrusion (HME) as an alternative "platform technology" for the development of solid
dosage forms [1]. With the help of the HME process, the active pharmaceutical ingredient
1s embedded in a carrier system and is fabricated into pharmaceutical dosage forms, such
as (intermediate) granules, tablets, implants, and transdermal/ transmucosal/ transungual
drug delivery systems (DDSs). The selection of raw material and the instrument process-
formulation interplay are of interest since critical quality attributes (CQAs) of hot melt
extruded material are directly dependent on both formulation and manufacturing process
[2]. To produce an extrudate, powders or granules are added to the extruder barrel via
powder feeder systems (volumetrically or gravimetrically) and liquid excipients by liquid
feeders (pump systems). The extruder barrel is recessed for the screw(s), which are inserted
in the barrel and are driven by the engine. The screws may orient on varying configuration
depending on the desired level of sheer and the speed of mixing or operation. The rotation
of the screws conveys the metered material to the die. The heating of the barrel takes place
electrically: in some extruders, heating takes place only from below, in other extruders
around the entire barrel shell. Heat transfer occurs by conduction as the barrel material is
heated and transfers the energy into the material being processed. In addition, the conveying
of the material through the screw causes friction of the material, which generates energy.
A constant barrel temperature is ensured by a cooling unit usually driven by water cooling.
The molten material is mixed and conveyed to the die. A die plate is attached to the end of
the screw, from which the material 1s pushed through and leaves the extruder barrel. To
avoid air entrapment during melting, the barrel can be opened at certain positions, or a
vacuum pump can be connected for degassing/venting. If the molten mass is not
continuously fed through the die, the flow can be regulated by adding a melt pump between
the barrel and the die. After the melt exits the die, the extrudate can be shaped and cut.
Cooling of the extrudate takes place either passively at room temperature or actively by
water- or air-cooling systems. Consequently, the subprocesses of the manufacturing of
extrudates via HME include material feeding, conveying, melting, and mixing, melt

conveying, degassing/venting, pumping, shaping, cutting, and cooling [1].
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A schematic representation of a typical pharmaceutical twin-screw extrusion process is

illustrated in Fig. 1.
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Fig 1. Schematic representation of a typical pharmaceutical twin-screw extrusion set-up (dashed elements

are optional and not mandatory for the assembly of the extruder).

1.1.1 Processing considerations and critical process parameters (CPPs)

When considering HME as the manufacturing technique for DDS, the relevant material
properties, adjustable/resulting extrusion parameters, and CPPs for the process-formulation
interplay must be evaluated since critical product quality attributes (CQA) are directly
dependent on all three categories [3].

1.1.1.1 Material properties

HME for manufacturing of DDS may involve the use of active pharmaceutical ingredients
(APIs), matrix carriers, bulking agents, plasticizers, lubricants, processing aids, release
modifiers, disintegration aids, antioxidants, and other miscellaneous additives [2.4]. All
these materials must be approved by authorities (e.g., Food and Drug Administration
(FDA), European Medicines Agency (EMA)) and must meet pharmaceutical criteria
defined by the monographs in the relevant pharmacopeias (United States Pharmacopeia
(USP), European Pharmacopoeia (Pharm. Eur.)) [5]. International Conference on
Harmonization-guidelines should be consulted to meet the requirements for a

pharmaceutical DDS [6].
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The following material properties are important for the extrusion process:
e Thermal stability

Thermal stability of the API(s) and the excipient(s) is a prerequisite for the HME process.
The decomposition temperature must not be exceeded to avoid degradation products [7].
This includes depolymerization, chain scission, elimination of water, elimination of
functional groups, pyrolysis, pH change, interactions between API and excipients and other
thermal degradation processes [8,9]. Since the application of HME involves heat and shear
stress to generate a melt, it must be ensured that the efficacy and safety of all materials

remain unchanged [10].
e  Melt viscosity

The melt viscosity [Pa-s] of a polymer at a given temperature is the rate at which chains
can move relative to each other [11]. This is controlled by the ease of rotation of the
backbone bonds and the degree of entanglement, which depends on the chain length (molar
mass), chain flexibility and interaction between functional groups. For a specific polymer,
the melt viscosity is considerably dependent on the weight average molar mass. The higher
the molar mass, the greater the entanglements and the melt viscosity. Chain branching also
influences the melt viscosity. Generally, the greater the amount of long chain branching at

constant weight average molar mass, the lower the melt viscosity [12].

The dependence of the polymer melt viscosity on temperature at a given shear rate follows

the Arrhenius equation (Eq. 1) [13]:

Ea

n=K'e¥ (1)
In Equation 1,  is the melt viscosity, K’ represents a constant depending on the structure
and the molecular weight of the polymer; Eq is the activation energy, R 1s the gas constant
and 7 is the temperature. As a thumb of rule, HME is carried out at temperatures of 20-
40°C above glass transition temperature (tg) of the polymer carrier system [14]. Since the
temperature 7 is not only generated by heat conduction of the barrel from electrical bands
but also generated from shearing of the melt, the energy of the shear must be considered
when analyzing additional mechanical energy applied to the melt per unit mass of processed
material as specific mechanical energy [15]. The process of transforming mechanical

energy from shearing into thermal energy is called viscous heat generation.
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The generated energy per unit volume (£) due to viscous heat dissipation follows Equation

2 [24]:
E =m- Yn+1 (2)

In Equation 2, m is a material constant, y is the shear rate and » is the power law constant.
The combination of the thermal energy and energy evoked by shearing influences the melt
viscosity. The operating extrusion range for melt viscosity of the polymer is between 800
and 10,000 Pa-s [16]. For processability, the melt viscosity of a polymer must not be too
high to avoid an increase of the torque resulting in an overloading of the engine and the
screw since the torque is directly proportional to melt viscosity [17]. If the melt viscosity

1s too low, the processing to the desired DDS is not possible [18].

If the required processing energy cannot be provided, for example, because the degradation
temperature is exceeded, additives (plasticizer) can lower the melt viscosity and therefore
lower the required energy input [19]. Plasticization of the polymer is generally attributed
to the inter-molecular secondary valence forces between the plasticizer and the polymer.
Plasticizers can decrease the tg and the melt viscosity of a polymer by increasing the free
volume between polymer chains. Solid plasticizers are recommended because they exhibit
a lower degree of mobility of the polymer and provide greater stability [20]. The miscibility
of the plasticizer with the polymer 1s guaranteed if there 1s only one tg noticeable in the
thermogram of the blend obtained by differential scanning calorimetry (DSC) [21].

e Viscoelasticity

Viscoelasticity is the property of materials that implicates elastic and viscous behavior
when undergoing deformation [22]. Exiting the extrusion die, the diameter increase of a
molten thermoplastic extrudate shows viscoelastic behavior of different magnitude [23].
The swelling phenomenon at different temperatures is correlated with shear stress in the
die. Not only the diameter of the die, but also the length of the die has an impact on the
viscoelastic behavior of the thermoplastic carrier as it represents a flow through a capillary.
The ratio of the extrudate diameter to the orifice diameter represents the swelling index and
can be calculated for the melt [24]. The ovality of the extrudate is also dependent on the

melt viscoelasticity [25].
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e Solid state properties

All materials can undergo a change in the physical properties through the HME process
[26]. Liquid components can either evaporate or vaporize, solidify, or remain as liquid
components in the filament [1,26]. The carrier hardens while cooling and represents the
matrix of the DDS. Partially crystalline polymers lead to the disadvantage that a high
process temperature must be applied since the crystalline regions are immobile until the
melt temperature (Tm) 1s reached and may lead to an increase of the torque. The polymer
matrix might have changed its solid property during/after melting (Fig. 2A), which can
influence for instance the API solubility in the polymer or the drug release from the polymer
matrix [57,28]. The incorporated API (liquid or solid fed) may also change its properties
compared to the starting material, whose solid-state property, in some cases, must be
preserved by additive stabilizers [29]. This is particularly decisive for the drug release, but
may also influence e.g., melt viscosity [30], viscoelastic behavior [31], and the color of the
melt [32]. As mentioned above, the API can remain in its initial form (crystalline,
amorphous) or change its solid-state property. In Fig. 2B, the three types of solid
dispersions are described namely the amorphous solid solution, the dispersed amorphous

API 1n the polymer and the dispersed crystalline API in the polymer matrix.

A Liquid: B Amorphous solid dispersions
random and easy —
movement
of chains
\_Polymer

o \ Amorphous

''''''''''''''''''''''''''''''''''''''''''''''''''' solid solution
2 Glassy: k
g only local
a movement of chain Process
£ segments
g API
a Glass 0
Y| transition ) Melting Amorphous
E temperature - . temperature Solid dispersion APl in polymer matrix
o

0
0,0
| il Crystalline solid
Amorphous solid Semicrystalline solid Crystalline solid dispersions

Fig 2. Solid state properties of the polymer (A) and the API within the polymer matrix (B) during
processing (adapted from [27]).
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If the tm 1s exceeded, the API will lose its crystalline structure. If the temperature is again
below tm, the API stays amorphous or recrystallizes. During recrystallization, a different
polymorph of the API might be formed.

Even if the process temperature is below tm, it is possible that the API dissolves in the
matrix without reaching the melting range [33]. Especially in case of Biopharmaceutics
Classification System (BCS) class IT and IV drug substances (see 1.1.3), it 1s important that
the API is completely dissolved or amorphous dispersed in the polymer matrix [34]. The
solid solution capacity is the maximum concentration of dissolved API in a matrix [1].
Lipophilicity, solubility parameter, hydrogen bonds and the interactions between functional
groups of the polymer and the API determine the degree to which the API dissolves in the
polymer [1, 35-37]. To verify the solid state of the API, DSC and X-ray crystallography
can be applied to demonstrate solid state properties, considering the limits of quantification
[38]. Since the amorphous state is thermodynamically unstable, (re)crystallization may
occur [39]. Thereby, the original crystalline structure is not always formed, but another
polymorph may be generated instead, unintentionally or intentionally. Targeted co-
crystallization can occur if at least two APIs are processed which, under certain conditions,
form a unique crystalline structure with their new properties [40]. The API tends to
recrystallize if the water solubility is low not only in the polymer matrix, but also in gastric
or intestinal fluids. The solubilization capacity of the carrier is essential to retain the

dissolved state of the API in physiological environment [41].

1.1.1.2 Process parameters

The manufacturing process of a DDS by HME requires a high apparatus complexity where
many process parameters can be adjusted [42]. However, some parameters cannot be
considered separately from each other [1]. To set up an extrusion process, at least one screw
1s required in a closed barrel, where the end is limited by a die [43]. Openings of the barrel
are only intended for feeding (liquid and solid), venting (degassing port or connection of a
vacuum pump) and inline probes to prevent the melt from leaking out of the barrel [44].

The settings of the respective process components are explained below:
e Screws

The number of screws can vary between one and two. When operating a twin-screw

extruder, the two screws are either co-rotating or counter-rotating [45]. In addition, the
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length and the diameter of the screw(s) varies depending on extruder model. The length to

diameter (L/D) ratio has been specified in order to simplify up- and down-scaling [46].

e Screw configuration

On a shaft, various screw elements are arranged in a certain manner, which can either be
changed or are fixed in place. The screw configuration is essentially responsible for the
quality of the product and effects many extrusion parameters. The mixing, the kneading,
the dwell time of the material, the degree of barrel filling, the conveying of the material,
the pressure in the barrel and especially at the die is among other factors influenced by the

screw configuration [4,46].
e Screw speed

The screws are driven by a engine and the screw rotation speed can be set between 0-100%.
Depending on the engine and the extruder, the screw speed varies, but is usually set between
0-300 rpm for HME. The throughput and the residence time of the material are influenced
by the screw speed [47]. Furthermore, the shear stress is increased at high speed. At
constant feeding rate, the barrel fill level is reduced by increased screw speed [48]. The

screw speed is displayed in rpm.
e Feed rate

During extrusion, both solids and liquids are fed into the barrel by a predefined number of
feeders at varying positions [49]. In a simple feeding process, a powder blend 1s fed from
a hopper with the help of rotating screws into the extruder barrel. A distinguished difference
1s whether the powder falls into the barrel due to gravity, or whether the screws guide the
powder directly to the screws in the barrel via fed force. The feeder can operate
volumetrically (for blends with good flowability) or gravimetrically. Gravimetric feeders
operate with transducers that measure loss in weight and generate, by adjusting the screw
speed, constant flow rates [50]. The extrusion can be performed in flood-fed mode, where
the screw beneath the feeder 1s filled. In starve-fed mode, the screw is not fully filled [51].
Typically, the unit of the feed rate is g/min or kg/h.

e Hot-melt die

Material is transported from the barrel through a die. The die 1s attached to the end of the

barrel and represents the exit point of the melt. The die plate can be actively heated or

7
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passively heated by the barrel. The die can vary in the number of exit holes, geometry,
width, and length. Usually, probes are installed in the die to monitor the pressure and the
temperature [52].

e Venting

To be able to remove gases that are produced during extrusion from material inside the
barrel, a venting port can be installed in the barrel. To realize a more efficient degassing,
for example of water vapor, a vacuum pump can be connected [44]. In most cases, the
largest possible surface area of the melt is created by adjusting the screw configuration
underneath the venting port with long pitch helices [49]. To prevent the melt from being
vacuumed in the tubes to the pump, an adapter piece can be installed. Nevertheless, the
pump needs be started up slowly to prevent material from being drawn into the tubes of the

vacuum pump, which can lead to clogging.
e Shaping or cutting

In the further processing of the melt, there are different ways of transforming the melt into
the desired shape at different temperatures (Fig. 3) [53]. In the case of direct shaping, a
distinction is made between continuous shaping with the help of calandering, where the
melt is forced into cavities located in rolls after exiting the die and semicontinuous injection
molding, where the melt is forced by forward moving of the screw (often single screw
extrusion) through a gate into the cavity [54,55]. After shaping/molding, the finished drug
products are cooled under defined conditions [56]. These techniques are applied to produce

among other dosage forms implants and intravaginal inserts [57].

=

Direct Shaping

Shaping Injection Strand Cooling Die-Face
Calander Molding Pelletizing Calander Pelletizing

Fig 3. Downstream processing of melts and extrudates after exiting the barrel (adapted from [54]).



Hot-melt Extrusion

To cut the melt instead of shaping, cutting devices are chosen that either perform a hot cut
(“face-cut” or “die-face”) directly at the die [58] or the cutting is carried out after the melt
has cooled down [59]. For both hot and cold cutting, guillotine type knife, rotating knives
or rollers with sharp ends are commonly applied [60-62].

e Cooling of the melt

The melt is cooled after it has left the die. Active cooling can take place by means of
compressed air or, in the case of water-insoluble matrices, using a water bath. The melt can

also be cooled by the ambient temperature [54].
e Conveying

For the further conveying of produced strands, a variety of downstream equipment can be
used. Conveyor rolls that are lined up one above the other and/or one behind the other are
often utilized [63]. In addition to conveyor rolls, conveyor belts are also used, which are
varied in width and length. Here, it is important to ensure adhesion to the conveyor so that
the speed-determining step is not determined by the ejection of the melt from the extruder,

but by the conveying.

1.1.1.3 CPPs for the process-formulation interplay

e Controllable CPPs

Early development and late-stage optimization are both governed by the often complex
process-formulation interplay. Changes in the formulation may change process parameters
or lead to the fact that an adjustment of the process is possible or necessary, and inversely
[1]. During extrusion, the screw speed can be adapted easily. The screw configuration is
defined before the extrusion process starts and may not be changed during extrusion. The
feeding type (pre-blend or multiple feeds; liquid or solid feeding) is selectable but might
also not be changed during extrusion. The feed rate and pulsations in feeding rate are
altered during extrusion. The formulation is selected before extrusion. Especially when
using multiple feeds, the ratio might be varied. The barrel temperature can be adjusted

during extrusion through heating or cooling.
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e Resulting CPPs

The mass flow of the melt through the extruder is a resulting CPP. The barrel fill level and
the residence time distribution of the material are influenced through the formulation, the
screw set-up, the feeding set-up, and the temperature. These parameters also impact the
temperature and the pressure at the die. The thermal and mechanical energy imparted into
the formulation are also resulting CPPs. The homogeneity of the melt and the dissolution

behavior of API in the matrix are resulting from complex process-formulation interplay.
e Interplay of controllable and resulting CPPs

Polymers with low melt viscosity and high thermal conductivity experience a more efficient
melting process [64]. Changes in the screw configuration are necessary to improve the
melting process of the excipients, homogeneity of the melt and mass flow of the melt
through the extruder. Feed rate, feeding type (preblend or multiple feeds), and pulsations
in feeding rate, influence the barrel fill level, which in turn affects the homogeneity, thermal

and mechanical energy imparted into the formulation [65].

Through the addition of suitable plasticizer, the tg of the polymer carrier might be lowered
to decrease the melt viscosity [19]. The dissolved API can also act as a plasticizer in the
polymer matrix with the benefit of a lower melt viscosity [30]. Modularity in screw
configuration also affects mechanical shear of the material. Applying more shear to the
polymer through the adaption of the screw configuration and the screw speed result in
further reduction of the viscosity enhancing diffusivity and dissolution rate of the drug in
the carrier. The barrel set temperature, screw speed and residence time distribution may
affect dissolution behavior of API in the matrix, which is in favor if the API is poorly
soluble [66].

The lower tg of the carrier also has the effect that the barrel set temperature can be lowered
if high process temperature is critical for the degradation of API [67]. In this case, not only
the temperature shall be lowered, but also the duration of thermal stress shall be shortened.
By adaption of the feed rate, the screw speed, and the screw configuration the average
residence time can be shortened, and the conveying of the melt to the die can be optimized
so that the total residence time is as short as possible [68]. The balance of energy input and
heat history result in acceptable extrudate quality or with the extreme combination of these

two variables, result in either degradation or inhomogeneous material [69].
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To keep the experimental effort as low as possible, a simulation of the extrusion process is
desirable. Ludovic® and XimeX®-TSE are simulation software to optimize the co-rotating
twin screw extrusion process by proposing an in-dept analysis of the material. While
Ludovic® shows global results (e.g., torque, power consumption), 1D/2D
thermomechanical results of the distribution along the screw and the residence time
distribution of the material, XimeX®-TSE shows all the above results and displays the

thermomechanical results in 3d maps [70].

The aim of the experimental trials and the software simulation are necessary to characterize
the direct and measurable impact of potential CPPs on product quality. In addition, it is
necessary to perform a scale up from lab to commercial scale. Based on the material
properties and processing considerations, one of the four scale-up strategies can be applied:
volumetric, power, heat transfer or die scale-up. With all four methods, it is important that
the product quality is maintained [68]. In its report “Pharmaceutical Quality for the 21
Century: A Risk-Based Approach”, the FDA urges pharmaceutical companies for quality
by design concept to be built into the development of a product with an understanding of
the product and the processes by which it 1s developed and manufactured, as well as an
understanding of the risks associated with manufacturing the product and how those risks
can best be mitigated [72]. This includes a risk assessment on input parameters as well as

defining a design space of potential CPPs.

To define the important quality attributes of the product, to realize the scale-up procedure,
and to identify the CPPs, supporting analytical methods are needed that can be applied

during or after the manufacturing process.

1.1.2 Process and product analyzers

Process analytical technology (PAT) can measure critical process parameters with the aim
to analyze, control, and design manufacturing processes. Regarding the set-up of PAT,

there are four different ways in which the tool can be installed:
e In-line

Analysis 1s performed during the process without diversion of material.
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¢ On-line

Analysis 1s performed during the process on a diverted material, which is afterwards

reunited with the remaining product.
e At -line

Analysis 1s performed in proximity in time and space to the process after removal

of material from the process.
e Off-line

Analysis 1s performed after removal of material from the process with no proximity

(neither time nor space) to the process.

The positioning of PAT in the extrusion process for measuring CPPs during processing and

after sampling is illustrated in Fig. 4.
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Fig 4. Positioning of PAT in the extrusion process for measuring critical process parameters during

extrusion and after sampling (adapted from Hitzer et al.[72]).

Process analyzers can either be part of the machine itself, be integrated of a device
connected to the machine, or detect signals with the help of a probe [73]. Off-line analytical
methods are not suitable for rapid intervention or changes in the process. The results are
only available after manufacturing and therefore prevent changes to the ongoing process
[74]. Instead, in-line and on-line methods can be incorporated in a control strategy and are

favored in a complex extrusion set up [75].
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The melt can also be analyzed during the extrusion process with the help of probes. For this
purpose, optical windows are installed in the barrel or probes are inserted into the barrel
[76]. During implementation it is important to ensure that no material leaves the barrel or
collects at an inlet, and that screw rotation is not impaired. Moreover, no material may
accumulate at the probe so that the analysis is interfered. During analysis, the influence of

the temperature on the result must always be considered [77].

After discharge, the intermediate/ drug product can be analyzed. Probes, cameras, and laser
modules are applied at this stage. Often the intermediate/drug product is analyzed off-line
after cooling [78].

1.1.3 Application in therapeutics

Since decades, HME has been used in pharmaceutical technology as an essential platform
for drug delivery technology. In early development, the focus of processing APIs with
HME is solubility and therefore bioavailability enhancement of new chemical entities
(NCEs). Solubility enhancement minimizes the risk that APIs that are poorly soluble under
physiological conditions do not reach the pharmacologically effective concentration. These
APIs would not advance beyond the early stage of development. Poorly soluble APIs with
high bioavailability in the dissolved state are categorized into class II of BCS and are
referred to as BSC class II substances (Fig. 5). BCS class IV substances are the worst-case

scenario for NCEs since they demonstrate both low solubility and low bioavailability.

When the highest dose strength of a drug is soluble in 250 mL aqueous medium (pH 1.0 to
pH 7.5), the API is considered highly soluble [74]. All APIs used in this thesis are
categorized as BSC class I or II substances [75-78]. In case of permeability, the API is
considered highly permeable if 90% or more of the administered dose 1s absorbed [79].

In late-stage pharmaceutical product development, HME is used to keep already
commercialized drug products sufficiently attractive for the market. Known as life cycle
management (LCM), the process is particularly pursued for blockbuster drug substances,
where more differentiated formulations can help distinguish one drug from other offerings

in the same drug class or for the same disease [80].
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Fig 5. BCS modified with APIs used in this thesis according to Kawabata [73].

This process includes reformulation or formulation changes to improve the therapeutic
benefit of the drug product and the compliance of patients [81]. LCM of an NCE can be
employed to maintain competitive advantages after patent expiry. Therefore, patented line
extensions though LCM can enable a brand to retain a higher share of the genericized

market [80].

With the help of HME technology, a variety of dosage forms can be manufactured including
pellets [82.83], granules [84.85], tablets compressed with melt-granules [86], three-
dimensional (3d) printed DDS [87,88], oral fast dissolving systems with melt-granules [85],
transdermal DDS [89,90], transmucosal DDS [91], vaginal DDS [92] and implants [93].
The production of all DDS involves that the API(s) and excipient(s) are processed by
extrusion but differs in the choice of the die (geometry, diameter) and further processing
downstream equipment [19]. Next to the potential effective improvement of the
bioavailability through enhancement of the solubility of poorly soluble drugs, the DDSs
profit from a potential improvement of stability due to formation of a solid dispersion or a
solid solution [94], from modification of drug release [95], from taste masking of the API
[96] and from abuse deterrent [97]. Since the manufacturing process is a continuous
process, guarantees scale-up feasibility, operates solvent-free and offers the advantage of
shaped delivery (e.g., strains, granules, films), the process is widely used in industry to
manufacture drug products [98-101].
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To produce filament geometries for the manufacturing of implants, vagimnal rings, and
intermediates, the generated melt is pressed through a die by conveying of screw(s) and the

exiting strand is then cut into the desired length (in the hot stage or after cooling) [102].

1.1.4 Fused deposition modeling (FDM) three-dimensional (3d) printing and

alternative manufacturing processes

The advantages of the extrusion process are used by 3d printing extrusion processes. With
the help of FDM 3d printing, drug loaded polymer filaments are heated and conveyed
through a nozzle resulting on deposited strands on a print bed forming a solid dosage form

manufactured layer by layer [103].

Using digital computer-aided design software, the geometry (shape and size) is captured in
an stereolithographic format. The layer and printing information is filed in a geometric
code, which is digitally transferred to the selected 3d printer. The printing parameters are
selected (e.g. resolution, temperature, printing time etc.), which are typically based on the

printer type, drug characteristics and desired drug product [104].

There are minimum requirements of the material either for filament-direct drive extrusion,
or filament-bowden extrusion such as mechanical resilience and heat stability.
Furthermore, the melting behavior (e.g., melt viscosity) is essential for good printability

[105].

Until today there is still no pharmaceutical market product, which is produced by FDM 3d
printing. In research, filaments are used to print prototype DDS with different geometries,
drug release profiles and different drug products (e.g., capsules, tablets, inserts). The
advantages of using FDM 3d printing in the production of pharmaceutics include design
flexibility, cost-effectiveness, and high reproducibility [106]. HME technology and FDM
3d printing can also be combined into a single continuous process for higher process

efficiency [107].

Currently, there are different 3d printing techniques for pharmaceuticals under
investigation, which use different mechanism and raw materials. To date, FDM, selective
laser sintering, stereolithography, binder jet printing, direct powder extrusion and semi-
solid extrusion have all been explored to produce drug products [108]. Each technology
comes with unique technical requirements and individual advantages and disadvantages.

All 3d printing techniques have in common, that personalized drug products are produced
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with a variety of characteristics compared to drug products produced with the help of
conventional manufacturing techniques influencing the disintegration time, dissolution

profiles, dosing intervals, swallowability, and texture [109-111].

Alternative manufacturing processes, which can address all parameters of additive
manufacturing are not available. Fastly disintegrating tablets are usually manufactured by
freeze-drying or rapidly dissolving excipients like mannitol resulting in orodispersible
tablets [112]. Solid dispersions are often used in tablets in granulate form after being
extruded or spray dried to enhance solubility of the drug and influence drug release [113].
Injection molding is used to produce individual geometries defined by the geometry of the
mold, but other than 3d printed geometries the molds require a 100% infill [114].

The 3d printing technologies are not suitable to substitute conventional manufacturing mass
production but may close the gap towards the on-demand production of small batches of

highly flexible and personalized dosage forms.
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1.2 Characterization and Quality Control of CQAs of Pharmaceutical

Filaments

The characterization and the associated quality control strategy is depending on the
intermediate/ drug product. A quality control strategy is a detailed inspection and control
system that encompasses the production, evaluation, and distribution of drug products
[115]. The production of medicine requires pharmaceutical quality, efficacy, safety, and
provides assurance to the patient that the drug product will act consistently and satisfactory
for the purpose for which it is recommended. For monitoring of CQAs, control charts are
often used to detect systematic deviations of a quality characteristic from a target value and
to write process reports [116]. In this work, the characterization 1s focused on extrudates,
which are used as intermediate filament sticks for FDM 3d printing of oral dosage forms.

Filament sticks are cylindric shaped rods with a defined diameter and length (Fig. 6).

Diameter
- o --u—-—;i 4 Length }Piameter}
g Length \ \ j

Fig 6. Diameter and length of extruded filament sticks (left: extruded filament; right: schematic drawing).

Intermediate CQAs of extrudate strands (filaments) are “blend” uniformity, solid state of
the API and all excipients, diameter, diameter homogeneity, ovality, straightness,

straightness of endings, residual moisture, density, tensile strength, and elasticity.

For filament storage in a filament reservoir of a FDM 3d printer, straightness, elasticity,
and homogeneity of the diameter of the filament are crucial so that the filament can be

stored in the reservoir and maintains its positioning.

For subsequent conveying from the reservoir to the printing nozzle, CQAs are the tensile
strength and the elasticity of the filament [117]. Depending on the conveying mechanism
(direct drive, bowden, piston) other specifications for mechanical properties are desired [4].
The tensile strength of the intermediate is also critical for the mechanical properties of the
3d printed tablet [118]. Depending on the printer, the minimum and maximum diameter of
the used filament must be ensured [119]. The mass flow rate at the 3d printing nozzle is

determined by the amount of melt exiting, in addition to other process parameters, so that
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the diameter and density are important quality characteristics during 3d printing [120]. The
homogeneity of the diameter and the ovality are essential prerequisites for uniform strand
thickness and strand deposition during printing [ 121]. Residual moisture in the filament can
lead to cavities in the strands after evaporation at high printing temperature. While
processing multiple filament sticks into one drug product, curved ends may result in air

entrapment/cavities causing inhomogeneous strand deposition.

Furthermore, content uniformity and drug release are CQA of pharmaceutical filaments.
While the homogeneity of the API in the final drug product is tested based on the
pharmacopeial acceptance value (AV) (Pharm. Eur. 2.9.40), the intermediate must not be
characterized by the AV, but the API must be distributed within the filament
homogenously. The dissolution is affected by the solid-state properties of the API, which
must not change during storage. Stability testing also involve the verification of the tensile
strength and the elasticity, which may be influenced including residual moisture, change of

solid-state properties, post-curing, and separation of plasticizer [122].

1.2.1 Diameter of filaments

Diameter and diameter homogeneity are CQA in the production of filaments. Diameter
measurements can be performed during extrusion (implemented in the downstream

equipment) or as an offline measurement.

¢ Measurement method

For the real-time diameter determination during extrusion, a laser is directed towards a
high-resolution charge-coupled device (CCD) line that passes through the filament. A
shadow 1mage of the filament is generated on the line sensor. Intensity fluctuations occur
at the transitions from dark to light, caused by the light diffraction at the surfaces of the
measured material. Based on the theory of light diffraction, the tangents of the left and right
geometric shadow boundaries are calculated from the information of the intensity
fluctuations. Together with the tangents of the measuring plane offset by 90 degrees, this
results in four tangents touching the measured material. The measurement of the third axis
additionally allows the determination of ovality (eccentricity), which results from the

difference of the two diameters [123].
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e Readout rate and measuring points

The readout rate 1s determined by the device and 1s mainly depending on the exposure time
and the acquisition time the CCD chip. The filament is transported through the device at a
defined speed. During the extrusion process, the conveying is determined by the haul-off
speed of the downstream equipment. As an offline measurement, the speed can be set as
low or as fast as desired. The measuring points thus result from the concurrence of the laser,

the readout rate, and the conveying of the filament through the diameter measuring module.
e Acceptance range

The target diameter is specified by the 3d printer nozzle and print head design. According
to literature, the deviation from a diameter of 1.75 mm should not exceed + 0.2 mm.

However, there are no specifications or pharmacopeial guidelines available yet [105,124].
e Contributing factors

The mean diameter, the diameter variations, and the ovality are influenced by various
process parameters and material properties. The haul-off speed, the throughput (determined
by feed rate(s) and screw speed, as well as the die swelling influence the mean diameter of
the filament [125]. Diameter fluctuations are also influenced by the throughput since a
higher barrel fill level (based on the flood-feed method) leads to less fluctuations.
Inhomogeneities of the melt and pressure fluctuations lead to variations in the diameter
[126]. Often the screw configuration at the nozzle is configured with pressure building
elements that have a large flight so that the melt 1s accumulated in front of the nozzle. To
avoid air entrapment, which can lead to inhomogeneous diameter through unfolding, a vent
port is installed in the barrel, or a vacuum pump is used. When using die with a round outlet,
the ovality 1s mainly influenced by the properties of the melt, since too low viscosity leads
to a collapse after exiting the die and the filament cross-section is oval instead of round.

This can be influenced by changing the temperature or by the formulation itself.

1.2.2 Content uniformity in filaments

e Regulatory aspects for content uniformity

The test requirements for content uniformity of drug products are described in the
pharmacopeias as the “Uniformity of Dose by Content Uniformity”. After determining the

amount of API, the AV according to USP and Pharm. Eur. for stage 1 and stage 2 testing
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1s calculated. Samples must be taken at the beginning, middle and end of the respective

manufacturing process.

Since the intermediate filament is not the drug product but rather a feedstock for 3d printing,
this test is not applicable. The intermediate filament must be analyzed compared to a final

blend or an intermediate granule and thus meet the blend uniformity criteria.

The USP criteria for blend uniformity is between 85-115% drug content, whereas the
Pharm. Eur. sets the limits for blend uniformity between 90-110% [127]. At stage 1 testing,
10 samples (1 sample per location) must be analyzed, and all individual results must not
deviate from the mean value by more than 10%. The relative standard deviation (RSD) of
the 10 samples must be smaller or equal to 5.0%. At stage 2 testing, 20 additional samples
need to be analyzed (n=30 1n total, 3 samples per sample location), and again all individual
results must not deviate from the mean value by more than 10%, but the RSD of the 30
samples must be smaller or equal to 6.0%. Samples must be taken after blending at different

positions in the drum.
e Drug content determination as an intermediate drug product

For better process understanding, stratified sampling can be applied by selecting units from
various locations within a batch from various phases or periods of a process. With these
additional samples, a better product and process understanding might be generated. This
type of sampling specifically targets locations or time points during the process where there

1s a higher risk of not meeting content uniformity results.

For blend uniformity improvement, the blending process including blender type, blending
time and blender speed need to be optimized [128,129]. However, material properties such
as cohesivity and differences in particle size of the API and the excipient(s) impact the
homogeneity of a blend [130]. To define the highest attainable degree of interactive mixing,

the Johnson-Egermann equation considers the particle size of the material (Equation 3):

CV =100 - [% 3)

where CV 1s the coefficient of variation (CV) of the drug content expressed as a percentage
of the mean weight, (i, )is the mean mass of one API particle and G the mean drug content

[131].
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For a more accurate description of a binary mixture, a second equation considers not only
the mean particle size of a particle of both components, but also the mass fractions of the
two components. With the help of the Stange—Poole equation, the CV can be calculated

according to Equation 4:

CcV = 100 Xy (MY +1My-X) (4)
x M
where x is the relative mass fraction of API, y is the relative mass fraction of the polymer,

() 1s the mean mass of one API particle, () is the mean mass of one polymer particle,

and M 1s the mean mass of the filaments [132].

This formula was already used by Hermes et al. to illustrate that the RSD of the target
concentration of minitablets highly depend on the sample size of powder blend [133]. In
this work, the equation was used to demonstrate the limitation of the content uniformity of

low-dosed API in filaments resulting from powder characteristics.
¢ Drug content determination methods of intermediate filaments

The drug load of a filament can be measured through destructive and non-destructive
methods. Furthermore, the real time in-line analysis 1s preferred over off-line measurement
since if the desired concentration is not reached, the process can be altered faster through

adaption of the feed rate or other adaptable CPPs.
e Off-line measurement for drug content determination

For the analysis of drug products, samples are taken during production. These samples are
analyzed in a different lab. Often destructive methods are applied, where the filament is
dissolved in a suitable medium and then analyzed using a suitable analytical method. This
is often done using high-performance liquid chromatography (HPLC). It 1s advantageous
that several active ingredients can be analyzed during one method run, since the active

ingredients are separated chromatographically.
¢ In-line (real time) measurement for drug content determination

To establish a non-destructive method, instrumental in-line methods are incorporated into
the process. With the help of probes implemented into the barrel, the material can be

examined during the process. Among the in-line methods, (near) infrared, Raman- and
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fluorescence spectroscopy are used. These methods can serve as a check of the CQA or can

be used as a release criterium [135].

1.2.3 Color of filaments

For pharmaceutical applications, colorimetry has already been tested as a quality control
technique for various drug preparations as a non-destructive characterization method [136].
Color measurements were used for the correlation between the surface color and tensile
strength of tablets, for evaluation of tablet coating effectiveness, and assessment of tablet
stability [137-139]. Wickstrom et al. detected vitamin B containing layers conducted by
inkjet-printing via colorimetric measurements, but they were limited to differentiating
between the first 5 to 6 printed layers because the limits of the detection method have been
reached [140]. The correlation between color change and heat stress during drying was
analyzed by Lakio et al. for granules and pellets [141]. During extrusion, dyes or pigments
are manually added into the barrel to determine the residence time distribution of the melt
within the extruder barrel. Often this material is discarded afterwards [142]. For these
measurements, the Commission Internationale de I'Eclairage L*a*b* (CIELAB) color
space introduced 1n 1976 is applied, where colors are defined by three unique values: L*
for lightness, a* for red and green color, and b* for blue and yellow color. While L*-values
can vary between 0 (black) and 100 (white), both a* and b* values range from —128 (a*:
green, b*: blue) to +127 (a*: red, b*: yellow), which leaves theoretically 6.5 million
possibilities for describing different colors in this color space (Fig. 7) [141,143].

Fig 7. 3d illustration of the CIELAB color space introduced by the International Commission on
Illumination in 1976 [144].
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The solid-state properties and the physicochemical characteristics including degradation
products determine the color of the extrudates. Extrudates are cylindric shaped with a
curved surface, electromagnetic radiation and light scattering effects are caused not only
by the color of the filament but also by the filament geometry. In the scope of this thesis,
the aim was to investigate, whether the difference in concentration of an API is reflected in

measurable color variation(s) of the filaments [144].

1.2.4 Intermediate filament sticks

e Feedstock for new 3d printer

Commercially available filaments are distributed wound on rolls and are exposed to
environmental influences during the 3d printing process since the large coiled filaments are
usually located outside the 3d printer. For pharmaceutical grade filaments, this type of
feedstock storage is generally not suitable, as moisture uptake, light exposure and direct
contact of the professionals with the material cannot be prevented. In addition, unwinding
the coiled filament during 3d printing can cause the filament to become tangled and disrupt
the continuous flow of material through the 3d printing nozzle. In the worst case, this leads
to the need to stop the process, discard the 3d printed dosage form, and require intervention

of professionals.

In addition, commercially available 3d printers work with filament-direct drive or filament-
bowden principle for conveying, which is not suitable for all filaments. Particularly brittle,
but also flexible filaments cannot be transported with this conveying mechanism, so that

no continuous strand can be extruded from the printer nozzle [4,118].

Taking the disadvantages into account, the consortium of the Federal Ministry of Education
and Research (BMBF) project “Polyprint” jointly developed a new 3d printer with a with
an optimized feeding mechanism of the printhead that guarantees the transportation of
filaments regardless of the formulation or texture. In addition, the feedstock is stored inside

the printhead and has no contact with the environment or personnel.

To serve as adequate feedstock for the new 3d printer, the filaments should be cut into
smaller filament sections resulting of the need of filament sticks. Since filament sticks are
a novel type of feedstock material, it was necessary to meet the requirements for the new
printhead in terms of straight cutting edges, straightness of the filament sticks and form

stability during storage.
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¢ Filament cut

Changing the feedstock from a “infinite” strand to filaments sticks, there is a change that
multiple sticks are needed during the printing process. If the feedstock material of one stick
1s not sufficient to print one or more drug products, a second or more sticks are required,
which must be fed subsequently so that the continuous material flow through the 3d printer

nozzle is not interrupted.

This requires that the cross-sections of the filament sticks lie exactly on top of each other.
The angle of the cutting edge is of importance, since sticks with an angled, fragile end run
the risk of breaking off. Furthermore, when feeding the next filament stick from the
reservoir, the stick must be rotated so that the edges of the previous and the new filament
align perfectly, which is an additional complication of the feeding mechanism. Moreover
from a manufacturing perspective, the angled cut is more complicated than a straight cut of
the filament strand. As a result, a straight cut of the filament strand was preferred for this

work.
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1.3 The Potential of 3d Printing for the Pharmacotherapy of Parkinson Patients
1.3.1 Recent drug therapy of Morbus Parkinson

Parkinson’s disease is a neurodegenerative disorder with the presence of bradykinesia
combined with rest tremor and/or rigidity. The idiopathic Parkinson syndrome (IPS) is the
most frequent Parkinson diagnosis with a predominance of approx. 75%, which is caused
by neuronal loss in the basal ganglia structure “substantia nigra” [145]. The substantia nigra
owes its name of black appearance in the computer-tomographic image of the stratum
corneum in the nucleus subthalamicus to the presence of multiple nuclei, but their density
accumulation steadily decreases in the progression [146]. The reasons for this include
striatal dopamine (DA) deficiency, intracellular inclusions containing aggregates of a-
synuclein, as well as the demise of numerous other cell types throughout the central and
peripheral autonomic nervous system [147]. Until today, pharmacotherapy of IPS is
exclusively based on a symptomatic treatment since no curative drug therapy, including all
pharmacotherapy and gene therapy options, has been developed yet [148]. The main aim
of the pharmacotherapy is to treat motor and nonmotor manifestations. Too low API
concentrations do not lead to any improvement in cardinal and concomitant symptoms; too
high API concentrations increase motor complications and promote undesirable adverse
effects [149]. Thus, during therapy, it is necessary to always ensure that the therapeutic
range defining the optimal drug concentrations in the blood is targeted, which narrows over
time due to continuous neurodegeneration of dopaminergic neurons [ 150]. In the beginning
of pharmacotherapy, the correct dose is titrated estimating the pharmacological effect.
Usually, pharmacotherapy is limited to three doses per day. At late stage of IPS, the
therapeutic range is narrowed, which requires the lowering of the individual dose and the
increase the frequency of dosing (Fig. 8). Furthermore, the combination of APIs for
Parkinson patients is often necessary to achieve the targeted pharmacological effect
because each individual API represents a unique profile of clinical signs and symptoms
[152]. The optimization of combined medications for patient’s conditions is described in
the S3-guideline, where medicine usage agrees with best evidence [153]. Especially in
Parkinson's patients with motor disorders caused by tremor or swallowing difficulties,
attention shall be laid on patient’s individual need [150]. In 2016, the S3 guideline was
revised and the changes in recommendations regarding pharmacotherapy were made to
address patients' life circumstances, comorbidities, and increasing life expectancy [153].

Monoamine oxidase B (MAO-B) inhibitors, DA agonists, or levodopa should be used in
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symptomatic therapy of early IPS. Levodopa should only be administered starting from 70
of age of the patient (late stage of IPS), as it leads to a rapid habituation process and an
associated therapeutic limit. In case of nonresponse or deterioration, decarboxylase

inhibitors and sustained released levodopa preparations are recommended.
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Fig 8. Dosing regimen of Levodopa for Parkinson patients of early and late stage IPS: Levodopa dosing in
early stage IPS is usually conducted with high doses and a low frequency. At late stage of IPS, the
therapeutic range is narrowed, which requires the lowering of the individual dose and the increase the

frequency of dosing, adapted from [151].

For late stage IPS with motor complications, the additional administration of a catechol-O-
methyltransferase (COMT) -inhibitor or a MAO-B-inhibitor or the combination of both is
proposed. In addition, amantadine or apomorphine can be administered to reduce
dyskinesia, with apomorphine additionally reducing the daily off-duration. The S3-
guideline recommends consideration of deep brain stimulation therapy and continuous drug
delivery pump therapies under defined conditions, with particular emphasis to age,
comorbidities, and the patient's supportive environment to guide decisions about the
eligibility of these elaborate therapies. To treat the symptoms of IPS in the best possible
way, an optimized interaction of the drugs, the correct selection and application of the
corresponding dosage forms and the effective plasma concentration of the API are
indispensable [150-152]. The pharmacotherapy of Parkinson patients is complex and
accompanied by the adjustment of medication over the entire duration of the therapy, which

requires a personalized management of the pharmacotherapy throughout the disease.
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1.3.2 Adaption of administration route, dosing, and dosing intervals

When treating IPS patients with dopaminergic pharmacotherapeutics, it is reasonable to
assume that restoring the missing neurotransmitters will improve clinical deficits in a
consistent and predictable manner [152]. Since the amount of DA in the dopaminergic
neurons is difficult to determine, the blood plasma concentration is correlated with the
clinical efficacy. To understand the physiological effects of DA, it is important to consider
that DA has a stimulatory effect at dopamine 1 (D1) - receptors and an inhibitory effect at
dopamine 2 (D2) - receptors. The D1-expressing “go”-pathway increases cortical activity
and the D2-expressing “no-go” pathway reduces cortical activity and inhibits movement.
DA increases the responsiveness of the “go”- pathway and decreases the influence of the

“no-go”- pathway (Fig. 9a).

The reduction of the DA level benefits the inhibitory “no-go”- pathway (Fig 9b) and with
long-term reduced DA, the experience-dependent cortical input to striatal neurons evolves
resulting in long-term potentiation (LTP) and aberrant plasticity of the striatum (Fig 9c). If
DA replacement or Dl-receptor stimulation occurs through pharmacotherapy, the
immediate effect the “go”- pathway is noticeable although LTP is not reversed in the “no-
go”- pathway (Fig 9d). Only repeated and continuous long-term DA administration
facilitates normal LTP of the “no-go”- pathway (Fig 9e).

a Normal b Acute DA loss € Experiencedependent d Acute DA e Long-term

aberrant plasticity replacement DA replacement
Cortex Cortex Cortex Cortex Cortex
Y l | l H l i E¢LTF' A ¢ | E lLTD
Striatum 1 Striatum H Striatum i Striatum i Striatum

Thalamus Thalamus Thalamus Thalamus Thalamus

Fig. 9. Physiological effects of DA at D1- and D2- receptors under normal conditions (a), with acute DA
loss (b). with experience-dependent aberrant plasticity (c), with acute DA replacement (d) and with long-
term DA replacement (e) [154].
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Thus, with single dose of levodopa the short-duration response is addressed, while at
constant plasma-concentration level of levodopa over a long period of time the long-
duration response (LDR) is guaranteed. Thus, continuous dopaminergic stimulation is
associated with reduced incidence and severity of dyskinesia compared with pulsatile
administration. However, as adverse levodopa tolerance occurs after time, the
administration of levodopa is limited to daytime [154]. Several studies have shown that
constant drug plasma levels lead to the best therapeutic results [155-157]. Optimal IPS
therapy avoids drug concentration peaks and enables drug levels above the efficacy
threshold. This range is called the therapeutic range [158]. Due to the poor solubility and
instability of levodopa in aqueous solutions, continuous intravenous administration has not
been pursued to date [159]. By using a duodenal pump of levodopa and carbidopa, the
therapeutic range can be addressed by adjusting the dosing rate [160]. Since the
pharmacotherapy through duodenal pumps is an invasive therapy that presents risks, is
laborious to manage, and relies on assistance from others, compliance is often only

established in the late stage of the disease [161].

As a consequence, medication is preferably administered perorally, with the intake of the
tablets varying largely throughout the day. The aim of the dosing regime is to build up an
LDR - this 1s done by giving multiple doses of levodopa throughout the day with the result
that the motor response is high [154]. Since the blood plasma concentration of levodopa
after oral administration resembles a Bateman function, the maximum concentration is
reached after a certain time (stomach passage time) and the API concentration decreases
afterwards due to constant elimination [162]. At this point, it is important to ensure that the
next administration occurs so that the levodopa plasma concentration level is maintained
within the therapeutic range. In regressing IPS, the width of the therapeutic range is
reduced, which shortens the time that the levodopa plasma concentration is within the
therapeutic range with an unchanged dosage regimen. Therefore, as the disease progresses,
tablet intake is increased and the single dose is decreased to maximize the time in which
the concentration is inside the therapeutic range, and the treatment regimen involves

multiple tablet intake a day [163].

1.3.3 Combination drug products

A pharmacotherapy with multiple APIs requires the use of multiple medications, which is

defined as polypharmacy [164]. If two or more APIs are combined in a single dosage form,
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the drug product is referred to a combination drug product (FDA terminology [3]) or a
fixed-dose combination (EMA terminology [165]).

The multidrug formulations are chosen because of synergistic effects (e.g., treatment of
emesis, viruses, tension headache and migraine, attention deficit hyperactivity, narcolepsy,
cardiovascular disease), prevention of metabolism (e.g., treatment of viruses, Parkinson’s
disease), or prevention of misuse of the API (e.g., treatment of emesis or pain) [166-170].
The formulation strategy also involves solubility enhancement by co-crystallization [171],
drug targeting through nanoparticles [172], or manufactured to implants with targeted drug
release [173].

Multidrug formulations include [174-176]:

. hard capsules containing pellets, (mini-) tablets, or microcapsules

. hard capsules containing encapsulated liquids

. soft capsules containing (mini-) tablets, granules, pellets, or hard capsules
. bilayer or multilayer tablets

. hot-melt (co) extruded delivery systems

. expandable drug delivery systems including hydrodynamically balanced systems
(HBSs), raft-forming systems and expandable

. delivery systems produced by 2d and 3d printing technology (e.g., long-acting oral
gastro-retentive DDS).

The efforts of multidrug formulations are particularly implemented for increased patient’s

compliance, and safety and efficacy of the individual API [177-179].
e Combination drug product for Parkinson’s disease

The pharmacotherapy of Parkinson’s disease combines two or more APIs in a way that,
first, the metabolism of levodopa is delayed and, second, multiple pharmacological
mechanisms can act synergistically. But the APIs described in chapter 1.3.1 differ in terms
of half-life, effective dose, solubility, and bioavailability, which is why the APIs were
mostly separately compounded in single dosage forms [180]. Hence, combination drug

products are available for the treatment where levodopa and a decarboxylase inhibitor are
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present within one tablet (tradenames: Madopar®, Levocomp®) and a gel (tradename:
Duodopa®) [181-184]. Madopar® HBS is a typical example of an HBS capsule containing
a combination of levodopa and benserazide [185]. Accordion Pill® is an expandable placed
in a hard capsule that contains carbidopa and levodopa as APIs and is currently being tested

in clinical trials [186].

Levodopa and carbidopa are also combined with the COMT- inhibitor entacapone in
combination drug products formulated to tablets (tradename: Stalevo®) and to a gel for
abdominal application (tradename: Lecigon®) [187]. In this combination, the
decarboxylase inhibitor prevents the metabolism of levodopa by the decarboxylase and the

COMT- inhibitor prevents the metabolism of levodopa by the C-O-methyltransferase [ 188].

Other multidrug formulations are being investigated in research for Parkinson’s disease
such as multi-drug-loaded microcapsules [189], multidrug and dual drug loaded lipid-based
nanoparticle suspension systems [190,191], long-acting oral gastro-retentive DDS [191],

3d printed intraparenchymal drug delivery devices [192] and 3d printed DDS [193,194].

The number of marketed products and multi-drug formulations indicates that this
neurogenerative disease is an important and interesting field for combination drug products
including 3d printed DDS, which were produced and characterized within this research

work.

1.3.4 Relevance of 3d printed medicine for large- and small-scale production for

Parkinson’s patients

e 3d printing in small-scale production

Individual prescriptions are often prepared in the local pharmacy for the treatment of
tropical diseases, but also for adjustment of the dose especially for dosage forms prescribed
for children. Infusions or injection are prepared in a pharmacy including food for neonates,
cytostatic drug preparations or preparation for application in the eye. Until now, there 1s no
drug preparation produced in the pharmacy for Parkinson's patients, because only
manufactured medicines are used for pharmacotherapy. However, counseling of the
patients takes place especially at the start of therapy (e.g., explanation of the titration of DA
agonists, awareness of adverse effects of levodopa) or when medical devices are handed
out (e.g., duodenal pump, dosing equipment). The production of a patient tailored

preparation would have many advantages to both the patient and the pharmacist [195,196].
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Patient tailored medical products and devices are already finding wide application in dental
application, surgery, bone/ tissue replacement and many more, which are manufactured in

practices, clinics, or laboratories [197-199].

Areas, which are for professional hard to reach, are of interest to produce medicine via 3d
printing for the treatment of Parkinson’s disease. This includes remote villages, the marine,
the space, war zones, hazard areas and other areas where the supply of medicine is

problematic [193].

However, the manufacturing step involves testing according to pharmacopoeia of the
starting materials and the manufactured preparation, which requires a yet unforeseeable
amount of equipment. Only if the 3d printer and the required analyses can be reconciled
with the operation site, it will be possible to implement the production at small-scale in a
defined environment [200,201]. In the Netherlands, specialized compounding pharmacies
have largely taken over compounding activities and show a great interest in 3d printing

technologies [202].

Small scale-production is also of interest for preclinical studies. Here, smallest batch sizes
are used to test drug products on small populations. Thus, in research of NCE for the
treatment of Parkinson's disease, a small amount of drug products can be produced with 3d

printing and will be available for faster testing.
e 3d printing in large-scale production

3d printing has been investigated as an additive manufacturing process to manufacture drug
preparations on large-scale production. Spritam® was the first (and until today still the only)
3d printed commercial drug preparation manufactured with the help of binder jet 3d
printing [203]. This emergency antiepileptic medication is released as a generic drug
product and 1s manufactured at large-scale production by 3d printing to generate a porous,

fast disintegration oral dosage form to fasten the drug absorption during seizure [204].

To find further applications for 3d printing of medicine, a wide variety of 3d printing
procedures are assessed, not only in research at universities or in small start-up companies
but also major pharmaceutical companies are interested in the technology [205,206]. Eli
Lilly has announced a partnership with the drug 3d printing company Triastek to develop
3d printed oral drug products [207]. Also, Merck and AMCM (Additive Manufacturing

Customized Machines) started a collaboration in order to manufacture 3d printed tablets
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[205.,208]. Evonik recently invested in the US company Laxxon Medical, which is
specialized on the production of 3d printed multi-layer structures and hopes for a controlled
release of the API from its matrix when using its own polymers. Moreover, Evonik has
been marketing its polymers for the (medical) 3d printing for implants [209].
GlaxoSmithKline is currently working on the implementation of 3d printed
pharmaceuticals in its research and development environment to enhance productivity and
deliver new benefits through mnovative dosage forms [210]. The company is combining
inkjet-based 3d printing with ultraviolet curing to build scaffolds and complex tablet
geometries with extended-release profiles with Ropinirole for the treatment of Parkinson’s
disease. The pharmaceutical companies are not only interested in the production of drug
products, but also in the testing of their drug products on human structures. For instance,
Bayer is developing a drug testing platform using human heart tissues 3d printed in the
laboratory for tissue engineering and regenerative medicine of the transfer company Ramot
(Tel Aviv University’s technology) [211]. Additionally, the manufacturing of
transplantable lungs with the help of 3d printing is in clinical trials promising testing on
living organs. Thus, in the early phase of the clinical study, NCE might be tested not only

in vitro, but also in living cell and organ structures [212].

Before 3d drug technologies can find widespread use in the pharmaceutical manufacturing
world, several regulatory challenges still need to be clarified. The FDA Guidance
“Technical considerations for additive manufactured medical devices™ 1s currently the only

guidance for industry not to produce drug products but medical devices [213].

1.3.5 Market authorization status for 3d printed medicines and legal requirements of

manufacturing steps

In 2015, the FDA approved the first and only 3d printed drug product Spritam® referring
to the existing 505b (2) regulatory pathway of the Federal Food, Drug, and Cosmetic Act.
The approval for tablets for the preparation of a suspension was declared as a new drug
application and was approved for three dosage strengths: 500 mg, 750 mg, and 1000 mg
[214-216]. However, the approval of Spritam® by the EMA is still pending.

Even though no other drug product has been approved since then, the FDA focuses on the
establishment of a regulatory framework that can allow the manufacturing of 3d printed
drug products under existing regulations. For submission, 3d printed drug products must

meet the critical manufacturing and control standards described in 21 CFR 200s/ 300s and
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must meet 505b(1) or 505b(2) legitimacy requirements. A subdivision of FDA, the Center
for Drug Evaluation and Research, is working with FDA's Center for Devices and
Radiological Health to develop risk maps for the respective printing technologies and the
resulting new drug products [216]. Unlike known manufacturing processes, 3d printing
presents new challenges for bulk pharmaceutical manufacturing, not only in terms of
uncontrolled variables in the printing process, but also in terms of software malfunctions
[217]. For the detection of variables during the printing process, the measurement
frequency of quality systems must meet the criteria of 3d printing technology and process
risk, which are present, for example, in complex drug product designs, combination of
APIs, high potent API, and rapid throughput [218]. Risk analysis ensures that all product
quality impacts are understood and appropriately managed in all operating conditions.
Finally, as with any other routine commercial drug manufacturing operation, appropriate
sampling, testing and quality control procedures and equipment mechanisms are required

to detect and discard out-of-spec materials [216].
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1.4 Aims of the Thesis/ Outline of the Thesis

Considering all recent advances and observations presented in the introduction, there are
many areas where the manufacturing techniques HME and FDM 3d printing would be
beneficial to the patient to realize personalized medication management, such as in the
treatment of Parkinson's disease. To manufacture a combination drug product, both the
intermediate filament and the 3d printed preparation have to meet all CQAs, which may
require in addition novel analytical methods. A twin-screw extruder, a hot melt die, an air-
cooling unit, two conveyor belts and a cutting unit were used for the manufacturing of
filament sticks. Specific quality aspects apply to 3d printing of pharmaceutical filaments,
including the development of the formulation, the printing process, and the printed dosage
form. Therefore, technical approaches are necessary during HME and FDM 3d printing to
assure pharmaceutical quality. For instance, the homogeneity of the filament diameter is
not satisfactorily accessible to this day since there are many influencing factors from the

formulation and the process parameters of the extrusion.

» The review i1dentifies appropriate CQAs and provides a detailed outline of the
individual requirements of the materials and the equipment, and describes
procedures for detection. Furthermore, the impact of melt flow and the melt
viscosity variation through temperature variation, and different screw
configurations are elaborated in section 2.1 (Quality of FDM 3d Printed Medicines
for Pediatrics: Considerations for Formulation Development, Filament Extrusion,

Printing Process and Printer Design).

When using the new developed pharmaceutical FDM 3d printer of the BMBF consortium,
the intermediate filaments are stored as filament sticks in a reservoir serving as the
feedstock to produce 3d printed dosage forms. In continuous manufacturing of filaments,
it 1s essential that the cutting process of the extruded filament strand is performed during
extrusion. As a downstream equipment, the cutting device shall cut the variously thick

filament strand in filaments sticks with a desired length.

» The patent application provides a cutting device that can be inserted into the
downstream equipment of a continuous manufacturing extrusion process. The

invention is described in detail in section 2.2 (patent application 2022 002 368.7).
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In the production of a 3d printed dosage form containing high potent API, the dosage form
may be printed with a high drug loaded filament in a very small size, or the dosage form
may be large, but the drug load of the filament must be low. In the second case, the

production of homogeneously distributed API within the filaments is challenging.

» A manufacturing process is demonstrated to produce filaments in which the API
pramipexole is homogeneously distributed with a drug load of 0.1 w% (section 3.1:
Precise Dosing of Pramipexole for Low-Dosed Filament Production by Hot Melt
Extrusion Applying Various Feeding Methods).

The produced low-dosed filaments in section 3.1 were analyzed off-line using a destructive
HPLC method, which required a high workload and was very time consuming. It is
desirable to be able to detect the API content during production using a non-destructive
method. Using an in-line method, the process and the process parameters can be monitored,

and the method can be used to release the intermediate.

» In-line Raman spectroscopy to monitor the API content of very low-dosed filaments
is presented in section 3.2 (Drug Content Determination of Low-Dosed Hot-Melt

Extruded Filaments using Raman Spectroscopy).

When inserting the feed stock, there is until today no safety mechanism if false filaments
are used (incorrect API(s), concentration(s), or matrix). Additionally, there is, to this day,
no simple analytical method to analyze the filaments without major equipment and
comprehensive analytical knowledge for example in a clinic environment, small laboratory,
or pharmacy. Colorimetric measurements are proposed to serve as verification of the

filaments.

» CIELAB- measurements were performed with the assistance of an in-house
produced filament holder on various filaments with different APIs and excipients
and are shown in section 3.3 (Introducing Fiber-Assisted Colorimetric

Measurements as a Quality Control Tool of Hot Melt Extruded Filaments).

In the case of a targeted dose adjustment, a simultaneous change in the release of the APIs
is undesirable. Based on approaches from literature, a correlation was to be developed

between the dose variation and other CQA influencing the drug release profile.
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» By maintaining a uniform surface area to volume SA/V ratio, the drug release was
tried to keep invariant but change the dose. FDM 3d printing allowed both
parameters the surface and the volume (thus also the dosage) to be varied easily by
changing the geometry but keeping the ratio the same (Section 4.1: Dose-
independent Drug Release from 3d Printed Oral Medicines for Patient-specific
Dosing to Improve Therapy Safety).

Novel combination drug products require suitable analytical methods, especially if
identification and quantification of different APIs in various concentration are involved.
Being able to simultaneously detect low- and high-dosed APIs during drug release, the

analytical method must cover different concentration ranges.

» By connecting a liquid-core waveguide to a conventional HPLC system, all three
APIs that are to be processed in a combination drug product should be detected
within one method. The high concentrations of levodopa and benserazide should be
detected by an UV/Vis detector of the HPLC and the low concentrations of
pramipexole should be analyzed by an in-house built sensitive liquid-core
waveguide UV detector (section 4.2: Embedding a Sensitive Liquid-Core
Waveguide UV Detector into an HPLC-UV System for Simultaneous
Quantification of Differently Dosed APIs during Drug Release).

Finally, a combination drug product for Parkinson’s disease treatment was realized. To
produce an exemplary combination drug product with multiple APIs for the therapy of
Parkinson's disease, the different release profiles due to differences in the absorption of the
respective API were considered while designing. Not only the formulation, but also the
geometry was varied for modifying the drug release for the APIs.

» Torealize a combination drug product, levodopa and benserazide were prepared in
a fixed-dose combination filament. A three-drug combination drug product was
prepared by FDM-3d printing from the fixed-dose filament, and a second filament
containing pramipexole. The release profiles were optimized by changing the
geometry. In addition, swallowability was considered in the choice of geometry
(section 4.2: 3d Printed Mini-Floating-Polypill for Parkinson’s Disease:
Combination of Levodopa, Benserazide, and Pramipexole in Various Dosing for

Personalized Therapy)
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Abstract

3d printing is capable of providing dose individualization for pediatric medicines and translating the precision medicine
approach into practical application. In pediatrics, dose individualization and preparation of small dosage forms is a require-
ment for successful therapy, which is frequently not possible due to the lack of suitable dosage forms. For precision medicine,
individual characteristics of patients are considered for the selection of the best possible API in the most suitable dose with
the most effective release profile to improve therapeutic outcome. 3d printing is inherently suitable for manufacturing of
individualized medicines with varying dosages, sizes, release profiles and drug combinations in small batch sizes, which
cannot be manufactured with traditional technologies. However, understanding of critical quality attributes and process
parameters still needs to be significantly improved for this new technology. To ensure health and safety of patients, clean-
ing and process validation needs to be established. Additionally, adequate analytical methods for the in-process control of
intermediates, regarding their printability as well as control of the final 3d printed tablets considering any risk of this new
technology will be required. The PolyPrint consortium is actively working on developing novel polymers for fused deposition
modeling (FDM) 3d printing, filament formulation and manufacturing development as well as optimization of the printing
process, and the design of a GMP-capable FDM 3d printer. In this manuscript, the consortium shares its views on quality
aspects and measures for 3d printing from drug-loaded filaments, including formulation development, the printing process,
and the printed dosage forms. Additionally, engineering approaches for quality assurance during the printing process and
for the final dosage form will be presented together with considerations for a GMP-capable printer design.

Introduction
54 Julian Quodbach The general principle of pharmaceutical 3d printing, or
julian.quodbach @hhu.de additive manufacturing, renders this approach a promis-

ing candidate for the automated manufacturing of solid
Institute of Pharmaceutics and Biopharmaceutics, pediatric medicines [1]. Solid medicines have signifi-
Heinrich Heine University Diisseldorf, Universititsstr. 1, L.
40225 Diisseldorf, Germany cant benefits over the use of liquids for the treatment of
children. They provide a high microbial stability, good
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roperties and demonstrate high dosing accuracy [2]. With
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Germany common manufacturing approaches, dosages can be varied
only incrementally in certain ranges. 3d printing enables
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direct consequence of this approach is the ability to mod-
ify the dosage simply and conveniently, a lack of which is
widely recognized as a major hurdle in pediatric therapy
[3]. Besides the inherently possible size adaption, which
is key to improve acceptability [4], 3d printing techniques
also allow the manufacturing of small batches down to a
single individual dosage form for a given patient.

While several 3d printing techniques exist and are
investigated for pharmaceutical use [5], fused deposition
modeling (FDM) emerges as one of the most interesting
technologies for the manufacturing of pediatric medi-
cines. In FDM, filaments, drug-loaded polymer wires, are
fed into the printhead of the 3d printer. In the printhead,
the filament is heated and extruded through a nozzle on
a temperature-controlled print bed. A kinematic system
allows movement of the printhead in x-, y-, and z-direc-
tion respective to the printhead, enabling the layer-wise
deposition of the polymer-drug matrix until the dosage
form is printed. Filaments are manufactured in a hot-melt
extrusion (HME) step, which has to be performed indus-
trially due to the required equipment, environment, and
process understanding. This results in two main advan-
tages. Firstly, a properly developed formulation and hot-
melt extrusion process result in a high-quality intermediate
that undergoes proper quality testing. Secondly, the active
pharmaceutical ingredient (API) is bound in a polymer
matrix within the filament, significantly reducing the risk
of drug exposure for the professional operating the printer.
The combination of these advantages makes FDM the
most promising candidate for manufacturing of (pediatric)
medicines also in decentralized settings, e.g., hospitals,
compounding centers and community pharmacies. Other
technologies require either the manufacturing of aqueous
intermediates that cannot be prepared easily industrially
due to the risk of contamination during storage [6] or the
handling of powders in the final printing step, e.g., binder
jetting and selective laser sintering [5], which bears a high
risk of operator exposure. If a semi-solid formulation is
prepared in decentralize settings, proper quality control of
the API distribution within the semi-solid and printed dos-
age forms requires significant analytical effort that cannot
be performed for individual batches.

While many publications cover proof-of-concept studies
of novel dosage form designs and approaches to formula-
tion and process development [7, 8] quality consideration
of excipients, formulations, processes, filaments and medi-
cines are frequently mentioned but rarely formalized. This
lack was recognized by the United States Pharmacopeia
(USP) and the International Association for Pharmaceuti-
cal Technology (APV) who co-organized a 4-day workshop
on quality and standards considerations of 3d printed medi-
cines (Homepage workshop). Even though quality aspects
are mentioned for dosage forms for adult drug therapy, no

publications about the quality of pediatric 3d printing are
available until now.

This publication aims to remedy this issue. The authors
are members of the PolyPrint project [9] a project funded
by the German Federal Ministry of Education and Research
(BMBF). The project consortium exists of the companies
Merck KGaA and Gen-Plus, the Laboratory for Manufactur-
ing Systems of the University of Applied Sciences Cologne
and the Institute of Pharmaceutics and Biopharmaceutics at
Heinrich Heine University Diisseldorf. In the project, novel
polymers for pharmaceutical FDM 3d printing are devel-
oped and thoroughly tested and benchmarked. Addition-
ally, a novel type of FDM printer is developed to enable
high-quality and cGMP compliant 3d printing of medicines.
Here, we reflect on the status of the complete manufacturing
process of 3d printed pediatric medicines beginning with
the raw materials and ending with the final dosage form. We
highlight existing shortcomings and provide guidance based
on the experience gathered in the PolyPrint project.

Key Attributes of Raw Materials
Quality Aspects of Pharmaceutical Excipients

Pediatric formulation developments are obliged to follow
the guidance of the EMA ensuring the overarching goal:
“The development of pediatric formulations and presenta-
tions is necessary to ensure that children of all ages and their
caregivers have access to safe and accurate dosage forms of
medicines.”[10]

More detailed information is provided in the “Guideline
on pharmaceutical development of medicines for pediatric
use” [11]. In general, solid oral dosage forms such as tablets
and capsules can offer advantages of greater stability, accu-
racy of dosing and improved portability over liquid formu-
lations. To assure suitable swallowability the size of tablets
and capsules should be kept as small as possible [2].

The choice of excipients plays an important role in pedi-
atric formulation development, both for safety and accept-
ability of the resulting dosage forms. The physiology of neo-
nates and infants differs considerably from that of adults.
They exhibit significantly different clearance and volume of
distribution as well as differences in the metabolic profile
[12]. Prominent excipient examples for the resulting chal-
lenges and issues are propylene glycol or sorbitol in infants.
Also, polyethylene glycol (PEG)—a useful additive for fila-
ment plasticity and solubility enhancement—needs careful
consideration regarding maximum intake. While studies
confirm safe use of, e.g., PEG 3350-4000 as laxative, unde-
sired laxative effects and potential gastrointestinal disorders
limit the use of PEG to 10 mg/kg/d [13].
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Looking at FDM based 3d printed formulations, usually
the polymer makes up more than 50% of the formulation.
Given the comparatively high intake of these excipients, the
safety of polymers and additives (glidants, plasticizers) in
pediatric formulations is a very important factor, especially
if (partial) degradation of the polymer in the gastrointestinal
tract (GIT) is to be expected. Therefore, not only polymer
but also degradants and synthesis constituents of the poly-
mer need to be carefully integrated into the safety assess-
ment for pediatric medications. To date, several pharmaceu-
tical polymers, such as methacrylates and ethylcellulose, are
commercialized in pediatric products. Unfortunately, most
polymers are used in comparatively low amounts as coating
agents for taste masking and release modification [14]. Little
information is available for polymers used as matrix agent
and related high daily intake. Although observed adverse
reactions from coated formulations might be used to prevent
further incompatibilities, the maximum acceptable intake for
children is critical and not easily derived from toxicological
studies performed in adults. An important tool for assessing
the safety of relevant excipients is the STEP database (Safety
and Toxicity of Excipients for Pediatrics) [15].

In addition to safety, the taste sensation of excipients
needs to be carefully considered. Polymers and additives
should be taste- and odorless and ideally offer opportunities
for obscuration of taste (see subsection on taste masking).

The important decision factors affecting the use of
excipients are summarized by Yochana et al.: “Excipients
for pediatric formulations should be carefully selected with
reference to the age of the pediatric population, ADME
developmental changes, and duration of treatment to ensure
safety and efficacy of such formulations in pediatric popula-
tion.” [16]

Polymer Requirements—Limitations in FDM

In recent years, the application of thermoplastic polymers
in pharmaceutical development of 3d printed products via
FDM has gained increasing interest. A multitude of different
material requirements need to be fulfilled by the polymer for
these applications, as illustrated in Fig. 1 (further details on
these parameters can be found in the supplementary infor-
mation in Table S1). Here, we summarized relevant proper-
ties and parameters, which influence the suitability of given
polymers or APIs, respectively. For an overview of different
polymer families and a selection of marketed products in the
field of hot-melt extrusion, the reader is referred to Simoes
etal. [17, 18]. 3d printing using the FDM technique requires
further polymer prerequisites [19] in addition to the parame-
ters important in HME development, which typically depend
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on the product properties and the utilized API. During an
FDM 3d printing process, the polymeric filament is subject
to significant mechanical forces. A specific mechanical pro-
file is required due to “pinching” of these filaments between
two feeding gears in the printhead. Filaments carrying a high
Young’s modulus (>300 N/mm?, depending on printhead)
can be conveyed without breakage or deformation [20, 21].
At the same time, the tensile strength and the brittleness of
the extrudates are crucial parameters for successful printing
[19, 21-28]. The latter of which may be assessed using the
three-point bending test (breaking distance > 1-1.5 mm [21,
22] and breaking stress > 2941-3126 g/mm? [22]). Nasered-
din et al. evaluated a selection of the most commonly used
polymers in FDM and developed a screening method to
assess their brittleness including these parameters and thus
evaluate printability [24].

Taste Masking

Taste is an important sensation to be considered in phar-
maceutical development. Taste aversiveness might impact
patients’ compliance and medication adherence. Sensory
components of both the olfactory and the gustatory sensa-
tions have to be distinguished. Whereas substances which
should develop the smell as an olfactory signal need to be
volatile under the conditions of drug administration, the gus-
tatory system is directly based on the tongue comprising
different types of taste buds and papillae where the sensory
receptors and ion channels for salty, sour, sweet, bitter, and
umami taste are located. Depending on the properties of the
poorly tasting components, various taste-masking techniques
are available [14]. In pharmaceutical printing technologies,
most of the proposed taste-masking approaches can be
applied although scientific papers or patents are scarce:

(a) One obvious approach is to mask the unpleasant taste
of a printed object by the addition of differently tasting
excipients, e.g., sweet carbohydrates (sucrose, fructose,
glucose), sugar alcohols (mannitol, xylitol, sorbitol) or
artificial sweeteners (saccharine, aspartame, cyclamate
or acesulfame). An olfactory signal can be added to
the printing formulation using volatile substances such
as menthol or more complex organic or synthetic fla-
vors [29]. However, it should be noted that one or more
components of these mixtures will partly evaporate
during the manufacturing and over storage time chang-
ing taste sensation as a key property to be controlled in
stability studies.

(b) Unpleasant tasting ingredients can be physically bound
within inclusion complexes, e.g., by use of cyclo-
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Figure 1 Selection of Parameters That are Relevant for Pharmaceutical Application of Polymers, Particularly in HME and FDM.

dextrins, or to polyelectrolytes (anionic or cationic
polymers) which can also be part of the solid matrix.
Entrapping by the printed polymers may be sufficient
for taste masking of bitter compounds [30, 31].

High viscosity hydrophilic polymers may prevent fast
hydration and dissolution of the dosage form, thereby
reducing the migration to the taste receptors on the
tongue and the resulting taste sensation.

Barriers inside or outside the printed dosage form may
shield against quick dissolution and saliva contact.

©

(@

The taste-masking effect of the applied pharmaceuti-
cal measures are usually demonstrated by using advanced
dissolution setups [30] or electronic tongues in vitro [32],
and human taste panels [31] or animal experiments like the
BATA (brief-access taste aversion) model in vivo [33].

Hot-Melt Extrusion of Intermediates
for Pediatric 3d Printing

Filament Extrusion—a Question of Homogeneity

The filament required for FDM 3d printing is generated as
endless strand via twin-screw hot-melt extrusion. Filament
extrusion comprises multiple individual unit operations and
processes that must be considered to obtain an overview
of relevant quality attributes. To meet quality attributes of
products and establish robust processes, the Food and Drug
Administration (FDA) recommends quality-by-design (QbD)
approaches for formulation and process development [34].
This led to different implementations of QbD in pharmaceu-
tical melt extrusion processes [34-36]. As mentioned in the
section on polymer requirements, the mechanical properties
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of filaments must allow proper feeding and extrusion from
the printhead. Additionally, diameter homogeneity and API
distribution are much more important compared to regular
hot-melt extrusion processes. Usually, the obtained extru-
date is milled or pelletized and a subsequent homogeniza-
tion of the individual particles is performed. In FDM, the
filament is commonly kept intact and printed as it exited the
extrusion die. This means that diameter and API distribu-
tion inhomogeneities directly reflect in the printed amount
of filament and API. This can be an issue for regularly sized
dosage forms [37] and even more so for pediatric medicines
of lower dose and mass. In this case, even small variations
of diameter and API distribution can lead to non-compliance
with monographs on the uniformity of dosage units and must
be avoided. The API distribution is influenced primarily
by the powder feeding process and hot-melt extrusion, the
diameter homogeneity by the hot-melt extrusion process.

Powder Feeding

In twin-screw filament extrusion processes feeding of poly-
mers, solid additives and APISs is a critical aspect. Unlike sin-
gle-screw extruders, twin-screw extruders are run partially
filled. Thus, the material flow inside the extruder depends
on the flow rate of the feeder used. Process parameters like
the specific feed load (SFL) and residence time distribution
(RTD) are directly influenced by the feeding [38]. In Fig. 2
left, a typical residence time distribution curve of a filament
extrusion process is shown. On the right, feeding fluctua-
tions are shown in black and the resulting output fluctuations
after extrusion are shown in red. The reduction in fluctua-
tions demonstrates the mixing and homogenizing abilities of
extruders. As the reduction is not absolute, feeding should
be as homogeneous as possible, to reduce output variations.

Several types of dispensing devices are available for feed-
ing bulk solids. Vibrating trays or screws are a widespread
method of conveying the material [39]. Simple devices feed

in volumetric mode at a constant actuating variable. In con-
trast, loss-in-weight or gravimetric feeders are equipped
with an integrated load cell that detects fluctuations in the
feed rate. The actuating variable is adjusted via a control
mechanism, leading to a compensation of fluctuations [40].
Material properties as well as the target feed rate must be
considered in selection of the most suitable dosing device
[41]. Low dosing rates and poor flow properties result in par-
ticularly high demands on equipment attributes [42]. Mata-
razzo et al. has provided a checklist to assist in the selection
of proper feeder equipment [43].

Bulk solid feed is evaluated in several studies usually
by using an external scale where the fed material is col-
lected. Data analysis of the dosing curve or its integral can
be conducted using statistic parameters like measure of dis-
persion or target-actual-ratio of moving measures of central
tendency [44, 45]. Another way is using discrete Fourier
transform of dosing fluctuations, which provides information
about the materials dosed [46].

Extruding Filaments as Intermediates

The efficiency of the melting process of polymers in HME
depends on the properties of the excipients and the extruder
design. In general, polymers with low melt viscosities and
high thermal conductivities exhibit a more efficient melting
process. Changes in the screw design are often necessary to
improve the melting process of the powders and to improve
mass flow of the melt through the extruder. Otherwise, solid
material may block the screws transiently, which can result
in increased torque if the melting process is incomplete.
Ponsar et al. highlighted the effect of the extruder barrel
fill level on filament homogeneity. The higher the fill level,
the lower are the fluctuation of the mean diameter (Fig. 3
left) [37]. Frequently, as diameter fluctuations are not nec-
essarily normal distributed, the inter quartile range of the
diameter is used to describe fluctuations. Besides having

Figure2 Exemplary Drawing
of: (left) a Typical Residence
Time Distribution Function of -
a Hot-Melt Extrusion Process;
(right) Fluctuations of the Feed
Rate (Black) and Output Fluc-
tuations A fter Extruder (Red).
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(Right) Amount of Filament Within +0.02 and 0.05 mm Specification

a measure for fluctuations, it is as important to set limita-
tions for said variations. Usually, deviations of +0.02 mm
or 0.05 mm from the set value are considered tolerable. By
varying the temperature, the polymers, the process setting
and the screw configuration in an extruder, the limits are met
with varying degrees of success. In Fig. 3 right, the same
formulation was extruded at different temperatures and with
different screw designs (no kneading zones or two kneading
zones). The best batch was extruded at a high temperature
of 225 °C with no kneading zone and the worst at the same
temperature with two kneading zones. These data show
the decrease of filament diameter within the +0.02 mm or
0.05 mm specification when adding two kneading zones.
This observation indicates the importance of a continuous
melt flow in the extruder, which is better provided by a screw
configuration of only conveying elements. When adding
kneading elements, the melt is retained before the kneading
zones until enough pressure is build up by the following
melt. To increase the homogeneity of the filament diameter
further, a melt pump can be attached between the end of the
extruder barrel and the die. The purpose of this attachment is
to stabilize inevitable melt fluctuations that occur within the
hot-melt extrusion process. The pump aligns those fluctua-
tions by metering the melt flow to a very constant rate and
therefore a very constant pressure level [47]. This leads to
an increase of filament homogeneity since the fluctuations
mentioned before are reduced drastically. This was shown by
in-process monitoring of filament diameters [48].

After extrusion, it must be considered how to properly
cool down the obtained filament. Commercial FDM fila-
ments such as acrylonitrile butadiene styrene copolymer

With or Without Two Kneading Zones (KZ 1: 4 x90°,4x 60°, 2x 30°,
KZ 2: 8 x60°, Unpublished Data).

(ABS) or polyether ether ketone (PEEK) are not water
soluble and can therefore be cooled down in a water bath.
Polymers for pharmaceutical FDM applications are fre-
quently at least partially water soluble and they contain
one or more APIs. Consequently, cooling in a water bath
cannot be performed, even though it is a highly effective
and efficient cooling process. For pharmaceutical appli-
cations, proper cooling can be achieved by either passive
cooling on a conveyor belt at atmospheric conditions or
by using an air ring or air tunnel [49].

While polymer melt is being pushed out of the nozzle,
a phenomenon can occur known in HME as “die swell”.
Die swell is the expansion of molten polymer to a larger
diameter than determined by the die itself, resulting in a
filament thicker than desired. This effect is mainly related
to the energy preserved by compression and force align-
ment of polymer chains being forced through the die,
followed by the relaxation of those chains when exiting
the die again [50]. The viscoelastic behavior of the melt
as well as process parameters are major factors when die
swell shall be reduced [37, 51]. A reduction of die swell
can be achieved by increasing the temperature at the die.
Even with thorough optimization, a larger mean diam-
eter than desired will frequently result. To further adjust
the mean diameter after extrusion, a pulling unit, e.g., a
conveyor belt or the haul-off unit of a winder [37] can
be implemented. The speed of haul-off units is variable
and defines the final mean diameter of the filament, which
can be wound or used as individual strands. Commercial
filament diameters are typically 1.75 or 2.85 mm. For
pharmaceutical purposes, a lower diameter is beneficial,
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as potential inhomogeneities of diameter and content will
have less of an impact relatively.

In Fig. 4, two prototype extrusion lines are shown. They
consist of gravimetric powder feeders, twin-screw hot-melt
extruders, cooling units (conveyor belt or cooling line with
ring air-knives), laser-based diameter measurement system
and optionally a filament winder.

Characterization of Filaments

To evaluate, optimize and monitor the process of filament
production, different analytical tools can be used off-line
and in-line.

Off-line Characterization

A simple and useful approach is the visual assessment of
API-loaded filaments. This way, it is frequently possible to
initially assess potential degradation via color changes and
possible recrystallization of the active ingredient(s) espe-
cially for higher drug loadings and APIs that exhibit thermal
sensitivity. As already discussed in the section on polymer
requirements, the mechanical properties of filaments are
an important factor for the feedability of the formulation
that must be analyzed. The mechanical properties of fila-
ments may change over time due to enthalpy relaxation [21]
or because the included excipients are hygroscopic. Water

absorbed during processing or storage is a powerful plas-
ticizer that lowers the glass transition temperature. Is does
not only affect the mechanical properties and appearance,
but also drug stability, may induce degradation, and needs
to be quantified for this reason [52, 53]. In vitro dissolu-
tion as per compendial monographs is used to determine the
amount of drug dissolved over time and thereby to assess the
performance of the formulation (filament/tablet) in regard
to release behavior [54]. For the content determination and
examination of homogeneous drug distribution as well as
characterization of related substances within filaments and
tablets, most frequently HPLC analysis is used [55].

In-line Characterization of Filaments via PAT

The physicochemical properties of filaments produced by
HME are crucial for the 3d printing process. Quality and
performance of the 3d printed tablet and can be examined
with PAT tools like spectroscopy, rheometry and optical
coherence tomography (OCT) [56]. These tools enable
capturing real-time information of process and filament
properties during HME non-destructively. Some of the
data can be easy to interpret, e.g., diameter and spheric-
ity of filaments determined via multi-axes laser scanning
modules (see Fig. 4). Some can be difficult to interpret and
may require the preparation of multivariate, quantitative
models, for example spectral information. Independent

Figure 4 Two Filament Production Lines. (1) Gravimetric Feeders, (2) Twin-Screw Extruders, (3) Cooling via Conveyor Belt (Top) and Ring
Air-Knives (Bottom), (4) Three-Axis Laser Micrometers, (5) Winding Unit.
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of the data complexity, it can be utilized to monitor the
process and initiate corrective actions to reach a desired
state and potentially to allow real-time release [57]. In the
following, relevant technologies are listed.

In-line Spectroscopy

UV-vis spectroscopy has been used and established as
PAT tool in HME. Spoerk et al. used in-line UV-vis
spectroscopy as an analytical tool for characterizing of
active ingredients (Estradiol, Estriol, Ibuprofen) and poly-
mer matrices (ethylene vinyl acetate, Eudragit RL-PO).
The studies focused on the quantification of the drug for
cleaning-in-place strategies [58]. Wesholowski et al. have
investigated in-line UV—vis spectroscopy as a PAT tool for
preparing solid dispersions of two APIs (carbamazepine
and theophylline) with one polymer (copovidone) [59].
The obtained results revealed the suitability of the imple-
mented tool to quantify the drug load in a typical range
for pharmaceutical applications. The range of linearity dif-
fered with different formulation and was 5-30% for carba-
mazepine, whereas that for the theophylline formulations
was 2.5-10%. They reported that the efforts to evaluate
data was minimal due to univariate data analysis and in
combination with a measurement frequency of 1 Hz, the
system is sufficient for the real-time data acquisition. In-
line near infrared (NIR) spectroscopy has also been used
to investigate drug—polymer interactions and to validate
a method for continuous API quantification during HME
processing [60]. Vo et al. demonstrated the use of Fourier
transform NIR spectroscopy in conjunction with multivari-
ate analysis (MVA) for in-line API concentration monitor-
ing during a HME process [61]. In this study, they used
ketoprofen as model drug, Eudragit L100-55 as matrix
polymer and stearic acid as processing aid. A principal
component analysis (PCA) model was used to monitor the
process state shift in response to disturbances of param-
eters, such as temperature and material feed rate. Thus, an
NIR based quality monitoring methodology can be easily
transferred from process development to manufacturing.
Saerens et al. evaluated the suitability of Raman spectros-
copy as PAT tool for the in-line determination of API con-
centration and the polymer-drug solid state during HME
process [60]. They used different concentration of meto-
prolol tartrate (10%, 20%, 30%, and 40%) with Eudragit
RL-PO mixtures, which were extruded and monitored in-
line in the die using Raman spectroscopy. A PLS model
was developed and validated, which allowed the real-time
API concentration determination. They also investigated
application of Raman spectroscopy in solid-state charac-
terization and found that the mixtures containing solid

solution showed broadened Raman peak compared with
the solid dispersion.

In-line Rheometry

In-line measurements of the rheological characteristics play
an important role in real-time monitoring of torque, influ-
ence of drug load, and effect of formulation ingredients on
the process. The real-time evaluation of rheology data in the
extrusion process can be determined by pressure drop inside
an extruder die connected to suitable instruments. In-line
rheological characterization can enhance process control and
understanding [62].

Optical Coherence Tomography (OCT)

OCT, a non-invasive method, is used as an off-line tool
for semi-transparent and turbid media. It can be applied to
measure parameters such as surface properties of filaments
and layer thicknesses, e.g., of coating layers or filaments
produced in hot-melt co-extrusion, and uniformity [63].
Koutsamanis and Eggenreich et al. reported the applica-
tion of OCT to evaluate the integrity of the core/membrane
interface and membrane thickness of vacuum compression
molding formulations containing progesterone with ethylene
vinyl acetate polymer [64].

Characterization of the Solid State

Even though some of the above-mentioned analytical tools
can determine certain aspects of solid-state properties, other
approaches are commonly used that provide a better under-
standing of materials. The solid state of an API incorporated
in a polymer matrix can have a large impact on the perfor-
mance of the final dosage form in terms of dissolution rate
and bioavailability [65]. Poorly soluble APIs, which make
up a large proportion of potential drug candidates [66], can
be formulated as amorphous solid dispersions (ASD) where
the crystalline structure of the API is broken up and the
resulting molecular dispersions are stabilized by a poly-
mer matrix. In contrast, an API can also be incorporated in
filaments maintaining a crystalline structure [67, 68]. The
presence or absence of crystalline structures strongly influ-
ences printability, such as mechanical [69] and rheological
properties of filaments [70]. Consequently, the assessment
of crystallinity in filaments is important in process devel-
opment, quality control and stability studies. Even though
this assessment can be supported by in-line measurements,
traditional techniques are more widespread.

The formation and stability of the ASD is influenced
by solubility and miscibility of the API and the polymer
matrix [71]. Thermal and mechanical energy uptake dur-
ing manufacturing facilitates the dispersion and reduces
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the number and size of crystal nuclei, which may lead to
premature precipitation of API in vivo or reduce physical
stability during storage. To maintain the solid state during
shipment and storage is important for the ASD itself, but
for FDM the second heating cycle during printing needs to
be considered, additionally. The thermal impact may not
only impair the chemical stability of the formulation but
can also lead to recrystallisation of API [28].

Several techniques can be applied to determine the solid
state. Differential scanning calorimetry (DSC) as well as
well as X-ray powder diffraction (XRPD) are well-estab-
lished analytical methods to investigate the solid state of
API dispersed in polymer matrices [72]. One caveat is
the limit of detection of crystalline fractions in mostly
amorphous systems [73]. The detection of small traces of
crystalline fraction is possible by the use of polarized light
microscopy [74]. However, this method lacks quantitative
determination and selectivity.

In regard to the assessment of crystallinity in intermedi-
ate and final product the manufacturing process should be
considered end to end for FDM printed solid dosage forms.

FDM Printing at Site of Care—Stricter
Requirements for Dosing Precision
and Quality Control

3d printing based on FDM has been state of the art for
years and is used primarily in the consumer sector but also
in industrial environments. Particularly in industry, a qual-
ity demand is placed on the products to be printed from the
ground up. Unlike in pharmaceutical industry, however,
the focus is primarily on geometric aspects.

Different consumer 3d printers are already being used
in pharmaceutical research. One of several issues with
off-the-shelf printers is that the amount of active ingre-
dient processed cannot be verified. Thus, the quality of
the pharmaceutical products is not verifiable. In contrast
to classical manufacturing methods, 3d manufacturing is
slow and only few dosage forms are printed [5]. Therefore,
destructive quality control approaches are not profitable
and in-line testing is unavoidable. Furthermore, there is
hardly any system on the market that meets the cleaning
requirements of pharmaceutical equipment [75].

In addition to the common requirements of mechanical
engineering for the development and market placement
of production machines, special requirements are part of
the GMP guidelines [76]. For these reasons, it is impera-
tive to rethink 3d printer design and adapt it to the needs
of pharmaceutical manufacturing. The following sections
highlight some of the most critical components.
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Motion System and Overall Printer Design

The most common design in FDM 3d printing is the Car-
tesian printer, but other forms like the delta printer and the
polar printer exist [77]. Cartesian printers operate by linear
movement of the printhead in x-, y-, and z-direction respec-
tive to the print bed. In most cases, the axes, motors, and
drives are designed for general industrial and mechanical
engineering purposes and the requirements of the pharma-
ceutical industry are not considered. For example, many
of the moving parts, which are usually lubricated, are not
encapsulated and are, therefore, exposed to potential con-
taminants from filament and product. Since it is required for
pharmaceutical production that all surfaces in contact with
the product are cleanable, these elements do not meet the
GMP standard [78].

During the development of new machines all require-
ments for the system need to be defined beforehand. In
addition to the basic functions for a 3d printer almost all
machines are designed to be as compact and as inexpensive
as possible. To achieve this, many functions are implemented
in a small space. When looking at existing printing systems
under the prerequisites of the GMP guideline, several prob-
lems become apparent. In regular 3d printing systems, all
subsystems such as material handling, material processing,
build plate, and motions system are implemented openly in a
very confined space. For a GMP-compliant implementation,
however, it is recommended to separate all elements and to
design individual and well controlled areas (Fig. 5).

For industrial and non-pharmaceutical applications, the
print chamber usually does not have to be kept particle-free
or sanitized. Axis systems for moving print head or print
bed can be placed directly in the printing space. Since out-
gassing, particle detachment and other sources for (cross-)
contamination must be contained or avoided during the print
job, this arrangement is not applicable for GMP printers.
The printing chamber should be as isolated as possible from
all moving elements. In addition, surfaces should not have
complex geometries or sharp angles to ensure cleanability.

In addition to the risk of contamination of the printer
parts, attention must also be paid to the safety of the opera-
tor. During the processing of APIs, the user may be exposed
to harmful chemicals. For example, in the case of outgas-
sing, it must be ensured that substances cannot endanger
the user. For this purpose, the printer should be equipped
with appropriate protective devices such as air filters. In the
pharmaceutical sector, little research has been done on the
possible safety aspects of using 3d printing for the manufac-
ture of pharmaceutical products [78].

Here, it is advisable to use approaches from industrial
3d printing as a starting point. Powder-based printing tech-
nologies in particular place great emphasis on user safety.
The GMP guidelines stipulate that all surfaces in contact
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Figure5 Schematic of an Off-the-Shelf 3D Printer (Left) and a 3D Printer with Separate Build, Motion, and Material Handling Section (Right).

with the product must be made of approved and cleaning-
resistant materials, and that these must not have any edges,
joints, undercuts or similar [79]. For this reason, all elements
should be milled or machined from a single piece of mate-
rial, if possible.

Feeding Mechanism, Filament, and Filament
Storage

In commercially available printers, filament is conveyed in
the extruder by two counter-rotating rollers. To increase the
conveying force, at least one of the rollers is a gear wheel.
This approach to filament transport is not suitable for phar-
maceutical materials. The force exerted on the filament
might become too high, resulting in slippage. Slippage,
in turn, leads to small, usually statically charged filament
grains that accumulate in the cavities of the feed roller and
on other elements in the printhead. At high conveying resist-
ances, i.e., high melt viscosities, this effect can even lead
to breakage and creation of dislodged filament pieces. The
consequence of this behavior is that the extruder must be
cleaned extensively to avoid cross-contamination. In particu-
lar, the complex geometry of the gear wheel(s) with its many
cavities prevents efficient cleaning. In addition, damage to
the material leads to an undefined geometry of the filament
and, thus, to an uncontrolled quantity of deposited mate-
rial. Breakage of the filament will lead to printing process
failure and manual intervention will be required to restart
the process.

Traditional FDM 3d printing is based on a spool-based
filament supply system. Technical polymers for classical
FDM printing are designed and manufactured to display suf-
ficient flexibility to be wound on a spool, but also enough

stiffness to be processed by a standard feeding mechanism.
As described in the section on key attributes of excipients,
pharmaceutical polymers often do not allow reliable feeding
and printing easily due to their brittleness or undesirable
deformation behavior. A filament provision and supply sys-
tem must be developed that can handle a greater diversity of
mechanical properties. To achieve this, both the bearing and
the extruder technology must be completely revised.

Up to 450 m of filament can be wound onto a spool. When
printing multiple large components this is an advantage. For
the production of small dosage forms in lower quantities this
is not necessary. If a lower amount of material is required,
a smaller filament supply that is used up quicker reduces
potential issues with the storage stability. Particularly in
view of the API cost, smaller units of filaments are to be
preferred. In addition, cross-contamination of filament must
be avoided during handling so that encapsulation of the fila-
ment is necessary. For this reason, the currently selected
filament geometry (“endless™) and the bearing units (coils)
must be questioned.

The material storage, commonly designed as filament
reel, should also be redesigned as part of a separate area.
This is realized by some commercial printers that have
cartridge systems, but large amounts of material are still
wound on spools. We recommended to reduce the amount
of material stored in or on the material accumulator. With
reduced material amounts, coiled-up, long filaments strands
that require feeding rollers or gears are not necessary, solv-
ing multiple issues with the current printer design. Omitting
spools enables a new design of the storage system which
can offer hermetic encapsulation of the filament. This would
allow filament storage and transport under controlled condi-
tions, similar to a tablet in a blister. Initial approaches can
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already be found in printers from the company Stratasys
[80]. Yet, these are not suitable for pharmaceutical manufac-
turing machines without significant modifications.

If filaments are not a continuous long strand anymore and
new bearing units are designed, the conveying mechanism
needs to be revised, too. Roller or gear-based feeding mecha-
nisms should not be used for this purpose as they facilitate
cross-contamination. Piston based mechanisms similar to
those already used in certain bioprinters [81, 82] would
be a superior approach, as slippage and breakage could be
prevented.

Hotend and Coldend

One of the most central parts in a 3d printer is the hotend.
With the help of electrical heating, the polymer is melted
and extruded through a nozzle. Conventional hotends are
optimized for high throughput and printing speeds. Techni-
cal polymers allow processing at temperatures well above
the melting or glass transition temperature to reduce duration
of melt formation. The result is a high temperature gradient
from the core to the edge of the filament [83]. The use of
additive manufacturing in the pharmaceutical environment,
on the other hand, requires processing that is particularly
gentle on the material, as many APIs are thermo-labile. Nev-
ertheless, high printing speeds must still be achieved for a
productive process. It is necessary to optimize the hotend in
terms of uniform heat input to reduce the heat strain put on
pharmaceutical filaments.

The other components of a common printhead are also
not suitable for use in the pharmaceutical manufacturing. To
compensate for the high temperatures, the upper parts of the
printing core, the coldend, are cooled to prevent or reduce
softening of the filament before the actual hotend. Com-
monly, active air cooling with cooling fins is used. Due to
their complex and fine geometry these parts are particularly
difficult to clean and increase the risk of cross-contamina-
tion. As the hotend is located directly above the product,
evaporation of residual solvents, plasticisers and other vola-
tile components is to be expected. They will be distributed in
the printing chamber via the cooling air, further increasing
the risk of cross-contamination and reducing cleanability.
Pharmaceutical print heads must be completely cleanable.
Purging with cleaning filaments, what is the common proce-
dure in research, will not suffice to prevent cross-contamina-
tion. Since the material is fed through coldend and hotend,
all elements that come into contact with the product must
be cleaned without residues after each use and before each
material change. To avoid changing the complete print head,
a system design similar to the design of hot-melt extruders is
recommended. Similar to the barrels, the printhead should
be demountable and the material touching parts easily acces-
sible [58]. The coldend of the printhead is placed in the
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print chamber as well and its cooling fins cannot be cleaned
properly. Switching to water cooling would solve this issue
and provide a more accurate control of the temperature. This
has been realized in some non-pharmaceutical systems such
as the x500pro from German RepRap [84].

Sensors and Quality Control

A few years ago, 3d printing gained a detrimental reputa-
tion of being usable only for prototyping, due to frequent
print failures, limited resolution, anisotropic mechanical
properties, low production speeds and rough surface finish
[85]. The reason for this is a lack of process and quality
control. Even though the implementation of in-line quality
is beginning in some 3d printing technologies, in FDM such
methods are still at the experimental or research stage. The
focus is mostly on thermal monitoring (melt pool analysis
in selective laser sintering / melting) and layer monitoring
[86]. Even though some of these approaches can also be used
in a pharmaceutical context, they focus mostly on quality
attributes for other manufacturing industries. Relevant phar-
maceutical quality attributes cannot be captured with such
systems. The use of the sensors applied for control issues
only allows accurate control and regulation of the process.
However, a quality statement regarding the solid state, API
content or printed quantity is not possible. For 3d printers
to be used for pharmaceutical manufacturing in the future,
additional measures must be undertaken in addition to adapt-
ing the mechanical components. A major point is the quality
control of the printed product.

Various types of defects in 3d printed parts are described
in the literature [86, 87]. While structural integrity is key for
technical applications of FDM, the doses of incorporated
API in the final dosage form is the crucial parameter for
medication manufactured by FDM. Especially medications
to be used by children need to be manufactured in an accu-
rate way, because the doses for children are typically lower
and small deviations in the content of a dosage form result
in higher relative over or underdosing potentially harming
the patient.

To improve the quality of dosage forms, process con-
trol has to be improved as well. In general, three groups of
parameters can be identified for in-process control.

1. Machine parameters derived from the control electron-
ics. For example, motor and heater current, temperature
of nozzle and cooling zone, vibrations etc.

2. Monitoring of the extruded volume or mass of the fila-
ment, either derived from measurements described in 1
or measured by dedicated sensors attached to the printer.

3. Non-destructive chemical analysis of the raw material
and / or intermediate and final printed product.
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The monitoring of machine parameters can be imple-
mented in industrial control systems and do not necessar-
ily rely on additional sensors which might lead to higher
machine costs in the end. It has been described in literature
to use the current of the feeding motor to detect a blocked
nozzle [87, 88]. Chemical degradation and under-extrusion
related to blocked nozzles is a major concern for the qual-
ity and accurate dosing of pharmaceutical dosage forms. In
another example, Becker et al. [87, 89] used accelerometers
to monitor the state of the printer and detect fluctuations
in the flow of extruded raw material during the printing
process. These substitute parameters can only be used if
comparative data are available of the printing process for
a specific raw material on a specific printer limiting the
application to well understood processes. To circumvent
these issues, dedicated sensors can be introduced into the
printing system to directly measure the extruded volume or
mass. Calculation of the printed dosage may act as a valu-
able in-process control, assuming that the active ingredient
is homogenously distributed in the raw material.

Optical systems were described to measure the distance
between printed object and nozzle detecting under-extrusion
[90, 91] providing error detection during a print process.
It is also possible to monitor the movement and quality of
filament by a camera [92]. Dosage forms with defects can
then be discarded after the printing process and documented
in a batch report for documentation. Of course, special-
ized sensors as well as integrated balances measuring the
actual printed mass of filament could be an option to fur-
ther improve the accuracy of 3d printed oral dosage forms,
assuring the quality. For printing at the site of care, imple-
mentation of feedback loops based of the obtained data to
automatically adjust the printing process of each individual
dosage form will enable to meet the claimed dose and lead
to an efficient manufacturing process with reduced waste
and higher yields resulting in fast supply of high-quality
medication to the patients.

Focusing more on the final product than the process
itself, chemical analysis of the API incorporated in the
printed dosage form could enable real-time release in a
clinical printing setup. Different spectroscopic methods
were described in the literature to analyze pharmaceutical
dosage forms without destroying the samples. It was shown
that NIR-chemical imaging of 3d printed objects can be used
to measure the amount of printed API [93]. Transmission
Raman measurements were reported in literature to inves-
tigate the amorphous and crystalline fraction of fenofibrate
in solid oral dosage forms [94]. Such methods could be used
in future pharmaceutical 3d printers to assure the quality of
amorphous solid dispersions. Chemical analysis of printed
objects can lead to full batch real-time release of medica-
tions printed at site of care ensuring that the quality of the
final product was not negatively influenced by the printing

process. Downsides of non-destructive chemical imaging are
high costs and large equipment, which might not be easily
integrated in the printing platform.

Still, FDM as a digitally controlled manufacturing pro-
cess opens the opportunity to integrate multiple sensors
to not only monitor the quality of the printing process and
product but furthermore adjusting critical process parameter
on the fly to resemble a true rapid manufacturing process.

3d Printed Dosage Forms for Pediatric Use
General Consideration

Only few solid dosage forms have been investigated for
their acceptability in children [95]. Of those, even less can
be manufactured by 3d printing: minitablets, orodispers-
ible films, (orodispersible) tablets, and capsules. A definite
advantage of 3d printing is a freedom of design previously
not possible. This is demonstrated by many novel dosage
form designs [7, 96]. It is likely that such novel designs will
also demonstrate high acceptability in children, e.g., because
of more appealing coloring and dimensions. However, this
has not been demonstrated in clinical trials and this section
will focus mostly on the above-mentioned dosage forms. As
the resolution of FDM printing is limited, small capsules
suitable for pediatric treatment are not sensible to manufac-
turing via this route. Similarly, printing of orodispersible
tablets and minitablets has not been established, yet.

Minitablets and Small Oblong Tablets

Tablets of <4 mm diameter are usually considered to be
minitablets [97]. As they have demonstrated acceptabil-
ity in neonates, infants and children [2, 98] minitablets
of 2 mm diameter are developed and manufactured more
frequently than larger ones. Accurate printing of small
objects is challenging in general. A typical nozzle diam-
eter is 0.4 mm and tablets with a diameter of 2 mm are
only five times larger than the nozzle diameter. These
small geometries are on the lower limit of what is possi-
ble with the FDM process [99] and dimensional accuracy
is difficult to achieve. Due to the small surface area of a
single layer the cool down period of the material before
the nozzle passes an area a second time is short, which
may lead to insufficient mechanical stability of already
printed layer. Several strategies are suitable to circumvent
such issues. Reduction of print speed is generally associ-
ated with higher dimensional accuracy and improved sur-
face quality. However, throughput and productivity will
decrease with lower print speed. The manufacturing order
of objects on one build plate can also be changed from
sequential printing (complete all layers of one object, then
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moving on to the next object) to layer-wise printing where
the printing layer is changed after the specific layer of
all objects is completed. While cooling time per object
layer is associated with beneficial effects on dimensional
accuracy, frequent changes between objects may intro-
duce additional classes of printing errors like stringing
and blobs [100]. Every additional travel movement comes
with the risk of oozing filament and, therefore, inaccu-
racy of dose. The dosing of smaller tablets is even more
challenging than with larger objects because the relative
change of incorporated API due to printing defects is more
significant. Krause et al. printed objects with a diameter
of 4 mm, 3 mm, 2 mm and 1.5 mm with decreasing tablet
mass and calculated the acceptance value according to Ph.
Eur. 2.9.40. While the standard deviation of tablet mass
was higher for the largest objects, their acceptance value
was lower compared to smaller tablets. These results show
that dosing accuracy is especially important for mini tab-
lets and low dose drug forms [99].

Ayyoubi et al. printed spherical tablets with a diam-
eter of 6 mm with channels to improve dissolution rate
[101]. Small oblong tablets (9 mm X5 mm X 4 mm
(width x length X height)) were manufactured for chil-
dren > 6 years old by Fanous et al. [102].

Another aspect besides the dimensionally accuracy is
the geometric flexibility. Geometrical flexibility offers the
opportunity to increase the compliance in pediatric patient
as well as to reduce the resistance of taking medication
in children. The reason lies in the possibility of 3d print-
ing for personalized medicine to choose the color, shape
and design of the tablet according to the child’s wishes
[103]. Scoutaris et al. imitated chewable STARMIX®
sweets by printing objects in the shape of a heart, ring,
bottle, bear and lion, which contained the model substance
indomethacin, hypromellose acetate succinate (HPMCAS)
and polyethylene glycol (PEG) as polymers. The aim for
the development of this pediatric dosage forms with the
STARMIX® design via hot-melt extrusion (HME) and
FDM 3d printing was also to enhance the palatability
[104].

Besides the flexibility in geometry FDM can also be
used to manufacture layer-wise polypills [105]. Multiple
APIs were printed into one solid oral dosage form. In case
of the layer-based FDM process, chemical compatibility of
these APIs is not as limiting as in traditional manufactur-
ing processes since the compounds are separately printed
into different compartments of the dosage form. The flex-
ibility of a computer-controlled manufacturing process
opens the possibilities to match the exact needs for pedi-
atric patients, but deep understanding of the underlaying
processes and optimized print settings are necessary to
ensure high quality of the final product.
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Orodispersible Films

Orodispersible films are accepted by infants and chil-
dren [95, 106, 107] and are dosage forms of choice for
patient centric applications. The European Pharmacopoeia
defines orodispersible films as solid oromucosal prepara-
tions intended for the administration in the mouth, where
they disperse rapidly to deliver active substances (Ph. Eur.
Monograph “Oromucosal preparations”). Dose adaption
is possible by (1) modifying the API concentration in the
formulation, (2) adapting the film thickness, and (3) by
cutting films to the desired size, as both thickness and size
defines the amount of incorporated API. However, the cut-
ting approach can be accompanied by material waste and
is prone to human errors.

Manufacturing routes of orodispersible films include
solvent casting [108-110] and 2d and 3d printing technol-
ogies. In 2D printing [111, 112], the printing fluid consists
of the drug dissolved in a suitable solvent or dispersed in
a dispersant, which is printed onto a substrate which con-
tains polymer(s) and additives (e.g., plasticizers, flavors)
and is made in a separate manufacturing step. As for the
solvent casting technique, the process parameters (drying
temperature, humidity) need to be precisely controlled, as
they significantly influence the final film properties [113,
114].

3d printing offers a waste-less route of precise manufac-
turing medicines for children. Jamréz and colleagues accu-
rately printed orodispersible films containing aripiprazole
[115], whereas Ethezazi et al. printed multi-layered films
containing individual layers with paracetamol, ibuprofen
and a taste-masking agent [29]. Cho et al. applied a vari-
ation of FDM printing to prepare an orodispersible film
containing the poorly water soluble drug olanzapine [116].
They heated a polymer-API mixture until it melted and
used pneumatic extrusion to drive the printing process,
a approach similar to the one published by Musazzi et al.
[108]. In another study, a bi-layer film was FDM printed
with a mucoadhesive chitosan layer and drug containing
layer and an ethyl cellulose backing layer that formed a
permeation barrier, thus creating a unidirectional drug
release [117].

Even though none of these studies directly investigated
the suitability of FDM 3d printing to individualize the
dose, they demonstrated sufficient mechanical properties
to enable robust handling and acceptable accuracy that
strongly hints at technological proficiency to produce
pediatric orodispersible films. However, acceptability of
orodispersible films was assessed with solvent-casted films
and the different appearance of FDM printed films will
have to be investigated separately in future studies.
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Dosage Form Characterization

To ensure that printed dosage forms meet the require-
ments, physical properties need to be characterized, and the
homogeneous distribution of the API has to be controlled
to guarantee that patients receive the necessary therapeuti-
cal amount of APL. For physical characterization, various
tests are listed in the pharmacopeia: test for friability (Ph.
Eur. 2.9.7), crushing strength (Ph. Eur. 2.9.8) and disinte-
gration (Ph. Eur. 2.9.1). To check the homogeneity of the
drug distribution, the content of the API in the tablets is
determined via the uniformity of the mass or content (Ph.
Eur. 2.9.5/2.9.6) or the uniformity of dosage units (Ph. Eur.
2.9.40). In addition, it is tested how the drug is released from
the tablet over time (Ph. Eur. 2.9.3).

However, FDM printed tablets have different physical
properties than compressed tablets, so further methods
have been developed for physical characterization. Often,
the printed tablets are less porous than the pressed ones, due
to the individual layers fused together [118, 119]. Depending
on the polymers used, the tablets cannot be crushed, do not
disintegrate, or disintegrate very slowly, and do not exhibit
abrasion [101, 120]. The porosity of the tablets can be easily
controlled by the pattern and percentage of the infill of the
design [120, 121]. To check the accuracy of the printing, as
well as to determine the porosity of the printed tablets, pCT
measurements are often used [102, 122]. The visualization
of the internal structure of dosage forms reveals the struc-
tural quality, how well the layers adhere to each other, and
how well the geometry matches the desired design without
destruction of the tablet [123, 124]. In a study by Alhijjaj
et al., it was shown that the printing speed, printing tempera-
ture, build plate leveling and polymer viscosity (melt flow
index) have a high influence on the precision of the print,
weight of the object and print reproducibility [125]. The
effects of these parameters can be registered in the pCT and
contribute to the improvement of the process.

As 3d printing is suitable for small, personalized
batches, and produces a smaller throughput than indus-
trial manufacturing machines, non-destructive methods are
advantageous for this process. In addition, for the deter-
mination of the mass or content uniformity, the tablets
must be dissolved, or the API must be extracted from the
matrix. Therefore, there is also a growing interest in non-
destructive content analysis, which is possible using NIR
and Raman technology [102, 104]. This technique enables
in-line and off-line implementation [126]. To verify the
release of the API from the dosage form, in vitro studies
must be performed. Here, the ingestion of the tablet, the
residence time in the stomach and GIT are simulated. For
children the dissolution studies were often adapted. For
example, Starmix® candy-like dosage forms were dis-
solved in 2 ml saliva for 2 min, because children often are

expected to chew the tablets [104, 127]. In addition, vol-
umes and dwell times can also be adjusted for the specific
patient group. Accurate dosing is especially important for
children, which can be realized with FDM printing. The
individually produced batch can be adapted to the needs
of the children. Not only the dose, but also the release
behavior can be varied. This is possible with the choice
of polymer, as well as with the SA/V ratio, which can be
implemented with the choice of geometry [99, 128, 129].
Various approaches are also currently being pursued to
predict release curves using ANNSs so that non-destructive
methods can be established here as well [130—132]. These
predictions are based, among other things, on the infill
pattern of the tablets and their influences on the release
pattern. In the study of Obeid et al. the influence of the
SA/V ratio was used to predict the resulting release profile
of the printed tablet [131].

Outlook

This manuscript aims to provide an overview of pharma-
ceutical as well as engineering considerations for FDM
printed medication for children. We reflected on current
liabilities and intended to depict ways for further inno-
vation in the engineering of unit operations to enhance
suitability of equipment and dosage forms. As for 3d
printing of solid dosage forms in general, formulation
and print technology need to be considered in a holistic
manner taking into account all aspects from raw materials
to final dosage forms. We conclude that there is strong
need to advance FDM printing technologies and excipi-
ents to accommodate for pharmaceutical needs—with even
more elevated quality requirements for pediatric patients
especially in the fields of excipient safety, acceptability,
printing control and accuracy. Good news is that remedy
is underway with commercial start-ups (e.g., Triastek) as
well es public—private consortia such as PolyPrint actively
working on the necessary technical innovation to meet
pharma requirements. Also, the pediatric patient popula-
tion will benefit from future capabilities of individualized
therapy with precise dose adjustment and possibilities to
enhance compliance via tablet morphology and size. First
small clinical trials on medications for children applying
other additive manufacturing techniques clearly demon-
strated the future potential of the tech field [133] and we
speculate that FDM—due to its technical maturity and
accessibility—will be one of the key enabling technolo-
gies to advance and establish pharmaceutical 3d printing
for individualized and decentralized production of dosage
forms—for adults as well as children.
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Summary

The invention relates to a cutting device for producing cut pieces of extrudates of different
lengths using cutting disks which have at least one hole away from the axis of rotation, as
well as a method for producing cut pieces of extrudates of different lengths using cutting
disks which have at least one hole away from the axis of rotation and the use of such a

cutting device, especially in the pharmaceutical industry and/or in additive manufacturing.
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(54) Bezeichnung: Schneidevorrichtung und Schneideverfahren fiir Schnittstiicke von Extrudaten
unterschiedlicher Lange

(57) Zusammenfassung: Die Erfindung betrifft eine Schneid-

vorrichtung zur Herstellung von Schnittstucken von Extruda-

ten unterschiedlicher Lange mit Hilfe von Schneidscheiben,

die mindestens ein Loch abseits der Rotationsachse aufwei- M
sen, sowie ein Verfahren zur Herstellung von Schnittstiicken

von Extrudaten unterschiedlicher Lange mit Hilfe von

Schneidscheiben, die mindestens ein Loch abseits der

Rotationsachse aufweisen und die Verwendung einer sol-

chen Schneidvorrichtung, insbesondere in der pharmazeuti-

schen Industrie und/oder in der additiven Herstellung. s
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Beschreibung

[0001] Die Erfindung betrifft eine Schneidvorrich-
tung zur Herstellung von Schnittsticken von Extru-
daten unterschiedlicher Lange mit Hilfe von Schneid-
scheiben, die mindestens ein Loch abseits der
Rotationsachse aufweisen, sowie ein Verfahren zur
Herstellung von Schnittstiicken von Extrudaten
unterschiedlicher Lange mit Hilfe von Schneidschei-
ben, die mindestens ein Loch abseits der Rotations-
achse aufweisen und die Verwendung einer solchen
Schneidvorrichtung, insbesondere in der pharma-
zeutischen Industrie und/oder in der additiven Her-
stellung.

[0002] Die Extrusion ist ein haufig genutztes Mittel in
der pharmazeutischen Herstellung, um feste Disper-
sionen oder Losungen herzustellen. Ein grof3er Vor-
teil bietet hierbei das I6sungsmittelfreie Arbeiten. Mit
Hilfe von Polymeren, Wachsen, Lipiden und anderen
Hilfsstoffen werden bevorzugt schlecht I6sliche Arz-
neistoffe (BCS Klasse 2 und 4) zu festen Lésungen
verarbeitet, um die Bioverfugbarkeit dieser Wirk-
stoffe zu erhéhen. Die Extrusion stellt ein kontinuier-
liches Verfahren da, bei dem die Weiterverarbeitung
des extrudierten Materials, das sogenannte Downst-
reaming, ein weites Feld an Mdoglichkeiten bietet
(Rundungsprozesse, Mahlprozesse, Schneidepro-
zesse efc.).

[0003] Die technische Downstreaming Ausrustung
der pharmazeutischen Industrie beinhaltet bis heute
keine Schneidevorrichtung, welche einen geraden
Schnitt von Filamentsticken wahrend der Herstel-
lung garantiert. Fur das Schneiden von Extrudaten
in der pharmazeutischen Technologie sind rotierende
Messer (Rotationscutter) bekannt, welche Extrudate
(Schmelzextrudate oder Granulate) in kurze Extru-
datstrange schneiden, allerdings keine geraden
Schnitte garantieren.

[0004] Furdie Herstellung von Pellets ist das ausrei-
chend, allerdings ist dies inakzeptabel fur die Her-
stellung von Filamentsticken fur eine pharmazeuti-
sche, additive Herstellung. Diese additive Fertigung
beinhaltet die Herstellung von pharmazeutischen
Darreichungsformen mithilfe eines geeigneten 3D-
Drucksystem. Hierfur sind 3D Drucker geeignet, wel-
che mithilfe des Schmelzschichtverfahrens Geomet-
rien fertigen, welche als Darreichungsformen ver-
wendet werden kénnen. AuRerdem ist es wichtig,
dass die Messer schnell betrieben werden, da diese
ansonsten im Extrudat hangen bleiben und dadurch
den Extrusionsprozess stoppen wiirden. Die Herstel-
lung von langeren Stucken (> 3 mm) ist so nicht még-
lich. Es existieren weiterhin sogenannte Kopf-
Abschneider (face cutter), die pharmazeutische Pel-
lets durch einen HeilRabschlag herstellen.
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[0005] Da es allerdings insbesondere bei Polyme-
ren bei unvollstandiger Abkuhlung zu einer Ausdeh-
nung des Materials kommt, wird der Schnitt beim
Abkuhlen des Intermediats nachtraglich negativ
beeinflusst. Deswegen ist nach Abkuhlung der
Schmelzextrudate eine Abrundung an der Schnitt-
kante zu erkennen, obwohl der Schnitt gerade voll-
zogen wurde.

[0006] In der Lebensmittel- und Kunststoffindustrie
werden ebenfalls Methoden angewandt, welche
Schnitte verschiedenster Kunststoffe oder Lebens-
mittel ermdéglichen. Bei der Herstellung von Lebens-
mitteln werden meist Kopf-Abschneider eingesetzt
oder die Schneidevorrichtungen werden beispiels-
weise mittels Ultraschall verstarkt, um eine Verbren-
nung der Ware zu vermeiden. Bei der Herstellung
von Schlauchen werden Guillotinen, rotierende Klin-
gen oder Sagen verwandet. Oft werden Schlduche
Uber eine scharfe Klinge gedreht, um einen geraden
Schnitt vollziehen zu kénnen. Allerdings ist die Hand-
habung der Schneidevorrichtungen nicht auf die
hohen pharmazeutischen Anforderungen an wirks-
toffhaltige Extrudate zu Ubertragen. Auflerdem sind
aus dem Stand der Technik Schneidemethoden
bekannt, die nicht wahrend des Prozesses (inline),
sondern erst nach dem Prozess (offline) erfolgen.
Dies hat den Nachteil, dass Material verworfen wer-
den muss. Daher ist das Ziel einen vollstandig, konti-
nuierlich ablaufenden Prozess zu generieren, damit
Zeit, Material und Kosten gespart werden kénnen.

[0007] Aus der DE9311705U1 ist eine Schneidevor-
richtung mit Férderkanal und einer diesem zugeord-
neten Foérdereinrichtung fur einen Kunststoffstrang
bekannt, wobei der Férderkanal uber eine Offnung
in eine Zerkleinerungseinrichtung mundet, die ein
um eine Messerdrehachse rotierbares Messerele-
ment mit wenigstens einem eine Schneidkante auf-
weisenden Messer hat, und wobei sich an die Zer-
kleinerungseinrichtung eine Transport- und eine
Plastifiziereinrichtung zur Plastifizierung und fur den
Ausstol des zerkleinerten Kunststoffmaterials
anschlieBen. Der Nachteil dieser Vorrichtung ist,
dass kein Strang mit beliebiger Lange geschnitten
werden kann und der Schnitt nur von einer Seite mit
geradem Messer erfolgt.

[0008] Die WO 9634728 A1 beschreibt eine Granu-
liervorrichtung fur Strangmaterialien mit einer Ein-
zugsvorrichtung zur Erfassung des Strangmaterials
und dessen Foérderung zu einem Gegenmesser,
wobei das Gegenmesser mit einer mit dem Gegen-
messer zusammenarbeitenden Messerwalze zum
Zerschneiden des Strangmaterials zu Granulat ein-
gesetzt wird. Diese Vorrichtung dient jedoch nur
zum Zerkleinern, Pelletieren oder Granulieren. Es
werden nur kurze Stiicke erhalten.
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[0009] Die De 69332246 T2 beschreibt eine Strang-
schneidevorrichtung zum Schneiden von wenigstens
einem linear ausgebildeten Strang mit einem Rota-
tionsklingenaufbau. An einer Drehwelle sine eine
Vielzahl von Rotationsklingen angeordnet, die an
und um die Drehwelle herum radial befestigt sind.
Die Vorrichtung erméglicht den Schnitt des Strang-
gutes nur von einer Seite und es werden nur kurze
Stucke erzeugt, da eine Filamentweiterfuhrung nicht
vorgesehen ist.

[0010] Die US 4404879 A zeigt eine rotierende
Schneidevorrichtung, die eine Schere, eine angetrie-
bene Vorschubwalze und eine angetriebene Gegen-
walze umfassen, die sich um parallele Achsen auf
Wellen in entgegengesetzte Richtungen zueinander
drehen. Auch bei dieser Vorrichtung erfolgt ein
Schnitt nur von einer Seite und es kann kein Strang
mit einer vorbestimmten Lange geschnitten werden.

[0011] Die DE 102017120047 A1 offenbart ein Ver-
fahren zum Zerkleinern von pastésen Stoffen. Die
pastosen Stoffe werden mittels einer Diise aus dem
Extruder herausgedriickt und mit dem Austritts-Stro-
mungsquerschnitt einem rotierenden Schneidwerke-
zug zugefuhrt, wobei der Schnitt quer zur Austritts-
richtung erfolgt. Der Schnitt erfolgt vorliegend nur
einseitig durch ein rotierendes Messer.

[0012] Aufgabe der Erfindung ist es eine Schneide-
vorrichtung fur pharmazeutische Wirkstoffe enthal-
tende extrudierte, thermoplastische Fasern bereitzu-
stellen, die ein verformungsfreies Schneiden der
Filamente und ein nahtloses Zusammenfihren ins-
besondere der Filamente in ein Foérdersystem fir
die additive Fertigung mittels Schmelzschichtung
von Medikamenten ermdglichen.

[0013] Die Aufgabe wird durch die Merkmale der
unabhéangigen Anspriche 1, 5 und 9 gel6st.

[0014] Die Erfindung betrifft eine Schneidvorrich-
tung zum Schneiden von Extrudaten aus Extrusions-
prozessen, ein Verfahren und eine Verwendung dies-
bezuglich, um pharmazeutische Extrudate in beliebig
groRRe Stiicke scheiden zu kénnen.

[0015] Unter Extrudat oder Extrudaten werden vor-
liegend plastisch verformbare bis dickflussige Mas-
sen verstanden, die unter Druck kontinuierlich aus
einer formgebenden Offnung herausgepresst wer-
den. Als Filament werden Fadenwerke bezeichnet,
die allgemein eine einzelne Faser beliebiger Lange
umfassen und als Bezeichnung auch fur eine Mehr-
zahl an Fasern mit praktisch unbegrenzter Lange
verwendet werden kdénnen. Filamente als Extru-
sionsstoff bzw. Extrudat kénnen in vielerlei Form Ver-
wendung finden, so als PLA (Polymilchsaure), ABS
(Acrylonitril-Butadien-Styrol-Copolymer), PETG
(PET, PETT) (Polyethylenterephthalat + Glykol),
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Nylon (Polyamid) oder als TPE (Flexibel) (Thermo-
plastisches Elastomer). In der pharmazeutischen
Industrie werden pharmazeutisch relevante Wirk-
und Hilfsstoffe fur die Herstellung von Extrudaten
bzw. Filamenten fur die jeweilige Anwendung ver-
wendet.

[0016] Erfindungsgemal ist vorgesehen, dass zur
Erzeugung von Extrudatsticken oder Schnittstiicken
eine Vorrichtung bereitgestellt wird, die mindestens
zwei Schneidscheiben mit jeweils mindestens
einem Loch mit Schneidkante aufweist. Die Schneid-
scheiben werden Uber ein Lager koaxial gefuhrt und
rotieren gegenlaufig. Die Schneidscheiben k&nnen
aus Metall oder aus kunstharzgebundenen Verbin-
dungen mit Korund oder Siliziumkarbid bestehen
oder auch Nitridverbindungen oder Diamantstruktu-
ren aufweisen. In jeder der Schneidscheiben ist min-
destens ein Loch oder Durchbruch vorhanden, das
abseits der Rotationsachse lokalisiert ist und tber
die ein Extrudat-bzw. Filamentstrang durch die
Locher gelangt und an einer Schneidkante der
Lécher in Stlicke geschnitten wird.

[0017] Durch das gegenladufige Rotieren der
Schneidscheiben erfolgt der Schnitt nicht einseitig,
was bedeutet, dass die Schnittflache nicht in Rota-
tionsrichtung gebogen, sondern plan ist und keine
Extrudathaken an den Schnittstiicken in Rotations-
richtung aufweist. Dies steht im Gegensatz zu
geschnittenen Extrudaten bei Vorhandensein nur
einer Schneidscheibe oder Rotation der Schneid-
scheiben in nur eine Richtung.

[0018] In den Schneidscheiben ist pro Schneid-
scheibe mindestens ein Loch ausgebildet, das radial
an der Innenseite des Lochs eine Schneidkante auf-
weist. Es muss mindestens ein Loch pro Schneid-
scheibe vorhanden sein. Es kénnen jedoch auch
mehr als ein Loch, beispielsweise zwei, drei, vier
oder mehr Lécher pro Schneidscheibe vorhanden
sein, wobei auch eine konzertierte Anordnung von
Schneidscheiben, d.h. eine Anordnung von Schneid-
scheiben, bei der eine Scheibe mindestens ein Loch
weniger aufweist als die andere, méglich ist. Die
Schneidkante der Langlécher ist entsprechend der
Querschnittsflache der Schnittware ausgestaltet
und kann bei runder Querschnittsflache bogenférmig
ausgebildet werden.

[0019] Weiterhin kann eine Schneidkante nur einen
Teilbereich eines Lochs umfassen, aber das Loch
auch vollumfanglich mit einer Schneidkante ausge-
bildet sein. Durch die GréRe und/oder Form des
Lochs in den Schneidscheiben kénnen unterschied-
liche Extrudatschnitte und Extrudatschnittformen
bzw. Filamentschnitte generiert werden.

[0020] Die Extrusionsmasse bzw. das Extrudat wird
aus einem Extruder direkt Uber Fuhrungseinsatze
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am Gehause der Schneidvorrichtung an die Schneid-
scheiben geleitet und dort in die gewlinschte Lange
geschnitten. Die Fuhrungseinsatze sind mit Dichtun-
gen am Gehause versehen, um einen gleichmaRigen
und geradlinigen Fluss der Extrusionsmasse bzw.
des Extrudats zu gewahrleisten. Dies ist insbeson-
dere deswegen erforderlich, um einen glatten planen
Schnitt gewahrleisten zu kénnen.

[0021] Besonders bei der Verwendung von Extru-
dat- oder Filamentstiicken, welche in der Regel fur
die additive Fertigung von Darreichungsformen eine
Lange von tber 10 cm aufweisen sollen, ist es wich-
tig, dass bei Nachladung des Materials in den 3D-
Drucker der Materialfluss kontinuierlich erfolgen
kann, um eine genaue Dosierung zu ermdglichen.
Dies kann nur garantiert werden, wenn die Extrudate
oder Filamente gerade und plan geschnitten werden
und diese kolbenférmig, ohne Storstellen im Druck-
kopf des 3D-Druckers zur Duse gelangen.

[0022] In einer besonderen Ausgestaltung sind die
Lécher in den Schneidscheiben als Langlécher aus-
gestaltet. Ein Langloch ist erfindungsgemafl eine
langliche Bohrung oder Nut in den Schneidscheiben.
Die schmalen Seiten der Langlécher werden durch
Halbkreise gebildet, deren Durchmesser der Breite
des Langlochs entsprechen, wobei die Langsseiten
des Langloches parallel zueinander verlaufen. Ent-
lang der Langsseiten und/oder der Halbkreise der
Langlécher ist radial an der Innenseite eine Schneid-
kante ausgebildet mittels dieser die Extrudate oder
Filamente geschnitten werden. Durch die Lange der
Langlécher wird das zeitliche Auftreffen auf die
Schnittware festgelegt. Es kdnnen mehrere Langlé-
cher auf der Schneidscheibe vorhanden sein. Die
Schneidkante kann sich somit Uber die gesamte
Lange der Langsseiten der Langlécher erstrecken
oder auch nur einen radialen Endbereich der Halb-
kreise der Langlécher umfassen. Die Schneidkanten
kénnen analog zu der runden Querschnittsflache der
Extrudate oder Filamente bogenférmig ausgestaltet
sein. Die bogenférmige Ausgestaltung der Schneit-
kante hat den Vorteil, dass ein bogenférmiger Schnitt
der Extrudate oder Filamente entlang der Rotations-
richtung der Schneidscheiben erfolgt. Die Ausgestal-
tung der Lécher als Langlécher hat gegentiber kreis-
runden Léchern den Vorteil, dass der kontinuierliche
Herstellungsprozess nicht unterbrochen wird, da das
Extrudat oder Filament bei Rotation der Schneid-
scheiben durch die Langlécher weiter geférdert wird
ohne geschnitten zu werden. Es ist insbesondere
von Vorteil, dass der gesamte Prozess der Herstel-
lung von Extrudatschnittstiicken durch die Schneid-
vorrichtung kontinuierlich erfolgt. Dadurch kann das
Extrudat wahrend des Extrusionsprozesses konti-
nuierlich weiter geférdert und in die gewlnschte
Lange geschnitten werden. Der Extrusionsprozess
muss nicht unterbrochen werden oder erst nachtrag-
lich ein Zerkleinern der bereits erzeugten und abge-
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kihlten Extrudatstrange vorgenommen werden.
Daher kann der gesamte Herstellungsprozess
schneller und kostengunstiger erfolgen.

[0023] ErfindungsgemaR ist ferner ein Verfahren zur
Herstellung von Schnittsticken unterschiedlicher
Lange mit Hilfe von Schneidscheiben vorgesehen,
wobei die Extrudate aus einem Extruder Gber Fih-
rungseinsatze mit Dichtungen an einem Gehause
zu mindestens einem Loch pro Schneidscheibe
gefuhrt und durch mindestens zwei Schneidscheiben
geschnitten werden, wobei die Schneidscheiben
gegenlaufig und koaxial rotieren und pro Loch eine
Schneidkante abseits der Rotationsachse aufwei-
sen. Durch das Verfahren wird gewahrleistet, dass
der Schnitt nicht einseitig erfolgt. Die Schnittflache
der Schnittsticke der Extrudate ist daher nicht in
Rotationsrichtung gebogen, sondern plan und weist
keine Extrudathaken in Rotationsrichtung auf.

[0024] In einer vorteilhaften Ausgestaltung werden
die zu schneidenden Extrudate durch mindestens
ein Langloch gefiihrt, welches jeweils eine Schneid-
kante aufweist. Die Ausgestaltung der Lécher als
Langldcher hat gegenuber kreisrunden Léchern den
Vorteil, dass der Ausgleich von Toleranzen bei der
Fahrung der Extrudate oder Filamente in die Lécher
der Schneidscheibe vereinfacht ist. Die Lécher sind
dabei mit den Schneidkanten in der Regel horizontal
ausgestaltet und verlaufen bogenférmig.

[0025] Es st ferner festzustellen, dass die
gewilinschte Lange der Schnittsticke mittels der
erfindungsgemalen Schneidvorrichtung gesteuert
und/oder des erfindungsgemafen Verfahrens einge-
stellt werden kann. So wird die gewunschte Lange
der Schnittstiicke insbesondere durch die Transport-
geschwindigkeit der Extrudate bei gleichbleibender
Rotationsgeschwindigkeit der Schneidscheiben und
durch die Lange des Loches und durch das Auftref-
fen auf die Schneidkante auf das Extrudat bestimmt.

[0026] Die erfindungsgemaRe Schneidvorrichtung
kann zur Herstellung von Schnittsticken unter-
schiedlicher Lange, insbesondere fur die pharma-
zeutischen Industrie und/oder fir eine additive Her-
stellung verwenden werden.

[0027] Die Erfindung wird anhand der nachfolgen-
den Figuren nochmals eingehend erlautert:

Fig. 1 zeigt eine vertikale Schnittzeichnung
einer Schneidvorrichtung mit zwei Schneid-
scheiben 1, 2, die uber zwei Aufnahmen 3
umseitig gelagert sind. Die Schneidscheiben 1,
2 werden Uber eine Aufnahme 5 gefuhrt und
Uber die Antriebsrader 6 angetrieben, wobei
die Schneidscheiben gegenlaufig rotieren.
Uber Fihrungseinsatze 4 werden Extrudate in
die Lécher 10 (nicht dargestellt) geleitet.
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In Fig. 2 ist eine Explosionszeichnung der erfin-
dungsgemafRen Schneidvorrichtung dargestellt.
Die Schneidscheiben 1, 2 sind innerhalb eines
Gehauses 7 angeordnet und Uber umseitige
Lagerungen 3 mit dem Gehause 7 verbunden.
Mittels Aufnahmen 5a werden die gegenlaufi-
gen Schneidscheiben 1, 2 am Gehause 7 arre-
tiert und Gber Aufnahmen 5b mit einem Antrieb-
rad verbunden. Weiterhin ist zu erkennen, dass
Fahrungseinsatze 4a mit Dichtungen 4b am
Gehause angeordnet sind, die die Extrudate in
die vorliegend nicht dargestellten Loécher (10)
mit den Schneidkanten (11) leiten.

In Fig. 3 ist eine Auf- und Seitenansicht der
erfindungsgemafien Schneidvorrichtung mit
dem Gehause 7 dargestellt. Man erkennt auf
der linken Seite der Abbildung eine Schneid-
scheibe 1, 2, die uUber eine Aufnahme 5 im
Gehause 7 angeordnet ist. Die Gehausehalften
7 werden Uber Schrauben 8, 9 aneinander
befestigt, innerhalb dessen sich die Schneid-
scheiben 1, 2 befinden. Ferner sind die
Antriebsréder 6 der gegenlaufigen und koaxial
gelagerten Schneidscheiben 1, 2 dargestellt.

Fig. 4 zeigt eine Aufsicht und eine horizontale
Schnittansicht der erfindungsgemafien
Schneidvorrichtung. Man erkennt die Befesti-
gungen 8, 9 der Gehausehalften des Gehauses
7. Uber die umseitige Lagerung 3 werden die
Schneidscheiben 1, 2 gefihrt, die Uber die Auf-
nahme 5 koaxial und gegenlaufig zueinander
rotieren. Mittels der FUhrungseinséatze 4 werden
die Extrudate bzw. Filamente in die Lécher 10
mit den Schneidkanten 11 gefihrt (nicht darge-
stellt).

Aus Fig. 5 erkennt man eine Schneidscheibe 1
in einer Aufsicht und horizontalen Ansicht, bei
der umlaufend drei Loécher 10 in Form eines
Langlochs vorhanden sind, die bogenférmig
ausgebildet sind. An den radialen Endbereichen
der Langlécher 10 sind Schneidkanten 11 lokal-
isiert, die ein Extrudat oder Filament, das uber
FOhrungseinsatze in die Langlécher 10 geleitet
wird, schneiden kénnen. Die Schneidscheibe 1
wird Uber eine Aufnahme 5 gefiihrt, die die Rota-
tionsachse der Schneidscheibe 1 bildet.

Bezugszeichenliste:

Schneidscheibe 1

Schneidscheibe 2 (gegenlaufig)
Lagerung der Schneidscheibe
Fuhrungseinsatz fur Extrudate/Filamente
Fuhrungseinsatz

Abdichtung des Fuhrungseinsatzes

Aufnahme der Schneidscheibe
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Aufnahme verbunden mit Schneidscheibe

Aufnahme zur Befestigung des Antriebs-
rads

Antriebsrad

Gehéause

Befestigung des Gehauses
Befestigungsschrauben
Loch

Langlochende/ Schneidkante
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Patentanspriiche

1. Schneidvorrichtung zur Herstellung von
Schnittsticken von Extrudaten unterschiedlicher
Lange mit Hilfe von Schneidscheiben (1, 2), die
Uber ein Antriebsrad angetrieben und Uber ein
Lager (3) gefuhrt sind, wobei die Schneidscheiben
(1, 2) uber Aufnahmen (5a, 5b) gehalten und die
Schnittware durch Einsatze gefuhrt werden,
dadurch gekennzeichnet, dass die Schneidvor-
richtung mindestens zwei Schneidscheiben (1, 2)
aufweist, die gegenlaufig und koaxial rotieren und
eine Schneidkante (11) in jeweils einem Loch (10)
der Schneidscheiben (1,2) abseits der Rotations-
achse vorhanden ist.

2. Schneidvorrichtung nach  Anspruch 1,
dadurch gekennzeichnet, dass das Loch (10) als
Langloch entlang der Schneidscheibe (1, 2) ausge-
staltet ist.

3. Schneidvorrichtung nach Anspruch 1 oder 2,
dadurch gekennzeichnet, dass das Loch (10)
bogenférmig ausgestaltet ist.

4. Schneidvorrichtung nach einem der Anspri-
che 1 bis 3, dadurch gekennzeichnet, dass der
Transport der Schnittware durch die Schneidvorrich-
tung kontinuierlich erfolgt.

5. Verfahren zur Herstellung von Schnittstiicken
von Extrudaten unterschiedlicher Lange mit Hilfe
von Schneidscheiben (1, 2), die mindestens ein
Loch (10) abseits der Rotationsachse aufweisen,
dadurch gekennzeichnet, dass die Schnittstiicke
Uber zu mindestens einem Loch (10) pro Schneid-
scheibe (1, 2) gefuhrt und durch mindestens zwei
Schneidscheiben (1, 2) geschnitten werden, wobei
die Schneidscheiben (11, 2) gegenlaufig und koaxial
rotieren und pro Loch (11) eine Schneidkante (11)
abseits der Rotationsachse aufweisen.

6. Verfahren zur Herstellung von Schnittstiicken
nach Anspruch 5, dadurch gekennzeichnet, dass
die Schnittware durch mindestens ein Langloch
gefuhrt wird, welches jeweils eine Schneidkante
(11) aufweist.

7. Verfahren zur Herstellung von Schnittstiicken
nach Anspruch 5 oder 6, dadurch gekennzeichnet,
dass die Anzahl und die Lange der Langlécher in
der Schneidscheibe entsprechend der Lange der
Schnittware gewahlt werden kann.

8. Verfahren zur Herstellung von Schnittstiicken
nach einem der Anspriche 5 bis 7, dadurch
gekennzeichnet, dass die Schneidkanten entspre-
chend der Geometrie der Schnittware und somit in
den Ausfihrungsformen gerade, gekrimmt oder
bogenférmig ausgestaltet sind.
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9. Verfahren zur Herstellung von Schnittstiicken
nach einem der Anspriche 5 bis 8, dadurch
gekennzeichnet, dass die Lange der Schnittsticke
durch die Transportgeschwindigkeit bei gleichblei-
bender Rotationsgeschwindigkeit der Schneidschei-
ben (1, 2) durch die Lange des Loches (10) und
durch das Auftreffen der Schneidkante auf die
Schnittware bestimmt wird.

10. Verwendung einer Schneidvorrichtung zur
Herstellung von Schnittstiicken unterschiedlicher
Lange mit Hilfe von Schneidscheiben (1, 2), die
abseits der Rotationsachse mindestens ein Loch
(10) aufweisen, wobei die Schneidvorrichtung min-
destens zwei Schneidscheiben (1, 2) mit jeweils
einer Schneidkante (11) aufweist, die gegenlaufig
und koaxial rotieren und jeweils eine Schneidkante
(11) in jeweils einem Loch (10) abseits der Rota-
tionsachse angeordnet ist, in der pharmazeutischen
Industrie und/oder fur eine additive Herstellung.

Es folgen 5 Seiten Zeichnungen
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Fig.3
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Abstract: The aim of this research was the production of low-dosed filaments via hot-melt extrusion
(HME) with the model drug pramipexole for the treatment of Parkinson’s disease. The active
pharmaceutical ingredient (API) and one of the polymers polyvinyl alcohol (PVA) or basic butylated
methacrylate copolymer (h(PMMA) were fed by various dosing techniques with the aim of achieving
the smallest deviation (RSD) from the target concentration of 0.1% (w/w) pramipexole. It was found
that deviation from target pramipexole concentration occurred due to degradation products in
bPMMA formulations. Additionally, material temperature above 120 °C led to the formation of
the anhydrous form of pramipexole within the extruded filaments and need to be considered in
the calculation of the recovered APL This study clearly shows that even if equilibrium state of the
extrusion parameters was reached, equilibrium condition for drug content was reached relatively
late in the process. In addition, the RSD calculated by the Stange—Poole equation was proposed
by us to predict the final content uniformity considering the sample size of the analyzed filament.
The calculated RSD, depending on sample size and drug load, can serve as upper and lower limits
of variation from target concentration and can be used to evaluate the deviations of drug content
in equilibrium conditions of the HME process. The lowest deviations from target concentration in
equilibrium condition for drug content were obtained in filaments extruded from previously prepared
granule mixtures (RSD = 6.00%, acceptance value = 12.2). These promising results can be transferred
to other API-excipient combinations to produce low-dosed filaments, which can be used for, e.g.,
fused filament 3D printing. The introduced calculation of the RSD by Stange—Poole equation can be
used for precise determination of the homogeneity of an extruded batch.

Keywords: hot melt extrusion; low-dosed filament production; analytics of extruded filaments; fused
filament 3D printing; oral dosage form; various dosing techniques; content uniformity; personal-
ized medicine

1. Introduction

High-potent active ingredients have the desired pharmacological effect even at very
low concentrations. In this study, the non-ergoline dopamine agonist pramipexole was
chosen as a model substance because it is used at low dose strengths (lowest dose < 100 pug)
in the treatment of Parkinson’s disease and is water soluble (BCS class I) [1,2]. It is difficult
to manufacture low-dosed drug products, wherein the API represents less than 1% (w/w) of
the total mixture regardless of the number of excipients [3]. Especially for high-potency
drugs, which often have a narrow therapeutical window, the API shall be as uniformly
distributed within the matrix as possible in order to enable an accurate dosing. The Euro-
pean Pharmacopeia regulates the homogeneity of a batch with the help of the acceptance
value for the drug product, which leaves a large margin and is highly dependent on the
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mass [4]. Therefore, it is recommended that the blend, or in this study, the intermediate
filament, be analyzed. Homogeneous mixing of particles with different sizes and shapes
is particularly difficult and must be considered in the evaluation of the deviation from
target drug content [5,6]. In hot melt extrusion (HME), either blending of powder parti-
cles occur before extrusion or mixing takes place alongside extrusion using kneading and
conveying elements in the screw configuration. It is also possible that mixing involves
both processes, but it must also be remembered that demixing can occur while feeding
and/or extruding [7]. Once HME process parameters for producing low-dosed filaments
are found, scale-up of HME is much easier to achieve than the scale-up of batch processes,
since increasing the batch size requires for this continuous process only a longer run [8].
Since potential drawbacks such as heat stress and shear force on API, which could prevent
the production of low-dosed filaments, have been overcome by choosing suitable excipients
and self-emulsifying preparations, the focus of hot melt extrusion has increased for the
preparation of many drug-loaded extrudates [9-11]. After cooling, it is possible that the
produced solid dispersion or solid solution shows segregation and re-crystallization, and
therefore the maintenance of content uniformity must be tested in a stability study [12].
In previous studies, the API was fed as an anti-solvent suspension into the barrel or even
as a physical mixture to form a content uniform batch [13,14]. Sacher et al. developed
a novel micro-feeder that was integrated into a continuous manufacturing line with the
advantage of a separate feeding of the API [15]. Nevertheless, the properties of the API
are indispensable for all described dosing methods in the literature, since in the case of
an anti-solvent, the API must not be soluble in the solvent (e.g., water; otherwise, work
must be carried out under explosion protection). In the case of a very low concentration
of the APl in a physical mixture and feeding by a self-made hopper, the solid properties,
e.g., flowability, particle size distribution, and adhesion to surfaces, play an important
role [16]. In addition, the sample size was not considered in the determination of the drug
content, which, however, influences the standard deviation and therefore the validity of the
information about content uniformity. The focus of this work was to produce low-dosed
filaments for fused filament 3D printing, wherein the active ingredient was homogenously
distributed in a solid solution with the help of pharmaceutical-grade polymers. In order
for these filaments to be obtained, PVA and bPMMA were chosen to form the polymer
matrices. After PVA has been identified as the suitable matrix former, different dosing
methods of the API were performed and the findings on the distribution of the low-dosed
drug as well as the deviation of the target content (0.1% (w/w)) were described. Not only
were difficulties of the individual dosing steps examined, but also the influence of the
process parameters on the starting materials and the API was investigated.

2. Materials and Methods

The materials, which have been used for extrusion, are listed in Table 1. As HME is
a heat-intensive process, the model substance was chosen regarding thermal resistance.
The melting range of PDM, which also represents the temperature of decomposition, is
296-305 °C[1]. PVA was chosen as a polymer, representing an erodible and swelling
polymer that predefines prolonged release of the API due to formation of a hydrocolloid
matrix [17]. bBPMMA was used as a second polymer, depicting an erodible matrix without
swelling behavior [18]. For the formulation of printable filaments with bPMMA, mannitol
(10% (w/w)) and sorbitol (5% (w/w)) were used serving as additives with plasticizing effect.
Fumed silica (1% (w/w)) was used as a glidant for a better flowability of the powder during
feeding in the course of dry granulation.



Pharmaceutics 2022, 14, 216

30f17

Table 1. Extrusion material.

API and Excipients Function Manufacturer/Source
Pramipexole 2 HCI-H;O (PDM) API Chr. Olesen, Gentofte, Denmark
Polyvinyl alcohol (PVA) matrix Parteck MXP®, Merck, Darmstadt, Germany
Basic butylated methacrylate . . Iy .
Copolymer (bPMMA) matrix Eudragit E PO™, Evonik, Essen, Germany
@ .
Fumed silica glidant Aerosil® 200 VV Pharma, Evonik, Essen,
Germany
Mannitol plasticizer Parteck M®, Merck, Darmstadt, Germany
Sorbitol plasticizer Parteck SI® 200, Merck, Darmstadt, Germany

2.1. Experimental Procedure of Hot Melt Extrusion Runs

All filaments were prepared by HME with a co-rotating twin-screw extruder with a
hot-melt extrusion die (Pharmalab HME 16, Thermo Fisher Scientific, Rockford, IL, USA).
A gravimetric feeder (K-SFS5-24/6, K-Tron, The Netherlands) was used for all experiments.
Data were monitored during extrusion via an in-house written Labview application (Lab-
view 2009 SP 1, National Instruments, Austin, TX, USA) at a frequency of 1 Hz. A vent
port was set between kneading zone 1 and 2 for all extrusions except for extrusion run
“liquid feeding”. An in-house manufactured die with a diameter of 1.85 mm was used. The
desired filament diameter was achieved using a belt hauled-off unit of a winder (Brabender,
Duisburg, Germany) with a belt speed of 1.8 m/min, and the filament was pulled through
a roll-system with four 360° air flow ring nozzles (Super Air Wipe, Exair, Cincinnati, OH,
USA) for active cooling of the melt. With a laser-based diameter measurement module
(Laser 2025 T, Sikora, Bremen, Germany), we continuously measured and logged the fil-
ament diameter during the process with a readout rate of 1 Hz. If not otherwise stated,
the screw speed was set to 30 rpm and powder feed rate was set to 5 g/min. The screw
configurations and the temperatures of the heating zones were set for each extrusion and
are summarized in Table 2. In this study, the aim was to produce low-dosed filaments
in such a way that the API was uniformly distributed and that the target loading of the
filaments was 0.1% (w/w). Polymers (or polymer mixtures with plasticizer) were extruded
first without API to adjust the extrusion parameters without wasting API and then the
mixture containing the APl was added in the same extrusion run [19]. The filaments were
cut into 20 cm long filament sticks and sorted chronologically. To determine the content of
PDM in the extrudates, the filaments were cut, and random samples were taken from the
respective sections. Since the three extrusion setups “split feeding”, “granule feeding”, and
“liquid feeding” contained distinctive characteristics, which are herein explained in detail.

Table 2. Adjusted temperatures during extrusion and screw configurations of performed extrusions.

Temperature Profile in Zone 2-10/°C
Zone 2 3 4 5 6 7 8 9 10

bPMMA-P (“physical mixture”) 30 100 180 180 180 180 180 195 195
PVA-P (“physical mixture”) 30 180 190 200 220 220 220 220 220
PVA-P (“3 kneading zones”) 30 180 190 200 220 220 220 220 220

PVA-P (“split feeding”) 30 180 190 200 220 220 220 220 220
PVA-P (“granule feeding”) 120 180 190 195 200 200 215 220 220
PVA-P (“liquid feeding”) 20 20 65 170 205 205 205 205 205

Screw Configuration (die—gear) *

die-10CE1L/D-KZ 1: 5 x 60°-3 x 30°-5CE 1L/D-KZ 2:
4 x 90°-5 x 60°-3 x 30°-16 CE1L/D-2CE3/2L/D-1L/D
adapter—gear

bPMMA-P and PVA-P
(“physical mixtures”)
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Table 2. Cont.
Temperature Profile in Zone 2-10/°C
Zone 2 3 4 5 6 7 8 9 10
die-10CE1L/D-KZ 1: 4 x 90°-3 x 60°-3 x 30°-5CE 1
PVA-P L/D-KZ2: 4 x 90°-3 x 60°-3 x 30°-5CE 1L/D-KZ 3:
(“3 kneading zones”) 10 x 60°-8 CE1L/D-1CE % L/D2CE3/2L/D-1L/D
adapter—gear
PVA-P die-8CE1L/D-KZ 1: 4 x 90°-4 x 60°—4 x 30°-5CE 1
(“split feeding”) L/D-KZ 2: 5 x 90°+4 x 60°-3 x 30°-6 CE1L/D-3 DE
P & L/D-3CE1L/D-4 CE 3/2L/D-1L/D adaptergear
PVA-P die-10CE1L/D-KZ 1: 6 x 60°~5 CE1L/D-KZ 2: 6 x 60°-6
- le feeding” CE1L/D-KZ3: 4 x 90°-2 x 60°-2 x 30°~10CE1L/D-2 CE
granuie ing") 3/2L/D-1L/D adapter—gear
PVA-P die-10CE1L/D-KZ 1: 5 x 60°-2CE1L/D2CELP1
(“liquid feeding”) L/D-KZ2: 5 x 60°-7 CE1L/D-KZ 3: 4 x 90°-3 x 60°-3 x

30°-10CE1L/D-2CE 3/2L/D-1L/D adapter—gear
* CE = conveying element, KZ = kneading zone, DE = distributive element, LP = long pitch.

2.1.1. Split Feeding Setup

A second gravimetric feeder (PFW S 20 kg, Three-Tec, Seon, Switzerland) was installed
on a table next to the extruder so that the same opening of the barrel could be used for
feeders 1 and 2. The feed stock of feeder 1 was only polymer (feed rate: 5 g/min) and a
mixture with 15.5% (w/w) API and 1% (w/w) anhydrous silica, and polymer was fed with
a feed rate of 50 rpm with the help of feeder 2. Two kneading zones were used to guarantee
the mixture of polymer and APL The temperature profile was selected the same as for the
physical mixture of polyvinyl alcohol and pramipexole (PVA-P).

2.1.2. Liquid Feeding Setup

The feed stock consisting of polymer was fed with the powder feed rate of 2 g/min.
A pramipexole solution in demineralized water with a concentration of 40 mg PDM/mL
was prepared and was dosed from a 50 mL glass syringe with the help of a syringe pump
(Legato 100, KD Scientific, Holliston, MA, USA) with the dosing rate of 50 uL/min through
an inhouse-produced barrel element to zone 4. Therefore, the temperature of zones 2-4 was
kept low to prevent blockages and guarantee conveyance of the material within the barrel.
A vacuum pump was installed to zone 7 to eliminate water and water vapor. To increase
the residence time of the melt under the pump so that sufficient degassing would occur, we
set the screw speed to 20 rpm [20]. The maximum temperature was reduced to 205 °C.

2.1.3. Granule Feeding Setup

To produce dry granules, we performed two different runs (Table 3) on a roll compactor
(BRC 25, L.B. Bohle, Ennigerloh, Germany). Since PVA sticked to the rolls and the ribbons
showed lamination, anhydrous silica was added to formulation 2, which was blended for
20 min in a Turbula mixer.

Table 3. Composition of formulations used for roll compaction.

Pramipexole 11
PVA Dichloride Fumed Silica
Formulation 1 100% - -
Formulation 2 98% 1% 1%

The roll compactor was equipped with a hybrid sealing system, knurled roles, and a
360° rotating conical 1.5 mm rasp sieve (BTS100, L.B. Bohle, Ennigerloh, Germany). The
gap width was set to 2 mm, the roll speed to 1 rpm, and the specific compaction force
to 2 kN/cm. The fine (<500 pm) was reused for a second compaction to avoid wasting
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material. Granules were sieved, and the fraction between 500 and 800 um was used for the
extrusion run. The physical mixture of granules with 1% (w/w) API and PVA granules was
feed by feeder 1. The temperature in zone 2 was increased to 120 °C since the torque was
too high due to the high granule strength of the material. The screw speed was changed to
20 rpm. The screw configuration included three kneading zones.

2.2. Sample Preparation and HPLC Measurements

For sample preparation, filaments were dissolved in flasks (1 = 1), which were filled
with either 0.1 N HCI ((PMMA matrix) or demineralized water (PVA matrix) up to the
100 mL mark. The content of drug loaded filaments was determined by high-performance
liquid chromatography (HPLC) analysis. The HPLC system (Dionex, Sunnyvale, CA, USA)
was equipped with a quaternary pump (P 580 A, Dionex, Sunnyvale, CA, USA) and an
autosampler (ASI-100, Dionex, Sunnyvale, CA, USA). For the HPLC method, a C18-column
(Eurospher II 100-5, Knauer, Berlin, Germany) with integrated precolumn was used. The
eluent consisted of methanol (mobile phase B) and ammonium acetate buffer (0.05 M, pH 4).
The flow rate was set to 1 mL/min, the oven temperature for tempering the column was set
to 40 °C, and the injection volume was 50 puL. The gradient was as follows: mobile phase B
was increased from 5 to 95% (v/v) within the first 10 min, it was held for 5 min at 95% (v/v),
and it decreased to 5% (v/v) again until 20 min after the sample injection. An equilibration
time of 3 min per run was allowed to pass before the next sample was injected. Detection
was achieved by measuring the UV absorption of the sample at 264 nm.

2.3. Production of Melts

The accurate heating of the differential scanning calorimetry device (Mettler Toledo,
Giessen, Germany) was used to melt bPMMA and PVA mixtures with different amounts
of PDM in aluminum pans (n = 1). Therefore, powder mixtures were heated from 20 to
130 °C and were hold for 15, 22.5, and 30 min. Samples were dissolved in 0.1 N HCl and
characterized by the HPLC method described in Section 2.2.

2.4. Differential Scanning Calorimetry of Pramipexole

Differential scanning calorimetry (DSC, Mettler Toledo, Giessen, Germany) was used
to analyze pramipexole dihydrochloride monohydrate. Here, the powder was heated from
20 to 170 °C, cooled down to 20 °C, and heated up again to 320 °C with a heating rate
of 10 K/min. The difference of the heat flow between the sample and the standard was
detected according to the applied temperature.

2.5. Mercury Porosimetry

Mercury porosimetry measurements were performed using mercury porosimetry
(Pascal-Quecksilberporosimeter, Thermo Scientific, Waltham, MA, USA). The relationship
between intruded volume of mercury and the intrusion pressure was analyzed with the
software SOLID version 1.6.6 (Applied Biosystems, Waltham, MA, USA). At the beginning
of every determination, the penetrometer was evacuated up to a pressure of 0.013147 MPa.
Then, it was filled with mercury under increasing pressure to 0.41 MPa. Penetration
pressures were applied in 48 steps in the high-pressure stage. The pore sizes corresponding
to the intrusion pressures were calculated by assuming cylindrical pores, a contact angle
of 140 °C, and a surface tension for mercury of 485 mN/m. An equilibration time of 10 s
was kept for every step between the measurements. The cumulative pore volume was
converted into percent for representing a pore size distribution. Porosimeter tests were
carried out in duplicate in order to see if the measurement showed any differences.

2.6. Laser Diffraction

The particle size distribution of the extruded powders (API and polymer) was de-
termined by laser diffraction using the Mastersizer 3000 (Malvern Panalytical, Malvern,
UK) Samples were split using a rotational sample divider (PT100, Retsch, Haan, Germany).
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They were measured at 0.8-bar dispersion pressure. All off-line samples were measured
in threefold.

2.7. High-Resolution Mass Spectrometry

The degradation product was separated by UPLC and was analyzed by mass spec-
trometry (Bruker maXis, Bruker, Billerica, MA, USA) using electrospray ionization (ESI)
for fragmentation and measuring in positive mode. For the UPLC method, a C18-column
(Waters Atlantis T3 3.0 x 100 mm, 3 um, Waters, Milford, MA, USA) was used. The eluent
consisted of methanol (mobile phase B) and ammonium acetate buffer (0.05 M, pH 4). The
flow rate was set to 0.6 mL/min, and the oven temperature for tempering the column was
set to 40 °C. The gradient was as follows: mobile phase B was increased from 0 to 20% (v/v)
within the first 4 min, it was held for 3 min at 20% (v/v), and it decreased to 0% (v/v) again
until 11 min after the sample injection (uL).

2.8. Thermogravimetry

Thermal analysis (1 = 2) was conducted using a thermal analyzer (TG 209 F3 Tarsus®,

Netzsch, Selb, Germany). The experimental TG sample carrier type S was equipped with a
supporting PtRh10-Pt thermocouple to display thermal events during heating in nitrogen
atmosphere. The temperature range was set from 30 °C to 300 °C, and the heat rate was
10 K/min.

2.9. Theoretical Background of the Deviation from Target Concentration

When the deviation from target concentration of the analyzed concentration of API in
hot-melt extruded filaments are assessed, various error sources must be considered. For
the analysis of filaments produced by a physical mixture of API and polymer, where only
one feeder was used, the deviation from target concentration, expressed as the variance
(0%0ta1), can be described with the following Equation [21]:

Uztotal = Uzsamp]ing + 0-?-.'xn.'xlyl'ic.'xl + 0-?-demi.}( + Uzper{ectnﬁx (1)

The calculation and consideration for each variance can be reconstructed on the basis
of the literature sources [21-23]. For filaments produced by two feeders, the feeding error
resulting from both feeders must be taken into account. Therefore, Equation (1) must be
extended by another variance caused by the feeding process, which results in Equation (2):

Uztotal = Olsamp]jng + 0'?-analyh'cal + 0'?-demix + Uzper{ectmix + Olfeeding (2)

For liquid feeding, the variation of demixing must not be considered if the feeding of
an ideal solution is assumed. By adding a second feeder, the error of the gravimetric loss of
weight feeding system becomes important for the calculation of the overall deviation from
target concentration [24]. Since the analytical error was similar to all extrusion setups, the
impact of the remaining errors was analyzed. To find out the lowest deviation of the target
concentration, which results from to the (solid) properties of the raw materials and at the
same time to consider the sample size, we calculated the relative standard deviation (RSD)
with the help of a modification of the Stange-Poole equation (Equation (3))

RSD

_@_JXXYX(ﬁnyJrﬁyXX) 3)

X M

where x is the relative mass fraction of pramipexole, y is the relative mass fraction of the
polymer, my is the mean mass of one pramipexole particle, my is the mean mass of one
polymer particle, and M is the mean mass of the filaments [25]. The masses of the powder
particles were calculated from the apparent density and of the mean particle size (Dxsp).
This formula was used by Hermes et al. to illustrate that the relative standard deviation
of the target concentration of minitablets highly depend on the sample size of powder
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blends [26]. In this study, the calculation was chosen to assign the deviation from the target
concentration to a defined filament weight, which was analyzed for the determination of
the content uniformity of the extruded batch. This formula cannot be used in the extrusion
setup “liquid feeding” because the API is not particulate but dissolved in water. For
the calculation of deviation of the extruded batches, the standard deviation (SD) and the
relative standard deviation (RSD) were determined.

3. Results
3.1. Pramipexole Degradation within the Hot Melt Extrusion Process

The target drug load of 100% API (drug concentration within the filament: 0.1% (w/w))
could not be achieved for the physical mixtures of PVA-P and bPMMA-P. One reason for
this was the fact that the first extruded API-free polymer amount led to dilution of the
afterwards extruded drug-loaded powder mixture in the barrel due to the retention of
a dead volume in the barrel, which could not be compensated during the set extrusion
time of approximately 60 min. Therefore, after finding suitable extrusion parameters with
placebo mixture, we first cleaned the extruder and prepared it again accordingly so that
the API was dosed from the beginning and the dilution effect, which would negatively
affect the content uniformity, was avoided. Another reason for the low recovery rate of
PDM in bPMMA filaments was that degradation products were found in HPLC analysis
of filaments containing 5% (w/w) PDM (Figure 1), which could not be detected in the
low-dosed filaments (0.1% (w/w)) due to the limit of detection of the degradation product.
This was further analyzed by preparing melts with 1, 2.5, and 5% (w/w) PDM according to
2.3 to represent the thermal stress of the extruder but neglecting the shear stress of the HME
process. Figure 1 shows that there is a concentration-dependent increase of the degradation
product, which is accelerated by thermal stress.

4004 pramipexole ~e 10
= a
<
< 300 03 8
£ L35
- @ O 6
= v a 64
= 200+ 2 c 4
c © ©
2 e® 44
= - g
= 100+ degr. product A @ N
f g 2 * 15 min at 130°C
e ] ® 22.5min at 130°C
01 S A 30minat 130°C
4 6 8 10 0 1 2 3 4 5 6
time / min concentration of pramipexole in bPMMA / % (w/w)

Figure 1. HPLC chromatogram (left) of 5% (w/w) pramipexole filament and evaluation of the
relative area degradation product A of the pramipexole peak (right) of three different pramipexole
concentrations (1, 2.5, and 5% (w/w)) exposed to 130 °C in DSC for 15, 22.5, and 30 min.

High-resolution MS was able to identify the degradation product as a pramipexole
derivative, an adduct of pramipexole and formaldehyde. Not only 6-propylamino-4,5,6,7-
tetrahydrobenzothiazol-2-yl-amine was found, but also 2-methyleneamino-N-propyl-4,5,6,7-
tetrahydrobenzothiazol-6-amine. Thus, it was decided that further dosing studies would be
conducted with PVA and PDM only, as the degradation product only occurs in combination
with bPMMA. Although no degradation product of PDM was found in the PVA filaments
in the HPLC chromatograms, a recovery rate of 100% API could not be achieved. Thus, this
can be explained by the formation of an anhydrate of PDM due to high temperature used
for the extrusion with PVA (up to 220 °C barrel temperature). To confirm this hypothesis,
we analyzed the compound by DSC (Figure 2). During initial heating, care was taken to
ensure that the degradation temperature, which is also the melting temperature, was not
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reached. An exothermic event could be detected, which reached its maximum at 140 °C.
During second heating, this peak can no longer be detected. It was assumed that during
the first heating phase, the crystal structure of PDM decomposed because the water of
crystallization was removed, and PDM remained in its anhydrate form. To support this
result, we performed an additional thermogravimetric study. Both the starting substance
(PDM) and the prepared filaments (PVA filament and filament with 5% (w/w) PDM in PVA
matrix) were examined (Figure 3). It was found that the pure substance of PDM exhibited a
weight loss of 5.82% between 100 and 150 °C. This mass difference represents the mass of
the hydrate because PDM has a molecular weight of 302 g/mol and the (hydrate) water
18 g/ mol, which is about 6% of the salt. The DTG represents the rate of mass loss at given
temperature (dm/dT in mg/min unit). Here, the DTG curve indicates a thermal event
within the temperature range between 120° and 150 °C with two maxima at 128 °C and
151 °C. While in the TG curve of PVA filament, a decrease in mass of 2.1% could be detected
between 100 °C and 240 °C, the mass of 5% PVA-P filaments decreased by 3.44% between
100 °C and 200 °C. For the filaments with PDM, there was a continuous decrease in weight
with a small bend in the curve at 170 °C, but no abrupt change in weight between 130 °C
and 150 °C, suggesting that the anhydride was present in the filament. Further studies are
needed to show why the mass of PVA changed even though the degradation temperature in
the literature was above 250 °C. For this study, these results are necessary to calculate the re-
covery rate. The amount of API was calculated, considering that the anhydrous form rather
than the monohydrate was present, which corresponded to a target concentration of 0.094%
(w/w), not 0.1% (w/w). Therefore, the target drug loading was calculated for pramipexole
dichloride (PD) and not for pramipexole dihydrochloride monohydrate (PDM). This rep-
resents a difference of 6% in the recovery rate and led to the fact that the total amount
of API could be found in the equilibrium state for drug content. However, it should be
noted that the pharmacopoeia lists only pramipexole dihydrochloride monohydrate [27].
Since a different form of pramipexole is now present due to the extrusion process, it is
mandatory that a monography for pramipexole dihydrochloride will be available in the
future, as PD is seen as a new active ingredient in clinical studies. This will also occur with
other active ingredients, which undergo a similar chemical change due to the hot-melt
extrusion process. Therefore, API-polymer combinations must be tested in advance if any
degradation product might be formed. Moreover, all active ingredients, which contain
hydrate water and are hot-melt extruded at higher temperatures, should be investigated
for the presence of the hydrate form.

g
.

heat flow / mW
=

heat flow / mW

0 100 200 300
temperature / °C

Figure 2. Thermograms of the first and second heating of PDM.
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Figure 3. Gravimetric loss (%) and thermal events (%/min) during heating of PDM powder (A), PVA
placebo filament (B), and pramipexole-PVA (5% (w/w) PDM) filament (C).

3.2. Equilibrated Conditions for Extrusion

During extrusion, the adjusted process parameters must be kept constant so that a state
of equilibrium can occur. The process parameters are responsible for the resulting torque
and the pressure at the die [19]. The barrel filling level results not only from the screw speed
but also from the dosing rate. Since the barrel filling volume does not have to be the same
over the barrel if, for example, kneading elements are installed or the residence time within
the barrel varies due to the screw configuration, a true equilibrium is not always achieved.
Figure 4 shows the logged process parameters of the extruder for PVA-P “3 kneading zones”
for the power consumption and the pressure at the die. For this extrusion run, 25 min
passed before both parameters achieved the equilibrium stage. For the other extrusions,
the time until equilibrium conditions did not vary much from the shown data (25 & 5 min).
Extrusion run setup with “3 kneading zones” shows a periodically recurring picture of the
maxima of the power consumption and the pressure at the die (highlighted by arrows).
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Figure 4. Steady-state conditions of process parameters of extrusion setup “physical mixture” of

PVA-P (left: power consumption; right: pressure at the die) with the time-delayed starting of the
equilibrium condition for drug content.

The installation of the third kneading zone in the screw configuration resulted in
the melt presumably being held up at kneading zone 1 closed to the die, and only when
sufficient material accumulated at the 90° kneading elements of the kneading block was
the polymer—API melt conveyed further to the nozzle. These periodic fluctuations of the
process parameters were reflected in the periodic diameter variations of the filaments
(Figure 5, Table 4). Here, every 3 min a maximum diameter was detected, which indicated
that the melt was not homogenously transported over the entire time period through the
nozzle since the melt accumulated at the additionally introduced kneading zone. The RSD
of the target concentration could be improved from 10.76% to 8.28% (AV values of 21.6
and 16.4) by the optimization of the additional kneading capacity (Table 5). The maximum
allowed acceptance value for manufactured batches of solid dosage forms (e.g., by fused
filament 3D printing) would be exceeded in both cases solely by the inaccuracy of the
manufacturing process of the filaments without taking into account the inaccuracy of
the printing process. In both cases, demixing (02 gemix) might cause the high deviation
from the mean concentration (Equation (2)). Therefore, the focus was shifted from the
settings of the extruder to the type of dosing and the feeding material, respectively. The
extrusion setup “physical mixture” resulted in the highest diameter fluctuation expressed
as the interquartile range between 1% and 99% (IQR;.g9 of 0.152, 0.155, and 0.151 mm),
while filaments extruded in extrusion run “liquid feeding” showed the lowest diameter
fluctuations with IQR_gg of 0.105, 0.188, and 0.096 mm (Table 4). The filaments extruded
with the help of extrusion setting PVA-P “3 kneading zones” achieved the lowest value
of 0.017 mm for filament ovality. The highest value for ovality was 0.043 mm, which was
obtained by extrusion with granules.
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Figure 5. Diameter fluctuation of extrusion setups “physical mixture” and “3 kneading zones".

Table 4. Diameter and ovality measurements as inline measurements during extrusion runs expressed

as the interquartile range (IQR) between 1 and 99% and the coefficient of variation (CV) in millimeters.

Diameter Diameter (x) Diameter (y) Ovality (dx—dy)
Extrusion Setup IQR1_99 CV IQR 99 CcV IQR 99 CcV IQR 99 CV
" bl? .-P o 0.152 1.82 0.155 1.80 0.151 1.85 0.034 6.69
(“physical mixture”)
.PV A-l? 0.582 8.72 0.582 1.57 0.582 8.72 0.022 21.23
(“physical mixture”)
PVA-P
» . ,, 0.252 276 0.256 2.78 0.251 2.75 0.017 14.42
(3 kneading zones”)
PVA-P
(“split feeding”) 0.253 1.77 0.255 1.79 0.253 2.81 0.03 26.72
PVA-P 0.167 203 0.179 1.81 0.159 1.99 0.043 23.87
(“granules”)
PVA-P
(“liquid feeding”) 0.105 1.23 0.118 1.38 0.096 1.24 0.037 15.89

Table 5. Content uniformity of the extruded batches: determination of the mean content of pramipex-
ole dihydrochloride, and the standard deviation (SD) from target concentration of 0.1% (w/w) of
pramipexole in PVA filaments and calculation of the relative standard deviation (RSD). The accep-

tance value was calculated according to Eur. Pharm. 2.9.40 with the acceptability constant of 2.0 at

level 2 (n = 30).
Mean Sp/e. Content Uniformity = Acceptance
Content/% ’ (RSD)/% Value
PVA-P (“physical mixture”) 0.098 0.011 10.76 21.6
PVA-P (“3 kneading zones") 0.099 0.008 8.28 16.4
PVA-P (“split feeding”) 0.091 0.010 11.21 27.9
PVA-P (“granules”) 0.101 0.006 6.00 12.2
PVA-P (“liquid feeding”) 0.09 0.006 6.35 147
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The standard deviation of the target concentration was not improved by dosing the
API with a second feeder. Thus, the relative standard deviation RSD of target concentration
of API within the filaments of this extrusion run was 11.21% (AV > 27) (Table 5). The
installation of a syringe pump, which fed the API solution, led to the RSD of this extrusion
run being low (6.35%), but some outliers could be observed, and still the resulting AV value
of 14.7 exceeded the maximum limit of L1 (AV = 14). Since the installation of a second
feeder or a syringe pump causes the dosing error to originate from both the first and the
second dosing system, the dosing error had an additive effect, as Wahl et al. have already
demonstrated in their work [28]. This can also be explained by the additional factor in
the calculation of the variance (szeedj_ng) (Equation (3)). The smallest deviations from the
target concentration were achieved in extrusion with granules with an RSD of 6.00% and a
resulting AV value of 12.2, even though the ovality of the filaments was not satisfactory.
For further processing of the filaments into a dosage form by fused-filament 3D printing,
round shaped filaments are desirable and diameter fluctuations are undesirable, as they
can lead to problems during feeding and variation of the mean diameter can lead to weight
fluctuations if the volume flow is kept constant during printing. Diameter fluctuations can
be minimized by other methods, e.g., the implementation of a melt pump between barrel
and extruder [29], but were not further optimized in this work, since the homogeneity of
the drug loading was in focus. By dividing the extrudates into sections during extrusion
process, we were able to accurately assign each filament to the extrusion time. Subsequently,
the time was examined when the target concentration was reached.

3.3. Equilibrium Condition for Drug Content

As already mentioned, hot-melt extrusion was carried out with API from the beginning
since it was found that when starting only with polymer, there was an unwanted dilution
effect. Even if API was incorporated within the mixture or granule mixture or fed by
the second feeder or the syringe pump from the beginning of the extrusion, it can be
recognized from the results in Figure 4 that it took a longer period of time to reach the
target concentration in the filaments even if a state of equilibrium was established. For
“granule feeding” setup, it took 45 min to reach the target concentration of 0.1% (w/w) PD.
Only 30 min passed, when pramipexole was fed in solution (“liquid feeding”), to reach the
calculated drug content of 100%. Thus, it is indispensable to use the filaments for further
processing only after the time of this adjustment phase. In order for this phase to be detected
in the most efficient way, a process analytical technology, which can detect the equilibrium
state while extrusion, is desirable. However, the distinction of small quantities (<0.1%
(w/w)) is problematic, and thus the question whether the selected method can analyze the
differences must be answered. Wesholowski et al. could not differ between less than 3.51%
for carbamazepine and 1.93% for theophylline by using UV-VIS spectroscopy as PAT for
concentrations larger than 5% (w/w) (carbamazepine) and 2.5% (w/w) (theophylline) [30].
After it was found that an equilibrium state for content uniformity of low-dosed filaments
must be set in addition to the extrusion process equilibrium (Figure 4), criteria were needed,
which would evaluate the deviations from the target drug content.

3.4. Limitation for Deviations of Drug Content

Since no guideline exists for assessing content uniformity of manufacturing intermedi-
ates such as drug-loaded filaments, a methodology was developed to define the required
sample size depending on variations for the RSD of the content of API [26]. Filaments do not
represent dosage forms but serve as intermediates for fused-filament 3D printing [31,32],
and therefore the acceptance value will not be used to evaluate the content uniformity of
the filaments. Instead, the Stange—Poole equation was used in order to identify the sample
size depending relative standard deviation (RSD) from the target drug load. The density of
PDM and PVA as well as their particle sizes are shown in Table 6.
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Table 6. Mercury density (n = 2) and particle sizes of raw materials (n = 3).

PDM PVA
Density (at 0.4 MPa) 1.2343 g/cm? 1.2321 g/cm®
Dy10 6.0 pm Dy10 11.8 um
Particle size Dys50 22.2 um Dysg 42.7 pm
D,gp 68.1 pm D,gp 96.7 um

The calculation of the RSD was performed according to Equation (3) for sample sizes
between 5 and 100 mg filament in 0.01% steps for pramipexole content from 0.01 to 10%
(w/w) and is graphical illustrated in a contour plot for sample sizes between 0 and 60 mg
(Figure 6). To verify the applicability of the contour plot, we examined higher loaded
filaments with respect to the deviation of the content in different sample sizes. As Figure 6
indicates, the RSD decreased with increasing sample size. This was true for both 1 and 5%
(w/w) pramipexole-loaded filaments, which were selected to verify the feasibility of this
method (Table 7). The contour plots showed that the standard deviation for the respective
sample size was the same for both filaments, although the loading with API varied. For all
tested sample sizes, the RSD was within the calculated limits of the Stange—Poole equation
or even lower. Thus, for 0.1% (w/w) loaded filaments, a similarly small RSD had to be
maintained. For the determination of content uniformity, the sample size was depicted
to be 50 mg, which means that with a drug load of 0.1% (w/w), the RSD must not exceed
6%. To test whether the limit of £6% calculated by the modified Stange-Poole equation
could be met, we selected the extrusion “granule feeding” to show in equilibrium state
for content uniformity whether the deviations were within the allowed range. Since the
physical mixture of granules was fed with the help of only one dosing unit, the limits could
be complied in equilibrium conditions after filament segment 15 (Figure 7). In equilibrium
condition for drug content, 100% of the measured filament fragments were within the set
limits (after segment 15).

-
(=]
N

AN W R OO N ®©
PN S S S

target PD content in filament / %
target PD content in filament / %

10 20 30 40 50 60 10 20 30 40 50 60
filament mass / mg filament mass / mg

Figure 6. Contour plots for limitations of deviations calculated by Stange-Poole equation: (left)
colored RSD of PD target concentration depending on target PD content in filament (from 0-10%)
and filament mass (0-60 mg); (right) RSD from selected filament mass (50 mg) with predetermined
PD concentration in filament (0.1% (w/w)).
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Table 7. Determination of the relative standard deviation (RSD) of PVA-P “physical mixture” fila-
ments loaded with 1 and 5% (w/w) PDM analyzing four different sample sizes (10, 20, 30, and 50 mg
filaments) and comparison with results from Stange—Poole equation.

Calculated RSD by

Filament Mass RSD Stange-Poole Equation
5% (w/w) filament 10 mg 8.95% 8-11%
20 mg 8.00% 6-8%
30mg 3.57% 4-6%
50 mg 4.35% 4-6%
1% (w/w) filament 10 mg 9.45% 8-11%
20 mg 5.05% 6-8%
30mg 3.19% 4-6%
50 mg 3.55% 4-6%
D-ZU U I T I T T I T I T
0.15 =

0.10 | .j - /H\ e '_g-'\_/'\._N "Wx"-\ _./\.--"""Ad.-

0.05 .

target pramipexole concentration /%

000 I | 1 | 1 | 1 | 1 | 1
0 10 20 40 50

30
segment / -

Figure 7. Control chart of extrusion setup “granule feeding” with upper and lower limits calculated
from Stange—Poole equation (target content of PDM: 0.1%, filament mass 50 mg).

This pretreatment, namely, the granulation step and the mixing of polymer granules
and API-loaded granules before extrusion, is the most promising solution for producing
low-dosed filaments with a homogeneous distribution of the APL Even if this extrusion
run with pretreatment of the powders seems very complex, it is necessary to go through all
these processes, namely, the mixing of powders, the granulation of placebo formulation and
API-polymer mixture, the following mixing of the two granules, and the hot melt extrusion
process. This setup guaranteed the production of homogeneous low-dosed filaments.

4. Discussion

A suitable feeding method was found to obtain the target concentration of 0.1%
(w/w) pramipexole in a pharmaceutical filament that can be used for fused filament 3D
printing. With the help of a previously applied dry granulation process, homogeneous
pramipexole granules with a drug load of 1% (w/w) can be produced, which were mixed
with granules (1:10 ratio) of the same excipient before extrusion and are fed by the same
gravimetrical feeder. Due to the change in the feedstock from powder to granules, however,
care must be taken to adjust the extrusion process, especially the temperature and the screw
configuration. The largest variations from target drug loading were found for the extrusion
runs, wherein the physical mixture was fed by one feeder and where the API was fed with
the help of a second gravimetrical feeder (extrusion run “split feeding”) due to demixing
processes and the additive variation from the second feeder. In addition, the importance
of the consideration of the analyzed sample size was clarified since for the evaluation of
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the homogeneity of a batch, the sample size should be considered. Accurate calculation
of the expected relative standard deviation from target drug load can be made using the
Stange-Poole equation. This equation was used to specify a range of how accurately an
active ingredient can be dosed at a desired concentration in regard of the sample size. In this
study, it was shown that filaments of a mass of 50 mg could be prepared homogeneously
and would meet the criteria of content uniformity of the European Pharmacopoeia. Thereby
it was important to wait for the accumulation of the active ingredient in the melt in the
beginning of the extrusion runs and to take samples in the identified equilibrium condition
for drug content. However, this accumulation phase varied, requiring samples to be taken
from the beginning to identify the beginning of the equilibrium state. Additionally, it
should be tested in future studies as to whether the pre-run of the extrusion might be
reduced in time to increase the economic efficiency of the process.

5. Conclusions

In this study, we were able to extrude homogenous low-dosed filaments containing
PVA and pramipexole, which can be used for fused filament 3D printing to produce solid
dosage forms. Since low API concentration causes problems for analytics because the limit
of detection for many analytical methods is not reached, it is recommended that higher
concentrated filaments be produced first, which are more likely to determine degradation
products and changes in solid state properties. Our study showed that with the extrusion
with pramipexole and bPMMA, an unwanted degradation product occurred. As well as
this, at material temperatures higher than 120 °C, the anhydrous form of PDM was present,
and this needed to be considered in the calculation of the drug load. The extrusion of
granules with PVA and pramipexole resulted in homogenous filaments after reaching a
plateau phase for drug content. Other feeding methods showed higher deviations from
target drug content. The results of this study clearly showed that both the dosing error
due to segregation during extrusion and the additive error due to an additional feeder
had an impact on the homogeneity of the filament. To find limitations for variation of API
content, we used the Stange—Poole equation to calculate the allowed RSD. In the plateau
phase, the limitations for variation of the drug content could be achieved for most of the
samples, which were analyzed by HPLC analysis. In order for the API distribution within
the filament to be improved, detailed evaluation of process parameters and adjustment
may therefore be required. To evaluate fluctuation in equilibrium state for drug content,
one should have inline, non-invasive PAT that can determine quantities of the APL even in
very small steps and with less effort than the descriptive HPLC method. In future studies,
other low-dosed API-excipient combination will be extruded, and the attempt will be
made to reduce the pre-run of the extrusion in time by, e.g., starting with slightly higher
concentrations of APL In addition, it will also be investigated as to whether the precision
of a pharmaceutical fused filament 3D printer is able to deposit the layers precisely so
that higher dosed filaments can be 3D printed to form dosage forms that achieve accurate
dosing without the need for the extensive production of low-dosed filaments.
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API active pharmaceutical ingredient(s)
AV acceptance value
bPMMA  basic butylated methacrylate copolymer
CV coefficient of variation
DsC differential scanning calorimetry
DTG derivative thermogravimetry
HME hot melt extrusion
IQR interquartile range
MS mass spectrometry
P pramipexole
PD pramipexole dichloride
PDM pramipexole dichloride monohydrate
PVA polyvinyl alcohol
RSD relative standard deviation
SD standard deviation
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Abstract

The aim of this study was to evaluate the suitability of a non-disruptive Raman
spectroscopic method to quantify drug concentrations below 5 w% within a polymer matrix
produced by hot-melt extrusion (HME). For calibration, praziquantel (PZQ) -
polyvinylpyrrolidone-vinylacetat-copolymer (PVP-VA) mixtures were extruded. By
focusing the laser light of the Raman probe to a diameter of 1 mm and implementing a self-
constructed filament holder, the signal-to-noise (S/N) ratio could be reduced considerably.
The obtained Raman spectra show quite high fluorescence, which is likely to be caused by

dissolved pharmaceutical active ingredient (API) in the polymer matrix. For content
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determination, HPLC analysis was conducted as a reference method using the same
filament segments. A partial least squares (PLS) model, regressing the PZQ concentrations
from HPLC method analysis versus the off-line collected Raman spectra, was developed.
The linear correlation for a suitable extrusion run for the production of low-dosed filaments
(extrusion 1, two kneading zones) is acceptable (R? = 0.9915) while the correlation for a
extrusion set-up with low miscibility (extrusion 2; without kneading zone) 1s unacceptable
(R? = 0.5349). The predictive performance of the calibration model from extrusion 1 is
rated by the root mean square error of estimation (RMSEE), which was 0.08%. This

calibration can now be used to validate the content of low-dosed filaments during HME.
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Abstract: Pharmaceutical and medicinal printing technologies allow personalization and on-demand
manufacturing of drug and medicinal products. Being able to manufacture patient tailored dosage
forms or medical devices in a pharmacy, medical office, dental laboratory, or hospital at the point of
care raises new demands on quality control procedures. For Fused Deposition Modeling, for example,
it must be ensured that the starting materials, the (drug-loaded) filaments, are not accidentally
exchanged by the operator. This study investigated the potential of colorimetric measurements
for direct and indirect determination of the identity of extruded filaments consisting of polymer
matrix, different API and/or coloring agents. Since reflection measurements were affected by surface
properties of the filaments, a self-constructed filament holder was utilized with an optical fiber
positioned in a 180° angle to a white light LED to perform transmission measurements. It was
possible to distinguish filaments with different API concentrations by their color values, taking into
account that transmission partially decreased by increased API concentration. Therefore, the intensity
of the light source had to be adjusted depending on the transparency of the filament. It was shown
that colorimetry can be used as a quality control tool to detect differences in drug-loading and is able
to distinguish various extruded batches. Additionally, if differences in API/polymer concentrations
do not lead to significant changes in L*a*b values, coloring agents were used as additives in low
concentrations to color code filaments. In future studies, the setup must be supplemented with a
standardized light source and obscuring filters for light intensity adjustments.

Keywords: CIELAB measurements; colorimetry; pharmaceutical filaments; color-coded filaments;
hot melt extrusion; analytics of extruded filaments; personalized medicine; fixed-dose combinations;
FDM printing; quality control

1. Introduction

The application of 3D printing for patient-specific therapy is gaining more and more
interest, as medical and pharmaceutical 3D printers as well as medical grade printing
materials are already commercially available. The “one-size-fits-all” approach is being
replaced more and more by targeted and personalized medicine [1]. With the help of
medical Fused Deposition Modeling (FDM) 3D printing, patient-specific medical devices,
such as implants, prostheses, and surgical guides are printed using biocompatible materials
(e.g., PCL, PLA, PVA). Additionally, non-biocompatible materials (e.g., ABS, TPU) are used
for printing medical models for perioperative surgical planning and simulations [2]. In
pharmaceutical FDM 3D printing, various thermoplastic polymers are processed by hot
melt extrusion (HME) with active substances [3]. The intermediate filament is then used
to produce solid dosage forms such as tablets, capsules, inserts, implants, and films [4].
The ongoing research may lead to a future where solid dosage forms will be printed at
the point of care (PoC) allowing personalization of drug content, drug release, and the
supply of medicines containing more than one drug for the treated patient [5]. To avoid
incorrect application when using a wide variety of pharmaceutical grade filaments, for
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example in hospitals or local pharmacies, the fact that the matrix, the active ingredient,
and/or other additives are responsible for the coloration of the filaments might be used for
colorimetric measurements. In this context, the CIE L*a*b* (CIELAB) color space introduced
by the International Commission on Illumination in 1976 was utilized, where colors are
defined by three unique values: L* for lightness, a* for red and green color, and b* for
blue and yellow color [6]. While L*-values can vary between 0 (black) and 100 (white),
both a* and b* values range from —128 (a*: green, b*: blue) to +127 (a*: red, b*: yellow),
which leaves theoretically 6.5 million possibilities for describing different colors [7]. These
L*a*b* values are distributed in the three-dimensional space in such a way that a sphere
results (Figure 1). For pharmaceutical applications, colorimetry has already been tested
as a quality control (QC) tool for various drug preparations since it represents a non-
destructive characterization method [8]. For tablet analysis, Siddiqui et al. could determine
a correlation between the surface color and tensile strength of tablets and were also able
to detect deviations in tablet hardness through differences in color measurements [9].
Differences in surface color of coated tablets were studied by Bogdansky [10]. Berberich
et al. were able to determine the period of time uncoated tablets remained white during
storage by color measurement [11]. Gren and Nystrém used colorimetry for an estimation
of the surface coverage of particles with colored and uncolored stearic acid [12]. Barimani
et al. used CIELAB measurements for visual inspection of tablet coating produced with
continuous direct compression to ensure a defect-free coating of each measured tablet [13].
CIELAB measurements were also performed by Lakio et al., who analyzed granules and
pellets as color indicators for potential heat stress during drying processes [7]. Wickstréom
et al. detected vitamin B containing layers conducted by Inkjet-Printing via differences
in CIELAB values but were limited to differentiating between the first 5-6 printed layers
since the b* value reached color saturation [14]. The findings of the listed studies were
taken as an example to use the distinguished extruded pharmaceutical filaments. For
this purpose, a filament holder was designed, where the filament could be inserted and
both reflection and transmission measurements could be performed. An optical multi-core
fiber was used, which can both transmit light from a white light LED towards the sample
and collect light after reflection. The same fiber was used collecting light from a second
LED after being transmitted through or partly directed around the filament. The fade of
the applied electromagnetic radiation and light scattering effects caused by the filament
geometry and composition are not analyzed in depth in this study. In this study, the aim
was to investigate, whether the difference in concentration of an active pharmaceutical
ingredient (API) is reflected in measurable color difference of the filaments. Pramipexol
(P), levodopa (LD), benserazide (BZ), and praziquantel (PZQ) served as model APIs. Since
the active ingredients led to a change in transparency, it was important to ensure that the
light intensity was appropriate to visualize differences between the active ingredients or
active ingredient concentrations. If a dose increase and associated change in polymer-API
concentration did not result in a desired color change, a pharmaceutical coloring agent
was added to the formulation [15-18]. Here, it was necessary to conduct preliminary
tests without an active ingredient to determine which differences in concentrations of
the additive led to significantly different color values in the CIELAB color space. The
added color agents were either dissolved or dispersed in the polymer melt. The bright
yellow, crystalline powder riboflavin (RF), also known as vitamin B2, and indigo carmine
(IC), a blue coloring agent, were chosen to serve as additives. Thus, when both coloring
agents were used (yellow and blue) the extruded filaments appeared green. Thereby,
only slight differences in the concentration of the coloring agent were chosen to analyze
whether these were also reflected in different color values. The dosing accuracy during
extrusion was examined in content uniformity studies conducted via high-performance
liquid chromatography (HPLC) analysis. These experiments were performed to develop
new analytical techniques for dosage investigation, batches of filaments consisting of
different concentrations of API, and indirect determination using a coloring agent on the
polymer-API composition using CIELAB measurements.
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Figure 1. L*a*b* three-dimensional color space.

2. Materials and Methods

The polymers including ethylene-vinyl acetate copolymer (EVA, 82:18, Escorene®, FL
01418, TER Chemicals, Hamburg, Germany) and vinylpyrrolidone-vinyl acetate copolymer
(VA, 6:4, Kollidon® VA 64, BASE Ludwigshafen am Rhein, Germany) served as polymer
matrices. Four thermal stable model substances, praziquantel (PZQ, Bayer AG, Leverkusen,
Germany), levodopa (LD, Zhejiang Wild Wind Pharmaceutical Co. Ltd., Dongyang, China),
benserazide hydrochloride (BZ, s.p. Quimica, Tarragona, Spain), and pramipexole dihy-
drochloride monohydrate (P, Chr. Olesen, Copenhagen, Denmark) were tested in this study.
For coloring agents, riboflavin (RE Caesar & Loretz GmbH, Hilden, Germany) and sodium
3,3'-dioxo-[2,2-biindolinylidene]-5,5'-disulfonate (indigo carmine, IC, bld pharmatech
GmbH, Kaiserslautern, Germany) were used.

2.1. Hot Melt Extrusion

All filaments were prepared by HME using a co-rotating twin-screw extruder with
a hot-melt extrusion die (Pharmalab HME 16, Thermo Fisher Scientific, Waltham, MA,
USA). A gravimetric feeder (K-SFS-24/6, Coperion, Stuttgart, Germany) was used for
all experiments. An in-house manufactured die with a diameter of 1.85 mm was used.
The desired filament diameter was achieved using a belt hauled-off unit of a winder
(Brabender, Duisburg, Germany) with a belt speed of 1.5-1.9 m/min and the filament
was pulled through a roll-system with four 360° air flow ring nozzles (Super Air Wipe,
Exair, Cincinnati, OH, USA) for active cooling of the filament. With a laser-based diameter
measurement module (Laser 2025 T, Sikora, Bremen, Germany) the filament diameter was
controlled [19]. The screw speed was set to 30 rpm and powder feed rate to 5 g/min. The
screw configuration included two kneading zones and a degassing port was installed [20].
All temperatures of the heating zones were set for each extrusion according to Table 1
depending on the polymer matrix of the filament [21,22]. The powder mixtures were
blended for 20 min in a Turbula® mixer. Filament samples were only collected when
extrusion runs reached equilibrium condition for drug content [20].
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Table 1. Temperature profile of zones 2-10 for extrusion runs with selected polymers.

Temperature Profile in Zone 2-10/°C

Polymer

3 4 5 6 7 8 9 10

EVA 20
VA 20

20 50 85 85 85 85 85 85
30 75 165 180 180 180 180 180

2.2. Colorimetry Measurements of Filaments

The hot melt extruded filaments were cut into filament sticks of 4 cm and were
placed in an in-house produced stainless steel sample holder with an inner diameter of
1.9 mm. Dual output channels of the power supply (Rigol DP832, Meilhaus Electronic
GmbH, Alling, Germany) were utilized for the regulation of two light-emitting diodes
(LED, 333-2UTC/5400-A6, Everlight, Hsinchu, Taiwan). For the assembly of the individual
components for colorimetric measurements, a system bar, sliders, a mounting cube, a
tower, and a height adjustable table were obtained from OWIS® (OWIS GmbH, Staufen im
Breisgau, Germany).

For reflection measurements, a dual fiber optical probe with SMA connectors (SMA905,
600 um, 300-1200 nm, BFY600HS02, Thorlabs, Newton, NJ, USA) was attached to the
sample holder and was guided from the LED to the sample and backwards to the camera
(WIFI Digital Microscope 8595776342, AHSNOPTIC, Beijing, China). In a second setup
(Setup 2, Figure 2), the dual fiber bundle was exchanged to a multi-core fiber probe (RP21,
@200 pm, 400-2400 nm, FG200LEA, Thorlabs, Newton, NJ, USA), whereby a single fiber
leg was directed to the first LED for reflection measurements. The probe leg “6-around-1”
fiber configuration was guided to the sample and the 6-fiber leg was directed to the camera.
For transmission measurements, a second LED was installed in an 180° angle to the above-
mentioned fiber probes using the same orientation of the fiber legs and the same camera
(Figure 2). The fibers were directly attached to the filament holder or fixed on adjustable
sliders (OWIS GmbH, Staufen im Breisgau, Deutschland) in front of the LED or the camera
with SMA connectors. Through an integrated metal platform tensioned by two springs
within the holder, the filament was always in contact with the curvature facing the fiber
optic probe to ensure accurate positioning,.

Setup 1

Sample

LED 2

LED 1 Setup 2 LED 1

Single fiber leg Sample @ | Single fiber leg

Fiber bundle Fiber bundle

Two fiber leg

LED 2
"6-around-1" fiber leg

0,
Six fiber leg

Camera Camera

Figure 2. Assembly of the components for reflection and transmission measurements for Setup 1
and 2: light is applied from LED 1 and enters and exits at the same fiber bundle or light from LED 2
passes through the filament and transmitted light is collected into the fiber bundles. A picture of the
fiber leg (single- or six-fiber leg) was taken by a camera.
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2.3. Data Evaluation of Colorimetry Measurements

The mean L*, a*, b* values of the pictures illustrating the respective fiber leg were
obtained by analyzing a defined area via Corel® PHOTO-PAINT X7 (17.6.0.1021). Mim-
icking the circular surface of the fiber, a circular area was selected as the to be analyzed
area, but edge areas were left out (Figure 3). Only one L*, a*, and b* value per filament was
measured in the first set up, since a single fiber leg was analyzed. For the second set up,
six circular areas were evaluated separately or a mean value of all six fiber bundles with
standard deviation was calculated for each filament.

Setup 1 Setup 2

71444 px

O Pictured fiber leg :\ Analyzed area for L*a*b* values

Figure 3. Schematic visualization of the pictured fiber leg for Setup 1 and 2 with the selected area
to be analyzed (for Setup 1: 71444 Pixel; and for Setup 2: six fiber legs with each 8088 Pixel) for one
filament in Corel PHOTO-PAINT.

2.4. Reference Method for Determination of Drug Content (HPLC-UV)

For sample preparation, filaments were dissolved in flasks (n = 10), which were filled
with demineralized water up to 50 or 100 mL. All the agents that were used except EVA are
water soluble. The content of drug-loaded filaments was determined by high performance
liquid chromatography (HPLC) analysis. The HPLC system (Dionex, Sunnyvale, CA, USA)
was equipped with a quaternary pump (P 580 A, Dionex, Sunnyvale, CA, USA) and an
autosampler (ASI-100, Dionex, Sunnyvale, CA, USA). A 250 x 4.6 mm column (Eurospher
I 100-5 C18A, Knauer, Berlin, Germany) with an integrated precolumn was used. Three
different HPLC methods were used for the analysis of the active and color ingredients.
For the first method, ammonium acetate buffer and methanol (mobile phase B) served as
eluents. The gradient was set as follows: mobile phase B was increased from 1 to 5% (v/v),
within the first minute, held at 5% (v/v) for 4 min, increased from 5 to 10% (v/v) within
1 min, held at 10% (v/v) for 4 min, increased again from 10 to 20% (v/v) within 1 min, held
for 4 min at 20% (v/v), increased again from 20 to 99% (v/v) within 5 min, held for 2 min
at 99% (v/v) and decreased to 1% (v/v) within 0.5 min, again until 22.5 min after sample
injection [23]. An equilibration time of 3.5 min per run was maintained before the next
sample was injected. An injection volume of 200 uL was chosen to analyze benserazide
(280 nm), levodopa (280 nm), pramipexole (264 nm), and indigo carmine (280 nm). The
second HPLC method was used to quantify praziquantel at the wavelength of 280 nm.
Phosphate buffer and acetonitrile (mobile phase B) served as eluents and the flow rate was
1.5 mL/min. The gradient was set as follows: mobile phase B was increased from 30 to
95% (v/v), within the first 8 min, held at 95% (v/v) for 3 min, decreased to 30% (v/v) within
1 min, again until 12 min after sample injection. An equilibration time of 2 min per run
was kept before the next sample was injected. The third HPLC method was necessary to
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evaluate the concentration of riboflavin (280 nm). Phosphate buffer and acetonitrile (mobile
phase B) served as eluents and the flow rate was 1.0 mL/min. The gradient was set as
follows: mobile phase B was stable at 10% (v/v) the first 5 min, increased to 20% (v/v), the
next 15 min, held at 20% (v/v) for 5 min, increased again to 50% (v/v) within 10 min, held at
50% (v/v) for another 10 min, and decreased to 10% (v/v) within 2 min, again until 47 min
after sample injection [24].

3. Results
3.1. Transmission and Reflection Measurements of Filaments

When comparing reflection and transmission measurements, it is noticeable that
the resulting L*a*b* values of the two measurement techniques using Setup 1 (Figure 2)
give very different results when analyzing the same filament batch. For example, the L*
value obtained by a transmission measurement of filaments consisting of vinylpyrrolidone-
vinyl acetate copolymer and 5% (w/w) pramipexole (VA-5% P) is 18.4, and reflection
measurement for the same batch the median L* value is 82.6 (Table 2). All b* values obtained
by transmission measurements differ from the results of the reflection measurements of
both the three batches with pramipexole and the three batches with praziquantel. While the
median b* value obtained by the transmission measurement of VA-1% P is 7.4, of VA-5% P is
8.5, and of VA-10% is 9.1, the median b* values obtained by reflection measurements for all
three batches are —0.2 4= 0.3. b* values of —3.0 & 0.3 were measured for all three batches of
vinylpyrrolidone-vinyl acetate copolymer-praziquantel filaments with a drug load of 5, 10,
and 15% (w/w) (VA-5% PZQ, VA-10% PZQ, VA-15% PZQ) using the transmission assembly
of Setup 1. Reflection measurements of these praziquantel filaments obtained median
b* values of 16.7 &= 1.1. Similar values for transmission and reflection measurements
were found for the L* values of VA-1% P filaments (transmission: X = 60.4, reflection:
X = 66.7) and for the a* values of this batch (transmission: ¥ = —7.9, reflection: x = —8.3).
Nevertheless, it can be concluded that when specifying the L*a*b* values, it should always
be mentioned at which angle the emitted light is collected by the fiber and, therefore, specify
if the filament was analyzed in reflection or transmission. The reflectance measurements
show higher deviations of L*a*b* values compared to the transmission measurements
(Figure 4). The determination of the filament content does not reflect the large deviations of
the reflection measurements, so it was concluded that this was due to the measurement
method. The high variations might be caused by the varying positioning of the filaments
to the two-fiber leg due to the cylindrical geometry of the sample, by composition of
the matrix (e.g., suspended particles) and by surface irregularities resulting in complex
scattered light effects. Thus, it was decided that only transmission measurements would be
performed for further measurements. However, it is noticeable that the L*a*b* values of the
transmission measurements for all three batches of VA-PZQ filaments show very similar
values. For VA-P filaments, on the other hand, a different L* value occurs for the filament
batch of VA-1% P compared to the other two filament batches with pramipexole.

This can be explained since pramipexole is suspended in the VA matrix and filaments
with 1% pramipexole are transparent and both the 5% and the 10% pramipexole filaments
are not translucent. Consequently, the VA-1% P filament batch can be clearly distinguished
from the VA-5% P and VA-10% P batches by the L* value, although the b* value is very
similar compared to the other two pramipexole batches and the a* value shows a very high
deviation and does not show a significant difference. To further optimize the transmission
measurements and reduce the potential uncertainty of differences in reflection of the
incident light caused by the curvature of the filaments, a new fiber bundle with a 6-fiber
end was used (Setup 2, Figure 2).



Pharmaceutics 2022, 14, 1055

7 of 15

Table 2. L*a*b* values of transmission and reflection measurement of the filaments obtained with
Setup 1 (n = 10; mean, Q1-Q3) despite the analyzed content uniformity determined by HPLC analysis

(n = 10; mean, SD).

. . Drug
Transmission Reflection Content/%
L* Value a* Value b* Value L* Value a* Value b* Value
Batch VA- X Q1-Q3 x Q1-Q3 X Q1-Q3 X Q1-Q3 x Q1-Q3 x Q1-Q3 x SD
1% P 60.3 45 —-7.9 19 7.4 0.6 66.7 19.9 —8.3 15 —0.5 2.3 098 015
5% P 184 1.3 —5.9 0.1 8.5 0.8 82.6 114 —9.0 0.5 0.1 0.3 501 013
10% P 134 1.2 —5.6 0.3 9.1 0.3 88.3 7.5 —10.6 1.0 0.1 0.2 10.02 0.09
5% PZQ 32.7 6.6 —4.0 04 -3.0 0.7 60.1 17.3 —9.6 15 17.0 6.3 498 011
10% PZQ 33.8 8.0 —4.1 0.3 —27 0.7 57.0 20.5 —10.5 23 17.8 3.5 10.00 0.12
15% PZQ 39.1 3.1 —4.5 0.7 —-3.2 0.7 76.6 85 —-11.1 0.9 15.6 43 15.01 0.09
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Figure 4. Box-whisker plots of L*a*b* values of transmission (white) and reflection (grey) measure-
ment of VA-1,5,10% P and VA-5,10,15% PZQ filaments obtained with Setup 1 (n = 10, Q1/Q3 £ 1.5
IQR, outliers).

3.2. Optimization of Transmission Measurements with Setup 2 and Voltage Adaption

Compared to Setup 1, the emitted light was not collected by only one fiber, but by six
circular arranged fibers (6 around 1” fiber leg) so that light was captured from six different
angles. In the 6-fiber leg, the fibers are arranged in such a way that one fiber is centered,
which can lead to irritations since the fiber was circularly arranged at the sample side. It is
noticeable that the captured images of the 6-fiber leg show different L*a*b* values for the
six individual fibers (Table 3).
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Table 3. L*a*b* values determined for fibers 1-6 using Setup 2 of VA-1% P, VA-5% P, and VA-10% P
filaments at 2.50 V.

Setup 2 Filament Fibers L*, a*, b* Values of Fibers 1-6
1 2 3 4 5 6
L* 58.9 57.6 53.6 56.6 55.1 49.8
VAP a* —8.6 -87 -9.0 -9.1 -10.2 -8.1
2 b* 9.0 8.6 6.1 83 74 40
3 1
6 L* 19.7 193 20.6 19.4 20.4 213
4 5 VA-5% P a* -7.0 —6.8 —6.7 —6.9 —6.8 —59
b* 37 42 42 41 42 39
L* 133 13.2 16.0 13.2 15.0 16.9
VA-10% P a* —6.0 —57 —7.0 —77 7.1 —7.0
b* 37 42 42 42 42 39
A regularity could not be found with respect to which fiber was consistently darker
or lighter (L* value), or whether the a* and b* values showed systematic tendencies. The
L* value shows the greatest fluctuations for the VA-1% P filament and varies between
49.8 (fiber 1) and 58.9 (fiber 6). Here, the b* values also differ by 5.0 (9.0 and 4.0), but
the a* values are nearly the same (—8.6 and —8.1). For the other measured values, the
fluctuations of the L*a*b* values are in the range of 0.5-1.8. However, the obtained data
lead to the assumption that there was a variability in L*a*b* values due to the geometry
of the filaments. Additionally, the influence of the brightness of the imaged fiber on the
a* and b* values was investigated by varying the light intensity of the LED. The different
L*a*b* values of the six fibers of EC- 20% LD /5% BZ, VA-5% P, and VA-10% PZQ filaments
by varying the voltage of the LED from 2.30 to 3.20 V are listed in Table 4.
Table 4. Color observation of transmitted light on selected drug loaded filaments.
Batch Pictures of Filaments Voltage of LED with Corresponding Image of the 6-Fiber Leg
2.50 2.80 3.20
EC-
20% LD/
5% BZ i e
S— - v
VA- T —
5%P -
VA-
10% PZQ — -

By setting low volt values, the fibers appear black, and at high volt values, they appear
white. In both cases, color differences can no longer be observed between the six fibers.
If the filaments were not transparent and/or colored (EC- 20% LD/ 5% BZ filaments) a
higher voltage of the LED had to be set so that color values of the respective fibers could
be determined. For EC- 20% LD/ 5% BZ filaments 2.80 V were applied to ensure that the
brown color of the filaments could be determined from the fibers. For VA-5% P filaments,
voltages below 2.40 led to black fibers and voltages above 2.80 V resulted in white fibers.
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Similarly, for VA-10% PZQ filaments voltages above 2.80 V led to white fibers. Since the
filaments were transparent, 2.50 V still caused fibers to appear white, but at 2.40 V the fibers
were already very dark. To understand the light intensity dependent influence on a* and b*
values, the voltages were systematically changed and the L*a*b* values were determined
(Figures 5-7). There was a noticeable difference between the a* and b* values: the brighter
or darker the imaged fiber was, the closer the two values approached to zero. This can
be explained by the fact that the L*a*b* color space is represented three-dimensionally
as a sphere (Figure 1). White has the L*a*b* value of L* 100 a* 0 and b* 0 and black has
the L*a*b* value of L* 0 a* 0 and b* 0 and consequently the color value of a very bright
fiber approaches the L*a*b* values of white and dark fibers approach the L*a*b* values of
black [25]. We also observed that the L*a*b* values for the filaments changed as a function
of the brightness of the LED, respectively, the voltage setting. For EC- 20% LD/ 5% BZ
filaments, throughout the range of L*, the a* values only slightly decrease. However, the b*
value indicates a maximum value of 22.0 £+ 7.3 at 2.77 V, when the L* value is 43.4 £+ 11.8
(Figure 5). This is consistent with the observations in Table 4, where the setting of 2.80 V
shows fibers that appear yellow/brown, which affects the b* value.

For the three filament batches with different pramipexole concentrations, the a* and
b* values differ regarding the voltage of the LED (Figure 6). For VA-1% P filaments, the
highest b* value of 6.06 is at 2.47 V, for VA-5% P filaments the highest b* value is at 2.63
V and corresponds to 9.61, and for VA-10% P filaments the highest b* value of 8.84 was
measured at 2.52 V. The range for VA-1% P filaments, in which the measured a* and b*
values differ from —4 + 6, is from 2.40 to 2.57 V.

For the other two pramipexole batches, the range is between 2.44 and 2.67 V (VA-5% P
filaments) and between 2.44 and 2.72 V (VA-10% P filaments). For the comparative mea-
surements of the pramipexole batches, 2.50 V was selected, which was in the mentioned
detection ranges and at the same time resulted in differences in L*a*b* values of the three
batches. The same measurements were performed with all three praziquantel filament
batches (Figure 7). The a* and b* values of all three batches varied from —8 to 1 despite one
outlier at —17 (b* value of VA-10% PZQ batch), which indicates the difficulties in seeing sig-
nificant differences between the three batches with different API contents. For VA-5% PZQ
filaments, the minimum b* value of —5.69 is at 2.42 V, for VA-5% PZQ filaments the lowest
b* value is at 2.43 V and corresponds to —5.66, and for VA-10% PZQ filaments the lowest b*
value of —5.89 was measured at 2.44 V. The range for VA-5% PZQ filaments, in which a* and
b* values differ from 0 £ 1, is from 2.39 to 2.48 V. For the other two praziquantel batches,
the range is between 2.41 and 2.45V (VA-10% PZQ filaments) and between 2.36 and 2.47 V
(VA-15% PZQ filaments). Again, 2.50 V was selected for the comparative measurements
of the three praziquantel batches. Distinct clusters are noticeable in the 2D graphs of the
pramipexole batches (Figure 8A). Thus, the VA-1% P filaments are characterized by the
highest L* values and the lowest a* values. The b* values are similar to the b* values of the
other two batches. The clusters of VA-5% P filaments and VA-10% P filaments are closer to
each other. However, the L* values of VA-5% P filaments are higher and both the a* and b*
values are lower in comparison to the a* and b* values of VA-10% P filaments. Clusters can
also be identified for the praziquantel-containing filaments (Figure 8B). However, it is not
possible to see significant differences between the batches since the standard deviations are
very high and overlap for all three values. A trend can be recognized that with increasing
concentration of praziquantel the L* and a* decrease, and the b* value increases. As the
three different praziquantel batches could not be significantly distinguished by colorimetric
measurements, two coloring agents, which are commonly used in pharmaceutical coating
processes [26,27], were added in different concentrations to create variability in L*a*b*
values due to additives.
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Figure 5. L*a*b* values depending on LED voltage for EC- 20% LD/ 5% BZ filaments (mean =+ SD,
three filaments, n = 6).
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Figure 6. L*a*b* values depending on LED voltage for VA-1% P, VA-5% P, and VA-10% P filaments
(mean + SD, each of the three filaments, n = 6).
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Figure 7. L*a*b* values depending on LED voltage for VA-5% PZQ, VA-10% PZQ), and VA-15% PZQ
filaments (mean + SD, each of the three filaments, n = 6).

3.3. Color-Coded Filaments

To be able to distinguish filament batches by colorimetry, as the polymer-API filament
compositions do not lead to a desired difference, coloring agents commonly used in
pharmaceutical production were added to the powder mixture and were incorporated
together with VA and praziquantel by HME. The excipients riboflavin (yellow) and indigo
carmine (blue) caused the filaments to appear green. By maintaining the riboflavin (RF)
concentration and only increasing the indigo carmine (IC) concentration, the ratio of
additives changed from 1:1 (0.1% (w/w) RF, 0.1% (w/w) IC) for VA-5% PZQ filaments to 1:3
(0.1% (w/w) RE, 0.3% (w/w) IC) for VA-10% PZQ filaments, and to 1:5 (0.1% (w/w) RF, 0.5%
(w/w) IC) for VA-15% PZQ filaments. The concentrations of the three ingredients (API and
coloring agents) were analyzed by HPLC analysis and are shown in Table 5.

Table 5. Content of coloring agents determined by HPLC analysis.

Batch VA- PZQ Content/% RF Content/% IC Content/%

X SD X sD x SD
5% PZ(Q-0.1% RE-0.1% IC 499 0.10 0.099 0.012 0.102 0.012
10% PZQ-0.1% RF-0.3% IC 10.02 0.09 0.098 0.011 0.299 0.009
15% PZ(Q-0.1% RF-0.5% IC 15.02 0.12 0.099 0.011 0.500 0.009

Again, seven different voltages were tested, and 2.50 V was selected for the compar-
ative measurements of the three green praziquantel batches (Figure 9). According to the
expectations, a significant difference in the L*b* 2D graph was found due to the addition of
excipients that affect the b* value significantly. Why the b* values of VA-15% PZQ-0.1% RF-
0.5% IC filaments are lower than those of A-10% PZQ-0.1% RF-0.3% IC cannot be explained
by the higher amount of indigo carmine, but suspended particles must have an influence
here. HPLC analysis showed that the concentration of IC increases with increasing con-
centration of praziquantel (Table 5). It was not investigated whether IC was dissolved or
suspended in the polymer matrix and the saturation concentration of IC in VA was not
determined. But blue particles were visible within the filament indicating suspended IC
particles. However, by the addition of the two coloring agents to the formulation, the
individual produced batches differ significantly from each other in the L*b* 2D graph
(Figure 10).
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Pharmaceutics 2022, 14, 1055

13 0f 15

100
4 L*values 5% PZQ-0.1% RF-0.1% IC
80| . a*values 5% PZQ-0.1% RF-0.1% IC
b* values 5% PZQ-0.1% RF-0.1% IC
O L*values 10% PZQ-0.1% RF-0.3% IC
- R a* values 10% PZQ-0.1% RF-0.3% IC
& b* values 10% PZQ-0.1% RF-0.3% IC
$ 4. 0 L*values 15% PZQ-0.1% RF-0.5% IC
= [ a* values 15% PZQ-0.1% RF-0.5% IC
g b* values 15% PZQ-0.1% RF-0.5% IC
o 20
*
(1]
*
-
U_
-20 4
‘40 T T T T T 1
230 2.35 2.40 245 250 255 2.60

Voltage of the LED / V

Figure 9. a* and b* values depending on LED voltage for the filaments of PZQ with different
concentrations of RF and IC (VA-5% PZ(Q-0.1% RF-0.1% IC, VA-10% PZQ-0.1% RF-0.3% IC and
VA-15% PZQ-0.1% RF-0.5% IC).

80

20 4

90 4
B0+ . l a0
SN 4
oy 1 G = 1 - 4
80 r m &0 4 1
3 1 s 3 "
T 50 T 50 - T 304 '%‘_ .
o o ® = ;
404 ] 40 4
30 4 30 4 1 -35 4
7 VA- 5% PZ2Q-01% RF-0.1% IC v VA- 5% PZQ-01%RF-01%IC - N
204 & VA-10% PZQ-0.1% RF-0.3% IC 204 5 VA-10% PZQ- 0.1% RF-0.3%IC EAVAR S RS
L 0, - 0, - -
o ¥ VA-15% PZQ- 0.1% RF-0.5% IC o v VA-15% PZQ-0.1% RF-05% IC o v VA-15% PZQ-0.1% RF- 0.5% IC
10 20 30 40 50 B0 T0 =40 =35 =30 -25 -20 10 2‘0 3‘0 4‘0 5‘0 5‘0 7‘0
b* value a* value b* value

Figure 10. The 2D graphs of L*a*, L*b*, and a*b* values at 2.50 V for color-coded praziquantel
filaments (VA-5% PZQ-0.1% RF-0.1% IC, VA-10% PZQ-0.1% RF-0.3% IC and VA-15% PZQ-0.1%
RF-0.5% IC).

4. Conclusions

When performing colorimetric measurements with pharmaceutical filaments, this
method can be used for distinguishing extruded filament batches with different API con-
centrations. Using a setup optimized for pharmaceutical filaments, extruded batches could
be distinguished despite color differences generated by the amount of API or after us-
ing colored additives. The filaments were analyzed by a six-fiber bundle to depict light
scattering effects caused by the filament geometry with the consequence that the fibers
show high deviations. Despite the high deviations, clusters can be found in 2D graphs
of L*a* L*b*, and/or a*b* values which indicate a significant difference in the individual
batches. If the matrix and the desired API concentration does not lead to differences in color
changes despite other filaments, adding other excipients is a reasonable approach to achieve
clustering of L*a*, L*b*, and/or a*b* values. Ensuring that the filaments were optimally
illuminated, the power supply of the LED was regulated so that the a* and b* values of
the analyzed filaments were not zero (black or white) because the fibers were either too
dark or too bright. To further optimize the setup, measurements should be performed
with a standardized light source at the same voltage and darkening needs be realized by
additional optical filters. By implementing a filament holder, colorimetric measurements
might also be performed during the HME process. Since the HME process is also used to
manufacture granules and amorphous solid dispersions, this tool could be adapted to these
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(intermediate) drug products. The fiber-assisted colorimetric analysis with the small-sized
components can be easily installed after a few modifications in the downstream equipment
of the HME process.
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3D three dimensional

ABS acrylonitrile butadiene styrene

API active pharmaceutical ingredient

CIELAB commission internationale de 'éclairage L*a*b*
BZ benserazide hydrochlorid

EC ethylcellulose

EVA ethylene-vinyl acetate copolymer

FDM fused deposition modeling

HME hot melt extrusion

HPLC high-performance liquid chromatography
IC indigo carmine

LD levodopa

P pramipexole dihydrochloride monohydrate
PCL polycaprolactone

PCL-PVAc-PEG  polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer
PLA polylactic acid

PoC point of care

PVA polyvinyl alcohol

PZQ praziquantel

QC quality control

RF riboflavin

SMA subminiature version A

Ty glass transition temperature

TPU thermoplastic polyurethane

VA vinylpyrrolidone-vinyl acetate copolymer
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Abstract

Fused deposition modelling (FDM) 3D printing provides the ability to address individual
patients’ therapeutic needs without having to change the formulation every time. This is
particularly interesting for dosing and release modelling. In this study, a geometry model
was developed that can represent variable dosages while keeping the surface area to volume
(SA/V) ratio alike, so the drug release profiles remain similar. The model was tested on
three different formulations. Two BCS I active pharmaceutical ingredients (API),
pramipexole and levodopa, and one BCS II API, praziquantel, were used. Polyvinyl alcohol
(PVA, water soluble) and a combination of vinylpyrrolidone-vinyl acetate copolymer
(PVP-VA, water soluble) and ethylene—vinyl acetate (EVA, water insoluble) were used as
the polymer matrix. The curves were compared using the similarity factor (f2 value) and
mean dissolution time (MDT). Using a hollow cylinder-based (HCb) geometry model, a
dose-independent drug release could be realized. For the PVA formulations, an 8-fold dose
change could be obtained and for the EVA-PVP-VA formulation a factor of 5.5 could be
achieved, with f2 > 50. Due to the layer structure of the printed objects, very fine dose
variation of 0.13 mg per layer is possible within these models. This allows variable dosing

in small steps with only one basis formulation.

Graphical abstract
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Introduction

Currently, there are over 7.92 billion people living on this planet and no one is alike. Each
person does not only look different, but also the physiological processes in the body work
individually for each person (Erdmann et al., 2021, Yu et al., 2021). If a person suffers from
a certain disease, this process is just as individual as the adoption of treatment options.
Precision medicine deals with the individual patient's requirements for their
pharmacotherapy (Ashley, 2016, Balevic and Sagcal-Gironella, 2022, Bono et al., 2022,
Hodson, 2016, MacEachern and Forkert, 2021, Oh et al., 2022). Metabolism, age, gender,
and all existing diseases are considered for therapeutical treatment and therefore,
individualized medicine displaces the common one-size-fits-all therapy (Collins and
Varmus, 2015, Doble et al., 2016, Hamburg and Collins, 2010, McCarthy and Birney, 2021,
Wening and Breitkreutz, 2011). Since the focus of precision medicine lays on the individual
patient, personalized medicine often cannot rely solely on market preparations produced in
large quantities by industry, since only defined dosages, tablet shapes and drug release
profiles are produced in high amounts. A dosage customized for an individual patient can
be used to ensure that the minimum dose level 1s achieved for necessary efficacy, but does
not exceed the toxic plasma level limit, thus reducing side effects and hazards of drug
therapy. Additionally, this could result in an increase of patient medication adherence and
thus the success of the therapy is guaranteed. To meet patients’ individual requirements for
drug therapy, 3D printing is currently being researched intensively, since this process
allows small batches to be produced cheaply on demand (Aquino et al., 2018, Attaran,
2017, Bhuskute et al., 2022, Goyanes et al., 2017a, Goyanes et al., 2014, Norman et al.,
2017, Quodbach et al., 2021, Rahman and Quodbach, 2021, Than and Titapiwatanakun,
2021, Zamboulis et al., 2022, Zhang et al., 2018). Possible manufacturing places could be
local community pharmacies, compounding centres or hospital pharmacies. A wide variety
of 3D printing techniques are currently being evaluated producing patient-specific therapies
(Aquino et al., 2018, Attaran, 2017, Bhuskute et al., 2022, el Aita et al., 2020, Fina et al.,
2017, Infanger et al., 2019, Kyobula et al., 2017, Norman et al., 2017, Zamboulis et al.,
2022, Zhang et al., 2018). Fused deposition modelling (FDM) 3D printing is used to
produce small individual batches. The shape, dose, and color of the produced medicine, as
well as the dissolution time of the active pharmaceutical ingredient (API) can be
specifically adjusted (Cailleaux et al., 2021, Gottschalk et al., 2021, Goyanes et al., 2017a,
Kempin et al., 2017, Melocchi et al., 2016, Sadia et al., 2018, Windolf et al., 2021). A
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disadvantage of the FDM process is the high thermal stress for the excipients (Kollamaram
et al., 2018). For FDM 3D printing, which is also known as fused filament fabrication, a
filament must first be produced via hot-melt extrusion (HME). In this process, a powder
mixture is prepared beforehand, the polymers melted or softened, kneaded, conveyed
through a nozzle, cooled and hauled-off to generate a homogeneous filament (Chamberlain
et al., 2022, Korte, 2018, Ponsar et al., 2020). Afterwards, this intermediate is re-melted in
the print head of the 3D printer, whereby the mass can be transported through the nozzle of
usually 0.4 mm diameter and printed into the desired geometry. To withstand these
processes without degradation, the API used must be heat resistant, or polymers with a low
glass transition temperature, low melting point or low processing temperature must be used.
If neither the API nor the polymers show degradation, it is possible to realize individual 3D
printed geometries in patient-attractive forms, which vary in dosage and drug release time
(Ayyoubi et al., 2021, Goyanes et al., 2017b, Sandler and Preis, 2016, Scoutaris et al.,
2018). With the help of semi-solid 3D printing, el Aita et al. were able to adjust the dose
over individual layers (el Aita et al., 2020). In another approach, the dose was changed by
increasing the size of the FDM 3D printed tablet (Pietrzak et al., 2015, Skowyra et al.,
2015). Korte et al. changed the dose of a FDM printed oral dosage form by changing the
percentage of infill (Korte and Quodbach, 2018). The infill of a 3D printed tablet can be
varied in patterns (e.g., honeycomb, grid), and percentage (0% = hollow, 100% =
completely solid), and thus influence the dose, porosity, and printing time of a geometry.
However, these dose adjustments lead to different surface area to volume (SA/V) ratio,
which in turn affects the drug release (Barber et al., 2021, Goyanes et al., 2015, Reynolds
et al., 2002, Sadia et al., 2018, Windolf et al., 2021, Zhang et al., 2021). The variable API
release times result in different dosing intervals, which make these approaches unsuitable,
for example for clinical application. Significant time constraints are already an issue in
patient care and individual dosing intervals would interfere with the tight work schedule of
care takers. They would require improvisations by clinical staff for each patient and very
likely result in reduced therapeutic safety. Patients might receive a new dose at the wrong
time, which could affect the blood plasma level of the API and put the patient at risk
(Holford and Sheiner, 2012, Pelham et al., 2014, Tsiga et al., 2013). Of course, the same
geometry can also be printed with different dose-loaded filaments to keep the dissolution
profile similar. However, a specially produced filament must then be available for each

batch.
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To act economically and ecologically, it is desirable to print different geometries from one
filament to generate medicine with various dosages. Gorkem Buyukgoz et al. tested five
different approaches to achieve dose-independent release. They enlarged the tablet with
increasing dose, used filaments with different API content but the same 3D geometry, and
added placebo layers to the tablet to keep the SA/V ratio the same. In their study, dose-
independent release was achieved by objects printed from filaments containing diverse
content of API and from combinations of API-loaded and API-free filaments (Gorkem
Buyukgoz et al., 2020). Yu et al. investigated in 2009 donut-shaped multi-layered drug
delivery devices and found that it is possible to maintain the drug release profile also by

varying the printed form (Yu et al., 2009).

This approach was used by our research group to determine which geometries could
represent the widest possible dose range, which could be assumed to have the same release
curve. The goal of this study was to enable dose changes in smallest steps to ensure patient-
specific therapy. This should be realized with a single formulation to provide care to a wide
range of patients with as little effort as possible. A so-called hollow cylinder-based (HCb)-
Geometry Model was designed, in which the SA/V ratio remains almost unchanged, despite
different sizes and volumes of the geometries. The models allow a margin for volume
changes, resulting in maximum dose changes that should not affect the release behaviour
of the drug. This model was tested for three different formulations with APIs of BCS classes

I and II, and a water-soluble and water-insoluble polymer.

Section snippets

Materials

For the development of the dose-independent model, various formulations were used
(Table 1). These were systematically developed for a robust extrusion process, high

filament homogeneity and best printability (Windolf et al., 2021).

As HME and FDM 3D printing are heat intensive processes, the APIs were chosen, among
other criteria, regarding thermal stability. The melting and decomposition point of
pramipexole 2 HCI*H20 (PDM) is 296305 °C (Giiltekin et al., 2019, Laszcz et al., 2010,

Panditrao. ..
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Evaluation of printing precision based on tablet dimensions

The printed geometries correspond in their dimensions to the desired sizes with a
deviation of = 0.05 mm on average. The weight of the geometries within the printed
batches is subject to minor variations, which is reflected in the low deviations in the
content of the tablets. When designing the geometry with CAD, it was possible to
calculate the volume and thus determine the desired dose of the geometry using the

density of the formulation. The geometries were printed in a batch size of n>6...

Conclusion

In these experiments, a model was developed that allows dose variations of an oral
dosage form but does not affect the release profile of the API. With the HCb-Geometry
Model and the combination of BCS I API and water-soluble polymer, it was possible to
vary the dose 8-fold without changing the dissolution curves (f2 > 50). If the water-
soluble polymer is combined with a BCS II API, a 7.5-fold dose variation is possible. Due
to the lower solubility of the API, the tolerance in pore and SA/V ...
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Abstract: Individual dosing of pharmaceutics and personalized medicine have become important
with regard to therapeutic safety. Dose adjustments, biorelevant drug release and combination of
multiple active substances in one dosage form for the reduction in polymedication are essential
aspects that increase the safety and acceptance of the patient’s pharmacotherapy. Therefore, not only
innovative drug products but also new analytical methods are needed during the drug development
phase and for quality control that can simultaneously determine different active ingredients and
cover wide concentration ranges. We investigated a liquid-core waveguide UV absorbance flow cell
detector coupled to an existing HPLC-UV system. A Teflon AF 2400 capillary tubing of 20 cm length
was connected in series to the HPLC flow line and enabled a lower limit of quantification of 1 ng/mL
pramipexole (increase in sensitivity by 20 compared to common 0.9 cm flow cells). This allowed
the low-concentration of pramipexole and the higher concentrations of levodopa and benserazide
occurring during drug release to be determined in a single chromatographic run within 22.5 min.

Keywords: liquid-core waveguide; hot melt extrusion; low-dosed dosage forms; analytics of extruded
filaments; fused filament 3D printing; oral dosage form; personalized medicine

1. Introduction

Current therapy guidelines for the treatment of non-communicable diseases (e.g.,
ESC guideline on hypertension) have recently changed their recommendations based on
the latest scientific data towards a dual combination at the initiation of therapy [1]. A
rational extension of this approach is to offer such dual or multiple combinations directly
in one dosage form to increase patient adherence by reducing the number of drug products
to be taken [2]. According to the FDA, a combination product is defined as a dosage
form containing two or more drugs in a single pill [3]. Not only is the combination of
drugs of interest, but personalized medicine also focuses on individual dosing for each
patient in terms of age, weight and comorbidities. The “one-size-fits-all” approach of
APIs that have a narrow therapeutic window and therefore risk side effects with small
differences in dosage is in the process of being replaced by new approaches, e.g., 3D
printing of medicines [4]. With 3D printing it is possible to fabricate complex geometries
that incorporate multiple APIs with diverse release kinetics [5-8]. This potentially allows
various active ingredients to be combined in a single 3D printed tablet. In previous
studies, we found that even if the dose is varied, the release profile remains the same
if the surface area to volume ratio is kept constant [9]. In analyzing release kinetics of
all incorporated APIs especially during the development phase, analytical methods that
can quantify all incorporated APIs simultaneously are useful. To ensure the detection of
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a low concentration of a high-potent drug during drug release from its dosage form, a
sensitive analytical method must be selected, the dissolution apparatus can be adjusted,
or the volume of the medium in the dissolution vessel can be reduced [10-14]. Wang
et al. found that dissolution studies conducted in mini vessel led to the same results
as in a vessel prescribed by European Pharmacopeia, but the paddle speed had to be
increased [15]. Mini paddle apparatus is recommended by Klein et al. to be used for
powders, multiparticulate dosage forms and small tablets or capsules [16]. However, it is
important that the dissolution study proceeds under sink conditions to avoid influencing
the drug release behavior of the corresponding API, which would no longer be the case
with high-concentrated APIs in a combination product [17]. The combination of high-
performance liquid chromatography UV detection with mass spectrometry (MS) detection
and high dynamic range diode array detection (high dynamic range DAD) is capable of
covering a wide concentration range [18,19]. For a cost-effective and easy-to-integrate
detection system, liquid-core waveguide detection systems are used and described in
literature by several research groups. Liet al. have developed a portable setup with
extended light path that can be used to detect very low concentrations [20]. A modified
detection system compared to the detection system used in this work with a charged-
coupled device including optical fibers and a liquid-core waveguide was utilized by Kottke
et al. to detect low concentrations of desmopressin during permeation studies. However,
they used fluorescence measurements to be able to detect 9.5 ng/mL of desmopressin, a
method that was tenfold more sensitive in comparison with reference HPLC detection
systems [21]. In this study, drug preparations of three different APIs were analyzed with
substantially different dosage ranges. Levodopa (LD), the precursor to the neurotransmitter
dopamine, is used in the clinical treatment of Parkinson’s disease in a single dose with
oral administration of 25-200 mg [22]. The decarboxylase inhibitor benserazide (BZ) is
routinely administered orally in combination with levodopa in a ratio of 1:4 (BZ/LD) to
prevent peripheral degradation of levodopa [23]. This results in a dosage range between
12.5 and 50 mg for benserazide. The dopamine agonist, pramipexole, is administered at a
lower drug amount. Here, only 0.088-3.15° mg is required for pharmacologically efficient
drug concentrations after oral administration [24]. The combination of these three APIs
should reduce the number of tablets for Parkinson’s patients and guarantee individualized
dosing. The fluorescence detection cannot be applied as pramipexole does not show
fluorescence in aqueous medium, which leads to an exclusion of the detector selection
option. Consequently, UV measurement of pramipexole was favored, and the suitability of
detection by a liquid-core waveguide ultraviolet absorbance detection system (LCW-UV)
was investigated, which is frequently used in literature [25-32]. The extended detection
path of the LCW should result in the detection range of UV measurement being extended
into the low concentration range (minimum of 1 ng/mL pramipexole) while at the same
time also allowing APIs to be detected in the higher concentration range (maximum of
2 ug/mlL levodopa) by the UV detector of the HPLC covering a difference in concentration
by a factor of 2000.

2. Materials and Methods
2.1. Experimental Procedure of Hot Melt Extrusion Runs

Poly-(ethylene-vinyl acetate)-copolymer (82:18) (EVA; Escorene® F1.01418, TER Chem-
icals, Hamburg, Germany) and polyvinyl alcohol (PVA; Parteck MXP®, Merck, Darmstadt,
Germany) were used as polymer matrices. Pramipexole (P, Chr. Olesen, Denmark), lev-
odopa (Zhejiang Wild Wind Pharmaceutical, Dongyang, China) and benserazide (s.p.
quimica, s.a., Barcelona, Spain) were used as model drugs. PVA was chosen as a matrix for
pramipexole, and EVA was used for the matrix of the fixed combination of levodopa and
benserazide within one filament. Poly-(vinylpyrrolidone-vinyl acetate)-copolymer (60:40)
(VA; Kollidon VA 64% BASF, Ludwigshafen, Germany) was incorporated into formulation
2 to act as a pore-forming agent. The composition of the two formulations is listed in
Table 1.
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Table 1. Composition of filaments.

Concentration

APIs and Excipients in % (w/w) Function

Formulation 1 (PVA-P):

Pramipexole 2 HCI-H;O (P) 0.5 API
Polyvinyl alcohol (PVA) 99.5 matrix
Formulation 2 (EVA-LD-BZ):

Levodopa (LD) 40 API
Benserazide HCI (BZ) 10 API
Poly (ethylene-vinyl acetate)-copolymer (82:18) (EVA) 35 matrix
Poly (vinylpyrrolidone-vinyl acetate)-copolymer (60:40) (VA) 15 pore former

All filaments were prepared by hot melt extrusion (HME) with a co-rotating twin-
screw extruder with a hot-melt extrusion die (Pharmalab HME 16, Thermo Fisher Scientific,
Rockford, IL, USA). A gravimetric feeder (K-SFS-24/6, Coperion K-Tron, Niederlenz,
Switzerland) was used for all experiments. A vent port was set between kneading zones
1 and 2 for all extrusions. An in-house manufactured die with a diameter of 1.85 mm
was used. The desired filament diameter was achieved using a belt hauled-off unit of a
winder (Brabender, Duisburg, Germany) with a belt speed of 0.8 m/min, and the filament
was pulled through a roll-system with four 360° air flow ring nozzles (Super Air Wipe,
Exair, Cincinnati, OH, USA) for active cooling of the melt. With a laser-based diameter
measurement module (Laser 2025 T, Sikora, Bremen, Germany), we continuously measured
and logged the filament diameter during the process with a readout rate of 1 Hz to ensure
diameter homogeneity [33] of PVA-P and EVA-LD-BZ filaments. The screw speed was
set to 20 rpm and powder feed rate was set to 2 g/min. The screw configuration and the
temperatures of the heating zones were set according to the physical properties of the
polymers for both formulations and are summarized in Table 2.

Table 2. Adjusted temperatures and screw configuration of performed extrusions.

Temperature Profile in Zones 2-10/°C

Zone 2 3 4 5 6 7 8 9 10
PVA-P formulation 30 100 180 180 180 180 180 195 195
EVA-LD-BZ formulation 30 180 190 200 220 220 220 220 220

Screw Configuration (Die—Gear)

PVA-P/
EVA-LD-BZ formulation

die-10CE1L/D-KZ1: 5 x 60°-3 x 30°-5 CE1 L/D-KZ 2: 4 x 90°-5 x 60°-3 x 30°~16 CE1L/D-2
CE3/2L/D-1L/D adapter—gear

CE = conveying element, KZ = kneading zone.

2.2. Dissolution Testing

According to European Pharmacopoeia monographs 2.9.3 and 5.17.1, release studies
were performed with the basket method (method 1) in a dissolution tester (DT 700, Erweka,
Langen, Germany) [13,34]. The baskets were 3D printed from water insoluble polylactide
acid. They had to be adapted for extruded filaments, since the mesh size of the regular
Ph. Eur. baskets is small, and the baskets were clogged by the swollen polymer of the
PVA formulation [35]. This affected the hydrodynamic medium flow around the filament.
Vessels contained 1000 mL of degassed 0.1 N hydrochloric acid at pH 1.2 at a temperature
of 37 £ 0.5 °C, and the baskets were stirred at 50 rpm. Dissolution tests were performed
under sink conditions of pramipexole (cs = 200 mg/mL [36]; maximum concentration
0.1 pg/mL). For the comparison of released pramipexole from PVA matrix by MS vs. LCW-
UV detection, 5 mL samples were taken from the dissolution medium after 5, 10, 15, 30, 45,
60, 90 and 120 min by a syringe. One 2.5 mL aliquot was used to fill HPLC vials for UV
measurement, and another 2.5 mL was poured into a 96-well plate for mass spectrometric
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analysis and mixed with 50 pL of internal standard (Figure 1, left side). No replenishment
was conducted, but the amount of removed liquid volume by sampling was calculated for
the corresponding subsequent sampling time point. The same dissolution testing setup
was used for the simultaneous analysis of the PVA-P filament and EVA-LD-BZ filament,
but samples were obtained by an autosampler (Vision® AutoFill™ + AutoPlus™, Teledyne
Hanson Research, Chatsworth, CA, USA). The content of P, LD and BZ was analyzed by
UV and LCW-UYV detection (Figure 1, right side). To avoid oxidation processes of BZ, the
whole dissolution tester was wrapped in aluminum foil for light protection, whenever
filaments were released containing BZ [37].

=

Comparison of Simultaneous
MS and LCW-UV quantification of API
Manual T
sampling | < > | Autosampler
Internal 1 _—
standard

|

HPLC HPLC uv
! ! !
MS LCW-UV LCW-UV

Figure 1. Modified dissolution testing with 3D printed basket based on Ph. Eur. monographs 2.9.3
and 5.17.1 with manual sampling (left side) for MS and LCW measurement of single pramipexole

filaments and automatic sampling (right side) for the simultaneous content determination of three
APIs (pramipexole, benserazide and levodopa) during dissolution by HPLC-UV and LCW-UV.

The dissolution tests were also performed under sink conditions of levodopa
(cs = 12 mg/mL [38]; maximum concentration 0.1 mg/mL) and benserazide (cs = 33.5 mg/mL;
maximum concentration 0.025 mg/mL). Samples (1.5 mL) were taken by the autosampler
and were filled in HPLC vials every 5 min for the first 30 min, then every 10 min for the
next 30 min, followed by sampling at time point 90 and 120 min. After a release time of
120 min, samples were taken every 120 min until 10 h had passed. At every time point,
1.5 mL of 0.1 N hydrochloric acid was returned to the dissolution medium, and the amount
of API removed by sampling was calculated for the corresponding subsequent sampling
time point.

2.3. LC-MS/MS Quantification of Pramipexole during Dissolution

The mass spectrometric quantification of pramipexole was carried out on an Agilent
1200 Serie HPLC system (Agilent, Ratingen, Germany) coupled to a triple-quadrupole
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tandem mass spectrometer API 4000 (SCIEX, Vaughan, ON, Canada) with an electrospray
ionization (ESI) interface. Samples were injected by a CTC HTC PAL autosampler (CTC
Analytics AG, Zwingen, Switzerland) equipped with a 20 uL sample loop. Chromato-
graphic separation was achieved on a Phenomenex Synergi Hydro RP (150.0 x 2.0 mm;
4 pm) column using isocratic condition with acetonitrile and 10 mM ammonium acetate in
water as mobile phase (70/30 (v/v)). The compound specific parameters were as follows:
declustering potential of 66 V/81 V, entrance potential of 8 V, cell entrance potential of
21 V/19 V and cell exit potential of 30 V/6 V. CAD gas was set to 7 psi, while gas 1 and
gas 2 were adjusted to 32 and 45 psi, respectively. Curtain gas was 37 psi. Ion spray
voltage was set to 5.5 kV with 600 °C ion source temperature. Time between injections
was 2 min with retention times of 0.95 min for pramipexole and 1.1 min for talipexole.
The mass-to-charge ratio of 212.2 to 153.1 m/z for pramipexole and 304.1 to 260.0 m/z
for the internal standard talipexole was monitored utilizing multiple reaction monitor-
ing and positive ionization mode. The method was characterized by a linear range from
0.19 to 100 ng/mL (1/x? weighing). The intra-run accuracy varied from —4.5 to 13.2%
(n = 3 per quality control level). The collected data were analyzed using Analyst 1.6.2 (Ap-
plied Biosystems/MDS SCIEX, Concord, ON, Canada) with IntelliQuan ® a5 the inte gration
algorithm without smoothing.

2.4. Chromatographic Conditions for UV and LCW-UV Measurements

For dissolution analysis, dissolution medium of pramipexole filaments was analyzed
by UV measurements. The HPLC system (Dionex, Sunnyvale, CA, USA) was equipped
with a quaternary pump (P 580 A, Dionex, Sunnyvale, CA, USA) and an autosampler (ASI-
100, Dionex, Sunnyvale, CA, USA). For the first HPLC method (method 1) analyzing only
pramipexole, a 150 x 4.6 mm column (Eurospher II 100-5 C18A, Knauer, Berlin, Germany)
with an integrated precolumn was used. The mobile phase consisted of methanol (mobile
phase B) and ammonium acetate buffer (0.05 M, pH 4). The flow rate was set to 1 mL/min,
the oven temperature was set to 40 °C and the injection volume was 200 pL. The gradient
was as follows: mobile phase B was increased from 5 to 95% (v/v) within the first 10 min,
held for 5 min at 95% (v/v) and decreased to 5% (v/v) again until 20 min after the sample
injection. The column was equilibrated for 3 min before the next sample was injected.
Detection was achieved by measuring the UV absorbance of the sample at 264 nm. This
UV detector is described as the reference UV detector (UV). Since the release of 838 ug
pramipexole from a drug preparation is described (1% of released drug is 0.88 ng/mL), and
thus the calibration curve must be extended, a liquid-core waveguide ultraviolet detection
system (LCW-UV) was incorporated into the HPLC flow, which is described in Section 2.5.
For the second HPLC method (method 2) encompassing all three APIs, a 250 x 4.6 mm
column (Eurospher IT 100-5 C18A, Knauer, Berlin, Germany) with an integrated precolumn
was utilized (Figure 2). The same mobile phase, flow rate and column temperature were
used. The gradient was as follows: Mobile phase B was increased from 1 to 5% (v/v),
within the first min, held at 5% (v/v) for 4 min, increased from 5 to 10% (v/v) within 1 min,
held at 10% (v/v) for 4 min, increased again from 10 to 20% (v/v) within 1 min, held for
4 min at 20% (v/v), increased again from 20 to 99% (v/v) within 5 min, held for 2 min at
99% (v/v) and decreased to 1% (v/v) within 0.5 min and again until 22.5 min after sample
injection. An equilibration time of 3.5 min per run was allowed to pass before the next
sample was injected. An injection volume of 200 uL was chosen to analyze the APIs during
drug dissolution. Again, the second detector system (Section 2.5) was incorporated into
the HPLC flow for the quantification of low pramipexole concentrations. Detection was
achieved by measuring the absorbance of the sample at 264 nm using the UV detector
(BZ, LD) and the LCW-UV detector (P) (Figure 2).
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Figure 2. Inline coupling of a UV detector and LCW-UV detector for the simultaneous analysis of
pramipexole, levodopa and benserazide.

2.5. Liquid-Core Waveguide Ultraviolet Detection System (LCW-UV)

Figure 3 shows the schematic composition of the LCW-UV detection system. Two
stainless steel tees (U-428, 508 um through hole, IDEX Health & Science, Oak Harbor,
WA, USA) were applied to pass the eluent from the HPLC through a 20 cm liquid-core
waveguide (LCW, Teflon AF 2400, RI = 1.29, djnpner = 200 pm, douter = 813 pm, Biogeneral,
CA, USA). A UV-LED (LED33UV270-6060-100, LG Innotek, Seoul, Korea) was chosen as the
light source providing a measured emission maximum at 275 nm. The light was guided into
tee 1 at the pigtail end of an optical fiber (dinner = 600 um, FDP600660710, Laser Components
GmbH, Olching, Germany). To avoid breakage of the fiber, the cladding of the fiber was not
removed and the front side was optically polished together with the cladding. At the same
time, the polymer cladding ensured sufficient tightness of the flow cell. Fluoropolymer
sleeves (NanoTight Sleeve Green, dipner = 838 um, douter = 1588 pm, IDEX Health & Science,
Oak Harbor, WA, USA) were used to match the dimensions between the LCW, the optical
fibers and the tees.

HPLC
inlet

HPLC
outlet

Spectrometer

Tee 1 LCW Tee 2 OF 2
Lenght: 20 cm

Figure 3. Assembly of the implemented liquid-core waveguide ultraviolet detection system consisting
of a UV LED (absorption maximum: 275 nm), two optical fibers (OFs 1 and 2), a 20 cm liquid-core
waveguide (LCW), two tee pieces and a charge-coupled device detector.

For detection, the light was collected by a second optical fiber connected to tee 2 and
guided into a spectrometer (Kymera 328i B2 equipped with Newport diffraction grating
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600 L/mm, blaze 300 nm, Oxford Instruments, Abingdon, UK), assembled with a charge-
coupled device detector (CCD, iDus DV420A BU2, Oxford Instruments, Abingdon, UK). For
spectra acquisition, the exposure time was set to 0.03 s, and the number of accumulations
for each spectrum was set to 16, resulting in an acquisition rate of 2.08 Hz. The readout
mode was adjusted to full vertical binning, the vertical pixel shift was 16.25 us and the
readout rate was 100 kHz.

2.6. Mathematical Description
The definition of absorbance is:

A:log(%n):.sxbxc (1)

A is the absorbance, Ij is the incident intensity, I transmitted intensity, ¢ is the molar
absorptivity, b is the path length and c is the molar concentration [39]. By increasing
the light path b using a liquid-core waveguide, the absorbance A of pramipexole was
increased, which was particularly important to be able to detect the low concentrations
during dissolution testing.

Thus, in the first step, the LCW-UV setup was compared with an established method
(mass spectrometry) for drug release of low-dosed filaments. To evaluate the similarity
of the release curves measured by two different analytical methods, the mean dissolution
time (MDT) and the similarity factor (f,-value) were calculated [40,41].

ABC  Lio|(ci1—c)

Cgo COO

MDT =

2

ABC stands for the area between the curves and is calculated via the trapezoidal
equation with c as the concentration of the API released over time t and ¢, as the initial
drug load of the filament.

f2 =50 x log{ ll + % Y (R — Tf)’-] x 100} @)

t=1

In this equation, R; and T; stand for the mean released amounts of the APl in % at
time point t of the reference (MS result) and the test method (LCW-UV result) and n for the
number of time points. A f>-value around 100 is desired, which indicates that the curves
are identical. A value of 50 or more is accepted, which indicates that the values differ by a
maximum of 10%. Values below 50 indicate that the curves can no longer be considered
similar [34].

3. Results and Discussion
3.1. Spectroscopic Evaluation of LCW-UV Measurements

A small range of the rising slope of the UV LED was used for the absorbance measure-
ment. The grating of the spectrometer was adjusted so that the CCD detector was in satu-
ration from 268.5 nm upwards. The evaluation was performed between 262 and 268 nm.
With these settings, the lowest LLOQ could be achieved. The raw spectrum of the blank
(pure mobile phase) is displayed in Figure 4, where the detector depicts the highest signal,
since the eluent shows hardly any absorbance at the evaluated wavelength range. As the
concentration of pramipexole increases, the signal intensity decreases because the API
is absorbing light originating from the UV-LED. The corresponding signals in the peak
maximum of a concentration series of 5-100 ng are also shown Figure 4. To obtain a
chromatogram from raw data of the measured intensity, spectra were integrated between
262 and 268 nm and evaluated with respect to the measurement time. The obtained peaks
of pramipexole can be identified in the chromatogram obtained by LCW-UV measurement
after 8.9 (method 1) and 19.3 min (method 2). These settings were consequently used for
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Figure 4. Measured intensity of a blank sample and of the peaks of various concentrations of
pramipexole (5-100 ng/mL) with highlighted integration range between 262 and 268 nm (grey).
Resulting pramipexole peaks (100 ng/mL) after integration for methods 1 and 2.

3.2. MS and LCW-UV Measurement in Comparison

For mass spectrometric measurements of pramipexole, an internal standard with a
known concentration was used, which served to give a ratio of the signal intensity. Thus, the
ratio of the areas of pramipexole and talipexole (area ratio P/T) was used for the calibration
curve obtained by MS measurements. A linear range from 0.19 to 100 ng/mL (Figure 5B)
was found; however, concentrations below 1 ng/mL were not relevant for the release study,
since a higher concentration of pramipexole is already reached in the vessel after the first
sample draw after 5 min. UV detection was able to quantify a concentration of 0.05 ug/mL
(lower limit of quantification (LLOQ): 50 ng/mL with an S/N = 11) pramipexole, which
for samples containing 88 pg pramipexole in 1000 mL release volume means that the
release curve could only be described after a drug release of more than 56% (method 1).
Thus, by using the LCW-UV detection system, the linear range of the UV investigation
was extended, and a concentration of 2.5 ng/mL could be quantified (LLOQ: 2.5 ng/mL
with S/N = 10). Applying the LCW-UV measurement, the detection limit was improved
by a factor of 20, resulting in the ability to describe the drug release curve of low-dosed
pramipexole preparations after a drug release of 2.5 ng/mL (2.8% API release). This
enhancement of the detection limit only results from the extended light path evoked
from the LCW, which is described by the Beer-Lambert law Equation (1). However, the
measurements showed that the LCW has an upper limit of quantification at 100 ng/mL.
Therefore, concentrations of pramipexole during drug release between 2.5 and 100 ng/mL
(Figure 5A) can be determined by LCW-UV measurements, and concentrations above
100 ng/mL would need to be quantified by UV measurements. Since both methods have an
overlapping linear range between 50 and 100 ng/mL, the evaluation of these concentrations
of pramipexole could be depicted by both detection methods. After the calibration curve
ranges of both methods were established, a drug release study was performed as described
in Section 2.2. The dissolution profile of 0.5% (w/w) pramipexole filaments, which were
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manufactured by HME (Section 2.1) and were collected in equilibrium condition for drug
content [42], resulting from dissolution testing in 1000 mL of 0.1 N HCl, are shown in

Figure 6.
I A ‘1B
50,000 1 1
12 4
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= 1 —
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g g
6~
E 20,000 J %
S o
2 < 44
< 10,000 4
24
0+ 04
T T T T T T T T T T T T
.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
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Figure 5. Calibration curve of LCW-UV detection system (A) of pramipexole (2.5-100 ng/mL) and
calibration curve of MS analysis (B), where the ratio of the areas of pramipexole and talipexole (area
ratio P/T) were plotted against the concentration of pramipexole (0.19-100 ng/mL).
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R
o
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Figure 6. Release curve of 0.5% (w/w) pramipexole filaments (7 = 17.61 mg) determined by MS and
LCW-UV measurement (n = 3, ¥ £+ SD).

The curves indicated that the results for MS and the LCW-UV result in a comparable
dissolution profile. For MS results, the MDT is 20.38 min, and the MDT of the dissolution
curve obtained by LCW-UV results is 19.73 min (Equation (2)). This results in a minimal
discrepancy of the MDT in 33 s, which appears negligible. Since the calculated f,-value
corresponds to 92, it was assumed that the analysis with LCW-UV would show similar
results to the investigation with an established method for low concentrations of pramipex-
ole during release. With these results, it was shown that the drug release of pramipexole
from the PVA matrix can be appropriately described by the LCW-UV. In the next step,
a method was developed that can detect both the low pramipexole concentrations and
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the higher concentrated APIs during drug release that would all be incorporated in a
polymedication in an ongoing study. Following the approach of Wollmer and Klein, who
quantified levodopa and benserazide with two other API, a new chromatographic method
was developed [43].

3.3. Simultaneous Quantification of Levodopa, Benserazide and Pramipexole in Dissolution Testing

For the quantitative evaluation of the amounts of LD, BZ and P in dissolution studies,
a new HPLC method was developed that enabled separation and quantification of all three
APIs (method 2, described in Section 2.4). Levodopa eluted first at a retention time (R;) of
7.1 min with a peak width of 0.5 min, followed by benserazide (R;: 10.9 min) with a peak
with of 1.5 min and pramipexole (R;: 19.3 min) with a peak width of 0.4 min (Figure 7A).

1.0—_ A
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2
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Time / min

1.0—- B 1 2
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0.6 1
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|
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Time / min

Figure 7. HPLC chromatogram using UV detection (A) and LCW-UV detection (B) of released
levodopa (1), benserazide (2) and pramipexole (3) during dissolution study.

The extended flow line of the LCW-UV did not result in an additional measurable dead
time (Figure 7B), but the peak widths increased greatly due to the long light path, particu-
larly for levodopa and benserazide, which emphasizes the importance of the separation of
both substances from pramipexole by more than 5 min. In the chromatogram of the HPLC
run obtained by UV detection, the peak of levodopa shows a narrow peak width. In the
chromatogram resulting from LCW-UV measurements, the elution of levodopa is shown as
a peak splitting signal. The peak shown negatively in the chromatogram indicates that for
a short time more light is detected, but this is caused by saturation of the signal between
262 and 268 nm. Quantitative evaluation of levodopa is not possible using the LCW-UV
method but is performed using the UV detector integrated with the HPLC. For the quantita-
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tive evaluation of benserazide, the UV detector is more suitable than the new implemented
detector. The calculation of the LLOQ of pramipexole is involved the measurements of
the UV and LCW-UV detector. By calculating the S/N, the LLOQ (S/N = 10) resulted in a
concentration of 20 ng/mL (UV) and 1 ng/mL (LCW-UV). Compared to the first HPLC
method, the LLOQ was subsequently lower for both LCW-UV and UV detection due to
the focusing of pramipexole by the stepwise gradient of the second HPLC method. Again,
an improvement of the quantification limit of the LCW-UV detection compared to UV
detection after applying HPLC method 2 was achieved by a factor of 20. Calibration curves
were also successfully established for LD (0.01-0.12 mg/mL) and BZ (0.005-0.03 mg/mL)
by UV measurements. Figure 8 shows the resulting linear ranges of the three APIs.

LCW-UV uv wl UV
200,000 100 4
| 124 }/
[ 80+
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g g 5
= 60 ® 54
§ 100,000 4 § § 8
3 g | 8
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Pramipexole concentration / pg/ml Levodopa concentration / mg/mi Benserazide concentration / mg/ml

Figure 8. Calibration curve of pramipexole measured with the help of the LCW-UV detection system
(1-100 ng/mL); calibration curves of benserazide (5-30 pg/mL), and levodopa (10-1200 ug/mL)
both examined by UV detection.

After the identification of the calibration curves, a second drug release study was
performed as described in Section 2.2. Attempts were again made to represent the real dose
for pharmacotherapy of the respect AP, so the filament amount was taken to examine 88 ug
of pramipexole, 25 mg of benserazide and 100 mg of levodopa. Since the filament length
of the EVA-LD-BZ filament exceeded the size of the basket, the filament was cut into four
shorter pieces. Thus, five filaments (one PVA-P filament stick, four EVA-LD-BZ filament
sticks) were placed in the baskets. The dissolution profile of 0.5% (w/w) pramipexole
filaments and filaments containing 40% (w/w) levodopa and 10% (w/w) benserazide are
shown in Figure 9. Both the drug release of pramipexole and benserazide can be described
according to first order kinetics. Within 80 min, 100% of the pramipexole was released from
the PVA matrix and could be categorized as unmodified drug release. For benserazide,
100% of the drug was released from the insoluble EVA matrix after 180 min. For the third
API, levodopa, the drug release from the EVA matrix can be described by Higuchi (square
root) kinetics since the diffusion distance to be passed by the API through the matrix
does not remain constant but increases steadily. The authors assume that levodopa and
benserazide are not homogeneously distributed in the matrix consisting of VA and EVA,
leading to the different drug release behaviors of LD and BZ. It is further speculated that the
pore former VA might be the reason that the affinity of the distribution differs for the two
APL This assumption would lead to the conclusion, that benserazide would have a higher
affinity for VA than for EVA. In addition, the slightly better water solubility of BZ may also
lead to the faster release. Further dissolution studies and formulation development will be
performed as part of an ongoing study to obtain the required release kinetics. However,
this study showed that all three APIs can be detected during drug release.
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Figure 9. Release curve of 0.5% (w/w) pramipexole filaments (77 = 17.51 mg) and levodopa/ benser-

azide (40/10% (w/w)) filaments (m = 250.7 mg) determined with LCW-UV (P) and UV (LD, BZ)
measurement (n = 6, ¥ &+ SD).

4. Conclusions

In this study, an LCW was applied as a flow cell to increase the light path using
total internal reflection. For pramipexole, the LLOQ was improved by a factor of 20 with
LCW-UV detection compared to conventional UV detection. With the help of this method,
concentrations of 1-100 ng/mL, which occur during drug release of low-dosed pramipexole
preparations, were detected simultaneously with two other released higher-dose APIs by
UV detection. The calculated f,-value for comparison of LCW-UV vs. LC-MS/MS was
>90, indicating that similar results for both technologies were obtained. The MDT was
comparable for both methods (20 &= 0.4 min). The new method offers a promising alternative
to expensive and time-consuming analytical technologies and can be easily integrated into
existing HPLC systems. Especially during the development phase of individualized drug
preparations and drug products of levodopa, benserazide and pramipexole, this analytical
method can provide fast results after dissolution studies. The integration of the LCW-UV
detection system can be used for various formulated API-polymer combinations and also
drug products, e.g., 3D printed tablets, where the API dosing differs substantially regarding
therapeutic regimens.
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Abbreviations

API active pharmaceutical ingredient

BZ benserazide

EVA poly (ethylene-vinyl acetate)-copolymer
DAD  diode array detection

HME  hot melt extrusion

HPLC  high-performance liquid chromatography
LCW  liquid-core waveguide

LD levodopa

LLOQ lower limit of quantification

MDT  mean dissolution time

MS mass spectrometry

P pramipexole

PVA polyvinyl alcohol
SD standard deviation
S/N signal-to-noise ratio

uv ultraviolet
VA poly (vinylpyrrolidone-vinyl acetate)-copolymer
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Abstract: Therapy for Parkinson’s disease is quite challenging. Numerous drugs are available for
symptomatic treatment, and levodopa (LD), in combination with a dopa decarboxylase inhibitor (e.g.,
benserazide (BZ)), has been the drug of choice for years. As the disease progresses, therapy must be
supplemented with a dopamine agonist (e.g., pramipexole (PDM)). Side effects increase, as do the
required dose and dosing intervals. For these specific requirements of drug therapy, the 3D printing
method fused deposition modelling (FDM) was applied in this study for personalized therapy. Hot
melt extrusion was utilized to produce two different compositions into filaments: PDM and polyvinyl
alcohol for rapid drug release and a fixed combination of LD/BZ (4:1) in an ethylene-vinyl acetate
copolymer matrix for prolonged drug release. Since LD is absorbed in the upper gastrointestinal
tract, a formulation that floats in gastric fluid was desired to prolong API absorption. Using the
FDM 3D printing process, different polypill geometries were printed from both filaments, with
variable dosages. Dosage forms with 15-180 mg LD could be printed, showing similar release rates
(f2 > 50). In addition, a mini drug delivery dosage form was printed that released 75% LD/BZ within
750 min and could be used as a gastric retentive drug delivery system due to the floating properties
of the composition. The floating mini-polypill was designed to accommodate patients’ swallowing
difficulties and to allow for individualized dosing with an API release over a longer period of time.

Keywords: FDM 3D printing; polypill; Morbus Parkinson; personalized medicine; additive
manufacturing; gastro retentive drug delivery

1. Introduction

Worldwide, about 9% of the world’s population is older than 65 years. Over the next
few decades, the UN expects the proportion of older people to continue to rise significantly,
so that by 2100 almost 23% of the population will be at least 65. In the EU, the aging process
is already more advanced; in 2020, more than 20% of the EU population was 65 years
and older [1-3]. Due to the increase in susceptibility to disease with age, approximately
50% of Rx-medications are prescribed to patients older than 65 years [4-8]. The average
geriatric patient (>65 years) takes 8.5 tablets per day at different times [3]. This can lead
to complications between the different drugs with potential interactions, but also to a
decrease in medication adherence, as certain dosing times and intervals are not adhered to
or administration is forgotten [9,10]. To promote patient adherence, community pharmacies
frequently offer to blister tablets in pouches or place them in medication boxes for daily
use [7]. Also, pharmaceutical manufacturers are trying to produce tablets that contain
multiple active pharmaceutical ingredients (APIs) in fixed dosages that are often prescribed
together [11,12]. For example, several APIs are prescribed for high blood pressure or
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cardiovascular diseases, and these are now in just one tablet for ingestion (e.g., Vocado®
HCT, Berlin-Chemie AG, with olmesartan, amlodipine and hydrochlorothiazide). Another
disease that requires the administration of multiple tablets is Parkinson’s disease. So far,
the disease can only be treated symptomatically and must be tailored very precisely to the
patient, since here effect and side effect go hand in hand, as both too low and too high
dopamine levels can lead to symptoms [13-15]. Parkinson’s disease is the second most
common neurodegenerative disease. On average, patients are diagnosed with Parkinson’s
at around 60 years of age. However, the onset is probably preceded by decades of changes
in the body. The number of patients worldwide has increased from 2.5 million in 1990 to
6.1 million in 2016. The main cause is the increasing aging of the population. However, the
incidence of the disease has also increased by more than 20% within individual age groups
during this time [16,17]. Parkinson’s disease is characterized by progressive degeneration
of dopaminergic neurons in the substantia nigra [18-22]. This results in an imbalance in the
transmitter system with disinhibition of cholinergic neurons and increased glutamatergic
activity (dopamine deficiency and excess of acetylcholine). This results in inhibition of
movement. Due to the lack of dopamine, akinesia and bradyphrenia develop, rigor and
tremor are consequences of the disinhibited cholinergic system. The disease advances in a
progressive manner, showing a stepwise course associated with various motor, behavioral,
and psychological disabilities. Therapy begins early with the diagnosis. Suitable APIs and
API-classes are: levodopa (LD) (always in combination with dopa decarboxylase inhibitors
(DD, e.g., benserazide, carbidopa)), dopamine agonists (DA, e.g., pramipexole, ropinirole),
monoamine oxidase B (MAO-B) inhibitors (selegiline, rasagiline), cathechol-O-methyl
transferase (COMT, entacapone, tolcapone) inhibitors, N-methyl-D-aspartate (NMDA)
agonists (e.g., amantadine), and anticholinergics (biperidine). For patients <70 years of
age (biological age), DA are the drug of choice. In patients >70 years, LD combined with
DDl is the preferred therapy [23,24]. As the disease progresses, however, it becomes more
difficult to control symptoms by taking tablets alone [21,25-28]. The effect of the medication
then sets in increasingly later and does not last as long: The optimal range of action in
which a drug is available in the desired concentration in the body and has the intended
effect decreases. Phases with good mobility (ON phases) and with under-mobility (OFF
phases) thus become more and more prominent. Non-motor symptoms such as behavioral
changes or depression may also become more apparent [24,29,30]. That is why the therapy
of Parkinson’s patients is constantly adapted and rarely remains a monotherapy. In the
later course, DA and LD are often combined. As patient suffering increases, pharmaceutical
manufacturers are trying to develop dosage forms that can alleviate suffering. Thus, there
are intestinal pumps (Duodopa®, Lecigon®, [31-33]), transdermal therapeutic systems
(TTS, Neupro®}, orodispersible films and tablets (ODE, ODT [34,35]), tablets, capsules, and
floating dosage forms (Madopar® HBS [36,37]) for therapy on the market or in clinical
trials. Various research groups are also working on improved therapy [38]. Accordion
Pill® is one of the new innovative dosage forms [39]. It contains LD and carbidopa (DDI)
in a novel drug delivery system with combined immediate release (IR) and sustained
release (SR) kinetics. The design allows gastric retention and thus improved API uptake
for Parkinson’s patients. In another approach, nanoparticles are being investigated as oral
and nasal dosage forms, as well as a LD powder inhaler [40-44]. Other research groups test
microspheres, liposome nanocapsules, and niosomes loaded with DA for the treatment of
Parkinson’s disease. The lipophilic formulation is expected to improve transport through
the blood-brain barrier to achieve dose reduction, thereby reducing side effects [45-47].
As Fused Deposition Modelling (FDM) 3D printing is currently being investigated for
many drugs for personalized medicine [48-59], some research groups are also interested
in printing individual drug dosage forms for Parkinson’s patients with tailored dosages
and release profiles [48,49,60-63]. The layered structure of the geometries from FDM 3D
printing and semi-solid 3D printing allows very precise dosage and adjustment of the dose.
This allows the required dose to be administered without triggering side effects, even for
APIs with a small therapeutic range [63,64]. FDM 3D printing, also called fused filament
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fabrication, requires a filament, which is previously produced by hot-melt extrusion (HME)
from a mixture of API and polymer as matrix. By simply changing the filament during
printing, FDM 3D printing enables the use of multiple APIs and polymer matrices in
one tablet during one manufacturing step. This offers the advantage of also being able
to combine APIs that are incompatible with each other in a combined formulation, as
well as being able to individually adjust the release properties of the APIs due to the
polymer matrix and surface area to volume (SA /V) ratio [65,66]. For example, Khaled et al.
developed a 3D printed polypill with five different drugs in various compartments and
two different release profiles for cardiovascular therapy [67].

In our study, we aimed to develop a 3D printed polypill-dosage form containing three
APIs with different release kinetics for the therapy of Parkinson’s disease: pramipexole
(PDM), levodopa (LD), and benserazide (BZ). In addition, the dosage form should be
adapted to the requirements of Parkinson’s patients and thus be easy to swallow, individ-
ually dosed, and have the longest possible gastric residence time (GRT) to saturate the
transporters in the upper small intestine section with LD over a long period of time to
reduce side effects and ON-OFF fluctuations. Levodopa is a precursor of dopamine and
is used in the treatment of movement disorders in Parkinson’s disease and restless legs
syndrome. The initial dose is 100 mg LD once or twice daily combined with 25 mg BZ. A
dose increase should be made every 3rd— 7th day, until a maximum daily dose of 800 mg
LD is reached. LD and BZ are dosed in a 4:1 combination. PDM is a dopamine agonist. The
initial dose is 0.26 mg pramipexole per day (corresponds to 0.375 mg PDM), the lowest
dose of one tablet is 0.088 mg. The daily dose may be increased by 0.52 mg at weekly
intervals, to a maximum dose of 3.15 mg per day (corresponds to 4.5 mg PDM) [23]. For
individual dosage and adjusted release rate, the FDM 3D printing process was used. The
DA PDM should have a fast release and the combination LD/BZ should display sustained
release from the dosage form. Therefore, PDM was processed by HME in a polyvinyl
alcohol (PVA)-filament and the combination LD/BZ in an ethylene-vinyl acetate-copolymer
(EVA)-filament. The dosage form design should be adjusted for the release rate with respect
to the absorption window in the upper jejunum via the SA/V ratio.

2. Materials and Methods
2.1. Materials

For formulation development, various sustained release (SR) polymers were first
screened using the vacuum compression molding (VCM) method (Table 1).

Table 1. SR-polymers used for VCM-formulation development (MW, molecular weight; MFI, melt

flow index).
Hydroxypropyl Hydroxypropyl Ethylene Vinyl Hydroxypropyl
Polyvinyl Alcohol y ypropy y YPropy y y Methylcellulose
(PVA) Cellulose Cellulose Acetate (EVA) Acetate Succinate
(HPC H) (HPC SSL) (72:28) (HPMC-AS)
Parteck MXPY, 1y 1 000000 Da,  MW: 40,000 Da, Escorene UL Aquasolve®, MW:
87-89% hydrolysis . . . . 02528%, MFI: 25
Nisso Chemical Nisso Chemical . 75,100 Da,
grade, MW: g/ 10 min, TER
Manufacturer Europe, Europe, . Ashland,
approx. 32,000 Da, Diisseldorf Diisseldorf Chemicals, Wilmington, DE
Merck, Darmstadt, ! ! Hamburg, T
Germany Germany USA
Germany Germany

After formulation development, the polypill was printed with two different filaments,
manufactured by hot-melt extrusion (HME). The composition of the filaments is shown in
Table 2.
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Table 2. Formulations used for the polypill.

Filament 1
API and Excipients % Function Manufacturer/Source
. 99.5%, Chr. Olesen
* i '
Pramipexole 2 HCI * H,O (PDM) 5.0 API Gentofte, Denmark
. .. Parteck M®, Merck,
Mannitol 10.0 plasticizer Darmstadt, Germany
. Parteck MXP®, Merck,
Polyvinyl alcohol (PVA) 84.0 polymer Darmstadt, Germany
- . Aerosil® 200 VV Pharma,
Fumed silica 1.0 glidant Evonik, n, Germany
Filament 2
APIs and Excipients % Function Manufacturer/Source
99.6%, Zhejiang Wild Wind
Levodopa (LD) 40.0 API Pharmaceutical, Dongyang,
Zhejiang Prov.,, China
Benserazide (BZ) 10.0 API 99.8%, BioPharma Synergies,
Barcelona, Spain
Vinylpyrrolidone-vinyl acetate 15.0 olvmer Kollidon VA 64%, MW: 40,000 Da,
copolymer 60:40 (PVP-VA) ) poly BASF, Ludwigshafen, Germany
Ethylene-vinyl acetate copolymer Escorene® FLO1418, MFL:
] Yy Yy POty 34.5 polymer 14 g/10 min, TER Chemicals,
82:18 (EVA)
Hamburg, Germany
e . Aerosil® 200 VV Pharma,
Fumed silica 0.5 glidant Evonik, n, Germany

LD, BZ and PDM exhibit good water solubility (c; (LD) > 12 mg/mlL, cs
(BZ) > 10 mg/mL, cs (PDM) > 200 mg/mL [68-70]) and thus belong to the biopharmaceu-
tical classification system (BCS) class I. As HME and FDM 3D printing are heat intensive
processes, care was also taken to ensure that the process temperatures were below the
decomposition temperatures (260-330 °C) [62,71-74]. Due to the high water solubility of
the drug substances, the dissolution is governed solely by the polymer properties and not
by their solid-state properties.

2.2. Methods
2.2.1. Vacuum Compression Molding

To compare the release profiles of different sustained release (SR) polymers under
the same conditions, molten platelets were prepared with vacuum compression molding
(VCM, MeltPrep GmbH, Graz, Austria) technology [75]. The resulting platelets had the
same surface area (SA) and volume (V), so that the SA /V ratio did not influence the release
profile. For this purpose, powder mixtures of different SR polymers with 33% LD each were
prepared so that there was 100 mg LD in each VCM-sample (300 mg). The physical mixture
of SR polymer and LD was filled into the sample holder, which was connected to a vacuum
source. A piston was pressed onto the sample, which was melted on the hot plate until
the sample was homogeneously mixed. The process settings used are shown in Table 3.
Afterwards, the VCM-platelet was cooled and removed from the holder. The dimensions
of the resulting VCM-platelet were 20 mm in diameter and 1.5 mm in height (Figure 1).

Table 3. VCM-Process settings for different SR-polymers.

PVA HPCH HPC SSL EVA (72:28) HPMC-AS
Heating temperature/°C 210 170 170 120 210
Heating time/min 7 7 8 7 7
Mass/mg (MV) 307 310 308 311 310
SA/V ratio/mm~! 1.5 1.5 1.5 1.5 1.5
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Figure 1. VCM platelets of different SR polymers.

2.2.2. Hot-Melt Extrusion for Filament Fabrication

All filaments were prepared by HME with a co-rotating twin-screw extruder (Phar-
malab HME 16, Thermo Fisher Scientific, Rockford, IL, USA). A gravimetric feeder (K-SFS-
24/6, Coperion K-Tron, Stuttgart, Germany) was used for all experiments. An in-house
manufactured die with a diameter of 1.85 mm was used. The desired filament diameter
was achieved using a belt haul-off unit of a winder (Model 846700, Brabender, Duisburg,
Germany) with a belt speed of 0.8 m/min and the filament was transported through a roller
system with four 360°—air flow ring nozzles (Super Air Wipe™, Exair®, Cincinnati, OH,
USA). With the help of a laser-based diameter measurement module (Laser 2025 T, Sikora,
Bremen, Germany), the filament diameter was detected and logged during the process with
a readout rate of 1 Hz to ensure the production of filaments with low diameter fluctuations.
For extrusions with EVA, the screw speed was set to 20 rpm and powder feed rate was
set to 2 g/min. The screw configurations and the temperatures of the heating zones are
summarized in Table 4 and also described in previous publications [60,61,76].

Table 4. Extrusion parameters with adjusted temperatures during extrusion and screw configuration
of performed extrusions.

Temperature Profile in Zone 2-10 [°C]

2 3 4 5 6 7 8 9 10
PDM-PVA filament 20 20 100 180 180 180 180 195 195
LD/BZ-EVA filament 20 20 100 100 100 100 100 100 100

Screw Configuration (Die-Gear)

PVA/EVA filaments

die-10CE1L/D-KZ1: 5 x 60°-3 x 30°-5CE1L/D-KZ2: 4 x 90°-5 x 60°-3 x 30°-16 CE1L/D-2
CE3/2L/D-1L/D adapter—gear
CE = conveying element, KZ = kneading zone

2.2.3. 3D Printing Process of the Polypill-Geometries

To achieve various dosages and release profiles, the geometries were designed with
the computer-aided design (CAD) program Fusion360® (Autodesk, San Rafael, CA, USA)
with focus on the volume and surface area to volume (SA/V) ratio. Afterwards, the
generated stl-files were transferred to the slicing program PrusaSlicer® (Prusa research,
Prague, Czech Republic). The individual parts of the geometries were assigned to the
respective filament. The layer height and extrusion width were adjusted to generate the
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desired height and width of the geometry. The G-code was sent to a Prusa 3D printer (Prusa
i3 Mk3, Prusa research, Prague, Czech Republic), which printed the objects defined in the
data file (Figure 2). The multi material unit (MMU) from Prusa® was used for printing
the polypill. A cleaning tower was printed between filament changes so that the previous
filament could be washed out of the nozzle and the following used filament was not
contaminated. The best results were obtained with the following temperatures: PDM-PVA
filament: 185 °C print temperature and 70 °C bed temperature, LD/BZ-EVA-filament:
220 °C print temperature and 70 °C bed temperature. Cooling during printing was turned
off, otherwise the layers would not adhere to each other. The objects were printed one
by one. The printing speed was set to 10 mm/s because the geometries had little contact
area with the print bed due to their small size and quickly detached, interrupting the
printing process.

eOO®E

5 &/
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Figure 2. Printed polypills in various designs.
2.2.4. Dissolution Tests of the Polypills

The dissolution tests for the polypill (n = 3) were performed according to European
Pharmacopoeia monographs 2.9.3 and 5.17.1 [77,78]. A modified basket apparatus was
used for the dissolution apparatus (DT 700, Erweka, Langen, Germany) [61,63]. Adapted
baskets were 3D printed with water insoluble polylactide acid filament (PLA, Bavaria-
Filaments, Freilassing, Germany) with a mesh size of 3 mm and the same outer dimensions
as the regular baskets described in the European Pharmacopoeia. This adjustment was
necessary because the 3D printed tablets clogged the small meshes of the original Erweka
baskets (0.36-0.44 mm) with swollen polymer, affecting the hydrodynamics around the
printed tablet. The use of the modified baskets prevented this blockage. In addition, a
3D printed PLA-plate with a mesh size of 3 mm was clipped into the basket above the
floating dosage form so that it could not stick to the stirrer and thus distort the release
profiles. As dissolution medium degassed 0.1 N hydrochloric acid (HCI) was used. The
volume was 1000 mL, the stirring speed was set to 50 rpm and the temperature was set to
37 £ 0.5 °C. The dissolution tests were performed under sink conditions [63,76]. Samples
were drawn using an autosampler (Vision® AutoFill™ + AutoPlus™, Teledyne Hanson
Research, Chatsworth, CA, USA). At the set time point, 5 mL were withdrawn from the
vessel, 3.5 mL were used to wash the tubes before sampling, and 1.5 mL were transferred
directly to a HPLC vial. For polypill design (PP) 1-PP3, the first sample was drawn after
15 min, then after 30 min, and subsequently every 30 min until 180 min. Afterwards, a
sample was taken every hour until 360 min, then every 2 h until 600 min. For PP3 additional
samples were taken after 600 min every 5 h until 50 h. For the mini tablet designs MiniTab
and MiniHC, the first sample was taken after 10 min, then every 10 min until 60 min,
followed by every 30 min to 120 min, then after 1 h to 240 min, and every 2 h to 600 min.
Subsequently, samples were taken every 5 h to 1500 min.

2.2.5. HPLC Method: Chromatographic Conditions for Simultaneous Quantification of
Levodopa, Benserazide and Pramipexole

The following method is described in more detail in [76]. High performance liquid
chromatography (HPLC) analysis was used to separate all three APIs (PDM, LD, BZ). The
HPLC (Dionex, Sunnyvale, CA, USA) was equipped with a quaternary pump (P 580 A,
Dionex, Sunnyvale, CA, USA) and an autosampler (ASI-100, Dionex, Sunnyvale, CA, USA).
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For the HPLC method, a C18-column (Eurospher II 100-5, Knauer, Berlin, Germany) with
integrated precolumn was used. The eluent consisted of methanol (mobile phase B) and
ammonium acetate buffer (0.05 M, pH 4). The flow rate was set to 1 mL/min and the
oven temperature for tempering the column to 40 °C. The gradient was as follows: mobile
phase B was increased from 1 to 5% (v/v), within the first min, held at 5% (v/v) for 4 min,
increased from 5 to 10% (v/v) within 1 min, held at 10% (v/v) for 4 min, increased again
from 10 to 20% (v/v) within 1 min, held for 4 min at 20% (v/v), increased again from 20 to
99% (v/v) within 5 min, held for 2 min at 99% (v/v) and decreased to 1% (v/v) within 0.5
min, again until 22.5 min after sample injection. An equilibration time of 3.5 min per run
was allowed to pass before the next sample was injected. An injection volume of 200 pL
was chosen to analyze the APIs. Detection was achieved by measuring the UV absorption
of the sample at 264 nm with the help of the HPLC UV-detector [77].

2.2.6. Density Measurements with Helium Pycnometer

To determine the true density of the filaments and printed tablets, measurements were
made using a helium pycnometer (AccuPyk 1330, Model 133/00010/10, Micromeritics,
Norcross, GA, USA). The analysis conditions were 10 cycles with a purging filling pressure
of 134.55 kPa with Helium. 5 measurements per sample were performed in a 1 cm? chamber.

2.2.7. Comparison of Release Profiles
Mean Dissolution Time

The Mean Dissolution Time (MDT), expressed in units of time, was used to com-
pare the curves and to categorize them [61,79,80]. The MDT was calculated according
to Equation (1).

00 ti+t;
MpT — ABC _ Lizo [(Ci+1 —¢i) X (—2i)]

)

The quotient of the ABC (area between the curves) and c«, the initial drug load of the
dosage form results in the MDT. Via the trapezoidal equation, ABC is calculated with ¢; as
the concentration of the API released over time . Values up to 100% API release were used,
since the ABC does not change afterwards.

Coo Coo

Similarity Factor

In addition, the similarity factor was used to compare the release curves. Equation (2)
was used to perform the calculation [61,79,81,82].

—0.5
f, =50 x log{ [1 + % Yo (Re— Tt)z] X 100} 2

Rt represents the APl in % at time point £ for the reference and Tt the API in % at time
point £ for the test product. The factor n summarizes the considered number of time points.
Since the f, value is sensitive to the number of measurement points, the number of the
considered values was constantly limited to 12 time points. An f, value of 100 results if
the dissolution curve of the test product is completely identical to the reference curve. The
measured values may deviate from the reference by a maximum of 10%, resulting in f,
values between 50-100. If the achieved f, value is below 50, the dissolution profiles differ
strongly, and they are not considered similar.

3. Results and Discussion
3.1. Polymer Selection for Levodopa

To increase Parkinson’s patients” adherence to their therapy, the LD/BZ combination
should be released slowly over 12-24 h so that dosing intervals increase, and ON-OFF
fluctuations decrease. The PVA-formulation with PDM has already been developed for
previous studies [60,61,63]. To find a suitable SR polymer for the LD/BZ combination,
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VCM-platelets were prepared with a drug loading of 33% (w/w) LD and established SR
polymers: PVA, HPC H, HPC SSL, EVA and HPMC-AS. All VCM-platelets had the same

SA /V ratio and could thus be compared based on their dissolution properties (Figure 3).

100
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released LD / %
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Figure 3. Dissolution profiles of LD from SR-polymer-VCM platelets (33% (w/w) LD-loading);
modified basket apparatus, 1000 mL 0.1 N HC], 50 rpm, 37.0 £ 0.5 °C.x £ s;n =3.

The aim was to achieve prolonged release with a constant dissolution rate of the
API This target was set regarding the prolonged gastrointestinal passage in Parkinson’s
patients [83,84] and the resorption window of levodopa in the small intestinal tract via large
neutral amino acid (LNAA) transport carrier [85,86]. To achieve continuous availability
of LD/BZ in the body, the dosage form should release a constant amount of LD/BZ and
saturate the transporters for as long as possible so the “wearing off” phenomenon at the
end of dose interval is decreased [87-89]. To ensure a constant release, the tablet should
release 75% within 12 h, so that a constant API exposition is realized within the desired time
frame. Using the VCM-platelets, it was determined that PVA, HPC H and HPC SSL would
not be considered because they released the API too fast (HPC SSL 75% LD in 25 min, PVA:
75% LD in 33 min, and HPC H 75% LD in 133 min) based on their high hydrophilicity,
the formation of a hydrocolloid matrix, and swelling, as well as eroding properties of the
matrix so that the API can be solubilized faster. The final formulation including BZ should
have 50% drug-loading and thus become even more hydrophilic, so that the API release
will be faster than the VCM-API release. The API release of HPMC-AS, on the other hand,
was too slow (25% LD in 63 h), so the decision was made for the SR polymer EVA (50% API
in 75 h). In addition, EVA has a lower density (0.95 g/ cm?®) than water and 0.1 N HCI
(gastric fluid), so this property can be exploited for a floating, gastro-retentive drug delivery
dosage form [86].

3.2. Formulation Development with EVA

First, a formulation containing 40% LD and 60% EVA was extruded (F1, Table 5).
However, the API release was too slow, even with a high SA /V ratio of 3 mm ! (Figure 4),
and the printing process of the filament was difficult, because of the high flexibility of the
filament. Therefore, the formulation was changed. PVA was added in equal parts with EVA
as hydrophilic polymer (F2). Nevertheless, the flexibility of EVA with a VA content of 28%
was too high, so that the printability was poor, the printed objects were not reproducible,
and the printing process repeatedly stopped because the filament clogged the nozzle. Drug
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release was faster than in F1, but still not suitable. Therefore, the EVA polymer with a VA
content of 28% was replaced by EVA with a VA content of 18% (F3). The same excipient
combination with other quantification was now extruded and printed with EVA (18% VA).
Drug release was much faster than with formulation F2, but the dosage form disintegrated
within a few minutes, so no gastro-retentive drug delivery form can be developed with
this composition. Therefore, the EVA content was increased, PVA was replaced by PVP-VA,
and mannitol was added, as the filament otherwise became too brittle (F4).

Table 5. Formulation development of SR LD-EVA formulation.

F1 F2 F3 F4
LD/% 40 10 10 10
EVA (72:28)/% 60 44.5 - -
EVA (82:18)/% - - 25 39.5
PVA/% - 445 64 -
Mannitol/% - - - 10
PVP-VA/% - - - 39.5
Fumed Silica/% - 1 1 1

released LD / %

r T r T r T r r r
0 1000 2000 3000 4000 5000
time / min

Figure 4. Dissolution of LD from F1, F2, F3 and F4; modified basket apparatus, 1000 mL 0.1 N HC],
50 rpm, 37.0 £ 05°C.x +s; n=3.

All formulations show a burst in the first few minutes. Subsequently, the API is
released constantly over time until approximately 80% of LD has been released. Thereafter,
the release of LD is slower and results in a plateau. The release profile can be described
with Higuchi’s square root-of-time kinetics [90-92]. First, the API, which is on the surface
of the dosage form, is dissolved. The larger the surface, the more API goes directly into the
solution. This results in what is known as a burst. The APl is then released from the matrix.
In the inert matrix, depending on the diffusion path, the amount of dissolved API remains
constant over time. After a certain time, the diffusion paths for the API become longer and
longer and less API is released over time until the plateau at 100% is reached.

The formulations F3 and F4 result in a fast release profile (50% released API in 60 min,
75% released API in 125 min), which may be advantageous when the dosage form is
not gastro retentive, and the API must be fully released prior to small intestinal passage.
However, since F3 dissolves and does not retain an inert matrix, F4 was used as orientation
for the fixed-combination formulation. Formulations F1 and F2 released the API much
more slowly (F1: 25% released API in 960 min; F2: 75% released API in 1200 min) and were
thus not developed further.
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From the obtained results, it could be concluded that the fixed-combination formu-
lation should contain more than 25% EVA for the tablet to remain durable. In addition,
PVP-VA was identified as a good pore former and stiffness enhancer for better printabil-
ity. Since the desired release profile of the fixed combination should still be slower than
displayed by F4, the amount of EVA could be increased.

3.3. Formulation Development for Fixed Combination LD/BZ

Based on the previously found formulation with 10% LD, different fixed combinations
(FC) were now extruded. The EVA content was set above 30% to produce an inert, non-
disintegrating matrix (Table 6). The API proportions were fixed, as they are dosed in a 4:1
ratio (LD:BZ). The maximum dose is 200 mg LD per tablet, which is equivalent to a 500 mg
tablet at 40% content, which should be swallowable by patients and designable so that the
dimensions of the dosage form are similar to those of tablets on the market. The PVP-VA
content varied from 5-20%. The filaments with 20% PVP-VA (FC4) were too brittle and
broke directly during cooling after HME, so that they could not be used for printing. The
density measurements also reflect the EVA content. The higher the content of EVA in the
filament, the lower the density.

Table 6. Formulation development of LD/BZ fixed combination (FC) formulation.

FC1 FC2 FC3 FC4
LD/% 40 40 40 40
BZ/% 10 10 10 10
EVA (82:18)/% 445 39.5 345 295
PVP-VA/% 5 10 15 20
Fumed Silica/% 0.5 0.5 0.5 0.5
Density/g/cm? 1.15 1.16 1.17 -

After extrusion, parts of the filaments were used for dissolution tests to assess which
formulation was most likely to reproduce the desired release profile (SA/V: 2.3 mm™!).
Parallel quantification of LD and BZ is challenging, and the development of a suitable
analytical method to quantify the APIs simultaneous in the presence of PDM is described
in another publication [76]. As other publications have already shown, the release profiles
of BZ and LD are comparable [93-97]. To simplify the analyses in the present study, the
release profile of LD is also used as a surrogate for BZ release (Figure 5).
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Figure 5. Dissolution of LD/BZ from FC1, FC2, and FC3; modified basket apparatus, 1000 mL 0.1 N
HCl, 50 rpm, 37.0 £ 0.5°C. x £ s;n = 3.



Pharmaceutics 2022, 14, 931 11 of 22

Also with these formulations, the release starts with a burst effect. Subsequently, the
release of the APIs is more uniform. The diffusion paths within the filament strand are very
short (& 1.75 mm), so that the decrease in the release rate towards the end is small.

The formulations FC 1+2 release the APIs too slow (FC 1: 50% API in 1260 min, FC
2: 50% API in 780 min), whereas FC 3 shows the fastest release course and displays the
desired course (50% API in 290 min, 75% API in 720 min, 100% API in 1440 min).

3.4. Design and Dissolution of Polypill Tablet Variations

With the final LD-EVA filament formulation (FC3), and the beforehand developed
PDM-PVA filament, different geometries with various PDM and LD/BZ contents were
printed and released. The selected doses were adjusted to the dosages in available
market preparations.

First, a simple polypill design was chosen (PP1) to observe the release behavior of the
printed formulation (Figure 6 left). A cylinder with a diameter of 10 mm was selected as
geometry, which should therefore also be easy to swallow (Figure 6 right). A LD/BZ dose
of 50/12.5 mg was targeted, which corresponds to the lowest dose of tablets available on
the market, as well as a PDM dose of 3.5 mg (Table 7). The release rate was calculated for
the linear section of the profiles, after the burst until the end of the measurement (LD/BZ),
or until the plateau was reached (PDM).

e
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1.6 mm
1
2.6 mm

released API / %

@10 mm
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Figure 6. (Left): release profile of PP1; modified basket apparatus, 1000 mL 0.1 N HC], 50 rpm,
37.0 £ 0.5 °C, x £ s; n = 3. (Right): Image of PP1: red: PDM-PVA, blue: LD/BZ-EVA.

Table 7. Structure and release properties of PP1.

LD/BZ PDM

SA/V total/mm—! 1.2
SA/V/mm™1 1.6 24
mg API/mg 50.0/12.5 35
% API in 600 min 22 100
t750,/min n.d. 140
MDT/min n.d. 97
release rate/%/min 0.03 0.33

The geometry has a total SA/V ratio of 1.17 mm~!. As the PDM-PVA formulation
dissolves over time, the SA of the insoluble LD/BZ formulation increases to 1.65 mm—1.
The release of PDM can be described by the Peppas Sahlin equation [61]. The formulation
releases the API by diffusion and erosion due to the formation of a hydrocolloid matrix [98].
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Due to the layered structure of the FDM printed geometry, the medium can easily penetrate
the cylinder and release the API from the individual strands. The formulation begins to
swell and dissolve over time. The API can release through the layers and dissolve directly
due to its good solubility. After 140 min, 75% PDM was released, and thus the dissolution
profile can be categorized as prolonged release. The combination of LD/BZ is released
very slowly from the SR polymer. The matrix is inert, and the APIs can only enter solution
by diffusion. After 600 min, just 22% LD/BZ is released. The density of the entire PP1 is
1.18 g/cm?3. Due to the low EVA density and most probably included pores, the buoyancy
of the polypill is maintained (Figure 7). While the PDM-PVA layer (density 1.3 g/cm?)
dissolves over time, the remaining EVA-based part retains the floating property.

Figure 7. Floating properties of PP1 in 300 mL 0.1 N HCl, 37 + 0.5 °C.

To increase the dose, a hollow cylinder-geometry (PP2) was designed that is built
up in three layers, with a total SA/V ratio of 0.9 mm~! (Table 8). The SA/V ratio was
kept similar to PP1 to see if it is possible to increase the dose without strongly affecting
the overall release. This is of particular importance for personalized therapy [63]. The
PDM filament was printed between two LD/BZ-EVA hollow cylinder layers, so that these
two hollow cylinders can detach from each other after a while due to the solubility of
PDM-PVA-compartment and further increase the SA of the geometry during release to a
SA/V ratio of 1.3 mm~! (Figure 8).

Table 8. Structure and release properties of PP2.

LD/BZ PDM
SA/V total/mm—? 0.9
SA/V/mm—! 1.3 2.6
mg API/mg 83/20.75 35
SA/V/mm—1 1.2 -
mg API/mg 97/24.25 -
%API in 600 min 21 100
t750,/min n.d. 310
MDT/min n.d. 187

release rate/%/min 0.02 0.20
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Figure 8. (Left): release profile of PP2; modified basket apparatus, 1000 mL 0.1 N HC], 50 rpm,
37.0 £ 0.5 °C, x &+ s; n = 3. (Right): Image of PP2: red: PDM-PVA, blue: LD/BZ-EVA.

Compared to PP1, PDM is released more slowly here. This is due to the enclosed
SA of the two LD/BZ hollow cylinders. The LD/BZ release curve is very similar to PP1
(fp: 87.5). Here, 21% API is also released in 600 min. Due to the small outer SA of the
PVA formulation in contact with the medium (24% of the SA), the separation of the layers
could not proceed as quickly as desired, so that the increase in SA due to the separation
of the hollow cylinders occurred late and thus did not lead to a faster API dissolution. In
addition, it was observed that during printing of the PVA layer, EVA residues were still
present in the print head, which were rinsed out despite the intermediate cleaning step
and thus contaminated the PVA layer with EVA. The total density of the PP2 is 1.1 g/cm?.
Despite the large shape, the dosage form floats on the medium, again most likely because
of air entrapped in the structure (Figure 9). If the PDM-PVA layer between the LD/BZ-
EVA-hollow cylinders dissolves, both parts (hollow cylinders with LD/BZ-EVA) float on
the surface of the medium.

Figure 9. Floating properties of PP2 in 300 mL 0.1 N HCl, 37 + 0.5 °C.

In another polypill design (PP3), the PDM dose was changed. The total SA/V ratio
was kept similar to PP1 and PP2. PP3 design was a hollow cylinder, this time with a
small cylinder as inlay printed with the PDM-PVA filament (Figure 10). PDM-PVA was
low-dosed with 1.5 mg and LD/BZ-EVA had a content of 50/12.5 mg (Table 9).
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Figure 10. (Left): release profile of PP3; modified basket apparatus, 1000 mL 0.1 N HC], 50 rpm,
37.0 £ 0.5 °C, x £ s; n = 3. (Right): Image of PP3: red: PDM-PVA, blue: LD/BZ-EVA.

Table 9. Structure and release properties of PP3.

LD/BZ PDM

SA/V total/mm—! 1.1
SA/V/mm—! 13 2.0
mg API/mg 50.0 / 12.5 15
% API in 600 min 33 75
t750,/min 2100 600
MDT/min 1130 360
release rate/%/min 0.03 0.11

To represent the complete release profile, the time of the dissolution test was extended
to 3000 min. In this design, PDM was released very slowly. Despite a comparable SA/V
ratio to PP1 and PP2, only 75% PDM was released within 600 min. The SA in contact
with the medium was limited to 50%, so the SA in the complete design was reduced by
the hollow cylinder from the EVA formulation. In addition, a filament change had to be
performed for every single layer in this geometry, which again resulted in carryover of
EVA into the PVA layers. For the LD/BZ-EVA formulation, a constant drug release after
the burst could be realized with this design. With a release rate of 0.03% API/min, the
release profile is comparable to PP1 and PP2, which was desired with the choice of SA/V
ratio (fp: 60.1). The total density of the PP3is 1.1 g/ cm?. It also floats on the surface of the
medium and maintains this property over the time of release.

With these geometries, it is possible to achieve a prolonged gastro-retentive API
release for various dosages, which allows a larger time interval for drug absorption. In
addition, due to the different geometric forms but comparable SA/V ratios, it is possible
to vary the dosages from 50/12.5 mg-200/50 mg LD/BZ but keep the release profile
similar (f, > 50). However, the release profile of the LD/BZ combination is very slow
(75% LD/BZ in 2100 min). For patients who need to respond more specifically to LD/BZ
spikes, a 24 h ingestion-interval is not an option. In addition, the selected tablet sizes are
not advantageous for patients with swallowing difficulties. Therefore, the possibility of
printing mini tablets was also investigated in this study.

3.5. Design and Dissolution of Polypill Mini Tablet Variations

With mini tablets, the dose can be finely adjusted by the patient himself by the selected
number of mini tablets. Since the diameter is <56 mm, these dosage forms are easy to
swallow [99,100].
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First, a mini tablet (MiniTab) was printed with the dimensions of 4 mm in diameter
and 3.6 mm in height (Figure 11 and Figure S1, Supplementary Material). The dose of
LD/BZ was reduced to 15/3.75 mg per mini tablet, so the patient can adjust the desired
LD/BZ dose in 15/3.75 mg steps by the number of tablets (Table 10). The dose of PDM
was set to 0.375 mg, which represents the smallest dose in market preparations for SR.
Therefore, the therapy can be adapted in small discreet steps.
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Figure 11. (Left): release profile of polypill design MiniTab; modified basket apparatus, 1000 mL
0.1 N HCJ, 50 rpm, 37.0 + 0.5 °C, x £ s; n = 3. (Right): Image of MiniTab: red: PDM-PVA, blue:
LD/BZ-EVA.

Table 10. Structure and release properties of MiniTab.

LD/BZ PDM
SA/V total/mm—! 2.1
SA/V/mm—1 1.6 44
mg API/mg 15/3.75 0.375
% API in 600 min 22.7 100
t750,/min n.d. 40
MDT/min n.d. 26
release rate/%/min 0.02 0.80

The release of PDM is fast (100% PDM in 60 min). The small cylinder can be well
covered by the medium, so that the API is quickly released from the matrix and the PDM-
PVA cylinder can be well dissolved. The release of LD/BZ is again comparable to PP1-PP3
(f: 80.3). 23% API was released in 600 min, and the release rate is 0.02% API/ min. With
the MiniTab design, it would therefore be possible to reproduce the same release rate as
with PP1-PP3, but the dose can be individually adjusted in small steps. In addition, PDM is
released much faster with this form, so that any OFF phases of the patient can be treated
quickly. Due to the low density (1.1 g/cm?), as well as the low volume likely in combination
with entrapped air, this dosage form also floats on the surface of the medium and can thus
be used as a gastro-retentive dosage form.

To increase the release rate of the LD /BZ combination, a SA/V ratio of 4.7 mm ! was
targeted with the next design. Therefore, a mini-hollow cylinder (MiniHC) with a dose of
10 mg LD and the appropriate SA/V ratio was printed. The interior was filled with a cross
of PDM-PVA (Figure 12, Figures S2 and S3). This design allows for maximum circulation
of the medium around both formulations. In addition, the dose of PDM can be varied by
the height of the cross, or with a different design, which can be inserted into the hollow
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cylinder. The variation in height was tested with two different PDM-doses (Table 11).
Figure 12 shows the release of MiniHC with cross with 0.4 mg PDM (MiniHCwC1, Top)
and bottom shows the release of MiniHCwC2 with 1.5 mg PDM.
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Figure 12. (Left): release profile of MiniHCwC 1 (top) and 2 (bottom); modified basket apparatus,

1000 mL 0.1 N HCJ, 50 rpm, 37.0 + 0.5 °C, x &+ s; n = 3. (Right): Image of MiniHCwC1 + 2: red:
PDM-PVA, blue: LD/BZ-EVA.

Table 11. Structure and release properties of MiniHC with a cross.

LD/BZ1+2 PDM 1 PDM 2

SA/V totallmm—! - 4.7 with LD/BZ 3.7with LD/BZ
SA/V/mm—1 47 4.6 29
mg API/mg 10/25 0.4 15
% API in 600 min 65 100 100
t750,/min 750 20 60
MDT/min 363 14 28
release rate/%/min 0.07 1.88 0.95
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The LD/BZ release shows the same dissolution profile in both MiniHC versions. First,
a burst is seen; then, the API is released continuously over time at a rate of 0.07% API/
min. Due to the low wall thickness of the HC (1 mm) and the resulting short diffusion
pathways for the APIs, the release profile remains constant over a long time and the release
rate hardly decreases towards the end. With a released API fraction of 75% LD/BZ in
750 min, this release profile corresponds to the initially desired course. The PDM release
is faster and differs in both variations. This was expected due to the various SA/V ratios.
The printed cross with 0.4 mg PDM (PDM1, Table 11) has almost twice the SA /V ratio than
the cross with 1.5 mg PDM (PDM2). Thus, the MDT is half as big, and the drug is released
faster. This design makes it possible to insert various designs of other filaments, various
SA/V ratios, and APIs, and to combine different release profiles. The inserted geometries
can also be printed and inserted individually, independently of the outer hollow cylinder,
so that there is no cross-contamination or mixing of the filaments. The floating property
of the formulation allows prolongation of the GRT, a continuous release of the API and
thus a saturation of the amino acid transporters in the upper small intestine section with
LD (Figure 13). The small diameter and height, as well as the flexibility of the structure
facilitate the swallowing of the 3D printed form for the Parkinson’s patients. This allows
the therapy to be individually adapted to the patient.

Figure 13. Floating properties of MiniHCwC in 300 mL 0.1 N HC, 37 + 0.5 °C.

4. Conclusions

In this study, the first printed oral dosage form with PDM/LD/BZ was developed.
VCM was used as another new technology that is very useful to study the release properties
of polymers without the influence of SA/V ratio. HME was used to prepare a fixed-
combination of two drugs, and the FDM 3D printing process allowed the filament with the
fixed-combination to be combined with another drug-loaded filament in variable dosages.
In addition, the FDM 3D printing process enables variation of the SA/V ratio through the
variety of possible geometries, as well as the incorporation of different layers and pores,
all of which have an impact on the drug release process. Thus, not only the dose but also
the onset and duration of the effect can be influenced. This approach makes it possible to
address the individual needs of Parkinson’s patients, titrating the dose and increasing or
decreasing it in small steps as needed. In this study, it was possible to increase the LD/BZ
dose from 15-180 mg LD (3.75-107 mg BZ) and achieve a similar release profile (fz > 50). In
addition, mini tablets and mini hollow cylinders were printed, which might be easier for
Parkinson'’s patients to swallow and can be varied in number for ingestion so that the dose
can be adjusted to the situation and the daily dose, to respond to ON-OFF-phenomena.
Furthermore, the formulation has a low density, resulting in a floating property, which was
used to prolong GRT. For drugs that are absorbed in the upper part of the small intestine,



Pharmaceutics 2022, 14, 931 18 of 22

this increases the time of API absorption, and thus the medicine intake interval is increased.
This improves patient adherence to their therapy.

The choice of polymer resulted in a very slow release; further studies may test whether
the results can be achieved with other polymers. In addition, the polypill was prepared only
with well water-soluble APIs. It would also be interesting to see how such a combination
behaves with APIs of different BCS classes.

Supplementary Materials: The following supporting information ca be downloaded at: https://
www.mdpi.com/article/10.3390/ pharmaceutics14050931/s1, Figure S1: Dimensions of MiniTab:
4.93 mm in diameter, deviation of 0.07 mm to the CAD model; Figure S2: Dimensions of MiniHCwC:
6.03 mm in diameter, deviation of 0.03 mm to the CAD model; Figure S3: Images of MiniHCwC1 (left)
and MiniHCwC2 (right).
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Summary and Outlook

5 Summary and Outlook

The respective research work provides important quality attributes in the manufacturing
and their specifications for quality control of intermediate filaments. The results have been

presented and put into a scientific context.

In order to describe the homogeneity of the filament diameter, the percentage of the
diameter measurements within defined limits of +0.02 mm and +0.05 mm was calculated.
The influence of the process parameters such as temperature and screw configuration on
the CQA “filament diameter” could be observed by this correlation. A continuous melt flow
was prevented by the introduction of two kneading zones in screw configuration, which
leads to a fluctuation in the diameter of PVA filaments. Furthermore, it was demonstrated
that the filament diameter was not strongly affected by barrel temperatures > 185°C, since
a continuous melt flow in the barrel and through the die could be ensured if a venting port
was present in the barrel. This characterization was not previously described in the literature
and the dependence of screw configuration and extrusion temperature on the diameter
homogeneity of PVA filaments was demonstrated for the first time in this work. For the
further development of filaments, care was taken during optimization to ensure a

continuous flow of material by optimizing the screw- or barrel configuration.

The hot melt extruded strands were manually cut into long filaments so that a dosage form
was 3d printed by using only one filament avoiding air entrapments while reloading of an
additional filament. The unused material was often discarded. A cutting device was
invented enabling cuts into filament sticks of any length, regardless of the mechanical
properties. This invention was described in detail in the patent application DE 10 2022 002
368.7. With the help of this novel device, it was possible to cut the variously thick and
mechanical indifferent filament strands into filament sticks with straight cutting ends by
sharp edges of elongated holes located on two counter-rotating discs. The filament strand
can be cut in filaments with a desired length by controlling the timepoint of cutting cycle.

The integration into a continuous extrusion process is still under investigation.

For the manufacturing of low-dosed filaments, a suitable feeding method was found to
obtain the target concentration of 0.1 w% pramipexole. With the help of preliminary dry
granulation and a preblend consisting of pramipexole granules with a drug load of 1 w%
and granules without API (1:10 ratio), homogenous filaments (0.101 + 0.006 w% acc. to
the established API assay) were obtained. The largest variations from target drug loading
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were found for the extrusion runs, wherein the physical preblend of API and exipients was
fed by one feeder and where the API was fed with the help of a second gravimetrical feeder
(extrusion run “split feeding””) due to material loss and the additive variation of dosing from
the second feeder (0.091 + 0.010 w% API assay). Furthermore, limitations of deviations
were found by calculating the smallest possible deviation of the target concentration due to
the sample quantity and the properties of the starting materials. When analyzing the drug
content of pramipexole filaments with a weight of 50 mg and a drug load of 0.1 w%, a
deviation of 6 w% from the target concentration is to be expected. This was successfully
accomplished during extrusion with pre-granulated material with a deviation of 6 W%

representing the calculated deviation from the target drug load.

To determine the drug content of low-dosed filaments during the manufacturing process, a
method has been developed, which can be integrated as an in-line process control
methodology. Since the drug content of only 0.1 w% implicit that the signal results by
99.9 w% of the polymer, the API is hardly visible. The experimental setup was first
optimized so that the signal was always in focus of the laser by installing a mechanism,
which moved the filament surface always to the same distance from the laser. In the
extrusion of 0.1 w% praziquantel filaments, the effect was exploited after excitation of the
API by a laser. Not only the Raman effect occurs, but also fluorescence is emitted. This
signal was overlapping the Raman signals of the matrix and the intensity of the fluorescence
could be correlated with the drug concentration. An integration into the extrusion process

1s still lacking.

When determining the drug content of API, clinically relevant methods should be used.
Since the production of filaments for 3d printing enables personalized therapy of individual
patients, the color of the filaments was characterized using simple detection methods.
Filaments with a drug load of 1, 5, and 10 w% pramipexole could be distinguished based
on the introduced colorimetric CIELAB values. For filaments that did not change color due
to variation in drug content, the addition of low concentrations of pharmaceutical coloring
agents could generate a change in CIELAB values of the filaments and thus realizing
discriminability. Thus, indirect identification of the filament composition was achieved
through the addition of low concentrations of coloring agents. However, it must be clarified
whether other combinations of polymers, APIs and coloring agents can lead to one and the

same color and thus limit the differentiation of filaments.
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When varying the dose in the titration phase at the beginning of therapy or when the dose
must be increased or decreased at later stage of the pharmacotherapy, it must be ensured
that the release of the APIs from the polymer matrix is unchanged so that the absorption of
the APIs 1s guaranteed. Adapting the dose but keeping the SA/V ratio, the release was
unaffected as the diffusion pathway remained unchanged for the API when the matrix was
not eroding, and the diffusion layer was not changed when the matrix was eroding.
Considering the limitation that hollow structures must have a minimum hole size, the
release profile of the API can be maintained by changing the geometry but ensuring that

the SA/V remains constant.

Towards the goal of manufacturing a combination drug product for the treatment of
Parkinson's disease, another filament with a fixed combination of levodopa and benserazide
was formulated. Since the resorption and therapeutic range of the low-dosed pramipexole
differ from the high-dosed APIs, the preparation of the combination drug required care to
ensure that the release profiles met defined requirements. An analytical method had to be
evaluated that would allow the determination of the APIs despite the different concentration
ranges. By connecting a liquid-core waveguide to a conventional HPLC system, all three
API were detected with one single analytical method within 21 min. The high
concentrations of levodopa and benserazide were detected by an UV/Vis detector of a
conventional HPLC and the low concentrations of pramipexole were analyzed by an in-
house built highly sensitive liquid-core waveguide UV detector. After method
optimization, 1% of the released amount of the lowest dose of pramipexole could be

detected. The results were confirmed by a sensitive MS-method.

A combination drug product has been developed for three APIs for the treatment of
Parkinson's patients and suitable analytical methods were established. The use of FDM 3d
printing enables a small-step dose increase and the combination of differently dosed APIs

with tailored release kinetics.

In subsequent in vivo studies it has to be demonstrated whether these approaches show
clinical superiority over existing pharmacotherapy. To demonstrate clinical superiority, the
conventional standard therapy needs to be either tested against an optimized therapy or
bioindicators can be consulted to determine whether an adapted therapy is more

appropriate.
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The transfer from mass production to patient-specific production of DDS means rethinking
the cost structure of pharmaceutical products. The high development costs of dosage forms
formulated and designed for individual patients would have to be paid either by the health
insurance companies or by the patients themselves. As long as submission to the FDA is
possible using the existing 505b(2) regulatory pathway of the Federal Food, Drug, and
Cosmetic Act, the pharmaceutical company can obtain approval for a 3d printed drug
product. However, once this approval pathway and its requirements are no longer
applicable due to the challenges and processing risks associated with 3d printing
technology, new approval guidelines will need to be established prior to the approval of

novel 3d printed DDS.

In addition to company regulations for the consideration of 3d printing technologies in local
pharmacies, regulatory aspects, including batch release responsibilities, still need to be
clarified before 3d printed medicines are available for on-demand manufacturing. If the
pharmacy has to test the starting materials and the manufactured preparation according to
the pharmacopoeia, this would mean an extensive investment in equipment and personnel.
If the 3d printer and the required analyses can be adapted to the capabilities of local
pharmacies, it may be possible to carry out small-scale production for on-demand

manufacturing.
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