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Abstract

Three-dimensional printing could serve as a platform to fabricate individualized medicines and
complex-structured solid dosage forms. Herein, hot melt extrusion was coupled with 3D printing
to develop a unique gastro retentive dosage form to personalize treatment of cinnarizine or other
narrow absorption window drugs. The mechanical strength of the extruded strands was optimized
for printing by combining two polymers, hydroxypropyl cellulose and vinylpyrrolidone vinyl
acetate copolymer. The unit dose, floating force, and release profile were controlled by the
printing parameters and object design. The tablets floated immediately within the FaSSGF, and
floating force was relatively constant up to 12 h. Drug release followed zero-order kinetics and
could be controlled from 6 h to =12 h. Input variables had a good correlation (R>0.95) with unit
dose, floating force, and dissolution profile (p<0.05). Authors successfully proposed and tested a
new paradigm of individualized medicine fabrication to meet individual patient needs.
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1. Introduction

The development of personalized medicine has been scientifically documented and is
becoming a prominent (Garber & Tunis, 2009; Ng, Murray, Levy, & Venter, 2009; Tremblay
& Hamet, 2013). “Personalized medicine” can be defined as the tailoring of treatments by 1)
identifying patient groups with different responses based on genomic effects, or 2) dosing
and delivery of medicines to individuals in a safe and effective manner (Alomari, Mohamed,
Basit, & Gaisford, 2015). Bio-variation, which is related to the latter approach, is the most
widely recognized cause of treatment variability. The responses of an individual to a drug
are dependent on different factors, such as race, age, gender, weight, diet, and inter-subject
variation. Some patients are more sensitive to a specific drug or have lesser metabolizing
capacity than others. Approximately 80% of adverse effects owing to drug intake are related
to inappropriate dose or combination doses (Cohen, 1999). Maximizing the efficacy and
safety of drugs administered to every patient is thus a priority of modern health care.
Thereby, personalized treatment is among the most efficient strategies. Individualizing
treatment for a large population is advantageous and requires a new manufacturing paradigm
to replace current pharmaceutical industry approach for mass production. An ideal
manufacturing platform for personalized treatment should be safe, highly adjustable,
affordable, and controllable by network (Skowyra, Pietrzak, & Alhnan, 2015).

Three dimensional (3D) printing is a novel approach in the fabrication of highly tailorable
dosage forms that aim to individualize treatment (Capel, Rimington, Lewis, & Christie,
2018) and frontline care (Trenfield, Awad, Goyanes, Gaisford, & Basit, 2018). Such
technique inherently satisfies the requirements of a platform for individualized medicine
fabrication. Advantages of 3D printing relative to traditional pharmaceutical manufacturing
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include tailoring the dose and composition of each medicinal unit as well as the fabrication
of complex structures. Numerous dosage forms have been successfully prepared using
printing technology, such as fast disintegration tablets, oral films, controlled release dosages,
immediate release tablets, implants, and multiple geometry dosage forms (Kallakunta et al.,
2019; Zhang, Vo, Feng, Bandari, & Repka, 2018). The advantage of onsite fabrication
capability is predicted to trigger a change from a “one unit dose for all” manufacturing
approach to personalized medicine, prepared in pharmacies or hospitals (Alomari et al.,
2015).

Among the 3D printing techniques, fused deposition modeling (FDM) 3D printing is the
most popular because of its affordability, bench top, highly controllable equipment, (Alhnan
et al., 2016; Hsiao, Lorber, Reitsamer, & Khinast, 2018) and more importantly, its use of
pharmaceutical polymers to manufacture filaments for printing (Melocchi et al., 2016;
Zhang et al., 2019). In FDM 3D printing, a thermoplastic cylindrical filament is pushed by a
feeding gear through a heated nozzle, then deposited layer by layer on the printing platform.
To use the FDM 3D printing, a formulation should be homogenized and shaped as a uniform
filament with suitable mechanical properties. Hot melt extrusion (HME) is the most popular
technique in polymer processing and can be utilized to blend drugs with polymers and
extrude the formulation through a circular orifice to form a rod shaped filament for FDM 3D
printing. Conjugating HME and FDM 3D printing is a viable approach for the fabrication of
medicines based on patient needs (Awad, Trenfield, Gaisford, & Basit, 2018).

Many drug candidates are poorly soluble, and their absorption sites are limited to the upper
small intestine (Vasconcelos, Sarmento, & Costa, 2007). Additionally, both the anatomy and
internal environment largely differ between gastrointestinal segments that crucially influence
the /in vivo dissolution and absorption of drugs, especially with compounds that have pH-
dependent solubility. Ideally, drugs are completely dissolved and absorbed before they are
transported through the small intestine (Vo et al., 2017). However, the retention time of the
dosage forms in the upper Gl tract is relatively short, which might affect the complete
absorption of drugs that have an absorption window. Subsequently, drug bioavailability is
low and treatment efficacy is poor. Gastroretentive dosage forms, which reside in the
stomach and facilitate the transport of drugs through optimum absorption region in dissolved
molecules, are a potential solution to these issues. Further, a floating drug delivery system is
among the most practical approach to prolong gastric retention time of a dosage form (Singh
& Kim, 2000) and is supported by numerous in vivo studies (Chai et al., 2017; Ingani,
Timmermans, & Moés, 1987; Tadros, 2010; Wen et al., 2019; Whitehead, Fell, Collett,
Sharma, & Smith, 1998). Recently, FDM 3D printing has been utilized to fabricate floating
aid devices (Charoenying et al. 2020; Fu et al. 2018; Shin et al. 2019), floating pulsatile
tablets (Reddy Dumpa et al. 2020) and floating control release matrixes (Chai et al. 2017;
Giri et al. 2020). Commercial filaments or HME extruded strands were used as “inks” for
FDM 3D printing.

The current study aimed to utilize the advantages of coupling HME and 3D printing to
develop floating tablets of cinnarizine utilizing hydroxypropy! cellulose as key polymer. The
complex structure tablets, which are difficult to manufacture by traditional pharmaceutical
technologies, were designed and printed onsite using “pharmaceutical ink” prepared by
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HME. The novelty of this proposed investigation includes the dosage form unique structure
and the ability to fabricate personalized medicine based on prescription inputs and patient
needs to achieve effective therapy. Fabrication can be optimized by utilizing established
regression models. Further, the optimized parameters could control the printing process to
manufacture medicines with a desired performance onsite, at a hospital, or pharmacy within
several hours.

Material and methods

2.1 Materials

Cinnarizine (CIN) was purchased from VWR (Radnor, PA, USA). Hydroxypropyl cellulose
(HPC, Klucel MF) was kindly provided by Ashland, Inc. (Lexington, KY, USA).
Vinylpyrrolidone vinyl acetate copolymer (ratio 60:40; Kollidon VVA64) was donated by
BASF (Ludwigshafen, Germany). HPLC solvents and all other reagents were of analytical
grade and purchased from Fisher Scientific (Pittsburgh, PA, USA).

HPC is a cellulosic ether formed by reacting alkali cellulose with propylene oxide.
Propylene oxide is substituted on hydroxyls present on each anhydrous monomer unit of
cellulose through an ether linkage (Supplement Figure 1). It is available in different grades
with varying viscosities and molecular weights ranging from 40,000 to 1,150,000 Daltons.
We used HPC MF grade, where M indicates the viscosity type and F indicates that it is of
pharmaceutical grade. The Brookfield viscosity (2% in water) for HPC MF grade is 4000-
6500 mPa-s with a molecular weight of 850,000 Daltons. HPC is soluble in water at a
temperature below 45 °C and readily soluble in many organic solvents. The glass transition
temperature of HPC is approximately120 °C.

Kollidon VA 64 is a random copolymer of vinylpyrrolidone and vinyl acetate. It is
manufactured by free radical polymerization of N-vinylpyrrolidone and vinyl acetate with
molecular ratio 6:4. Kollidon VA 64 is a pharmaceutical grade polymer, which specifications
can be found in major pharmacopoeias (e.g. USP, Ph. Eur., JP). This excipient is available as
a spray- dried powder which possesses relatively fine particle size. It is soluble in water,
alcohols and other popular hydrophilic solvents. The average molecular weight (My,) of
Kollidon VA 64 is 45000 to 70000 Daltons and its Tg is about 104-109 °C.

2.2 Thermal analysis

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) were
used to confirm the thermal stability of the materials and the drug-loaded filaments during
extrusion and FDM, respectively. The pure components, complete physical mixture, and
filaments were subjected to TGA experiments using TGA Q 500 (TA Instrument, New
Castle, DE, USA). Approximately 8-10 mg of samples were weighed in a platinum pan and
heated from 25 °C to 250 °C at ramp rate 10 °C/min. The TGA system was purged with
ultrahigh purity nitrogen at a flow rate 40 ml/min to achieve balancing and 60 ml/min for the
furnace. The weight lost (percentage of mass remaining) verse temperature change was
monitored.
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The DSC experiments were performed with a Discovery DSC 2500 system (TA Instrument,
New Castle, DE, USA) to confirm the TGA results. Samples weighing 5-10 mg were loaded
and sealed in hermetic aluminum pans, and then subjected to equilibrium at 0 °C for 2 min
followed by heating from 0 °C to 200 °C at a ramp rate of 10 °C/min in an ultrahigh purity
nitrogen environment at a purging flow of 50 ml/min. The heat flow difference between the
sample pan and empty pan was monitored and plotted over the temperature change using TA
Instruments Trios software. The thermograms were analyzed for unanticipated thermal
events.

2.3 Texture analysis

The mechanical strength and brittleness of the extruded filaments were evaluated using a
TA-XT2i Texture Analyzer (Stable Micro Systems Ltd., Godalming, England) equipped
with a TA-92 adjustable 3 pt bend/snap fixture module (Zhang et al., 2019). The test was
carried out with the following parameters: gap between sample support ridges, 12 mm; pre-
test speed, 2 mm/s; test speed, 2 mm/s; post-test speed, 10 mm/s; probe moving distance, 10
mm; and resistance force required to trigger the calculation 0.1 N. Briefly, straight extruded
strands were collected and cut into 3 cm segments before testing. Each filament segment was
placed on the sample holder perpendicular to the blade and the two sample support ridges.
The blades moved 10 mm from the trigger point. The resistant force over the distance (or
time) was monitored and plotted with the Exponent software version 6.1.5.0 software (Stable
Micro Systems Ltd, Godalming, UK). Tensile strength, uniform strain, strain to fracture,
fracture stress, and Young’s modulus were calculated. The testing for each filament was
repeated 5 times.

2.4 Extrusion

Before weighing, aggregates and clumps in each raw material were removed via sieving with
a USP #35 mesh screen. Extrusion formulations were prepared and homogenously mixed.
The filaments used for 3D printing were prepared using HME. Briefly, the HME system
comprised a twin-screw co-rotating extruder (Process 11™, Thermo Fisher Scientific,
Odessa, TX, USA), equipped with 1.5 mm circular die insert, a chiller, a feeder, and a
conveyor belt. A Thermo Fischer standard screw configuration at constant screw speed and
feed rate of 100 rpm and 8 g/min, respectively, was used for filament extrusion. The
temperature of all zones on the barrel and die was set at 130 °C.

Before processing, the extruder was heated to 130 °C and allowed to thermally equilibrate
for 15 min. Approximately 30 g of the initial amount of the extrudate was discarded and
uniform extrudate strands were collected during steady-state extrusion. To obtain a
uniformly-extruded filament with the desired diameter (1.7 £ 0.5 mm), the hot soften
extrudate was stretched by adjusting the conveying belt speed to synchronize with the
extrudate formation rate. Once the extrudate was processed through the conveying belt, the
cool hard extrudate strand was collected in rolls. The extrudate filaments were then stored in
air-tight plastic bags in a desiccator to avoid any moisture pickup before 3D printing of the
floating tablets was performed.

Carbohydr Polym. Author manuscript; available in PMC 2021 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vo etal. Page 6

2.5 FDM 3D printing

The cylindrical hollow tablet models with different wall/vacant space ratios were designed
using 3D Builder (Microsoft, Redmond, WA, USA). The models were then sliced and
converted to g-code format files using the Cura version 15.04 software (Ultimaker,
Geldermalsen, The Netherlands). Tablets were printed with the extruded filaments using a
Prusa i3 FDM-3D printer (Prusa Research, Prague, Czech Republic) equipped with an E3D
v6 Hot End extruder and a standard 0.4 mm nozzle. The floating tablets were printed with
standard resolution, the raft option was activated, and the printing temperature was 165 °C
(nozzle temperature). The following printing parameters were employed: print bed
temperature, 40 °C; nozzle traveling speed, 70 mm/s; and layer height, 0.10 mm. Printing fill
%, shell thickness, and top/bottom thickness were set according to the design of experiments
(DoE). The optimized tablets were evaluated for hardness using VK200 Vankel Varian tablet
hardness tester (Agilent Technologies, Santa Clara, CA, USA) and friability using friability
tester ((Schleuniger Pharmatron, Cleveland, OH, USA).

2.6 Floating strength

The tablet floating force was measured using resultant weight according to the lever
principle with the instrumentation and operation described in our previous study (Vo et al.,
2016). A five-point calibration curve was established by measuring the resultant weight of
the known counterpoise weights. Using a USP dissolution apparatus Il (Hanson SR8),
floating tablets were placed in 900 mL fasted state simulated gastric fluid (FaSSGF) at 37 +
0.5 °C and continuously stirred at 50 rpm. At predetermined time points, the resultant
weight was measured, and floating strength was calculated by inserting the resultant weight
values into the regression equation from the calibration curve.

2.7 Experimental design

The Box-Behnken model was used to derive the experimental plan and correlate the printing
structure and tablet dimension with the dissolution kinetics, buoyancy, and unit dose of the
floating tablets. The correlation between printing parameters and the performance of the
floating tablets could be mathematically described by regression equations, which could be
used to determine printing parameters based on the predetermined properties of the tablets.
The printed tablets could thus be customized according to individual patient needs. The
experimental data were processed using Modde 8.0 software (Umetrics Inc., Sweden). Two
DoEs were separately applied to correlate printing structure and tablet dimension to tablet
buoyancy, drug release kinetics, and its unit dose. The input parameters were printing
structure, such as shell thickness, top/bottom thickness, and print fill %, and tablet
dimensions, such as diameter, height, and wall thickness.

2.8 Scanning Electron Microscopy (SEM)

The printing tablets were cut horizontally for SEM examination. The crosscut samples were
fixed on aluminum stubs and coated in an inert gas environment comprising ultrahigh purity
nitrogen. The samples were coated with gold using a Hummer® 6.2 Sputtering System
(Anatech LTD., Battlecreek, MI, USA). The cross-section topography was examined using
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SEM at an accelerating voltage of 5 kV and a magnification of 45x (JEOL JSM-5600;
JEOL, Inc., Peabody, MA, USA).

2.9 HPLC analysis

2.10

CIN was analyzed using a Waters 600 HPLC system (Waters Corp., Milford, MA, USA)
equipped with an autosampler, UV/VIS detector, and a Phenomenex® Luna C18 column (5
um, 250 mm x 4.6 mm). The mobile phase was a mixture of acetonitrile:water (70:30 v/v)
adjusted to pH 2 using orthophosphoric acid. Elution was performed in isocratic mode at a
flow rate of 1.0 mL/min. The injection volume was set at 20 L and the signal was detected
at a wavelength of 229 nm. Data were collected and processed using the Power software
suite.

In Vitro drug release studies

The 3D printed floating tablets were subjected to a dissolution test in 900 mL FaSSGF, a
biorelevant dissolution medium whose composition was described by Marques (Marques,
Loebenberg, & Almukainzi, 2011) and Jantratid (Jantratid, Janssen, Reppas, & Dressman,
2008). The USP dissolution apparatus type 2 (Hanson SR8; Hanson Research, Chatsworth,
CA, USA) was used at a setting temperature of 37 £ 0.5 °C and a paddle rotation speed of
100 rpm. At predetermined time points, 2.0 mL of the sample was withdrawn and 2.0 mL of
fresh dissolution medium was added. Subsequently, the samples were filtered through 0.2
um, 13 mm PTFE membrane (Whatman, Inc., Haverhill, MA, USA), and diluted with an
equal volume of acetonitrile. Thereafter, a 20-uL volume of the diluted solution was injected
into the HPL.C system for analysis.

3 Results and Discussion

3.1 Thermal analysis

CIN was used as a model drug while HPC and PVP VA 64 were used as the matrix-forming
polymers. Two thermal processes, namely HME and fused deposition 3D printing, were
involved in the fabrication of floating tablets. Therefore, thermal stability was critical for
establishing the processing conditions, and processing temperature had to be lower than the
degradation temperature.

Thermal analysis was utilized to evaluate the thermal stability of the formulation during
extrusion and printing. Initially dry nitrogen flow transported the sample moisture, causing
weight lost before 100 °C in the TGA thermograms (Supplement Figure 2a). The API and
PVP VA 64 began to degrade at a detectable rate at approximately 190-200 °C and degraded
above 200 °C; however, HPC was stable at least up to 250 °C. The physical mixture of the
formulation was stable up to 200 °C. Extrusion was performed at 130 °C, which is far below
the degradation temperature of the formulation, to ensure the formulation was stable after
the filament extrusion. The extruded filament was stable up to 200 °C, which was well above
the printing temperature of 165 °C. These observations confirmed the suitability of the
processing temperature. The DSC results (Supplement Figure 2b) provided more evidence to
confirm the thermal stability of the materials and filaments to support the TGA experimental
results. There was no detectable thermal event, except the melting peak of CIN at
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approximately 123 °C on the thermogram of the pure drug. To maximize the stability of the
formulations during the thermal processes, the operation temperatures of extrusion and
printing were optimized by selecting the lowest temperature, 130 °C for extrusion and 165
°C for printing, to allow smooth performance of the process in a steady state. Below 160 °C,
the printing nozzle was clogged with the materials. Thus, the thermal analysis results
indicated that the processing temperatures were well below the starting point of thermal
degradation, and thus, formulations would be stable during the processes.

Compared to the theoretical values, drug content of the filaments and the printed tablets was
97.55 - 101.02% and 97.81-99.85%, respectively. No impurity or strange peak was
identified on any of the chromatograms.

3.2 Filament preparation

Two approaches were previously reported for the preparation of drug-loaded filaments for
FDM 3D printing, namely drug impregnation and melt extrusion. The former method is
related to the loading of a drug into a commercial filament via soaking in a drug solution for
a sufficient length of time. After solvent removal, a uniform printable filament is obtained
(Goyanes, Buanz, Basit, & Gaisford, 2014). However, this process is time consuming, drug
loading of the filament is low, and its application is limited. In the latter approach, a physical
mixture of drugs and matrix forming polymers is extruded to form a cylindrical strand,
which can be used as a filament for FDM 3D printing. Such method could create relatively
high drug-loaded filaments and is compatible with a wide range of materials. Different
pharmaceutical grade polymers have been successfully utilized to fabricate filaments for 3D
printing (Melocchi et al., 2016; Zhang et al., 2019). Two important physical properties of a
filament are stiffness and ductility, and they are often employed to determine whether an
extruded strand can be used as a filament in an FDM 3D printer. HPC was used as the main
matrix-forming polymer owing to its low Tg, implying that the formulations could be
processed at a relatively low temperature (Melocchi et al., 2016). However, the extruded
strand of the CIN and HPC mixture was soft. Thereby, the filament was squeezed under the
push of the feeding gear of the 3D printer. After multiple screening experiments, PVP VA 64
was selected as the co-matrix forming polymer. The combination of HPC and PVP VA 64
significantly improved the texture properties of the extruded filament and made it printable.
The formulations were extruded using a hot melt extruder to obtain 1.7-mm uniform strands
which were later used as filaments for 3D printing. Extrusion shaped the formulations as
circular strands by pumping the molten mass through a circular orifice attached to the die of
the extruder. Extrusion was performed at 130 °C, which was the lowest temperature that
allowed the establishment of a steady process of extrusion. A standard screw configuration
with 3 mixing zones was used while feed rate and screw speed were selected in the range of
a typical extrusion process at a lab scale. Extrusion ran smoothly and steadily with relatively
low torque (10-15%) and die pressure (17-21 bar). The conveying belt speed was adjusted
to stretch the molten extrudate swelling at the die orifice to obtain a 1.7-mm uniform strand.
Because the processing temperature was higher than the drug melting point (130 °C
compared to 122 °C), the API was melted during extrusion and served as a process aid
(plasticizer/lubricant) that helped to reduce the torque. The extrusion ran as a missibilization
regime which facilitated the dispersion of the melted API in the polymer matrix and
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transformation of API to the amorphous form (Repka et al., 2018). All extruded filaments
were translucent and could be collected as “roll of ink™ (Figure 1) for use to continuously
print multiple tablets.

A 3-point bend (Repka — Zhang) test was used to evaluate the physical properties of the
filaments. The tensile strength, uniform strain, and modulus of rigidity revealed filament
strength while the fracture stress and strain to fracture revealed its ductility. Filaments were
required to possess a suitable strength and good ductility as they would experience a certain
degree of deformation during printing. The effects of PVP VA 64 on the physical strength of
the filament are presented in Table 1. Increasing the PVP VA 64 ratio resulted in a stronger
but more brittle filament as shown in Figure 1E. Additionally, the filaments with a strain to
fracture greater than 150% would not break during printing, and a tensile strength greater
than 2.5 N/mm? would prevent distortion (squeezing) of the filament by the feeding gear.
The filaments with a PVP VA 64 content >30% were frequently broken at the feeding gear
and squeezed if the PVP VA 64 content was <10%. Incorporating 15-25% of PVP VA 64
into the formulation improved the extrudate physical properties, resulting in printable
filaments. From the above results, the formulation with 20% PVP VA 64 content was
selected to prepare the filament for later experiments. The extruded filament was uniform
cylindrical with a diameter of approximately 1.7 mm and possessed a dense internal
structure and a smooth surface (Figure 1), indicating its ease for feeding into the printing
nozzle. The strand could be collected as ink rolls, enabling mounting on the 3D printer to
continuously fabricate multiple objects.

3.3 Tablet design and printing

Before printing, the object was designed, sliced into a multiple layer model, and transformed
into the .gcode format using suitable softwares. “Ink”, which is used in FDM 3D printing, is
a thermoplastic polymer filament that is pushed through a heated nozzle by a two-roller gear.
The tip of the filament is in situ melted at the nozzle. The filament pushed by feeding gears
acts as a piston to pump out the molten mass which is deposited layer by layer on the
printing platform. Printing is controlled by parameters such as nozzle temperature, nozzle
moving speed, layer heights, shell thickness, top/bottom thickness, and infill density.

The advantages of 3D printing relative to traditional pharmaceutical manufacturing
technologies were leveraged to fabricate tablets with complex structure. The floating tablets
were designed as hollow cylindrical objects as shown in Figure 2. Such low-density dosage
forms enable floating over the gastric fluid. Additionally, a low infill density of the tablet
wall could also contribute to the buoyancy of the tablet. The drug release profile of the
tablets was defined by the shell thickness, wall thickness, wall structure, and the object
design, which controlled the weight, and hence, the dose of the floating tablets. Briefly, the
buoyancy, dose, and drug release kinetics of the dosage form could be tailored by a few
mouse clicks based on the established correlation between those input parameters and tablet
performance.

Two sets of experimental design were employed to determine the correlations between
independent variables and the tablet performance, including buoyancy, unit dose, and release
kinetics. The first DoE focused on the effects of the tablet structure, which were controlled
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by printing parameters, while the second DoE sought to investigate the influences of device
dimension, which was customized by model design. From preliminary studies, independent
variables and their variation ranges were determined as shown in Supplement Table 1. Thirty
DoE formulations were successfully fabricated following precisely designed models through
a smooth printing process. Once in contact with the dissolution media, a gel layer was
formed at the tablet surface that could control dissolution media penetration into the matrix
and drug release, and maintain the vacancy inside the matrix. All prepared tablets floated
immediately within the FaSSGF and the buoyancy was maintained from 6 h to more than 12
h. More than 80% of the drug was released.

3.4 Effect of internal structure on buoyancy and dissolution profile of the floating tablets

A Box-Behnken DoE consisting of 15 formulations (Table 2) was executed to evaluate the
impact of the tablet internal structure (controlled by printing parameters) on the performance
of dosage form. The tablet model was hollow and had a diameter of 10.0 mm, height of 6.5
mm, and wall thickness of 2.5 mm. The printing parameters, namely infill, top/bottom
thickness, and shell thickness defined the internal structure of the tablet and thus controlled
the drug release profile and floating kinetics. The infill parameter defined the percentage of
the printing space that would be filled with “ink”. This variable could be set from 0%,
corresponding to the no printing material deposited, to 100%, where the printing materials
completely fill the printing space. Shell and top/bottom defined the thickness of the outer
layer which filled with the highest density of printing material, higher than 100% fill (Zhang
etal., 2017). They were discrete variables that were varied by steps of 0.1 mm (printing
resolution) and 0.4 mm (nozzle diameter) for the top/bottom and shell variables,
respectively.

The printing parameters influenced the density and penetration of the dissolution media into
the tablets, thereby controlling the drug release profile and floating kinetics. Shell and top/
bottom layers created a tight structure, retarding the dissolution media penetrated into the
tablets. Therefore, this layer swelled relatively slower and formed a relatively dense gel layer
that impeded drug release. The thicker the shell and top/bottom, the slower the drug release
and the longer the maintenance of buoyancy. However, the inner structure was loose, thereby
enabling a more rapid swelling of the polymer. Additionally, the existence of numerous
channels, where infill was <100%, facilitated the penetration of the dissolution media toward
the tablet core to further accelerate drug release from the matrix. The performance of the
DOE formulations, including floating force and dissolution at 1 h, 4 h, and 9 h, is presented
in Table 2.

All printed tablets floated immediately within the FaSSGF medium and their buoyancy was
relatively constant from 6 h to more than 12 h, depending on the formulations (Figure 3a).
Thereafter, the tablets quickly lost their buoyancy strength as either the hollow structure was
disrupted, or the dissolution medium quickly penetrated the vacant space in the center of the
tablets. The floating force of the tablets largely varied between the formulations (Figure 3a).

The regression results demonstrated a good correlation between printing parameters and the
floating force (R% =0.990). Further, the model was dependable for predicting the floating
force from the printing parameters (Q2 = 0.710). The correlation was mathematically
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expressed by regression equations (coefficients listed in Table 3) and visually depicted by
contour plots (Figure 4). All three printing parameters significantly influenced the tablet
buoyancy performance (p < 0.05) and were contravariant to the floating force. The
regression indicated that the shell thickness had the greatest effect and top/bottom thickness
had the smallest effect on tablet buoyancy. There were potential interactions between infill
and top/bottom thickness (p < 0.05) as well as shell and top/bottom thickness (p < 0.1).

These printing parameters greatly influenced the drug release kinetics. As shown in the
dissolution plots (see Supplement Figure 3), few formulations released 80% in 6 h while
other formulations took more than 12 h to achieve 80% release, with less than 50% of the
drug being released in 6 h. The printing parameters defined density and pattern of the
formulations deposited on the tablet model, thereby controlling the density and thickness of
the swelling gel layer which governed the drug release profiles. Shell thickness highly
influenced drug dissolution. When the shell thickness was constant at 0.4 mm, the difference
in the dissolution profiles among N9-N12 was minimal compared to that among N1-N4 and
N5-N8 (Supplement Figure 3). However, when the top/bottom was kept constant at 0.6 mm,
the largest variation of the dissolution profiles was observed (N5-N8), implying the least
impact of this factor on the drug release profile. Impacts of these parameters could be
quantitatively compared via their coefficients of encoded regression equations listed in Table
3. All coefficients of the three parameters were negative; thus, they were contravariant with
drug dissolution. The coefficients of the shell thickness were 5-fold (1 h) and 3-fold (4 h and
9 h) greater than those of top/bottom thickness. The effects of the printing parameters could
also be visualized by response contours. Subsequently, their effects could be quickly
determined from the plots (Figure 4).

The DoE regression results revealed a good correlation between printing parameters and the
dissolution of the dosage form (R2 > 0.98). The shell thickness and infill parameters
significantly influenced drug release at 1 h, 4 h, and 9 h (p < 0.05) while the top/bottom
thickness gained significance with time and became significant at the 4 h time point (p =
0.084 at 1 h, and p = 0.014 and 0.01 after 4 h and 9 h, respectively). The prediction of the
regression model was acceptable (Q2 > 0.49), thereby enabling the optimization of these
variables for printing tablets with the desired dissolution profiles.

3.5 Effect of design on the performance of floating tablets

The tablet model, which could be tailored by several mouse clicks, was defined by the
design parameters including diameter, height, and wall thickness. Beside controlling unit
dose, these parameters influenced the surface area and diffusion pathlength, thereby
governing the drug release profiles. These parameters also influenced the floating force by
defining the vacant space in the tablet core. This set of DoE (Table 4) revealed the
correlation between the model design and the unit dose, buoyancy, and dissolution kinetics
of the floating tablets while the printing parameters were kept constant (wall thickness = 0.4
mm, infill = 65%, and top/bottom thickness = 0.4 mm). The unit dose, floating force, and
dissolution at 1 h, 4 h, and 9 h of the DoE formulations are listed in Table 4.

The DOE results (Table 4) confirmed that tablet diameter, height, and wall thickness
significantly influenced the weight of the printed tablets (p < 0.05). There was no significant
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interaction among these three parameters (p > 0.05) meaning they independently controlled
the tablet weight. The tablet diameter had the greatest influence on the tablet weight; its
coefficient was 2.5-fold higher than the tablet height and 5-fold higher than the wall
thickness.

These parameters significantly influenced (p < 0.05) the floating force of the dosage form,
which was maintained relatively constant until the matrices were disrupted (Figure 3b).
Tablet diameter and height had a covariant effect (positive coefficients) on the floating force,
while wall thickness had a (negative coefficient) contravariant effect. The tablet diameter
had the greatest effect on the floating force displayed by its greatest coefficient in the
encoded regression equation.

Additionally, the square of the diameter variable (D*D) significantly influenced the floating
force (p< 0.05). Potential interactions between diameter and tablet height, and diameter and
wall thickness (p < 0.05) could also occur, which indicated that the effect of wall thickness
and tablet height was dependent on the values of the diameter, and vice versa.

The dissolution kinetics of the printed tablets was contravariant to the three design
parameters that could be identified visually using contour plots (Supplement Figure 4) or
quantitatively based on the coefficients of the regression equations listed in Table 5. Among
the three parameters, tablet height had the least impact on dissolution profile (Supplement
Figure 5). When the height was kept constant (formulation D5-D8), the dissolution profile
had the largest fluctuation. However, diameter had the greatest impact on dissolution,
thereby exhibiting the greatest coefficient. The least variation in dissolution profile was
observed when the diameter was kept unchanged in formulations D9-D12.

The regression results indicated an excellent correlation between input factors (diameter,
height, and wall thickness of the tablets) and output variables, including tablet weight,
floating force, and drug dissolution at 1, 4, and 9 h (R2 > 0.95, Q2 >0.57). The models were
thus deemed dependable (p < 0.05) for calculating unit dose, floating force, and dissolution
profile from a given set of input variables when the regression equation coefficients listed in
Table 5 are used. Conversely, the input variables could be determined to print floating tablets
with desired weight, buoyancy, and dissolution profile via optimization with predetermined
constrains.

Application of the regression model—Personalized medicines require the tailoring of
formulation attributes such as unit dose and drug release kinetics based on individual patient
needs. Therefore, establishing a correlation between the fabrication parameters and the
performance of a dosage form is a primary requirement that enables the immediate
calculation of input variables when a prescription order is received. Otherwise, days or even
weeks of experiments would be required to determine the conditions required to fabricate a
specific personalized medicine request.

The developed model has been applied to fabricate floating tablets with predetermined
attributes and corresponding variation ranges (Supplement Table 2). The elaborated
regression was utilized to calculate the input variables of the tablet model using the
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optimization function of the software. The object model with predicted outputs closest to the
target values revealed a diameter of 10.9 mm, height of 6.2 mm, and wall thickness of 1.7
mm.

The characterization results of the optimized formulation are presented in (Supplement
Table 2). The hardness of optimized tablet was observed to be 16.32+1.91 kp and the tablet
did not break into pieces. Similarly, the % friability value was well below 0.1 %. The
dissolution profile and floating kinetics are plotted in Figure 5. All outputs were within the
predetermined variation limits. The experiment value of the output variables was diverse but
did not exceed 10% compared to target values and was less than 7% compared to the
predicted values. However, the floating force served as an exception, as it had a 13%
difference from the predicted value. The dissolution profile of the printed tablets was well
within the defined constrains. The tablet weight was lighter than the predicted value, which
might be due to the thinner filament utilized. Similarly, the floating force was higher than
the predicted value.

Drug release kinetics of the floating tablets—When the floating tablet interacts with
the dissolution media, the polymer matrix swells and forms a gel structure that covers the
tablet. Herein, drug release was achieved via two mechanisms, diffusion through the gel
structure and erosion of the matrix. The drug release kinetics of such controlled release
dosage forms has been extensively studied and modeled by Siepmann et al (Siepmann,
Kranz, Bodmeier, & Peppas, 1999; Siepmann, Podual, Sriwongjanya, Peppas, & Bodmeier,
1999) and Caccavo et al (Caccavo, Cascone, Lamberti, & Barba, 2015). These models were
derived for conventional swelling matrixes that contained swellable materials that were
continuously distributed throughout the matrix. According to these models, drug release
occurred at a faster rate at the early phase and became slower over time due to the longer
diffusion pathlength of the drug in the matrix core and the decrease in the matrix surface.
However, as the floating tablets possessed a hollow structure, the drug release kinetics
resembled that of the early stage of conventional swellable matrixes due to the absence of a
later phase. The empirical equations therefore revealed that the drug release kinetics of
different dosage forms (Costa & Sousa Lobo, 2001) could not be applied to these floating
tablets.

After an initial minor burst, drug release from the 3D printed tablets followed zero order
kinetics (R2 > 0.98, dissolution data from 30 min to a time point where approximately 80%
of the drug was released). The relatively constant drug release profile (Supplement Figure 3,
5) derived using the special structure of the floating tablets, which was used to establish the
surface and diffusion pathlength of the swelling matrix, was relatively consistent throughout
dissolution.

4 Conclusion

A unique floating dosage form was successfully fabricated by coupling melt extrusion with
3D printing. HME showed advantages, such as the generation of high drug-loaded filaments,
customization of filament properties, and formulation of pharmaceutical polymer-based
filaments, for the manufacture of filaments for FDM 3D printing. The tablet properties,
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including its unit dose, floating force, and dissolution profile, could be tailored by several
mouse-clicks via customizing the object design or printing the structure of the tablet model.
Drug release from the floating tablets followed pseudo zero order kinetics and could be
controlled from 6 h to more than 12 h. The tablets could immediately float within the
FaSSGF, and the floating force remained constant until 80% of the drug was released. The
printing parameters (infill, shell, top/bottom thickness) and object design (diameter, height,
wall thickness) had a very good correlation with tablet performance and the regression
models were essential for tailoring the dosage forms, thereby satisfying individualized
treatment. The proposed floating drug delivery system is a viable approach for establishing
individualized treatment of drugs with narrow absorption windows.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

. Gastroretentive floating tablets were developed using HME coupled FDM 3D
printing.

. HPC and PVP VA 64 in combination produced 3D printable filaments.

. Extruded filaments possessed good mechanical strength suitable for 3D
printing.
. 3D design of tablets has significant impact on drug release characteristics.

. Buoyancy kinetics of 3D printed floating tablets.
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Figure 1:
Morphology of the filament A) and B) digital image of the extruded filament collected as an

“ink roll”; C) SEM image of the filament surface; D) SEM image of the cross section of the
filament; and E) Texture properties of extruded strands tested by using 3 points bend test

(n=5)
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Figure 2:
Image of model tablet and printed tablets. A) The hollow tablet model; B) Design of tablet

wall structure; C) representative 3D printed tablet (diameter 10.0 mm, height 6.5 mm, wall
thickness 2.5 mm); D) horizontal cross section of the tablet with 50% infill, 0.4 mm shell; E)
cross section of the tablet with 80% infill, 0.8 mm shell; F) cross section of the tablet with
80% infill, 0.4 mm shell.
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Figure 3:

(a) Representative floating kinetic profiles of printed tablets with the low (N11), medium
(N3), high (N5) floating force and that of the center formulation (N13) of the DOE set
determining effect of shell, top/bottom, and infill on the floating force of the 3D printed
tablets. Data presented as average + SD (n=3); (b) Representative floating kinetic profiles of
printed tablets with the low (D7), medium (D10), high (D4) floating force and that of the
center formulation (D13) of the DOE set determining effect diameter, height, and wall
thickness to the floating force of the 3D print tablets
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Representative 2D contours describing impacts of printing parameters to performance of

printed tablets at different time points.
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Figure 5:

Dissolution profile and floating kinetics of the optimized tablet targeted at weight 400mg;
floating force 300 uN; dissolution 15, 45, 85% at 1, 4, and 9h respectively.
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Table 1:

Effect of polymer combination on physical properties of filament.

Page 23

EVP VAGgl Diameter (mm) Tensilezstrength l{)niform strain Fractuge stress Strain to . I\_/Io_dglus of ,
ontent (%) (N/mm?) (%) (N/mm?) fracture (%) rigidity (N/mm?)
0 1.73+0.03 1.94 +0.08 50.3+0.8 N/A N/A 10.8+0.5
20 1.69 +0.02 2.79+0.03 56.1+3.3 N/A N/A 135+0.9
40 1.71£0.02 4.30 £0.09 547+29 4.27+0.04 56.1+3.1 21707

N/A: The extruded strand was not fracture within the testing strain.
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Table 2:

Effect of printing parameters on performance of DoE formulations (n=3).
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Exp.  Shell Thicknes  Top/Bottom s Thickness Infill Density  Rating force™ Dissolution 1h  Dissolution 4h  Dissolution 9h
(mm) (mm) (%) (UN) (%) (%) (%)

N1 0.0 0.3 65 183+ 31 22922 59 £4.0 94 £5.0
N2 0.8 0.3 65 96 + 15 152+1.7 422+24 788+4.1
N3 0.0 0.9 65 150 £ 25 19.7+22 528+1.9 89.5+3.7
N4 0.8 0.9 65 24+ 4 143+13 40.3+4.3 71.8+3.0
N5 0.0 0.6 50 235+25 223+15 60+22 95.7+55
N6 0.8 0.6 50 99 + 22 133+11 41.6+4.0 77.2+3.7
N7 0.0 0.6 80 136 + 29 17.0+1.0 483+2.4 84.4+35
N8 0.8 0.6 80 18+4 121+1.0 37.2+25 69.2 +3.0
N9 0.4 0.3 50 217 £ 36 16.6+1.8 48.9+2.1 85.8+4.9
N10 04 0.9 50 100 + 23 16.1+1.7 453+4.1 78.4+4.3
N11 04 0.3 80 73+16 142+13 41.7+£3.7 75.1+35
N12 04 0.9 80 49+8 14013 40.6+2.8 74.1+3.9
N13 04 0.6 65 104 + 26 157+1.7 46.1+3.6 81.3+33
N14 04 0.6 65 113+ 24 152+1.1 458+2.4 815+41

*
Floating force was measured at 5 min after tablets was introduced to FaSSGF
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Correlation of printing parameter and printed tablet performance.

Table 3:

Floating force

Dissolution 1h

Dissolution 4h

Dissolution 9h

Variable

Coeff. P Coeff. P Co-ff. P Coeff. P
Constant  111.01 0.000 15.73 0.000 45.32 0.000 80.12 0.000
Shell ™ -4452 0.000 -258 0.000 -547 0.000 -6.19 0.000
TB™ -2292 0000 -043 008 -1.31 0014 -1.92 0.010
Fill*** -34.61 0000 -1.02 0.004 -262 0001 -344 0.001
She™she 5.31 0.145 0.10 0.006 1.80 0.006 1.70 0.023
T/B /B -421 0230 027 0270 034 0421 014  0.805
Fill*Fil 164 0.618 -0.70 0.024 -1.13 0.035 -0.89 0.152
She™ /B -6.60 0.076  0.30 0.211 0.33 0.421 0.04 0.939
she™Fill 1.27 0.686 0.52 0.056 0.91 0.061 0.81 0.171
T/B™Fill 1343  0.006 0.05 0.824 0.44 0.297 0.85 0.154

Q2=0.710 Q2 =0.652 Q2=0.543 Q2=0.492

R2 =0.990 R2 =0.980 R2 = 0.986 R2 =0.981

£
“shell thickness,

Hok

Hok:

"
‘infill percentage

'.top/bottom thickness,
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Effect of model design on weight, floating force, and dissolution of floating tablets (n=3).

Table 4:

Exp. Diamete Height Wall Thickenss Floating force” Dissolution 1h  Dissolution 4h  Dissolution 9h
(mm)  (mm) (mm) (UN) (%) (%) (%)
D1 8 5.0 1.6 30 £ 06 18.6 £1.0 61.0+44 97.2+4.7
D2 12 5.0 1.6 304 + 42 147+12 464 +25 83.0+£3.9
D3 8 8.0 1.6 90+21 16.8+15 54333 90.2+4.0
D4 12 8.0 1.6 659 + 71 154+17 455+4.0 81.3+33
D5 8 6.5 1.2 125+ 18 17111 59.0+2.7 96.7+5.1
D6 12 6.5 1.2 648 £ 78 146+16 46.4+25 84.0+5.0
D7 8 6.5 2.0 55+ 13 16.1+15 555+ 45 91.9+45
D8 12 6.5 2.0 312+ 44 139+14 416+3.1 78.7+4.1
D9 10 5.0 1.2 228 £ 47 18.6 £0.8 58.8+5.0 945+4.2
D10 10 8.0 1.2 426 £ 55 178+13 54.7+28 89.1+4.0
D11 10 5.0 2.0 98 £ 19 16.2+1.1 52.6 +2.7 89.2+3.9
D12 10 8.0 2.0 253 £50 157+19 50.2+27 87.2+5.2
D13 10 6.5 1.6 215+ 40 16.0+0.8 52.2+3.8 89.9+54
D14 10 6.5 1.6 209 + 31 16.1+09 52429 89.5+3.1
D15 10 6.5 1.6 218 £ 47 16513 52.8+4.6 89.0+2.9

*
Floating force was measured at 5 min after tablets was introduced to FaSGF
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Table 5:

Correlation of printing parameter and printed tablet performance.

. Weight Floating force Dissolution 1h  Dissolutio n 4h  Dissolution 9h
variable Coeff. P Coeff P Coeff. P Coeff P Coeff. P
Const. 34526 0.000 220.60 0.000 16.269 0.000 52.383 0.000 88.944 0.000
D 104.94 0.000 153.38 0.000 -0.952 0.001 -4.651 0.000 -4.619 0.000
H 39.58 0.000 72.79 0.000 -0.231 0129 -1451 0.001 -1.511 0.006
W 20.96 0.004 -67.29 0.000 -0.571 0.006 -1.862 0.000 -1.641 0.004
D*D 8.03 0.151 24.03 0.016 -0.445 0.025 -1.199 0.003 -0.989 0.041
H*H 7.60 0.170  3.77 0.598 0.466 0.021  0.880 0.010 0.584 0.167
W*W -8.12 0.141 12.28 0.126 -0.020 0.895 0.162 0.492 0.211 0.584
D*H 7.89 0.144  42.89 0.001 0.387 0.036 0.717 0.019 0.463 0.239
D*wW 9.36 0.095 -37.77 0.002 0.035 0.808 -0.174 0.446 -0.237 0.525
H*W -0.70 0.885 -5.77 0.410 0.073 0.614 0.180 0.431 0.143 0.698

Q2=0.838 Q2=0.854 Q2=0.667 Q2=0.724 Q2=0574
R2 =0.993 R2 =0.995 R2 =0.957 R2 =0.994 R2 =0.981

(D: tablet diameter; H: tablet height; W: wall thickness)
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