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ABSTRACT

Additive manufacturing offers manufacture of personalised pharmaceutical tablets through design freedoms and
material deposition control at an individual voxel level. This control goes beyond geometry and materials
choices: inkjet based 3D printing enables the precise deposition (10-80 pm) of multiple materials, which permits
integration of precise doses with tailored release rates; in the meanwhile, this technique has demonstrated its
capability of high-volume personalised production. In this paper we demonstrate how two dissimilar materials,
one water soluble and one insoluble, can be co-printed within a design envelope to dial up a range of release rates
including slow (0.98 + 0.04 mg/min), fast (4.07 + 0.25 mg/min) and multi-stepped (2.17 + 0.04 mg/min then
0.70 + 0.13 mg/min) dissolution curves. To achieve this, we adopted poly-4-acryloylmorpholine (poly-ACMO)
as a new photocurable water-soluble carrier and demonstrated its contemporaneous deposition with an insoluble
monomer. The water soluble ACMO formulation with aspirin incorporated was successfully printed and cured
under UV light and a wide variety of shapes with material distributions that control drug elution was successfully
fabricated by inkjet based 3D printing technique, suggesting its viability as a future personalised solid dosage
form fabrication routine.

1. Introduction

extrusion, digital light processing, binder jetting technologies, and laser
sintering (LS) [11], and the design potential [12,13] achievable by these

The advent of personalised medicines represents a promising frontier
in patient treatment, requiring the manufacture of customized phar-
maceutical dosage forms and devices [1-3]. Additive manufacturing
(AM) (also known as 3D printing) can enable the fabrication of tailored
structures [4-6]. The recent studies have shown that AM can be used to
fabricate customised doses with bespoke release profiles of one phar-
maceutical agent or multiple agents [7-10]. To date, AM of pharma-
ceuticals has utilised a variety of 3D printing modalities, including paste

AM modalities. Recent advances in Multi-Material Ink-Jet 3D Printing
(MM-1J3DP) offer a promising route for precise, contemporaneous
deposition of multiple materials at production scale [14,15], enabling
intricate designs [16,17] with high fidelity and higher throughput than
other AM techniques. However, the constraints imposed by MM-1J3DP
[14] present challenges, such as low viscosity of the feedstock mate-
rials, material stability, solidification speed and limitations on incor-
poration of particulate solids, which requires additional in-process
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elements [18].

Owing to the limited choice of processable materials, existing MM-
1J3DP studies in personalised pharmaceutical tablets focus on drug de-
livery through swelling [19] and diffusion mechanisms [20]. The choice
of excipients includes synthetic polymeric [21] and plant-based excipi-
ents [22,23], as well as co-excipients [24,25]. These release mechanisms
limit the possibility for timed release of the active material and for
desired modulation of release rates, which are required for the devel-
opment of the next generation of personalised medicines; for this, a
dissolution-mode release would be preferred. Of particular interest are
biocompatible water-soluble polymers as excipients [26-28] such as
poly-4-acrylomorpholine (poly-ACMO) which has been recently
explored to produce gels [29], but not as a water soluble excipient.
Achieving such controlled release with scalable AM process like
MM-1J3DP is relevant not only for human healthcare but also within
veterinary [30,31] and environmental sciences [32,33] applications.
However, formulations of water-soluble biocompatible materials for
MM-1J3DP are yet to be achieved, and the correlation between
multi-material design and release rates is yet to be established.

In this paper we report on MM-1J3DP of personalised pharmaceutical
tablets through development of novel water-soluble inks that can enable
tailoring of drug release profiles by geometrical design and co-printing
with soft insoluble structures. The water-soluble formulation is based
on photo-polymerisable acrylomorpholine (ACMO), whose polymer
form acts as a model excipient to enable drug release in MM-IJ3DP
tablets, exhibiting reliable printability, fidelity, medically relevant
drug-loading capacity (demonstrated here with aspirin) and ability to
attain a high molecular weight upon polymerization as needed for
biocompatibility. These properties allow for a high degree of morpho-
logical control in MM-IJ3DP soluble structures compatible with
mammalian cells. The release rate of therapeutic agents is determined by
the surface area, which can be controlled by geometrical design, as we
illustrate with tablets with different shapes, and with multimaterial
structures. We demonstrate the feasibility of fabricating multi-drug
tablets, so called ‘polypills’, with the drug release and dosage timing
of individual active materials controlled by geometrical design. More-
over, exploiting the digital scalability of MM-IJ3DP, different designs
with tailored release profiles can be manufactured contemporaneously
in a single production batch (56 pills), which is essential for the
manufacturing of personalised medicines.

2. Result and discussion

We propose that MM-IJ3DP, as a scalable AM process, can offer
unprecedented opportunities for accessing personalised drug delivery
compositions, and consequently drug release profiles, that are not
feasible with conventional manufacturing methods, such as granulation,
or direct compression. Therefore, we explored the possibility of
manufacturing complex multi-material structures, exemplifying the
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range of designs available via inkjet based 3D printing, and manufacture
multi-material structures with controlled release of a model drug. We
exploited a pill design that changes the exposed soluble excipient surface
to volume ratio over time to control drug release. MM-IJ3DP was used to
produce a range of designs containing insoluble and soluble polymers
(Fig. 1), in a single manufacturing step. The insoluble polymer part of
the structure is designed to inhibit the ingress of a media and consequent
drug elution, whilst the soluble part allows for release of the active
material. The cross-linked and insoluble polymer was composed of a
copolymer in a 25:75 wt/wt ratio of tricyclo[5.2.1.0 2,6]dec-
anedimethanol diacrylate (TCDMDA) and ethylene glycol dicylco-
pentenyl ether acrylate (EGDPEA); the soluble parts of the structures
were composed of poly-4-acryloylmorpholine (poly-ACMO). 2,4 diethyl-
9H-thioxanthen-9-one (DETX) were used as the photoinitiator and ethyl
4-(dimethylamino) benzoate (EDB) as the accelerator to form a type II
photoinitiation system for printing in ambient conditions (Fig. 1 and
Supplementary Information SI1).

To demonstrate the increased complexity achievable through MM-
1J3DP, we produced composite cylindrical structures (outer diameter,
d, = 8 mm) with six designs (Fig. 1c): (1) a disc; (2) an annulus; (3) a
non-soluble annulus with a water soluble core; (4) a water soluble
annulus and insoluble core; (5) encapsulation of insoluble cubes (600
pm side length) by the soluble matrix; (6) and its inverse — encapsulation
of soluble cubes by the insoluble matrix. In each case we were able to
observe that the soluble component dissolved, leaving the insoluble
component remaining (Fig. 1c).

In these structures, the surface area is varied to modify the time-
dependent release rates. We measured the dissolution from geometries
that included discs, squares, hexagons, pentagons, pentagrams and four-
pointed stars with 2 mm thickness (Fig. 2a, see Methods). The dissolu-
tion rate (Fig. 2a) increased linearly with increasing surface area (R? =
0.9915), as expected from the classical Noyes-Whitney equation,
showing that dissolution in this case is governed by the available contact
area between ACMO and the dissolution media [34,35]. This result
meant that we were able to design structures where the dynamic contact
surface area of the soluble part can be used to control the release rates —
i.e., a variable surface area for contact with the solvent, as ACMO is
dissolved, can be designed a priori. This approach to dosage form
manufacture demonstrates how, through manipulation of the combi-
nation of soluble and non-soluble materials, it may be possible to control
the release of any API in a temporal and ‘digitised’ manner that is not
achievable by more currently used manufacturing methods.

The suitability of poly-ACMO as a model excipient from a bio-safety
perspective starts from cell viability assays. Mouse 3T3 fibroblasts were
exposed to poly-ACMO, released from printed structures, with different
concentrations from 0.001 % to 1 wt% for a period of up to 24 h
(Fig. 2b). According to the Food and Drug Administration (FDA) [36], an
excipient is deemed non-toxic if it has no significant effect on cell
viability following 6 h exposure [37]. No evidence of cytotoxicity was

Fig. 1. a) Schematic illustration of multi-material inkjet-based 3D printing MM-1J3DP and chemical structures of the soluble ink components (inset); b) Photograph
of printed multi-material, MM-IJ3DP produced designs printed in a single batch ¢) Schematics of designs (top row) and corresponding photographs of MM-1J3DP
printed cylindrical structures as printed (second row), after partial (third row) and full (bottom row) dissolution of the soluble material.
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Fig. 2. a) A photograph of printed poly-ACMO structures and the dependence of dissolution time on the surface area of these structures. b) Cell viability of 3T3
fibroblast cells following 1 h, 6 h and 24 h exposure to poly-ACMO solution with different weight concentrations. Error bars represent mean =+ standard deviation for
n = 4 independent repeats. ¢) Photograph of the University of Nottingham logo printed with 30 wt% aspirin ACMO ink. Black outline indicates designed geometry. d)
Representative Raman spectra of aspirin, poly-ACMO and 30 wt% aspirin poly-ACMO (top to bottom). e) Optical micrograph and confocal Raman mapping images of
poly-ACMO (red), poly-ACMO with aspirin (green) and silicon substrate (blue). Scale bar is 1 mm.

observed in our experiments following 6 h exposure at all the concen-
trations studied. Reduced cell viability was observed after 24 h exposure
to 1 wt% poly-ACMO only. At this concentration we observed some
precipitation of poly-ACMO over time, which is a likely reason for the
observed reduced viability.

Having established the utility of MM-1J3DP for the manufacture of
complex composites and confirmed the linear dependence of dissolution
on surface area, we included an API into the soluble material. ACMO-
only and ACMO-aspirin (30 wt%) inks were formulated, and co-
printed into a pill (outer diameter, d = 5 mm, h = 1 mm) with the
asprin loaded region embedded in the centre of the pill (within the
‘castle’) (Fig. 2e top-left). Raman spectroscopy analysis revealed char-
acteristic peaks for aspirin and ACMO (1039 and 846 cm™!, respec-
tively), confirming successful incorporation and controlled distribution
of aspirin (Fig. 2d and e). The printing strategy was that in every layer,
the inks were deposited sequentially with the UV dose applied in

between to prevent/minimize cross-contamination. No indication of
intermixing between the inks at the interfaces was observed (Fig. 2e). To
quantify the aspirin loading of the printed pill, the structure was dis-
solved in deuterated chloroform for subsequent analysis by 'H NMR
spectroscopy. After dissolution, a total aspirin loading was calculated to
be 6.9 + 0.3 wt% from the whole pill, comparable to the expected value
for this design (6.4 wt%) and within typical pharmaceutical quality
standards [38]. For printed 30 wt% aspirin poly-ACMO, only ~ 1 mol%
of acrylate residues were found (Supplementary Information, SI2),
indicating that the presence of aspirin does not interfere with the
polymerization process.

Differential Scanning Calorimetry (DSC) data (Fig. 3a) and polarized
optical microscopy (PLM) studies (Supplementary Information, SI2)
revealed that aspirin retained an amorphous physical state in printed
poly-ACMO with aspirin. Further studies using X-ray diffraction (XRD)
confirmed that aspirin did not recrystallize after ink curing (Fig. 3b). We
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Fig. 3. a) DSC measurements of poly-ACMO without and with 30 wt% aspirin loading, indicating Tg values, and b) corresponding X-ray diffraction patterns tracking
the presence of crystallization within the pill. ¢) Compression test of the poly-ACMO pill, with error envelope representing 95 % confidence interval, n = 8. d)
Friability of the poly-ACMO pill. ) Molecular weight evaluation using GPC in aqueous column for printed poly-ACMO without and with 30 wt% aspirin loading.
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propose that interactions, such as hydrogen bonding between the
ACMO, poly-ACMO and aspirin, as observed from the shift of charac-
teristic peaks in the 'H NMR spectra, hindered recrystallization (Sup-
plementary Information, SI2).

To check that the printed dosage forms could meet standard physical
tablet criteria, strength and friability tests were performed. The fracture
strength of printed poly-ACMO was found to be 32.0 + 4.3 MPa
(assessed using tablets d = 8 mm, h = 3 mm; Fig. 3c) and the friability
weight loss was less than 1 % after 100 cycles (assessed using cubes with
3 mm sides; Fig. 3d), both values meeting the production requirements
of the US pharmacopeia (USP). The molecular weight of MM-IJ3DP
printed poly-ACMO was characterized by GPC (Fig. 3e), determining
that the M, and M,, were 142,300 and 155,100 g/mol, respectively.
Aspirin-loaded poly-ACMO pills showed comparable molecular weight
(M, 140,800 g/mol, M, 153,800 g/mol), hence confirming that any
potential interaction between the aspirin and ACMO did not signifi-
cantly affect in-print polymerization. The dispersity (D = M,,/M,,) for
the poly-ACMO and aspirin loaded poly-ACMO was 1.10, both of which
are within the range indicative of a narrow molecular size distribution
and controlled polymerization (1.02-1.10) during [J3DP [39,40]. The
printed tablets have a shelf life of at least one month if sealed and stored
in a dry environment. Under exposure to ambient conditions, the tablets
remain stable for up to one week, after which macroscopic cracks
appeared due to moisture absorption.

The successful demonstration of MM-IJ3DP solid dosage forms was
used for designing tablets with release profiles that varied by virtue of
control of the spatial variation of the soluble component alone. Four
cylindrical multi-material designs were printed with standard tablet
sizes (d = 8 mm, h = 3 mm) using a combination of the insoluble ink and
the soluble poly-ACMO with aspirin (Fig. 4a). Design 1: a standard cy-
lindrical tablet, with a small core of crosslinked and insoluble polymer.
Design 2: a capped cylindrical tablet with top and bottom impermeable
surfaces, designed to have a reduced dissolution rate compared to
Design 1. Design 3: a capped and partially walled cylindrical tablet with
the partial wall placed at the outer radius (R), designed to reduce the
surface area normal to the radial direction. Design 4: a capped and
partially walled cylindrical tablet with the partial wall placed at a radial
location corresponding to 4R/3, designed to have an initially rapid
dissolution followed by a reduced dissolution rate. We note that after
dissolution of the poly-ACMO parts of these designs, the insoluble
components remained intact and retained their original geometrical
shape (Fig. 4a).

AspirinReleased /mg @ ACMO Released img =
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The dissolution rate of poly-ACMO was measured using UV-Vis
absorbance spectroscopy, monitoring the characteristic absorption peak
of poly-ACMO at 317 nm (see Methods). Of all the designs, Design 1 had
the fastest release rate (4.07 + 0.25 mg/min) over ~50 min, due to the
unconstrained release from the soluble formulation component in the
upper, lower and radial surfaces (Fig. 4b). Top and bottom barriers of
insoluble material in Design 2 reduced the dissolution rate to 2.17 +
0.04 mg/min and extended the dissolution time to over 80 min. Design 3
reduced the release rate further to 0.98 + 0.04 mg/min, as the outer
wall reduced the available surface area for dissolution compared to
Designs 1 and 2. Design 4 showed an initial release comparable to that
observed from Design 2 (2.17 + 0.04 mg/min), followed by transition to
a significantly lower release rate of 0.70 + 0.13 mg/min, as the poly-
ACMO front moved through the inner insoluble separating wall. The
release rates observed for these multimaterial designs (Fig. 4c) are
comparable with the dissolution rates from single material prints illus-
trated in Fig. 2a. For both single material and multimaterial tablets, the
dissolution rate is determined by the contact surface area, as expected
from the Noyes-Whitney equation (Fig. 2 and Supplementary Informa-
tion, SI3, Figure S7). Importantly, the design flexibility offered by MM-
1J3DP can provide the additional benefits of complex delivery strategies
with pre-designed release times and rates, as well as potential for the
delivery of multiple pharmaceutical agents in a single tablet. Further
detailed studies are needed to fully explore these potentials. Dissolution
of poly-ACMO was accompanied by release of aspirin. High Performance
Liquid Chromatography (HPLC) measurements revealed broad mapping
of the release of aspirin to the release of poly-ACMO. The first 70 min
showed the fastest aspirin release for Design 1, with reduced rates for
Designs 2 and 3 and a two-stage release profile for Design 4. Our results
demonstrate a high degree of control of the release rate and introduced
complexities, such as changes in the release rate and duration of release.
Furthermore, it also demonstrates that for rapid evaluation of designs, it
is reasonable to use the release of poly-ACMO as a proxy for drug
dissolution. This approach to dosage form manufacture demonstrates
how, through manipulation of the combination of soluble and non-
soluble materials, it may be possible to control the release of an API in
a customised manner, not achievable by other methods.

The results achieved here on control of release rates and the timing of
release are enabled by the unique capabilities of MM-1J3DP, and could
advance the field of personalised pharmaceutics. The methods and
materials developed here overcome the limitations of low production
speed and printing resolution in extrusion based AM used to date [41],
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Fig. 4. Tablets with four different release behaviours were designed and printed through MM-IJ3DP process: a) Schematic of the four different tablet designs and the
photos of the residues after the loaded excipient were fully released, scale bar 4 mm; b) Poly-ACMO releasing profile tested by USP II, mean + standard deviation
with n = 4; c) the linear fitted releasing curve for the first 75 min of the drug releasing from the 4 different designs; d) Shows the release profile of aspirin loaded
tablets of the four designs measured by HPLC, tested by USP II, mean + standard deviation with n = 4.
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and offer opportunities for in-one-batch fabrication of customized
structures with complex designs (Figs. 1 and 3). Inkjet-based AM offers
5-10 times higher printing resolution (10-80 pm), compared to extru-
sion (100-800 pm) [42], however, the availability of suitable functional
material inks with different solubility profiles is limited. Structural de-
signs of multimaterial tablets with the ACMO formulation, explored in
our work, allow us to achieve release periods of 1.5 h-3 h, which have
not been possible with the inkjet-printable excipients used to date, that
enable either rapid burst release within seconds [43] or drug
out-diffusion release of 4-100 h [19,20,44,45].

Importantly, the MM-IJ3DP utilised in our work, enables unprece-
dented control of multimaterial design opportunities to enable the
control of dosing and release rate without an increase in the overall
tablet size. This was demonstrated with examples of four designs of 8
mm diameter tablets (Fig. 4), with the dose defined by the quantity of
the soluble component of the structure containing the drug, and where
the release rate is governed by the surface area and the time of release of
the next dose is controlled by the geometry of the non-soluble compo-
nent. The experimentally established dependence between the surface
area of non-toxic soluble ACMO and the release rate is well described by
the Noyes Whitney equation for both single and multimaterial designs
(Fig. 2 and Supplementary Information SI3).

3. Conclusion

We demonstrated MM-IJ3DP using a novel formulation of a soluble
polymer, poly-ACMO, enabling Noyes-Whitney release rates to be pro-
grammed and modulated through digital design and manufacture, for
the first time. This advancement represents the foundation for a future of
personalised printed polypills exploiting a wide array of release mo-
dalities, with release rates easily programmed through their 3D-printed
structure. Poly-ACMO is shown to be biocompatible and was used as a
model excipient to demonstrate dissolution-mode delivery of aspirin
with design-controlled release rates and timed changes of release. Unlike
other photo-polymerised excipients, the dissolution behaviour of this
formulation makes new opportunities for 3D printed pharmaceutical
tablets possible, enabling manufacturers new ‘voxel by voxel’ design
freedoms and the capacity to programme the dissolution behaviour of
the tablet. This enables enhanced control over drug release profiles,
improving patient outlook and therapeutic consistency. The release
profile of the drug compound matched that of the excipient dissolution,
indicating that future designing and testing of geometries for desired
release profiles will be facile and rapid. The opportunities offered by
MM-1J3DP for in-batch manufacturing of different designs, combined
with the controlled release of the API demonstrated here, offer realistic
opportunities for advanced pharmaceutics manufacturing and person-
alised medicines.

4. Experimental methods
4.1. Ink preparation and characterization

All chemicals used were purchased from Sigma-Aldrich and used as
received. 4-Acryloylmorpholine (ACMO, 97 % contains 1000 ppm
monomethyl ether hydroquinone as inhibitor) was prepared as a soluble
ink without or with 0, 10, 20, 30 and 40 wt% of aspirin. Tricyclo[5.2.1.0
2,6 ]decanedimethanol diacrylate (TCDMDA) and Ethylene glycol
dicyclopentenyl ether acrylate (EGDPEA) in a 25:75 wt ratio was pre-
pared as the barrier ink. 2,4-Diethyl-9H-thioxanthen-9-one (DETX, 98
%) and Ethyl 4-(dimethylamino)benzoate (EDB, 99 %) were used as type
II photoinitiator system and added into the formulation at 3 wt% each.
The mixture was stirred at 800 rpm at 40 °C until all the solids fully
dissolved (~10 min). The inks were then filtered using a 5 pm PTFE
syringe filter and stored at room temperature for 12 h before use. The
inks were stored in a vial at room temperature and were stable for a
period of at least 8 weeks.

Materials Today Advances 22 (2024) 100493

Ink viscosity, u, was measured using rheometer (Malvern Kinexus
Pro) with parallel plate (40 mm) setup at 150 pm sample gap. A shearing
rate scan from 10 S~! to 1000 S~! was performed for temperatures of 25,
35, 45, and 55 °C. The surface tension, y was measured through pendant
droplet shape analysis on Kruss Drop Shape Analyser 100S at room
temperature (5 replicates). The printing indicator Z, was calculated as:

z:—vzry

where p is the density of the ink and r=17 pm is the nozzle diameter.

4.2. MM-1J3DP

The ink printability tests were performed on a Fujifilm Dimatix DMP-
2830 material printer. Inks were loaded into 3 pL Dimatix Samba car-
tridge (17 pm nozzle size) in a dark room and were stored wrapped in
foil. Photo-curing was achieved using a UV unit (A = 365 nm and 600
mW/cm?) mounted directly on the printhead carriage.

Multi-material printing and tablet batch printing were performed on
a PixDRO JETx multi-material printer, using one Spectra SP-128/SE
printhead for each ink. Up to 20 mL of each ink was filtered into the
printhead reservoirs with UV protection in place to prevent early curing,
the printheads were flushed using the ink. UV-triggered pinning and
curing of the inks were achieved using the integrated UV unit (LEDZero
Solidcure 2, A = 395 nm, Integration Technology); pinning was per-
formed immediately after deposition of a printed swathe (substrate
speed 300 mm/s, lamp height 5 mm, UV intensity 50 %, UV segments
1-7), and curing was performed at the end of each material layer
(substrate speed 50 mm/s, lamp height 5 mm, UV intensity 50 %, UV
segments 1-7). Printhead temperature, jetting waveform, and printing
resolution were determined experimentally (Supplementary Informa-
tion SI1, Table S1). Layer thickness was determined by printing and
measuring specimens composed of 5, 10, and 20 printed layers
(Table S2). The nozzle was offset by 17 pixels after each printed layer to
reduce surface roughness. The printed structures were stored in a sealed
dry environment and had a shelf life of at least 4 weeks.

4.3. Indirect cytotoxicity assay

A PrestoBlue™ assay was used to investigate the indirect cytotoxicity
of ACMO on mouse 3T3 fibroblasts (originally sources from the Euro-
pean Collection of Authenticated Cell Cultures (ECACC)). 3T3s cells
were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10 % (v/v) fetal bovine serum and 1 % (v/v) penicillin/
streptomycin antibiotic (final concentration 100 units/mL of penicillin
and 100 pg/mL of streptomycin) within a humidified environment at
37 °C, 5 % COx in air. The sub-cultured cells were harvested, suspended
in a culture medium, and then seeded at a density of 20,000 cells per
well in 48 well plates. The cells were incubated at 37 °C and 5 % CO3 in
air for 24 h. The culture medium in well-plates was removed, and the
cells were treated with a culture medium containing different concen-
trations of printed ACMO (0.001, 0.01, 0.1, and 1 % (w/v)), culture
medium alone (as positive controls), and 10 % (v/v) DMSO (as negative
control). Samples at concentrations of 1 % (w/v) were centrifuged at
12,000 rpm for 30 min to separate the undissolved printed ACMO in
culture medium. Prior to use, the printed poly-ACMO was sterilized
under UV light using UVP CL-1000 UV crosslinker for 30 min, and the
solution was filtered using a 0.22 pm syringe filter.

Following the required exposure time (1, 6, and 24 h), the medium
was aspirated, and the cells washed with phosphate-buffered saline (PBS
pH7.4). Presto blue solution, 10 % (v/v) in DMEM was then added (200
pL) to the cells and incubated for 30 min at 37 °C and 5 % CO- in air
(covered with aluminium foil to avoid exposure to light). The 100 pL of
incubated PrestoBlue™ solution from 48 well-plates was transferred to
96 well-plates, and fluorescence measured using a Tecan Infinite 200
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microplate reader (TECAN, Switzerland) at excitation 560 nm and
emission 590 nm. The cell viability was presented as a percentage
relative to the positive control at the respective timepoint. The samples
were prepared in quadruplicates to calculate the mean values and
standard deviation.

4.4. Dissolution and drug release tests

A Copley’s Dissolution Test Dis8000 (Nottingham, UK) was utilised
to determine the dissolution release of poly-ACMO. Samples were
loaded into 40 mesh (USP) baskets, covered in 500 mL of 10 mM
phosphate buffer (pH 7.4 at 25 °C) and incubated at 37.0 £+ 0.1 °C under
stirring at 50 rpm. Samples (5 mL) were collected at regular intervals
and filtered via a 0.45 pm MF-Millipore membrane filter (MILLEX HA).
An equivalent amount of fresh buffer was reintroduced after each
sampling to maintain the buffer level constant. All dissolution tests were
conducted in triplicate. The amount of excipient dissolved into the
medium was determined using UV-visible spectrophotometry. Samples
(300 pL) were loaded into a quartz well-plate (Hellma, Essex, UK) and
analysed using a Spark Microplate Reader (Tecan Trading AG
Mannedorf, Switzerland) UV-vis spectrophotometer. The analysis was
carried out in the 200-500 nm range using characteristic absorbance
peak at Amax = 317 nm to quantify dissolved poly-ACMO. Samples that
surpassed the detection limits during testing were diluted in 1:1 ratio
using a 10 mM phosphate buffer before conducting a repeat test to
ensure the accuracy of the results. The amount of aspirin released from
the formulations was determined on an Agilent Technologies 1200 Se-
ries HPLC system using an ACE Excel 5C18 column (250 x 4.6 mm id)
maintained at 25 °C. A mobile phase of 72:28 (v/v) ratio of 0.7 M acetic
acid in water: methanol was employed at a flow rate of 1 mL/min. The
eluent was monitored using a variable wavelength detector at 275 nm
with a peak eluting at a retention time of 16 min.

4.5. Raman spectroscopy

Micro Raman spectroscopy was performed using a HORIBA LabRAM
HR Raman microscope. Spectra were acquired using a 785 nm laser (20
mW power), a 50 x objective and a 300 pm confocal pinhole. A 300 lines
mm ™! rotatable diffraction grating along a path length of 800 mm was
used. Spectra were detected using a Synapse CCD detector (1024 pixels).
For xy-mapping, spectra were acquired within the range 490-1830 em™?
(one spectral window) over an area of 6600 x 6600 pm (50 pm steps).
The DuoScan functionality was employed to control the laser spot size
and confer a spatial resolution of ~50 x 50 x 20 pm in the x, y and z
dimensions, respectively. To account for differences in height for the
poly-ACMO-only and poly-ACMO with aspirin areas, a single xy-plane
was fixed at 25 pm below the focal plane of the poly-ACMO with aspirin
areas (under focus) and 25 pm above the focal plane of the poly-ACMO-
only area (over focus). Spectra were baseline corrected using a third
order polynomial model. False colour images were created by fitting the
component spectra obtained from an ACMO-only reference print (red),
an ACMOe-aspirin print (green) and the silicon substrate (blue) using
classic least squares (CLS) regression analysis. CLS scores were
normalized to 100 %.

4.6. Differential Scanning Calorimetry (DSC)

The printed specimens of poly-ACMO and 30 % (w/w) aspirin-poly-
ACMO were analysed using Perkin Elmer DSC 8000 under nitrogen,
scanning between 40 °C and 200 °C at 10 °C/min. The glass transition
temperature was recorded as the middle of the sloped region.

4.7. X-ray diffraction (XRD)

D8 Advance DaVinci (Bruker, Billerica, MA, USA) Cu Ka radiation
(40 kV and 40 mA) and an Ni filter was used to perform the pXRD

Materials Today Advances 22 (2024) 100493

analysis. The scanning speed was set to 0.02° 20 s~* with the divergence
slit at 0.3°, the anti-scatter slit at 5.2 mm. Spectra were collected in the 3
to 70 260 range at room temperature. Table samples were loaded onto
PMMA sample holders (8.5 mm height and 25 mm diameter) from
Bruker (Billerica, MA, USA) and analysed without further manipulation.
Powder sample (Aspirin) was added onto the holder, pressed and the top
surface smoothed using a glass slide, the process was repeated until a
smooth surface was achieved.

4.8. Friability test

To test the friability of the printed samples a FRV 2000 (Copley,
Nottingham, UK) was used with a standard 300 mm diameter drum
attachment. Ten tablets were dedusted, weighed and loaded into the
drum. The rotational speed was set to a constant 25 rpm. All samples
were removed, dusted, weighed and reloaded into the drum every 25
revolutions for a total of 200 overall revolutions. Weight measurements
were carried out using a high precision scale (Kern ALS Analytical Bal-
ance, Balingen, Germany).

4.9. Gel permeation chromatography (GPC)

Aqueous GPC was performed on an Agilent 1200 system fitted with
an RI detector, Agilent two PL aquagel-OH column and one aquagel
guard column eluted with 0.1 M NaNOg eluent. Molecular weight (Mn)
and polydispersity (P) were calculated according to PEG narrow stan-
dards (1500-0.105 kDa) using Agilent EasyVial calibrants fitted with a
cubic function to correlate retention time and molar mass. Polymer
samples were made by dissolving 3 mg/mL pure polymer in 0.1 M
NaNOs. 50 pL samples were injected and eluted at 1 mL/min for 30 min.

4.10. Attenuated total reflection infrared (ATR-IR) spectroscopy

A PerkinElmer UATR IR was used. The spectra for each set of samples
were normalized to the acrylate carboxyl group peak at 1726 cm ™.
Characteristic peaks at 950 em ! (y C=C) and 790 em ! (=CH) were
used to analyse the level of monomer conversion [33].

4.11. Nuclear magnetic resonance (NMR) spectroscopy

'H NMR spectra were recorded at 25 °C using Bruker AV400 and
AV3400 spectrometers (400 MHz). Samples were dissolved in deuter-
ated solvent CDCl3 to which chemical shifts are referenced (residual
chloroform at 7.26 ppm). The integrated intensities of the morpholine
—CH, peak (centred at 3.64 ppm, 8 protons) were compared with the
benzene peak of the aspirin (8.09 ppm, 7.60 ppm, 7.36 ppm and 7.13
ppm, each represents one proton). MestReNova 14.2.1 copyright 2021
(Mestrelab Research S. L.) was used for analysing the spectra.
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