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ABSTRACT

Semi-solid extrusion (SSE) is a three-dimensional printing (3DP) process that involves the extrusion of a gel or
paste-like material via a syringe-based printhead to create the desired object. In pharmaceuticals, SSE 3DP has
already been used to manufacture formulations for human clinical studies. To further support its clinical
adoption, the use of a pressure sensor may provide information on the printability of the feedstock material in
situ and under the exact printing conditions for quality control purposes. This study aimed to integrate a pressure
sensor in an SSE pharmaceutical 3D printer for both material characterization and as a process analytical
technology (PAT) to monitor the printing process. In this study, three materials of different consistency were
tested (soft vaseline, gel-like mass and paste-like mass) under 12 different conditions, by changing flow rate,
temperature, or nozzle diameter. The use of a pressure sensor allowed, for the first time, the characterization of
rheological properties of the inks, which exhibited temperature-dependent, plastic and viscoelastic behaviours.
Controlling critical material attributes and 3D printing process parameters may allow a quality by design (QbD)
approach to facilitate a high-fidelity 3D printing process critical for the future of personalized medicine.

1. Introduction

Three-dimensional  printing (3DP),

the extrusion of a gel or paste-like material in sequential layers via a
syringe-based printhead on a building plate (Fang et al., 2021; Johan-

also called additive nesson et al., 2021; Seoane-Viano et al., 2020a; Seoane-Viano et al.,

manufacturing, is an industry-disrupting manufacturing technology that
enables the layer-by-layer fabrication of 3D objects encoded in a digital
computer-aided design (CAD) file (Seoane-Viano et al., 2021a). This
technology has been explored in the pharmaceutical field for the
personalization of medicines, to avoid dose inaccuracies due to tablet
splitting when the correct dosage is not commercially available (Gude-
man et al., 2013; Melocchi et al., 2021; Trenfield et al., 2020; Watson
et al., 2021).

Semisolid extrusion (SSE) is a 3D printing technology that involves

2021b; Seoane-Viano et al., 2020b; Tagami et al., 2021; Vithani et al.,
2019; Yan et al., 2020). The preparation of materials for SSE is easy and
simple, and a large variety of excipients are available to modulate the
final ink properties. These inks may also be loaded with multiple drugs.
Moreover, the use of pre-filled and disposable syringes mitigates cross-
contamination and facilitates compliance with regulatory re-
quirements, thereby supporting the implementation of SSE in decen-
tralized clinical environments, e.g. in hospitals or community
pharmacies. Indeed, the first clinical study using 3DP in a hospital
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Fig. 1. Schematic view of the M3DIMAKER printing platform equipped with Laguna SSE printhead. 1) Instrumentalized syringe plunger holding system, 2) conical
extrusion nozzle (@ 1.60 mm or @ 0.84 mm), and 3) syringe heater system (25 °C, 37 °C or 60 °C).

Table 1

Experimental design for each formulation. The volumetric flow rate is expressed as mm? forced through the nozzle per second. The speed at which the syringe plunger

descends in mm/s is shown in brackets.

Nozzle inner diameter (mm) 0.84 0.84

1.60 1.60

Extrusion flow (mm?®/s) 16.02 (0.05 mm/s)

48.07 (0.15 mm/s)
Extrusion temperature (°C) 25 37 60 25 37

16.02 (0.05 mm/s) 48.07 (0.15 mm/s)
60 25 37 60 25 37 60

setting to prepare personalized medicines was carried out with an SSE
3D printer. In that study, chewable Printlets™ (3D printed tablets) were
administered to children affected by a rare disorder, Maple Syrup Urine
Disease (Goyanes et al., 2019).

Despite the advantages of SSE 3DP, a notable challenge lies in finding
the correct rheological behaviour of the inks that may provide phar-
maceutical products with the appropriate final critical quality attributes
(CQA). The rheological behaviour of the materials determines whether a
feedstock material candidate has suitable printability characteristics.
The extrusion process of the material through the nozzle is normally
based on a pneumatic or mechanical systems (Seoane-Viano et al.,
2021a). Pneumatic-based extrusion systems employ pressurized air to
compress and extrude the formulation using a valve-free or a valve-
based configuration (Ozbolat, 2016; Ozbolat and Hospodiuk, 2016).
Mechanical systems (piston or screw) apply mechanical force directly on
the top of the syringe to push the material through a nozzle (Ozbolat,
2016). The mechanical approach is simpler than the pneumatic one and
more affordable since it does not require an air compressor (Ozbolat,
2016). The piston can also provide greater control over critical extrusion
parameters such as the material flow. In addition, the replacement of the
syringes can be done in a quick and easy manner, resulting in an overall
faster printing process (Seoane-Viano et al., 2021b).

Although great progress has been made with extrusion systems in the
last years, there remains a need for a tool or an instrumented plunger
that allows control over the pressure exerted during the printing process.
In mechanical SSE 3D printing, pressure applied to the top of the syringe
is progressively increased up to a threshold at which material begins to
flow through the nozzle. Pressure continues to increase until the desired
flow rate is achieved, whereupon the pressure must be kept constant and
without large oscillations to assure the quality of the final product. An

increase in the applied pressure would indicate that the nozzle may be
clogged. On the other hand, a sudden drop in the pressure may indicate
the presence of air inside the syringe or nozzle, resulting in a decrease in
the amount of deposited mass (Govender et al., 2021; Rahman and
Quodbach, 2021; Seoane-Viano et al., 2021; Zidan et al., 2018a; Zidan
et al., 2018b). Clogging and intermittent material deposition are unde-
sirable as they lead to inconsistent or failed prints. Therefore, a system
capable of monitoring the applied pressure would optimize the printing
process by establishing correlations between the printing pressure and
the quality attributes of the object like weight, size, dose.

Several material properties (e.g. viscosity and printing parameters)
and process parameters (e.g. extrusion force or temperature) may affect
the printability of the materials (Govender et al., 2021; Zidan et al.,
2018a; Zidan et al., 2018b). Materials with low viscosity can be easily
extruded, but the final objects may collapse. On the other hand, if the
viscosity is high, the material may not flow. The application of a high
mechanical force to the ink may improve the flow of the material.
Likewise, heating the feedstock can also facilitate the ink flow if the
viscosity of the materials is temperature dependent. The printing pa-
rameters must be optimized for each feedstock material in SSE and it is
necessary to keep the printing parameters under control to avoid weight
variability during the printing process (Diaz-Torres et al., 2021). The
optimization of printing parameters can be time consuming, so new
tools to characterize the potential ink and to understand the complexity
of the feed-stock materials are required (Diaz-Torres et al., 2021; Zidan
et al., 2018a; Zidan et al., 2018b).

Quality by test (QbT) is the conventional strategy described in
pharmacopoeias to ensure the quality and subsequent release of a batch
(Zhang and Mao, 2017). These tests are generally destructive and
require a considerable number of dosage units (Yu et al., 2014; Zhang
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Fig. 2. Diagram of compression/shrinkage cycle, showing the two extrusion speeds tested: A) 0.05 mm/s and B) 0.15 mm/s.

and Mao, 2017), making this approach incompatible with on-demand
fabrication of personalized medicines using 3D printing. In particular,
the required sample size for quality control by QbT can be more than the
actual number of dosage units required by the patient. Also, QbT of the
intermediate product, namely the mass to be extruded, is commonly
carried out using expensive rheometry or texture analysis that can
hardly emulate all the stress conditions that the masses are subjected to
during the 3D printing process, leaving some variables uncontrolled.
As such, the implementation of quality by design (QbD) approaches
has seen considerable interest in the production of personalized medi-
cines using 3D printing (Crisan et al., 2022; Rahman et al., 2021; Zhang
et al., 2020). Foremost, it is important to identify critical process pa-
rameters (CPP) and CQA of the final dosage form. Thus far, these printed
dosage forms lack any regulatory specifications (Rahman and Quod-
bach, 2021); nonetheless, discussions are being held in various coun-
tries, such as the United Kingdom, on new regulations to facilitate the
implementation of 3D printing at the point-of-care (MHRA, 2022). The
use of process analytical technology (PAT) may allow the manufacturing
process to be controlled in a multivariate statistically significant way
(MSPC) by means of non-destructive analytical techniques, allowing the
correction of errors detected in-line or the elimination of dosage forms
that do not meet the established quality criteria from each batch
(Europe, 2021a, 2021b). Real-time batch release of 3D printed dosage
forms is necessary, and appropriate control strategies and PATs are

needed to monitor the CQAs. The implementation of PAT in the control
systems is also essential to optimize the quality of the finished dosage
form (Rahman and Quodbach, 2021). Researchers have identified some
CPPs for 3D printing of medicines such as printing surfaces, first layer
height (FLH), fill density, filament diameter, and nozzle diameter (Diaz-
Torres et al., 2021; Zidan et al., 2018a; Zidan et al., 2018b). Rheological
behaviour of the ink is also a critical attribute that requires fine tuning of
relevant CPP, such as nozzle diameter and printing rate. Therefore, there
is an urgent unmet need for the development of in-line control protocols
for SSE 3D printing.

The aim of this study is to implement, for the first time, a pressure
sensor in an SSE pharmaceutical 3D printer to obtain useful information
regarding material properties and as a PAT. This pressure sensor may
first endow the pharmaceutical 3D printer with in situ texturometer
capabilities for the characterization of the materials. This tool would
allow the control of the process parameters during both the testing of the
inks under printing-like conditions and then the printing process of the
medicines. Three different masses, vaseline (as high flow material
model), gel-like formulation (isoleucine chewable gel-based formulation
as temperature-stimuli response material), and paste-like formulation
(isoleucine formulation paste based as extrudable material at room
temperature) were evaluated. Different flow parameters were recorded
for the characterization of the masses, and relationship between the flow
properties and the printability were attempted. The outcomes obtained
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Fig. 3. Screenshot of the Texturometer Utility for M3DIMAKER Studio (FabRx Ltd., UK), showing the program created for the compression/shrinkage cycle, with test

conditions and data collection.

with the new sensors were compared and validated using a conventional
rheometer.

2. Materials and methods
2.1. Materials

Chewable gel-based formulation was provided by FabRx Ltd. (United
Kingdom). L-Isoleucine was purchased from Nutricia (Netherlands).
Vaseline soft, polyvinylpyrrolidone (PVP) and oral banana essence were
provided by Acofarma. Ac-Di-Sol® (Croscarmellose Sodium) was pro-
vided by FMC Corporation (Philadelphia, PA, USA). Lactose mono-
hydrate was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of extruded masses

Three masses with different expected rheological and flow

characteristics were selected and tested.

2.2.1. Vaseline soft

Commercial vaseline soft or white soft paraffin was chosen as a
model compound since its flow and rheological properties have been
extensively studied (Barry and Grace, 1971). According to previous re-
ports, it has a temperature dependent behaviour which makes it suitable
for our test conditions.

2.2.2. Gel-like formulation

Chewable gel-based formulation containing 40% w/w of isoleucine
was prepared as temperature-responsive material. The composition of
the chewable formulation from FabRx includes sucrose, pectin, malto-
dextrin, maltitol, buffer salts and water. All the excipients were added to
a metal container and mixed with a blade stirrer (Heidolph, Germany).
The mixture was heated to 80 °C for 10 min on a hot plate with tem-
perature control (MS-H280-Pro model) and isoleucine was added until
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Fig. 4. Example of graphical representation for test profile B of (A) the pressure applied versus test time (graphical calculation of the flow parameters for each mass)
and (B) of the pressure exerted versus the displacement of the piston (graphical calculation of the Young’s modulus for each mass).

Table 2
Studied parameters.
Name Units  Data source Calculation
Maximum applied Laguna SSE .
pressure (MAP) Pa printhead Pressure-time plot
Pressure of steady flow Laguna SSE .
P P -1 lot
(PSF) a printhead ressure-time plo
Laguna SSE Pressure-time plot (PSF /
Recoverable stress % printhead MAP) * 100
Time to reach steady s Laguna SSE
flow printhead
. L SSE .
Yield stress Pa agu na Pressure-time plot
printhead
Young module Pa Laguna SSE Pressure-displacement
printhead plot
Dynamic viscosity (i) Pass Rheometer u= z
14
Shear stress (7) Pa Rheometer
Storage modulus (G’) Pa Rheometer
Loss modulus (G") Pa Rheometer

completely dispersed in the mass. Finally, the syringes were filled with
the formulation and cooled to room temperature for pectin gelation.

2.2.3. Paste-like formulation

For the preparation of the paste containing isoleucine (40.4% w/w),
all the components were milled separately using a mortar and pestle.
Each component was then added to the Unguator® mixer jar in the
following order: isoleucine, lactose monohydrate (18.2% w/w), poly-
vinyl pyrrolidone 30 K (8.1% w/w), banana flavouring essence (3.0%
w/w), and Ac-Di-Sol (30.3% w/w). Purified water was gradually added,
mixing for 20 s at 600 rpm at each interval, until a 40:60 solid:water
mass ratio was obtained.

2.3. Texture analysis using a 3D printer pressure instrumentalized SSE
printhead

A pharmaceutical 3D printing platform (M3DIMAKER, FabRx Ltd.,
UK) equipped with the pressure instrumentalized SSE motor-driven
printhead (Laguna SSE printhead, FabRx Ltd., UK) was used (Fig. 1).
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Fig. 5. Graphical representation of the applied pressure versus time recorded for commercial soft vaseline using A) the test profile A (Q = 16.02 mm?®/s) and B) test
profile B (Q = 48.07 mm?/s). Two nozzle sizes (NZ), (0.84 and 1.60 mm) and three temperatures (T) (25 °C, 37 °C, 60 °C) were evaluated.

In contrast to other 3DP SSE technologies, this brand-new printhead
performs mechanical extrusion by using an anchoring system with a
stepper motor. In this way, the syringe plunger could move with milli-
metric precision to achieve precise dosing of the semi-solid mass. This
printhead is designed to fit a 20 mL syringe (B. Braun Medical Inc. OEM,
UK) in which the materials to be extruded are introduced. Approxi-
mately 15 g of each of the prepared masses were loaded through the
back of the syringes using a spatula.

The extrudability profile describes the force applied as a function of
time, required to extrude a formulation at a specified flow rate through a
nozzle of defined length and tip diameter and at a given temperature.
Two conical extrusion nozzles (1.60 mm or 0.84 mm orifices), two flow
values and three extrusion temperatures were studied (Table 1).

Using the Texturometer Utility for M3DIMAKER Studio (FabRx Ltd.,
UK) integrated in the pharmaceutical 3D printing platform, it was
possible to set up the compression/shrinkage cycle. The compression/
shrinkage cycle (Fig. 2) consisted of applying a downward force on the
plunger cartridge for a distance of 6 mm, followed by a hold time of 40s,
then a retraction of the same distance previously travelled, and finally a
waiting time of 40 s.

In this way, two compression/shrinkage profiles were used to
perform the different tests in which the plunger displacement speed was
varied (0.05 mm/s (Profile A) and 0.15 mm/s (Profile B)) in order to
simulate the semi-solid material flows that are used during 3D printing
at low printing speed and at high printing speed, respectively, through
the different nozzle gauges used.
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Results of soft vaseline characterization using the instrumentalised plunger of the Laguna SSE printhead.

Formulation = Temp. Q(mm®/  Nozzle inner Maximum applied Steady flow pressure Recoverable stress  AUC1 (Pa's-  Young’s modulus
Q) s) diameter (mm) pressure (Pa - 10°%) (Pa - 10°) (%) 106) (Pa - 10%

Soft vaseline 25 48.07 0.84 0.201 0.080 39.85 0.818 0.062
Soft vaseline 25 48.07 1.60 0.033 0.007 21.92 0.072 0.220
Soft vaseline 25 16.02 0.84 0.159 0.100 62.83 1.320 0.851
Soft vaseline 25 16.02 1.60 0.018 0.005 27.95 0.163 0.064
Soft vaseline 37 48.07 0.84 0.141 0.066 46.62 0.640 0.992
Soft vaseline 37 48.07 1.60 0.043 0.009 19.72 0.098 0.296
Soft vaseline 37 16.02 0.84 0.151 0.056 36.85 1.299 1.864
Soft vaseline 37 16.02 1.60 0.018 0.005 27.95 0.163 0.056
Soft vaseline 60 48.07 0.84 0.069 0.004 5.71 0.132 n.d.

Soft vaseline 60 48.07 1.60 0.037 0.001 2.39 0.064 n.d.

Soft vaseline 60 16.02 0.84 0.077 0.014 18.05 0.399 n.d.

Soft vaseline 60 16.02 1.60 0.015 —0.003 —19.47 0.007 n.d.

For each of the pharmaceutical formulations selected in this study,
12 trials were carried out to evaluate the effects of three variables of the
3D printing process (nozzle inner diameter, flow or extrusion speed and
extrusion temperature) on the rheological properties of the semi-solid
masses (Table 1). The levels of each of the variables studied were
selected to mimic different printing conditions.

For each parameters combination, compression/shrinkage cycles
were performed with the syringe empty to record a baseline that may
correct the signal derived exclusively from the friction of the instru-
mented plunger against the syringe walls.

Data collection and subsequent analysis were done using the Tex-
turometer Utility for M3DIMAKER Studio (FabRx Ltd., UK) (Fig. 3).

Based on the resultant pressure-time plot, some extrudability pa-
rameters such as maximum applied pressure, pressure of steady flow,
and recoverable stress percentage were determined (Fig. 4A) for each
formulation and set of parameters.

From the plots of pressure versus displacement (Fig. 4B), some pa-
rameters of interest to characterize the rheological behaviour of the
masses were obtained, such as the Young’s modulus and the area under
the curve to calculate the work required to perform the extrusion
(Table 2).

2.4. Rheological characterization

Each syringe mass was sampled and mechanically analysed with a
rheometer (Anton Paar, MCR 302, Austria) equipped with a Peltier
HPTD 200 hood and a disposable aluminium measuring plate (15 mm
diameter). G’ (storage modulus) and G" (loss modulus) were recorded
during a self-healing test (amplitude sweep mode at 1 Hz) consisting in
five steps in which the shear strain was alternatively changed from 0.5%
(300 s) to 100.0% (120 s) to mimic the mass at rest conditions and the
mass extruded at high rate though the nozzle, respectively (Conceicao
et al., 2019). The gap and the temperature were set at 1 mm and 20 °C,
respectively.

2.5. 3D printing

A 3D model file was generated (.stl file) containing a total of 30
cylinders (8.20 mm diameter x 4.10 mm height), each separated by 1
cm using Autodesk® Fusion 360 (version 2.0.9011, Autodesk Inc., Cal-
ifornia, USA). The 3D models were sliced directly using the software
Slic3r (version 1.3.1-dev, GNU Affero General Public License) open-
source 3D printing toolbox integrated in Repetier Host software
(version 2.1.6, Hot-World GmbH & Co. KG, Willich, Germany). The
obtained gcode files were sent to the printer using Repetier Host
software.

The built-in data logger of the M3DIMAKER 3D printing platform
was used to collect the applied pressure values of the Laguna SSE
printhead to check that the process remained under control during the
entire production of the printlets, and to detect possible obstructions or

the presence of air that could affect the final quality attributes (CQA) of
the dosage forms. 3D scatter representation of the pressure values during
the production of the batch of dosage forms for each coordinate in space
(X, Y, Z) were plotted.

3. Results and discussion

In the present study, a pressure sensor was connected to the extrusion
barrel of the 3D printer for real-time recording of flow properties of
semi-solid masses through the small-gauge nozzles used in the produc-
tion of printlets. The use of the syringe employed during printing as well
as the use of the 3D printing platform itself eliminates many variables
that must be controlled if the tests were performed in the traditional
way; namely, using a rheometer, texturometer or other equipment for
testing the ink candidates before printing. In a simpler way, the devel-
oped setup permitted short experiments to be conducted using the
printing platform itself. Not only does this emulate the exact printing
conditions, 3D printing may also be commenced immediately using the
identified optimal parameter values.

The pressure instrumentalized SSE motor-driven printhead (Laguna
SSE printhead, FabRx Ltd., UK) and its control software allowed the
characterization of the mass under the same conditions as that during
printing. It was possible to emulate the movements made by the plunger
over the mass during the printing process with the same heating
chamber, syringe and nozzle, thus being able to determine the me-
chanical properties of the mass in situ. This eliminates numerous other
confounding factors, such as heat diffusion or flow through the nozzle
and syringe barrel walls.

3.1. Texture analysis

For the texture analysis model, the applied pressure shown in Fig. 4
was the actuation pressure applied by the plunger of the printhead. The
compression/shrinkage cycles showed a common pattern, with a
gradual increase in pressure until a threshold was reached where the
mass began to flow through the nozzle. A steady flow was then achieved
under a constant applied driving force. Subsequently, after the applied
force was released, the pressure decreased at different rates depending
on the type of mass studied, until reaching a plateau that coincided with
the moment when the mass stopped flowing throughout the nozzle.

By carrying out the different experiments, it was possible to estimate
the percentage of recoverable stress and to determine which type of
behaviour predominates in each of the masses (plastic behaviour,
viscoelastic behaviour, elastic behaviour). An important difference was
found between the gel-like formulation and the paste-like formulation
after cessation of extrusion force, as described below. The yield stress
pressure required to initiate the flow was estimated from the plot of the
pressure applied versus time.
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Fig. 6. Graphical representation of the applied pressure versus time for the gel-like formulation using A) the test profile A (Q = 16.02 mm3/s) and B) test profile B
(Q = 48.07 mm?>/s). Two nozzle sizes (NZ), (0.84 and 1.60 mm) and three temperatures (T) (25 °C, 37 °C, 60 °C) were evaluated.

3.1.1. Soft Vaseline

Soft vaseline or white soft paraffin presented a temperature-
dependent behaviour as shown in Fig. 5 and Table 3. When the
compression/shrinkage cycle profile A (Fig. 5A) with lower flow rate
(16.02 mm?>/s) was used, some differences were found between exper-
iments carried out with the lower diameter nozzle (0.84 mm), depend-
ing on the temperature set for the test. When the temperature was set at
25 °C the maximum pressure applied was higher than for the test carried
out at 37 °C. As expected, in the case of the test carried out at 60 °C with
this nozzle, the value of the maximum applied pressure was even lower
(Barry and Grace, 1971). In this way, the viscosity of the soft vaseline
decreased with increasing temperature.

The application of profile B performed at higher flow rate (48.07

mm®/s) evidenced that the maximum pressure was obtained with the
use of the lowest temperature (25 °C) and with the smallest nozzle
diameter (0.84 mm). In the test performed at 37 °C using this nozzle, a
decrease in the maximum pressure occurred due to the decrease in
viscosity and greater ease of flow. In the experiments carried out with
the larger diameter nozzle (1.60 mm), no significant differences were
observed between the extrusions carried out at 25 °C and at 37 °C. For
the tests carried out at 60 °C using both nozzles, the mass showed a
notably different behaviour, in line with previous publications (Barry
and Grace, 1971).

The percentage of recoverable stress was relatively low (19.72% -
62.83%) for all test conditions at 25 °C and 37 °C, particularly when the
larger internal diameter nozzle (1.60 mm) was used. With this nozzle
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Results of gel-like formulation characterization using the instrumentalised plunger of the Laguna SSE printhead.

Formulation Temp. Q Nozzle inner Maximum applied Steady flow pressure ~ Recoverable AUC1 (Pa's-  Young’s modulus
QO (mms/s) diameter (mm) pressure (Pa - 10%) (Pa - 10%) stress (%) 106) (Pa - 104)
Gellike 25 48.07 0.84 1.472 0.053 3.59 7.819 1.345
formulation
Gel-like
. 25 48.07 1.60 1.113 0.545 48.99 4.890 1.444
formulation
Gel-like
. 25 16.02 0.84 1.667 1.432 85.92 18.369 1.674
formulation
Gel-like
. 25 16.02 1.60 1.012 0.654 64.59 10.206 0.934
formulation
Gel-like
. 37 48.07 0.84 1.369 1.180 86.16 7.370 1.258
formulation
Gel-like
. 37 48.07 1.60 1.152 0.641 55.66 5.349 1.022
formulation
Gel-like
. 37 16.02 0.84 1.397 1.315 94.09 14.237 1.303
formulation
Gel-like
. 37 16.02 1.60 1.128 0.701 62.21 10.826 1.256
formulation
Gel-like
. 60 48.07 0.84 1.590 1.375 86.47 10.253 1.387
formulation
Gel-like
. 60 48.07 1.60 1.430 0.417 29.17 6.181 1.684
formulation
Gel-like
. 60 16.02 0.84 1.106 0.985 89.05 12.970 0.743
formulation
Gel-like
. 60 16.02 1.60 1.032 0.828 80.24 9.657 1.133
formulation

(1.60 mm), it is likely that vaseline continued flowing to some extent
after the plunger displacement has stopped, and this mass displacement
may have made the pressure drop more sharply. In the case of the tests
carried out at 60 °C, the percentage of recoverable stress was <5% under
all conditions, in good agreement with the drop in viscosity exhibited by
vaseline when heated.

Young’s modulus was determined from the initial slope of the
resulting stress-strain curves. The soft vaseline showed temperature-
independent but flow rate-dependent Young’s modulus values for the
experiments carried out with the largest internal diameter nozzle (1.60
mm). A lower value was recorded when profile A was applied (16.02
mm?/s), compared to when profile B was applied (48.07 mm®>/s), with
the values being ~ 2.5 kPa and ~ 0.6 kPa respectively. Due to the
incongruent behaviour of soft vaseline at 60 °C, the Young’s modulus
values of these experiments could not be determined.

3.1.2. Gel-like formulation for chewable printlet

The formulation designed to produce chewable dosage forms showed
temperature-sensitive behaviour (Fig. 6 and Table 4). The tests carried
out following the cycle profile A and lower mass flow (16.02 mm?/s)
(Fig. 6A) revealed that the maximum applied pressure was higher for the
tests carried out at 37 °C than for those carried out at 60 °C. Using the
smallest nozzle diameter (0.84 mm) and 37 °C, the highest applied
pressure, 1.39-10° Pa, was required. The applied pressure value for the
other nozzle-temperature variable pairs was around 1.10-10° Pa.

The recoverable stress recorded at 37 °C and 60 °C using the smaller
diameter nozzle (0.84 mm) was >89.05%. When the larger diameter
nozzle (1.60 mm) was used at 37 °C, there was a significant drop in
pressure within a few seconds, reaching the steady state pressure quickly
and showing a recoverable stress rate of <65%.

As shown in Fig. 6B, when the cycle profile B and the highest flow
(48.07 mm?®/s) were applied, the highest applied pressure values were
recorded when the smallest nozzle diameter (0.84 mm) was used. The
values increased when lower extrusion temperatures were set, for
example, at 25 °C and smaller inner diameter nozzle (0.84 mm) the
maximum applied pressure (= 1.5-10° Pa) was reached.

The experiments carried out at 60 °C at this flow rate showed
important differences depending on the nozzle used. When the smaller
diameter nozzle (0.84 mm) was used, high values of pressure in the

steady flow and percentage of recoverable stress were obtained. Under
these conditions, it took more time both to reach the required flow and
to stop the flow. Thus, the control of the semi-solid mass dosing on the
printing surface was worse. Differently, the behaviour observed for the
larger diameter nozzle (1.60 mm) was more suitable since within a short
period of time (< 5 s), there was a significant decrease in pressure and
the flow stopped, which in turn led to more precise control of the dosage
of the 3D printing ink. The recoverable stress for this set of parameters
(60 °C, 1.60 mm) was considerably lower (29.17%) than for the
remaining experimental conditions (> 55%). According to the obtained
results, the most suitable set of printing parameters for the gel-like
formulation is a temperature of 60 °C, a nozzle of a large diameter (e.
g. 1.60 mm (14 gauge)), and a high printing speed. The flow rate of
48.07 mm®/s is equivalent to high printing speeds such as 20 mm/s
when a 3DP layer height equal to the internal diameter of the nozzle is
set. A similar formulation with different isoleucine content was suc-
cessfully 3D printed and tested in a clinical study (Goyanes et al., 2019).

Young’s modulus was determined from the initial slope of the
resulting stress-strain curves. The gel-like mass showed similar Young’s
modulus values (=10 kPa), regardless of the nozzle, extrusion speed or
temperature employed (Table 4).

3.1.3. Paste-like formulation

The formulation designed to produce orodispersible printlets based
on cellulose derivatives was less sensitive to temperature changes in the
range evaluated (Fig. 7 and Table 5).

Applying cycle A and low flow rate (16.02 mm?>/s), the maximum
pressure was 1.77-10° Pa for the smallest diameter nozzle (0.84 mm)
and for the lowest test temperature (25 °C) (Fig. 7A). When the nozzle
used was the smaller diameter (0.84 mm), the maximum extrusion
pressure and stationary flow pressure values were much higher at 37 °C
than at 60 °C for the same flow rate. The recoverable stress percentage
was dependent on the nozzle used, being lower for the larger diameter
nozzle (1.60 mm), with no important differences being observed as a
function of temperature for this nozzle, being almost the same for the
experiments carried out at 25 °C and 37 °C (= 67%) and slightly lower
for the experiment carried out at 60 °C (= 55%). A discernible difference
was measured in the test carried out at 37 °C versus 20 °C and 60 °C with
the smaller diameter nozzle (0.84 mm) and lower flow rate (16.02 mm?>/
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Fig. 7. Graphical representation of the applied pressure versus time for the paste-like formulation sample using (A) the test profile A (Q = 16.02 mm3/s) and (B) test
profile B (Q = 48.07 mm°3/s). Two nozzle sizes (NZ), (0.84 and 1.60 mm) and three temperatures (T) (25 °C, 37 °C, 60 °C) were evaluated.

s), where the recoverable stress percentage was considerably higher (>
90%) as the stationary flow pressure (~1.40-10° Pa).

Considering the pressure at steady flow recorded, for the highest
flow rate (48.07 mms/s), the mass flow through the nozzle ceases at
around 7.00 -10* Pa for the lower diameter nozzle (0.84 mm) and
3.00-10* Pa for the larger diameter nozzle (1.60 mm) regardless of the
temperature used (37 °C or 60 °C). In the tests carried out using the cycle
profile B and the highest flowrate (48.07 mm?3/ s), the pressure at steady
flow as well as the maximum pressure depended mainly on the nozzle
size used. As expected, the highest-pressure values were recorded for the
lower nozzle diameter (0.84 mm).

In all cases presented in Fig. 7B, the pressure value dropped quickly
in <10 s, and the recoverable stress percentages were lower, ranging
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from 36.76% (1.60 mm nozzle) to 60.43% (0.84 mm nozzle) at 37 °C.

The paste-like mass showed similar Young’s modulus values (=10
kPa) for measurements performed at 37 °C and 60 °C, regardless of the
nozzle used or extrusion speed. The highest values of Young’s modulus
for these temperatures were recorded when the smallest diameter nozzle
(0.84 mm) and the highest flowrate (48.07 mm?®/s) were used (~18
kPa).

Based on the results obtained, there are several sets of parameters
that are postulated as adequate for appropriate flow properties of the
isoleucine-loaded paste-like formulation to produce printlets with
desirable quality attributes. Using a high flow rate 48.07 mm®/s (high
printing speed), these parameters are a printing temperature between
37 °C - 60 °C and a nozzle diameter (1.60 mm or even 0.84 mm)



E. Diaz-Torres et al.

Table 5

International Journal of Pharmaceutics: X 4 (2022) 100133

Results of paste-like formulation characterization using the instrumentalised plunger of the Laguna SSE printhead.

Formulation Temp. Q Nozzle inner Maximum applied Steady flow Recoverable AUC1 (Pas-  Young’'s modulus
Q) (mm3/s) diameter (mm) pressure (Pa - 10%) pressure (Pa - 10°%) stress (%) 105) (Pa - 104)
Pastelike 25 48.07 0.84 0.935 0.671 71.78 5.376 5.690
formulation
Paste-like
. 25 48.07 1.60 0.792 0.482 60.83 4.027 0.988
formulation
Pastelike 25 16.02 0.84 1.766 0.841 47.61 15.244 10723
formulation
Paste-like
. 25 16.02 1.60 0.856 0.576 67.22 9.729 0.738
formulation
Paste-like
. 37 48.07 0.84 1.225 0.740 60.43 5.878 1.833
formulation
Paste-like
. 37 48.07 1.60 0.836 0.307 36.76 3.720 1.422
formulation
Paste-like
. 37 16.02 0.84 1.511 1.397 92.41 14.559 1.029
formulation
Pastelike 37 16.02 1.60 0.657 0.445 67.70 7.454 0.686
formulation
Paste-like
. 60 48.07 0.84 1.194 0.666 55.78 5.522 1.896
formulation
Paste-like
. 60 48.07 1.60 0.536 0.246 45.91 2.470 0.975
formulation
Pastelike 60 16.02 0.84 0.924 0.654 70.83 9.743 1.223
formulation
Paste-like
. 60 16.02 1.60 0.540 0.301 55.68 5.870 1.129
formulation
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Fig. 8. Graphical representation of the applied pressure versus time for the gel-like and paste-like formulation sample using test profile B (Q = 48.07 mm?®/s) smaller
nozzle diameter (NZ), (0.84 mm) and two temperatures (T) (37 °C, 60 °C) were compared.

depending on the resolution of the 3D object to be created. A similar
composition has already been previously 3D printed containing hydro-
chlorothiazide as the active pharmaceutical ingredient (Diaz-Torres
et al., 2021).

3.1.4. Gel-like vs paste-like formulation

As inferred from the pressure versus time plots recorded in the 3D
printer, the rheological properties of the gel-like mass and the paste-like
mass, both containing isoleucine, were different (Fig. 8). The mass
containing AcDiSol (paste-like) presented a lower percentage and higher
rate of recoverable stress after stopping extrusion at 40 s, regardless of
the temperature used, reaching the steady flow pressure after 20 s,
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which indicates a mostly viscoelastic behaviour. On the other hand, the
gel-like mass presented a considerably slower recoverable stress than the
paste-like mass and in a much higher percentage, which indicated a
more plastic behaviour. Based on the differences observed in the
maximum applied pressure and in the steady flow pressure for this mass
at the different temperatures, it can be concluded that it shows a
temperature-dependent behaviour.

3.2. Rheological characterization

The prepared masses were tested in parallel in a rheometer in order
to validate the information on viscoelasticity inferred from the 3D
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Fig. 9. Rheological properties of the masses.

printer plots. The semi-solid masses were loaded into the printer syringe
and a portion was poured on the plate of the rheometer to study the
dependence of G’ and G" on applied strain.

Amplitude sweep tests were recorded under strain conditions that
mimic rest-like situation in the syringe barrel (0.5% strain) and then
maximum stress (100% strain) during extrusion through the nozzle.
These conditions were applied cyclically to obtain information on the
consistency of recovery once the wet mass was deposited on the 3D
printing surface and the feasibility of using the same mass for successive
printing of several printlets. The protocol chosen was similar to that
previously proposed for evaluating self-healing materials (Borre et al.,
2015) and stimuli-responsive gels for 3D printing (Zhang et al., 2015).

The range of applied strain (from 0.5 to 100%) was the same as that
previously evaluated by other authors for related wet masses (Conceicao
et al., 2019) in order to cover the most extreme situations that the
semisolid masses can face during 3D printing (Fig. 9).

Among the three tested formulations, vaseline had the lowest G’
values under all strain conditions tested, with a clear predominance of
the viscous component. G" was one order of magnitude greater than G’.
This means that under an applied stress, vaseline deforms and flows with
minor storage of energy. In terms of 3D printing this means that,
compared to the other tested formulations, vaseline requires less pres-
sure to start to flow and that the diameter of the strut will be similar to
that of the nozzle with minor increase in width. Also, in this regard, after
the strong strain suffered during the pass through the nozzle, G’ and G"
values rapidly recovered and reached the same values as in the rest
before printing, which ensures good fidelity to the design. In good
agreement with the viscoelastic behaviour recorded in the rheometer,
the pressure instrumentalized plunger coupled to the 3D printer
demonstrated low pressure required to achieve the desired flow and low
percentage of pressure recovered.

While both the gel-like and paste-like formulations had G’ values
larger than G" values at rest, the paste-like formulation showed a clear
predominance of the G’ values, i.e. a more solid-like behaviour. The gel-
like formulation underwent an abrupt decrease in G’ from 51 KPa to 0.6
KPa when the strain was maximum, and then recovered to 10 KPa in 2
min at rest. In the case of G", the values rapidly decreased from 36 KPa to
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1.5 KPa at maximum strain and then increased to 7 KPa in 2 min at rest.
This behaviour indicates that although the gel-like formulation has self-
healing capability, the recovery at rest is not immediate, suggesting
shear-thinning and thixotropic behaviour. The large values of G’ explain
the large recovery of energy when the plunger stops the movement
downward, particularly under the most stressful conditions of the de-
livery through the smallest diameter nozzle. The incomplete recovery of
the moduli in a short time also explains that the stress needed for
retraction was low.

In the case of paste-like formulation, the loss modulus was smaller
with values of 10 KPa at rest, compared to G’ which was 40 KPa.
Remarkably, the paste-like formulation exhibited very rapid loss of both
moduli under 100% strain (G’: 0.15 KPa; G": 1.0 KPa) but also rapid
recovery under rest (G’: 35 KPa; G": 9.6 KPa), which was reproducible in
subsequent strain cycles. This viscoelastic behaviour explains the re-
covery of pressure when the plunger stopped the downward movement,
and also the larger pressure required for the retraction.

3.3. Use of the sensor while printing

Based on the results obtained in the characterization of the masses,
30 printlets (8.20 mm diameter x 4.10 mm height) were printed using
the paste-like formulation containing isoleucine and using some of the
parameters determined as optimal for this formulation: flow rate 48.07
mm?®/s (high printing speed), printing temperature at 37 °C, and internal
nozzle diameter of 0.84 mm.

Using the data logger incorporated in the M3DIMAKER 3D printing
platform, the applied pressure values of the 3D printhead with Laguna
SSE printhead were collected and it was possible to verify how the
process was kept under control during almost the entire production of
the printlets. In the first printlet produced, a non-homogeneous applied
pressure was observed (Fig. 10), which coincided with a non-viable
pharmaceutical form (Fig. 10D) without adequate final quality attri-
butes (CQA). Subsequently, the process remained under control since
the pressure remained constant (=100 kPa) during the printing of sub-
sequent dosage forms up to printlet number 18. During the printing of
the 18th printlet, a notably higher applied pressure value was recorded
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Fig. 10. A. General view of the applied pressure 3D scatter (paste-like formulation). B. Lateral view of the applied pressure 3D scatter (paste-like formulation). C.
General picture of the 30 printlet batch (paste-like formulation). D. Detailed view of the 1st (left) and 2nd (right) printlet (paste-like formulation). E. Detailed view of
the 17th (left) and 18th printlet (right) (paste-like formulation). F. Detailed view of two printlets (vaseline). G. Detailed view of two printlets (gel-like formulation).

for a layer, coinciding with the obstruction of the nozzle. This subse-
quently manifested as a defect in the perimeter of the printlet, as shown
in Fig. 10E. This higher value was maintained consistently during the
remaining processing of the batch without an upward trend indicating a
complete blockage. The 3D scatter plots of the pressures made it possible
to visually establish which prints were made with the desired pressure
and which were not. As can be seen in Fig. 10A-B, this parameter is
closely related to the final quality attributes (CQA) of the final dosage
forms.

4. Conclusions

A pressure sensor has been employed for the first time inside an SSE
pharmaceutical 3D printer as a PAT tool. The sensor was suitable for the
successful characterization of different masses, such as soft vaseline with
temperature-dependent flow properties, gel-like masses with plastic
behaviour or paste-like masses with predominantly viscoelastic
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behaviour, using the conditions to be employed in the 3D printing
process. It was possible to identify the most suitable printing conditions
for the different semi-solid masses. For the gel-like mass, the best
printing temperature was found to be 60 °C, using a larger internal
diameter nozzle (1.60 mm) and high printing speeds (high flow rate
48.07 mm?>/s). For the paste-like mass, several sets of parameters were
found to lead to good printing results, using temperatures between 37 °C
and 60 °C regardless of the internal diameter of the nozzle (1.60 mm or
even 0.84 mm), although using high flow rates (48.07 rnrn3/s). There-
fore, control of critical feedstock material attributes and 3D printing
process parameters, such as printing speed, inner nozzle diameter or
extruder temperature, may enable a high-fidelity 3D printing process for
the future of personalized medicine.
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