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ABSTRACT

In pharmaceutical formulations, pharmacokinetic behavior of the Active Pharmaceutical
Ingredients (API’s) is significantly affected by their dissolution profiles. In this project, we
attempted to create personalized dosage forms with osmotic properties that exhibit different API
release patterns via Fused Deposition Modelling (FDM) 3D printing. Specifically, cellulose
acetate was employed to create an external shell of an osmotically active core containing
Diltiazem (DIL) as model drug. By removing parts of the shell (upper surface, linear lateral
segments) were created dosage forms that modify their shape at specific time frames under the
effect of the gradually induced osmotic pressure. Hot-Melt Extrusion (HME) was employed to
fabricate two different 3DP feeding filaments, for the creation of either the shell or the osmotic
core (dual-extrusion printing). Printed formulations and filaments were characterized by means
of (TGA, XRD, DSC) and inspected using microscopy (optical and electron). The mechanical
properties of the filaments were assessed by means of micro- and macro mechanical testing,
whereas micro-Computed Tomography (uCT) was employed to investigate the volumetric
changes occurring during the hydration process. XRD indicated the amorphization of DIL inside
HME filaments and printed dosage forms, whereas the incorporated NaCl (osmogen) retained its
crystallinity. Mechanical properties’ testing confirmed the printability of produced filaments.
Dissolution tests revealed that all formulations exhibited sustained release differing at the
initiation time of the API dissolution (0, 120 and 360 min for the three different formulations).
Finally, uCT uncovered the key structural changes assonated with distinct phases of the release
profile. The above results demonstrate the successful utilization of an FDM 3D printer in order to
create osmotic 3D printed formulations exhibiting sustained and/or delayed release, that can be

easily personalized containing API doses corresponding to each patient’s specific needs.
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ABBREVIATIONS

3DP Three-Dimensional Printing

AM Additive Manufacturing

API Active Pharmaceutical Ingredient
CA Cellulose Acetate

CAD Computer Aided Design

DIL Diltiazem

DSC Differential Scanning Calorimetry
FDM Fused Deposition Modeling
HME Hot-Melt Extrusion

uCT Micro-Computed Tomography
PVA Polyvinyl Alcohol

PVP Polyvinylpyrrolidone

SEM Scanning Electron Microscopy
TEC Triethyl Citrate

Tg Glass Transition Temperature
TGA Thermogravimetric Analysis

XRD X-ray Diffractometry
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1. INTRODUCTION

3D printing (3DP) or Additive Manufacturing (AM) is a novel technique of creating objects with
easily customizable dimensions that has the potential to revolutionize manufacturing processes.
Amongst the variety of the available 3DP methods, Fused Deposition Modelling (FDM) has been
the most widely utilized in pharmaceutical research, in an attempt to create personalized dosage
forms with elaborate shapes and modifiable dimensions (Gioumouxouzis et al., 2018a). FDM
working principle is the layer-by-layer deposition of molten palymeric strands on a building
plate, via a heated nozzle that moves at XYZ axis. Feeding of the heated nozzle is carried out
using a polymeric filament that incorporates the active pharmaceutical ingredients (API’s).
Manufacturing of the API-loaded filament is usually facilitated by a Hot-Melt Extruder (HME), a
device that mixes API’s and excipients in a heated barrel via a rotating screw (Pietrzak et al.,

2015).

Numerous research papers have been published during the last few years utilizing 3D printing to
produce oral drug-loaded formulations presenting: i) a variety of release profiles, ii)
incorporation of more than one API’s or iii) usage of 3D prints as carriers for other
pharmaceutical formulations (Gioumouxouzis et al., 2018a; Lim et al., 2018). The most
interesting attempts include formulations that resulted from the utilization of 3D printers with
multiple nozzles. Multiple nozzles enable the creation of dosage forms with increased structural
complexity (facilitating the desired controlled release behavior of the API) (Gioumouxouzis et
al., 2017; Kadry et al., 2018; Li et al., 2017; Okwuosa et al., 2017; Tagami et al., 2018), dosage
forms that allow the dissolution of distinct API’s at different release rates (Gioumouxouzis et al.,
2018b; Goyanes et al., 2015; Pereira et al., 2019) or a combination of the above (Khaled et al.,

2015a, 2015b). An important factor is that these elaborate drug-loaded formulations can be
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created rapidly as a part of a one or two-stage procedure, making 3D printing an economically
viable solution for the formulation of dosage forms with increased levels of complexity. Typical
examples of such formulations are floating systems (including cavities) (Chai et al., 2017),
delayed/sustained release dosage forms (containing coatings) (Okwuosa et al., 2017), osmotic
pumps (Scoutaris et al., 2018) or dosage forms with “exotic” external shape (i.e. torus

(Gioumouxouzis et al., 2017) or candy-like (Scoutaris et al., 2018)).

In the present work we attempted to create osmotically controlled 3DP dosage forms that consist
of an external water-permeable shell and an API-containing osmotic core. The shell consists of
cellulose acetate (CA), a cellulose derivative widely used to create semipermeable coatings
(Verma, 2002), that has not been previously investigated in 3DP pharmaceutical research. The
core consists mainly of polyvinyl alcohol (PVA) and osmogens (mannitol, NaCl) (Abd-Elbary et
al., 2011), whereas Diltiazem (DIL) was chosen as a model drug, mainly due to its
thermostability (Sorrenti et al., 2010) and the fact that it is a commonly used drug, incorporated
in various forms of controlled reiease formulations (“BNF,” 2014). The aim of the study was to
demonstrate that the dosage forms’ shell ruptures at specific points (were linear cavities have
been introduced creating “weak spots” at the shell) under the effect of the increasing internal
osmotic pressure. The “oyster-like” opening of the shell exposes the dissolvable core to the
dissolution medium signing the initiation of the API dissolution into the medium. By
introducing different number of linear cavities (single/double-caved formulations) or eliminating
the entire top side of the CA cover, we created dosage forms presenting pressure-controlled

release and thus time-controlled release of the API.

The aforementioned formulations indicate the potential of creating in situ complex drug delivery

systems with personalized API content adjusted to the needs of individual patients. Moreover,
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creation of such formulations highlights the potential of industrial manufacturing of complex
systems in a rapid and economically efficient way, as it 3DP eliminates the majority of stages
(i.e. coating, drilling) necessary to create a dosage form with elaborate structure (Kadry et al.,

2018).

2. MATERIALS AND METHODS

2.1. Materials

Diltiazem HCI (MW: 450.978, water solubility at 25°C 565 g/L. at 25°C (Stepanovs et al.,
2016)), NaCl (MW: 58.44, water solubility at 25°C: 357 g/L. (O’Neil, 2013)) and Mannitol (MW:
182.17, water solubility at 37°C: 193.5 g/L (Yalkowsky et al., 2010)) were purchased from
Fagron Hellas, Greece. Partially hydrolyzed PVA (Mowiol® 4-88, MW ~31,000), cellulose
acetate (MW ~30,000) and triethyl citrate (TEC) were purchased from Sigma Aldrich Co Ltd
(Germany). Polyvinylpyrrolidone (PVP) K30 (Kollidon®) was purchased from BASF
(Germany). All chemicals were of analytical grade. Distilled water was used in all experimental

procedures.

2.2. Preparation of filaments

2.2.1. Preparation of diltiazem-loaded PVA-based filament

A mixture containing 55% PVA, 20% DIL, 13% mannitol, 7% NaCl and 5% PVP K30 (total
mixture weight 80 gr) was prepared and fed into a single-screw extruder (Filabot Original®,
Filabot Inc., VT, USA). PVA and NaCl were grinded prior to mixing using a domestic grinder
and sieved through a 850 um mesh, to ensure absence of large particles inside the mixture. The

extruder was operated at 35 rpm and the mixture was extruded at 165°C through a custom drilled
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1.6 mm nozzle. A commercial cooling fan was employed to ensure rapid cooling and
homogenous diameter of the produced filament. Filaments were stored in a vacuum desiccator to
avoid their exposure to moisture.

PVA was chosen as a carrier for both its acceptable 3D printing performance and its relatively
slow water dissolution (at 37°C) (Gioumouxouzis et al., 2017), preventing incorporated highly
soluble DIL HCI from rapidly dissolving in the dissolution medium (McClelland et al., 1991).
Mannitol was used as both plasticizer and osmotic agent (Abd-Elbary et al, 2011,
Gioumouxouzis et al., 2018b), whereas NaCl was added to enharice osmotic properties of the
formulation (Abd-Elbary et al., 2011; Verma, 2002). PVP K30 was used as a wicking agent to
facilitate hydration of the dosage form’s core (Verma, 2002). All mixture ingredients were used

at concentrations that have shown to induce desired behavior attributed to their properties.

2.2.2. Preparation of CA-based filament

CA was plasticized with 25% TEC, as its high Ty required significant amount of plasticizer to
facilitate HME. This amount of plasticizer was chosen to achieve good balance between
flexibility and toughness of the filament (Mohanty et al., 2003; Park et al., 2004). Extrusion of
the mixture was conducted at 180°C through a custom made 1.6 mm nozzle at 35 rpm. Cooling

fan was also employed during HME and produced filaments were stored in a vacuum desiccator.

2.3. Determination of DIL loading of PVA-based filaments

20 mg DIL were dissolved in 200 ml volumetric flasks creating a 100 mg/L stock solution. That
solution was utilized to create five solutions used to obtain a reference curve (R?=0.999).
Subsequently, filament pieces weighting approximately 300 mg were selected from different

parts of the extruded coils (to ensure to ensure uniform distribution of DIL in the entire filament)

8
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and dissolved in 100 ml of distilled water. 2 mL of these solutions were transferred to 100 mL
volumetric flasks and after that dilution, solutions were filtered with Millipore® Millex-HV
PVDF 0.45 um filters (Merck, Germany). The filtrate was used to determine DIL concentration
according to the above reference curve, by employing a UV-2501PC spectrophotometer
(Shimadzu, Japan) operating at 237 nm. Absorption of raw excipients was measured in a UV
array at 237 nm and was found to be negligible at concentrations contained in the dissolution

medium in comparison to diltiazem absorption.

2.4. Mechanical Tests

2.4.1. Instrumented Indentation Testing (11T)

PVA- and CA-based filaments were assessed through indentation tests in order to compare their
modulus and hardness. In instrumented indentation tests the load is measured as a function of
penetration depth. Such tests enable local variations of modulus and hardness to be measured
precisely (Mansour et al., 2013; Mansour and Tzetzis, 2013; Tzetzis et al., 2013). In the current
work the indentations were conducted using a dynamic ultra-micro-hardness tester (DUH-211;
Shimadzu Co., Kyoto, Japan), fitted with a triangular pyramid indenter tip (Berkovich indenter),
which created indentations on the surface of the filaments under study that appeared as an
equilateral triangle. The indentation hardness was automatically converted to hardness Vickers
by the software of the apparatus. After contact of the indenter with the surface, this was driven
into the surface until a peak load of 150 mN was reached. The peak load was held for 3 s (in
order to minimize the effect of viscoelastic deformation of the specimen, notably creep, on
property measurements) and then the indenter was unloaded, to a load of zero. Ten

measurements, purposely scattered on the surface, were conducted on each specimen.
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2.4.2. Tensile Tests

Tensile tests were performed at room temperature (23°C) on a Testometric (UK) universal
testing machine at a constant crosshead speed of 0.5 mm/min. The modulus was calculated
within the linear part of the stress—strain curves. All presented data correspond to the average of

at least four measurements.

2.5. 3D printing of osmotically controlled formulations

3D printed dosage forms were designed as CAD files using AutoCAD 2016® (Autodesk Inc.,
USA) and exported as .stl files to Makerware® software version 3.9.2 (MakerBot Inc., USA).
Three caplet-shaped formulations were designed. All three formulations consisted of i) an
osmotic core printed using the DIL-loaded PVA-based filament and ii) an external shell
(thickness 0.06 c¢cm) printed with the CA-based filament. The first formulation was printed
without the upper surface of the CA shell (open top - formulation A). The second one had a
whole shell, with a narrow linear cavity (0.2 mm wide) introduced at a certain point of the shell
(at the point where shell’s upper part begins -formulation B). Finally, the last formulation was
similar to the former orie with an additional second linear cavity introduced at the lower part of
the formulation (formulation C) (Figure 1). Moreover, in formulations B and C a circular
opening (d=1.3 mm) was introduced to both top and bottom sides of the formulations’ shells to
accelerate water permeation inside the core.

Core dimensions were calculated as following: Length and height of the core were arbitrary set

to be 1.5 cmand 0.5 cm respectively. Several cores were printed with widths ranging from 0.4 to

10
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0.7 cm and consequently weighted, establishing the following linear equation, correlating core
mass with core width of the formulation:

me=1025w.-105.8 (R?*=0.982), (1)  where m¢=core mass (mg) and wc=core width (cm).
Filament drug content was measured to be 97.5% of the theoretically incorporated drug content,
so m¢ should be 461.54 mg in order the core to contain 90 mg of DIL (for DIL core
concentration 20% w/w).

Therefore, taking Eqg. (1) into consideration core width (w¢) of the formulations should be 0.553
cm.

Printing was performed in a MakerBot Replicator® 2X 3D printer (MakerBot Inc., NY, USA),
using the first nozzle for printing CA-based external shell and the second nozzle for printing
DIL-loaded, PVA-based core. The following settings were employed:

i) CA-based shell printing nozzle: Tyrint = 215°C; ii) PVA-based core printing nozzle: Tprint =
205°C;

iii) General: Printing speed = 20 mim/s, First layer printing speed = 7 mm/s, Travel speed = 150
mm/s, Tpiatiorm = 115°C, Infill density = 100%, Layer height = 0.2 mm, Number of shells = 2,
Floor thickness = 0 mm, Roof thickness = 1.2 mm, Raft option = Deactivated.

Purging walls option was activated (required for dual extrusion 3D prints, although increasing
material waste, as it ensures minimization of printing defects - Figure 2C).

Additionally, to overcome oozing issues, resulting from short-duration immobilization of the
nozzles during printheads’ interchange, two tiny columns were added to the .stl design. The
function of these columns was to absorb the over-deposition of PVA-based material at the edges

of the dosage form (that could compromise the integrity of the CA-based shell), as the

11
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immobilization of the printheads was taking place on their surface and not at the corners of the
printed dosage form (Figure 1 & 2C).

To facilitate 3D printing building plate was covered with Blue painter’s tape (3M, MI, USA) to
ensure proper adhesion of the CA-based lower layers to the printing surface.

The dimensions of the 3D printed formulations (Figure 1C & D) were measured using a Kreator
digital caliper (\Varo, Belgium) and their images were acquired using an Ixus 1000 HS (Canon,

Japan) camera.

2.6. Scanning Electron Microscopy, Optical Microscopy and Elemental Analysis studies

The morphological features of the extruded filaments and 3D printed tablets were assessed
through a Phenom ProX (ThermoFisher Scientific, MA, USA) instrument, equipped with an
optical microscope with a magnification range of 20 - 135x and a scanning electron microscope
(SEM) with a thermionic CeB6 source, as well as a fully integrated Energy Dispersive
Spectrometer (EDS) detector. The specimens were attached on a metal stub with double sided
carbon tape (Ted Pella, USA) and inserted in the scanning electron microscopy’s vacuum
chamber using a special charge reduction sample holder. The sample holder is designed to
reduce sample charging and eliminate extra sample preparation of non-conductive samples. The
dedicated software package ProSuite PC (ThermoFisher Scientific, MA, USA) was used for the

instrument control.

2.7. Physicochemical characterizations

2.7.1. Thermogravimetric analysis (TGA)

12
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Thermogravimetric analysis (TGA) was performed using a TGA-50 (Shimadzu, Japan) apparatus
equipped with a TA-60WS thermal analysis workstation, at a heating rate of 10°C/ min from
40°C to 500°C in nitrogen environment, at a 40 mL/min purge gas flow rate, using aluminum

pans. All samples were run in triplicates.

2.7.2. Differential scanning calorimetry (DSC)

The thermal behavior of the samples was analyzed on a 204 F1 Phoenix DSC apparatus (Netsch
GmBH, Germany). Five mg of the samples were sealed in aluminum pans with perforated lids
and their DSC profiles were acquired from 35°C to 350°C at a heating rate of 10°C/min under a
nitrogen purge of 70 mL/min. The software used for DSC measurements was Proteus ver. 5.2.1

(Netsch GmBH, Germany). All samples were run in tripiicates.

2.7.3. X-ray Powder diffraction (XRD)
Sample crystallinity was evaluated using a powder X-ray diffractometer (D8-Advance, Bruker,
Germany) with Ni-filtered CuKal radiation (A = 0.154059 nm), operated at 40 kV and 40 mA.

Samples were scanned from 5° to 50° at a step of 0.02° and a scan speed of 0.35 sec/step.

2.8. Invitro release studies

In vitro dissolution studies were conducted in 900 mL vessels at 37 °C, using USP 11 dissolution
paddle apparatus (PT-DT7 Pharma Test AG, Germany) rotating at 75 rpm, according to USP40-
NF35 specifications (Kadry et al., 2018). The dissolution medium was distilled water and each
experiment was conducted in triplicate (n=3). Samples (2 mL) were withdrawn at 10, 20, 30, 60,

90, 120, 180, 240, 360, 480, 600, 720 and 1440 min and replaced with an equal volume of

13
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dissolution medium to maintain the sink condition. More frequent sampling (adding sampling
points) than recommended was conducted in order to fully depict the dissolution behavior of the
novel formulations. Consequently, samples were filtered through 0.45 um filters mentioned in
Section 2.3 and UV absorption of the filtrates was measured in the aforementioned Shimadzu
UV-2501PC spectrophotometer at 237 nm. The acquired dissolution curves were assessed with
DDSolver software (Zhang et al., 2010), in order to determine which dissolution model (Higuchi,
Zero-order, First-order, Korsmeyer-Peppas, Hixson-Crowell, Hopfenberg, Quadratic, Gompertz,
Peppas-Sahlin), best fits each one of them. Moreover, similarity factor (f;) was calculated using
the same software, in an attempt to compare the similarity of the dissolution profiles of each

formulation.

2.9. Time lapsed X-ray microfocus computed tomography (nCT) imaging

Time-lapsed X-ray microfocus computed tomography (uCT) was used to assess the internal
structure and the dissolution behavior during hydration of the dosage form type with the highest
degree of complexity (Form A). Hydration of the printed dosage form (form A) was conducted
ex situ in 900 mL borosilicate beaker at 37 °C with gentle steering. The dissolution medium was
distilled water and the printer form was imaged consequently at 0, 100, 200 and 400 min
exposure to water. In order to minimize disruption of hydration process, a fast-acquisition
protocol was developed, which enabled imaging in 12 min.

puCT imaging was performed using Nikon’s Med-X prototype micro-CT scanner (Nikon
Metrology UK Ltd) at the Biomedical Imaging Unit at University Hospital Southampton.
Imaging was conducted at 80 kVp / 124 pA without any beam pre-filtration. The source to

detector and source to object distances were 992.0 mm and 49.6 mm respectively, resulting in a

14
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voxel size of 20 um. Imaging parameters were as follows: 1401 projections were taken over the
360 degrees rotation, with 2 frames per projection being averaged to improve the signal to noise
ratio. Exposure time of each projection was 250 ms and the detector's gain was set to 30 dB.
After CT acquisition, the data were reconstructed into 32-bit volume files by means of Nikon’s
own reconstruction software (CT Agent, v. XT 5.1.4.2 MedX 1; Nikon Metrology, Tring, UK),
which uses a filtered-back projection algorithm. The reconstructed 32-bit raw image volumes
were then converted to 8-bit volumes for visualization and quantification.

3D semi-automatic segmentation was carried out in ITK-Snap (v. 3.6.0 -alpha), an open source
software medical image processing platform focusing on segmentation and analysis of 2D and
3D datasets using snake evolution algorithms (Yushkevich et al., 2006). ITK-Snap software was
run on University of Southampton’s IRIDIS 5 high performance visualisation cluster.
Segmentation of the different image components (namely: the CA-shell and the dry and hydrated
core) was achieved using classifiers which were previously trained to discriminate between the
aforementioned image components. The training was done by manually selecting representative
regions from each “class” of features, and the segmentation algorithm was run under supervision.
Intervention and manual refinement of the segmentation took please when to prevent leakage of
the segmentation to neighboring classes. Visualization of the segmentation was carried out in
ITK-Snap, while volume rendering of the dosage form at the different hydration time intervals

was done in Volume Graphics VGStudioMAX.

2.10. Statistical Analysis

Data were analyzed using Student’s t test. Significance level was set at p < 0.05.

15
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3. RESULTS AND DISCUSSION

3.1. HME procedure

HME of both PVA-based and CA-based mixtures was performed successfully. Filament pieces
with acceptable diameter variation (1.75 + 0.07 mm) were selected for 3D printing. Both
filament types exhibited excellent mechanical properties macroscopically (with CA-based
filament presenting behavior (elasticity and hardness), resembling to commercially available
filaments) and were semi-transparent (PVA-based filaments had a yellowish and CA-based

filament a brownish color - Figure 2A & B).

3.2. Mechanical tests

3.2.1. Instrumented Indentation Testing (I1T)

Mechanical properties of the filaments appear to be critical for their printability (Aho et al.,
2019). The loading-unloading indentation curves of the CA-based and PVA-based filaments are
shown in Figure 3A. The indentation force-depth curves for the two materials under test
specified a creep phenomerion at the peak force of 150 mN. The CA-based filament has shown
somewhat smaller creep at the peak force, while both loading and unloading curves have shown
no discontinuities or steps, indicating that no cracks were formed during indentation. The
indentation depth at the peak load is 7.3 um for the PVA-based filament and 8.8 um for the CA-
based filament. Also, the plastic work done was higher for the PVA-based filament, as revealed
from the increased area enclosed between the loading and unloading curve. Figure 3B & C
shows the results from the indentation test. The modulus of PVA-based formulation was the
highest with a value of 2.89 GPa + 0.26, probably due to the addition of the NaCl and small

amount of plasticizer (13% mannitol). It seems that the addition of 25% TEC for the filaments

16
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created by using the CA-based formulation give a lower value for the elastic modulus, which was
measured as 1.72 + 0.15 GPa. For the indentation hardness measurements, slightly highest values
are presented in the PVA-based formulation (137.6 £ 15.59 MPa, followed by the CA-based
formulation measuring 123.9 + 10.67 MPa, although this difference is not statistically significant
(t-test, p=0.14).

In a previous work we showed that printability of the filament is affected by both elastic modulus
and hardness (increasing as hardness increases and elastic modulus deceases) (Gioumouxouzis et
al., 2018c). More specifically, filaments appeared to be printable when elastic modulus/hardness
ratio is approximately lower than 20. In the present work this rule is confirmed as both filaments
exhibited acceptable printability when tested, whereas their elastic modulus/hardness ratio is
20.99 for PVA-based formulation and 13.88 for CA-based formulation. These results allow the
expansion of the above conclusion stating that filaments with elastic modulus/hardness ratio less
than 21 are printable. Moreover, the cbservation that CA-based filament exhibited superior
printability in comparison to the PVA-based filament (resembling to the printability of
commercial filaments), allow the conclusion that lowering of elastic modulus/hardness ratio

leads to improved filament printability.

3.2.2. Tensile tests

To further assess the mechanical behaviour of the materials under study, a typical tensile test was
performed on the produced filaments. It is shown in Figure 4, that the strength of PVA-based
formulation is the highest reaching around 55 + 6.75 MPa, while for the CA-based formulation
the strength is lower to around 44 + 7.75 MPa (t-test, p = 0.13). Evidently, the strain to failure is

higher for the CA-based formulation. The modulus calculated from the elastic part of the stress-
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strain response for the CA-based formulation is 1.57 GPa which differs only 8.7% from the value
obtained from the indentation tests. Additionally, the modulus for the PVA-based formulation
was calculated as 2.43 GPa which differs 15.9% from the values obtained from the indentation
tests. The differences are attributed to the possible manufacturing defects of the filaments and the
fact that the indentation test measures the local performance of the bulk material, while tensile

tests involve a greater amount of material under stress.

3.3. Printing procedure

Adequately uniform covering of the core without defects was achieved only with “purging
walls” option activated. Moreover, custom added purging columns were also necessary in order
to create dosage forms without over-deposition spots of PVA-based core material that could
compromise structural integrity of the shell during dissolution (as it is water-soluble). An image
of the dosage form B on the building plate is shown in Figure 2C (purging columns and walls are
clearly presented). Figure 2D depicts formulations A & B after removal of the purging structures.
It should be noted that material used for these structures can be grinded, extruded and reused for

printing purposes. Dimensions and weight of the printed formulations are presented in Table 1.

3.4 Visualization studies

3.4.1. SEM analysis

The external morphological properties of the dosage forms were assessed by means of SEM. In
the case of formulations B and C (fully covered) lateral images of the dosage forms revealed an
even and homogenous succession of CA of outer shell layers. Fusion between layers was

complete (no pores detected), although layers’ height uniformity varied significantly (Figure
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5A). Imported linear cavities appear to have a height very close to the designed dimensions
(0.2mm — Figure 5B). Top corner images show full covering of the core, despite the fact that
layers’ overlap was not completely uniform (Figure 5C). Figure 5D shows that imported top and
bottom shell holes had a shape slightly deviating from perfect circular, whereas their diameter
varied between 750-900 um. That deviation from the original design (d=1.3 mm) was attributed
to the tendency of the molten printed material to spread out slightly after deposition from the
moving printhead (Gioumouxouzis et al., 2018b) . More magnified images show that surface of
the printed strands was smooth and homogenous (Figure 5E).

Formulation A (no-top cover) top images show perfect fusion between the two layers of the CA
shell (Figure 5F), a homogenous and well-arranged succession of layers of the PVA-based core
at both center and corner segments (Figure 5G & H) and a sufficient fusion between CA shell
and PVA core at their interface (Figure 5I). A magnified image of the PVA-based strands reveals
a smooth surface spotted with small NaCi granules (white spots - Figure 5J).

Such NaCl crystalline granules are also present at images of PVA-based filament (Figures 5M &
N). Otherwise, both PVVA-based and CA-based filaments appear to be compact (no pores present)

and present a smooth external surface (Figures 5K & L).

3.4.2. Elemental analysis

In elemental analysis, diagrams of a random area of the PVA-based core of the formulation
indicate that the predominant elements are C (56.04%), O (35.85%) and N (4.64%). Na, Cl (from
the incorporated NaCl) and S (present in DIL molecule) are detected in very low percentages (<
2%) (Figure 6A). The percentage of Na and Cl in a random spot of the surface of the osmotic

core (Figure 6B) appears to decrease in comparison to their percentage in the area diagram (as
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they are predominantly concentrated at the white spots — NaCl crystals). White spots appear to be
NaCl particles, as focused elemental analysis on them revealed the significant presence of Na

and CI (22.98% and 25.58% respectively — Figure 6C).

3.4.3. Optical microscopy

In optical microscopy images of formulations” B and C imported top holes are presented in
Figures 7A & C. Succession of strands is clearly visible in lateral images (Figure 7B & D), as
also the imported linear cavities (Figure 7B). Bottom view of these formulation is presented in
Figure 7J. whereas Figure 7L shows formulations’ B and C top and lateral back view (opposite
side of the imported cavities). A close-up view of the imported cavity is also presented at Figure
7K.

Formulations’ A top and lateral images are presented in Figure 7E & F. Figure 71 present
formulations’ A bottom view (no hole imiported).

Filament images reveal the consistent diameter (1.7-1.8 mm) of both PVA-based and CA-based
filaments. Both filament types present smooth external surfaces, with PVA-based filament

exhibiting slightly increased surface roughness (Figure 7G & H).

3.5. Thermogravimetric analysis (TGA)

TGA analysis was employed to determine the water content and polymer stability upon heating
(Figure 8). The S.D. of weight loss were not higher than + 0.3 %.

Regarding to the core composition, TGA thermograms of the raw materials, PV A-based filament
and 3D printed core structure showed no mass loss till printing (205°C) or HME (165°C)

temperatures. Water loss embedded in filament and raw polymers is depicted as a ~5% mass loss
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till 150°C. Thermostability of DIL, mannitol, PVP K30 is demonstrated, as onset of degradation
(220°C (Sorrenti et al., 2010), 303°C (Ong et al., 2014) and 400°C (Okwuosa et al., 2016),

respectively), exceeds 3DP temperatures.

For the shell composition a mass loss ~3% observed till 100°C in both CA-based filament and
3DP shell is attributed to water loss. Moreover, a mass reduction starting after 130°C observed in
3DP shell is attributed to gradual evaporation of the incorporated TEC (~15% mass loss till
printing temperature (215°C) (Okwuosa et al., 2017). Nevertheless, the actual TEC loss is
expected to be far less in 3DP structures since residence time inside heated nozzle in
temperatures favouring TEC evaporation is short (less than 1 min) followed by rapid cooling,
whereas in TGA residence time in temperatures favouring evaporation was 8.5 min (from 130°C
till 215°C, considering heating rate 10°C/min). Furthermore, TEC was added to the formulation
as a plasticiser (in order to facilitate HME and printing procedure) and its reduction does not

alter the final formulation’s functionality, confirmed in dissolution studies.

3.6. Differential scanning calorimetry (DSC)

The DSC thermograms of all samples are demonstrated in Figure 9. The S.D. of thermogram
temperatures were not higher than + 1.0 °C.

The most prominent observation is the disappearance of the endotherm melting peaks of DIL
(217°C) (Turk et al., 2009) and mannitol (170°C) (Gombas et al., 2003), indicating potential
amorphization in filament and 3DP core structures. Moreover, PVA-based filament’s melting
temperature (T,,) is lowered by ~30°C in comparison to the raw PVA, because of the plasticising

effect of the incorporated mannitol.
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Raw CA melting peak and T, are observed at 233°C and 194°C, respectively. Ty is significantly
lowered in HME filament (112°C), due to the addition of the plasticiser (TEC) and is slightly
elevated in 3DP formulations shell (118°C), as a fraction of TEC has evaporated during printing

heating. The above results are in accordance to the literature (Zepnik et al., 2013).

3.7. X-ray Powder diffraction (XRD)

The X-ray diffractograms reveal the amorphization of the partially crystalline raw CA (Sun et al.,
2013) after HME and 3DP printing (Figure 10B). Pure DIL, NaC! and mannitol exhibit multiple
distinct peaks, indicating their crystalline nature. Mannitol representative peaks correspond to
beta-D-mannitol (14.85, 18.83, 23.64) (Cares-Pacheco et al., 2014), whereas DIL and NaCl
present their characteristic main peaks (10.56, 18.20, 19.51, 22.3) (Turk et al., 2009) and (31.7,
45.4) (Bao et al., 2017), respectively. Mannito! peaks disappear after HME (amorphization), but
a characteristic peak appears at 9.6 degrees in 3D printed core structure, signaling
recrystallisation of mannitol towards delta polymorph after 3D printing (Cares-Pacheco et al.,
2014). DIL also loses its crystallinity after HME and 3DP procedures, whereas NaCl remains
crystalline (Figure 10.A), an observation in agreement with SEM images clearly depicting NaCl
microparticles inside filament and 3DP core structures. NaCl retains its crystallinity as HME and
3DP procedure temperatures are far below T, of NaCl (801.4°C) (Brostrom et al., 2013). This

observation is.confirmed by TGA diagrams — no mass loss observed till 500°C.

3.8. Invitro release of Diltiazem from 3D printed dosage forms
In Figure 11 are presented the dissolution profiles of different formulations. Formulation A
dosage forms start releasing DIL immediately and their dissolution profile follows quadratic

kinetics (F=100*(k;*t"2+k,*t), k; = 3.05%10°, k, = 1.2*10°, R%q = 0.994). That behavior is

22



Journal Pre-proof

attributed to the one-direction dissolution of the core (as only the upper surface of the core was
exposed to the dissolution medium during the dissolution process) and the gradually developed
osmotic pressure that induced a slight dissolution acceleration, due to gradual full hydration of
the osmotic core. This observation is supported by the fact that dissolution procedure of
hydrophilic API’s from PV A matrices is both erosion/diffusion mediated and follows a relatively
steady pattern till the middle of the dissolution process, slightly decelerating thereafter (Harland
et al., 1988). In our formulations this steady release pattern was not hindered, but slightly
accelerated, due to the osmotic forces induced by gradual water uptake of the core matrix.

On the contrary, formulations B and C present delayed release of the API, attributed to the time
required for the shells to open at the imported linear cavities. Figure 2E shows characteristic
images indicating the way the formulations B and C have opened (at the exact point of the
imported linear cavities) after their exposure at the dissolution medium.

More specifically, Form. B starts releasing DIL after ~360 min (8.21% of DIL released) and
Form. C after ~120 min (8.76% of DIL released). Release of DIL in Form. B after 360 min
follows the quadratic model (F=ki*(t-Tiag)"0.5+Ko*(t-Tiag), k1 = 2.44*10°, ky = -2.7*10, Tiyq =
96, Rzad,- = 0.987), whereas Form. C exhibits zero order release (F=Ko*(t-Tiag), Ko = 0.235, Tiag=
88.81, Rzad,- = 0.973) of DIL after 120 min. These results are justified by the fact that Form. A
and B are morphologically similar after opening of the latter and therefore, they release DIL
according to the same kinetic model (dissolution accelerated due to the increasing osmotic
pressure), resulting at similar dissolution curves (Table Il). In Form. C, the second opening
reliefs the excessive osmotic pressure, but the remaining is sufficient to prevent the gradual
deceleration of the release rate of DIL from the PVA matrix (Harland et al., 1988), resulting in a

steady DIL release till the end of the dissolution process (zero order release) and a dissolution
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curve dissimilar to the curves of Form. A and B (Table I1). Dissolution process started reaching a
plateau for Form. A after 6 h (84.64% at 360 min), for Form. B after 12 h (76.37% at 720 min)
and for Form. C after 8 h (87.81% at 480 min). At the completion of the dissolution process
(1440 min) Form. A had released 91.17%, Form. B 96.22% and Form. C 92.14% of the
theoretically incorporated DIL. Variations from theoretical 100%, are attributed to the variations
in diameter of the custom-made filament, that resulted in incorporation of slightly less material
into the formulations’ cores. Variations in opening times of Form. B and C are also attributed to
this fact, as the amount of core material affected the induced osmotic pressure. It can be assumed
that industrially made filament with minimum diameter deviations could eliminate these

variations.

3.9. Time lapsed X-ray microfocus computed tomography (nCT)

A quantitative evaluation of ‘Form A’ formulation’s behaviour during hydration was conducted
by means of time-lapsed uCT. The cross-section of the dry dosage form (Figure 12) before the
submersion into the dissolution medium, reveals a relatively solid internal structure, although a
number of macro-pores Is present, as previously reported for structures 3D printed using PVA-
based filaments (Gioumouxouzis et al., 2018b). Bright spots (areas with higher electronic
density) correspond to NaCl crystals, as confirmed by elemental analysis. Gradual wetting of the
osmotic core (shown at t > 100 min), predominantly through imported linear cavities, results in
rise of the internal osmotic pressure and shell rupture, depicted as slow lifting of the upper and
lower parts of the shell (Figure 12). It can be observed that as wetting process evolves, hydration
of the core results in transformation of the core material into a gel-like homogenous mass and

partial dissolution. At t =150 min the volume of the hydrated portion of the remaining core for
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the first time exceeds the volume of the non-hydrated one (Figure 13). This coincides with the
measured increase in release rate shown in Figure 12 at t ~ 150 min for Form A. As time passes,
hydration proceeds, and the core swells and dissolves. At t =400 min the wetting of the core
appears to have mostly completed. Only a small (7.5 mm®) core remains “dry” in the center of
the core and a sizable fraction of the core material has dissolved into the dissolution medium.
The time of completion of the wetting process coincides with the time when cumulative release
reaches plateau (Fig. 12) at t =400 min for Form A.

Interestingly, despite the fact that a significant portion of the core has at this stage been
dissolved, the total core volume (i.e. the volume of the hydrated and the dry core) appears to
remain constant (Figurel3). This can be attributed to the increased volume of the hydrated core
due to swelling, which compensates for the material loss due to dissolution.

A small but notable amount of swelling also occurs in the CA-shell, the total volume of which
increases from 215.5 mm® to 258.3 mni°. Prolonged exposure (t > 200 min) of the shell to the
medium and swelling causes dissolution and partial disintegration. This is captured as volume
decrease due to material loss for t > 200 min (Figure 13).

It must also be noted that the dissolution process from PVA matrices is achieved through both
diffusion and disintegration (Harland et al., 1988), therefore it can be expected that at this stage
most of DIL has migrated to the dissolution medium, despite the fact that some core-material is

still present in the dosage form.

4. CONCLUSIONS
In the present study was attempted the construction of 3D printed dosage forms consisting of an

osmotic core (containing the API diltiazem), covered with a semi-permeable cellulose acetate
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(CA) layer. Three different formulations were created, differing at the shape of the CA shell.
Specifically, one and two linear cavities were introduced to the first and the second formulations’
shells, respectively, whereas in the third formulation the upper part of the shell was completely
removed. Moreover, holes were introduced at the upper and lower shell wall in order to facilitate
water permeation. Water uptake resulted in core swelling and shell rupture at the introduced
cavities, due to elevated internal osmotic pressure. This behavior led to the in vitro delayed
release of diltiazem from the dosage form (initiation of release after six hours for the first and
after two hours for the second formulation). Additionally, all three formulations appear to
attribute the API to the dissolution medium at a steady rate. The above results are confirmed by
utilizing puCT, that visualized the gradual wetting of the osmotic core and the subsequent rupture
of the dosage forms. These results highlighted the potential transition of pharmaceutical
manufacturing towards four-dimensional printing, namely the 3DP of complex formulations,
able to modify their shape (and thus their functionality) as a function of time, under the influence

of external stimuli.
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Table |
Measured properties of 3D printed formulations (A), (B) and (C) (n=3 =+ S.D.). % divergences of

measured properties of 3D printed formulations (A), (B) and (C) from theoretically targeted

values.
. Length  Divergence  Width  Divergence  Height  Divergence Printed dosage
Formulations .
(mm) % (mm) % (mm) % form Weight (mg)
16.12+ 6.92 + 5,68 +
A (no top) -0.51 2.82 1.43 639.80 £ 21.82
0.07 0.07 0.5
B (single- 16.08 + 6.88 £ 6.19 +
-0.74 2.23 0.16 674.96 + 19.48
cavity) 0.12 0.10 0.3
C (double- 16.17 £ 6.87 = 6.16 =
-0.18 2.08 0.64 668.31 + 22.39
cavity) 0.10 0.08 0.6

Table 11

Similarity factor (f,) of the release profiles obtained from 3D printed Formulations. Similarity

was indicated as accepted (+) or rejected (-).

Formulation fa Similarity
A-B 53.8 +
A-C 235 -

B-C 26.6 -
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FIGURE LEGENDS
Figure 1.Makerware® .stl images of: A) formulation A (No-top), B) formulation B (Single-

cavity) and C) formulation C (Dual-cavity).

Figure 2. Images of: A) PVA-based filaments, B) CA-based filaments, C) printed dosage forms
and purging structures (walls, columns) on the building plate, D) printed formulations (A and B

type) and D) empty opened shells at the end of the dissolution process (B and C type).

Figure 3. A) Typical force-depth curves of PVA- and CA-based filaments, B) Hardness and C)
elastic modulus results obtained from the loading-unloading indentation curves of PVA- and CA-

based filaments.

Figure 4. Typical tensile stress-strain curves of PVA- and CA-based filaments.

Figure 5. SEM images of formulations B and C: A) shell lateral view, B) imported linear
cavities, C) top corner view, D) top and bottom shell holes and E) printed shell surface close-up.
SEM images of formulation A: F) top shell wall view, G) top view PVA core center image, H)
top view PV core corner image, 1) CA shell and PVA core interface and J) PVA core close-up.
SEM images of: K) CA-based filament cross-section, L) CA-based filament close-up, M) PVA-

based filament cross-section and N) PVA-based filament close-up.
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Figure 6. Elemental analysis (% percentage of constituent elements) of: A) osmotic core surface
random area, B) osmotic core surface random spot and C) osmotic core surface random white

spot.

Figure 7. Optical microscopy images of formulations B and C: A) top shell view, B, D) shell
lateral views, C) shell top hole. Optical microscopy images of formulation A: E) top view, F)
lateral view. Optical microscopy images of: G) PVA-based filaments and H) CA-based
filaments. Optical microscopy images of: 1) formulation A bottom view, J) formulation B
bottom view, K) formulation B top shell hole, L) formulation B lateral view (opposite of

cavities).

Figure 8. TGA thermograms of API’s, excipients, HME produced filaments and 3D printed

formulations of: A) PVA-based core material and B) CA-based shell material.

Figure 9. DSC thermograms of API’s, excipients, HME produced filaments and 3D printed

formulations of: A) PVA-based core material and B) CA-based shell material.

Figure 10. XRD diagrams of API’s, excipients, their physical mixtures, HME produced
filaments and 3D printed formulations of: A) PVA-based core material and B) CA-based shell

material.

Figure 11. Cumulative (%) DIL release from formulation A (no top), B (single-cavity) and C

(double-cavity).
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Figure 12. Time-lapsed X-ray microfocus computed tomography (uCT) imaging of the
volumetric changes over time during hydration of Form-A formulation: A) Volume rendering of
the dosage form at t =0 (dry), 100, 200 and 400 min exposure to the dissolution medium; B)
Clipped views showing the wetting over time, and its effect on both the core and the structure of
the CA-shell. Bright spots correspond to NaCl crystals. Gradual wetting of the osmotic results in
rise of the internal osmotic pressure and shell rupture (t =100, 200, 400 min). C) Cross-sectional
views of the formulation showing the development of the hydration process (dry core in green;
wet core in cyan) as well as the swelling of the CA-core (t =100, 200 min) which eventually
leads to dissolution and partial disintegration (t = 400 min). D) Composite volume rendering of
the segmented components showing the development of the hydration process in space. For
better clarity the wet core component (cyan) is also rendered with respect to the dry component
(green). At t =100 min wet and dry components lay entangled side-by-side, splitting the core into
two distinct compartments. With time, dissolution medium completely wets the outer part of the
core (t =200 min) and start working its way to the centre (t =400 min). At these staged the dry

component is fully embedder into the wet.

Figure 13. Volumetric changes over time during hydration of Form-A formulation, as measured
by means of puCT. Red line corresponds to the total volume of the CA-shell, while green and blue
correspond to the dry and the hydrated portions of the core respectively. Yellow line corresponds
to the total volume of the undissolved core material at any given time (Total core volume =

Core-dry + Core-wet).
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FIGURE 2
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FIGURE 10
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FIGURE 12
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FIGURE 13
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