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ARTICLE INFO ABSTRACT

Keywords: The aim of this study was to investigate new porous flexible substrates, i.e., solid foams that would serve as a
Solid foam carrier with a high ink absorption potential for inkjet printable pharmaceuticals. Propranolol hydrochloride was
Freeze-drying used as a model active pharmaceutical ingredient (API). Pharmaceutically approved and edible cellulose deri-
Substrate

vatives and gums together with different additives were evaluated as a base for the substrate. Different methods
for preparation of a solid foam such as freeze-drying, vacuum oven drying and drying at room temperature were
explored. Only freeze-drying of the polymeric solutions resulted in the desired porous and flexible, but me-
chanically stable, soft sponge-like substrates with hydroxypropyl methylcellulose (HPMC)-based solid foams
being the most suitable for the use in continuous inkjet printing. The plasticized HPMC foams had a superior
absorption capacity and fast penetration speed for the different solvents due to the open cell pore structure and
higher porosity as compared to nonplasticized additive-free foams, although, the latter were less hygroscopic.
The produced solid foams were well suited for inkjet printing of high volumes of API-containing ink. The inkjet-
printed API was immediately released from the dosage forms upon contact with the dissolution medium. This
work demonstrates that the fabricated solid foams, based on plasticized HPMC, show a great potential as porous

Inkjet printing
Mechanical properties

carriers in the fabrication of high dose dosage forms by inkjet printing.

1. Introduction

Personalized medicine, often referred in the scientific literature as
precision, individualized or stratified medicine, is a recent strategy
towards improvement of healthcare, where the main focus is narrowed
down to individual level rather than to the average response of a group
with potential cost savings and enhanced therapeutic efficiency [1-3].
Currently, the availability of a medicine in only two or three different
strengths limits the possibility of a tailored per needs treatment. The
industrial scale production ignores ‘different than the rest’ medical
needs and therefore, innovative manufacturing methods are desired,
satisfying the following criteria: (i) flexibility in titration of the required
dose, (ii) precise dosing of active pharmaceutical ingredient (API), (iii)
high-throughput capacity and ideally, (iv) the possibility of preparing
medicines at the point-of-care [4,5].

Pharmacoprinting - inkjet printing of APIs, as a part of additive
manufacturing technique, is a new method in pharmaceutical tech-
nology, and it has been reported to nearly cover all the aforementioned
issues [6,7]. Pharmacoprinting by inkjet printing is based on the precise
transfer of an API-containing ink onto a carrier substrate in a computer-
controlled way. A variety of APIs, including problematic drugs, such as
poorly soluble APIs or proteins, have been formulated as solutions or
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(nano)suspensions and successfully dispersed onto suitable carrier
substrates, obtaining solid dosage forms suitable for oral administration
[8,9]. Placebo tablets [10,11], orodispersible films [12] and oral non-
porous films/sheets [13-15] have been used as edible carrier substrates
for printable pharmaceuticals. The printing resolution, the concentra-
tion of the drug in the ink, the size of printed area on the substrate and
the number of printed layers can be easily modified in order to obtain a
defined amount of API in the dosage unit [13,14,16].

However, earlier studies have concluded that 2D printing is better
suited for low dose, highly potent APIs and paediatric formulations,
because the main limiting factor is the low ink absorption capacity of
the mainly non-porous substrates used, limiting the amount of ink that
it is possible to incorporate per unit area without affecting the integrity
and mechanical properties of the substrate [6]. An increase in the area
printed and concentration of the drug in the ink can address this ob-
stacles, but the former is limited to the practically administrable di-
mensions of the substrate [17] and the latter is constrained by the so-
lubility of the drug in the ink. Highly concentrated nanosuspensions
have been used with limited success [18].

Alomari et al. [6] pointed out that future research should be focused
on the development of pharmaceutically approved substrates that
promptly absorb the ink. Recently, porous substrates with an increased

Received 25 June 2018; Received in revised form 15 December 2018; Accepted 6 January 2019

Available online 08 January 2019
0939-6411/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09396411
https://www.elsevier.com/locate/ejpb
https://doi.org/10.1016/j.ejpb.2019.01.004
https://doi.org/10.1016/j.ejpb.2019.01.004
mailto:natalja.genina@sund.ku.dk
https://doi.org/10.1016/j.ejpb.2019.01.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejpb.2019.01.004&domain=pdf

L.-D. Iftimi et al.

area to volume ratio were proposed for manufacturing of printable
pharmaceuticals [11,19-21]. For instance, Palo et al. [20] printed li-
docain-containing ink on gelatine-based electrospun highly porous fi-
brous matrix, containing piroxicam. It is well-known that electrospin-
ning offers very little control over pore size distribution and fibrous
alignment [22-24]. In addition, obtaining a stress-resistant electrospun
matrix can be challenging. Edinger et al. [11] developed a hydro-
xypropyl methylcellulose (HPMC)-based solid and flexible foam, using
vacuum oven drying. However, the resulting foam had a closed-cell
structure with a continuous film on its surface that restricted penetra-
tion of API-containing ink into the foam. Small-sized porous thin sub-
strates, containing only HPMC, were prepared by freeze-drying to be
covered with nonporous HPMC film after API-deposition by an elec-
trodeless electrohydrodynamic method for fabrication of personalized
dosage forms [21]. However, manufacturing procedure, optimization
and characterization of the properties of the substrates were not con-
sidered in that study.

In the present study, solid mechanically stable foams were devel-
oped by drying different polymeric solutions in a vacuum oven and a
freeze-dryer. The freeze-drying method yielded uniform, open-cell
porous structures as compared to the vacuum oven. Pharmaceutical
lyophilizates, also called wafers, as new carrier systems possess high
porosity (30-50%), consisting of interconnected channel with open-cell
structure, and fast rehydration tendency [25]. These favourable char-
acteristics make the freeze-dried wafers promising candidates for
printable pharmaceuticals [21]. Frequently, an API is added into
polymeric gel to obtain the final dosage forms after freeze-drying.
However, incorporation of the drug within the gel before the drying
step could inevitably affect the chemical and physical stability of the
API during the process and on storage. Therefore, manufacturing of
placebo porous substrates in advance and printing API-containing ink
on-demand could avoid this problem.

The current study was focused on the development of the new
porous highly flexible, but at the same time mechanically stable sub-
strates that would be suitable for the printing of high volumes of the
API-containing ink. Different polymeric and gummy solutions with
plasticizers and other additives were freeze-dried, vacuum oven dried
or dried at room temperature (RT). The three most suitable candidates,
based on hydroxypropyl methylcellulose (HMPC), were screened out
and then characterized among others for microscopic structure, using
scanning electron microscope; porosity with oil absorption method,
mechanical properties by texture analyser in tensile strength and
compression mode; drop absorption speed by drop shape analyser and
hygroscopicity by using dynamic vapour sorption. These substrates
were used to produce inkjet-printed propranolol-containing dosage
forms, and their suitability for inkjet printing of high dose dosage forms
was evaluated. Release studies were carried out in simulated saliva
buffer solution, revealing a potential usage of the developed dosage
forms also for oromucosal delivery.

2. Materials and methods
2.1. Materials

The following excipients were used as a main component for sub-
strate preparation: hydroxypropyl methylcellulose (HPMC), Metholose®
60SH-50 and Metholose® 60SH-4000 with 50 and 4000 mPa s labelled
viscosity, respectively, and methylcellulose (MC), Metholose® 60SM-
4000 from Shin-Etsu Chemical, Tokyo, Japan; hydroxypropyl cellulose
(HPC), Klucel® LF (Aqualon™, Ashland, Netherlands, with 50 mPas la-
belled viscosity), xanthan (Sigma-Aldrich, USA), agar (Sigma-Aldrich,
Spain), guar gum (Sigma-Aldrich, Pakistan). Various additives were
added to the base of the substrate to change its properties: poloxamer
188, Lutrol® F68 (Sigma-Aldrich, Steinheim, Germany), polyethylene
glycol 4000, PEG4000 (Fluka Analytical, Germany), glycerol (Sigma-
Aldrich, Germany), polysorbate 20, Tween® 20 (Fluka Analytical,
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Switzerland) and sodium lauryl sulphate, SLS (Unikem, Copenhagen,
Denmark). Propranolol hydrochloride as a model drug was purchased
from Sigma-Aldrich (Germany). E133 brilliant blue (Dr. Oetker,
Helsinki, Finland) was used as a coloring agent. Polylactic acid (PLA)
2.85mm filaments (Innofil3D®, Emmen, Netherlands) were used for
obtaining customized water insoluble in-house 3D printed molds for
mechanical analysis. The chemicals and solvents were of analytical
grade and used without further purification.

2.2. Methods

2.2.1. Substrate preparation

The polymer/gums with and without the different additives of the
matrix were accurately weighed and triturated in a mortar with a pestle
(only if additives were used). The powder blend was gradually poured
into 100 ml of preheated up to 70-80 °C distilled water under a vig-
orous stirring, using a magnetic stirrer (IKA® RH Digital, Germany)
until a uniform viscous solution was formed. Both grades of HPMC were
used at concentration 2.5 and 5.0 (w/v%), whereas MC, HPC and agar
were used only at 5.0 (w/v%). The mixture of xanthan:guar (1:1) at 3.0
(w/v%) was used [26]. The additives were incorporated at the three
levels: 10, 20 and 30% w/w of polymer/gum solid content for PEG
4000, Tween® 20 or glycerol, and 3.3, 16.7 and 33.3% of polymer/gum
solid content for SLS and Lutrol F® 68. Each polymer at each con-
centration was tested with each level of a single additive and all com-
binations of two, three and four additives at concentration of 10% w/w
of polymer/gum solid content for PEG 4000, Tween® 20 or glycerol,
with and without 3.33% w/w of polymer/gum solid content for SLS and
Lutrol F® 68. In total, 200 different formulations were prepared to be
used for substrate preparation at RT, in vacuum oven and freeze-drier
(Supplementary data 1).

The obtained polymer/gum solutions were poured into commer-
cially available silicon bread molds (FUNKTION, Viborg, Denmark) and
kept overnight in the fridge (2-8 °C) to allow a complete hydration of
the polymer/gum and degasing of the poured liquid. The solutions,
covering an area of 280 X 65mm? with a thickness of 5mm were
freeze-dried using an Epsilon 1-4 LSCplus laboratory scale freeze-dryer
(Martin Christ, Germany). The freeze-drying cycle consisted of freezing
to — 30°C in 3h and holding at — 30 °C for 3 h. Then the pressure was
reduced and kept constant at 0.12mbar during subsequent primary
drying at 0 °C for 16.5 h. This shelf temperature (0 °C) was reached in
50 min.

The vacuum drying was performed according to the previously de-
scribed by Edinger et al. method [11]. All the obtained polymer/gum
solutions were foamed with a hand blender, casted with a spatula in
Petri dish and placed in the vacuum oven at 60 °C and 40 mbar for 24 h.
The other casted Petri dishes were left to dry at room temperature for
24 h.

After drying the samples were stored in the tightly closed plastic
bags at room temperature until further analysis.

2.2.2. Microscopic analysis

Samples were carefully cut using a scalpel and coated with gold for
15s with sputter coater 108auto (Cressington Scientific Instruments,
Watford, UK) and scanned with a TM3030 Tabletop scanning electron
microscope (SEM) (Hitachi Power Tools Denmark A/S, Esbjerg,
Denmark) at 5kV and 100-500 x magnification.

2.2.3. Drop penetration speed

The measurement of the speed of the drop sorption onto the pre-
pared substrates was performed with a Drop Shape Analyzer DSA100
(KRUSS, Germany). Distilled water, ethanol and silicon oil were used as
the solvents. A sessile drop of approx. 30pul was generated by a
manually acted syringe (diameter of the needle = 1.83 mm). A single
droplet was applied and the speed of the drop penetration was mea-
sured using the built-in video camera. The time point when the droplet
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was not visible anymore was determined. The measurements were
performed at room temperature and the sample size of the substrate
was chosen similar to the printed dosage form (1 x 1 cm?).

2.2.4. Vapour sorption and desorption analysis

Dynamic vapour sorption and desorption analysis was undertaken
with the use of VTI-SA + analyser (TA Instruments, New Jersey, USA).
The gravimetrical response of the blank substrates upon the relative
humidity (RH) change from < 5% to 95% RH and back to < 5% in
steps of 10% (5% for 95% RH) was recorded. Approximately 10 mg of
the blank substrate was placed in a glass pan. The cycle started by
drying the sample at 60 °C for up to 3 h with a temperature increment of
2°C. Afterwards, the temperature was kept at 25°C for the entire
measurement.

The samples were stored in desiccators at < 5%, 23%, 43%, 75%
and 95% RH over 3months at 22 * 1°C. The required RH was
achieved using fumed silica and saturated solutions of potassium
acetate, potassium carbonate, sodium chloride and potassium nitrate,
respectively.

2.2.5. Swelling analysis
Accurately weighted samples in the range of 37 = 8mg were
placed in 100 ml of water. The change in the mass was recorded at 2, 5,
10, 20 and 30 min, and the gain in the mass was calculated according to
Eq. (1), where M, and M, are the mass of the foams before contact with
water and after swelling at time t, respectively:
Swelling index (%) = Mt = Mo * 100%
Mo

(€8]

2.2.6. Porosity analysis

The porosity of the substrates was measured using a slightly mod-
ified oil absorption technique described previously for measuring the
porosity of roller-compacted ribbons [27]. Samples of approx. 12 mm
by 12 mm were cut out carefully using a scalpel and the samples were
weighed and the dimensions were measured using a caliper. The sam-
ples were placed in paraffin oil in a desiccator with fumed silica and
subjected to a vacuum for 24 h. After this the samples were taken out of
the oil and excess oil was carefully wiped off using a Kleenex® tissue.
The samples were then weighed and the absorption capacity was de-
termined as the amount of oil absorbed divided by the mass of the
untreated samples. Films made from the same polymeric solutions as
the foams were prepared and dried at room temperature. The oil ab-
sorption capacity of the films was then compared in a similar manner.

2.2.7. Texture analysis

TA XT.Plus (Stable Micro Systems, Godalming, UK), equipped with a
load cell with a maximum load of 50 N and a resolution of 1 N, was used
for recording the mechanical properties of the blank solid foams. The
samples for the mechanical analysis were prepared by freeze-drying the
polymer solutions as mentioned above in the customized molds that
were designed using an online computer-aided design program
(Tinkercad, 2017) and in-house 3D printed with a MakerBot Replicator
Desktop 3D printer (Brooklyn, USA) (Supplementary material 2). This
was done in order to get samples of the same size without the need of
punching out the required shape from a bigger piece of the foam, and
hence avoid the effect of the applied stress on the subsequent results.
Two operational modes were selected: tensile strength and compres-
sion. For the former mode, the rectangular wafers (2 by 7 cm?) were
fixed between the tensile grips and the change in length (% strain) of
the sample was recorded against the applied stress (N/mm?) at a test
speed of 5 mm/s and a trigger force of 0.049 N with a gripping distance
of 20 mm. For the latter mode, cylindrical wafers (diameter = 2 cm,
height = 1 cm) were placed on the support and a 6 mm diameter
stainless steel cylindrical probe was set to deform the sample to a depth
of 3mm with a trigger force of 0.049 N at a test and post-test speed of
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2mmy/s. Before measurements, the dimensions of the foams were
measured in different areas using a digital caliper (Mitutoyo
Corporation, Kawasaki, Japan).

2.2.8. Ink formulation

The well-printable ink was prepared by using a slightly modified
formulation as presented by Genina et al. [28]. Namely, a solution of
50 mg/ml propranolol in 30:70 propylene glycol:water (vol%) was
prepared and 0.4% (vol%) of colorant E133 brilliant blue was added for
visualization purposes.

2.2.9. Inkjet printing

The printing of the dosage forms on the developed substrates was
performed with a PiXDRO LP50 piezoelectric inkjet printer (Roth &
Rau, Eindhoven, Netherlands) equipped with a Spectra SL-128 AA print
head and 128 jetting nozzles (Fujifilm, Tokyo, Japan), each with a
diameter of 50 um. Prior to printing, the ink was filtered using a
0.45 um polypropylene membrane filter (VWR International, USA).
Separately, a printing pattern of 1 cm X 1 cm (177 pixel x 177 pixel)
was designed in Microsoft Paint v. 1607 software, obtaining an image of
42 squares with 5mm spacing between the squares. The amount of
squares was reduced during printing of multiple passes to produce the
dosage forms, containing different doses. The printing was performed at
the head voltage of 92V, the pulse shape 3-14-5 ps, the ink pressure of
—21.3mbar (negative pressure was needed to prevent leaking of the
ink from the nozzle), the frequency of 925 Hz and the resolution of 450
dpi. The developed substrates were placed directly on the vacuum
clamped polyethylene terephtalate sheets at — 50 mbar (negative pres-
sure was needed to ensure a proper attachment of the sheets to the
substrate’s holding plate). The printing was performed in ambient
conditions.

2.2.10. Thermal analysis

Thermogravimetric analysis (TGA) was performed by placing the
blank substrates in platinum pans (100 ul) and heating them from 25 °C
to 250°C at a heating rate of 5°C/min, using Discovery TGA (TA
Instruments, New Castle, USA). The measurements were performed in
triplicate and the values for weight loss (%) at 110 °C were presented as
mean value *= standard deviation.

Differential scanning calorimetry (DSC) of the printed and un-
printed samples was done by accurately weighing the samples of
1-4 mg and placing in aluminium pans with lids. The samples were run
on a Discovery DSC (TA Instruments, New Castle, USA) and scanned
from —80°C to 200 °C at 10 °C/min. Modulated differential scanning
calorimetry (MDSC) analysis was conducted on the samples with
15-20 mg used for the blank substrates and 7-10 mg used for propra-
nolol powder. They were scanned from 50 °C to 200 °C at a heating rate
of 1 °C/min with a modulated amplitude and period of 0.8 °C and 60s,
respectively.

2.2.11. High performance liquid chromatography (HPLC)

In order to determine the amount and release profile of propranolol
from the printed samples, a HPLC instrument Agilent 1290 Infinity®
(Agilent Technologies, Germany), equipped with a Luna® 5 um C18(2)
100A 150 X 4.6 mm LC column (Phenomenex, Denmark) was used,
applying slightly modified parameters as described by Modamio et al.
[29]. The mobile phase was composed of 60:40 (vol%) 0.067 M phos-
phate buffer (pH 3):acetonitrile used isocratically at a flow rate of
0.8 ml/min. The injection volume was 10 ul and the wavelength for the
API detection was set at 294 nm. Linearity was observed between 1 and
500 ug/ml (R* = 0.9999).

2.2.12. Drug content

Drug content was determined by cutting out the printed dosage
forms, containing low, medium and high printed doses, and immersing
each of them into 50 ml of freshly prepared simulated saliva buffer at
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37°C, according to Palo et al. [20], and stirring them for 3h. The
prepared solutions were centrifuged at 2000 rpm for 1 min and the
obtained supernatant was analysed by HPLC.

2.2.13. Release studies

The release studies were performed using simulated saliva buffer.
The printed dosage forms of low, medium and high doses (n = 3) were
placed into 50 ml of the freshly prepared saliva buffer at 37 °C and
stirring rate of 200 rmp, using a hotplate stirrer with the thermo-
regulator (IKA® RH Digital, Germany). Samples of 1 ml were collected
at predetermined time intervals of 0, 1, 2, 5, 10, 15, 30, 60, 120 and
180 min and replaced with preheated pure saliva buffer. The collected
samples were processed and analysed as described the previous section.
The release studies were conducted under sink conditions.

3. Results and discussion
3.1. Fabrication and visual observation of the substrates

The ideal substrate for inkjet printing of the API-containing ink
would be a uniform, edible and flexible porous open-cell carrier that
could be produced in large sheets to allow continuous roll-to-roll
printing as described by Borges et al. [30]. Furthermore, it should have
a high ink absorption capacity to allow fabrication of both low and high
dose dosage units [6]. This means that the substrate should be relatively
thick as opposed to oral strips [30] and that the printing surface should
present open pores without a nonporous polymeric film, at least on the
printable surface, to allow a high volume of the ink to be efficiently
incorporated in the carrier without the ink going through and leaking
from the substrate. Furthermore, the ideal substrate should remain in-
tact after deposition of high volume of the ink followed by a possible
drying step [14]. This means that extensive disintegrations and/or
dissolution of the substrate in contact with the ink should not take
place. The ideal carrier should be non-hygroscopic to withstand any
fluctuations in the ambient conditions and microbiological con-
tamination and, thereby, minimize the cost spent on the packaging of
the final dosage forms. For instance, one of the reasons for the small
number of drug-containing oral films available on the market is costly
packaging [31]. Last, easy cuttability with a blade and non-sticky
nature of the substrate would allow manufacturing multiple doses on
the same carrier and afterward dividing the desired dose.

Encouraged by the fact that paper-like [12] and/or wafer/sponge-
like carriers [32,33] showed promise for pharmacoprinting, other
pharmaceutically approved edible excipients and preparation methods
that could yield substrates with the desired properties were considered.
There is a bewildering number of polysaccharides with different prop-
erties, molecular weights and substitution levels which potentially
could be useful. Gum-base substrates such as agar, xanthan and guar,
and cellulose derivatives such as HPMC, HPC and MC with and without
plasticizers and other additives were screened for suitability as poten-
tial candidates. Agar was selected based on the outcomes of a previous
study [34]. Xanthan-guar porous matrices were previously obtained as
nasal inserts [26]. The porous structure of freeze-dried HPMC hydrogels
was intensively described in the literature [35]. HPC and MC were
chosen due to structural similarity with HPMC. In the present work, an
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attempt was made to select polymers from different origins and dif-
ferent qualities hoping that in the future it will be possible discern a
pattern enabling a more systematic selection. Based on the scientific
literature, freeze-drying [21,33,36,37] was chosen as a potential tech-
nique for preparation of porous substrates for inkjet-printable phar-
maceuticals, whereas drying in vacuum oven [11] and drying at room
temperature (RT) were used as comparison methods. As expected,
porous albeit thin films of different flexibility from gummy excipients
were obtained after vacuum drying and drying at RT, whereas only the
freeze-drying method led to formation of solid porous foams. Agar-
based forms were brittle and fragile even after the addition of a plas-
ticizer up to 30% (w/w), whereas xanthan-guar wafers were very hard
to cut and they appeared dusty upon cutting (Supplementary material
3). Therefore, further work with gum-based foams was discontinued.

Cellulose-derivatives dried at RT yielded nonporous thin films of
satisfactory flexibility with addition of plasticizers and other additives.
This is in accordance with the literature when solvent casting of cel-
lulose-solutions with a high and uncontrolled water evaporation rate
was used for preparation of oral nonporous films [17]. After a vacuum
drying the polymeric solutions transformed into solid foams with un-
even pore size distribution, especially, when SLS was present. However,
all the open-cell structures had a visible nonporous film on their sur-
face, sealing the pores (Supplementary material 4). The formation of
the superficial continuous ‘skin’ layer can be explained by a high con-
centration of the polymer on the top of the porous structure due to a
gradual rather than homogeneous and simultaneous drying [38]. Only
the freeze-drying method led to visually homogeneous solid foams
without any visible sign of continuous film formation on the surface.
The formed sponge-like structures preserved the “volume” of the initial
height of the viscous solution and the shape of the casting mold. The
obtained freeze-dried foams were self-preserved, compared to the solid
matrix prepared at RT and vacuum oven, where signs of micro-
biological contaminations were noticed upon one month storage in the
ambient conditions. This can be related to the higher water activity of
the fabricated films as compared to the foams however, this finding
needs further investigation.

Different matrix-forming polymers and additives at different con-
centrations resulted in solid foams of different properties. The foams
with a high amount of plasticizers were not completely dried.
Plasticized and unplasticized HPC foams had a rigid structure that was
difficult to cut, whereas MC foams were electrostatically charged even
when additives were included. Mechanical flexibility of the HPMC-
based foams decreased with an increase in the content and viscosity
grade of the polymer. It was noticed that the presence of SLS in the
formulation yielded foams with less uniform pore size distribution.
Based on the visual observation of the morphological appearance,
porosity, pore size distribution, flexibility, microbiological stability and
cuttability of the freeze-dried foams, three substrates based on HPMC
(Metolose® 60SH-4000) were chosen for further analysis and inkjet
printing of API-containing inks at the top side of the substrate with
subsequent characterization of the obtained dosage forms (Table 1).

Table 1
The composition of the selected substrates, based on hydroxypropyl methylcellulose (HPMC) (Metolose® 60SH-4000).
Polymer Additives
Substrate Name [ 1 (w/v%) in water Name (ratio) %w/w of polymer solid content
S1 HPMC 5 - -
S2 - - PEG 4000: Tween® 20:Glycerol (1:1:1) 30
S3 - - PEG 4000: Tween® 20:Glycerol (1:1:1) + Lutrol® F68 30 + 3.3

PEG 4000 = polyethylene glycol 4000; Tween® 20 = polysorbate 20; Lutrol F® 68 = poloxamer 188.



L.-D. Iftimi et al.

European Journal of Pharmaceutics and Biopharmaceutics 136 (2019) 38-47

Fig. 1. Scanning electron micrographs of the surface (top) and cross-section (bottom) of substrates S1 (A, D), S2 (B, E) and S3 (C, F).

3.2. Characterization of the substrates before printing

3.2.1. Microscopic observation

A thorough morphological analysis, using SEM, confirmed that all
blank substrates possessed open pore structures without any non-
porous ‘skin’ layer on their surface (top side of the substrate) (Fig. 1).
However, the obtained substrates possess different surface topography.
Substrates S1 and S3 had a surface pore structure with needle-shaped
pattern, indicating that large ice crystals were formed during freeze
drying. The surface of substrate S2 consisted of relatively small
homogeneously sized pores. The internal structure of the samples re-
vealed some variation in the sizes of the pores. Substrate S1 and S2
exhibited small round pores, interspersed with needle-shaped pores. In
turn, S3 had mostly oblong needle-shaped pores. An ideal substrate
should have large pores with even pore size distribution on both the
surface and inside the substrate to allow incorporation higher volumes
of ink and to avoid variation in the absorption capacity of the substrates
during printing. The obtained results make substrate S3 the most fa-
vorable in this regard. It is worth mentioning that all substrates pos-
sessed the less porous surface at the bottom side (towards the mold)
than the surface at the top side (data not shown).

The porosity measurements of the samples showed that the sub-
strate S1 was the least porous, while S3 was the most porous (Table 2).
At the same time the substrate with the lowest oil absorption capacity
had the highest density and vice versa. This is expected since a higher
density means a less porous structure within the samples. The obtained
freeze-dried substrates S1, S2 and S3 had at least 27-fold higher ab-
sorption capacity than the corresponding oral films dried at RT, high-
lighting their superior properties for fabrication of inkjet-printable
pharmaceuticals (Table 2).

It is worth mentioning that in the present work the freeze-drying

Table 2

cycle was designed to yield solid porous foams from the studied
polymer solutions. In the future thorough optimization of the process
parameters for each formulation should be done to modulate the pore
size and size distribution of the substrates, for instance, by including the
annealing step above T’ of the polymer solution to increase porosity of
the substrates by affecting the size of ice crystals [39,40] and/or by
modulating the freezing rate to yield the desired porosity of the sub-
strate. However, this was outside the scope of the current study.

3.2.2. Absorption speed, swelling, moisture content and hygroscopicity of
the substrates

To study the wetting properties of the selected substrates in contact
with the ink of different composition and, by that, reveal the absorption
and penetration ability of the substrates towards the ink during inkjet
printing, measurements of absorption speed of the drop of different
solvents (water, ethanol and silicon oil) were performed. The results for
water showed that the substrates S2 and S3 had a superior affinity
towards water, where the drop of the solvent disappeared within 20 s
when brought in contact with the substrate (Table 2). This can be at-
tributed to the presence of the hydrophilic additives in the composition
of S2 and S3 as compared to S1. In case of ethanol and silicon oil, fast
wetting dynamics of less than 0.5s were observed for all substrates
(data not shown). In general, the substrate with fast ink wetting prop-
erties would be considered as the first choice due to its rapid ink ab-
sorption ability. Therefore, the substrates S2 and $3 would definitely
suit with water, ethanol or oil-based inks.

The swelling index of the fabricated foams was 727% = 45% for
S1, 879% = 63% for S2 and 1073 *= 76% for S3, after 30 min of
aqueous hydration. The swelling properties of the substrates S2 and S3
were significantly different from S1 and from each other (p < 0.05).
Substrates S2 and S3 hydrated much faster than S1, being fully

Density, oil absorption capacity and water drop penetration speed of freeze-dried samples S1, S2 and S3 as well as oil absorption capacity of the solvent-casted films.

Values are present as mean + standard deviation (n = 3).

Substrate Density (g/cm®) Oil absorption capacity (w/w%) Oil absorption capacity of films (w/w%) Water penetration speed (s)
S1 0.099 + 0.002 786 + 11 25 + 14 821.2 * 58.3

S2 0.095 + 0.002 835 + 15 31 + 16 21.2 £ 47

S3 0.082 £ 0.004* 960 + 9* 36 + 12 18.7 + 5.3*

* p < 0.05, significant difference compared to the substrate S1 by Student’s unpaired t test.
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Fig. 2. Sorption/desorption profiles for the substrates S1, S2 and S3.

hydrated after 5 min, while it took 30 min for S1 to fully hydrate. This is
also likely due to the addition of hydrophilic additives to S2 and S3.
Furthermore, the higher swelling index of $2 and S3 can also be ex-
plained by the superior porosity of those substrates as compared to S1
(Table 2).

The thermogravimetric analysis revealed that moisture content of
the substrates S1, S2 and S3 were 0.99 = 0.12%, 1.78 *= 0.14% and
2.40 *= 0.20%, which is within the typical range of 0.5-3% for lyo-
philized products [40]. The determined water sorption/desorption
profile of the substrate S1 (Fig. 2) was very similar to the one of HPMC
powder reported in the literature [41]. The significant weight gain of
the S1 was observed after 70% relative humidity (RH), reaching 38%
equilibrium moisture at 95% RH. The sorption/desorption profiles of
the substrates S2 and S3 were very close to each other with S2 being
slightly more hygroscopic. This small difference can be explained with
the presence of poloxamer 188 that is known to be hygroscopic only at
RH higher than 80% [42]. The maximum detected weight gain was 60%
for both S2 and S3. This leads to the conclusion that the substrate S1
was the least sensitive to the changes in the RH. This substrate would be
the most desired if the printing and subsequent storage of the dosage
forms would be performed at RH higher than 60%.

It is worth noticing that the appearance of the substrates after sto-
rage at < 5%, 23%, 43%, 75% and 95% RH over three months did not
change. The formation of gels out of the solid foams was not detected
even at 95% RH, highlighting the ability of the developed foams to
maintain the structure in harsh storage conditions.
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Table 3

Young’s modulus, ultimate tensile strength (UTS) and elongation at break va-
lues for the studied substrates S1, S2 and S3. Values are presented as
mean * standard deviation, n = 3.

Substrate  Young’s modulus Ultimate tensile strength  Elongation at break
(mN/mm?) (mN/mm?) (%)

S1 351 + 2.7 208.0 + 55.4 9.4 * 1.9

S2 12.2 = 1.8 82.4 + 28.1 235 = 3.1

S3 19.7 = 3.4 2189 = 81.5 20.6 = 5.3

* p < 0.05, significant difference compared to the substrate S1 by Student’s
unpaired t test.

3.2.3. Mechanical properties

Texture analysis of the selected substrates was undertaken to in-
vestigate their flexibility, strength and hardness. The measured stress-
strain curves of the studied samples revealed rather a ductile than
brittle behavior of the substrates with three distinct regions: the elastic
region, the plastic region and the failure region (Fig. 3A).

In order to compare the flexibility of the different substrates, the
Young’s modulus or elastic modulus was determined by calculating the
slope of the stress-strain curve in the elastic region. A stiffer material
yields a higher value of the slope. As expected, addition of plasticizers
improved the flexibility of the substrates with sample S2 being the most
flexible (Table 3). This can be explained with the increased mobility of
the polymer chains in samples S2 and S3 due to the increased free
volume between the polymer chains as a result of the incorporated
plasticizers and higher detected moisture content [43]. However, the
substrate S2 appeared to be the least resistant to the applied force as its
ultimate tensile strength (UTS, represents the maximum stress that a
material can withstand before breaking) was lowest. Interestingly, the
substrate §3 had the highest value of UTS in spite of its relatively low
elastic modulus. To evaluate the maximum deformation of the materials
at the applied stress, the elongation at break (the maximum strain at
which the breakage occurs) was determined. The substrate S1 had the
lowest elongation at break, whereas S2 had the highest. These findings
make the substrate S3 the most suitable candidate from the point of
view of the mechanical properties as it is flexible, and can withstand the
stress and deform without an immediate breakage, when, for instance,
roll-to-roll manufacturing would be required. In addition, adequate
flexibility of the substrate would be beneficial, when folding of it would
be needed, for instance, for loading of the produced dosage form into a
hard capsule.

To evaluate the mechanical properties of the solid foams upon
compression ‘hardness’, relaxation distance, compaction index and re-
covery ratio were determined (Fig. 3B) (Table 4). Peak force or
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Fig. 3. (A) Representative stress-strain profiles of the substrates S1, S2 and S3. Three distinct regions are pointed out for S1: elastic (I) plastic (II) and failure (III); (B)

Representative compression profiles of the substrates S1, S2 and S3.
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Table 4

European Journal of Pharmaceutics and Biopharmaceutics 136 (2019) 38-47

Mechanical properties of the substrates S1, S2 and S3 upon compression. Data are present as mean *+ standard deviation, n = 3.

Substrate Peak Force (N) Relaxation distance (mm) Compaction index (mm) Recovery ratio (%) Work of compression (N/mm)
S1 60.2 * 4.1 2.4 £ 0.0 0.7 = 0.0 275 £ 1.2 96.9 = 10.0
S2 40.5 + 8.3 23 0.1 0.8 = 0.1 332 + 2.7 73.4 £ 10.9
S3 11.3 + 2.8 2.0 + 0.2 1.0 = 0.1 53.3 * 13.7° 147 + 3.1

* p < 0.05, significant difference compared to the substrate S1 by Student’s unpaired t test.

Fig. 4. Scanning electron microscopy images of a cross section, containing the drug-printed surface and the porous structure beneath the surface for substrate S1 (A),

S2 (B) and S3 (C) The substrates were inkjet-printed with 20 passes.

35 passes
(high dose)

30 passes

25 passes
(medium dose)

20 passes

15 passes
10 passes

5 pass

(low dose)

0 passes

(blank substrate)

Fig. 5. The photograph of API-printed substrate $3, containing seven different
doses. One square is equal to 1 cm?.

Table 5

Drug content in the printed dosage forms of low, medium and high doses of
substrates S1, S2 and S3. Data are presented as mean * standard deviation,
n=3.

No. passes Drug content, mg (mg/pass)

S1 S2 S3
5 0.52 + 0.01 (0.10) 0.66 = 0.04 (0.13)" 0.66 + 0.01 (0.13)
25 3.31 + 0.03(0.13) 3.34 = 0.14 (0.13) 3.34 + 0.04 (0.13)
35 4.39 + 0.12(0.13)  4.59 * 0.11 (0.13) 4.68 + 0.06 (0.13)

* p < 0.05, significant difference compared to the substrate S1 by Student’s
unpaired ¢ test.

‘hardness represents the resistance of the material to compressive de-
formation [32]. Incorporation of the additives in the composition of the
foams decreased ‘hardness’ of the substrates as the substrate S1 showed
the highest resistance to compression, whereas the lowest peak force
was detected for S3. This correlates well with the porosity measure-
ments, where S3 appeared to be the most porous and the least dense,
while S1 was the least porous and the densest. It is also in accordance

44

with the literature, where the plasticized wafers were weaker and less
brittle compared to unplasticized ones [40]. Relaxation distance re-
presents the difference between corresponding distance at peak force
(3mm) and the point at which the force returns to zero. The foams S1
and S2 showed a similar relaxation distance, whereas this parameter
was significantly lower for S3. The compaction index is the difference in
distance between the points at peak force (3 mm) and relaxation [32]. It
indicates how much of the sample height could be reduced by com-
pression. The order of the substrates, concerning the values of the
compaction index, was opposite to the order of the substrates according
to relaxation distance. Recovery ratio represents the ratio between the
compaction index and relaxation index. It shows how well the sample is
able to regain its original shape. It was found that the substrates were
able to recover their initial shape upon the release of the force with
28%, 33% and 53% regain of the initial height for S1, S2 and S3, re-
spectively. A high resistance to deformation and lower recovery ratio of
the substrate S1 as compared to S2 and S3 could indicate a reduced
porosity and increased contact between the polymer chains of the
substrate after compression [32]. This could negatively affect the re-
lease characteristics of the dosage form, for instance, when the folding
of it for loading into hard gelatin capsule or forced adhesion of the solid
foam to the buccal mucosa (if the oromucosal dosage form is in ques-
tion) would be required. In addition, it appeared that the additives
made the solid foam softer. This characteristic would be more desirable
for oral dosage forms to minimize, among others, swallowing difficul-
ties.

3.3. Characterization of the inkjet-printed dosage forms

3.3.1. Macroscopic and microscopic structure & solid state properties

Inkjet printing of the API-containing ink was successfully performed
on all three selected substrates. The printed substrates stayed intact
without any change in shape and overall appearance even after six
months of storage in the ambient conditions, highlighting the suitability
of the substrates for inkjet-printable pharmaceuticals.

The surface of all three substrates changed after inkjet printing of
the API-containing ink due to a partial dissolution and/swelling of it by
water-based ink during printing (Figs. 1 and 4). As a result, a non-
porous smooth ‘skin’ layer was formed on the surface of the substrates
after 20 and more printing passes. However, the formation of a con-
tinuous layer did not affect the ability of the substrate to hold a high
amount of printed ink as at least 35 subsequent passes were successfully
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Fig. 6. The drug release profile printed on (A) the substrate $3 at low, medium and high doses and (B) the substrates S1, S2 and S3 at high dose. Data are present as

mean * standard deviation, n = 3.

Table 6
Summary of the desired properties of the developed substrates: + + + very
good; + + good and + deficient from the ideal substrate point of view.

Characteristics Substrate, S1 Substrate, S2 Substrate, S3
Morphology ++ ++ +++
Water penetration speed + + 4+ ++ +
Non-hygroscopicity +++ + ++
Porosity + ++ + 4+
Swelling index + ++ +++
Flexibility + ++ + 44
Tensile strength ++ + +++
Elongation at break + ++ + ++
Softness + ++ +++
Recovery ratio + ++ +++
Inkjet printing +++ ++ + +++
Immediate release +++ ++ + + 4+ +

printed on all three substrates. Overall, the formation of a ‘skin’ layer
can be minimized by formulating the ink with a solvent that does not
dissolve the substrate.

To assess the solid state properties of the inkjet-printed drug, DSC
and MDSC measurements were performed. Thermal analysis of raw
propranolol hydrochloride crystals revealed a sharp endothermic peak
with onset at 161.7 °C, corresponding to the polymorphic form II [44].
However, it was not possible to detect any endothermic or exothermic
events related to the melting, crystallization or glass transition of the
printed drug, most probably due to a low drug content that was below
the detection limit of the instrument and/or the presence of the drug
molecularly dispersed in PG.

3.3.2. Drug content

The dosage forms were inkjet-printed as 1 cm? squares, containing
seven different doses (Fig. 5). Manufacturing of flexible doses was
achieved by printing different amount of subsequent layers (5-35
passes with 5 pass increment) of the API-containing ink on top of each
other. Doses ranging from 0.52 to 4.68 mg per dosage form were pre-
pared (Table 4). In average, 0.13 mg of the drug was printed per single
pass with the only exception being the low dose on S1, where 0.10 mg
was printed per pass. The reason for that is under current investigation.
Despite that, the content uniformity was quite good as the standard
deviation appeared to be very small (Table 5). The printing process was
stopped after 35 passes due to the long printing time. However, it was
still possible to incorporate a higher amount of the ink onto the porous
substrate. Nevertheless, the inkjet-printed amount of the API per unit
area of the developed solid foams was significantly higher in this study
(4.6 mg/cm?) as compared to the previous work, where commercially
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available edible rice paper and edible icing sheet or porous thin films
were used as the substrates with maximum 0.85mg/cm? [45] and
0.55 mg/cm? [21].

3.3.3. Release of the drug

The drug release from the printed dosage forms was determined for
each substrate at low, medium and high printed doses, corresponding to
5, 25 and 35 passes, respectively. A very similar released profile was
noticed for all printed dosage forms (Fig. 6). A fast release (over 55% of
drug released) was detected in the first five minutes for all samples. A
similar release kinetics of a inkjet-printed API onto electrospun fibers
was noticed as well by Palo et al. [20]. Furthermore, all samples re-
leased at least 75% of the incorporated drug within the first 15 min.
Dose-independent drug release profile from the printed dosage forms
makes this manufacturing approach as a robust and a reproducible
technique for production of flexible doses, i.e., personalized medicine.

Unlike the solid wafers, where the drug is embedded within the
entire matrix of the dosage form and released slowly through the
swollen gel layer of the different diffusion distance (depending on the
thickness of the wafer) upon contact with the dissolution medium
[37,46], the printed drug was predominantly deposited at and near the
surface of the developed substrates. Therefore, the drug was im-
mediately released from the surface of the substrate as diffusion
through the swollen polymer was minimized.

3.4. Selection of the substrate for printable pharmaceuticals

Table 6 summarizes the properties of the developed substrates. It
was obvious that none of the substrate possessed the optimal properties,
regarding the studied characteristics. For instance, the most flexible
substrate was at the same time the most hygroscopic. Therefore, either
the substrate with a good balance between different properties should
be selected or the substrate with the most desired properties should be
chosen if those characteristics are critical for the manufacturing and
application of a particular dosage form. For example, the porosity of the
substrate would be an important characteristic for high-dose drugs.
Thus, the carrier with the highest porosity should be preferred in order
to incorporate the highest volume of the ink. In case of dosage forms for
oromucosal administration, soft carriers should be selected. Patients
with dysphagia would benefit the most from flexible dosage forms. It is
also highly desired that all the dosage forms should have a high enough
tensile strength and elongation at break to allow for general handling of
the dosage forms without breaking.
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4. Conclusions

Here we have described the fabrication of novel highly porous
substrates intended for manufacturing of relatively high dose dosage
forms using inkjet printing. Out of the studied preparation methods,
only freeze-dried substrates possessed the desired characteristics,
whereas HMPC-based carriers, containing hydrophilic additives, ap-
peared to be the most suitable, regarding morphological, mechanical
and absorption properties. Compared with the reported data from
previous research studies, inkjet printing of higher doses of drug per
unit area was successfully performed even though the ink composition
was not optimal for the produced substrates. Extended studies should
be focused on further optimization of the process parameters and for-
mulation of the components in the substrates to achieve the most sui-
table carrier for drug-containing inks.
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