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A tunable modular design (TMD) as a new approach was proposed to tailor the dose and drug release profile of
poorly water-soluble drugs from hydroxypropyl methylcellulose (HPMC)-based solid foams by combining two
manufacturing principles: (1) freeze-drying aqueous HPMC-based gels to yield porous sturdy modules with
specific doses of an active pharmaceutical ingredient (API) with the step size of 3 mg, and (2) fine-tuning the

C dilol

Pzzislsilbstrates desired dose of the API with the step size of 0.1 mg by inkjet printing of the API-loaded ink onto the modules.
Wafers Carvedilol (CAR) was used as a model poorly water-soluble API that requires frequent dose adjustment. The
Sponges limitation of poor CAR solubility was overcome by designing pharmaceutically approved co-solvent systems. This

approach ensured printable inks of a high drug content, and sturdy and flexible modules with uniform distri-
bution of CAR to achieve effective and accurate doses of CAR. The tailored release rate of CAR from TMD
products was succeeded by varying the composition, particularly, the content and grade of HPMC, and physical
dimensions of modules. The TMD approach holds potential for designing bespoke high-quality products, con-

taining hydrophilic cellulose ethers such as HPMC and poorly water-soluble APIs.

1. Introduction

Traditional drug manufacturing, based on the mass production of
fixed doses, poses a challenge to the treatment of patients with chronic
diseases as they respond differently to medications due to various factors
such as different physiology, genetics, and lifestyle (Goetz & Schork,
2018; Pirmohamed, 2014; Spear et al., 2001). To optimize the treatment
outcome, these patients often need to manipulate doses themselves at
home by splitting, crushing, and/or dispersing in water the commercial
drug products as they are only available in a limited number of
strengths. This can easily result in dosing errors that can lead to hospi-
talization and even death (Hodges et al., 2018). Such a challenge un-
derscores the importance of personalized medicine in the modern era,
particularly in developing patient-tailored drug products with accurate
doses and desirable release profiles to avoid situations where patients
are forced to self-manipulate commercially available tablets and
capsules.

Additive manufacturing, encompassing various two-dimensional
(2D) and three-dimensional (3D) printing techniques, has been
explored to provide personalized drug products with customized
appearance, dose, and drug release profile on demand (Lind et al., 2017;

Norman et al., 2017). Among these techniques, 2D inkjet printing is a
versatile, precise, and cost-effective method, offering accuracy and
repeatability in dose deposition (Azizi Machekposhti et al., 2019). It has
been used to produce solid oral dosage forms containing flexible and
accurate doses of active pharmaceutical ingredients (API) (Alomari
et al., 2015; Kolakovic et al., 2013). Briefly, the API-containing ink is
jetted onto the API-free edible solid substrates (also later referred to as
foams and modules) in a predefined pattern. The imprinted dose and
drug release kinetics can be tuned by digitally adjusting either the
printing area, density, and/or the number of subsequent printing layers
(Raijada et al., 2021). The main limitation of inkjet printing is that it is
alone primarily suitable only for delivering low-dose drug products. This
is due to two main reasons: (1) the limited solubility of the API in the ink
base, which mainly consists of the solvent mixtures approved for oral
administration (Jouyban, 2008; Raijada et al., 2013), and (2) the limited
ink absorption capacity of solid foams, which cannot hold higher vol-
umes of printed inks when higher doses are desired (Scoutaris et al.,
2016). To overcome this challenge, a new approach, known as tunable
modular design (TMD), was proposed as a flexible dosing platform
enabling sub-milligram dose adjustment of an antidepressant citalopram
hydrobromide while reaching clinically relevant doses (Ahola et al.,
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2024). TMD combines two manufacturing principles to produce a wide
range of accurate and tailored doses: (1) freeze-drying aqueous API-
containing polymer-based gels to create porous solid foams (referred
to as modules) loaded with predefined doses of API, and (2) fine-tuning
the desired dose by inkjet printing API-containing ink onto these mod-
ules. TMD represents a new, customizable advancement compared to
conventional drug manufacturing technologies that are based on batch
production or extemporaneous production of patient-specific doses in
compounding settings. The former is rigid, whereas the latter is an
expensive and laborious manufacturing method. Therefore, TMD has the
potential to enhance drug efficacy and meet the diverse needs of patients
by providing precise dosage control, flexibility in ingredient adjust-
ments, and tunable drug release. Freeze-dried hydroxypropyl methyl-
cellulose (HPMC)-based solid foams with open-cell structures have been
considered the most favorable modules for inkjet printing of pharma-
ceuticals due to their superior ink absorption, mechanical, and stability
characteristics (Iftimi et al., 2019). Such foams are versatile and can be
utilized for various routes of administration (Ayensu et al., 2012; Iftimi
et al., 2019; Korelc et al., 2023). In the previous study by Ahola et al.
(Ahola et al., 2024), the TMD approach was showcased with citalopram
hydrobromide, a freely water-soluble biopharmaceutics classification
system (BCS) class I drug that does not possess challenges regarding the
API solubility in the pharmaceutically approved solvents for oral use.
Therefore, this sufficient solubility of the studied API allows fast ink and
module formulation to produce final drug products with accurate doses
and immediate-release profiles. Formulation of continuously printable
API-loaded ink with homogeneous distribution of API within the porous
HPMC modules is extensive, expensive, and technologically challenging
if the API is poorly soluble.

For inkjet printing poorly water-soluble pharmaceuticals, it is
possible to use the suspension-type inks to increase the concentration of
the API in the ink, and consequently, the printed dose. However,
suspension-type inks tend to clog the jetting nozzles, resulting in fluc-
tuations in the produced doses (Kollamaram et al., 2018; Palo et al.,
2015). Furthermore, ensuring the homogeneous distribution of API
particles within the ink during continuous printing and within the foam
after freeze-drying is challenging. The solution-type inks also face
challenges in formulating a printable ink containing poorly soluble APIs
as their solubility in the solvents approved for oral use (e.g., water and
ethanol) is limited (Raijada et al., 2013). For the same reason, it is
challenging to produce edible foams with a homogeneous distribution of
poorly soluble APIs within the modules when applying TMD. Further-
more, poorly water-soluble drugs have a limited dissolution rate, which
frequently results in reduced bioavailability when administered orally
(Kawabata et al., 2011). Inclusion of a surfactant or adjusting pH are the
common methods to improve the dissolution characteristics of poorly
water-soluble APIs (Edinger et al., 2018; Pardeike et al., 2011).

Carvedilol (CAR) is a poorly water-soluble API that belongs to the
BCS class II category, with a water solubility of 11 pg/mL (Fernandes
et al., 2018; Yuvaraja & Khanam, 2014). CAR is indicated for treating
heart failure, hypertension, and left ventricular dysfunction (FDA,
2017). It requires frequent dose adjustments (BMA, 2020), especially for
pediatric and geriatric patients. However, it is only commercially
available in fixed strengths of 25 mg, 12.5 mg, 6.25 mg, and 3.125 mg,
forcing patients and their caregivers to self-adjust doses. Incorrectly
high CAR doses can cause severe adverse effects such as hypotension,
cardiac insufficiency, and cardiac arrest, while too low doses can
compromise the therapeutic effect. The availability of marketed
immediate-release tablets (COREG) and extended-release capsules
(COREG CR) (WaylisTherapeutics, 2024) highlights the need for drug
products with different CAR release profiles.

The present study aimed to propose, for the first time, a roadmap for
developing bespoke HPMC-based drug products using the TMD
approach to enable flexible doses and tailored release profiles of poorly
soluble APIs like CAR. We expect to develop a solution-type ink
formulation with the highest CAR content within the printable range,
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based on the specific criteria of viscosity and surface tension. We hy-
pothesize that different (immediate and extended) release profiles of
CAR from printed and unprinted TMD modules can be achieved by
varying the composition and physical dimensions of the porous HPMC-
based modules loaded with poorly water-soluble API.

2. Materials and methods
2.1. Materials

Carvedilol (Cipla Ltd., Mumbai, India) was used as the model poorly
water-soluble API. Propylene glycol (PG) (Sigma-Aldrich, USA), polox-
amer 188 (Lutrol® F68, abbreviated to F68) (Sigma-Aldrich, Steinheim,
Germany), glycerol (>99.0 %) (Sigma-Aldrich, Malaysia), and ethanol
absolute (Merck, Germany) were used as solvents. Hydroxypropyl
methylcellulose (HPMC) (Metolose® 60SH-50 (HPMC M50) and Phar-
macoat® 615 (HPMC P615) (Shin-Etsu Chemical, Tokyo, Japan) with a
nominal viscosity of 50 mPa-s (Shin-Etsu, 2023b) and 15 mPa-s (Shin-
Etsu, 2023a) for 2 wt% aqueous solution at 20 °C using Ubbelohde tube,
respectively, were used. For both HPMC grades (Metolose® 60SH-50
and Pharmacoat® 615), the substitution type is 2910; the methoxy
content is 28.0-30.0 %; the hydroxypropoxy content is 7.0-12.0 %; the
molar substitution of hydroxypropoxy group (the average number of
substituents in the anhydrous glucose unit) is 0.25; and the degree of
substitution of methoxy group (the average number of substituted hy-
droxyl groups in the anhydrous glucose unit) is 1.9) (Shin-Etsu, 2006b,
2023b). According to the size-exclusion chromatography with multi-
angle light scattering (SEC-MALLS) performed by Shin-Etsu Chemical
Co., Ltd., the weight-average molecular weights (Mw) are 60,000 g/mol
and 76,800 g/mol; the weight-average degrees of polymerization (DPw)
are 296 and 378; and the molecular weight distributions (Mw/Mn) are
1.89 and 2.64 for Metolose® 60SH-50 and Pharmacoat® 615, respec-
tively (Shin-Etsu, 2006a). The following excipients were used for both
ink formulation and module preparation: MilliQ water (18.2 MQ)
freshly prepared by ELGA LabWater system (High Wycombe, U.K.),
polysorbate 20 (Tween 20) (Fluka Analytical, Switzerland) and lactic
acid (LA) (88-92 %) (Fluka Analytical, Switzerland). The composition of
the original inks (Primera Technology, USA) was the following: the
yellow ink contains purified water, propylene glycol, glycerine, Yellow
#5, polysorbate 80 (Tween 80), mono- and di-glycerides, Yellow #6 and
NaOH; the cyan ink contains purified water, propylene glycol, glycerine,
Blue #1, polysorbate 80 (Tween 80), NaOH, mono- and di-glycerides,
and the magenta ink contains purified water, propylene glycol, car-
moisine (dye), glycerine, polysorbate 80 (Tween 80), NaOH, mono- and
di-glycerides and potassium citrate. 37 % hydrochloric acid (HCI)
(Sigma-Aldrich, USA) was diluted with MilliQ water to prepare 0.1 M
HCI for release experiments and 0.7 % HCl + 0.5 % (w/v) sodium
dodecyl sulfate (SDS) (Merck, Germany) in water for the quantification
of printed CAR amount.

2.2. Methods

An overview of the preparation methods, tools, relevant factors, and
assessment used in this study is illustrated in Fig. 1.

2.2.1. Solubility studies

An excess amount of CAR was added to 1 mL of the solvents: Tween
20, PG, 1 % (w/v) Lutrol® F68 in water, glycerol, ethanol, 0.1 M HCI,
water and LA. The suspensions were kept on a shaker (HETO RK20,
Denmark) at 19 rpm for 24 h at room temperature (20 °C) and then
centrifuged at 13.5 x 10° rpm for 10 min. The supernatant after
appropriate dilutions was analyzed at the wavelength of 330 nm using
an Evolution 300 UV-visible spectrophotometer (Thermo Scientific,
England) with 10 mm Quartz Suprasil high precision cell (Hellma An-
alytics, Germany). The stock solution of CAR and the corresponding
dilutions were prepared in ethanol. Linearity was observed in the range
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Fig. 1. A diagram of the research study flow and methodology. CAR = carvedilol; HPMC = hydroxypropyl methylcellulose; XRPD = X-ray powder diffraction; SEM

= scanning electron microscopy.
of 6.25-100 pg/mL (R? = 0.999).

2.2.2. Ink development

Based on CAR solubility results and the preliminary viscosity results,
water, ethanol, Tween 20 and/or LA were included in a co-solvent
system, and the solvent ratios were fine-tuned (e.g., 60/40, 60/30/10,
50/30/20) until a desired viscosity of the co-solvent systems was ach-
ieved (Appendix 1, Supplementary data).

The selected CAR-containing inks together with original edible inks
(cyan, yellow and magenta inks) (Primera Technology, USA) were
further characterized regarding density, viscosity, and surface tension.

The density of the inks was determined by accurately weighing 1 mL
of the ink in ambient conditions. The average of three measurements
was used to calculate the density of the ink. The viscosity of the inks was
determined using a Discovery HR-3 Rheometer (TA Instruments Ltd.,
New Castle, DE, USA). Measurements were conducted with a cone (angle
1.002°) and plate (¢ 40 mm) setup at 25 °C. 400 pL of the ink was

Table 1

transferred to the plate with an initial soaking time of 60 s and subse-
quently subjected to a shear stress ramp from 10 to 1000 1/s with 4
points per decade and a maximum equilibration time of 60 s. The solvent
trap system was used to prevent solvent evaporation during the mea-
surement. The Trios software (version 4.0.1.29891, TA Instruments) was
used for data acquisition. Measurements were performed in triplicate
and the average value at 1000 1/s was used as the viscosity of the ink.
The surface tension of the inks was measured using a DSA100 Drop
Shape Analyzer (Kriiss GmbH, Hamburg, Germany). The average of six
droplets by a single measurement was calculated to define the surface
tension of the ink. Z-value was used to predict the printability of inks
(Jang et al., 2009). It relates to the nozzle radius (), surface tension (y),
viscosity () and density (p) of the inks (Eq. (1)).

7— \/ZPV 6h)

The composition of the gel formulations and the thickness and theoretical drug loading of the modules. All samples were freeze-dried, except FT3 that was dried at
room temperature. The surface area of B and T modules are 4 cm?, whereas surface area of S and L modules are 4.9 cm?. Theoretical drug loading data of B1 and Tween

20-based precut modules are presented as average + standard deviation, n = 3.

Module HPMC HPMC gel/% HPMC gel/ CAR/ Solubilizer Solubilizer/ Cast gel per Thickness/ CAR in module/% CAR per module/
(w/w) g g g cm?/g mm (w/w) mg

BO M50 5 20 0 0 0 0.20 2.2 0 0

Bl M50 5 18 0.06 0 0 0.23 1.8 6 3.1+0.2

T1 M50 10 18 0.06 Tween 20 0.6 0.23 1.9 2 3.24+0.1

T2 M50 5 18 0.06 Tween 20 0.6 0.23 1.4 4 25+0.2

T3 M50 5 18 0.03 Tween 20 0.6 0.23 1.8 2 1.4+£0.1

FT3 M50 5 18 0.03 Tween 20 0.6 0.23 0.2 2 1.4+ 0.5

T4 M50 5 18 0.06 Tween 20 1.2 0.23 21 3 3.1+03

T5 M50 5 18 0.09 Tween 20 1.2 0.23 2.3 4 48 +0.4

S1 M50 5 19.34 0.06 LA 0.6 0.20 NM NM 3

S2 M50 5 18.68 0.12 LA 1.2 0.20 NM NM 6

S3 M50 5 18.02 0.18 LA 1.8 0.20 NM NM 9

L1 M50 5 19.74 0.06 LA 0.2 0.20 2.1 5 3

L2 M50 5 19.48 0.12 LA 0.4 0.20 2.1 9 6

L3 M50 5 19.22 0.18 LA 0.6 0.20 1.7 NM 9

L4 M50 5 19.22 0.18 LA 0.6 0.10 0.9 18 4.5

L5 M50 3 19.48 0.12 LA 0.4 0.20 2.0 13 6

L6 P615 5 19.48 0.12 LA 0.4 0.20 2.2 NM 6

L7 M50 5 19.48 0.12 LA 0.4 0.10 1.0 10 3

L8 M50 5 18.84 0.36 LA 0.8 0.10 0.9 23 9

M50 = Metolose 60SH-50; P615 = Pharmacoat 615; LA = Lactic acid; NM = Not Measured.
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2.2.3. Module development

HPMC gels (3 %, 5 % and 10 % (w/w) M50 and 5 % (w/w) P615)
were prepared by adding the corresponding HPMC powder to water
(Table 1). Then the mixture was heated to 70-80 °C under stirring until a
uniform suspension was formed using a magnetic stirrer equipped with a
heating plate (IKA® RH Digital, Germany) and then cooled down to
room temperature (20 °C) to form a transparent HPMC gel. The pro-
duced HPMC gels were let to stay overnight at room temperature (20 °C)
to allow removal of air bubbles. CAR powder was pre-dissolved in
Tween 20 or LA and then corresponding amount of HPMC gel was added
to the pre-dissolved CAR in 20 mL vials (Table 1). All weighings were
done using AE 240 Analytical Balance (max 5.1 g/22 g, d = 0.002 mg/
0.01 mg) (Mettler Toledo, Glostrup, Denmark). The gel-filled vials were
kept on a shaker (HETO RK20, Denmark) at 19 rpm until the polymer
mixture turned into a uniform gel with dissolved CAR (T3, FT3, T4, S1-
S3, L1-L8), or suspended CAR (T1, T2, T5, B1), or without CAR. These
gels were let to stand overnight at 5 + 1 °C to remove air bubbles. The
pH values of polymer gels with different ratios of HPMC, solubilizers,
and CAR were measured using a ProLab 3000 pH meter (SI Analytics
GmbH, Germany).

The gels in Table 1 can be classified into three types: control gels (BO
containing only the polymer and Bl containing polymer and CAR),
Tween 20-based gels (T1-T5 and FT3) and LA-based gels (S1-S3 and L1-
L8). These gels were further processed into modules by solvent casting
and subsequent freeze-drying. Tween 20-based gels and B1 were cast on
Petri dishes with 0.23 g gel per cm? (Appendix 2A, Supplementary data)
and LA-based gels and BO were cast on in-house fabricated circular
molds with a diameter of 25 mm (Ahola et al., 2024) (Appendix 2B,
Supplementary data). The gel FT3 was left to dry for 24 h at room
temperature (20 °C) after casting on Petri dish. Prior to freeze-drying,
the molds with cast gel were let to stand on an even surface in the
closed humidified containers for 1 h, allowing the gel to spread evenly.
All cast polymer gels except FT3 were freeze-dried using an Epsilon 2-4
LSC shelf freeze-dryer (Martin Christ, Osterode, Germany). The applied
freeze-drying cycle (Ahola et al., 2024) consisted of freezing to — 35 °C in
3 h and keeping at the same temperature for the next 3 h. After the
freezing step, the pressure was reduced to 0.12 mbar over 30 min, and
the temperature was increased to 0 °C within 1.5 h. The temperature
(0 °C) and pressure (0.12 mbar) were kept constant for 16 h. After
freeze-drying, the modules were removed from the molds, weighed, and
the physical dimensions were measured with a caliper (SUYIZN digital
caliper, RAISSER, China). The obtained modules were observed visually
and their mechanical flexibility was assessed by bending and cutting
with scissors (for Tween 20-based modules and B1). The solubilizer-free
module B1 and Tween 20-based modules in the dimensions of 2 cm x 2
cm squares, were carefully defined with a cookie cutter and cut with
scissors in triplicate. The exact weight of each square was recorded. The
LA-based modules were cylindrical in shape with a diameter of 25 mm.
They remained intact after being removed from the round molds. Af-
terwards, the modules were stored in zip plastic bags in a desiccator with
silica gel at room temperature (20 °C).

2.2.4. Inkjet printing

Prior to printing, the formulated inks were filtered using a 10 mL
syringe luer eccentric (Terumo Corporation, Laguna, Philippines) and
filters with 0.45 or 0.22 pm polypropylene membranes (VWR Interna-
tional, USA). Each of the three compartments of the empty ink cartridge
(Primera Technology, USA) was filled with at least 18 mL of the used ink
in order for the printer to operate. A non-contact food-grade inkjet
printer (Eddie Primera, Primera Technology Inc., United States) was
equipped with in-house fabricated tray and cylindrical sample holders
with a diameter of 33 mm and a height of 8.5 mm (Appendix 3, Sup-
plementary data) (Ahola et al., 2024). Non-permeable transparency
sheets (Xerox, USA) were cut into circles with a diameter of 29 mm and
used as the printing substrate to allow visualization of the printing
quality of transparent CAR-containing inks. The printing pattern was a
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circle with a diameter of 27 mm and 24 mm for transparency sheets and
for porous freeze-dried modules, respectively, designed in software Bar
Tender Designer for Primera 2021 (Seagull Scientific, USA). The depo-
sition of CAR-containing inks onto the transparent films was performed
using Eddie printer controlled by software Primera Print Hub version
1.9.7.1 (Primera Technology, USA), using the personal laptop
XiaoXinAir-14API 2019 (Lenovo, China). The printing parameters were
the following: print quality: quality 2; color matching: vivid photos; ink
saturation: 100. Before printing, the ink cartridge nozzles were cleaned
by gently pressing with a paper towel wetted with 70 % ethanol, leaving
on for 30-40 s, and wiping with a dry paper towel. The obtained printed
transparent films were observed visually to assess the print quality.
When the satisfactory quality of the print was achieved (the homoge-
neous print of the full circle), printing was conducted on the drug-free
and drug-preloaded modules, using the same printing parameters.

2.2.5. Quantification of printed CAR amount

In total, 1, 2, 5, 10, 15, 20 layers (a circle with a diameter of 27 mm)
were printed on transparency films using the formulated inks that
showed successful printing (ink 6, 10 and 11) (Table 2). Imprinted
transparencies were accurately immersed in 0.7 % HCI + 0.5 % (w/v)
SDS in water for 24 h. Absorbance of the solutions containing dissolved
CAR was measured by Evolution 300 UV-visible spectrophotometer
(Thermo Scientific, England) at 330 nm. The amount of CAR was
calculated based on the obtained absorbance, using the standard curve
in the used solvent (the linearity range is 5-50 pg/mL, R? = 0.999).

Imprinted modules BO (Table 1) with 20 and 30 layers (a circle with a
diameter of 24 mm) of ink 11 (60 mg/mL CAR in LA:EtOH:water
40:40:20) from the magenta compartment were immersed in 0.1 M HCl
for 24 h. The amount of CAR was calculated based on the absorbance
and standard curve in the used solvent (the linearity range is 6.25-50
ng/mL, R? = 0.998), using the procedure as described above.

2.2.6. Module characterization

2.2.6.1. Scanning electron microscopy (SEM). A thorough morphological
analysis on the starting material CAR powder, freeze-dried and room
temperature-dried modules and module BO imprinted with ink 11 (60
mg/mL CAR in LA:EtOH:water 40:40:20) (Table 2) by 30 layers was

Table 2
Compositions, filter pore sizes for preparation and print results of the formulated
inks.

Ink CAR/ Solvents Ratio Filter Successful
no. mg/mL poresize/  printing?
pm
1 100 Tween 20: 50:50 0.45 No
EtOH
2 100 LA:EtOH: 60:30:10 0.45 No
w
3 100 LA:EtOH: 60:20:20 0.45 No
w
4 100 LA:EtOH 60:40 0.45 No
5 100 LA:EtOH: 50:20:30 0.45 No
w
6 50 LA:EtOH: 20:60:20 0.22 Yes
w
7 100 LA:EtOH: 40:40:20 0.22 No
w
8 100 LA:EtOH: 30:60:10 0.22 No
w
9 100 LA:PG: 30:20:30:20 0.22 No
EtOH:W
10 67 LA:EtOH: 40:40:20 0.22 Yes at first, but
w later sometimes
failed
11 60 LA:EtOH: 40:40:20 0.22 Yes
w

EtOH = ethanol; LA = lactic acid; PG = propylene glycol; W = water.
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conducted using scanning electron microscopy (SEM). The storage time
before analysis of preloaded modules are: 5 days (T4, T5, B1, L1, and
L3), 2 weeks (L2), 3 weeks (T1, T2, and T3), respectively. Printed
modules were analyzed after drying at room temperature (20 °C)
overnight. Samples were coated in gold for 30 s with Sputter Coater
108auto (Cressington Scientific Instruments, Watford, UK) and scanned
using a TM3030 Tabletop Microscope (Hitachi Power Tools Denmark A/
S, Esbjerg, Denmark) with an acceleration voltage of 5 kV and at 40x,
300x, 1000x, 1500x magnification.

2.2.6.2. X-ray powder diffraction (XRPD) analysis. XRPD analysis was
conducted on solubilizer-free module B1, Tween 20-based modules T1 -
T5 and LA-based modules L1 - L3 from Table 1. The storage time before
analysis of modules are: 3 days (T1, T2, T3), 1 week (L1, L2, L3) and 1
month (T4, T5, B1), respectively. Starting materials CAR powder, HPMC
(Metolose 60SH-50) powder and physical mixtures (PM) of CAR/HPMC:
60mg/1.8 g (PMT1), 60 mg/0.9 g (PMT2) and 60 mg/1.0 g (PML1) were
analyzed right after preparation for comparison. XRPD analysis was
performed on an X’Pert PANalytical PRO X-ray diffractometer (PAN-
alytical, Almelo, The Netherlands) equipped with a copper anode (A of
Kq1 = 1.540598 ;\, A of Koo = 1.544426, Ratio Ky2/Ky1 = 0.5). The ac-
celeration voltage and current were 45 kV and 40 mA, respectively.
Samples were scanned in a reflection mode from 5 to 40° 26, at a scan
rate of 0.067° 26/s and a step size of 0.026° 20. In-house fabricated ring-
shaped spacers (Ahola et al., 2024) were placed between silicon zero
diffraction plates and the main ring-shaped sample holders to create
enough space as the thickness of porous samples exceeded the height
limit of the sample holder racks for automatic measurements. The data
was collected using X'Pert Data Collector software (PANalytical,
Almelo, The Netherlands). XRPD data was normalized between 0 and 1
using the function “normalize” in software OriginPro 2020 (OriginLab
Corporation, USA).

2.2.6.3. Release studies. The starting material CAR powder was put into
empty hard gelatin capsules (size 0) (Apodan Nordic, Denmark) to result
in 3.4 £ 0.2 mg CAR per capsule (n = 3) and its release profile was
investigated as a reference. The storage time of modules before analysis
are: 2 days (L6), 1 week (T1, T2, T3, T4, T5, L4, L5, L7, and L8), 2 weeks
(B1,L1, L2, and L3) and 1 month (FT3), respectively. The module L4 was
rolled and put into conventional hard gelatin capsules (size 0) to
investigate its release profile (Appendix 4, Supplementary data).
Release studies were conducted on the capsules with CAR powder,
Tween 20-based and LA-based modules with preloaded CAR, module BO
(Table 1) imprinted with ink 11 (Table 2) in a circle pattern with a
diameter of 24 mm by 20 layers, module L2 imprinted with ink 11 in the
same pattern by 30 layers and rolled module L4 in capsules. All the
above samples were put in the teflon-coated metal spiral capsule sinker
(Appendix 4, Supplementary data) (Quality Lab Accessories, USA) that
allowed full immersion of each sample in the dissolution medium (one
sample per capsule sinker). A scaled-down USP2 apparatus was used,
which consisted of a set of 250 mL mini glass vessels with mini rotating
paddles (ERWEKA DT70, Heusenstamm, Germany). A volume of 200 mL
of 0.1 M HCI solution (37 4+ 0.1 °C) was used as the dissolution medium
to simulate the gastric condition (without pepsin), and the rotation
speed of the mini paddles was set to 100 rpm. The release studies were
performed under sink conditions. 5 mL sample solutions were with-
drawn at predetermined time points (5, 10, 15, 30, 45, 60, 90, 120, 180,
240 min) and replaced with 5 mL preheated dissolution medium,
immediately. The obtained solutions were quantified by UV spectros-
copy at 330 nm. The same standard curve as in Section 2.2.5 was used
for the quantification. Cumulative percentage of CAR released at each
time point was calculated and normalized by setting the cumulative
percentage of CAR released at 240 min to 100 %. A two sample t-test in
software OriginPro 2020 (OriginLab Corporation, USA) was employed
to compare the release data between formulations. A p-value of <0.05
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was considered statistically significant.

3. Results and discussion
3.1. Ink formulation

Generally, the optimal ink for inkjet printing should have a viscosity
and a surface tension in the range of 1-30 mPaes and 25-50 mN/m,
respectively (Genina et al., 2013). It has been previously reported that
printable inks should have a Z-value between 1 and 10 (Derby & Reis,
2003) or between 4 and 14 (Jang et al., 2009). The inkjet printer used in
this study is a food-grade printer for printing photographs and text on
cookies. There is currently only one study, where the use of this type of
the printer was explored for the printing of pharmaceuticals, in partic-
ular water soluble BCS class I drugs (exemplified with citalopram
hydrobromide) (Ahola et al., 2024). No studies exist where the use of
poorly water-soluble drugs was researched with this type of the printer.
Hence, it is necessary to characterize the commercially available edible
inks supplied with this printer (cyan, yellow and magenta inks) to pro-
vide additional selection criteria for ink formulation. All the studied
parameters of commercial inks were within the recommended range to
consider them printable (Table 3).

To formulate a continuously printable ink with a high drug content,
the solubility of CAR in different solvents was defined (Table 4). Water is
commonly used as the primary ink component to ensure safety and
compatibility with a wide range of APIs when designing API-containing
inks (Carou-Senra et al., 2024). Organic solvents like ethanol are often
utilized for dissolving APIs with limited water solubility and decreasing
the surface tension of the ink (Genina et al., 2013). Therefore, ethanol
and/or water serve usually as foundational components for developing
inks based on the co-solvent systems. Propylene glycol, glycerol and
polysorbate 20 (Tween 20) are the most used humectants in printable
ink formulations that help to prevent crystallization of an API at the
nozzles and, subsequently, clogging of the nozzles during jetting (Buanz
etal., 2011; Genina etal., 2013; Pardeike et al., 2011). According to CAR
solubility studies in the first-choice solvents (except for lactic acid)
(Table 4), CAR demonstrated the highest solubility in Tween 20.
Therefore, Tween 20 that is a commonly used surfactant in pharma-
ceutical production (Singh, 2023), was included in the co-solvent sys-
tems to enhance CAR concentration in the ink. API-free co-solvent
systems at different ratios (as CAR amount was limited) were tested to
determine their viscosity in order to find out the suitable ratio of the
solvents for successful printing as Tween 20 alone has a high viscosity of
400.3 mPa-s (Appendix 1, Supplementary data). Out of the tested co-

Table 3

Measured properties and calculated Z-value of the original inks and the
formulated inks containing 100 mg/mL CAR. Data are presented as average +
standard deviation, n = 3, 3 and 6 for density, viscosity, and surface tension,
respectively.

Inks Density (g/ Viscosity Surface tension Z-
mL) (mPa-s) (mN/m) value
Cyan ink 1.062 + 0.001 3.8+0.1 30.7 £ 0.5 3.8
Yellow ink 1.070 + 0.004 3.6 +0.1 31.8 £ 0.4 4.1
Magenta ink 1.099 + 0.004 3.6 £0.0 29.4 £ 0.2 4.0
Ink 1 (Tween 20/ 1.035 + 0.051 7.6 +1.6 29.9 + 0.3 1.8
EtOH 50/50)
Ink 2 (LA/EtOH/ 1.093 £+ 0.006 88 +59 34.6 £ 0.1 1.8
water 60/30/
10)
Ink 3 (LA/EtOH/ 1.118 4+ 0.003 125+ 4.1 36.7 £ 0.4 1.3
water 60/20/
20)
Ink 4 (LA/EtOH 1.071 £+ 0.002 29+1.2 31.8+£0.2 5.1
60/40)
Ink 5 (LA/EtOH/ 1.100 + 0.006 7.2+35 324 +0.2 2.1
water 50/20/

30)
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Table 4
Measured solubility of carvedilol in different solvents and co-solvent systems.
Data are presented as mean + standard deviation, n = 3.

Solvent/co-solvent systems Solubility (mg/mL)

Ethanol (EtOH) 171 +1.6
Glycerol 1.6 £ 0.9

Lactic acid >550

Propylene glycol 185+ 1.3
Tween 20 160.8 + 6.9
Tween 20/EtOH 50/50 127.8 +£5.2
Tween 20/EtOH/water 50/40/10 1141+ 25
Water” 0.011 =+ 0.0003"
0.1 M HCl 0.3+0.1

1 % F68 in water 0.5+1.0

F68 = Lutrol® F68 (poloxamer 188).
2 Data from literature (Yuvaraja & Khanam, 2014).

solvent systems (Appendix 1, Supplementary data), the viscosity of the
mixture of Tween 20/EtOH 50/50 (2.6 + 0.2 mPa-s) was similar to the
original inks, and therefore, used to formulate CAR containing ink. The
concentration of CAR in the chosen co-solvent system was adjusted to be
below the apparent solubility limit (127.8 + 5.2 mg/mL) (Table 4) to
minimize the potential crystallization of CAR at the nozzle during jetting
(Raijada et al., 2013). The formulated ink with Tween 20/EtOH 50/50,
containing 100 mg/mL CAR (Ink 1) featured all the parameters to be
within the printable range (Table 3). Despite this, the printing pattern
appeared to be non-homogeneous on the dummy transparency films
(Appendix 5, Supplementary data).

CAR is a weak base with a pKa of 7.8 (Berkhout et al., 2021) and has a
higher solubility in an acidic environment than at neutral pH. Therefore,
lactic acid (LA), classified as GRAS (Generally Recognized as Safe) by the
U.S. Food and Drug Administration (FDA), and extensively used in the
food industry (Abd Alsaheb et al., 2015), was chosen as the solvent base
to formulate the inks due to the fact that (i) LA has been previously used
to successfully formulate the inks as a solubilizer and a high boiling
point liquid (humectant) (Edinger et al., 2018); (ii) CAR has apparently
a much higher solubility (>550 mg/mL) in it (Table 4) and (iii) LA has a
much lower viscosity (52.4 mPa-s) than Tween 20, making it easier to
adjust the viscosity of the co-solvents to the printable range. The
formulated LA-based inks (Ink 2 to Ink 5, the compositions shown in
Table 2) containing 100 mg/mL CAR featured a Z-value in the printable
range (Table 3). However, again, none of the inks produced a homo-
geneous print. This indicated that prediction of the ink printability
solely based on Z-value, viscosity and surface tension parameters of inks
was not sufficient for successful printing using this type of the inkjet
printer. These findings are consistent with a recent research (Schulz
et al., 2024) where the actual jettable windows of solution-type inks
were found to be influenced by the viscoelastic properties and could be
much narrower than the given Z-value (1-10 or 4-14) in the scientific
literature (Derby & Reis, 2003; Jang et al., 2009). Apparently, the
concentration of CAR should be reduced well below its apparent solu-
bility as well as the LA content should also be reduced to decrease the
viscosity of the ink, meanwhile the solubility of CAR must be ensured to
obtain solution-type inks (Table 2). Finally, the filters with pore size of
0.22 pm should be used instead of 0.45 pm to minimize the nozzle
clogging. It is worth noting that these findings were not relevant for
printing BCS class I drugs (citalopram hydrobromide as the water-
soluble model API), where the concentration of the API in the ink was
close to the apparent solubility, viscosity of the ink was relatively high
(14 mPa s) and the pore size of 0.45 pm CE syringe filter was used to
filter the ink (Ahola et al., 2024). This underlines the fact that formu-
lation of printable inks with poorly soluble drugs is more challenging
and requires a thorough understanding of critical process parameters for
successful printing with this type of the printer. In contrast to previous
studies on inkjet printing of the poorly soluble drug, such as haloperidol
(Edinger et al., 2017), which did not provide a detailed discussion on the
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formulation development step, the current study, for the first time,
presents a comprehensive process roadmap for developing ink formu-
lations containing such drugs.

3.2. Inkjet printing and drug quantification

It was observed that the amount of the printed ink fluctuated during
printing, depending on the used compartment of the cartridge (the
cartridge has three compartments). It turned out that printing using a
magenta compartment leads to a larger amount of the printed CAR than
from yellow and cyan compartments (Appendix 6, Supplementary data).
The printing from the magenta compartment was also more consistent
and repeatable. This phenomenon has been already reported in the
literature (Buanz et al., 2011). Therefore, all the following prints were
performed with the magenta compartment to maximize the amount of
the printed CAR per the printed layer.

When printing on porous modules, the size of the printing pattern
was reduced to a circle with the diameter of 24 mm (area: 4.52 cm?) as
the most common dimensions of orodispersible films are 4 to 6 cm?
(Gobel & Breitkreutz, 2022). The printed CAR amount on a module
could reach 2.0 + 0.1 mg or 2.9 + 0.1 mg by printing 20 or 30 subse-
quent layers with an average CAR amount per layer being 0.098 mg. It
means that the modules with the step size of 3 mg CAR should be pro-
duced to make it possible to fine-tune the doses with inkjet printing
between 0.1 and 2.9 mg. In other words, if the dose of 7.4 mg is, for
example, needed, the module with preloaded 6 mg CAR should be
imprinted with 1.4 mg CAR. It is possible to print >30 layers on the
module to increase the printed amount of CAR, though then the proper
drying step or the capacity of modules to absorb large volume of the ink
should be considered. It is worth mentioning that the ink cartridges
filled with inks containing LA were found functional for one month but
the nozzles became damaged and not functional anymore after 2 months
of storage at room temperature (20 °C). To reduce the cost of replacing
ink cartridges constantly, acid-resistant nozzles should be developed to
avoid this problem.

3.3. Module development

Ideal modules in the TMD approach should possess sufficient drug
loading capacity, feature high porosity to accommodate a large ink
volume, and demonstrate mechanical flexibility and sturdiness to pre-
vent breakage during general handling. CAR as a poorly water-soluble
drug does not dissolve in the polymer gel base (HPMC in water) at the
desired concentration. Therefore, the addition of solubilizers such as
Tween 20 and LA would be necessary for the following reasons: (1) to
dissolve the CAR in the gel, (2) to ensure the therapeutic concentration
of the drug in each dosage unit and (3) to alter the solid form of CAR in
the modules to be either amorphous and/or molecularly dispersed. CAR
has to be dissolved to ensure a homogenous distribution of the drug in
the gel and, consequently, in the freeze-dried modules. Otherwise, sus-
pended CAR can sediment in the gel during handling, storage and
manufacturing (during e.g., freeze-drying). This can easily lead to dose
fluctuations in the modules. Furthermore, a high content of undissolved
CAR can negatively affect the mechanical properties of the modules,
making it difficult to hold together the HPMC matrix. The presence of
CAR in the amorphous form and/or molecularly dispersed in the porous
polymer matrix can have a significant effect on the dissolution rate of
the poorly soluble API and, consequently, its bioavailability. However, it
is important to note that the added amount of the solubilizer should not
exceed the necessary amount to avoid any toxic effect in the case of
Tween 20 or a too low pH of the gel and the module in the case of LA as
the tolerable pH for oral formulations is reported to be between 2 and 9
(Atteback et al., 2022). In this study, a solubilizer-free module B1 served
as the control module to showcase the effect of the solubilizer on the
solid form of CAR and its release kinetics (Table 1). The turbid
appearance of polymer gels T1, T2 and T5 (Table 1 and Appendix 7,
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Supplementary data) before freeze-drying indicated that CAR was sus-
pended in the gel, though it was pre-dissolved in pure Tween 20 before
mixing it with the gel base (HPMC and water). Gels T3, FT3 and T4 were
transparent, indicating that CAR was dissolved. It can be concluded that
the ratio 20:1 (w/w) of Tween 20 to CAR would guarantee that CAR is
dissolved in the gel.

Based on the measured pH values of the polymer gels (Appendix 8,
Supplementary data), LA-based gels with 0.6 g, 1.2 g and 1.8 g LA per 20
g of the polymer gel (corresponding to G1, G2 and G3 in the Appendix 8,
Supplementary data) were selected. These gels were incorporated with
CAR, to prepare modules S1, S2 and S3 containing 3 mg, 6 mg and 9 mg
CAR, respectively (Table 1). However, modules S2 and S3 appeared too
soft and deformed upon removal from the molds (Fig. 2B, C). In response
to the observed mechanical challenges, LA content was reduced to one-
third in S1, S2 and S3 samples (0.2 g, 0.4 g and 0.6 g LA in 20 g polymer
gel, respectively) to produce modules L1, L2, and L3, each containing 3
mg, 6 mg, and 9 mg of CAR, respectively (Table 1). Notably, modules L1,
L2, and L3 (Fig. 2D-F) displayed improved mechanical properties
compared to their counterparts S1, S2, and S3 (Fig. 2A-C). This finding
indicates that there is a limit to the amount of the solubilizer that can be
used in the porous HPMC matrix; exceeding this limit prevents the for-
mation of the porous solid foam due to the presence of an excess amount
of non-volatile liquids such as LA and Tween 20.

3.4. Characterization

3.4.1. Morphological observation

The mechanical flexibility of the obtained modules was evaluated by
bending the module. The more flexible the structure was, the easier it
was to bend or cut with scissors. The mechanical flexibility and the
thickness of the Tween 20-based modules containing different CAR
doses cast on Petri dishes (Table 1 and Appendix 2A, Supplementary
data) varied even with the same amount of HPMC gel used. These
findings were consistent with previous research that showed that the
drug itself, its different concentrations in the polymer gel, the applied
shear rates during casting of the gel, as well as potential in-
compatibilities between the formulation ingredients, were found to
affect the rheological properties of the API-loaded gels. This variability
in rheological properties and the uneven position of the molds result in
inconsistent thickness of the cast gel layer and, consequently the final
dosage forms (Foo et al., 2018; Janken et al., 2013; Musazzi et al., 2020).
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This presents a significant challenge for the production of any API-
loaded substrate (film and foam) with accurate doses as any variation
in the thickness of the substrate means fluctuations in the dose (Bala
et al., 2013; Elbl et al., 2020; Foo et al., 2018; Musazzi et al., 2020).
Additionally, each dosage form must be precisely cut into the appro-
priate size to provide exact dose needed, requiring meticulous handling
by a professional operator (Foo et al., 2018; JanBen et al., 2013; Wening
& Breitkreutz, 2011). In our study such limitations were overcome by
filling an exact weight of the API-loaded gel in each specially designed
mold (Appendix 2B, Supplementary data) in the same manner as it is
industrially done by the manufacturing of orodispersible tablets in the
primary blister packages before freeze-drying (Johnson&Johnson,
2022). The desired dose of an API per dosage form was further tuned by
inkjet printing of API-containing ink on top of the produced modules,
applying the proposed TMD approach (Ahola et al., 2024).

The freeze-dried porous modules (Table 1) were flexible while the
room temperature-dried module FT3 appeared as a thin rigid film. A
higher HPMC content in the module led to less mechanical flexibility,
whereas addition of Tween 20 improved the modules’ flexibility. The
plasticizing effect of Tween 20 has already been shown in the previous
study (Iftimi et al., 2019).

According to scanning electron microscopy (SEM), the starting CAR
powder exhibited irregularly shaped particles (Fig. 3A). All freeze-dried
modules displayed similar appearances of homogeneous polymeric
matrix with larger pores on the top and smaller pores on the bottom
surface facing the mold during freeze-drying (Appendix 9, Supplemen-
tary data). These results are consistent with earlier findings by Oblom
et al. (Oblom et al.,, 2020). Notably, like the reference module BO
without CAR (Fig. 3B), no crystals of CAR were observed on the surface
of any freeze-dried modules preloaded with CAR (Fig. 3C), suggesting
that CAR was present in its amorphous form and/or molecularly
dispersed. However, an initial formation of CAR crystals was observed
on the bottom surface of module L2 (Appendix 9J, Supplementary data).

The increase in the polymer content (T1 vs. T2 in Table 1) and the
Tween 20 content (T2 vs. T4 in Table 1) led to reduced foam porosity,
while the change in CAR content had no noticeable effect on pore
structures (T2 vs. T3 in Table 1) (Appendix 9, Supplementary data).
After module BO was imprinted with the ink 11 (Table 2) by 30 layers,
the surface pores shifted from needle-shaped (Fig. 3D) to larger oval-
shaped, accompanied by increased surface porosity (Fig. 3E). This
change could be attributed to the dissolution of the polymer on the

Fig. 2. Photos of freeze-dried solid foams: (A) S1, (B) S2, (C) S3, (D) L1, (E) L2 and (F) L3. The exact composition can be found in Table 1. The diameter of the foams

is 25 mm.
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Fig. 3. Scanning electron microscopy (SEM) images. At 1000x magnification: (A) starting carvedilol (CAR) powder, (B) top surface of BO and (C) top surface of L2
(exact composition in Table 1), the scale bar is 100 pm for the top row; At 40x magnification: (D) top surface of BO, (E) top surface of BO imprinted with ink 11 by 30
layers and (F) cross-section of L1 (exact composition in Tables 1 and 2), the scale bar is 2 mm for the bottom row.

surface of the module by the ink, revealing the underlying porous
structure within the module (Fig. 3F).

3.4.2. X-ray powder diffraction (XRPD) analysis

To further confirm the solid form of CAR in the produced modules
before and after inkjet printing, XRPD analysis was conducted. XRPD
analysis of the physical mixtures, corresponding to the solid composition
of modules, reveals the Bragg peaks, corresponding to the main peaks of
CAR. It indicates that the crystallinity of CAR at the used concentration
is well-detectable by the used XRPD procedure. XRPD of the module B1
revealed tiny peaks at the angles of 5.78°, 17.57°, 23.92°, and 26.05°
indicating that at least some CAR was present in the crystalline form in
the absence of solubilizer (B1 formulation is solubilizer-free) (Fig. 4).
XRPD analysis of the modules L1, L2 and L3 revealed a tiny peak at
28.46°, indicating some degree of crystallinity of the incorporated CAR
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in these samples. This was consistent with the SEM images, which
showed no crystals in the top surface of L2 but did reveal the initiation of
crystal formation on the bottom surface (Appendix 9, Supplementary
data). The rest of freeze-dried samples possessed an amorphous halo in
XRPD diffractograms, confirming that CAR was in the amorphous state
and/or molecularly dispersed and/or the amount of the present crys-
talline CAR was under the detection limit (Mansour et al., 2018).

3.4.3. Release studies

API-preloaded modules with an immediate-release profile (>80 %
drug is released within 45 min) (Council of Europe, 2019) are desired, as
the marketed product COREG CAR tablet is rapidly dissolved and
extensively absorbed following oral administration (U. S. Food and Drug
Administration, 2017). Crystalline CAR powder (3.4 mg) in the hard
gelatin capsule studied as a reference exhibited an immediate-release
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M
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Fig. 4. X-Ray powder diffraction (XRPD) diffractograms of (A) solubilizer-free module B1, Tween 20-based modules T1, T2, T3, FT3, T4, T5 and physical mixture
PMT1, PMT2; (B) starting carvedilol (CAR) powder, hydroxypropyl methylcellulose (HPMC) (Metolose 60SH-50) powder, lactic acid (LA)-based modules L1, L2, L3
and physical mixture PML1. The exact composition of the samples can be found in Table 1.
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profile with 84 % of CAR released at 45 min under the applied experi-
mental conditions (Fig. 5A). Freeze-dried modules B1, T2, T3, T4, T5,
L4, L5, L7, and L8 (Table 1) were considered immediate-release for-
mulations (Appendix 10 and 11, Supplementary data). On the other
hand, extended CAR release was observed when a higher concentration
of the polymer was present: T1 (10% HPMC) vs T3 (5% HPMC) (Fig. 5A)
and L2 (5% HPMC) vs. L5 (3% HPMC) (Fig. 5B). Additionally, increasing
module thickness (L2 vs. L7 and L3 vs. L4) (Fig. 5B) or using a polymer of
higher viscosity grade (L2 (Metolose 60SH-50) vs. L6 (Pharmacoat 615))
(Fig. 5B) also prolonged the release of CAR. The mechanism of CAR
release from the porous HPMC modules can be divided into two stages.
Firstly, a swelling of the polymer HPMC occurs to form a gel layer. The
second step consists of swelling and erosion of this gel layer by the
dissolution medium and diffusion of the incorporated API through the
gelling polymer layer (Boateng et al., 2009). Furthermore, an increased
porosity of the modules increases the surface area, facilitating the drug
release (Ayensu et al., 2012). This explains why T1 with a high polymer
content (10 % HPMC), exhibiting a less porous structure compared to T3
(5% HPMC) (Appendix 9, Supplementary data), had a significantly
slower drug release during the first 90 min (p-value < 0.05). The time for
drug diffusion through the polymer hydrogel depends on the diffusion
length (Li & Mooney, 2016), which is proportional to the module
thickness. Therefore, it takes longer time for thicker modules to swell
and erode and for the drug to diffuse, which explains the above-
mentioned difference in the release profiles. It has also been reported
that drug release can be influenced by the type and the grade of the used
polymer (Samani et al., 2003; Williams III et al., 2002). Polymers with
higher Mw (up to 1300 kDa) and increased viscosity have been used to
prolong the disintegration time (Borges et al., 2015). Combinations of
different grades or types of polymers could be an option to tune the drug
release profile to the desired rate and at the same time to avoid poor
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mechanical properties of modules as solid foams based on low Mw
polymers tend to be rigid and/or brittle (Borges et al., 2015; Cano-Vega
et al., 2023; Turkovi¢ et al., 2022).

The release profile of CAR from freeze-dried modules was found to be
dose-independent, as evidenced by the similar CAR release rates of T2
and T3 (Fig. 5A), containing 2.5 mg and 1.4 mg CAR, and L1, L2 and L3
(Fig. 5B), containing 3 mg, 6 mg, 9 mg CAR, respectively. It was also
observed that the amount of the solubilizer LA had little effect on the
CAR release rate, most probably due to the fact that CAR was dissolved
in all LA-containing gel formulations before freeze-drying. This finding
highlights that the proposed modular design approach is suitable for
producing a range of different doses without affecting the drug release
kinetics as long as modules’ polymer composition and thickness remain
the same.

No statistically significant difference in the release rate of CAR be-
tween the thick porous module T3 (thickness is 1.8 mm) and the thin
nonporous film FT3 (thickness is 0.2 mm) was observed (Fig. 5A). The
porous structure of freeze-dried thick modules allowed faster water
uptake (Boateng et al., 2009). However, the increased thickness of the
freeze-dried modules creates the longer diffusion path for CAR through
the swollen gel layer, slowing down the drug release. In contrast, the
thin and nonporous film possesses slower water uptake but at the same
time lacked such a long diffusion path, resulting in a comparable rate of
drug release. This finding aligns with the previous study, which reported
that the drug release was slightly faster from thin chitosan films than
from porous chitosan wafers (solid foams) (Korelc et al., 2023).

To assess the impact of printing on the CAR release characteristics
from the API-free and API-loaded modules, the release behaviors of
module BO and L2 (Table 1) imprinted with the ink have also been
investigated (Fig. 5C). The porous module BO imprinted with ink 11
(Table 2) by 20 layers (dose 2.0 mg) exhibited a burst release of about
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Fig. 5. The release profiles of carvedilol (CAR) from (A) crystalline CAR powder in a hard gelatin capsule (size 0), T1, T2, T3, FT3 and solubilizer-free B1; (B) L1, L2,
L3, L4, L5, L6, L7 (C) L2, L2 imprinted with ink 11 by 30 layers and drug-free module BO imprinted with ink 11 by 20 layers; (D) L4 and rolled L4 in gelatin capsules
(size 0). The exact composition can be found in Table 1. The error bars represent the standard deviation, n = 3.
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50 % CAR in the first 5 min, then the release rate slowed down. This drug
product can be considered as an immediate-release formulation as 92 %
of CAR was released at 45 min (Appendix 10, Supplementary data). The
immediate release of the printed API onto the porous HPMC matrix has
already been reported with BCS class I drug propranolol hydrochloride
(Iftimi et al., 2019). The module L2 with imprinted 30 layers of the ink
11 (dose 10.6 mg) demonstrated a faster release in the first 15 min than
L2 without imprinting. The fast CAR release of printed modules in the
initial phase of the dissolution experiment could be explained by the fact
that the majority of the printed CAR was primarily positioned on and
close to the surface of the fabricated modules. As a result, printed CAR
dissolved rapidly from the module’s surface to the dissolution medium,
saving the diffusion time through the swollen polymer.

A new dosage form, produced by TMD, and its appearance can lead
to the acceptability challenges for patients. To avoid confusion, the TMD
modules can be rolled and inserted into the regular hard gelatin capsule
shell. However, rolled L4 in capsule had a significantly slower release
(only 41 % at 45 min) than L4 (100 % at 45 min) (Fig. 5D), which can be
due to the increase in the module thickness and the decrease in contact
area with the dissolution medium. Inclusion of superdisintegrants
(Sharma & Sonawane, 2017) and pore formers (Aho et al., 2017) can be
the potential strategies to speed up the release rate of the API from the
rolled TMD modules.

3.5. Current challenges

The TMD technique, though promising for producing dosage forms
with poorly soluble drugs, faces several limitations. One of the signifi-
cant constraints involves the amount of the solubilizer LA, which in-
fluences the pH of the polymer gel and the formation of porous modules
with desired mechanical strength. Additionally, the solubilizer capacity
limits the dose of an API that can be incorporated into the module by
restricting the amount of dissolved CAR. Moreover, if the TMD product
is placed in an ordinary capsule shell, the release of the API is delayed
due to the increased thickness of the porous matrix, resulting in a longer
diffusion path through the formed gel layer. Another challenge arises
from the use of ethanol in the drug-containing ink as ethanol evaporates
during the printing process. It needs to be investigated whether the
ethanol content, along with the API content, will change during storage,
leading to potential inconsistencies in drug dose and efficacy. Further-
more, the use of LA requires acid-resistant nozzles, adding to the
complexity and cost of the printing process. These limitations highlight
the need for further optimization and innovation in the TMD technique
to enhance its applicability for poorly soluble drugs.

4. Conclusions

The present study provides a deep insight into the development of
personalized drug products, containing poorly water-soluble APIs such
as CAR that require frequent dose adjustment during the course of
treatment. Tunable modular design approach that combines an existing
(freeze-drying) and an innovative (inkjet printing) technique was pro-
posed to produce a range of different doses of CAR and to tune its release
profile. The therapeutic drug loading with flexible and accurate doses
was achieved by (i) incorporating the API (or API-free) in the HPMC-
based modules before freeze-drying with the step size of 3 mg (e.g., 0
mg, 3 mg, 6 mg, 9 mg) and (ii) by inkjet printing of the API-containing
ink onto the modules to bridge the gap of non-existing doses in the range
of 0.1-2.9 mg. The current study showed that formulation of the ink
with the optimal range of viscosity, surface tension and printability
prediction Z-value as reported in the scientific literature was not suffi-
cient to ensure continuous printing. The filter pore size, the CAR con-
centration and the composition of solvents in the ink were identified as
the critical process parameters for successful inkjet printing. Freeze-
drying of the polymer gels based on HPMC of different types and vis-
cosity grades, rather than drying the HPMC gels at room temperature
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resulted in highly porous API-free and API-loaded modules containing
up to 23 % (w/w) CAR in the module, which could withstand rolling and
bending without cracking. The porosity of the modules decreased as the
content of the polymer and the solubilizer used to pre-dissolve CAR
before freeze-drying increased. By adjusting the module thickness, the
type, the viscosity grade and the content of HPMC, and by imprinting of
CAR ink onto the API-free and API-loaded modules, the release profile of
CAR from the modules can be modified to immediate or extended. The
dose-independent release profiles of CAR from the modules make it
possible to produce various doses without altering the drug release ki-
netics, if the module’s polymer composition and thickness remain the
same. The findings of this work are valuable and useful when developing
bespoke drug products, containing poorly soluble APIs.
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