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In pharmaceutics, 3D printing is considered as a promising future technology for fabricating more complex
patient-specific drug delivery systems (DDSs). An anti-staphylococcal herbal preparation, “Chlorophyllipt”, is
produced mainly in a liquid form by the pharmaceutical industry in Ukraine, and it is composed of an ethanolic
eucalypt extract (EE). Since staphylococcal infections have become a true challenge for the health care in all over
the world, it would be relevant and justified to develop the aqueous gels of the present EE applicable for the 3D
printing of the corresponding solid DDSs. The aim of the present study was to develop a novel polyethylene oxide
(PEO) gel loaded with EE for a semi-solid extrusion (SSE) 3D printing and to print the corresponding oral solid
DDSs with different sizes and shapes. For SSE 3D printing, we prepared and tested total ten (10) different
aqueous PEO gel formulations loaded with EE. Prior to 3D printing, the physical appearance, homogeneity,
injection force and viscosity of the gels were investigated. The EE-PEO gels were printed to lattice- and round-
shaped solid DDSs with the head speed of 0.5 mm/s, and the weight (mass uniformity) and effective surface area
of the printed systems were determined. The most feasible EE-PEO gel for SSE 3D printing comprised of 10 mg/
ml of EE, 30 mg/ml of eumulgin and 20 mg/ml of ascorbic acid in a 20-% aqueous PEO gel. The key process
parameters of the SSE 3D printing were identified and verified. The printing quality of EE-PEO DDSs were very
good, thus showing compatibility of a plant extract and carrier polymer. Such 3D-printed antimicrobial DDSs can
be used for example in the treatment of skin wounds and infections of the oral cavity.

designing and fabricating advanced patient-specific DDSs [1-5].
In the past recent years, 3D printing is increasingly used in various

1. Introduction

The “one size fits all” conception is still common in medicine, but
within the recent years, the new paradigm of a personalised medicine is
becoming more and more popular. It is an approach to enhance the
prevention, diagnosis and treatment of diseases to benefit a specific
group of patients, such as children and elderly people, who need phar-
maceutical dosage forms different from the average ones. One important
“pharmaceutical tool” for fostering the implementation of personalized
medicine in medicine is 3D printing. In pharmaceutical 3D printing, by
using different carrier polymers and excipients, it is possible to formu-
late novel tailor-made drug delivery systems (DDSs) and to modify the
drug release behaviour. Therefore, 3D printing as a versatile additive
manufacturing technique holds great promises in pharmaceutics for
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medical disciplines. One specific field in medicine, where 3D printing
has found wide uses and advances is surgery [6]. Modern 3D printing
principles were also used before implementing 3D printing in the suc-
cessful manual recreation of urinary bladder [7]. Printing technologies
have found also promising applications in the other medical specialities,
such as cardiology [8,91, dentistry [10], urology [11,12] and plastic
surgery [13].

In pharmaceutics, 3D printing has been used to produce polypills
containing five or even more active pharmaceutical ingredients (APIs) in
the same drug preparation [14,15]. Pharmaceutical 3D printing was also
successfully applied for modifying and tailoring the drug release pat-
terns of APIs in such oral solid DDS [14,15]. In 2015, US Food and Drug
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Administration (FDA) approved the marketing authorisation application
of the first 3D-printed drug product, Spritam® (levetiracetam) oral
rapidly disintegrating tablet, intended for the treatment of epilepsy
[16]. To date, the APIs formulated into 3D-printed drug products have
been mainly purified synthetic substances, and only little is known about
the 3D printing of more complex plant-origin materials, such as extracts
and herbal mixtures. Such plant-origin materials are often sensitive to
higher temperatures and organic solvents and/or water, which causes
additional challenges for a 3D printing process. To date, there are only a
few studies published on the pharmaceutical 3D printing of plant ex-
tracts [17,18,19].

Since many plant-origin materials are known to be sensitive to higher
temperatures, a semi-solid extrusion (SSE) 3D-printing method is the
method of choice for such printings. A SSE 3D printing, also called as
pressure-assisted micro syringe (PAM) or micro-extrusion-based print-
ing, can be performed at a room temperature without any heating [20,
21,22]. A syringe-like printing head containing a printing material is
moved around a printing plate at a pre-set speed and trajectory. The
material is pushed out of the printing head at a set force level aided by
either a screw, piston or pneumatic movement. The selection of a proper
driving mechanism is important especially when printing living
cell-incorporated materials. The material deposited on a printing plate
needs to be dried/solidified before the addition of a subsequent layer
[1]. To our best knowledge, a SSE 3D-printing method is also the most
feasible selection for formulating novel 3D-printed DDSs containing an
antimicrobial eucalypt extract as a plant-origin active material.

Overcoming the health threatening consequences of staphylococcal
infections and their negative socio-economic effects, have become a
priority in the health care all over the world [23,24]. An
anti-staphylococcal herbal preparation, “Chlorophyllipt”, is produced in
various dosage forms by the pharmaceutical industry in Ukraine.
“Chlorophyllipt” consists an ethanolic eucalypt extract (EE), and it is
available e.g., as 1% ethanol solution, 2% oil solution, 0.25% solution
for injection, spray and tablets [25]. When using a 1% ethanol solution
of “Chlorophyllipt” for rinsing, the solution needs to be diluted with cold
or boiled water at a ratio of 1:5 [25]. However, this treatment leads to
the final preparation, which is (1) non-standardized, (2) has an addi-
tional mineral and microbiological load, (3) is unstable during storage,
and (4) contains up to 20% of ethanol. All these drawbacks significantly
limit the use of such EE preparations for example in paediatrics.

On the other hand, EE has been used for the treatment of oral cavity
infections, throat infections and wound healing for many decades, and
the efficacy of such extract in these treatments has proven [25,26].
Therefore, the development of aqueous EE containing gels applicable in
SSE 3D printing and the corresponding 3D-printed preparations for oral
irrigation uses, would be justified and an urgent task. The antimicrobial
activity of Eucalyptus essential oil (the major component of EE) has been
proven by several researchers [27]. Eucalyptus essential oils and their
major constituents exhibit toxicity against a wide range of microbes,
including bacteria, fungi, and soil-borne and post-harvest pathogens.
Traditional healers use Eucalyptus to treat many illnesses, such as in-
fections, colds, flu, sore throats, bronchitis, pneumonia, aching, stiffness
and neuralgia. The antimicrobial activity of Eucalyptus oil is most likely
attributed to the presence of compounds such as 1,8-cineole, a-pinene,
B-pinene and limonene [28]. The recent studies have also shown that
Eucalyptus essential oil and its major monoterpenes have a true poten-
tial for preventing and treating infectious diseases caused by viruses
[29].

The aim of the present study was to develop an aqueous gel formu-
lation for the SSE 3D printing of EE, and to design and prepare novel 3D-
printed DDSs for EE with an antimicrobial activity. Polyethylene oxide
(PEO) was investigated as a gel former and carrier polymer for 3D
printing.
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2. Materials and methods
2.1. Plant extract

For preparing the aqueous PEO gel loaded with EE, 1000 ml
“Chlorophyllipt” ethanol solution (10 mg/ml) (series 0054497 PJSC
"Halychpharm" of Arterium Corporation, Lviv, Ukraine) was evaporated
to obtain a high viscosity (“thick™) extract, which was used for the
subsequent stages. The extract was purchased from a community phar-
macy, thus it is expected to fully correspond to the requirements of the
DMF as it was on sale. In addition, we conducted the following in-house
quality tests for the extract: UV-spectrum, assay of chlorophylls and
main terpenoids (a-phellandrene: less than 1.5%, 1,8-cineole: not less
than 10%, trans-pinocarveol: less than 2%, aromadendrene: less than
30%, globulol at least 10% in the volatile fraction.) by GC/MS [26].
Identification of chlorophylls in the extracts was carried out with a
two-dimensional thin-layer chromatography (TLC) using hexane -
acetone (8:2) and hexane - acetone (8:4) as solvent systems and the
reference standard (RS) samples of chlorophylls a and b. Chlorophylls
are red in colour in UV light. The assay of chlorophylls was carried out
by spectrophotometric method [30,31].

2.2. Preparation of gels

The aqueous gels of PEO (MW approx. 900,000, Sigma-Aldrich, USA)
at the concentrations of 12%, 15% and 20%, were used as a formulation
platform for the SSE 3D printing of EEs. For preparing such gels, PEO
(1.2 g, 1.5 g or 2.0 g) was dissolved in distilled water (10 ml) approxi-
mately for at least 13-15 h at an ambient room temperature to form a
viscous gel [1]. For preparing a nanoemulsified aqueous eucalypt
extract, Eumulgin SMO 20 (polyethylene glycol 40-hydrogenated castor
oil, Polysorbate 80) (LOT S721580003, Cognis, France) were used [26].
The EE (0.05 g, 0.1 g, 0.15 g or 0.2 g), eumulgin as a surface active agent
(0.15 g, 0.3 g, 0.45 g or 0.6 g, accordingly), and ascorbic acid (UAB
“Armila”, Vilnius, Lithuania) (0.1 g, 0.2 g, 0.3 g or 0.4 g, accordingly),
were added into 12%, 15% and 20% PEO gels.

2.3. Characterisation of gels

The viscosity of gels was determined with a Physica MCR 101
rheometer (Anton Paar, Austria) using a cone-plate geometry. The
measurements were carried out at a room temperature (21-25 °C). The
viscosity measurements were performed by using a rotational shear test
at the different shear rates.

The injectability of printing gels were determined with a Brookfield
CT3 Texture analyser (Middleboro, MA, USA) equipped with a Textur-
ePro CT software (AMETEK Brookfield, Middleboro, MA, USA). In the
injectability test, the injection force needed for pushing a printing so-
lution (gel) through a 21 G needle, was measured. The injectability of
aqueous PEO gels (12%, 15% and 20%) loaded with EE, was investi-
gated. For performing the test, a 3-ml Luer lock Norm-Ject syringe was
filled with a 2 ml of test solution. The syringe was securely placed be-
tween the fixtures of a texture analyser, and a continuous speed of 0.5
mm/s was used for material extrusion from the syringe. All measure-
ment were carried out in triplicates at room temperature (22 + 2 °C).

The gel structure and the degree of homogenization were evaluated
by taking light microscopy images at 40, 100 and 400 times of magni-
fication (Magtex-T Dual Illum., Medline Scientific, United Kingdom;
Industrial Digital Camera UCMOS09000KPB (9.0 MP 1 / 2.4" APTNA
CMOS sensor).

2.4. 3D printing of eucalypt extract
The PEO gels loaded with EE were directly printed using a bench-top

SSE 3D printing system (System 30 M, Hyrel 3D, USA). The printing
head consists of a steel syringe with a plunger connected to a stepper
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Fig. 1. Computer-aided design (CAD) of lattices.

Fig. 2. Computer-aided design (CAD) of rounded shape drug preparations.

motor (the stepper motor moves the plunger up or down and pushes the
content in the syringe out). A blunt needle (Gauge, 21 G) connected to
syringe serves as a printing nozzle. The printing head (syringe with a
nozzle) was not heated. During SSE 3D printing, a printing head moved
at a set speed on X-Y axis (= printing speed) and extruded printing
material at a specified speed through a nozzle system (= extrusion
speed) onto a thermostated printing plate. The printing plate tempera-
ture was set at 40 °C. Following every printed layer, a printing plate was
lowered by a predefined distance (layer height), thus allowing a printing
head to create another layer of material on the top of a printed object.
The software of a SSE 3D printer (Repetrel, Rev3.083 K, Hyrel 3D, USA)
controls the temperature of a printing head and plate, the moving speed
of a printing head, gel extrusion rate, and other settings. The printing
head speeds used were 0.5 mm/s and 1.0 mm/s. Total 8 layers were
printed for the model lattices and 5 layers for the round-shaped disc
preparations.

For verifying a 3D printing quality, a model 4 x 4 grid lattice (Fig. 1)
was designed with an Autodesk 3ds Max Design 2017 software (Auto-
desk Inc., USA). The dimensions for a square-shaped 3D lattice were 30
x 30 x 0.5 mm. The evaluation of 3D printability was based on the
printed lattice weight and area measurements. The theoretical surface
area of a square-shaped 3D lattice (324 mm?) was compared with the
corresponding areas of experimental 3D-printed lattices [1]. A
round-shaped disc preparation (20 mm in diameter) (Fig. 2) was

designed by using a FreeCAD software (vers. 0.19 / release date 2021)
[32,33].

The 3D-printed PEO lattices and round-shaped disc preparations
were weighed with an analytical scale (Scaltec SBC 33, Scaltec, Ger-
many) and photographed. The photographs were analysed with an
ImageJ (National Institute of Health, USA) image analysis software
(version 1.51k). With the 3D-printed lattices, the experimental value
obtained for a surface area was compared with the corresponding
theoretical value of a designed lattice. The surface of the 3D-printed
round-shaped disc preparations was investigated by means of light mi-
croscopy at 40, 100 and 400 times of magnification (Magtex-T Dual
Ilum., Medline Scientific, United Kingdom; Industrial Digital Camera
UCMOS09000KPB (9.0 MP 1 / 2.4"” APTNA CMOS sensor).

2.5. Statistical analysis

Statistical properties of random variables with n-dimensional normal
distribution, are given by their correlation matrices, which can be
calculated from the original matrices. Statistical assessment of data is
reported as mean + SEM, and were analysed using MS Excel (Microsoft
Excel 2016, version 16.0, Microsoft Corporation, USA). The P values less
than 0.05 were considered as statistically significant [34].
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Fig. 3. Ultraviolet (UV) spectrum of eucalypt extract (EE) solution.
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Table 1
Composition of the aqueous polyethylene oxide (PEO) gels loaded with eucalypt
leaves extract (EE). The gels are intended for a semi-solid extrusion (SSE) 3D
printing.

Sample  Eucalypt Eumulgin, Ascorbic acid,  PEO, Water,
extract, g g g g ml
1 - - - 1.21 10.00
2 0.06 0.18 0.14 1.21 10.00
3 0.10 0.29 0.21 1.21 10.00
4 0.15 0.47 0.30 1.21 10.00
5 0.20 0.62 0.41 1.21 10.00
6 0.10 0.29 0.21 1.51 10.00
7 0.05 0.17 0.12 2.00 10.00
8 0.10 0.32 0.22 1.99 10.00
9 0.15 0.44 0.33 1.99 10.00
10 0.20 0.64 0.39 2.01 10.00

Gel 3. Increase 40x

Gel 6. Increase 40x

Increase 100x Increase 400x

Increase 100x Increase 400x

Gel 8. Increase 40x Increase 100x Increase 400x

Gel 9. Increase 40x Increase 100x Increase 400x

Gel 10. Increase 40x Increase 100x Increase 400x

Fig. 4. Microscopic analysis of the 12%, 15% and 20% aqueous polyethylene
oxide (PEO) gels loaded with eucalypt extract (EE). The magnifications 40 x,
100 x and 400 x .
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Table 2
The viscosity and injection force of the aqueous polyethylene oxide (PEO) gels
loaded with eucalypt extract (EE).

Sample  Viscosity, cP (Speed 0.3 RPM, Shear rate 0.6001/  The injection force,
s) N
1 623,200+15,795 72.3 £ 5.9
2 229,133+10,701 20.2 £ 0.7
3 234,541+17,281 22.3+1.2
4 274,933+21,293 27.8 £ 0.9
5 270,933+15,263 26.6 + 3.4
6 459,667+36,757 45.6 +£ 2.1
7 578,933+29,582 57.3+9.8
8 617,633+20,420 60.4 + 1.4
9 632,266+44,297 63.2 +£ 2.9
10 568,933+14,858 56.3 £ 1.3
3. Results

3.1. Physical appearance and viscosity of aqueous gels

The EE fully corresponded to the requirements of the DMF. Its UV
spectrum is presented in Fig. 3 and the maximum of UV spectrum at 652
nm is corresponded to the standard one. The content of chlorophylls was
2.22 + 0.01%, and the main terpenoids were 1,8-cineole 11.1%, glob-
ulol 14.7%, o-phellandrenel.26%, trans-pinocarveol 1.48%, aroma-
dendrene 26.0% in the volatile fraction.

Since the extract was found to comply with the quality requirements
set by the manufacturer and by us (additional quality tests), it was used
for the PEO-EE gels intended for SSE 3D printing. Table 1 shows the
compositions of the aqueous PEO-EE gels developed for SSE 3D printing.
In the gel formulations 3, 6 and 8, the concentration of EE is the same as
in the reference commercial pharmaceutical solution, 1% ethanol solu-
tion of “Chlorophyllipt”

Physical appearance and homogeneity of aqueous PEO-EE gels were
investigated by a visual inspection and light microscopy, respectively.
As shown in Fig. 4, the aqueous PEO-EE gels based on 12%, 15% and
20% PEO solution (3, 6, 8, 9, 10) were homogeneous, and also more
uniform in structure compared to the other gel formulations studied.

3.2. Viscosity and injection force

The viscosity of aqueous PEO-EE gels were measured, and the results
are presented in Table 2. In order to simulate SSE 3D printing, the in-
jection force needed for pushing such PEO-EE gels through a 21 G needle
was investigated in a texture analysis system at a room temperature (22
+ 2 °C), and the results are summarized in Table 2. For example, the
changes of viscosity in the PEO gels (# 1, 3, 6, 8) loaded with eucalypt
extract in the dose 10 mg/ml are presented in Fig. 5. The injection force
changes for the 12% PEO gels during the experiment are shown in Fig. 6.

Based on the results of an injectability test and preliminary SSE 3D
printing tests, the printing head speed of choice for the present aqueous
PEO-EE gels was found to be 0.5 mm/s.

3.3. SSE 3D printing experiments

The operating parameters for the SSE 3D printing of aqueous PEO
gels were recently investigated and optimized by Viidik et al. [1], and
we used those results in the development of SSE 3D printing for the gels
loaded with EE. We used a blunt needle (Gauge, 21 G). The printing head
(syringe with a nozzle) was not heated. The printing plate temperature
was set at 40 °C. The printing head speed used was 0.5 mm/s.

The feasibility of the aqueous PEO-EE gels for SSE 3D printing was
verified by printing standard size square-shaped 3D lattices with the
dimensions of 30 x 30 x 0.5 mm. Table 3 summarized the weight and
surface area of these experimental lattices printed from the aqueous
PEO-EE gels (reference is also made to Table 1). The first attempt of SSE
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Viscosity, cP
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Fig. 5. Changes of viscosity in the PEO gels (12%, 15% and 20%) loaded with the eucalypt extract in the dose of 10 mg/mL.
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Fig. 6. The injection force changes for the 12% PEO gels (A - 12% PEO gel; B - 12% PEO gel loaded with the eucalypt extract in the dose of 10 mg/mL).

Table 3
Weight and surface area of the semi-solid extrusion (SSE) 3D-printed aqueous
PEO lattices loaded with eucalypt extract (EE) (n = 3).

Sample Weight, g Area (5), mm? S practical / S theoretical
1 Reference gel (readily printable) [1]

2 Failed to print

3 0.1429+0.0078 573.84+19.23 1.77
4 0.1035+0.0195 595.83+111.00 1.84
5 0.1146+0.0294 607.41+83.25 1.87
6 0.1599+0.0085 515.40+52.12 1.59
7 Failed to print

8 0.1640+0.0063 404.38+49.71 1.24
9 0,1941+0,028 504.721+66.82 1.56
10 0.2242+0.0025 509.324+28.82 1.57

3D printing was carried out with using the gels 2-5 based on the fixed
concentration of PEO and with using different concentration of EE. With
the gels 4 and 5, a clear layering was observed during a short-term
storage, and the viscosity of these gels were low. Moreover, high level
of spreading out was noticed with the final 3D-printed lattices (Table 3).

Fig. 7 shows the 3D-printed lattices obtained from the aqueous PEO-
EE gels 3 and 5 in three parallel SSE 3D printings. In the 3D printing
experiments, the printing head speed was set at 0.5 mm/s, and the total
number of layers applied was 8 (Fig. 6). The gel formulation 3 was found
to be the most feasible for SSE 3D printing showing very good printing
quality and high reproducibility.

Since the 3D printing properties of the 12% aqueous PEO gels with
EE were not very good, we attempted to print the gels 6 and 8 (Table 1)
with higher concentrations (15% and 20%) of PEO and with 1% of EE,
thus simulating the composition of the “Chlorophyllipt” 1% ethanol
solution. The 3D printing results of such lattice preparations are pre-
sented in Table 3 and Fig. 8.
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Fig. 7. The semi-solid extrusion (SSE) 3D-printed lattices obtained from the aqueous polyethylene oxide (PEO)-eucalypt extract (EE) gels 3 (A1-3) and 5 (B1-3) in

three parallel SSE 3D printings.

Fig. 8. The semi-solid extrusion (SSE) 3D-printed lattices obtained from the aqueous polyethylene oxide (PEO)-eucalypt extract (EE) gels 6 (A) and 8 (B) in three

parallel SSE 3D printings.

Fig. 9 shows the 3D-printed lattices obtained from the aqueous PEO-
EE gels 9 and 10 in three parallel SSE 3D printings. We found that the
20% aqueous PEO gel loaded with EE presented enhanced SSE 3D
printing behaviour over the other gel formulations studied. These
findings were also supported by the weight and surface area results of
the corresponding 3D lattices summarized in Table 3.

The aqueous PEO (12% and 20%) - EE gels (the compositions shown
in Table 1) were also tested for the SSE 3D printing of round-shaped
single-unit disc preparations intended for oral administration
(Table 4). In these preparations, a total number of printed gel layers was
five, and the discs were 3D printed with a printing head speed of 0.5
mm/s. Table 4 shows the weight, weight variation and layout (appear-
ance) of the discs. The sample 1 represents the 3D-printed disc prepa-
ration (white in colour) generated from the reference aqueous 12% PEO
gel without EE (Table 4).

4. Discussion

The prepared aqueous PEO-EE gels (Table 1) were all dark green in
colour and viscous semisolids with a characteristic smell of 1,8-cineole,
which is the main component of eucalypt essential oil. Most of the gels
prepared had a fairly homogeneous structure, which was confirmed by
the microscopic studies (Fig. 1). However, in the aqueous PEO-EE gels 4
and 5 (Table 1), clear signs of stratification and sedimentation were
observed even during a short-term storage. Consequently, the 3D
printing of these gels was found to be complicated, since a printing head
was periodically blocked and the final lattices printed had a non-uniform
structure (which was visible even by a naked eye). To solve this printing
limitation, it is possible to either increase the viscosity of the gel by
adding more PEO, or to increase the amount of surfactant in the gel, but
this can lead to a decrease in antibacterial activity.

We found that the addition of eumulgin significantly decreased the
viscosity and injection force of the aqueous PEO-EE gels (2-10)
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Fig. 9. The semi-solid extrusion (SSE) 3D-printed lattices obtained from the aqueous polyethylene oxide (PEO)-eucalypt extract (EE) gels 9 (A1-3) and 10 (B1-3) in

three parallel SSE 3D printings.

compared to the reference 12% PEO gel 1 (Table 1 and 2). The viscosity
of the aqueous eumulgin containing PEO-EE gels (2-10) were about
2.6-3.7 times lower than the viscosity of a reference 12% PEO gel
(Table 2). Therefore, in order to keep the viscosity of the aqueous
eumulgin containing PEO-EE gels high enough for SSE 3D printing, the
concentration of PEO needs to be increased in the present gels. There-
fore, we increased the concentration of PEO in the present gels to 15%
and 20% for the subsequent SSE 3D printings of the aqueous PEO-EE
gels.

The SSE 3D printing of 15% and 20% PEO gels loaded with EE was
significantly improved compared to that obtained with the corre-
sponding aqueous 12% PEO gels loaded with EE. This conclusion was
made after the visual inspection of the layout of the corresponding SSE
3D printed lattices and based on the calculations of a S practical/S theoretical
ratio (Table 3 and Figs. 3 and 4). The 3D-printed lattices with the low
content of EE (0.05 g/10 ml; formulations 2 and 7 in Table 1) were not of
good (acceptable) quality. The lattices were very fragile and they were
destroyed either by the nozzle of a syringe system, or when they were
tried to be removed from the surface of a printing plate. Thus, these
formulations (2 and 7) are not applicable for the SSE 3D printing of EE-
loaded preparations. All the gels with the EE content of 0.1 g/10 ml
(Table 1) were shown to be feasible for SSE 3D printing, but the most
suitable aqueous gel formulation for such 3D printing was the gel
composing of 20% PEO. The aqueous 20% PEO gel was also found to be
a suitable base (platform) for the gels consisting of EE at the concen-
trations 0.15 g and 0.2 g per 10 ml. The corresponding 3D-printed lat-
tices were uniform in size and shape, and of a good quality (Fig. 4).

The preliminary in-house disintegration test of 3D-printed prepara-
tions was performed based on the visual inspection on the disintegra-
tion/dissolution of the preparations by placing the samples in purified
water (22 + 2 °C), and verifying that they were completely disintegrated
within 10 min (Fig. 10). In the forthcoming studies, the in-vitro disin-
tegration of the preparations will be studied in more detailed by an
established disintegration/dissolution method Eur. Ph. (European
Pharmacopoeia).

Assay of chlorophylls [30] in the water solutions of the 3D-printed
drug preparations showed that total 82-93% of BAS group was
released in the present aqueous solution. This suggests a good
bioavailability and that the present 3D-printed drug preparations most
likely have the antibacterial activity at the level of an original extract
(being used for a long time in the treatment of oral infections and wound
healing [25]). In SSE 3D printing, we did not use elevated temperatures
or other potentially harmful conditions, which could affect the physi-
cochemical stability and/or antimicrobial activity of the extract.

The present aqueous PEO-EE gels (Table 1) were also investigated for
the SSE 3D printing of special round-shaped single-unit disc prepara-
tions intended for oral administration. All experimental gel formulations
(excluding perhaps the gel 5) were feasible for SSE 3D printing. By visual
inspection, the 3D-printed PEO-EE disc preparations dissolved rapidly in
water within 10-15 min (Fig. 10), thus suggesting the potential appli-
cability as an oral immediate-release delivery system.

It is evident that the present 3D-printed disc preparations with a
minor modification can be used as an antibacterial delivery system e.g.,
for the treatment of oral infections and wound healing. The therapeutic
effect of such antibacterial 3D-printed disc preparations could be
enhanced by combining EE with the API having a pronounced anti-
inflammatory activity in the same final dosage form.

In summary, taking into account the results obtained in the present
study, the most promising aqueous PEO-EE gel for a pharmaceutical SSE
3D printing is the formulation 8 consisting EE 10 mg/ml, eumulgin 30
mg/ml and ascorbic acid 20 mg/ml in a 20% PEO gel platform.

5. Conclusions

Novel aqueous PEO gel formulations loaded with antibacterial EE
were introduced for pharmaceutical SSE 3D printing applications. The
key materials and process parameters of SSE 3D printing affecting the
printability of aquoeus gels, were identified and verified. The printing
quality of the 3D-printed PEO-EE preparations were very good and
repeatable, thus showing compatibility of a carrier polymer (PEO) and
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Table 4

The semi-solid extrusion (SSE) 3D-printed disc preparations obtained from the aqueous polyethylene oxide (PEO)-eucalypt extract (EE) gels in three parallel SSE
3D printings. The compositions of the experimental gels 1-10 are presented in Table 1.

Sample Weight, g Photographs
1 0.0450+0.0008

0.0613+0.0107

0.0708+0.0045

0.0750+0.0127

0.0890+0.0005

0.0876+0.0064

0.0959+0.0096

0.0960+0.018

(continued on next page)
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Sample Weight, g

Photographs

10 0.0922+0.004

Dissolution of the dried 3-printed samples
(a) in purified water (after 2 min) (without

mixing)

Dissolution of the dried 3D-printed samples (a)

in purified water (after 7 min) (without mixing)

Fig. 10. Visual inspection of the dissolution of dried 3D-printed preparations in purified water (22 + 2 oC).

plant extract (EE). The most feasible aqueous PEO-EE gel for SSE 3D
printing is composed of EE 10 mg/ml, eumulgin 30 mg/ml and ascorbic
acid 20 mg/ml in a 20% PEO gel platform. The 3D-printed antibacterial
PEO-EE disc preparations developed in this study could have potential
future medicinal uses in the treatment of infections in oral cavity and in
wound healing applications.
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