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Abstract

The Aim of this research was to manufacture individualized bilayer tablets with dual

release of Metoprolol tartrate using 3D printing technology, FDM technique.

3DP technology used to personalized the dose. Bilayer tablet manufactured due to
the need of loading and maintenance dose. MPT was used as a model drug due to its
low Tm and BCS classification (class ). Also, it was not manufactured in direct

compression or as capsules.

Different polymers used to prepare the desired tablets. After examination, MPT:
CAPA® 6506 (40:60%, w/w) filament used to prepare the sustained release layer,
while MPT: Eudragit: Polyox™ (25:52.5:22.5%, w/w) filament used to prepare the

immediate release one.

Filaments extruded and their mechanical properties studied by applying the tensile
test using texture analyzer. Tablets printed and their dimensions, weight variation,
hardness, content uniformity and friability calculated. All the results were

satisfactory.

Crystallinity content in the filaments and printed tablets evaluated using DSC and they
were acceptable. Printing parameters modified and the effect on the tablets’
morphology observed. Moreover, the effect of printing parameters on the dissolution

rate and kinetics investigated.
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Regarding the in vitro dissolution, it was applied for the mono tablets and bilayer
tablets (n=3). For SR mono tablets, phosphate buffer used PH 6.8, a semi linear curve
obtained and 94.11% of the drug released within 24 hours. And they showed

Korsmeyer- Peppas with an anomalous release model.

For IR tablets two formulas were printable [MPT+ Klucel EF (25:75%, w/w) and MPT:
Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w)] the test applied, using HCI buffer PH
1.2. The first formula showed slow release since 100% of the drug released within an
hour, while the second one showed a faster release since 100% of the drug released

within the first 15 minutes.

Considering bilayer tablets, HCI PH 1.2 used for the first 2 hours and phosphate buffer
PH6.8 used for the last 22 hours, it was found that 40% of the API released within the

first hour as a loading dose, where 87% released withing the 24 hours.

Direct compression technology performed for the same formulas; it was found that
the SR formula was not compressible. Whereas, MPT: Eudragit EPO: POLYOX™

(25:52.5:22.5%, w/w) showed a complete release within 30 minutes.

To conclude, this work proved that FDM is a good method to prepare individualized
medicine and Bilayer tablets. In addition, it can be a fundamental for future similar

researches.
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1. Introduction
1.10ral drug delivery: Tablet dosage form

A drug can be identified as an agent intended for use in treatment, diagnosis, cure, or
prevention of diseases in humans or animals[1]. It reaches organs through drug
delivery systems which are “Approaches, systems, technologies, and formulations for
transporting a pharmaceutical compound in the body as needed to safely achieve its
desired therapeutic effect”. They are designed to improve the bioavailability of the
drugs and to modify the time and/or site of their release [1].

Medication can be administrated by a different route of administration such as oral,
sublingual, parenteral, transdermal, topical, conjunctival, intraocular, intranasal,
aural, intrarespiratory, rectal and vaginal [2].

The oral route is considered as the most natural, uncomplicated, convenient, and safe
means of administering drugs. Also, this route does not need specific supplies nor
knowledge for its application. It is compliance for both patients and physicians
consequently leads to successful therapy [2],[3].

In the oral route, the drug passes different parts from the digestive tract starting from
the oral cavity to the pharynx, to the esophagus, to the small and large intestines as
shown in Figure 1. Moreover, Unabsorbed substances leave over the anal sphincter.
The small intestine is considered as the most significant part because most of the drug

absorptions happen there [3].
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Figure 1: Gastrointestinal tract anatomy [145]
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The drug disintegrates, crosses the gastrointestinal epithelium and dissolves in the
gastrointestinal tract (Gl) [2]. Due to the large surface area of the intestine, the Active
Pharmaceutical Ingredient (API) can be absorbed effectively. Moreover, before the
APIs move to the circulation system, they pass the first-pass effect in the lever that
leads to (in)activation of the API [2].

Oral route disadvantages can be summarized as it is unsuitable for unconscious
patients and slower onset action compared with parenteral one. Since there is a
chance for irregular absorption of the drugs because this route may depend on the
type of food present in the Gl. Hormones, pathological states, and other drugs can
affect it. Also, the destruction of some drugs by the acidic PH in the stomach or the Gl
enzymes [2],[3].

The common orally administered dosage forms in use are: tablets, capsules, syrup,
solutions, elixirs, suspension, gels, and magmas. While tablets and capsules are the
most used dosage forms [2].

Tablets and capsules can be intended as immediate-release formulation and/or
modified-release to vary or extend the release such as controlled release sustained

release and extended releases [4].
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1.1.1 Immediate release

Immediate release formulation (IR) is intended to release the medication in a short
period after administration. Where the API released fast and generally result to the
maximum plasma concentration (Cmax) in short period of time. The time of action is
defined as the time where the concentration is below the minimum toxic
concentration and above the minimum effective concentration which called the

therapeutic window as shown in Figure 2 [4].

In the immediate release, the time where plasma concentration present in the
therapeutic range is short, so frequency doses needed, which is not preferred by
patients. Thus, that may lead to insufficient treatment and/or subtherapeutic and

toxic doses [5].

1.1.2 Sustained release

The sustained-release formulation (SR) is intended to allow the frequency of dosing
to be reduced compared with immediate-release dosage forms. However, it is one of
the major challenges in pharmaceutical industries. Consequently, the maximum
plasma concentration is lower compared with immediate-release but it stays for a
longer time in the therapeutic range. This leads to less frequent doses that improve

patient compliance as shown in Figure 2 [4], [5].
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Sustained-release formulations have many advantages such as; better control of drug

absorption, improve patient conveniences, increase the safety margin of high potency

drugs, reduction of fluctuation in steady-state level and reducing the resources spent

to dispense, administer and monitor patients [5].

On the other hand, sustained-release formulation may have a risk of toxicities (dose

dumping/ physiological formulation variables), reduced potential for dosage

adjustment of drugs and retrieval of drug difficult in case of toxicity, poisoning or

hypersensitive reactions [5].

Concentration of drug in plasma

Toxic, dose

Maximum safe concentration

Sustained release

subtherapuetic dose Immediate release

Time

Figure 2: Plasma concentration time profile for immediate release (dotted line) and sustained release
(continuous line)
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1.2 Hot Melt Extrusion

1.2.1 Introduction

Hot-melt extrusion (HME) is an old manufacturing technique that returned to early
1930s and was mainly used for plastic, rubber and food industries [6]. The HME
advantages over the traditional solid dosage forms manufacturing have triggered the
interest to use it as a new technology within the pharmaceutical industry. This
technology presents its viability and robust in producing a variety of drug delivery
systems. For example, it is used for pellets, capsules, films, tablets and implantable
reservoirs [7]. Also, the ability to produce solid dispersion that enhances the
bioavailability, without using any type of liquid [8]. Thus, it can be an alternative

technique for spray drying [7].

HME is a process of forcing raw materials out of a well-defined die under control
conditions like pressure, temperature, feeding and mixing rates to produce a stable

product with constant density and shape [8],[9].

Recently, HME is combined with Fused Deposition Modelling (FDM) printing to
manufacture personalized medicine that is a modern trend in the 21% century.
Personalized medicine depends on tailoring treatments (such as drug release profile,
dose strength, specific color, shape, and flavor) to the characteristics preferences and

needs of individual patients [7], [10].
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Recently, HME has been integrated with Fused Deposition Modelling (FDM) 3DP
technology, as shown in Figure 3. This process of integration has many advantages.
Those advantages can be summarized in increasing drug solubility and bioavailability
due to the good molecular level mixing in extrusion, uniform structure of the dosage

form and personalized product attitudes [7].

DESIGN

PRINTING
DOSAGE FROM 3D PRINTING
OUTPUT AS DESIGNED

Figure 3:Twin screw extrusion integrated with FDM printing [11]
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1.2.2 HME process
The HME process starts from feeding the physical mixture (P.M) in the feeder
(Gravimetric, Volumetric), then transferring it to the barrel which contains the

screw(s) and different zones that can be heated separately from each other [12].

Next, the P.M melts in the barrel due to the screw shear stress and the barrel
temperature which is usually 15-60°C above the melting point of semi-crystalline

polymers and glass transition temperature of amorphous ones [12].

Finally, the melt conveyed towards the die which may have different shapes. In our
case, itis a cylinder with 1.75+0.05 mm diameter, where constant pressure forces the

material out [12].

The screws contain two types of elements, as shown in Figure 4. The conveying
elements; that transfer the materials to the die and kneading ones that ensure the

mixing, softening and partial melting of the materials inside the barrel [12].

The screws have to be identical in diameter to move correctly and smaller than the
barrel diameter to establish a specific small clearance between the external wall and

the screw tip [12],[13],[14].
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Offset Angle

a) Conveying Element b) Kneading Block

Figure 4: Screw elements; a) Conveying element, b) Kneading block [12]

In the HME process many parameters should be taken into consideration and must

be optimized, these parameters are:

(a) formulation (ingredients and concentrations)

(b) extruder configuration (screw configuration, die geometry)

(c) barrel set- temperature profile

(d) throughput

(e) screw speed

These parameters can be divided into input parameters and output parameters, as

shown in Figure 5.
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Input parameters that can be adjusted by the operator such as the feeding rate,
process temperature, screw speed. Output parameters such as the torque value, the
pressure profile, melt temperature profile, residence time distribution, and dispersion
quality. Unluckily, not all these outputs can be directly measured. For example, the
molten temperature, homogeneity since the probes cannot penetrate the mass to

measure its temperature and there is nothing to measure the dispersion quality [12],

[13], [15].
Matrix API
g
Feeder
Feeding Rate Barrel ;
Outgut TemperatuggeOutput Material Pressure
Feeding Rate }
Input
Screw speed_|
Input
l Barrel Material Temperature
Temperatures Input
Torque

screw speed Input

Figure 5: HME scheme with input (highlighted in red) and output (highlighted in green) parameters [12]
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1.2.3 Single and Twin-screw extruders
There are two different types of extruders available depending on the number of

screws in the barrel: single and twin-screw extruders.

Single-screw extruders (SSEs): These contain one rotating screw with a feeding zone,
compression zone, and the melting zone used to melt polymers, as shown in Figure 6

[16].

It is the most widely used extrusion system in the world, its screw dimension plays an
important role in the extrusion process, since if once the screws are reduced less than
18mm, it becomes weak and less reliable. However, to overcome this issue a vertical

screw used instead of horizontal one [17].

Motor

Feeding Mixing Die
~— Section S

Figure 6:Single screw extruder [16]
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Twin-screw extruders (TSEs): which contains two rotating screws (co-rotating or
counter-rotating), it is used to melt and mix polymers and APIs, as shown in

Figure7.

TSEs are better compared with SSEs because they have easier material feeding,
improve mixing (distributive or dispersive mixing), less tendency to overheat (less
heating and residence time), superior control of parameters of operation and

higher process flexibility [16],[18].

Die
=—

urr L1 1

Barrel

Figure 7: Twin screw extruder [16]
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Single and Twin-screw extruders have different advantages and disadvantages.

Tablel, summarize the main points.

Table 1: Advantages and Disadvantages of Single and Twin-screw extruders [6]

Single
Screw

Extruder

Twin Screw

Extruder

Advantages

= Mechanical simplicity

= Low maintenance

= Low cost

e Easier material feeding

e High kneading and dispersing

Capa® 6506 city

e Lower tendency to overheat

e Higher process productivity

and flexibility
e Better control
parameters

e Enhanced mixing

Disadvantages

The high tendency of
overheating

Not suitable for heat-
sensitive materials

Poor mixing

High input energy

Not suitable for shear

sensitive materials
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1.2.4 Advantages and Disadvantages of Hot Melt Extrusion

Amongst the industrial pharmaceutical operations, the interest of using HME
nowadays raised due to different reasons. One of those signs is that the HME is a
continuous manufacturing process. Vary operational steps can be done through it, for
instance, melting, mixing, shaping, and homogenizing. Moreover, it minimizes the

material lost, enhances the throughput and reduces the input energy [12],[13].

HME can increase the quality of the product since it provides an efficient process of
production. Mainly it is used in pharmaceutical industries to manufacture solid
dispersions. Where the API dispersed into the matrices of the polymers. Besides, it is
used to increase the water-insoluble drugs’ bioavailability. Which is a real challenge
in the pharmaceutical industry, by controlling the drug release. Besides, it is used to

produce solid solutions and thin films as well as to mask the taste of bitter APIs [16].

Furthermore, HME is preferred because it is an environment-friendly process. It is
solvent-free compared with traditional techniques such as spray drying and roll
spinning that need organic liquids to produce solid dispersions. Those organic solvents
can cause pollution while they are being disposed of [6]. Other advantages can be,
short time of production, increasing the efficiency of drug delivery, higher process

efficiency and the ability to produce novel and new formulation [19].
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Different solid dosage forms can be produced through HME, including but not limited
to, pellets, tablets, caplets, solid suspensions and solutions with poorly water-soluble
APIs [20]. Where the API dissolves in the matrix of the polymer. Thus, the matrix acts
as a binder, drug solubilizer and stabilizer or/and drug release excipient. However,
this matrix must be a suitable carrier and carefully selected based on the miscibility,

stability, drug-polymer interaction and the final dosage form function [12],[21].

William et al mentioned that HME boosts the solubility of the drug and the rate of
dissolution. Also, a solid solution prepared by HME has better thermodynamic
stability compared with those manufactured by solvent evaporation and spray drying

technologies [8].

On the other side, there are some obstacles to HME. Since HME needs high input
energy, that required for the barrel temperature and shear force of the extruder. This
high temperature can cause mechanical degradation to some polymers and thermal
degradation to APIs. Upon that some thermolabile substances cannot be used [6], [8],

[16],[22].

Considering stability issues, dosage forms produced by HME depend on the final
product's physical state. The API, polymers, and excipients' physical state. As well as,

the filaments packaging and storage.
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Chemical and physical stability must be done. Since degradation should not happen
and the crystalline state should stay crystalline where the amorphous should not be
recrystallized over the long term [16]. X-ray diffraction (XRD), Differential Scanning
Calorimeter (DSC), FTIR and electronic scanning microscope can be used to

characterization the filaments and tablets[23].
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1.33D printing

1.3.1 Introduction

Through back, for hundred years “Batch manufacturing” used to produce tablets
dosage forms in pharmaceuticals; which is a long process that needs multi-steps such
as mixing, milling, sieving, wet or dry granulation, tablet compression, coating, long-
term stability study as well as large scale equipment, as shown in Figure 8

[24],[25],[26].

API & Excinients

Direct compression Wet granulation 3D printing

Wet granules

Other excinbients Filaments

Tableting

y:
‘ Coating
S

Finished product

Figure 8: Tablet manufacturing processes
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Recently, the pharmaceutical industry moves a step forward for a more fast,
continuous and cost-efficient method of drug manufacturing by using new advanced
technologies to increase the quality of the product and deal with many of the implicit

causes of results and shortage of drugs [27].

One of these technologies is Three-Dimensional Printing (3DP) that diminish the
manufacturing steps and display agitate steps toward changing the process of
manufacturing to offer personalized medicines [24]. Researchers try to use it for novel
drug formulation to produce tablets of satisfying regulatory tests and matching the

release and standards of commercial ones [28].

3D printing is an additive manufacturing and rapid prototyping method in which
materials deposit in layers to produce the 3D object by using a computer-aided design
(CAD) file that later converted to slices to cut the design into thin cross-sections till
building the layers later [29]. This technology gives the designing and manufacturing
processes new flexibility especially of complex compounds with high precious and

accuracy that can be used in programmable and personalized medicine [30],[31].

In the last few decades, 3D printing caused a revolution in different human activities
sectors which leads the pharmaceutical industry to join the fourth industrial
revolution [32]. It is an extremely automated and clean process [33]. Meanwhile

different solid dosage forms can be built with adjustable densities and diffusivities,
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complex internal geometries, multiple drugs, and excipients at the point of care which
is a unique aspect[30],[34]. With its development, it is turned into a solid freeform
fabrication (FFF) technology which increases the research efforts toward

manufacturing personalized solid oral dosage forms [29],[30].

1.3.2 3D printing History

In the middle of the 1980s, a Japanese doctor called Charles Hull was considered as a
pioneer in 3D printing technology [29]. He sophisticated, patented, and traded the
first device for building 3D objects and the STL file that linked with present CAD
software. This technique is called Stereolithography (SL); in which a laser moves

across a liquid resin surface and cures surface until the desired layer obtained [34].

In the same year, the Massachusetts Institute of Technology (MIT) worked on
developing another additive manufacturing technique called “inkjet printing”. Later
on, in 1992 Fused Deposition Modelling 3D printing was patented by Scott Crump, co-

founder of Stratasys [34].

This technique fabricates objects through depositing layers of solidifying materials
until the desired shape is obtained. However, as shown in Figure 9, trails didn't stop
until laminated objects manufacturing (LOM) technology developed in 1996 by cubic
technologies; which form shapes by staking adjusted layers from predefined material

sheets by welding or adhesion [34].



1984

‘ R
~

First patent application for stereolithograhy

|4l

First patent registration for sterrolithography

Selective laser sintering Fused deposition modeling

First patent registration for Fused Deposition Modeling

1996

Free solid form fabrication of drug delivery devices

2015

First FDA approval 3D printed tablet -Spritam

Figure 9:History of 3D printing technologies
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1.3.3 3D printing technologies

There are many techniques used for 3D printing, they are classified as shown in Figure

10 according to (1) Powder solidification, (2) Liquid solidification and (3) Extrusion.

Drop On Solid . . o :
Objects built by liquid binding of powdered material
Delective Laser Objects built by solidification of powdered material by
Sintering or Melting high energy beam

Powder
solidification
DLOP Oq prop — Objects built by droplet solidification
- eposition
3D printing Liquid
solidification

Technologies

Stereolithography T Objects built by solidification of photosensitive liquid

Fused Deposition . Objects buit by melted material solidification
Molding

— Objects built by semisolid material solidification
Syringe

Figure 10: 3D printing technologies

In powder solidification there are two methods used; (a) Drop on Solid deposition:
where a powder bed is used and a continuous flow of liquid deposit on to bend it and
form the desired object. (b) Selective Laser Melting: where a powder bed is used as a
thin layer and the laser beam sinters the powders and binds them in layers [31], as

shown in Figure 11.
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Scanning mirror
-
-

Sintered powdar]
to form parts)

Figure 11:Selective Laser melting [31]

In Liquid solidification there are also two methods used; (a) Drop on Drop deposition:
where drops shoot one by one from a nozzle to produce the desired shape, as shown
in Figure 12. (b) Stereolithography: where photosensitive materials used and a UV
beam scan them to cause gelation and then the desired shape, as shown in Figure 13

[31].

Elevator with Platform; Z-adjusta

UV Light Source (Laser)
X-¥ scanner I

|

Drop

3 Evaporation
castin|
g \ \/Phu(upulvmer Surface
\ \

SUDsua‘e m SUDsuate : Liguid Photopolymer

Figure 12: Drop on Drop deposition [31]

Layerwise
built obje:

Figure 13: Stereolithography([31]

Upon the extrusion technology, there are also two methods used; (a)Pressure assisted
syringe: where a viscous material can deposit by using an extruder that uses

pressurized air piston, as shown in Fig 14. (b) Fused Deposition Modelling, that is used
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in this research, where a thermoplastic filament extruded through a high-
temperature nozzle, then objects formed layer by layer according to predesigned
geometry, as shown in Figure 15. Furthermore, this technology discussed in detail in

the next section [31].

Compressed air
Printing syringe
Plunger
Semisolid printing
formulation

Printing nozzle

o ) «—— Filament (polymer + API)

Rolers l

“— Temperature control units

<«—— Nozzle

€ Platf

Figure 14: Pressure assisted syringe [31] Figure 15: Fused Deposition Modeling [31]

1.3.4 Fused Deposition modeling

FDM is one of the 3DP techniques, where thermoplastic filaments with appropriate
thermal, mechanical, and rheological properties enter the preheated nozzle through
counter-rotating wheels. Once the filament gets inside the liquefier it melts and with
the help from the yet solid part, which acts as a piston, the molten gets out from the
nozzle. The nozzle moves in the Z-direction from bottom to top and the molten
deposits layer by layer on the printer bed according to a predesigned CAD file

[31],[35],[36].
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FDM is widely used and has many advantages over other 3DP techniques such as good
mechanical strength, high resolution, low cost and it is solvent free [37]. Furthermore,
it has some challenges like a limited range of APIs and thermoplastic polymers. This

limitation in using the polymer is due to their mechanical properties (See section 1.6:

Mechanical properties)[31].

FDM printer consists of the following parts;

(1) Feeder and it is used to pull the filament from the spool to the nozzle, it contains

a motor(s) to move the counter-rotating wheels.

The rate of feeding can be changed as a variable parameter to be a unique value for
each polymer. The filaments should have good mechanical properties to pass
between the wheels since brittle ones broken between the wheels and flexible ones

bend on the wheel, as shown in Figure 16 [35],[38].
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Filament

Feeding
.~ zone

W AN
A

Figure 16: Filaments in FDM printing, (a) flexible filament that bend, (b) filament with good mechanical properties,

& || Heating @

zone

and (c) brittle filament that broken between the wheels

(2) Liquefier, where filaments melt according to a predetermined temperature for
each polymer.

(3) Nozzle with its tip, where the molten gets out from the printing head to the bed.
This nozzle connected to a thermo-sensor to read the temperature and show it on

the monitoring screen, as well as thermo-heater to heat the nozzle.

The printing temperature should be above the T of the amorphous or semi-crystalline
polymers and above Tm of the crystalline ones to soften the filament [39]. The
temperature must be precisely and sensitively controlled since overheating can lead
to viscosity change of polymer which later affects the drug release and stability as

well[39].
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(4) Fan(s), to adjust the temperature and help in the solidification process, the speed
of the fan also can be adjusted upon the polymer type and layer(s) height.

(5) Bed or platform, where the molten deposit and solidify. The bed contains thermo-
sensor to read the bed temperature and thermo-heater to heat the bed and

enhance the adhesion for some polymers.

In fact, 3D printer may contain one or more feeder(s), liquefier(s) and nozzle(s). As a
result, two or more different polymers can be used at the same time, or the same

polymer with different characterizations.

The processing parameters can affect the FDM final product. Those parameters can
be the infill density, infill pattern, nozzle temperature, nozzle diameter, bed
temperature, layer height, number of perimeters, number of solid layers, number of
tops and bottom layers, infill/ perimeters overlap percentage and printing speed.

Thus, they should be adjusted upon the type of the polymers and API(s) used.

The main goal in FDM technology in the pharmaceutical industry is to get the desired
drug dissolution rate and release profile. So, a filament with good mechanical
properties and rheological ones can be feedable and printable then associate in
achieving that goal. The robust filament is the key factor to obtain a successful

printing, it should hold the pressure that done from the wheels to be pushed into the
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nozzle, also the molten should have optimal viscosity that can pass through the nozzle

(see section 1.5: Adequate mechanical properties for FDM) [39],[40].

The diameter of the filament is also significant since the wrong size can cause plug or
slow feeding rates. some hygroscopic polymers may rise a large diameter of the
polymer that causes it to make it not pass through the nozzle and printer

mechanism[39].

To be sure, various quality control (QC) tests applied to the filaments such as; tensile
strength, thermal behavior, drug content, dimensions, and organoleptic
characteristics. Moreover, drug release should be evaluated using dissolution or Franz

diffusion cells [32],[37],[41].

Ordinarily, polymers used in FDM should be thermoplastic with appropriate thermal,
rheological, and mechanical properties. Moreover, they should be non-volatile, non-

aerosolized and thermally stable [42].

Polylactic acid or polylactide (PLA), polyvinyl alcohol (PVA) and acrylonitrile butadiene
styrene (ABS) are examples of common polymers used in FDM researches and studies
[43],[44],[29]. The first two polymers are common in pharmaceutical but the ABS is

not used because it is not biodegradable[45].
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However, different studies performed to investigate other polymers in FDM such as
polycaprolactone (PCL), Eudragit EPO, Kollicoat IR, polycarbonate (PC), polyphenyl-

sulfone (PPSF), high-density polyethylene (HDPE) and polyetherimide (PEI) [46].

For example, GGioumouxouzis et al used PLA and PVA with mannitol and
hydrochlorothiazide to study the dissolution profile of the hollow cylinder dosage
form[47]. PVA used as a model polymer in Skowyra, et al research to produce
extended-release tablets of prednisolone [48]. Also in Zhao, et al study to print high

stable and strength tables with convex drug release profile [49].

Moreover, PVA used in different studies for Goyanes, et al (a) To print controlled
release tablet dosage form [50]. (b) To print 3D tablets with multi drugs and
paracetamol/ caffeine used as a model drug [51]. (c) To evaluate the geometry and
surface area to surface ratio effect on the release profile [52]. While ABS used in
Hwang, et al studies where ABS mixed with iron and copper particles to check the

effect of metals on thermo-mechanical properties [40],[35]

This technology helps in formulating and manufacturing various innovative dosage
forms and products with different releases profiles. It can be used to produce
immediate-release tablets by using hydrophilic polymers or implement the Solid

Dispersion method and sustained release by using hydrophobic polymers. In addition,
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combining different APIs with dual drug release, that can raise patient’s compliance

with complex dosing regimens [34].

Like other conventional technologies, FDM products must offer physical and chemical
stability at manufacturing, packaging, and storage for months and ideally years.
Printing at the same point of care for solid dosage form is a great Capacity that allows
flexibility and uniform individualized dose strength. As a result, this increases the

therapeutic effect on patients [34].
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1.3.5 3D printing in Pharmaceutics

Spritam is the brand name of Levetiracetam, which is used to treat epilepsy [53]. It
was the first drug manufactured through 3D powder-liquid printing technology by
Aprecia pharmaceutical company and approved by the Food and Drug Administration
(FDA) in 2015, as shown in Figures 17&18. It shows an instantaneous disintegration of

the Active Pharmaceutical Ingredient (API)[54],[43], [29].

It was manufactured by using Aprecia’s ZipDose® technology based on the drop on
solid technique, and it was available in the market in 2016. The pharmacological
efficiency measured and it was equal to levetiracetam manufactured by traditional
process, but with a fast release profile, since this technology can improve the
solubilization time which reduced because of the porous and soluble matrix

composition [45].

Upon manufacturing, to produce the matrix tablet; the antiepileptic API (100mg) and
the necessary excipients form the first layer, then the liquid binder deposited to
obtain perfect aggregation and integration between all the desired layers. Inthe end,
the final orodispersible tablet obtained and dissolved in a few seconds with a

minimum amount of water [45], [55].

This innovation is done, to keep up with the demand for novel drug delivery systems

and the advancement of 3D printing as well as in demand for rapid action and patient
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compliance among pediatric and geriatric. However, this drug is expensive now
because the manufacturing company patented it. Due to this reason, the cost is higher
than levetiracetam which prepared by the conventional manufacturing process. As a

result, the cost highly depends on the patent expiration date [29].

This step encourages researchers to go forward and manufacture 3D printing
customized and complex dosage forms [34]. As well as making the concept of

manufacturing personalized medicine in pharmacies and hospitals very futuristic [29].

Figure 17: Spritam 3DP tablets Figure 18: Spritam, first FDA 3DP drug
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1.3.6 Drugs manufactured by FDM technology

After the release of Spritam in the market, research in developing different dosage
forms by using a 3D printer increased. Scientists tried many experiments by using
different 3D printing techniques, APls, and Polymers to obtain different formulas and

geometries to check their characteristics and properties as in vivo or invitro.

The below table (Table 2), presents earlier studies in tablets manufacturing by using
Fused deposition modeling technigues so many results achieved from single tablets,

bilayer tablets (by changing the API, or different release profiles) as well as capsules

shells.
Table 2: Drugs manufactured by FDM technology
# Dosage form  API Brief Reference(s)
1. Tablet, Guaifenesin IR and ER bilayer tablets [28][56]
IR/ER obtained with lower hardness,
bilayer friability, and faster release
profiles compared with
commercial tablets.
2. Tablet, Captropril The individual formulation [57][56]

SR (CAP), prepared and zero-order release
Nifedipine (NIF), obtained from Captopril while

Glipizide (GLI)



3. Tablet,
IR/SR

4, Tablet

5. Tablet,
MR

6. Tablet,
ER

Pravastatin,
Atenolol,
Ramipril,
Aspirin,
Hydrochlorothi-
azide

Fluorescein

5-ASA, 4-ASA

Prednisolone

(2-10mg)

Nifedipine and Glipizide showed
the first-order release.

IR release profiles

obtained for aspirin and
hydrochlorothiazide, while the

remainder showed SR release.

0.29% was the drug load in PVA
filament, the release inversely
proportion with the infill
percentage.

0.06% of the drug load obtained,
and 50% of the drug degraded

during manufacturing.

Amorphous APl used; 1.9% drug
loaded in PVA filament 88.7-
107% theoretical

dose strength achieved.

(58] [56]

(50] [56]

(1], [29],

(31], [32],
(34], [41],
(51], [52],
(56]-[61]
(1], [29)-
(32], [34],
(35], [37],

[41], [43],

60



7.

8.

Tablet

Tablet,
IR and

MR

Acetaminophen

Acetaminophen

Caffeine

Effect of surface area, surface
area to volume ratio, and tablet
weight on the dissolution of
varying

geometries. Higher surface area
to volume ratios exhibited faster
release rates. Constant weights
showed less variability in release
indicating erosion-mediate
release from the PVA matrix.
Bilayer tablet produced (as the
size of capsule 4) with PVA
filament and 100% infill and it
produces ease swallowing

characteristics.

[46], [49],
(51], [52],
(56]-(62]

(56] [52]

(56] [51]

61
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1.3.7 3D printing Regulations
Efficacy, safety, and quality of the drug are the main important goals in
pharmaceutical Industries. Unfortunately, until now there are no clear regulations

regarding 3D printing drugs.

That is due to variability in 3DP technologies, it is impossible to give one rule for all
printing techniques and methods, so every single method needs a unique regulatory.
As a result, there is no valid regulation upon drug design, manufacturing process, and
quality control tests. Moreover, there are still many questions that must be answered,
regulatory and legal issues that must be addressed regarding that new manufacturing

process [32],[56].

In order, there is a strong need for those regulations, the scientific community needs
to work more on the regulatory issues to ensure the efficiency of the drugs and safety
of the patients. Upon that the FDA is working on understating this technology through
its research centers in science and engineering and solid mechanics laboratories

[31],[53],[60].

In controversy, regardless of the fast growth in the 3D printing field, FDA approved
guidance for 3D printing medical devices in abbreviated pathways. It includes
pathways in emergency use and pathways in compassionate exemption use. Those

pathways especially the emergency one save a newborn baby life who was suffering
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from tracheobronchomalacia by approving the anatomically specific tracheal splint

device [56].

Despite all the regulatory obstacles that are related to 3DP medicine, the FDA
released Spritam® (levetiracetam) the first 3DP drug in August 2015, while there are

still many drugs under research [53],[56].

1.4 Individualized medicine

Pharmacogenetics, metabolomics and pharmacogenomics developments increase
the needs of individualized medicine [29],[63]. Individualized medicine is moving from
“one fits all” idea, to specialized the health care to individuals by connecting
diagnostics and treatments with genetics and emerging technologies like proteomics
and metabolomics analysis, as well as the phenotypic response and pathophysiology

to obtain the best therapeutic results and diseases management [24], [29], [60], [62].

Individualized medicine is important because several drugs have been assured to have
higher efficiencies in certain genetics differences, while they are harmful to others,
For example, millions of side effects leading to 10,000 deaths in the USA [60].
Moreover, not all patients respond similarly to the same drugs, as shown in Table 3.
Thus, this variation can shift the traditional manufacturing method backward and use

individualized medicine instead [45].
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Table 3: patients responses rates

Disease Category % therapy response
Analgesics for pain (Cox-2 inhibitors) 80%
Asthma 60%
Cardiac Arrhythmias 60%
Schizophrenia 60%
Migraine (acute) 52%
Migraine (prophylaxis) 50%
Rheumatoid Arthritis 50%
Osteoporosis 48%
HCV 47%
Alzheimer’s diseases 30%
Oncology 25%

Where individualized medicine supports the formulation of therapeutic efficacy and
safety, for example, the drug dose can be modified according to the patient’s weight,

sex, height, age, genomic profile, and lifestyle, as shown in Figure 19 [37], [53].



65

Some reasons drug effect vary

Age, sex, ancestry

Was the diagnosis right?
Does the disease being
treated, or some other
disease that the patient has,
affect how the drug works?
Is the patient taking a
potentially interacting drug?
Environment: diet, pollution,
stress, ...

Did the patient actually take
the medicine?

Did the patient actually get
the medicine prescribed, at
the right dose and time?

Figure 19: Reasons for drug effect varies

3D printing technology opens a new era and brings us to step forward in this field;
since it allows the production of customized medicine that tailored the patients’
needs. It allows forming precious doses in different shapes, sizes as well as textures
which is a bit difficult to do in the conventional methods in less cost, excipients and
operation space while taking into consideration accessibility of biocompatible,

biodegradable, physical and chemical substances [29].

This technology helps the formulation of different dose strengths upon the patient
needs, also it can produce drugs at the point of care and get accurate and personalized
treatment regime such as multiple active ingredients in a single tablet or multi-layered

one additionally complex drug release profiles tablets [28], [34], [37].

3D printing can be useful in manufacturing orphan drugs, essentially in pediatric

patients which not only the dose is significant but also the shape, color and taste of
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the drug play an important role in the care process [49], [53], [64]. These features
affect acceptability from the patient especially in terms of swallowing difficulties.
Knowing that until now there is no valid regulation referencing manufacturing

process, designing and quality testing [53].

The 4t industrial revolution leads the pharmaceutical industry to produce safety and
efficacy drug-loaded filaments in a large scale, and transform the filaments in
individualized medicine upon the prescription by the digital pharmacies since the
dose can be controlled by modifying the printing settings, as shown in Figure 20 [32],

[53].
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Figure 20: The future of personalized medicine [53]
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1.4.1 Individualized medicine and 3D printing

Since Filaments can be manufactured as an intermediate product by hot-melt
extrusion at the pharmaceutical companies and 3D printer can be easy to operate and
portable, personalized medicine can be simply produced at local hospitals and
pharmacies. 3D printers can be easily installed in hospitals and pharmacies since they

just need network and power sources to operate [32].

Mainly the printers could be connected by one or more computers that have
interfaces in the central control room. The doctor sends the prescription to the
pharmacy administration authorized person then it will be sent to the pharmacist to
review after that it's sent to the printer to print the desired dose for the patient, as

shown in Figure 21 [32].
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Figure 21: Digital Pharmacy Layout [32]
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The success of this idea depends on the technicians, who should be educated, trained,

and qualified with access to the materials area and can deal and set the parameters

of the printer for each dose such as the infill, speed, temperature, tablet geometry.

Also, the intermediate filaments should be safe and validated to the process

specifications also stored in a suitable place. And the printing preparation and spool

attachment should be adjusted to ensure the right dose. Moreover, the drug should

be packaged and labeled before transferred to the patient. Finally, the printer must

be cleaned and validated after each use [32].
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1.5Adequate properties for fused deposition modeling

FDM is one of the 3DP techniques, where the filament is supplied into the feeder,
then passed to the heating nozzle through the counter-rotating pulling wheels, as
shown in Figure 22. There, the filament liquefies and gets out from the heated nozzle
to the bed/platform and solidifies. While the nozzle moves in the z-axis to build the

layers one by one upon the CAD file [36] [35].

Pulling wheels @2mm >
Print head ~ f\, — Filament ,“ § \} i
NN 13mm
Nozzle s L
s, x T
x \
N 8 mm
204 mm—»fé """"""

Figure 22: FDM Technology [35][36][36][36]

In FDM printing, different facts of matters must be taken into consideration; such as
the filament diameter (1.75 mm), suitable thermal attributes, good mechanical, and
rheological properties to be feedable and printable, as shown in Figure 23. Moreover,

for the final product characterization, the drug distribution, porosity, weight,
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dissolution, and mechanical properties as well. Since, those properties help to get

accurate the dose, weight, shape, and surface area [35][48].

{ Feeding of solid, elastic strands ]
)
A
1

Extrusion, discharge, and deposition
of molten mass

-
-

break during feeding
\ Viscosity that allows for

¥ precise deposition, without
chemical degradation

warping or sagging

Figure 23: Key parameters to consider during FDM [35]
Regards the materials and formulation; understanding the raw materials' thermal,
rheological, and mechanical properties is also important to connect these properties
with the printing process parameters. For example, the nozzle temperature, bed

forms [35],[65].

temperature and the shear rate in the printer nozzle. Also, to understand the
underlying issues of poor printability and to design enable straight forward dosage

Recently, Fuenmayor et al. have published a study focusing on the relationship of

feedstock filament properties and the FDM printing outcome, as well as polymers

with different pharmaceutical grades blends to obtain optimized printing results [35].
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Setting up the right properties to match the process requirements and final product
properties is a bit complicated. Since specific polymers used in pharmaceutical dosage
forms especially in FDM regard the thermal, mechanical, and rheological properties.

Sometimes mixing polymers may offer good solutions as well [66],[67].

The drug can coexist in the polymer as amorphous and crystalline. Some APIs can act
as plasticizers which reduce the brittleness (e.g. enhance the ductility, the
deformation beyond the elastic region), and decreasing the viscosity and glass
transition temperature (Tg) of the polymers, therefore enhancing the mechanical

properties of the filaments [35],[67].

Also, the amount of the drug plays an important role in FDM, since with high content
of the crystalline drug, the filament may become too fragile to withstand the tension,
bending, and compression in the feeding system. Moreover, large particles can block

the printer nozzle and affect the filament flow [35].

Upon the filament preparation, as a rule, the first criteria in choosing the FDM
polymers is to be thermoplastic. This means that the polymer can reversibly solidify
and liquefy upon cooling and heating. Those polymers may be amorphous or
crystalline in the first case the processing temperature must be above Tg, in the

second one it should be above Tm. Moreover, the distribution of drug content
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uniformity, constant thickness, and adequate mechanical properties can be

prerequisites for effective printing [35].

Related to the feeding issues, this process depends on the unmolten filament that
acts as a piston to push the liquified molt through the nozzle. Therefore, the
dimension of the filaments is remarkable, also the stiffness to avert buckling. The
filament must be sufficiently ductile to allocate some bending in the system and hard

enough to pass through the wheels [35].

Despite the fact, some polymers can be extrudable, but the filament brittleness can
be one of the FDM challenges. Since those filaments can’t be enough ductile to pass
the withstand bending force in the printing process and they broke between the
pulling wheels. As a result, some plasticizers, or copolymers used to enhance the
mechanical properties and make the filaments feedable and printable. To predict the

mechanical properties of the polymers before printing the Texture analyzer used [35].

Deposition and solidification can be the last step in 3D printing. While the z-axis moves
the object formed layer by layer on the bed. There should be enough distance
between the nozzle and the object. During the liquefaction, the suitable viscosity of
the materials, continuous depositing without variation in thickness, avoid materials
agglomeration and air bubbles should be achieved to ensure the steady flow. In some

cases, diameter variation and die swelling (expansion of the filament after getting out
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from the die) can lead to fluctuations in the layer thickness thus leading to surface

area and dose variation in the final dosage form [35].

Upon solidification, it should be fast to avoid the elephant leg compensation and
structure collapsing during the printing process. Cooling can happen in two different
ways. The first one is from conducting the bed with the deposited layers and the
second one is between the air and deposited layers. Where the heat conduction
regulates by the melt density, bonding between layers, thermal conductivity and

specific heat Capacity [35],[68], [69].

The process parameters such as printing speed, bed, and process temperature relay
on the rheological and thermal properties of filaments. Because of the higher
temperature limited by the APls, polymers, and excipients degradation temperature.
So, the idea is to balance between having suitable flow and good adhesion between

the layers to avoid superfluous heating [35].

To highlight the rheological properties, the shear viscosity is important in FDM. It
depends on internal factors like molecular weight, molecular weight distribution, the
structure of the molecule and the drug solid form (solid dispersion, molecularly
dispersed, or both) and external ones such as shear rate and temperature. The shear

rate depends on the printing speed and liquefier dimensions. Moreover, the melt flow
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rate (melt index) can be used as an inspection tool to assess the melt viscosity of the

feedstock materials[35].

Not suitable rheological properties can lead to fail the printing process and avoid the
filament to pass to the liquefier by making it flat. Flat filaments cannot pass the wheel
because they have a smaller thickness in one dimension and they may be wide so not
suitable to fit into the liquefier. To overcome those issues there is a need to raise the

processing temperature [35].

Regards the thermal properties, they affect the process parameters such as the
process and bed temperatures that are needed for layers adhesion. Mainly, those
parameters adjusted based on the Ty of the polymer(s) used as well as the T; of the
physical mixture. Since some drugs have plasticizing effects that can lead to lower T,
of the physical mixture. Upon that, DSC used to measure the T; and evaluate the

temperature of printing [35].
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1.6 Mechanical properties

Convenient mechanical properties are important in the feeding process, their
characterization helps in evaluating the feasibility of the filaments to be printed. The
tensile test used to indicate the mechanical attributes of the filaments as if they are
ductile or brittle. In this test, filaments stretched at constant speed whilst the
deformation and required force for the deformation are observed over time

performing the stress-strain curve [70].

Stress term expresses the internal force of the neighboring particles exerted on each

other on an area, as shown in equation 1 [70].

Equation 1: Stress equation

Where, o = Stress (N/mm?), F= Force (N), A = cross-sectional area (mm?).
Strain term expresses the fractional change in length and it is not a physical quantity.

In other words, a strain is a difference between the final length and initial one divided

on the initial length, as shown in equation 2 [70].

Equation 2: Strain Equation

Where, € =strain (%), AL = final length(L) —initial length(L,) (mm), L = initial

length(mm)
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From the stress-strain curve, different variables can be obtained. Figure 24, can be
used as a model to simplify the idea. The first section of the curve is the elasticity
which means that after the unloading the deformation disappeared. In other words,
the atoms stretched and returned to their original length after the force removed.
The slope of this part equals the elastic modulus or young’s modulus and quantifies

the material stiffness. Larger slope indicates to larger stiffness [70],[35].

Then, the second section is the plastic deformation where the deformation is
preserved after the unloading. Thus, comprise irreversible atomic-level breaking of
bonds. Ductility can be identified as the Capacity of the material to deform plastically
before it is broken. When the ductility is low the filament called brittle. Which means

that it fractures immediately after it reaches the elastic limit [70].
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Figure 24: Stress-Strain curve f a typical metal with an elastic and plastic sections, presenting young's modulus

(N/mm?2), yield strength (N/mm?2), ultimate tensile strength(N/mm?2), fracture strength(N/mm?Z) and necking. [70]

For some materials, there may be a deviation from the above curve. The stress-strain
curve of those kinds of materials shown in Figure 25 present obvious yield points with
upper and lower yield strength. Those materials are completely elastic before the
stress reaches the upper yield strength then suddenly plastic deformation happens

[70].
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Stress (N/mm?)

Strain (%)

Figure 25: stress-strain curve present and upper (A) and lower (B) yield strength (N/mm?Z), the ultimate tensile

strength(N/mm?2) (C) and fracture strength (N/mm?2) (D) [70]

While the elongation resume, the stress reaches its maximum value (the ultimate
tensile strength) then the sample begins to neck. Necking indicates reducing the

cross-section in some weak parts in the filament [35].

The tensile test finished when the filament was broken. The energy needed to break
the filament called toughness and it equals the area under the curve in the stress-

strain curve up to fracture strength, as shown in equation 3[70].
—
Ut= [~ ode

Equation 3: Toughness Equation

Where, Ut = toughness (10%J/m3), ef = strain at fracture strength (%), o = stress

(N/mm?) & = strain (%).
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Polymers can act in various ways, so they can present different patterns in stress-
strain curves, as shown in Figure26. Some polymers present a clear yield point (curves
2&3). Whereas others the stress monotonically increases until a fracture happens
without presenting an obvious yield point (curve 4). Upon brittle filaments, they are

elastic until fracture with no plastic deformation (curvel) [70].

Stress (N/mm?)

Strain (%)

Figure 26: Different stress-strain curves of polymers, curve 1 present the brittle filaments, while curves 2,3 &4

present the filaments with elastic and plastic behavior elongation [70]
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1.7 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a thermal analysis technique used to
measure the difference in the heat flow rate between a reference and a sample in a
function of temperature and time, as shown in Figure 27. The heat that is absorbed
from the sample results in endothermic reaction (e.g. glass transition, melting,
evaporation) whereas the heat that released from the sample results in exothermic
reaction (e.g. crystallization). Through using the DSC, the glass transition, melting

point and melt enthalpy can be detected [71].

polymer
sample sample reference
pan / pan

¥ ¥
1® L
T T ﬁl-

& heaters

| | -

computer to monitor temperature
and regulate heat flow

Figure 27: Differential scanning calorimetry principle

DSC is used to evaluate the crystallinity content in solid dosage forms. Since the drug
can be amorphous or crystalline and these phases affect the drug properties. In the
amorphous phase, the molecules are not arranged in a specific way. Thus, those types
of drugs have a fast dissolution rate but they have problems in drug stability. because

they may recrystallize. On the other side the crystalline drugs the molecules arranged



81

and their dissolution rate is slow compared with amorphous ones since they require
more energy to break up the crystalline lattice but they are more stable in storage

[72], [73].

The crystallinity percentage can be calculated as follows using the melting enthalpy:

Xxe =2 4100
FAH?

Equation 4: crystallinity percentage equation

Where; Xc = Crystallinity (%), AH1= melt enthalpy of PM, filament, tablet (J/g), AH2=

melt enthalpy of pure API (J/g), f = fraction of the drug in the formulation

To determine the melting enthalpy, the Tmax of the DSC cycle must be higher than the
Tm of the drug. However, it should not be above the Tqof the drug since that damages

the equipment.
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1.8 Polymers used in this research

1.8.1 Capa® 6506

Polycaprolactone (PCL) is a linear semi-crystalline polyester, as shown in Figure 28. It
is flexible, non-toxic, and hydrophobic. The crystallinity of PCL increased by increasing
the molecular weight. Since PCL molecular weight vary between 3000 to 80000g/mol

[74].
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Figure 28: Polycaprolactone structure [74], [75]

PCL has a glass transition (Tg) of -60°C and a low melting point in a range of 55-60°C.
As well as, low tensile strength (nearly 23MPa). On the other side, it has an extremely
high elongation at breakage (>700%). These properties allow it to be used in tissue

engineering, drug delivery system and wounds dressing [74], [75].

Recently, PCL had used in different FDM studies. For instance, in A. Goyanes et al.
research to figure out the possibility of printing personalized antiacne patches [44].
And in J. Aho et al. to explain the effect of rheological, thermal and mechanical
properties of the physical mixture characteristics on the printing properties while

indomethacin used as a model drug [35]. Also, in Lin et al. to manufacture subdermal
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implants using Ethinylestradiol as a model drug [1]. Also, in Berck, R.C.R. et al. study
of polymeric nano capsules manufactured from PCL and Eudragit RL100 [45]. In this

study PCL was used for sustained release layer.

1.8.2 Ateva® 1850A

Ethylene-vinyl acetate (EVA) is a copolymer of ethylene and vinyl acetate, as shown
in Figure 29. EVA is a hydrophobic, biocompatible, non-toxic and FDA approved
thermoplastic copolymer. The VA percentage can be between 0 to 40% and upon this
percentage, the copolymer characteristics vary. Increasing the VA content resulting in
higher adhesion, polarity, flexibility, impact resistance, compatibility, and polarity. On
the other hand, increasing the VA content leads to decrease stiffness, crystallinity,

melting point and softening of the copolymer [76],[77].
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Figure 29: EVA Chemical structure[76]

EVA shows complex crystalline and amorphous phase regimes, with not less than two
transitional temperatures in its amorphous phase. EVA T can be from -35 to -25°C

and its independent of VA percentage. Also, other groups identify another Ty at
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-110°C. Consistently, EVA has high material diffusion and flexibility even at low

temperatures [78],[79]-[82].

EVA used in FDM studies especially in medical devices. Genina et al. used it as a drug
carrier to produce subcutaneous rods and T-shape intrauterine system whereas

indomethacin was the model drug [6], [30], [77].

1.8.3 Eudragit ® E PO

Eudragit is a Basic Butylated Methacrylate Copolymer, as shown in Figure 30. It has
different grades Eudragit E100, Eudragit 12.5 and Eudragit EPO. Eudragit EPO is a solid
substance obtained from Eudragit E100. It has an average molecular weight of

47000g/mol [83].

Eudragit is a semi-crystalline hydrophilic copolymer. It is used in immediate-release
formulation due to the presence of a dimethyl aminoethyl group which ionizes and
lets the polymer dissolve in acidic PH. Besides, it can form Hydrogen bonds so it can
be used in solid dispersion formulations. It has a Tg at 52°C and Tm in a range from

130 to 135°C and Tq at 250°C [84].
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Figure 30: Eudragit EPO structure [83]

Eudragit E used in FDM studies. For example, M. Sadia et al. used it as a drug carrier
to make channeled tablets with accelerated release profiles by using
hydrochlorothiazide (BCS class V) as a model drug [29],[85]. Also, in another M. Sadia
et al. study to study the suitable pharmaceutical excipients in immediate-release
tablets. Thus, Eudragit EPO used as a drug carrier and four drugs used as model ones.

The drugs are theophylline, captopril, prednisolone, and 5-ASA [86].

1.8.4 kollidon ® 12 PF

Kollidon is a commercial name of Polyvinylpyrrolidone (PVP) which has different
soluble and insoluble grades, shown in Figure 31. Kollidon can be used in immediate
release and sustained release formulation upon its grades [87]. In this work PVP K12

used.
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Figure 31: PVP structure

Kollidon filaments are brittle, thus it can't be used alone to produce 3D tablets. But
they are printable once they mixed with other polymers or palletizers. Kollidon used

in FDM studies.

PVP K12 used with different polymers by many researchers. For example, Kempin et
al. Study used five different polymers (Polaxamer 407, PEG20000, PEG 6000, PVP K12,
kollidon VA64) to produce immediate-release tablets with fast release while

pantoprazole was the model drug [6],[88].

1.8.5 Klucel™ELF Pharm and Klucel™ EF Pharm

Hydroxypropyl cellulose (HPC), are nonionic water-soluble polymers used in an
immediate-release formulation, as shown in Figure 32. The mechanism of drug
release from HPC polymers can be by erosion or swelling [89]. They are used to
enhance the solubility of poorly soluble drugs (class Il). However, the solubilization
rate depends on the molecular weight. Klucel EF and ELF molecular weights are

80,000 and 40,000 Dalton respectively [90].
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Klucel filaments are flexible even without plasticizer. Their Klucel EF has a Tg at 0°C

while Klucel ELF has two Tg at 0°C and 120°C because it has a beta transition[91][92].

Figure 32: Klucel HPC chemical structure

Klucel EF, used in Zhang et al. research to study the possibility of coupling HME with
FDM to manufacture controlled-release tablets while Paracetamol (BCS I) used as a
model drug [11]. On the other side and until now, there are no publications regards

Klucel ELF with FDM technology.

1.8.6 Kollicoat® IR

Kollicoat IR is an engrafted copolymer of polyvinyl alcohol and polyethylene glycol
(PVA: PEG, 3:1), as shown in Figure 33. This molecule is hydrophilic and used in
immediate-release tablets. It is a highly flexible polymer due to the linkage between
PVA and PEG and can act as a plasticizer as well, thus it can get through the mechanical
stress throughout manufacturing and storage steps. It has a molecular weight of

45000 mol/g and low viscosity compared with HMPC [93].
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Figure 33: Kollicoat IR structure

Kollicoat IR is a water-soluble polymer and non- ionic which means that its solubility
is stable in the GI. Its viscosity increases by increasing the polymer concentration. On
the other hand, its viscosity is lower than cellulose derivatives molecules [94]. It has

a Tg at 45°C, while its Tm = 208°C and T= 200°C [95].

Itis a “Peroxide free” thus it is used as a binder for APIs that are sensitive to oxidation
degradation[93]. Kollicoat IR used in N.G. Solanki et al. to distinguish the best
amorphous polymers in FDM and kollicoat IR released in less than 60 min in PH
whereas haloperidol used as a drug-polymer [6], [61]. Also, it was used in A. Melocchi
et al study to produce suitable filaments for FDM printing and it was successfully

produced [96].
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1.8.7 POLYOX™

Polyethylene oxide (PEOQ) is a crystalline hydrophilic polymer, as shown in Figure 34.
It has a melting point in the range of -23 to 63°C depending on its molecular weight
[97]. Generally, it is used in the immediate-release formulation. PEO (MWT 100K)

named N10 used in this study.

o. ~__H
H/ \/\ O/

: In

Figure 34: Polyethylene oxide chemical structure [97]

PEO used in Melocchi et al works to produce appropriate filaments for FDM from
different polymers with different pharmaceutical grades and physio-chemical
properties [96]. Moreover, it was used in Nasereddin et al, a screening study to
predetermine the filaments feedability for FDM printing while using paracetamol as a

model drug and it was feedable and printable [38].
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1.9 APl used in this research

In this research, Metoprolol Tartrate (MPT) used as a model drug to formulate bilayer
tablets in that the immediate release used as an initial dose and sustained as a
maintenance one [98]. By using Eudragit EPO and PEO as hydrophilic polymers and

polycaprolactone (CAPA® 6506) as a hydrophobic one.

Metoprolol is a beta-blocker that works by blocking the action of certain natural
chemicals in the human body. As a result, it reduces the blood pressure, heart rate
and strain on the heart. It is used to treat hypertension to lower the high blood

pressure which helps to prevent strokes, kidney problems, and heart attacks [99].

Metoprolol Tartrate, its structure shown in Figure 35, is a white crystalline powder,
has a molecular weight of 684.8g/mol and a molecular formula of C34HssN2012. It has
a melting point of 120°C and pKi; 9.68 and 14.02 and it has high water solubility and
permeability (BCS class 1) also it is well absorbed over a large part of the

gastrointestinal tract [100].

Metoprolol has a low bioavailability (20-50%), and short biological half-life (4-5)
hours. Its usual dose is 25mg three times a day. This requires a high frequency of
administration that might cause oscillation in the drug concentration in the plasma, it
is substantial to produce dosage form with sustained-release effect. There is a serious

need to manufacture sustained release bi-layer tablets to decrease the administration
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frequency, deliver loading dose in the stomach, increase drug efficacy and

bioavailability and give sustained action [98].

OH
O\)\/NH%/CHS
HC CHs
OH O
o
o
©  OH
OH
0\/I\/NH; CH4
HaC CH,

0

Figure 35: Metoprolol tartrate chemical structure
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2. Objectives

1- To manufacture hydrophilic and hydrophobic filaments with good diameter,
smooth surface, and morphology, as well as good mechanical, thermal and
rheological properties.

2- To manufacture mono sustained and immediate release tablets that had
appropriate drug release and dissolution profile.

3- To manufacture bilayer tablets with appropriate drug release and dissolution
profile.

4- To compare the dissolution profile and release rate of the mono SR, IR and
bilayer tablets that manufactured with FDM technology with the same tablets

that manufactured with DC.
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3. Materials and Methods
3.1 Materials

Metoprolol Tartrate (MPT) obtained from Polydrug Laboratories (Maharashtra, India),
used as a model drug to investigate the drug release profile in hydrophilic and
hydrophobic polymers. It is a very water-soluble and permeable API (BCS 1), that has

a melting temperature of 120°C and degradation temperature at 160°C [101][102].

Capa® 6506 (Capa® 6506 ), Ateva® 1850A (EVA), Eudragit ® E PO, kollidon ® 12 PF, and
Kollicoat® IR, POLYOX™, Klucel™ ELF Pharm and Klucel™ EF Pharm purchased from
Perstorp (Warrington, United Kingdom), Celanese (Frankfurt, Germany), Evonik
(Darmstadt, Germany), BASF (Ludwigshafen, Germany), DOW (Michigan, USA),

Ashland (Schaffhausen, Switzerland) respectively.

3.2 Preparation of FDM feedstock material

Physical mixture (P.M) of MPT and different polymers weighted using AG245
analytical balance (Mettler Toledo, New Hampshire, USA), mixed by tumbler mixer
(Inversina tumbler mixer from Bioengineering, UK) for 15 min at 25 RPM. Then, Bulk
density of the P.M was calculated and P.M transferred to the gravimetric feeder
(Brabender Technology, Germany) and extruded by a co-rotating, fully intermeshing
twin-screw extruder (prime Eurolab 16, Thermo Fisher, Germany), equipped with a

with co-rotating twin screws, that have standard screw configuration with three
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mixing zones, four conveying zones and a DD flex wall. As well as, custom-made die

with a diameter of 1.7 mm, as shown in Figure 36.

Figure 36: Filaments Extrusion

The feeding rate, screw speed, and barrel temperature were adjusted according to

each formula to not exceed a torque value of 80%.
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3.3 Filaments characterization

3.3.1 Filaments dimension
Immediately after extrusion, filament diameter measured every 10 cm using a digital

caliper (Bodson, Luik, Belgium), and the obtained diameter was 1.75+0.05mm.

3.3.2 Mechanical testing

TA.XTPlus texture Analyzer (stable microsystems, UK) used to evaluate filament
stiffness by using the tensile test with a 30 kg load cell and a TA-243 self-tightening
roller grip system, as shown in Figure 37. The initial distance of separation, test speed,
and maximum elongation distance were set as 20mm, 3mm/s. A stress-strain diagram
was plotted taking into consideration the applied force and filament diameter.
Exponent software version 6.1.5.0 (stable microsystems, Godalming, UK) was used for

data collection and analysis and all experiments were performed triplicate.

Figure 37:Mechanical properties, Tensile test
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3.4 Tablets printing

The filament feeding performance (feeding efficiency) for filaments with good
mechanical attributes (constant diameter and acceptable surface smoothness) was
tested by using the 3D printer (Prusa 13, Prague, Czech Republic), as shown in Figure

38.

Figure 38:Tablets printing

MPT: Capa® 6506 (40:60%, w/w) filament used to print SR mono tablets with a
diameter and thickness of 10.0 and 2.5 mm, respectively. And printing parameters as
mentioned in table 4. Due to the filament's good ductility, hence 10 tablets were

printed together at each printing run.



Table 4: SR mono tablet (MPT: Capa® 6506 40:60%, w/w) printing parameters

Filament used =» MPT:Capa® 6506 (40:60%, w/w)

Processing temperature

Bed temperature

Infill percentage

Infill pattern

Number of perimeters

Perimerters/infill overlap percentage
Elephant foot compensation

Solid infill every

Number of top and bottom solid layers
The pattern of top and bottom solid layers
Perimeters printing speed

Infill printing speed

Top and bottom solid infill printing speed

Solid infill printing speed

110°C
20°C
100%

Concentric

160%
0.6 mm

2 layers

Concentric
45 mm/s
80 mm/s
40 mm/s

80 mm/s

97
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While for IR mono tablets two different hydrophilic filaments used, MPT: Klucel EF
(25:75%, w/w) and MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w). Considering
tablets from both formulas, the same diameters, and thicknesses of 10 and 2.5 mm
used. And printing parameters as shown in tables 5 and 6.

Table 5: IR mono tablet (MPT: Klucel 25:75%, w/w) printing parameters

Filament used =» MPT: Klucel EF (25:75%, w/w)

Processing temperature 150°C
Bed temperature 20°C
Infill percentage 50%
Infill pattern Grid
Number of perimeters 5
Perimeters/infill overlap percentage 25%
Elephant foot compensation 0
Solid infill every 0
Number of top and bottom solid layers 3

The pattern of top and bottom solid layers Concentric



Perimeters printing speed 5 mm/s

Infill printing speed 5mm/s
Top and bottom solid infill printing speed 5mm/s
Solid infill printing speed 5mm/s

Table 6: IR mono tablet (MPT: Eudragit EPO, POLYOX™ 25:52.5:22.5%, w/w) printing parameters

Filament used =» MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w)

Processing temperature 120°C
Bed temperature 20°C
Infill percentage 50%
Infill pattern Grid
Number of perimeters 2
Perimeters/infill overlap percentage 25%
Elephant foot compensation 0
Solid infill every 0

Number of top and bottom solid layers 3



The pattern of top and bottom solid layers

Perimeters printing speed

Infill printing speed

Top and bottom solid infill printing speed

Solid infill printing speed

100

Concentric

45 mm/s

80 mm/s

40 mm/s

80 mm/s

For bilayer tablets, using MPT: Capa® 6506 (40:60%, w/w) and MPT: Eudragit EPO:

POLYOX™ (25:52.5:22.5%, w/w) filaments, each tablet printed separately with a

diameter and thicknesses of 10.0 and 5.0 mm respectively. Using the same printing

parameters for mono tablets.

All Tablets were designed by Tinkercad® (Autodesk, Inc., USA) and exported as a G-

code by Prusa Slicer software v2.1.0 (Prague, Czech Republic).

To configure the printing parameters for SR and IR tablets, various printing trials

implemented while changing different parameters. For example, the number of

perimeters, infill ratio, perimeters infill overlap percentage, infill pattern and the

number of solid layers in the object. During these trials MPT: Capa® 6506 (40:60%,

w/w) used as a model filament.
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3.53D Tablets Characterization

3.5.1 Tablets Dimensions
After printing, the dimensions of each tablet (n=10), as shown in Figure 39, were
measured using and a digital caliper (Bodson, Luik, Belgium) and the test rechecked

using semi-automatic tablets testing system (SmartTest 50, Allschwill, Switzerland).

10.00

2.50

10.00

(a) (b)

(c) _
Figure 39: Mono tablets diameter(s) and thickness (a) tablet diameter, (b) tablet thickness, (c) ready tablet for printing
3.5.2 Weight variation and Hardness
SR, IR, and Bilayer tablets weight variation and hardness measured (n=10) using
tablets semi-automatic tablets testing system (SmartTest 50, Allschwill, Switzerland).
Regards the weight variation acceptance criteria it states that, not more than two

tablets should deviate from the average weight by more than the percentage given in
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the pharmacopeia (see table 7) and none deviate by more than twice the

percentage[103].
Table 7: Weight deviation acceptance criteria [103]

The average weight of tablets Deviation (%)
Less than 80 mg +10.0

120.0
80mg to 250 mg 7.5

+15.5
More than 250 mg 5.0

+10.0

3.5.3 Tablets Friability

Friability test for SR, IR, and Bilayer tablets (n=10) operated using (Pharmatest,
Hainburg, Germany). Tablets weighted and placed in the friabilator, that operated for
4 minutes at a speed of 25 RPM. Later tablets removed from the apparatus, dedusted
and reweighted. Finally, Equation 5 used to calculate the friability percentage [104],

[105].

o Friabilit Tablets initial weight — Tablets final weight 100
_ E 3
o Friaotiity Tablets initial weight

Equation 5: Friability Equation
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3.5.4 Tablets morphology
Effect of the number of solid layers between infill layers, perimeters number, and
overlap percentage of the tablets observed by using Olympus SZX9 Stereo Microscope

(Ontario, USA).

3.5.5 Content Uniformity

Content uniformity test for all tablets performed, as shown in Fig 39, by using
phosphate buffer PH 6.8 for SR tablets (n=10) and HCI buffer PH 1.2 for IR (n=10). The
test ran for all types of tablets for 48 hours. Then samples were withdrawn and
analyzed by spectrophotometer (UV-1650PC, Shimadzu Benelux, Antwerp, Belgium)

at a wavelength of 222nm.

3.5.6 Differential Scanning Calorimetry

Drug crystallinity was evaluated using a DSC Q2000 (TA Instruments, Leatherhead, UK)
equipped with a refrigerated cooling system, as shown in Figure 40. API, physical
mixtures, filaments, and 3D printed tablets (sample mass 4-6 mg) were analyzed using
non-hermetic Tzro pans (TA instruments, Zellik, Belgium) at a heating rate of
10°C/min. The DSC cell was purged using dry nitrogen at a flow rate of 50 mL/min.
Single heating run from -20 to 150 °C was performed to analyze the thermal
characteristics (Tm and melting enthalpy (AH)) of pure components, physical mixtures,

filaments, and 3D printed tablet.
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Figure 40: DSC Q2000

3.5.7 Disintegration test
This test applied to check if tablets disintegrates in a prescribed time when they are

under specific conditions stated in the USP[106].

3.5.8 Invitro Dissolution

Impact of perimeters number, overlap, and the number of solid layers on the in vitro
release kinetics were determined using a VK 7010 dissolution system (Vankel
industries, New Jersey, USA), as shown in Figure 41. In house method used, where
paddle speed and bath temperature were set at 100 rpm and 37.5f 0.5 °C,
respectively.

For sustained-release tablets, dissolution vessels were filled with 900 ml with

Phosphate buffer PH 6.8, prepared according to USP buffer solution preparation[107],
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and 5ml of samples were withdrawn at predetermined time points (0.5, 1, 2, 4, 6, 8,
12, 16, 20 and 24 hours).

On the other hand, for immediate release tablets, dissolution vessels were filled with
900 ml with HCl buffer PH 1.2, prepared according to USP buffer solution
preparation[107]. The samples were withdrawn at predetermined time points (5, 10,
15, 30,45, 60, 90, 120, 150, 180 minutes).

For Bilayer tablets at the beginning dissolution vessels filled with 700ml of 0.1N HCI
for 2 hours followed by 200ml of 0.2M tribasic phosphate for 22 hours, according to
USP Method A. Samples withdrawn at predetermined points as following (5,10,30, 60,
90, 120, 240, 360, 720, 960, 1440 min). All samples diluted and analyzed with a
spectrophotometer (UV-1650PC, Shimadzu Benelux, Antwerp, Belgium) at a

wavelength of 222nm.

DISSOLUTIEBAD 2

Figure 41: VK 7010 dissolution system
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Calibrations curve of MPT in Acid and Base buffers shown below in Figures 42 and 43.

Calibration curve of MPT in PH 6.8 y=29.702x+0.0131
R%=0.9996
1.4

1.2

0.8
0.6
0.4

0.2

Absorbance at wavelengh 222 nm

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Concentration (mg/ml)

Figure 43: Calibration curve of MPT in PH 6.8

Calibration curve of MPT in PH 1.2 y=27.76x-0.0226

R?=0.9993
1.2

0.8
0.6
0.4

0.2

Absorbance at wavelengh 222 nm

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Concentration (mg/ml)

Figure 42: Calibration curve of MPT in PH 1.2
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3.5.9 Dissolution kinetics

To study the kinetics of MPT release in all the printed formulation, attained data
analyzed using KinetDS3 software and fitted in zero, first orders, Higushi, Hixon-
Crowell and Korsmeyer-Peppas models [108].

Zero-order: the drug release is independent on the concentration and it is expressed

in this equation:

Equation 6: Zero-order equation

Where; Qt: drug dissolved amount, Q_: initial drug amount, K _: constant, t: time in
hours.

In First order: The drug release depends on the drug concentration.

Log Qt = Log Q +

2.303

Equation 7: First order equation

Where; Qt: drug dissolved amount, Q_: initial drug amount, K _: constant, t: time in
hours.

Hixson-Crowell model: the drug release depends on the tablet's surface area and

diameter.

0. - 3/Qt = Kuc.

Equation 8: Hixson - Crowell equation
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Where; Qt: drug dissolved amount, Q__: initial drug amount, K _: constant, t: time in

hours.

Higuchi model: where the drug release plotted versus the square root of time. And it

assumes that the tablet dissolution performs diffusion mechanism.

ot = Kuvt

Equation 9: Higuchi equation

Where; Qt: drug dissolved amount, K : constant, t: time in hours.

Korsmeyer-Peppas release_model: it describes the drug release from polymeric

systems.

F=Kt"

Equation 10: Korsmeyer - Peppas equation

Where F: drug fraction, K: constant, t: time in hours, n: diffusion exponent.

3.6 Direct compression and tablets dissolution

The same physical mixture formula MPT: Capa® 6506 (40:60%, w/w) and MPT:
Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w) blended and compressed using
Styl’One compression machine (Medel pharm, Lyon, France) and B FF 10mm punch

(Medel pharm, Lyon, France).
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Not long afterward, in vitro dissolution implemented for the obtained tablets using
the same dissolution medium, peddle speed, sample volume and time as used for

tablets manufactured by FDM.
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4. Work Methodology

The Methodology of this work summarized in Figure 44. Where the physical mixture
fed into the extruder, the extrusion temperature must be below 150°C to avoid API
degradation, because MPT degradation temperature is at 155°C. Regards sustained-
release formulations it should be below 120°C to avoid solid dispersion since the

melting temperature for MPT is 120°C.

The extruder torque must not exceed 80%, to ensure the good rotation of the motor
and screws thus achieving good homogenous mixing. The formula should be modified
if it does not pass the above rules. Otherwise, the mechanical properties calculated

using the texture analyzer.

If the filaments have weak mechanical properties they should be reformulated. Else,
they should be fed into the 3D printer. The printing temperature also should be below
150°C for all formulas and below 120°C for sustained release formulas, for the same

reasons that mentioned above.

When the filaments have poor rheological properties hence temperature should be
increased above 120°C for SR and/or 150°C for IR filaments. The formula should be
rejected and reformulated. Differently, tablets printed below the limited

temperatures.
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Then, QC tests for tablets should be done such as weight variation, tablets
dimensions, hardness, friability, content uniformity. whenever, the tablets fail the
tests, the formula or the parameters must be modified. Otherwise, tablets should be

transferred to the in vitro dissolution test.

Supposing the tablets fail the dissolution test or results poor release rate and weak
release profile, printing parameters should be changed such as the infill ratio,
perimeters/infill overlap percentage, number of perimeters ...etc. Otherwise, the final

product obtained.
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Figure 44: Work Methodology
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5. Results and discussion
5.1 Extrusion and 3D printing

To prepare sustained-release tablets, two hydrophobic polymers used,
polycaprolactone with different drug loads MPT: Capa® 6506 (50:50%, w/w) and
MPT: Capa® 6506 (40:60%, w/w) and Ethylene vinyl acetate with higher drug load
MPT: EVA 1850 (50:50%, w/w) but this one was still under research and no further

tests applied to it due to lack of time.

Forimmediate release tablets, it was more complicated because generally hydrophilic
polymers were brittle. Thus, different formulations done. In the beginning,
Metoprolol tartrate loaded in the following polymers (Kollicoat IR, Eudragit EPO,
Kollidon K12, POLYOX™, and Klucel ELF) in a ratio of 25% for MPT and 75% for the
polymers. However, all the previous filaments were brittle. Then MPT: Klucel EF
(25:75%, w/w) extruded and it was printable, but because of dissolution issues (see

in-vitro dissolution section), more formulas tested.

Pore former added such as POLYOX™ and copolymers used such as mixing Eudragit
EPO with Klucel EF and POLYOX™. All formulas and extrusion details presented in

Table 8 below.

Later, because MPT: Klucel EF (25:75%, w/w) was a printable, dissolution test

implemented and all filaments were successfully extruded below 150°C, that
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temperature had been chosen because the MPT degradation temperature is 155°C

and without exceeding the torque value of 80%.

Whereas, torque can be defined as the force that the motor needs to rotate the
screws. And there was a variation in the torque values due to different formulas that
act various resistance on the screw where high resistance generates high torque

value[109].

Different variables affect the torque considering the (a) die temperature, where
increasing the die temperature leads to decreasing the molt viscosity thus decrease
the torque. (b) moisture content, where increasing the moisture content leads to low
melt viscosity thus decrease the torque value. (c) screw speed, where increasing the
screw speeds leads to generate more energy so increasing the temperature that
leading to decreased viscosity thus decreasing the torque value. On the other hand,
(d) mass flow rate, where increasing the mass flow rate leading to increase the barrel
of the extruder so more shear needed to compensate the molten resulting to increase

the torque value [110].

Moreover, the Smooth surface of the filament is highly needed for adequate feeding.
In this work all the filaments have a smooth surface, no shark skinning observed even

with 50% drug load.



Formulation

(% w/w)

SR

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

Table 8: Extruded formulas and extrusion parameters for different formulations

Capa® 6506 (50:50%, w/w)

Capa® 6506 (40:60%, w/w)
Ateva 1850 (50:50%, w/w)
Eudragit EPO (25/75%, w/w)
Kollidon K12 (25:75%, w/w)
Klucel ELF (25:75%, w/w)
Kollicoat IR (25:75%, w/w)
POLYOX™ (25:75%, w/w)

Klucel EF (25:75%, w/w)

Feeding
rate
(ke/h)

0.3

0.25

0.25

1

60

60

60

70

100

100

140

100

80

80

80

80

100

125

115

150

120

115

80

80

80

100

125

115

150

120

115

Temperature °C

4

80

80

80

100

125

115

150

120

115

80

80

80

100

125

115

150

120

115

Die

80

80

60

90

115

120

50

Screw
speed
(rpm)

100

100
100
100
100
100
150
150

100

115

Torque
value
(%)

50

47
20
37
28
26
18
22

26
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MPT: Klucel EF: POLYOX™ 0.25 100 125 125 125 125 100 100 24
(25:65:10%, w/w/w)
MPT: Eudragit EPO: POLYOX™ 0.25 90 120 120 120 120 100 120 30

(25:52.5:22.5%, w/w/w)
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5.2 Filament characterization

5.2.1 Filaments dimensions

As mentioned before, the FDM filament diameter should be 1.75+0.05 mm to be
feedable and printable [37]. In this work, all the filaments' diameter is measured
directly after extrusion with a digital caliper. The mean value and standard deviation

are shown in Table 9.

Notable die swelling was observed while extruding Klucel EF and Klucel ELF. Where
die swelling is a phenomenon where the cross-section area of the filament increases

after leaving the die [96],[111].

This happened due to polymer relaxation after high shear and stress inside the barrel.
The increase in die swelling depends on the polymer itself such as the polymer
molecular weight and melt elasticity and external factors as well such as the

temperature, shear rate, shear stress and die geometry [96],[111].

To decrease the die swelling problem, barrel temperature increased, screw speed
decreased, collecting roller speed increased and heated die used. Since using heated
die through extrusion decreases thermoplastic polymers swelling [112]. Nevertheless,

filaments were not extruded with a diameter below 1.80 mm.



Formulation (% w/w)

ABS

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

MPT:

Table 9: Filaments diameters

1.75+0.03
CAPA® 6506 (50:50%, w/w) 1.78+0.11
CAPA® 6506 (40:60%, w/w) 1.74+0.01
Eudragit (25:75%, w/w) 1.74+0.03
Kollidon K 12 (25:75%, w/w) 1.78+0.1
Kollicoat IR (25:75%, w/w) 1.71+0.05

Klucel ELF (25:75%, w/w) 1.81+0.02
Klucel EF (25:75%, w/w) 1.81+0.06

POLYOX™ (25:75%, w/w) 1.78+0.04
Klucel EF: POLYOX™ (25:65:10%, w/w) 1.75%+0.01
Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w) 1.72+0.04

Klucel EF: Eudragit EPO (25:40:35%, w/w/w) 1.77+0.02

Diameter (mm)

118
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5.2.2 Mechanical properties
Tensile test applied and stress-strain curves plotted. Stiffness (N/mm?), breaking
strength (N/mm?), ultimate tensile strength (N/mm?) and toughness (N/mm?)

calculated by using the mean of these curves and results obtained (see Table 8).

Starting from the sustained release formulation MPT: Capa® 6506 (50:50%, w/w)
filament was not printable, because it was brittle and broken between the feeding

gears.

And that was proven from the stress-strain curve and calculations. MPT: Capa® 6506
(50:50%, w/w) filament had smaller stiffness, breaking strength values, and low
toughness compared with ABS that is a commercial filament used in FDM technology

(see Figure 45).

Stress -Strain curve
40

35

30

0 5 10 15 20 25 30
Strain %
—ABS MPT + CAPA 50:50%

Figure 45: stress-strain curve ABS, and MPT: Capa (50:50%, w/w)
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Consequently, filament with lower drug load extruded, MPT: Capa® 6506 (40:60%,
w/w), and stress-strain curve plotted, as shown in Figure 46. Higher Stiffness, ultimate
tensile strength, stain percentage and toughness values resulted compared with MPT:
Capa® 6506 (50:50%, w/w) (see table 10). That happened due the “plasticization

effect of the drug on the polymer” [38].

High value in ultimate tensile strength (700N/mm?), indicated to a ductile filament.
Where ductility defined that the filament can undergo notable plastic deformation

before rupture [113].

In this case the filament ductility and the high toughness value led to printable
filament. Because the filament had enough energy to pass the feeding gears without

breaking.

Until now, no previous publication indicated Metoprolol Tartrate and
Polycaprolactone filaments used in FDM. On the other hand, Polycaprolactone is used

in two researches with different drug loads.

Hollander et al used Polycaprolactone with (5%, 15%, 30%) drug load of indomethacin
in their work, to manufacture T-shape of intra urine system [114]. Also, Aho et al used
polycaprolactone with (10%,30%,50%) drug load of indomethacin in their work, to
study the effect of thermal, mechanical and rheological properties of the materials on

FDM technology [35].
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Stress -Strain curves

Stress (N/mm?2!
= = [ [ w w B
w [an] (%3] (=] w [=] (%} [=]

o

0 5 10 15 20 25 30 35
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Figure 46: stress-strain curve ABS, MPT: Capa® 6506 (50:50%, w/w) and MPT: Capa® 6506 (40:60%, w/w)

For immediate release formulation, the process was harder since most of the

hydrophilic filaments were brittle.

Different hydrophilic polymers used (Eudragit EPO, Kollidon K12, Kollicoat IR, Klucel
ELF, and POLYOX™) with the same drug load which was 25%. All of them were brittle

and broken between the feeding gears.

From the flexibility profile of those filaments obtained from stress-strain curves it was
found that MPT: Eudragit EPO (25:75%, w/w) and MPT: Kollidon K12 (25:75%, w/w)
were suddenly fracture directly after the elastic region showed no bending neither
plastic deformation (see figure 47). Moreover, they had short breaking distance and

low toughness value thus they were not feedable.
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Eudragit EPO used in Nasereddin et al research when they study the effect of
mechanical properties on the feedability process. As a result, Eudragit EPO (100%)
filament was fractured between the feeding gears in the head of the printer and did
not pass to the nozzle. Moreover, it showed a sharp brittle curve that the filament

broke after the maximum force applied [38].

In addition, Sadia et al studied the effect of different excipients on Eudragit EPO for
producing immediate release tablets by FDM. And from that study it was found that
Eudragit EPO was brittle filament, thus different ratio of plasticizers and fillers used.
After trials it was found that Eudragit EPO: TEC: TCP: drug (46.75:3.25:37.5:12.5%,
w/w/w/w) was a feedable and printable formula. Where TEC was Triethyl citrate and
TCP was tricalcium phosphate, while the drugs were captopril, prednisolone,

Theophylline, and 5-ASA [86].

Regarding Kollidon K12, it was a brittle filament (see figure 47) due to its low
molecular weight, that facilitated short interlinkage between the chains of the

polymer, led to short tensile strength [115].

Kollidon K12 used in Kempin et al research, when they studied the development of
gastro resistant tablet by using dual extrusion method. While 10% pantoprazole
sodium used as a model drug. It was found that the filament was brittle thus 15%

Triethyl citrate (TEC) added in the formula to improve the feeding and printing
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properties [116]. Also in Kollamaram et al research Kollidon K12 mixed with Kollidon
VA64 and other excipients such as PEG and mannitol to improve the mechanical
properties while they tried to manufacture Ramipril immediate release tablets

[6],[115].

Upon MPT: POLYOX™ (25:75%, w/w) it was brittle and fractured between the feeding
gears on the head of the printer. That was proven from its flexibility profile, it had
plastic deformation but it also had short breaking distance and low toughness (see

figure 47).

POLYOX™ used in Melocchi et al study to investigate the effect of polymers grade on
extrusion and FDM process and it was extrudable and printable [96]. Also, it was used
with Soluplus, PEG 4000 and Tween 80 in Alhijjaj el at research to improve the drug

release of FDM oral dosage forms where felodipine was used as a model drug [67].

Regards MPT: Klucel ELF (25:75%, w/w) was brittle because it had lower stiffness
value compared with other filaments, as shown in Figure 47. Zhang et al mentioned
that stiffness is one of the significant indicators for printable filament [11]. Besides,
to short breaking distance, where Verstaete et al and Zhang et al mentioned that

filaments with short breaking distance are brittle[11], [37].

Until today, no previous publications cited that MPT: Klucel ELF or Klucel ELF filaments

used in FDM previous researches. However, more investigation is needed, perhaps
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more modifications in the printing properties may lead to different results since the

filament is not that weak compared with other filaments that is used (see figure 47).

Regards MPT: Kollicoat IR was very brittle and weak filament so it was broken on the
roller before implementing the test. Kempin et al mentioned in their study of
manufacturing immediate release tablets of thermolabile drugs by using FDM
technology where Pantoprazole sodium (5%) used as a model drug, that Kollicoat IR
was brittle thus not printable [88]. While it was printable when it was used with 10%
Haloperidol in Solanki et al study that worked to screen drug release polymers [6],

[61].
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Figure 47: stress-strain curves for ABS, MPT: Eudragit EPO (25:75%, w/w), (MPT: Kollidon K12 (25:75%, w/w) ,
MPT:POLYOX™ (25:75%, w/w) and MPT: Klucel ELF (25:75%, w/w)
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After that, MPT: Klucel EF (25:75%, w/w) prepared and this was feedable and

printable filament. It was printed at low speed (see Table 5).

Its Flexibility profile compared with Klucel ELF presented in Figure 48. However, it was
not printed easily and continuously. The printing process paused many times because
the filament broken inside the feeding gears and under-extrusion layers resulted.
Where under-extrusion mixed 30% paracetamol and 35% HPMC E5 and also when it

was mixed with 30% paracetamol and 45.5% HPMC E5 [11].

Stress -Strain curves
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Figure 48: stress-strain curves for MPT: Klucel EF (25:75%, w/w) and MPT: ELF (25:75%, w/w)

After MPT: Klucel EF (25:75%, w/w) passed the printing stage, in vitro dissolution
implemented and the tablets failed the test. Thus, PEO added to the formula to
enhance the dissolution. Because PEQ is a pore former [117]. MPT: Klucel EF: Polyox™

(25:65:10%, w/w/w) was brittle, thus not feedable and printable.
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Then because Eudragit EPO is the most hydrophilic polymer, it decided to be used
[84]. Thus, it was used with Klucel EF as a co-polymer to enhance the mechanical
properties of the filament. As cited in literature Eudragit EPO is brittle filament while
Klucel EF is flexible filament and neither of them are feedable and/or printable [11],
[38]. However, MPT: Klucel EF: Eudragit (25:40:35%, w/w) was also brittle thus, had

broken inside the printer’s head.

On the other hand, MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w) was an
adequate filament. It was feedable and printable. That was proven from its flexibility
profile, as shown in Figure 49. It had higher Stiffness, breaking strength, Ultimate
tensile strength, and toughness values thus this formula enhanced the mechanical

properties of the filament and made it feedable and printable.
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Figure 49: stress-strain curves of MPT: Eudragit (25:75%, w/w), MPT: POLYOX™ (25:75%, w/w) and MPT: Eudragit
EPO: POLYOX™ (25:52.5:22.5%, w/w/w)
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As mentioned above, filaments should have adequate mechanical properties. In this
work, most of the filaments were broken between the gears in the FDM printer since
they were brittle. On the other side, three filaments successfully forwarded towards

the nozzle and those had good mechanical properties.

Table 10 present the formulas with their mechanical properties that resulted from

stress-strain curves after applying tensile test using texture analyzer.
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Table 10: Formulations and their mechanical properties

Formula

ABS

MPT: CAPA® 6506
(50:50%, w/w)
MPT: CAPA® 6506
(40:60%, w/w)
MPT + Eudragit
(25:75%, w/w)
MPT: Kollidon K
12

(25:75%, w/w)

MPT: PEO
(25:75%, w/w)

MPT: Kollicoat IR
(25:75%, w/w)

MPT: Klucel
(25:75%, w/w)

ELF

MPT: Klucel EF
(25:75%, w/w)

MPT:
PEO
(25:52.5:22.5%,
w/w)

Eudragit:

Stiffness
(N/m)

1.65+0.39

1.2377+0.313

1.065+0.07

0.87+0.073

1.52+0.04

1.58+0.16

Ultimate
tensile

strength
(N/mm?)

38.88+1.05

6.94+0.24

9.86+0.17

16.01+1.42

3.46+0.10

12.28+0.43

Strain  at
breakage
(%)

29.84+2.16

30.60+7.84

700+0.00

14.06+2.08

3.68+1.32

15.28+0.83
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Toughness
(J/mm?)

1736.51+319.97

223.47+49.63

61687.41+1601

127.59+42.14

7.06%2.17

129.80+8.55

Very brittle and weak, broken while it was in the probe, it's
mechanical properties can’'t be measured

0.82+0.06

0.9610.34

1.80+0.30

13.86+0.43

15.50+2.24

45.12+6.38

28.09+8.59

15.97+0.606 17.22+2.44

398.27+39.11

264.48+121.73

188.85+37.63
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5.3 FDM printing

The Printing temperature should be above the T; or Tr of the polymer [35]. Also, it
should be higher than the HME processing temperature to ensure appropriate
flowability. Due to screw absence and thus less shear stress as well as short residence
time than HME. On the other side, it should be as low as possible to avoid the thermal
degradation of the APl or/and polymer(s). In this research, all printing temperatures

were below the degradation temperature of each substance.

The printer bed temperature may be heated or cooled to ensure good adhesion and
solidification for some polymers. But in this work, there was no need to do that and
all tablets were solidified and had good adhesion when they are printed at the room

temperature 20-25°C.

The printing speed also can be increased or decreased to get a better printing process
especially with polymers with low ductility. In this work, the printing speed lowered
while printing MPT: Klucel EF (25:75% w/w) to avoid fast filament breaking between

the wheels.

In this work, three formulas (MPT: Capa® 6506 40:60%, w/w), (MPT: Klucel EF 25:75%
w/w), and (MPT: Eudragit EPO: POLYOX™ 25:52.5:22.5% w/w) were feedable and
printable. Where Feedable indicates that the filaments can pass the counter rotating

wheels without breaking or bending. And, printable indicates that the filaments pass
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from the printer nozzle to the bed. This happened because those filaments had good

mechanical, and rheological properties.

Other filaments such as (MPT: Capa® 6506 50:50% w/w), (MPT: Eudragit 25:75%),
(MPT: PVP K12 25:75%), (MPT: Kollicoat IR 25:75% w/w), (MPT : Klucel ELF 25:75%
w/w), (MPT: Klucel ELF: Eudragit 25:37.7:37.5% w/w), (MPT: KLUCEL EF: POLYOX™
25:65:10% w/w), (MPT: POLYOX™ 25:75% w/w), (MPT: Klucel EF: Eudragit EPO
25:40:35% w/w) were brittle thus broke between the wheels. And this was proven in

the mechanical properties section. To reduce the filament brittleness, suitable

plasticizers can be added to the formulas. However, this work aimed to find a simple

formulation with fewer excipients.

All the filaments had 1.75+0.05 mm diameter except Klucel filaments and that was

due to a swelling mechanism (see filaments dimension section). To solve this issue,

smaller die in HME or larger nozzle diameter in FDM can be used. However, in this
research, they were printed because it was not that large and they passed the wheels

to the nozzle.

Table 11 summarized all the formulas extrudability, feedability and printability.
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Formula

MPT + CAPA® 6506 (50:50% w/w)
MPT +CAPA® 6506 (40:60% w/w)
MPT + Eudragit (25:75%, w/w)
MPT + Kollidon K12 (25:75%, w/w)
MPT + Kollicoat IR (25:75%, w/w)
MPT + POLYOX™ (25:75%, w/w)
MPT + Klucel ELF (25:75%, w/w)
MPT+ Klucel EF (25:75%, w/w)
MPT+ KLUCEL EF + POLYOX™
(25:65:10%, w/w/w)

MPT + KLUCEL EF + EUDRAGIT
(25:40:35%, w/w/w)

MPT+ Eudragit EPO+ POLYOX™

(25:52.5:22.5%, w/w/w)

Extrudable

v

v

Feedable
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Table 11: Sustained and Immediate release formulas extrudability, feedability and printability

Printable

X

X X X X X

<
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5.4 Tablets characteristics

5.4.1 Tablets Dimensions

Tablets roundness, thickness, masses and volumes are shown in Tables 12, 13, and
14. The original dimensions of the sustained release and immediate-release tablets
were the same (10.0*10.0*2.55mm) whereas (10.0*10.0*5.0mm) for the bilayer

tablets (see figure 50).

.

Figure 50: Tablets Dimensions

Table 12: SR tablets diameter 1 (D1), diameter 2 (D2), roundness (R), average diameter (Avg D), thickness(H),
average diameter/thickness deviation (Avg D/H div) and tablets volume (V) using MPT: Capa® 6506 (40:60%, w/w)
filament

Tablet# D1 D2 R Avg D H(mm) Avg(D/H) V(mm’®)
(mm) (mm) (mm) div

1 10.28  10.19 1.00 10.23  2.69 3.80 221.20

2 10.19  10.15 1.00 10.17  2.64 3.85 214.35

3 10.15 10.2 0.99 10.17 2.7 3.77 219.43

4 10.45 10.43 1.00 10.44  2.68 3.89 229.30

5 10.27 10.25 1.00 10.26 2.64 3.87 218.15
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6 10.25 10.32 0.99 10.285 2.67 3.85 221.71
7 10.19 10.18 1.00 10.185 2.65 3.84 215.79
8 10.18 10.25 0.99 10.215 2.68 3.81 219.52
9 10.42 10.38 1.00 10.40 2.69 3.87 228.39
10 10.17 10.15 1.00 10.16 2.64 3.85 213.92
Average 10.25 10.25 1.000 10.25 2.67 3.84 220.18
STDEV  0.10 0.09 0.005 0.09 0.02 0.04 5.29

RSD% 1.0 0.95 0.51 0.95 0.88 1.00 2.40

Table 13: IR tablets diameter 1 (D1), diameter 2 (D2), roundness (R), average diameter (Avg D), thickness(H),
average diameter/thickness deviation (Avg D/H div) and tablets volume (V) using MPT: Eudragit EPO: POLYOX™
(25:52.5:22.5%, w/w/w) filament

Tablet# D1 D2 R Avg D H(mm) Avg (D/H) V(mm?
(mm) (mm) (mm) div
1 9.77 9.7 1.00 9.73 2.79 3.49 207.56
2 9.56 9.61 0.99 9.58 2.76 3.47 199.05
3 9.83 9.84 0.99 9.83 2.68 3.67 203.45
4 9.77 9.77 1 9.77 2.77 3.53 207.56
5 9.84 9.83 1.00 9.83 2.8 3.51 212.61
6 9.78 9.78 1 9.78 2.75 3.56 206.48

7 9.6 9.62 0.99 9.61 2.77 3.47 200.81



8 9.77
9 9.84
10 9.79

Average 9.75

STDEV  0.09

RSD% 0.99

9.78

9.85

9.77

9.75

0.08

0.87

0.99

0.99

1.00

0.999

0.003

0.31

9.775

9.845

9.78

9.76

0.09

0.92

2.79

2.69

2.78

2.75

0.04

1.49

3.50

3.66

3.52

3.54

0.07

2.03
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209.27

204.67

208.73

206.02

4.08

1.98

Table 14: Bilayer tablets diameter 1 (D1), diameter 2 (D2), roundness (R), average diameter (Avg D), thickness(H),
average diameter/thickness deviation (Avg D/H div) and tablets volume (V) using MPT: Capa® 6506 (40:60%, w/w)

and MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w) filament

Tablet# D1
(mm)
1 9.97
2 10.18
3 10.02
4 10.12
5 10.18
6 10.17
7 10.18
8 10.18

9 10.13

D2
(mm)
9.93

10.16
10.1

10.08
10.18
10.16
10.17
10.16

10.18

R

1.00

1.00

0.99

1.00

1.00

1.00

1.00

0.99

Avg D H(mm)

(mm)
9.95

10.17
10.06
10.1

10.18
10.16
10.17
10.17

10.15

5.7

5.22

5.56

5.56

5.23

5.24

5.61

5.23

5.55

Avg (D/H) V(mm?®)

div

1.75

1.95

1.81

1.82

1.95

1.94

1.81

1.94

1.83

442.99

423.82

441.71

445.23

425.47

425.03

455.93

424.63

449.29
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10 10.18 10.18 1 10.18 5.42 1.88 440.9
Average 10.13 10.13 1.00 10.13 5.43 1.87 437.50
STDEV  0.08 0.08 0.00 0.07 0.19 0.07 11.79
RSD% 0.75 0.77 0.38 0.74 3.44 3.96 2.69

According to SR, IR, and bilayer tablets average diameter, they were (10.25+0.09,
9.76%0.09, 10.13+0.07mm), respectively. Where the original diameter in the CAD file
for all the tablets was 10.00 mm. It was noticed that SR tablets' diameter increased

due to elephant leg compensation.

Where elephant leg compensation is a term that indicates increasing the first layer
dimensions as the weight of the object pushed on it [118]. This phenomenon appears
due to a hot bed or slow cooling and solidification of the polymer [118]. In this work,
it happened due to the slow solidification of PCL, whilst the bed temperature was
adjusted at room temperature (25°C) and that was the lowest temperature the

printer can cool.

On the other hand, elephant leg compensation minimized when 10 tablets printed
together at the same time. Thus, there was enough time for cooling and solidification.
As a result, tablets roundness and thickness were 10.01+ 0.08 mm and 2.48+0.03 mm

respectively.
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Regarding roundness, which calculated according to equation 11, all the tablets were
gently round. SR, IR, and bilayer tablets roundness were (1.00+0.00, 0.999+0.003,
1.00£0.00) while the theoretical value is 1. This indicates that FDM printed tablets

were adequately circular and this technology is very precise.

a1
p ==
az2

Equation 11: Roundness Equation

Where, W= Roundness, d1= diameter 1 (mm), d2: diameter 2 (mm)

Upon the thickness of the SR, IR, and bilayer tablets they were as follows (2.67+0.02,
2.751£0.04, 5.43+£0.19mm). Thickness original values were 2.55mm for SR and IR
tablets and 5.0mm for bilayer tablets. However, the thickness value that the printer
took after the slicing was 4.95 mm as 2.40mm for the SR layer and 2.55mm for the IR

layer.

Upon the diameter/ thickness ratio, it was fixed for all tablets in the safe formula with
a small standard deviation. D/H deviation for SR, IR, and bilayer (3.80+0.01, 3.54+0.07,
1.87+0.07). The biggest deviation value was for SR tablet and that was due to the
polymer used which was polycaprolactone because it had slow cooling and
solidification and the measurements should be taken after days due to the volume
shrinkage because is the semi-crystalline polymer and the crystalline part shrink and

packed more than the amorphous filaments. However, the smallest deviation value
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was for bilayer tablets because there was enough time for cooling while changing the

filaments since the Prusa printer with one extruder used.

Consider the volume of the tablet, they were for SR, IR, and bilayer (220.1845.29,
206.02+4.08, 437+11.79 mm3) while the original volume of SR and IR tablets was
200.18 mm? and for bilayer 392.50 mm?3. As observed, there was a significant
difference in SR and Bilayer tablets volume and that was due to the slow solidification
of polycaprolactone. That occurred due to the crystallization phenomenon
considering the crystalline structures are more packed and ordered. Thus they

occupied less volume in comparison with amorphous structures [119].

5.4.2 Weight variation and Hardness

Corresponding to the Weight variation of the tablets (from 130 mg to 324mg) in the
European Pharmacopeia (EP) and the United States Pharmacopeia (USP), “not more
than two of individual tablet mass can deviate more than 7.5% from the average mass
and none can deviate more than 15%”. In this work, all tablets (n=10) passed the test
and none of the tablets exceed the limit as shown in Table 15. Since the average
weight and standard deviation of SR, IR, and bilayer tablets are (225.243.5, 168.6+6.4,
418.4+8.9mg) where the upper and lower limits are (208.3-242.0, 155.9-181.2, 387.0-

449.8 mg) respectively.
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Table 15: Weight variation data for SR, IR and bilayer tablets

SR IR Bilayer

Tablet No Tablet weight (mg) Tablet weight (mg)  Tablet weight (mg)

1 226.7 170.6 428

2 218.9 160.2 428.1
3 2253 160.8 400.5
4 227.3 176.1 421.4
5 227.9 171.1 420.5
6 220.6 168.4 421

7 222.1 161.3 415.2
8 225.6 165.6 411.6
9 228.3 177.3 410.3
10 228.9 174.3 427.2
average 225.16 168.57 418.38
Stdev 3.46 6.39 8.98
RSD% 1.54 3.79 2.15
Upper limit  242.05 181.21 449.76

lower limit  208.27 155.93 387.00
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It was found that different materials, process, and machine parameters affect the
uniformity of the dose. For example, the rheology behavior of the filament, the nozzle
temperature, the printing speed and the level of the bed [120]. Furthermore, the

printing speed is the most important factor [120].

As shown in table 10, it was noticed that the IR tablets had higher RSD% value
compared with SR tablets. In this work, all processes and machine parameters were
fixed during the printing process. However, the rheology of the filament was not

studied due to time limitations.

Melt flow index (MFI) is a term that describes the facilitate flow of the thermoplastic
material in ten minutes at a fixed processing temperature and it expresses the

rheology behavior of the material [121].

From observation, it was found that the MFI rate of MPT: Eudragit EPO: POLYOX™
(25:52.5:22.5%, w/w/w) filament was lower than MPT: Capa® 6506 (40:60%, w/w)
filament. This was corresponding to less branching or/ and high molecular weight of
the polymers[122]. This issue can be modified after measuring the MFI of the

filaments then choosing the appropriate nozzle diameter [120].

Despite that, all the printed tablets were within the upper and lower limits of the

weight variation test and all the results accepted. This leads to taking into
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consideration all the material, process and machine parameters while printing

individualized medicine.

Regards hardness tests, hardness can be defined as the “breaking force of a tablet”
[123]. Materials deformation can be elastic, plastic and brittle fracture [124]. In this
work, tablets were not broken using the hardness tester and that was due to the
plastic deformation of the tablets. Instead, an Indentation hardness test should be
applied which defined as “resistance of the material to plastic deformation” [124].
Indentation hardness can be determined by dividing the impact energy over the

volume of indentation [124].

5.4.3 Tablets Friability

Shock and friction are the main forces that lead to tablets breaking, chipping, and
capping. Thus a friability test was done to determine the ability of tablets packaging,
handling, and shipping [125]. Tablets pass the friability if they are not cracked, broken,
or cleaved and the weight loss was not greater than the estimates targeted value.
Otherwise, the test should be repeated twice and the average weight loss of three

trails should not exceed 1.0% [126].

In this work, all the SR, IR, and bilayer tablets pass the friability test (see table 16). The

tensile strength of the tablet plays an important role in the friability test. Because
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tablets which passed the friability test should have tensile strength >2Mpa [127].

Tensile strength calculated through the following equation (see equation 12) [128].

2%9.8xH
mxLd+*Lt

Equation 12: Tensile strength Equation

Where, T: tensile strength (Pa/mm?), H: Hardness (Pa), Lq4: Tablet diameter(mm), L::

Tablet thickness(mm)

The tensile strength cannot be calculated because the tablets were ductile (present
plastic deformation then fracture). Thus, they were not broken in the hardness test,

at a constant speed of 0.35mm/s with a force up to 800 N.

Generally, 3D printed tablets are more intact than tablets produced by traditional
methods because of the thermoplastic polymers that yield ductility. In his work, it was
noticed that mono tablets have approximately zero weight loss, but the friability

percentage for bilayer tablets was larger than mono tablets.

That was happened due to the interfacial adhesion between the two polymers, where
adhesion can be defined as the intermolecular and interatomic interaction between
two surfaces [129]. Poor adhesion leads to brittle tablets, whereas the interfacial
adhesion increases when the two polymers have the same properties as
hydrophilicity [129], [130]. Polar functional groups can achieve good adhesion [131].

And adhesion can be estimated by torsion and shear tension tests [132].
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Table 16: Tablets Friability

Formulation Friability (%)
SR tablet using MPT: Capa® 6506 (40:60%, w/w) 0.00000%
filament

IR tablets using MPT: Eudragit EPO: POLYOX™ 0.00001%

(25:52.5:22.5%, w/w/w) filament

Bilayer tablets using MPT: Capa® 6506 (40:60% 0.00014%
w/w) and MPT: Eudragit EPO: POLYOX™

(25:52.5:22.5%, w/w/w) filaments

5.4.4 Tablets Morphology
To study the effect of printing parameters on the invitro dissolution profile and rate,

three major parameters selected.

In the beginning, the effect of adding a solid layer between the infill effect studied
(see Figure 51). The (a) and (c) photos present the tablet without adding solid layers,
where (a) is the model in Prusa slicer software for the printed tablet and (c) is the

printed tablet under the microscope.
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The lack of a solid layer created a hole in the center of the tablet and tablet infill. Upon
that solid layer added as shown in pictures (b), (d) and (e). Where (b) is the tablet on
Prusa slicer software while (d) is the printed tablet that had a solid layer between
every 1 infill layer and (e) is the printed tablet that had a solid layer every 2 infill layers.
From this, it was observed that adding a solid layer can minimize the holes and
channels in the tablet and that was proved when a solid layer every 2-infill layer

added.

~N

|
}

| ~

(a): No solid layer (b): Solid layer

™

B

mg?:..._-_. — |

(c): No solid layer (d): Solid layer every 1 (e): Solid layer every 2
layer layers

Figure 51: Effect of Solid layer under the microscope

Then, the effect of the number of perimeters studied. Thus, Tablets with one, three
and five perimeters designed and sliced as shown in Figure 52 pictures (a), (b) and (c)

respectively. The designed tablet printed as in pictures (d), (e), and (f). From the
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resulting tablets it was observed that one perimeter is not enough since the infill
passed it and the tablet became weak (see pictures (a) and (d)). When three
perimeters used the tablet became stronger and neat (see pictures (b) and (e)).

Whereas, when five perimeters used a gap between the outer perimeters noticed and

the inner perimeters passed the infill (see pictures (c) and (f)).

N\

p—

N

/ A B

(a): One perimeter (b): Three perimeter (c): Five perimeter

 p—

(d): One perimeter (e): Three perimeter (f): Five perimeter

Figure 52: Effect of number of perimeters

The effect of perimeters/infill overlap percentage studied. Three tablets with (25%,
160%, and 200%) perimeters/infill overlap percentage designed and sliced as shown
in Figure 53 pictures (a), (b) and (c) respectively. From the printed tablets it was
observed that tablets with a 25% overlap percentage contained pores and channels
(see pictures (a) and (d)). While tablets with 160% overlap contained no pores or

channels and the tablet is neater and more circular (see pictures (b) and (e)). While in
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contrast, tablets with 250% overlap percentage showed a rough surface due to gentle
overlap between the perimeters and infill, as a result, the infill passes the perimeters

(see pictures (c) and (f)).

(a): 25% overlap (b): 160% overlap (c): 250% overlap

= '1

(d): 25% overlap (e): 160% overlap (f): 250% overlap

Figure 53: Effect of perimeters/infill overlap percentage



146

5.4.5 Content uniformity

Based on European pharmacopeia and USP test A, “the preparation complies with the
test if each tablet content is between 85 and 115% of the average content. The
preparation fails if more than one individual tablet is outside these limits or if one

individual content outside limits of 75 -125% of the average content”[103].

In this work content uniformity done for the two printed formulations MPT: Capa®
6506 (40:60%, w/w) and MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w)
respectively for n=10. All tablets pass the test as shown in Table 17 since all tablets
show content uniformity between 85-115% and none of the tablets was outside the
limit of 75-125%.
Table 17: SR and IR tablets content uniformity results

Formulation Content uniformity percentage

SR tablets using MPT: Capa® 6506 (40:60%, 93.1+2.1%

w/w) filament

IR tablets using MPT: Eudragit EPO: POLYOX™ 114.6+0.7 %

(25:52.5:22.5%, w/w/w) filament

However, for more accurate results L1 and L2 should be calculated. L1 and L2 are the
limits for uniformity of the dose criteria they are calculated as; Average of the

uniformity of the dose from weight variation and assay test, this is called the
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acceptance value (L). (L) should be <15 for 10 tablets and that is L1. If the accepted
value is > 15, the test should be repeated with 30 tablets and the accepted value (L1)
should be <15. Moreover, the allowed deviation range should be (1-(0.01)(L2))M <

each unit dose < (1+(0.01)(L2))M where L2=25 and M identified as following [103]

If 98.5% < X < 101.5%, then M= X

If X < 95.8%, then M= 95.8%

If X >101.5%, then M= 101.5%

Nevertheless, the results from content uniformity are within the range, but there was
a loss in the sustained release formulation and exceed in immediate-release one.

Different factors affected the uniformity of the dose and led to this variation.

Those factors can be linked with the blended materials, process, and machine
parameters. Such as the material particle size, surface energy, surface area and loss
on dry (LOD) value. Also, the blending speed, time because low speed and short
blending time leads to inhomogeneity, while fast speed and long bending time lead

to overmixing that induce segregation and de-mixing.

Moreover, the volume of the physical mixture inside the blender is important because
too large quantity leads to avoid mixing, while small quantity leads to a distribution
of the particles thus poor mixing [133]. As well as, the type of mixer that is used and

different systematic and random errors.
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In this work, all the previous reasons might affect the results plus in the SR
formulation, there was a loss from the material when it was blended and transferred
from the blender to the extruder. Moreover, the APl used in the formulation was not
pure (see DSC section). However, in IR formulation there was more than 100% API in
the tablets and that was due Eudragit that used in the formula which is sticky and

dusty powder thus most of it lost in the feeder and extruder.

Results from this work support Katstra et al. work who stated solid dosage forms
manufactured by 3D printing technology demonstrate better content uniformity

compared with traditional technologies [59],[134].

5.4.6 Differential Scanning Calorimetry

The solid-state of the oral solid dosage form indicates an important factor for the
finished product. The dissolution rate of amorphous drugs faster than crystalline ones
because they need less energy to break the bonds. Neither the less, the stability of

crystalline drugs is higher compared with amorphous ones [72],[135].

Despite the slow dissolution rate in crystalline solids, which is not recommended in
an immediate-release formulation, researchers tried to keep the crystallinity

percentage as high as possible in all formulations to avoid stability problems [135].

To determine the melting enthalpy of the drug, the maximum temperature should be

above the Tm, Tg of the substance. For all formulas, the cycle starts at -20°C and ends
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at 150°C. because the Tg, Tm, and Tq of the used materials are as shown in Table 18

whereas the results found in Table 19.

Table 18: Theoretical Tg, Tm, and Td for substances used in DSC

Substance T (°C)
MPT 1.2
CAPA® 6506 -60
Eudragit EPO 57
POLYOX™ NA

Tm (°C)
120
60

NA

66-75

Ta(°C)

155

NA

250

197

Table 19: DSC results for pure MPT, physical mixtures, filaments and tablets for both SR and IR

MPT powder

MPT: CAPA® 6506 (40:60%, w/w) P.M

MPT: CAPA® 6506 (40:60%, w/w)
Filament
MPT: CAPA® 6506 (40:60%, w/w)

Tablet

Melting
point (°C)

114.76

115.91

112.49

95.42

Enthalpy

(Jol/g)

92.11

35.68

35.70

34.94

Crystallinity

%

96.84%

96.89%

94.83%
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MPT: Eudragit EPO: POLYOX™ 110.82 2.271 9.86%
(25:52.5:22.5%, w/w) Filament
MPT: Eudragit EPO: POLYOX™ 117.98 1.541 6.69%

(25:52.5:22.5%, w/w) Tablet

The melting point and enthalpy of Metoprolol tartrate were 114.76°C and 92.11 Jol/g,
respectively (see table 19). Where T, and AH values reported in the literature for MPT

were 120°C and 100 Jol/g [102],[136].

In this work, even though the analysis repeated three times, it was observed that MPT
used was not completely pure, because the obtained peak was not sharp and there
was a shift in the T and enthalpy as well. Since impurities could shift the melting

point to a lower value.

Two reasons could be behind this issue; the first one the raw material was not pure
and the second one there was degradation in MPT because it is a photosensitive
product. To determine that, DSC should be done for the original raw material. Figure

54 presented the DSC curve for Metoprolol tartrate.
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Figure 54: DSC for MPT

Upon MPT: Capa® 6506 (40:60%, w/w) physical mixture, it was observed that there
was a loss on crystallinity (see Table19). The crystallinity percentage was 96.84%.
There should not be a loss in crystallinity in the physical mixture because it was not
faced with temperature. However, that loss might be due to API fraction during
heating in the DSC apparatus[137]. Figure 55 presented the DSC curve for MPT: Capa®

6506 (40:60%, w/w) physical mixture.
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Figure 55: DSC for MPT: Capa® 6506 (40:60%, w/w) Physical mixture

After that, DSC had done for MPT: Capa® 6506 (40:60%, w/w) filaments, due to heat
used in HME. The crystallinity percentage was 96.89% (see table 19). It was observed
that there was no loss in crystallinity since there was no critical difference between

the enthalpy value of the P.M and filaments.

That happened because the extrusion processing temperature had done below the
MPT melting point. On the other side, a shift in the melting point happened and a
wide peak obtained due to impurities. Figure 56 presented the DSC curve for MPT:

Capa® 6506 (40:60%, w/w) filaments.
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Figure 56:DSC for (MPT: Capa® 6506 40:60%, w/w) Filaments

Later, DSC had done for MPT: Capa® 6506 (40:60%, w/w) tablet, due to heat used in
the FDM process. The crystallinity percentage was 94.83% (see table 19). It was
observed that there was a small amount of loss in crystallinity but it was not critical.
Since the difference between the enthalpy value of the P.M, filament, and tablets is

2.07% and 2.11% respectively.

That loss happened due to the printing temperature used in the FDM. It was 110°C
and it was around the Tr, of the pure MPT that is used in this work which was 114.76°C.
Moreover, there was a significant shift in the T, due to the impurities. Figure 57

presented the DSC curve for MPT: Capa® 6506 (40:60%, w/w) filaments.
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Figure 57: DSC for (MPT: Capa® 6506 40:60%, w/w) Tablet
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The below Figure 58 showed the pure MPT, (MPT: Capa® 6506 40:60%, w/w) physical

mixture, filament, and tablet for comparison.

0.5
MPT
MPT+ Cagpa {40:60%:., wiw) P.M
MPT+Capa (40:80%, wiw) Filameny
MPT+ Capa (40:60%. wiw) tablet
0.0 =
s
=
o
1.5
2.0 T T T T
-50 1] S0 100 150
Exo Up Temperature (°C)

200
Universal W4 58 TA Instrumenss

Figure 58: DSC curves for MPT powder, MPT: Capa® 6506 (40:60%, w/w) filaments and tablets
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Besides, DSC had done for Immediate release formulation. MPT: Eudragit EPO:
POLYOX™ (25:52.5:22.5%, w/w/w) filaments and tablets crystallinity calculated (see
table 19). It was observed that the crystallinity percentage decreased below 10%.
Because the extrusion processing temperature and printing temperature were above
the Tm of Metoprolol Tartrate >120°C. Thus, solid dispersion occurred, where solid
dispersion means that the API spread between the matrix of the polymer, and that
led to an increase in the solubility, thus the in-vitro release rate and bioavailability

[137].

Figures 59 and 60 presented the DSC curves for IR formulations. While Figure 61
presented Pure MPT, MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w)

filaments and tablets DSC curves for comparison.

0.5
0.0 4
5 80.19°C
-;; 2.27‘1JIg :
_% 05 110.82°C
[
k-
Q
T
-1.0 7
-1.5 ‘ T T .
-50 0 50 100 150 200
Exo Up Temperature (°C) Universal V4.5A

Figure 59:DSC for MPT:Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w) Filament
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Figure 60: DSC for (MPT: Eudragit EPO: POLYOX™ 25:52.5:22.2%, w/w) Tablet
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Figure 61: DSC curves for MPT powder, MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w) filaments and

Tablets
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5.4.7 Disintegration test
Disintegration test performed for IR formulation tablets (MPT: Eudragit EPO: Polyox
N10 25:52.5:22.5%, w/w/w) and it was found that all the tablets (n=6) disintegrated

in less than 10 min.

5.4.8 In Vitro Dissolution
In vitro dissolution performed to study the drug release rate and release profile for

sustained release, immediate release, and bilayer tablets.

To achieve desired drug release profiles for Metoprolol Tartrate, different printing
trials implemented using (MPT: Capa® 6506 40:60%, w/w) as a model filament to
study the effect of printing parameters on the drug release. Figure 63 presented the
best curve for SR formulation (see table 4 for printing parameters). This curve was
semi linear and the drug released within 94.11% within 24 hours. Where the tablets
stay in their original shape and dimensions before and after the dissolution test, no

swelling or disintegration happened (as shown in figure 62).

Figure 62: MPT: Capa (40:60%, w/w), before and after dissolution
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SR tablet dissolution profile
MPT + Capa (40:60%, w/w)

100
80
60
40

20

% Drug release at A 222 nm

0 4 8 12 16 20 24

Time (hours)

Figure 63: SR MPT: Capa® 6506 (40:60% w/w) Tablet dissolution profile, (n=3)

It was a challenge to use MPT for sustained release formulation since it is a class 1
drug that has high solubility and permeability. Ordinarily, metoprolol succinate used
for sustained release formulations because metoprolol tartrate biological life is 4-5

hours, so multiple doses should be taken through the day [98], [138].

To get the best release rate and profile different printing parameters modified,

printed tablets observed under the microscope (see tablet morphology section) and

then dissolution test implemented to study the effect of the number of perimeters,

adding solid layer and perimeters/infill overlap percentage.

Number Perimeter effect: it was observed in figure 64 that an increasing number of

perimeters decreasing the dissolution rate. As tablets with three perimeters were
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slower in dissolution than those which had 2 two perimeters. However, increasing
the number of perimeters more than three led to the opposite effect. Since with an
increasing number of perimeters, creating more space between them as observed

under the microscope (see tablets morphology section).

Differences factor (f1) and similarity factor (f2) applied. “Dissolution profiles consider
similar and bioequivalence if f1 is between 0 to 15 and f2 is between 50-100”. F1 and

f2 can be calculated using the following equations;

2 IR, —T
I‘|=<"n—>XIEJ(}
2_R,
f, =50logy|1+—> (R, —T,) X100
- l\__ n 1 g [

Equation 13: differences factor (f1) and similarity factor (f2) equations

Where, “n is the number of time points, Rt is the dissolution value of reference

product at time t and Tt is the dissolution value for the test product at time t”.

It was found that tablets with 3 walls were similar and bioequivalence to tablets with
2 walls, and tablets with 2 walls were similar and bioequivalence to tablets with 5

walls (see table 20). Also, there was overlap in the error bars of the curves.
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MPT + Capa (40:60% ,w/w)
Effect of number of walls on the drug release
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Figure 64: Number of perimeters effect on dissolution, (n=3)

The number of solid layers effect: it was observed in figure 65 that an increasing

number of solid layers led to a decrease the rate of dissolution. And from f1 and f2 it

was observed that they were not similar and bioequivalence (see table 20).
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MPT + Capa (40:60% ,w/w)
Effect of number of solid layers on the drug release
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Figure 65: Number of solid layers effect on dissolution, (n=3)

Overlap percentage effect: it was observed in figure 66 that increasing

perimeters/infill overlap percentage led to an increase in the bonding between the
perimeters and infill. However, it showed over extrusion that decreased the effect of
the perimeter. Thus, faster drug release obtained. F1 and f2 calculated and it was
observed that tablets that have perimeters/infill overlap with a percentage of 200%
were similar and bioequivalence to tablets that have perimeters/infill overlap with a

percentage of 250%, (see table 20).
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MPT + Capa (40:60% ,w/Ww)
Effect of perimeters/infill overlap percentage on the drug release
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Figure 66: Overlap effect on dissolution, (n=3)
Table 20: differences and similarity factors of dissolution curves

Case F1 F2 Results
Number of solid layers 21.533 44.115 Not similar and

bioequivalent

Number of walls3-2 16.923 48.306 Not similar and

bioequivalent

Number of walls 3-5 9.830 60.270 similar and bioequivalent

Number of walls 2-5 6.317 64.135 similar and bioequivalent
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Overlap 160-200 18.597 47.553 Not similar and

bioequivalent

Overlap 160-250 24.709 41.8447 Not similar and

bioequivalent

Overlap 200-250 5.153 71.998 similar and bioequivalent

Based on the above results, tablets with 100% infill, 160% perimeters/infill overlap, 5
top and 5 bottom layer, 3 perimeters, and 0.15mm layer height, solid layer every 2
layers, concentric infill pattern and 0.6mm elephant leg compensation with printing
speed 80mm/s was chosen as the best formula for SR tablets. Since it achieved a semi-

linear curve and slowest dissolution rate 94.11% of the drug released within 24 hours.

For Immediate release tablets two formulas printed (MPT: Klucel EF 25:75% w/w) and
(MPT: Eudragit EPO: POLYOX™ 25:52.5:22.5% w/w) then dissolution test performed
for them. Both formulations printed with the same parameters with 50% infill, 25%
perimeters/infill overlap,3 top and 3 bottom layer, 2 perimeters, and 0.15mm layer
height, solid layer every 0 layers, grid infill pattern and 0.6mm elephant leg
compensation was chosen as the best formula for IR tablets. However, MPT: Klucel
(25:75%, w/w) filament printed at lower speed 20mm/s compared with MPT: Eudragit

EPO: POLYOX™ (25:52.5:22.5% w/w) Filament that printed at 80mm/s.
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Compared with Sustained release formulation, inimmediate-release, the infill pattern
changed from concentric which is the most complicated infill pattern with lowest gaps
and channels to Grid infill pattern that has the most gaps/holes and channels.
Moreover, the overlap percentage was reduced to adjust the dose and the infill ratio

to achieve faster dissolution.

MPT+ Klucel EF (25:75%, w/w) had slower dissolution rate approximately 100% of the

drug released within 1 hour as shown in Figure 67.

IR formulation (MPT: Klucel EF 25:75%, w/w)
Dissolution profiles comparison at PH 1.2
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Figure 67: MPT: Klucel EF (25:75%, w/w) dissolution profile, (n=3)

While MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w) showed complete drug

release within 15 minutes as shown in Figure 68. That happened because Eudragit
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EPO was more hydrophilic so it dissolved faster. Since Eudragit EPO has the dimethyl
aminoethyl group that can ionized, resulting fast solvation of the polymer in the low
PH [84]. As well as due to its amorphous phase, since it had crystallinity percentage

less than 10% as shown from the DSC curves (see figure 61).

MPT + Eudragit EPO + PEO N10 (25:52.5:22.5%, w/w)
Dissolution profile at PH 1.2
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Figure 68: MPT + Eudragit EPO + POLYOXM (25:52.5:22.5%, w/w) Dissolution profile, (n=3)

A comparison between the two IR formulation presented in Figure 69. It was clear
that using Eudragit, which is one of the most hydrophilic polymers, and POLYOX™ as
a pore former in the formula beside the solid dispersion technique resulted a fast drug

release.
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IR formulation
Dissolution profiles comparison at PH 1.2
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Figure 69: Immediate-release tablets dissolution profile, (n=3)

After the sustained and immediate release formulation selected. Bilayer tablet
printed from MPT: CAPA® 6506 (40:60%, w/w) and MPT: Eudragit EPO: POLYOX™

(25:52.5:22.5%, w/w/w) filaments and in-vitro dissolution test applied.

Metoprolol tartrate from bilayer tablets released with 87% within 24 hours as shown
in figure 70. Where HCI buffer with PH 1.2 used in the first two hours then it was

substituted with phosphate buffer PH 6.8 for 22 hours.

It was observed that 40% of the API released within the first hour as a loading dose
and that was matched with the release from each curve of the mono tablet. since in
IR tablets all the API released within 16 min so 25% MPT released in the first hour,

regards SR tablets 20% of MPT released within the first hour. Thus, the total release
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from the two mono tablet curves was 45% while it was 41.6% from the bilayer tablet.
Considering that the surface area for water penetration of the bilayer tablet is smaller

than the mono tablets.

Considering the release in the second hour, it was 55% from the mono tablets (25%
from the IR and 30% from the SR) where it was 56% from the bilayer tablet. Also, it
was 87% from the mono tablets (25% from the IR and 53% from the SR) while it was
65.2% from the bilayer tablet. Considering that the surface area of the bilayer tablet
is smaller than the mono tablets. Since the water penetrate the mono tablet from
four sides, but the bilayer tablet from three sides since the fourth side covered with

the other layer.

Bilayer tablet
MPT + CAPA (40:60%, w/w) &
MPT + Eudragit EPO + PEO N10 (25:52.5:22.5%, w/w/w)
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Figure 70: Bilayer tablet dissolution profile, (n=3)
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On the other side, in vitro dissolution test for MPT: Capa® 6506 (40:60%, w/w) tablets
in acidic medium PH1.2 applied. It was found that 64% of the drug released within the
first two hours (see figure71). It indicated a fast drug release compared with using
phosphate buffer (PH 6.8) since approximately 30% was released within the first two

hours (see figure 63).

Dissolution profile
MPT: Capa (40:60%, w/w) at PH 1.2
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Figure 71: Dissolution profile of MPT: Capa® 6506 (40:60%, w/w) at PH 1.2,(n=3)

That might happen due to the decomposition of polycaprolactone filament since it
became carboxylic acid at PH <3. Mechanism of polycaprolactone degradation in
acidic media shown in figure 72. Or because the MPT pKa (strongest acid) 14.09 and

pKa(strongest base) 9.67 [139]. Thus, more investigation is needed.
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Figure 72: polycaprolactone degradation in acidic media PH <3

5.4.9 Dissolution kinetics

To study the mechanism of Metoprolol tartrate release kinetics in vitro dissolution for
sustained release mono tablets. Data fitted at the following models: zero and first
orders, Higuchi, Hixson- Crowell and Korsmeyer- Peppas. The correlation coefficient
value (R?) used to determine the best model that the formula fitted in. Table 21

showed the tablets' results.

It was observed that sustained-release formulation followed Korsmeyer- Peppas. It
means that the drug released in the diffusion mechanism with anomalous release

model due to coupled diffusion and/or relaxation of the polymer [108],[140].

Also, the release mechanism of the drug studied when the printing parameters

changes such as the perimeters/infill overlap percentage, number of perimeters, and
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number of solid layers (see in vitro dissolution section). From the obtained results it

was found that increasing the overlap percentage led to change the release
mechanism from anomalous release model to Fickian diffusion release model as

shown in table 22.

On the other hand, it was observed that the number of perimeters and number of
solid layers had no effect on the release kinetics since all of them followed anomalous

release model as shown in tables 23 & 24.
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Table 21: Kinetics data for MPT from SR tablets

Zero-order First- order Higuchi Hixson- Crowell Korsmeyer- Peppas
Y equation r2 Y equation r2 Y equation r? Y equation r? n r?
SR Y=3.32x+24.97 0.9240 Y=0.067x+3.22 0.7604 Y=0.50x+3.00 0.9893 Y=0.080x+2.94 0.8250 0.49 0.9967

Table 22: Effect of overlap percentage on the release kinetics

Zero-order First- order Higuchi Hixson- Crowell Korsmeyer- Peppas

Y equation r2 Y equation r2 Y equation r2 Y equation r2 n r2
160%  Y=3.32x+24.97 0.9240 Y=0.067x+3.22 0.7604 Y=0.50x+3.00 0.9893 Y=0.080x+2.94 0.8250 0.49 0.9967
200%  Y=0.52x+6.34  0.8332 Y=0.059x+3.51 0.6810 Y=0.50x+3.23 0.8796 Y=0.073x+3.25 0.7376 0.45 0.9788

250%  Y=3.22x+39.10 0.8076 Y=0.055x+3.60 0.6610 Y=0.50x+3.28 0.8058 Y=0.070x+3.35 0.7152 0.42 0.9720



3 perimeters

2 perimeters

5 perimeters

Solid every

2 two layers

1 layer

Zero-order

Y equation

Y=3.32x+24.97

Y=3.44x+32.86

Y=3.19x+31.18

Zero-order

Y equation

Y=3.32x+24.97 0.9240

0.9240

0.8275

0.8613

r

Y=3.41x+35.50 0.8179

Table 23: Effect of number of perimeters on release kinetics

First- order

Y equation

Y=0.067x+3.22

Y=0.064x+3.41

Y=0.062x+3.39

Table 24: effect of number of solid layers on the release kinetics

First- order

Y equation

0.7604

0.6722

0.6908

r

2

Higuchi

Y equation

Y=0.50x+3.00

Y=0.50x+3.18

Y=0.50x+3.14

Higuchi

Y equation

0.9893

0.9260

0.9286

r

Y=0.067x+3.22 0.7604 Y=0.50x+3.00 0.9893

Y=0.061x+3.50 0.6653 Y=0.50x+3.23 0.8959

Hixson- Crowell

Y equation

Y=0.080x+2.94

Y=0.078x+3.16

Y=0.079x+3.16

Hixson- Crowell

Y equation

Y=0.080x+2.94

Y=0.076x+3.24

0.8250

0.7307

0.7551

r

0.8250

0.7227
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Korsmeyer-
Peppas

n r2

0.49 0.9967
0.49 0.9759
0.47 0.9810
Korsmeyer-
Peppas

n r2

0.49 0.9967
0.67 0.9737
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5.5 Direct compression and tablets dissolution

Direct compression (DC) is one of the best tablets manufacturing methods since it needs a few
preparation stages. Nevertheless, the physical mixture requires good flowability and
compressibility properties to be convenient for direct compression [141]. Where compressibility
is correlated to the materials™ bulk density and flow properties [142]. Particularly bulk density,
tapped density, size distribution, particle size, compressibility, and flow properties play a

significant role in tablets manufactured by DC [142].

Direct compression used to produce bilayer tablets like those manufactured by HME and FDM.
An identical ratio of MPT: Capa® 6506 (40:60%, w/w) and MPT: Eudragit EPO: POLYOX™
(25:52.5:22.5%, w/w/w) physical mixtures used for sustained and immediate-release

formulations, respectively.

It was found that the sustained release formulation MPT: Capa® 6506 (40:60%, w/w) was not
compressible until 20KN. A 220mg tablet obtained but it was weak and broken by hands (see
figure 73). No previous studies had shown that a formula of MPT and PCL or pure PCL were

compressible.

Figure 73: MPT: Capa (40:60%, w/w) tablet manufactured by DC technology
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That happened because polycaprolactone is ductile and has high elongation breakage, thus
creating good elasticity [143]. And when the bulk modulus (elasticity) of a material increase, its
compressibility decrease [144]. Upon that MPT: Capa® 6506 (40:60%, w/w) formulation was not

compressible and high compressible grade excipients should be used [142].

Upon Immediate release formulation MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w), it
was compressible at 20KN. Obtained tables were strong, thus dissolution test performed and it
was found that 100% of the drug released in 30 min, where 43% released with the first 5 minutes

while 94% released within the first 15 minutes (see figure 74).

IR formulation MPT + Eudragit EPO + PEO N10 (25:52.5:22.5%, w/w) Dissolution
profile at PH 1.2 using DC technology

120
100 v T o &G T F3
80

60

b

40 | *

% Drug release at A 222 nm

20

0 20 40 60 80 100 120 140 160 180

Time (min)

Figure 74: IR formulation MPT + Eudragit EPO + POLYOX™ (25:52.5:22.5%, w/w) Dissolution profile at PH 1.2 using DC technology,
(n=3)

To compare the results obtained from FDM and DC tablets a comparison curve plotted (see figure

75). It resulted from differences and similarity factors (f1 and f2) that the release rate from FDM
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tablets and DC tablets were the same (see table 25). Where FDM were a bit faster. That happened

due to solid dispersion, where the material became more soluble thus the release was faster

[137].
IR formulation MPT + Eudragit EPO + PEO N10 (25:52.5:22.5%, w/w)
Dissolution profile comparision between FDM and DC
120
g I . = & T 1
~ 100 & g o . w A v
N )/ . -
< 80
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@ ]
© 40 =
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5 20
N
0
0 20 40 60 80 100 120 140 160 180
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Figure 75: IR formulation MPT + Eudragit EPO + POLYOX™ (25:52.5:22.5%, w/w) Dissolution profile comparison between FDM
and DC, (n=3)

Table 25: difference and similarity factors (f1 and f2) for MPT IR tablets produced by FDM and DC

F1 F2 results
3.778 69.207 similar and bioequivalent
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6. Conclusion
Metoprolol tartrate (MPT) bilayer tablets manufactured by using 3D printing technology, fused
deposition modelling (FDM) technique. The main idea of using the 3DP is to manufacture

individualized medicine, since the dose may vary due to gender, weight, genetics profile ... etc.

MPT used as a model drug since it is highly water soluble and permeable material and classified
in class | in BCS. Also, because it was not manufactured in direct compression or as capsules
before, because those are the main techniques that are used in hospitals and pharmacies to
produce individualized medicine. Moreover, MPT has a low melting point compared with other

drugs and it is a challenge to be manufactured using extrusion and 3DP.

MPT has a short half-life (4-5 hours), so patients take more than one tablet per day as immediate
release formulation. For sustained release formulation, generally, metoprolol succinate used. In
this work bilayer tablet was manufactured because the patients need the loading dose and the

maintenance dose and they can get them through the IR and SR layers respectively.

For SR formulations, the hydrophobic polymers Capa® 6506 and Ateva 1850 used as carriers.
While for IR formulations different hydrophilic polymers such as Eudragit EPO, Kollidon K12,
Kollicoat IR, Klucel ELF, and POLYOX™ and copolymers used as carriers. All the SR polymers
extruded below 120°C, since the Tm for MPT is 120°C and above that temperature the material
become more amorphous. while IR polymers extruded below 150°C, since the degradation of

MPT starts at 155°C.

Filaments diameters measured using the caliber, since it is one of the most important factors in

3DP. All the filaments had good diameters which is acceptable and near the commercial filaments
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diameter which is 1.75 £ 0.05mm. However, it was observed die swelling in Klucel EF and ELF

filaments due to their viscoelastic behavior.

The extruded filaments must have good mechanical, rheological, and thermal properties to be
printable. Moreover, different materials parameters (melt rheology, mechanical flexibility),
machine parameters (nozzle diameter, filament diameter, motor step size and bed leveling), and
process parameters (nozzle temperature, bed temperature, printing speed and layer thickness)

should be taken into consideration while printing.

Upon that the mechanical properties of the filaments, tensile test applied using the texture
analyzer. The flexibility profile obtained from stress-strain curve. Filaments stiffness, breaking
distance, ultimate tensile strength, and toughness calculated. It resulted that all the filaments
were brittle thus they were broken between the feeding gears. Except MPT: Capa® 6506 (40:60%,
w/w) and MPT: Klucel EF (25:75%, w/w) and MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%,

w/w/w).

Upon the thermal properties, SR printable filament was printed below 120°C and for IR they were
printed below 150°C. DSC test applied to check the crystallinity loss because the filaments face
the heat twice. The first time when they were extruded and second one when they were printed.
It was found that there was no great crystallinity loss in MPT in SR formulation. It was resulted
that the crystallinity percentage of filaments and tablets were 96.89 and 94.83% respectively.
Where for IR formulations, they were 9.86 % and 6.69%, respectively. That happened due to solid
dispersion because MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w) extruded and printed

above 120°C.
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Tablets dimensions, weight variation, friability, and content uniformity for the printed tablets
studied and they showed compatible and acceptable results. Tablets hardness could not be
measured because the tablets wee intact and they had not been broken | the device. Instead,
indentation hardness recommended to be applied. Upon the tablets” morphology, different

tablets with different printing parameters studied under the microscope.

Upon the disintegration test, all the tablets (n=6) disintegrated in less than 10 min. Upon in vitro
dissolution, it was applied for sustained release formulation MPT: Capa® 6506 (40:60%, w/w)
tablets for 24 hours using phosphate buffer PH 6.8 and they showed a semi linear curve with

94.6% drug release in 24 hours.

For immediate release formulation two of them were printable [(MPT: Klucel 25:75%, w/w) and
(MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w)] the test implemented for 3 hours using
HCI buffer PH 1.2. MPT: Klucel 25:75%, w/w) showed a complete release within 1 hour, where
(MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w) showed a complete release within the

first 15 minutes. Regards that it was chosen for the IR layer in the bilayer tablets.

Upon the release from the bilayer tablet, it showed that 41.7% of the drug released within the
first hour as a loading dose where 86.9% of the drug released within 24 hours. Long while HCl PH
1.2 used for the first two hours and phosphate buffer PH 6.8 used for the last 22 hours as a

dissolution medium according to USP method A.

The release from the bilayer tablet needs more investigation, since it was shown when MPT:

Capa® 6506 (40:60%, w/w) tablets placed in acidic medium HCl buffer PH 1.2 that 60% of the
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drug was released within 3 hours. That might happen due to the pKa of APl or degradation of PCL

in the acidic media < PH3.

On the other side, different printing parameters modified to see the effect on the dissolution
profile and rate and it was found that some parameters had significant change and others did
not show a critical change when differences and similarity factors (f1 and f2) applied. Number of
perimeters, perimeters/infill overlap percentage, and number of solid layers were the

parameters that changed with different percentage.

After that the kinetics of the SR formulation studied and it showed that the tablets followed
Korsmeyer- Peppas drug release model with anomalous release because of coupled diffusion

and/or relaxation of the polymer.

Additionally, it was proven that increasing the perimeters/infill overlap percentage resulted a
change in the kinetics considering it resulted Fickian diffusion release model. Other printing
parameters such as number of perimeters and number of solid layers showed no critical effects

on the drug kinetics.

At the end, the same physical mixtures as used for the printable tablets prepared and compressed
using Styl'One machine. It was resulted that MPT: Capa® 6506 (40:60%, w/w) was not
compressible until 20KN where MPT: Eudragit EPO: POLYOX™ (25:52.5:22.5%, w/w/w) was
compressible. Dissolution test applied and it showed slower release than 3D printed tablet.
Because, by using extrusion at high temperature above the Tr, of the API solid dispersion formed

which leads to increase the drug release consequently the drug bioavailability.
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To sum up, this research demonstrated that FDM is an appropriate method to manufacture
individualized medicine with different drug release profiles and kinetics. MPT bilayer tablets are
a useful idea for those patients who take that drug since they can get there loading dose and

maintenance one in one tablet that is specialized for them.

Capa® 6506 is a good hydrophobic polymer for sustained release tablets. where Eudragit EPO
with PEO are good hydrophilic polymers for immediate release tablets that manufactured with
FDM. However, more investigation is needed regarding the dissolution of Capa® 6506 in Acidic

medium PH <3.

This work can be a baseline for future researches to manufacture bilayer tablets using FDM

technique and a lot of research and work can be done in the future around it.
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7. Future work

Future work for this study can be summarized in, First, manufacture 3D printed core and shell

tablets using FDM technique and compare the dissolution profile of them both.

Second, Implement a rheology study for the filaments. Third, perform chemical and physical
stability study for both filaments and printed tablets to study the degradation and crystallinity
loss where X-Ray, FTIR, DSC, tomography and electronic scanning microscope can be used for

characterization.

Fourth, tablet properties should be studied before and after invitro dissolution test applied such
as swelling percentage, porosity, and dimensions. Fifth, full characterization must be done for all
possible interactions that may happen in the system. Sixth, sink conditions must be studied.
Seventh, perform a comparison between dissolution profiles and kinetics of capsules that have
pure MPT, capsules that contains the physical mixtures, MPT tablets available in market and MPT
tablets produced by FDM technique. Then, perform the Assay for filaments and tablets.
Moreover, HPLC can be used in the analysis instead of UV and a validation method should be

verified.
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