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Abstract

Background: Individualized care in veterinary practice optimizes pharmaceutical dose
regimens, facilitates disease prevention, and supports animal health by considering the
animal’s individual profile. Three-dimensional (3D) printing is a suitable technology for
manufacturing both tailored drugs and supplements with enhanced efficacy and reduced
adverse reactions. Zinc is used to correct deficiencies, support growth, boost the immune
system, and treat specific conditions like zinc-responsive dermatosis in dogs. The purpose
of the study was to develop and analyze tailored zinc-loaded filaments for the design
of custom-made 3D-printed shapes. Methods: Zinc oxide (ZnO) and artificial beef fla-
vor were incorporated into hydroxypropyl methylcellulose (HPMC) and hydroxypropyl
cellulose (HPC), respectively, to produce tailored 5% or 10% ZnO-containing filaments
for 3D printing. The obtained filaments and 3D-printed forms were characterized using
sieve analysis, moisture determination, melting point, Fourier transform infrared spec-
troscopy (FTIR), differential scanning calorimetry (DSC), and X-ray diffraction analysis.
Results: The characterization of two placebo and four custom-made 3D-printed ZnO sup-
plements suggested that HPMC is a polymer with poor processability, whereas HPC is
suitable for incorporating artificial beef flavor and ZnO. FTIR analysis indicated no in-
teraction between the components. Conclusion: The HPC and 10% flavor mixture can
be applied as a matrix for manufacturing 3D-printed forms with ZnO for individualized
animal care.

Keywords: tailored veterinary medicine; 3D printing; zinc supplementation; FTIR analysis;
DSC analysis

1. Introduction

The mass production of drugs and supplements, especially in veterinary medicine
often does not provide a satisfactory therapeutic effect, which is required for individual
animals or specific veterinary conditions. Individualized dose intensity is dependent on the
animal’s body size, adverse reactions, and pharmacokinetic data. Personalized medicine
represents a transformative advancement in veterinary care, aiming to improve the ef-
fectiveness, safety, and individualization of treatments [1,2]. This approach allows for
tailored dosing strategies, innovative drug combinations, and patient-specific selection
or adjustment of therapies. Strategies for therapy tailored to individual animals require
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not only well-designed clinical studies but also the development of adjustable, affordable,
and assessable pharmaceutical forms [3]. Compared to conventional drug preparation
methods, three-dimensional (3D) printing offers unparalleled flexibility in designing phar-
maceutical formulations, customizing dosages and drug combinations, and accelerating
manufacturing and prototyping processes. Three-dimensional-printed forms allow for
precise control over drug release profiles, support a wide range of clinical applications,
and offer highly personalized pharmaceutical solutions [4]. Fused Deposition Modeling
(FDM), where drug-loaded filaments of polymers are prepared by hot-melt extrusion
(HME) and printed by 3D printers, is probably the most popular 3D printing method due
to its available and simple equipment, the opportunity to develop a variety of 3D-printed
structured forms, rapid prototyping, and low-volume production [5]. FDM works by
applying thermoplastic materials layer by layer and thus creating a variety of geometrical
shapes [6]. The mechanical properties of 3D-printed forms can be precisely adjusted by
choosing appropriate materials and selecting adequate printing parameters. FDM pro-
duces 3D-printed forms with high mechanical stability, lower resolution, and a rougher
surface finish [7]. In addition, FDM requires prefabricated drug-containing filaments with
suitable mechanical properties. Low drug—-polymer miscibility and limited stability on
higher temperatures add to the challenge of producing drug-loaded filaments adequate
for FDM [8]. Mixing drugs, additives, and polymers to form filaments for printing may
lead to various interactions. Although generally regarded as pharmacologically inactive,
excipients can initiate, contribute to, or exacerbate chemical and physical interactions with
active drug compounds, potentially compromising the medication’s efficacy [9]. Thus,
spectroscopic methods, including Fourier transform infrared spectroscopy (FTIR), often
become crucial in determining the possible drug-additives, drug—polymer, or additives—
polymer interactions that affect the obtained tailored filaments for custom-made 3D-printed
forms [10].

Zinc is an essential trace element that functions as a cofactor for numerous enzymes
and plays critical catalytic, structural, and regulatory roles. In dogs, zinc deficiency is
known to decrease the activity of Zn-dependent enzymes in plasma and tissues and impair
growth. Additionally, it can lead to skin lesions, behavioral disturbances, thymic atrophy,
and compromised immune function. The causes of zinc deficiency include inadequate
dietary intake, genetic disorders affecting Zn absorption, or interference from dietary com-
ponents that hinder Zn bioavailability [11]. In pathological conditions such as dermatosis,
adequate Zn supplementation is necessary. A study conducted on dogs indicated that half
of the dogs supplemented with zinc developed recurrent lesions because the doses were
missed or were lower than required [12], indicating the necessity for individualization of
the therapy in veterinary practice.

FDM offers rapid development of new tailored zinc-loaded formulations, thus en-
abling a quick response to the specific health requirements of animals. The use of bio-
compatible and biodegradable materials ensures consumer (animal) safety, and at the
same time, contributes to the reduction in plastic waste production [13]. However, the
development of 3D custom-made pharmaceutical forms of both drugs and supplements
is followed by challenges in establishing regulatory guidelines and ensuring compliance
with safety and efficacy standards [14]. In addition, the flexibility of printing parameters
and material characteristics can affect the final product, which requires constant control
and monitoring [15,16]. Thus, introducing FTIR analysis as the standard method for
the characterization of tailored drug- or supplement-loaded filaments obtained in hot-
melt extrusion may be the key step in the quality control of custom-made 3D printed
pharmaceutical forms.
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In this study, tailored zinc-loaded filaments with and without artificial beef fla-
vor (ABF) for the design of custom-made 3D-printed shapes were developed and com-
pared to placebo forms. Sieve analysis, moisture determination, melting point, FTIR,
DSC analysis, and visual inspection were applied for their characterization, with FTIR
being essential for understanding the rationale behind the selection of the tailored
zinc-loaded filaments.

2. Materials and Methods
2.1. Materials

The following raw materials were used to produce the filaments: hydroxypropyl
cellulose (HPC, donation from Galenika, Belgrade, Serbia); hydroxypropyl methylcellulose
(HPMC, Merck, Darmstadt, Germany); ABF (PF Inc., Melbourne, FL, USA); and zinc oxide
(Centrochem, Stara Pazova, Serbia).

Accurate mass measurements were conducted on an analytical balance (Radwag,
Radom, Poland). The filaments were prepared by using a NoztekTouch extruder (Noztek,
Shoreham-by-Sea, UK). Loss on drying of the powders was performed using a moisture an-
alyzer (Radwag, MA 50.R, Poland) with an automatic measurement of mass change during
heating to achieve the constant mass. The Ultimaker 3s device (Ultimaker, Copenhagen,
Denmark) was applied for the 3D printing. An inversion mixer (Pharmalabor, Milan,
Italy) was used for the mixing of HPC, ABF, and ZnO. A melting point capillary device
(Electrothermal, Basildon, UK) was used to determine the melting point of HPC and HPMC.
Images of filaments and 3D-printed shapes were taken by using a ZEISS STEMI 508 stereo
microscope with an AXIOMCAM ERc 5s camera (ZEISS EVO, Jena, Germany).

2.2. Sieve Analysis

Particle size distribution for HPC, HPMC, ABF, and zinc oxide was determined by
size particle analysis on a vibrating sieve (Retsch, Haan, Germany). Sifting was performed
using 355 pum, 250 pm, 180 pm, 125 pum, and 90 pm sieves. For each component, a sample
of 25 g was placed on the coarsest sieve and constant sieving was carried out for 2 min at
an amplitude of 1 mm. The test was performed in accordance with the requirements of the
European Pharmacopoeia 11th Edition (Ph. Eur. 11) [17] for determining the bulk density of
powders (Chapter 2.9.34).

2.3. Loss on Drying

The loss on drying test was carried out by transferring 1 g of powder on the vessel of
the moisture analyzer (Radwag, MA 50.R, Poland) and spreading it evenly. The samples
were dried at a temperature of 105 °C until a constant mass was obtained, in accordance
with the guidelines of Ph. Eur. 11 [17] (Chapter 2.2.32).

2.4. Melting Point Determination

The melting point was determined by transferring the pure substance to a glass
capillary that was placed on a melting point instrument (Electrothermal, Great Britain).
The melting point was recorded when (i) melting begins and (ii) the melting of the entire
mass in the capillary is completed. The precise determination of the melting point was a
crucial step in setting the extrusion temperature slightly below the melting point (glass
transition temperature).
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2.5. Filaments Production by Hot-Melt Extrusion

The production of filaments was conducted in two phases. In the first phase, two
cellulose derivatives, HPC and HPMC, were tested for their features when combined with
ABF to produce tailored filaments. In the second phase, the polymer that showed better
extrudability with flavoring was selected for designing zinc oxide-containing filaments for
the production of solid 3D-printed shapes.

2.5.1. The Composition of the Mixture for Filaments Production

The powders were measured into a box in a manner to occupy a maximum of 70% of
the box’s volume. The powders were mixed using the shuffling technique with a mixer
(Pharmalabor, Italy).

The placebo filament formulations contained either pure polymer or a mixture of
polymer with 10 or 20% ABE. The composition of the placebo filaments is shown in Table 1.

Table 1. The composition of the placebo filaments.

Formulation Label Composition of the Placebo Formulations
ABF HPC HPMC

HPC / 100% /

\%! 10% 90% /

V2 20% 80% /
HPMC / / 100%
V3 10% / 90%
V4 20% / 80%

After the testing of placebo filaments was carried out, a polymer was selected and
formulations with zinc oxide with ABF were produced. The composition of zinc oxide-
containing mixtures used for filaments production is summarized in Table 2.

Table 2. The composition of zinc oxide-containing tailored filaments.

Formulation Label Composition of the Zinc-Loaded Formulations
ABF Zinc Oxide HPC
Z1 / 5% 95%
72 / 10% 90%
Z3 10% 5% 85%
Z4 10% 10% 80%

2.5.2. Filaments” Extrusion and Extrudability Evaluation

Extrudability of two placebo and four zinc oxide-containing filaments was assessed
based on their physical features: color, surface appearance, ability to curl, and expand-
ability of the filament diameter at the exit of the extruder nozzle. Filament extrusion was
performed on a single-screw extruder (NoztekTouc, Great Britain). The heaters of the
extruder melted the mixture into a viscous thermoplastic mass, which hardened at the
exit from the extruder screw. The extrusion temperature was adjusted to achieve filament
constant and non-expansive rate output at the exit of the extruder nostril. The details of the
filaments during the extrusion process were monitored and recorded by a ZEISS STEMI
508 stereo microscope with an AXIOMCAM ERc 5s camera.
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2.6. Three-Dimensional Printing of the Tailored Filaments

The UltiMaker model 3s (Ultimaker, Denmark) was used for printing 3D shapes of
zinc oxide containing tailored veterinary forms by adjusting the printing parameters in
the UltimakerCura program (v5.9, Ultimaker, Denmark). Two shapes were arranged in
the 3D Bullider software (V20.0.4.0) and printed: a cylinder and a bone. The cylinder was
selected as the most common pharmaceutical oral form, while bone-shaped pellets were
considered as the form most often used for treats or snacks for dogs. A 25% fill and a
triangle pattern for the cylinder and a zig-zag pattern for the bone were applied in the 3D
printing process of the veterinary forms (Figure 1a,b). The temperature was adjusted by
5% successive increments until the constant and non-expansive rate output of the melted
filament through the nostril was obtained. A BB0.8 nozzle and a printing speed of 25 mm/s
were used. The thickness of the layer was 0.2 mm, and the temperature of the plate was
60 °C. The images of the printed 3D shapes were taken using a ZEISS STEMI 508 stereo
microscope with an AXIOMCAM ERc 5s camera.

4V
/\

(@) (b)
Figure 1. Schematic representation of 3D-printed shapes (a) cylinder and (b) bone.

2.7. Fourier Transform Infrared Spectroscopy (FTIR)

The pure substances (ZnO, ABF, and HPC), as well as the tailored filaments and
custom-made 3D-printed shapes were subjected to Fourier transform infrared spectroscopy
(FTIR). An FTIR spectrophotometer (Nicolet IS10, Thermo Scientific, Waltham, MA, USA)
was used for the analysis of the samples and the results obtained were processed with
Omnic 8.1 software (Thermo Scientific, USA). The spectral range was set between 4000 cm ™!
to 400 cm~! with a resolution of 4 cm~!. A blank was recorded before each sample was set

for analysis and 32 separate interferograms were measured for each sample.

2.8. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was applied to determine the glass transition
temperature (Tg) for HPC. Analysis was performed on a differential scanning calorimetry
device (Q20, TA instruments, New Castle, DE, USA). A sample mass of 3 mg to 5 mg was
transferred in hermetically sealed aluminum containers and heated at a temperature of
30 °C to 180 °C, at a heating rate of 10 °C min~!. Calibration was performed with indium.

The sensitivity of the instrument was 10 mV eam~ L.

2.9. X-Ray Diffraction (XRD)

The crystallinity of the starting materials, ZnO, ABF, and HPC, the zinc-loaded fil-
aments with and without ABF, and the 3D-printed forms were evaluated with X-ray
Diffraction (XRD). A Rigaku MiniFlex 600 diffractometer (Rigaku, Tokyo, Japan) with
monochromatic CuKa radiation was used for the measurements of the samples. The
diffractograms were obtained under operating conditions set to 40 kV and 15 mA, with
scanning parameters of 20 in the range of 5-75° (sequence of 0.05°). The recording time for
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each sample was 5 s. FullProf Suite software (January 2021 version) was applied to process
the obtained diffractograms.

3. Results
3.1. Sieve Analysis of Components Used for Filaments Production

The particle size distribution of the components applied for the tailored filaments
production for 3D printing custom-made zinc supplement forms is presented in Figure 2. It
is observed that with HPC, HPMC, and ABF, most of the particles were smaller than 90 um.
The average size of zinc oxide particles varied between 180 and 250 pm.

125 125
100 100
75 75
ES N
50 50
25 25
0 0
<90 90-125 125-180 180-250 250-355 >355 <90 90-125 125-180 180-250 250-355 >355
particle size (um) particle size (um)
I % Cumulative % I % cumulative %
(a) (b)
125 125
100 100
75 75
® ®
50 50
25 25
0 = E—— 0

<90 90-125 125-180 180-250 250-355  >355

particle size (um)

<90 90--25 125-180 180-250 250-355 >355
particle size (um)

cumulative % I % cumulative %

. %
(9 (d)
Figure 2. Particle size distributions for (a) HPMC, (b) HPC, (c) ABE, and (d) zinc oxide.

3.2. Melting Point of HPC and HPMC

The melting points for HPC and HPMC were 234-236 °C and 224-230 °C, respec-
tively, and were used to evaluate the extrusion temperature of the materials. HPMC was
unsuitable for extrusion in the mixture with ABE. Despite the lower melting temperature,
HPMC exhibited limited extrudability. The filaments V3 and V4 with HPMC after extrusion
varied in diameter and were also heterogeneous and twisted. Thus, HPC was selected
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as the polymer for filaments production. Differential scanning calorimetry (DSC) was
performed for HPC and the first transition was recorded at 114 °C (Figure 3). The transi-
tion temperature of HPC recorded with DSC coincided with an extrusion temperature of
120/110 °C. However, filaments with more favorable features were produced at slightly
higher temperatures, 125/115 °C.

Sample: HPC DSC File: F:\lvan\HPC.001

05

00 -

128.15°C

Heat Flow (W/g)

L~/ 114.51°C

-1.5 ' . ' . ' . ‘ . |
20 40 60 80 100 120 140 160 180
Exo Up Temperature (°C) Universal V4.3A

Figure 3. Differential scanning calorimetry (DSC) for HPC.

3.3. Loss on Drying

The percentage of the loss of drying of HPC, ZnO, and ABF as components used for
tailored filament production as well as the obtained placebo filaments (V1 and V2) and
zinc oxide-containing filaments (Z1, Z2, Z3, and Z4) is presented in Figure 4. The highest
moisture content was recorded in the second version of the placebo filament (V2) while
zinc oxide had the lowest loss on drying.

w

N

Loss on drying [%]

=

OI ‘iI'IIIII

zinc V1 V2 HPC-II* VI1-II* Vv2-II* Z71%* 2% 74%*
oxide

Fromulation

Figure 4. Loss on drying. * Samples dried at 40 °C for 24 h prior to HME.
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3.4. Filaments Production by Hot-Melt Extrusion

Two placebo and four zinc oxide-containing filaments were produced by hot-melt
extrusion. The parameters of the tailored filaments are summarized in Table 3.

Table 3. Parameters of the filament’s production by hot-melt extrusion.

Filament's Label Extrusion Temperature Extrusion Rate
HPC T1=125°C, T, =115°C* 15 r/min
Vi Ty =125°C, T, =115 °C 15 r/min
V2 Ty =140°C, T, =130 °C 20 r/min
Z1 T1 =130°C, T, =120 °C 15 r/min
z2 T; =130°C, T, =120 °C 15 r/min
Z3 T, =130 °C, T, =120 °C 15 r/min
74 T, =130°C, T, =120 °C 15 r/min

*120/110 °C—the extrusion was possible, but not all HPC was melted.

The results in Table 3 indicate that the 10% ABF formulation (V1) did not affect
the change in extrusion temperature in comparison to pure HPC, while the 20% ABF
formulation (V2) increased the extrusion temperature. The effect of ABF on the extrusion
temperature could be attributed to a possible interaction with HPC. However, FTIR analysis
indicated no chemical interaction between HPC and ABE, as presented in Figure 5.

It can be assumed that the viscosity of the formulation increased after ABF was added
to HPC. On the other hand, since the addition of zinc oxide is known to affect the viscosity
of the system, it can be presumed that it would also increase the viscosity of the filaments.
Therefore, the Z1 formulation with only 5% zinc oxide and HPC required a higher extrusion
temperature of 130/125 °C. Yet, when 10% zinc oxide was included in formulation Z2, the
extrusion temperature was not affected when compared to formulation Z1 with 5% zinc
oxide. Also, when 10% ABF was added to the 5 or 10% zinc oxide formulations with HPC,
formulation Z3 and Z4, respectively, the extrusion temperature remained unchanged, as for
formulations without ABF with 5 and 10% zinc oxide, i.e., Z1 and Z2, respectively (Table 3).

Each filament was subjected to visual inspection, determining their color, diameter
consistency, surface texture, waviness, and minor irregularities. The diameter of each
filament was measured on three different randomly chosen spots. The visual appearance
of the tailored filaments and their diameters in mm are presented in Table 4. It should be
emphasized that the addition of zinc oxide to the mixture with HPC (with or without) led
to production of filaments with a smoother surface and smaller diameter (Table 4).

Table 4. Diameter of the tailored filaments and their visual features.

Forr]i:]lalzicion 1)1amet2er [mm; Description of the Filaments Based on Visual Observation
HPC 352 312 326 Transparent, rough surface, with slight wavy transitions at certain spots, elastic

Vi 324 33 314 Brown color, uniform with slight wavy transitions at certain spots, elastic
V2 216 264 312 Brown color, uniform with slight wavy transitions at certain spots, elastic
Z1 242 270 256 White color, smooth surface, uniform without transitions
72 212 208 216 Pale yellow color, smooth surface, uniform, with thin folds at certain spots
Z3 234 214 244 Dark beige color, smooth surface of uneven diameter, with slight waves
74 210 212 202 Light beige, smooth surface, uniform in diameter, without waves
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3.5. Three-Dimensional Printing of Custom-Made Zinc Oxide Supplements

Two placebo (V1 and V2) and four zinc oxide-containing supplements were printed
using a 3D printer, Ultimaker 3s device (in two different forms: a cylinder (tablet) and a
bone. The custom-made forms obtained were photographed using a ZEISS STEMI 508
stereo microscope with an AXIOMCAM Erc 5s camera. The obtained images for all the
observed 3D custom-made forms are summarized in Table 5.

Formulation V1 has similar properties to the pure form of HPC, and the 3D-printed
forms were obtained with a printing temperature of 140 °C. However, with V2, the printing
temperature was increased to 170 °C, which indicates, as previously suggested, a possible
increase in viscosity. Moreover, when visually inspecting the placebo V2, which contains
20% ABF when printed in a custom-made 3D form, it had layers which were more clearly
visible. Also, the addition of zinc oxide to the formulation required raising the temperature
from 140 °C for pure HPC and V1 (HPC plus 10% ABF) to 145 °C. All zinc oxide-containing
formulations were printed under the same conditions and at the same temperature of
145 °C. Visually, the best features of the printed objects were recorded for the formulation
Z1, which contained HPC with 5% ZnO and without ABF.

The HPC cylinder and the HPC bone were transparent and homogeneous with smooth
surfaces and uniform material distribution. There were no visible deformations or irregu-
larities in the layers. The V1 cylinder and the V1 bone were darker, relatively homogeneous
with smooth surfaces, and had uniform material distribution. There were no visible defor-
mations or irregularities in the layers. Both forms, the cylinder and the bone, had similar
features to the corresponding 3D shapes obtained only with HPC. The V2 cylinder and
the V2 bone were dark brown, heterogeneous, with a rough surface, and had pores in the
material. In addition, visible deformations and slight wavy transitions on certain spots
in the layers were observed. The printer had difficulty printing the bone shape, thus the
movements of the printer were more clearly visible on the bone.

The Z1 cylinder and the Z1 bone were white with a homogeneous surface. Barely
visible uneven defects were present in the structure of the 3D-printed forms. The cross-
section of the cylinder showed the sealing of a certain number of layers. As a result, the
shape of the bone appeared as though it was spilling out. The Z2 cylinder and the Z2
bone were pale-yellow, clearly defined in shape, but the individual layers were spilled.
The outer surface was relatively smooth, while visible irregularities, unconnected lay-
ers, and deformed bridges in the interior were observed. The Z3 cylinder and the Z3
bone had a more inhomogeneous mesh structure of yellow color with noticeable inter-
nal pores in the material. The outer surface was rough, with certain points at which
the material was accumulated. The dimensions, as well as the shape, were preserved
with visible deformations. Finally, the Z4 cylinder and the Z4 bone had a more homoge-
nous pale-yellow structure with less porosity than both Z3 forms. The outer surface was
rough, with irregularly distributed threads of material. The shape was preserved with
less deformation.
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Table 5. Images of the filaments and custom-made 3D-printed forms.

3D-Printed Form

Formulation . . Front Side of the  Lateral Side of
Filament Front Side of the  Lateral Side of Cylinder the Cylinder

Bone the Bone (Tablet) (Tablet)

HPC

V1

V2

Z1

Z2

Z3

74

3.6. X-Ray Diffraction of Pure Substances, Tailored Filaments, and Custom-Made 3D Zinc Oxide
Supplements

The XRD pattern of pure zinc oxide displayed sharp, high-intensity diffraction peaks,
characteristic of its crystalline structure, while ABF exhibited several distinct peaks indica-
tive of its crystalline phases. In contrast, HPC showed two broad, low-intensity peaks
typical of a predominantly amorphous material and no significant changes were observed
after hot-melt extrusion. These patterns are presented in Figure 6.
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Figure 6. XRD diffractograms of the investigated samples: (a) ZnO, (b) ABF, (c¢) HPC, (d) HPC

filament, (e) V1, (f) V2, (g) Z1, (h) Z2, (i) Z3, and (j) Z4.

4. Discussion

To the best of our knowledge, this is the first original study to investigate the design of zinc-
loaded filaments for the 3D printing of zinc oxide-containing custom-made forms for veterinary
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practice. The idea of designing customized 3D-printed forms with micronutrients in the form of
gummies for the human population has recently been introduced [18] and opened the possibility
for an individualized approach not only in therapeutics but also in dietary supplementation.
Two 3D-shaped forms, a bone and a cylinder (Figure 1), were designed in this study.

The first challenge in designing the original 3D-printed forms of zinc supplements
was the tailoring of adequate filaments. The particle size, drug crystallinity, melting point,
thermal stability of both the polymer and active ingredient, molecular interactions between
polymer and drug, as well as the hydrophilic/hydrophobic balance and pH responsiveness
of the matrix, are critical considerations when selecting materials and assessing the feasibil-
ity of a specific formulation [19,20]. Hot-melt extrusion requires homogeneous mixing of
the materials: polymers, active pharmaceutical ingredients, and additives like plasticizers,
followed by extrusion at elevated temperatures to produce polymeric filaments. The sub-
sequent printing process is typically conducted at temperatures ranging from 150 °C to
230 °C, which are above the glass transition temperature (Tg) of the polymeric materials, to
facilitate molecular-level intermixing of the components [21]. Thus, adding a flavor that is
stable at higher temperatures and can undergo the hot-melt extrusion without interactions
with the polymer is the fundamental step for further decisions in the design.

The polymer hydroxypropyl cellulose (HPC) can effectively convert the crystalline
form of the drug into its amorphous form, enhancing dissolution and enabling sustained
drug release [22]. The polymer hydroxypropyl methylcellulose (HPMC) acts as a binder,
providing structural integrity to the printed dosage form but also, due to its ability to
swell, enables a sustained release of drugs [23]. The particle size, or rather the uniformity
of the particle size of all components, is important for the uniformity of mixing during
extrusion. In the case of a larger difference in particle size, less uniformity of the extrudate
may cause possible segregation of the powder in the device. The sizes of the HPC, HPMC,
and ABF were predominantly below 90 um, and the size distribution curve was shifted
to the left (Figure 2a—c). For zinc oxide, the particle size distribution was between 180
and 250 um (Figure 2d). A smaller particle size of the components contributes to the
uniform appearance of the filament, without any irregularities. A homogenous material is
considered critical for maintaining a consistent filament diameter [24].

The melting point of HPMC and HPC in our research was lower than in the literature [25],
for several reasons. Hydroxypropyl cellulose is a nonionic polymer that dissolves in both
water and ethanol. Its molecular structure is composed of g-(1 — 4) linked D-glucopyranose
units, where the hydroxyl groups located at the C2, C3, and C6 positions of the glucose ring
are chemically modified by etherification with hydroxypropyl groups, -CH,CH(OH)CHj [26].
The molecular chains are arranged randomly, without an ordered structure. This disordered
arrangement contributes to the amorphous features of the polymer, which soften gradually
as the temperature increases. The molecular weight and degree of substitution affect the
melting point as well [27]. Hydroxypropyl methylcellulose is produced by chemically
modifying natural cellulose through etherification, where hydroxyl groups in the cellulose
are substituted with hydroxypropyl and methyl groups. This modification enhances the
cellulose’s solubility, viscosity, film-forming ability, and soothing properties. For HPMC,
the degree of substitution indicates the number of methoxy groups attached per repeating
unit, while the molar substitution refers to the average number of hydroxypropyl groups
per unit. The balance between the methoxy (hydrophobic) and hydroxypropyl (hydrophilic)
groups determines the features of HPMC, such as solubility, swelling capacity, and thermal
gelation temperature, etc. A higher methoxy content causes a reduction in the number of
hydrogens which can donate their electron pair to build intramolecular hydrogen bonds
and thus enhances hydrophobic interactions, reduces hydration, swelling, and gel strength
by limiting the accessibility of hydrophilic groups [28]. Therefore, the molecule is less
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stable and melts at lower temperatures even if it has a higher molecular weight. After
repeated drying, it is not possible to remove complete moisture from the material, i.e., HPC
and HPMC. HPC is more hygroscopic than HPMC due to the free hydroxyl groups [8].
Residual solvents and impurities also lower the melting point, as they act as plasticizers. In
addition, they make the amorphous polymer even more disordered [29].

The glass transition temperature (Tg) is a key parameter for amorphous polymers,
marking the temperature above which the polymer changes from a hard, glassy state to a
soft, rubbery state. When the polymer is below the Tg, it is stiff, brittle, and less flexible.
When the temperature exceeds the Tg, the polymer becomes elastic, softer, and capable
of deformation [30]. The complex morphological structure of HPC likely contributes to
the challenges in the accurate determination of its Tg. The reported Tg values in the
literature for HPC vary widely, from 19 °C to up to 124 °C, with some of the literature
reporting that the Tg for HPC could not be obtained [31]. In addition, HPC also has a wide
extrusion-processing window of >20 °C [32]. We have experimentally determined that the
temperature transition for HPC is between 114 and 129 °C (Figure 3), which corresponds to
the Tg of 124 °C for HPC reported by Sakellariou et al. [33]. The glass transition and/or
melting temperature, the degradation temperature, and the extrusion temperature range for
HPMC varies in the literature data as well but with a narrower temperature window [32]. In
this study, HPMC was unsuitable for extrusion when mixed with ABE. HPMC is generally
a challenging polymer to process by hot-melt extrusion because of its wide glass transition
temperature range (160-210 °C), low degradation temperature, and high melt viscosity.
These factors often necessitate the use of plasticizers to improve HPMC's processability.
Adding plasticizers on the other hand, can lead to issues such as drug crystallization during
storage due to interactions with other additives [34].

Moisture of the components can affect the quality of the filaments formed in the
hot-melt extrusion process. The absorbed moisture can evaporate in the process of heating
and extrusion, creating voids within the molten material, resulting in surface irregularities
and reduced structural integrity of the product. The polymer hydrolysis stimulated by
the moisture in the components contributes to the material’s degradation and results in
a consequent reduction in the mechanical properties of the filament, such as strength
and elasticity. The extrusion process can also be disrupted because wet materials can
cause unstable flow followed by nozzle clogging, which makes extrusion demanding
and uncontrollable. Finally, water acts as a plasticizer, facilitating active pharmaceutical
ingredient (API) recrystallization and compromising structural integrity [35,36]. The loss
on drying was 2.28% for hydroxypropyl cellulose, 0.32% for zinc oxide, 2.64 for V1, 3.09%
for V2, 1.13% for Z1, 1.61% for 22, 1.23% for Z3, and 1.73% for Z4 (Figure 4). A moisture
content of up to 5% is considered a critical threshold for HPC, as it significantly influences
its physical properties. Although HPC has a relatively low affinity for moisture, exceeding
this 5% limit results in notable changes in the powder’s behavior [37]. The moisture of all
of the ingredients was appropriate.

To test the processability, extrusion was started with optimization of the temperature,
screw rotation rate, and variations in the formulation’s composition, to ensure homoge-
neous mixing and stability of the extrudate. As previously mentioned, HPMC filament
had limited processability properties. The filament after extrusion was heterogeneous,
tortuous, and with variations in the diameter. Although HPMC (Figure 2a) had smaller
particle sizes in comparison to HPC (Figure 2b), the extrusion process was in favor of
HPC. Particle size distribution affects a material’s miscibility, agglomeration, and flow
properties [38], and can probably influence the characteristics of the obtained filaments.
Namely, particles with a smaller size have a larger specific surface area, which can lead
to increased cohesive forces, surface-to-surface interactions, and a higher tendency for
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agglomeration. Larger particle sizes generally enhance flowability because they create
more space between particles, allowing them to move past one another more easily [39].
On the contrary, smaller particles add to the poor flowability, which may adversely affect
the extrusion process. Therefore, HPMC was not further considered to be an appropriate
matrix for tailoring the filaments. On the other hand, HPC was suitable for the filament’s
production at an average extrusion speed of 15 revolutions per minute and the lowest
temperature of 125 °C (Table 3). The obtained HPC filament was transparent and elastic,
with a rough surface and slight wavy transitions at certain points. Variations in diameter
were less than 10% (Table 4). The placebo mixture V1 (consisting of 10% ABF and 90% HPC)
showed almost identical processability to pure HPC (Table 3), but the filament was brown
(Table 4). The placebo V2 formulation containing 20% ABF and 80% HPC was difficult
to process. The extrusion temperature for V2 was raised to 140 °C and the speed was
increased to 20 revolutions per minute (Table 3). It was estimated that at least 80% HPC is
required for the filaments to exhibit satisfactory printability. Taking that into account, 10%
of the ABF was selected for further design of zinc-loaded filaments.

The zinc-loaded filaments without ABE, Z1 and Z2, were designed by adding 5%
and 10% zinc oxide, respectively, to HPC. Compared to Z1, the obtained Z2 filament was
light-yellow with thinned bends at specific points (Tables 4 and 5). Filaments Z3 and Z4
were a combination of 10% ABF with 5% and 10% zinc oxide added to HPC, respectively.
The Z3 filament, as well as the Z2, was characterized by uneven transitions, and thus,
varying diameters (Table 4). Surprisingly, the Z4 filament with 10% zinc oxide and ABF
had a uniform diameter with no voids or irregularities (Table 4).

All tailored filaments were examined by FTIR to assess whether any chemical in-
teractions occurred between the excipients and incorporated substances during hot-melt
extrusion and filament formation. Spectroscopy can be used to obtain real-time insights into
the process and filament properties during filament preparation [40]. FTIR analysis became
the “golden standard” for the characterization of 3D-printed forms [41-44]. Its ability to
identify functional groups and detect potential molecular interactions or chemical modi-
fications makes it essential for confirming the compatibility and stability of formulation
components processed under heat and shear stress.

The FTIR analysis indicated no appearance of new bands in the spectrum, which
suggests that there were no formations of new chemical bonds in either the placebo for-
mulations (V1 and V2) or in the zinc-loaded formulations (Z1-Z4) in comparison to the
spectrogram of pure HPC (Figure 5). Based on the obtained spectroscopic analysis, no
interactions were observed. The absence of additional peaks or significant spectral shifts
suggests that the structural integrity of the polymer and additives was preserved.

The combination of HPC with ABF (V1 and V2) as well as the combinations of dif-
ferent fractions of zinc oxide with HPC with or without ABF (Z1-Z4) did not exhibit
polymer-additive-supplement interactions. The characteristic peaks corresponding to
hydroxyl (-OH), ether (C—-O-C), and carbonyl (C=0) stretching vibrations remained un-
changed, further indicating that the materials underwent only physical mixing without
chemical transformation. This step was fundamental for the further development of 3D-
printed forms. Any type of interaction, polymer-additive, polymer—supplement, additive-
supplement, may affect the quality of the product as well as the release-time of the API
(drug or supplement) [45,46].

This finding is fundamental for further development of 3D-printed forms, as polymer—
additive or polymer-supplement interactions could significantly affect filament quality,
thermal stability, and ultimately, the release profile of the active substance. Maintaining
chemical compatibility ensures predictable mechanical behavior during extrusion and
printing, as well as consistent release characteristics of the active ingredient or supplement.
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Conversely, the formation of new chemical entities could lead to undesired alterations in
viscosity, thermal transitions, or dissolution kinetics [47].

FTIR analysis (Figure 5) revealed that pure zinc oxide exhibited low-intensity absorp-
tion bands, which are expected for an inorganic oxide. In addition to the characteristic
fingerprint region associated with Zn-O lattice vibrations, several additional bands of a

1 can be at-

similarly low-intensity were observed. The absorptions around ~1400 cm™
tributed to surface-adsorbed carbonate species formed through CO, interactions with zinc
oxide [48], whereas the broad band near ~3400 cm ! corresponds to adsorbed moisture
and surface hydroxyl groups [49]. The FTIR spectrum of the ABF confirmed the presence
of a complex mixture of organic compounds. The dominant bands included aliphatic
C-H stretching (~2900 cm '), conjugated C=C stretching (~1620 cm~!), C=C stretching
(~1580 cm 1), and C-H bending absorptions at ~1400 and ~1450 cm ™!, all characteristic of
multi-component flavoring systems [50]. The FTIR spectrum of HPC showed a broad O-H
stretching band at 3425 cm ™!, together with C-H stretching bands at 2969 and 2874 cm ™!
from the hydroxypropyl groups. In the fingerprint region, the absorptions at 1455 and
1373 cm ™! corresponded to CHj vibrations. The strong band at 1050 cm ! was attributed
to C-O stretching of ether linkages, while the signal at 839 cm ! reflected C-O deformation
and CH, rocking. These features are characteristic of HPC. Moreover, HPC after extrusion
showed a broad-peak small shift from 3425 cm ™! to 3440 cm~!, which can be attributed to
changes in hydrogen bonding [51]. Despite this shift, the FTIR spectrum showed no signifi-
cant differences, indicating that the polymer structure was preserved after the extrusion
process. Furthermore, the mixtures, including HPC combined with ABF or ABF and zinc
oxide, did not show any additional peaks or significant shifts in existing bands in the FTIR
spectra. This observation indicates that the interactions between HPC, ABF, and zinc oxide
did not alter the polymer structure or induce chemical changes, confirming the overall
stability of the formulations. Overall, these results suggest that the extrusion process and
incorporation of additives maintained the integrity of HPC while accommodating the other
components without detectable structural modifications.

Therefore, the FTIR results confirm that the selected combination of hydroxypropyl
cellulose with ABF (V1 and V2) and the different zinc oxide fractions (Z1-Z4) represents
a chemically compatible system. This stability under extrusion conditions supports the
suitability of these formulations for subsequent 3D printing and performance testing.
The absence of interactions between the polymer, additive, and supplement components
provides a strong basis for reliable product reproducibility and controlled release behavior.

The XRD pattern of pure zinc oxide (Figure 6) displayed a series of sharp, high-
intensity diffraction peaks characteristic of its crystalline wurtzite structure. The most
prominent reflections were observed at approximately 31.76°, 34.41°, 36.25°, 47.52°, 56.59°,
62.84°, 67.94°, and 69.07° (20), corresponding to the (100), (002), (101), (102), (110), (103),
(112), and (201) lattice planes, respectively. The diffractogram also showed reflections
corresponding to the (200), (004), and (202) lattice planes, although these peaks appeared
with lower intensity. The presence of narrow and well-defined peaks confirms the high
crystallinity of the zinc oxide sample, with no detectable secondary phases or impuri-
ties [52]. The diffractogram of pure ABF exhibits several distinct diffraction peaks at 20
values of approximately 27.30°, 31.62°, 45.35°, 56.37°, and 75.14°, indicating the presence
of crystalline phases within the sample. The highest intensity peak appears at 31.60°,
suggesting a dominant crystalline component. The XRD diffractogram of HPC displayed
the characteristic broad amorphous halo described in the literature. No new diffraction
peaks or intensity changes were observed after extrusion, indicating that the process did
not induce crystallization. This finding is consistent with the FTIR analysis, which similarly
showed no significant spectral shifts or the appearance of new absorption bands. The
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XRD pattern of HPC exhibited two broad, low-intensity diffraction peaks, indicating a
low degree of structural ordering, which is consistent with previously reported data [51].
Importantly, the diffractogram remained essentially unchanged after HME, suggesting that
the processing did not alter the existing level of ordering. This observation is supported by
the FTIR analysis, which showed no significant spectral shifts or the appearance of new
absorption bands. The XRD patterns of the formulations (Z1-Z4) showed a reduction in
the intensity of the sharp diffraction peaks of zinc oxide, indicating partial amorphization
of the material [53]. This decrease in peak intensity was more pronounced in formulations
containing lower amounts of zinc oxide. A similar effect was observed for ABF (V1 and
V2), where the crystalline peaks also became less intense upon incorporation into the
formulations, suggesting a partial loss of crystallinity.

The printing temperature in this research was 140/145 °C, which was higher in compari-
son to the extrusion temperature. This setting is typical, as the printing temperature usually
is higher than the temperature used in hot-melt extrusion. The minimum temperature for
melting or deposition must be carefully optimized to avoid degradation of both the polymers
and the active pharmaceutical ingredients. Polymer viscosity is a key factor in setting the
printing temperature, as the molten polymer must flow smoothly through the narrow nozzle
of the FDM 3D printer before being deposited onto the build plate [54]. The porosity of a
dosage form is directly influenced by its infill density. Lower infill percentages result in higher
porosity, increased surface area, and reduced mechanical strength. The infill density for the
printed forms was 25%, which should result in an adequate ability to dissolve since it is
reported that tablets printed with 20% infill density dissolve at a higher rate in comparison
to those printed with 100% infill density [55]. The infill pattern determines the internal
structure of the printed dosage form and varies with different fill densities. Like the infill
density, the choice of infill pattern can influence mechanical strength and in vitro drug
release profiles. Most commercially available 3D printers offer standard infill patterns
such as line, diamond, concentric, hexagonal, shark fill, and grid designs [54]. In the 3D
printing process, a triangle pattern for the cylinder and a zig-zag pattern for the bone
were applied, which guaranteed faster disintegration. The printing velocity was 25 mm/s,
which is rather slow, but it is reported that high printing speeds may produce low-quality
dosage forms [56]. Formulations that are acceptable and suitable for dogs can improve
owner compliance and, consequently, therapeutic outcomes. Due to the bitter taste of
APIs and the lack of appropriately dosed medications, administering drugs to dogs can be
challenging. FDM 3D printing, with its ability to create dosage forms customized in dose
and shape, offers significant advantages in producing formulations specifically designed
for canine patients. Various shapes are printed for pediatric populations, including donut-
like [57] or candy-like [58], while veterinary practice, to the best of our knowledge, lacks
variations [59-61]. Thus, the cylinder and bone proposed in this study are custom-made.

The best outer and inner appearance of the 3D-printed forms with zinc oxide loading
(Z1-Z4) was observed for the Z1 formulation (Table 5). However, the absence of ABF
may affect compliance due to the taste of the formulation or the lack of it. On the other
hand, if ABF is observed as a mandatory additive in the formulation, Z4 presents enhanced
outer and inner appearance in comparison to Z3 (Table 5). A pharmaceutical flavor should
provide effective palatability at low concentrations. If the active ingredient has a very
bitter taste, it may require additional taste masking, but usually the amount of palatability-
enhancing flavor is a small fraction of the total weight of the formulation. ABF is one
of the standardly used additives to enhance palatability in pharmaceutical formulations
for dogs [62]. Based on the features presented in Table 5, the Z4 formulation has the
highest potential for further development of zinc-loaded custom-made 3D-printed forms
for supplementation in veterinary practice.
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Finally, the release of an active pharmaceutical ingredient such as ZnO from HPC
in water is primarily governed by its dissolution and gelation properties, where the rate
of release depends on the formation of a hydrated gel layer [63]. Zinc from HPC can be
released in water through diffusion and erosion mechanisms, influenced by factors like the
HPC’s viscosity, the drug-to-polymer ratio, and the presence of other polymers. The release
process is affected by the formation of pores in the polymer film as water penetrates [64].
However, as it is expected for the animal to gnaw and to seize with their teeth the 3D
pharmaceutical forms, the integrity of the forms will be compromised. Thus, easier water
penetration due to grinding in the animal’s mouth is expected.

5. Conclusions

Hydroxypropyl cellulose was found to be a suitable polymer for hot-melt extrusion,
whereas hydroxypropyl methylcellulose showed inadequate extrudability in formulations
containing ABE. Adding 10% ABF to HPC did not significantly affect the extrusion temper-
ature. However, increasing the ABF concentration to 20% required a higher extrusion tem-
perature and an increased extruder turnover rate. Placebo filament V1, composed of HPC
with 10% ABF, exhibited similar properties to pure HPC when extruded at 125 °C, allowing
for the successful 3D printing of custom shapes. At higher ABF levels, the extrusion temper-
ature had to be raised to 140 °C, resulting in more pronounced layer lines during printing,
likely due to increased viscosity, as FTIR analysis showed no chemical interactions.

The addition of zinc oxide improved filament surface smoothness regardless of the
presence of ABF. ZnO as an active component in the formulations also enhanced the mor-
phological characteristics of the filaments. Extrusion with 5% ZnO required a slightly
higher temperature (130/125 °C), while increasing ZnO content to 10% had little impact.
Formulations combining zinc oxide and 10% ABF showed no difference in extrusion tem-
perature compared to those without flavoring. Future research should explore optimizing
formulations with various additives to further improve filament processability and the
mechanical properties of 3D-printed objects.
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Abbreviations

The following abbreviations are used in this manuscript:

ABF artificial beef flavoring

DSC differential scanning calorimetry

FDM fused deposition modeling

FTIR Fourier transform infrared spectroscopy
HME hot-melt extrusion

HPC hydroxypropyl cellulose

HPMC  hydroxypropyl methylcellulose

Tg glass transition temperature
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