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Abstract

Context: Quercetin oral delivery is limited by low aqueous solubility, chemical instability, and poor bioavailability. Semi-solid extrusion (SSE) three-dimensional
(3D) printing may provide a flexible approach for preparing individualized oral dosage forms for quercetin.

Aims: To develop and evaluate the feasibility of novel quercetin-loaded aqueous polyethylene oxide (PEO)-poloxamer gel inks for SSE 3D printing, and to
investigate the physicochemical characteristics and in vitro performance of the resulting 3D-printed systems evaluated as candidates for oral formulation
development.

Methods: Six aqueous-ethanolic gel formulations containing quercetin dihydrate, PEO, and either Tween 80, Eumulgin® SMO 20, Pluronic® F-68, Pluronic® F-108,
or Pluronic® F-87 were prepared. Gel viscosity, microscopic appearance, Fourier transform infrared (FTIR) spectral homogeneity, printability, scaffold mass,
surface area, quercetin content, and in vitro dissolution were evaluated. Quercetin was quantified by high-performance liquid chromatography (HPLC) and
ultraviolet (UV) spectrophotometry.

Results: All formulations were printable, although quercetin crystals were detected microscopically in all gels. The addition of Tween 80 or poloxamers reduced
viscosity and improved macroscopic homogeneity compared with the PEO-only formulation. Printed scaffolds showed uniform appearance and acceptable
mass variation. Quercetin content in dried scaffolds was generally close to theoretical values. Poloxamer-containing formulations accelerated quercetin
release. The Pluronic® F-68 formulation released approximately 95% of quercetin within 60 min, whereas the PEO-only formulation released approximately
51%.

Conclusions: This proof-of-concept study demonstrated that PEO-based gels containing Tween 80 or Pluronic® F-68 may represent suitable candidates for
further development of SSE 3D printing of quercetin oral dosage forms. Further analytical validation, biorelevant dissolution, stability, and bioavailability
studies are required.

Keywords: drug delivery systems; personalized medicine; poloxamers; printing, three-dimensional; quercetin; rheology.

Resumen

Contexto: La administracion oral de quercetina esta limitada por su baja solubilidad en agua, su inestabilidad quimica y su escasa biodisponibilidad. La
impresién tridimensional (3D) por extrusién semisélida (SSE) puede proporcionar un enfoque flexible para la preparacién de formas farmacéuticas orales
individualizadas de quercetina.

Objetivos: Desarrollary evaluar la viabilidad de nuevas tintas en gel acuosas de dxido de polietileno (PEO)-poloxamero cargadas con quercetina para impresion
3D por extrusion semisolida (SSE), asi como investigar las caracteristicas fisicoquimicas y el comportamiento in vitro de los sistemas impresos en 3D resultantes,
evaluados como candidatos para el desarrollo de formulaciones orales.

Métodos: Se prepararon seis formulaciones de gel hidroetanélico que contenian dihidrato de quercetina, PEO y Tween 80, Eumulgin® SMO 20, Pluronic® F-68,
Pluronic® F-108 o Pluronic® F-87. Se evaluaron la viscosidad del gel, la apariencia microscopica, la homogeneidad espectral mediante espectroscopia infrarroja
por transformada de Fourier (FTIR), la imprimibilidad, la masa y el area superficial de los andamios, el contenido de quercetina y la disolucién in vitro. La
cuantificacién de la quercetina se realiz6 mediante cromatografia liquida de alta resolucion (HPLC) y espectrofotometria ultravioleta (UV).

Resultados: Todas las formulaciones fueron imprimibles, aunque se detectaron cristales de quercetina mediante microscopia en todos los geles. La
incorporacion de Tween 80 o poloxameros redujo la viscosidad y mejord la homogeneidad macroscépica en comparacion con la formulacién que contenia
Unicamente PEO. Los andamios impresos presentaron una apariencia uniforme y una variacién de masa aceptable. El contenido de quercetina en los andamios
secos fue, en general, cercano a los valores tedricos. Las formulaciones que contenian poloxameros aceleraron la liberacién de quercetina. La formulacién con
Pluronic® F-68 liberé aproximadamente el 95% de la quercetina en 60 min, mientras que la formulacion basada Gnicamente en PEO liber6 aproximadamente
el 51%.

Conclusiones: Este estudio de prueba de concepto demostré que los geles a base de PEO que contienen Tween 80 o Pluronic® F-68 pueden representar
candidatos adecuados para el desarrollo futuro de formulaciones de quercetina destinadas a la impresidn 3D por extrusion semisdlida (SSE). Se requieren
estudios adicionales de validaci6n analitica, disolucién en medios biolégicamente relevantes, estabilidad y biodisponibilidad.

Palabras Clave: impresién tridimensional; medicina personalizada; poloxameros; quercetina; reologia; sistemas de liberacidn de farmacos.
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Abbreviations: 3D: three-dimensional; CAD: computer-assisted design; DDS: drug delivery system; FTIR: Fourier trans-
form infrared spectroscopy; HPLC: high-performance liquid chromatography; ICH: International Council for Harmoni-
sation; PEO: polyethylene oxide; Ph. Eur.: European Pharmacopoeia; RPM: revolutions per minute; SD: standard devia-
tion; SEM: scanning electron microscopy; SSE: semi-solid extrusion; UV: ultraviolet; UV-Vis: ultraviolet-visible; XRPD:

X-ray powder diffraction.

INTRODUCTION

Quercetin (3,3'4',5,7-pentahydroxyflavone) is a
widely occurring plant secondary metabolite and an
important dietary flavonoid found in fruits, vegeta-
bles, and medicinal plants. It belongs to the flavonol
subclass of flavonoids and is among the most abun-
dant polyphenolic compounds in the human diet (An-
dres et al., 2018; Georgiou et al., 2023). Quercetin is
widely distributed in plant-based foods, occurring in
relatively high amounts in apples, berries, cherries, red
leaf lettuce, onions, and asparagus, while lower levels
are found in peppers, broccoli, peas, and tomatoes (Ba-
baei et al., 2018). It is also present in citrus fruits, seeds,
nuts, and red grapes. Onions have been reported as
one of the richest dietary sources of quercetin (Sato &
Mukai, 2020). In addition, quercetin has been identi-
fied in various herbs (such as dill), certain types of tea,
and wine (Mlcek et al., 2016). Moreover, medicinal
plants, such as Sophora japonica (L.) Schott, Aronia mela-
nocarpa (Michx.) Elliott, Fagopyrum sagittatum Gilib.,
Ginkgo biloba L., American elderberry (Sambucus cana-
densis L.), and Hypericum species, are rich in quercetin
(Polera et al., 2019; Wong et al., 2020).

Quercetin exhibits antioxidant, anti-inflammatory,
wound-healing (Chen et al., 2016; Georgiou et al., 2023;
Polera et al., 2019), antimicrobial, and other biological
activities, making it an attractive candidate for phar-
maceutical and nutraceutical applications (Patel et al.,
2018). Given its significant role in the regulation of
bone homeostasis, quercetin also represents a cost-ef-
fective and promising candidate for supporting and
improving bone health (Heindmaki et al., 2025; Wong
et al., 2020). However, its clinical utility remains lim-
ited by poor aqueous solubility and low oral bioavail-
ability.

Quercetin is commonly marketed as a dietary sup-
plement with a reported safe daily intake of upto1 g
and an estimated oral absorption of approximately
60%. It exists in both free (aglycone) and conjugated
forms, including glycosides, sulphates, ethers, and
prenylated derivatives. The form of quercetin influ-
ences its physicochemical characteristics and biological
activity. Despite its lipophilic nature, which enables
diffusion across plasma membranes (Massi et al.,
2017), quercetin exhibits low oral bioavailability due to
poor aqueous solubility, chemical instability, and
rapid metabolism (Chen et al., 2016, Manzoor et al.,
2021). As a hydrophobic compound, quercetin exhibits
very low solubility in water and limited dissolution at
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gastrointestinal pH values (pH 2-7), which reduces its
absorption and leads to low systemic availability (Bai
et al., 2025; Pool et al., 2013). In addition, quercetin is
unstable under various conditions, including exposure
to light, oxygen, temperature, and pH changes, and
may undergo complete degradation under thermal
processing (e.g., 135°C for 35 min) (Bhatia et al., 2022).
Following oral administration, it is rapidly metabo-
lized via glucuronidation, sulfation, and methylation,
resulting in low plasma concentrations (approximately
1.4 pM after doses exceeding 1000 mg) and variable bi-
oavailability (0-50%) (Alizadeh & Ebrahimzadeh,
2022; Luca et al., 2020). Furthermore, its pharmacoki-
netic behaviour is influenced by factors such as food
matrix composition, intestinal transporters, and indi-
vidual variability (Manzoor et al., 2021). These limita-
tions necessitate the development of advanced drug
delivery systems (DDSs) to enhance quercetin stability,
solubility, and bioavailability. In particular, engi-
neered delivery systems, including polymer-based car-
riers, mucoadhesive formulations, and nanostructured
matrices, have been proposed to protect quercetin
from degradation, improve intestinal retention, and fa-
cilitate its controlled release and absorption (Bai et al.,
2025; Kim et al., 2019).

In plants, quercetin is predominantly present as hy-
drophilic glycosides, which limits intestinal absorp-
tion; however, enzymatic hydrolysis to the aglycone
form markedly improves uptake, reaching 65-81% (Shi
etal., 2019). In view of these limitations, improving the
oral bioavailability of quercetin is crucial. Three-di-
mensional (3D) printing is being investigated as a for-
mulation approach for preparing individualized oral
dosage forms of poorly soluble compounds such as
quercetin.

At present, most commercially available quercetin
products are conventional oral solid dosage forms,
such as tablets and capsules, intended for broad con-
sumer or patient populations; however, in specific clin-
ical settings, such as pediatrics and gerontology, there
is a need for individualized therapy and tailored DDSs.
In recent years, 3D printing has emerged as a promis-
ing technology for the fabrication of personalized
pharmaceutical dosage forms (Azad et al., 2020; Pac-
cione et al., 2024). Therefore, through rational material
selection, advanced formulation strategies, and com-
puter-assisted design (CAD), modern 3D printing
technologies, such as semi-solid extrusion (SSE) 3D
printing, may provide a platform for the design and
fabrication of customized oral DDSs for quercetin
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(Koshovyi et al., 2025b; Paccione et al., 2024). Despite
the growing interest in 3D printing technologies for
pharmaceutical applications, limited information is
available regarding the development of aqueous SSE-
printable quercetin formulations based on PEO-
poloxamer systems. In particular, the influence of dif-
ferent surfactants and poloxamers on the printability,
physicochemical properties, and dissolution behavior
of quercetin-loaded SSE 3D-printed dosage forms re-
mains insufficiently investigated.

The aim of this proof-of-concept study was to de-
velop and evaluate novel quercetin-loaded aqueous
polyethylene oxide (PEO)-poloxamer gel inks for SSE
3D printing, and to investigate the physicochemical
characteristics and in vitro performance of the resulting
3D-printed formulations as candidates for further oral
formulation development.

MATERIAL AND METHODS

Materials

For preparing printing gel inks, quercetin dihydrate
(Nanjing NutriHerb BioTech Co, Nanjing, China, pu-
rity 95%), Eumulgin® SMO 20 (LOT 5721580003, Cog-
nis, France), Tween 80 (Ferak Berlin GmbH, Berlin,
Germany), PEO (MW approx. 900,000, Sigma-Aldrich,
St. Louis, MO, USA), and three poloxamer grades, Plu-
ronic® F-68 BioChemica (2E011705, PanReac Appli-
Chem, Germany), Pluronic® F-108 (MKQS8249,
Sigma-Aldrich, USA), and Pluronic® F-87 (433056,
MedChemExpress, USA), were used. Ethanol (Peenvi-
inavabrik, Moe, Estonia) and purified water (obtained
using a Milli-Ro 12 Plus system; Merck KGaA, Ger-
many) were used as printing mediums in different

Table 1. Composition of quercetin-loaded gels for SSE 3D printing.

3D printing of quercetin

proportions. Quercetin dihydrate (1.5 g) was loaded in
the gel (15 g), homogenized, and kept at an ambient
room temperature (22 + 2°C) for at least the subsequent
12-14 h (Viidik et al., 2019). Purified water was used to
prepare the dissolution medium for the in vitro disso-
lution tests.

Preparation of printing gels

An aqueous 12% PEO gel and its mixtures with
three different poloxamers (at a 45:55 ratio) were pre-
pared by using Pluronic® F-68, Pluronic® F-108, and
Pluronic® F-87 as a co-printed carrier polymer for SSE
3D printing of quercetin (Table 1). The selected PEO-
poloxamer ratio (45:55, w/w) was based on the previ-
ous formulation-development studies involving aque-
ous SSE-printable systems containing active pharma-
ceutical ingredients. In these studies, this ratio pro-
vided a beneficial balance between viscosity, injectabil-
ity, shape retention, and printability, while maintain-
ing suitable drug-release characteristics after printing
(Roostar et al., 2026). Quercetin dihydrate was dis-
solved in 3.0 mL of ethanol and mixed with the calcu-
lated amount of the appropriate surfactant solution.
Then, the mixture was added to the previously pre-
pared PEO gel and thoroughly mixed until complete
homogenization was achieved.

The formulation design was driven by the need to
achieve adequate gel homogeneity, controlled viscos-
ity, and reliable printability for SSE 3D printing. PEO
was selected as the primary matrix polymer, while
Tween 80 and selected poloxamers were incorporated
at predefined concentrations to systematically evaluate
their effects on quercetin solubility, rheological behav-
iour, and drug-release performance under identical
printing conditions.

Printing gel composition (g)

Component

Q1 Q2 Q3 Q4 Q5 Q6
Quercetin dihydrate (95% purity) 1.5 1.5 1.5 1.5 1.5 1.5
PEO 1.8 1.8 1.8 0.81 0.81 0.81
Tween 80 0.75
Eumulgin® SMO 20 0.75
Pluronic® F-68 0.99
Pluronic®F-108 0.99
Pluronic® F-87 0.99
Ethanol, mL 3.0 3.0 3.0 3.0 3.0 3.0
Water 12.0 12.0 12.0 12.0 12.0 12.0

Note: Q1-Q6 are conventional designations of the gel formulations, with their compositions specified in the corresponding columns.
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Characterization of printing gels

The rheological properties of the printing gels were
evaluated using a Physica MCR 101 rheometer (Anton
Paar, Graz, Austria) equipped with a cone-plate con-
figuration at 22 + 2°C. Gel viscosity was determined by
a rotational shear measurement performed at a shear
rate of 0.060 s, as previously described (Koshovyi et
al., 2023; 2025b). Gel microstructure and homogeneity
were examined using an optical light microscope
(Magtex-T Dual Illum., Medline Scientific, Rotherham,
UK) fitted with a digital camera (Industrial Digital
Camera UCMOS09000KPB, 9.0 MP, 1/2.4" Aptina
CMOS sensor) (Koshovyi et al., 2025a, 2025b), and by
means of Fourier transform-infrared (FTIR) spectros-
copy (Shimadzu IRPrestige-21 spectrophotometer, Shi-
madzu Corporation, Kyoto, Japan).

The injectability of the quercetin-loaded printing
gels was evaluated using a CT3 Texture Analyzer
(Brookfield, Middleboro, MA, USA) operated with
TexturePro CT software (AMETEK Brookfield, Mid-
dleboro, MA, USA). The test was designed to deter-
mine the extrusion force required to expel the gel for-
mulation through a 21 G needle. For each measure-
ment, 2 mL of the test gel was transferred into a 3 mL
Luer-lock syringe (Norm-Ject). The syringe was
mounted vertically in the texture analyzer, and the
plunger was compressed at a constant speed of 0.5
mm/s to simulate the extrusion process during print-
ing. The maximum force required for gel extrusion was
recorded and used as an indicator of injectability. All
experiments were performed in triplicate at ambient
temperature (22 + 2°C) (Koshovyi et al., 2023).

X-ray powder diffraction

The X-ray powder diffraction (XRPD) patterns of
the raw materials and 3D-printed drug preparations
were obtained using an X-ray diffractometer (D8 Ad-
vance, Bruker AXS GmbH, Germany). The XRPD ex-
periments were carried out in symmetrical reflection
mode (Bragg-Brentano geometry) with CuKa radia-
tion (1.54 A). The angular range was from 5° 2-theta to
45° 2-theta with steps of 0.2° 2-theta. The scattered in-
tensities were measured with a LynxEye 1-dimen-
sional detector with 165 channels. The operating volt-
age and current were 40 kV and 40 mA, respectively.

SSE 3D printing

A desktop-based SSE 3D printer (System 30 M,
Hyrel 3D, Norcross, GA, USA) was used for printing
quercetin-loaded preparations. The 3D printer was
equipped with a printing head consisting of a stainless-
steel syringe and a blunt dispensing needle (21G). The
temperature of the printing platform was maintained
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at ambient room temperature (22 + 2°C) throughout
the printing process. The head movement rate of the
3D printer was 0.5 mm/s, and the printing parameters
were controlled using the Repetrel printing software
(Repetrel, Rev3.083_K, Hyrel 3D, Norcross, GA, USA).
The two types of experimental 3D-printed prepara-
tions were (1) square lattice scaffolds with a total of
eight printed layers, and (2) circular scaffolds with a
total of five printed layers. The square lattice geome-
tries were designed using Autodesk 3ds Max Design
2017 software (Autodesk Inc., San Rafael, CA, USA)
(Koshovyi et al., 2025a; 2025b), whereas the round scaf-
folds with a diameter of 20 mm were created using
FreeCAD software (version 0.19, release 2021). The fi-
nal dimensions of the square lattices were 30 x 30 x 0.5
mm. The printability of gel inks was assessed by deter-
mining the mass and surface area of the printed lat-
tices. The experimentally determined surface areas
were compared with the calculated theoretical lattice
area of 324 mm? (Koshovyi et al., 2023; 2025b). The
printed scaffolds were weighed using an analytical
balance (Scaltec SBC 33, Scaltec, Gottingen, Germany)
and evaluated using Image] image analysis software
(version 1.51k; National Institutes of Health, Bethesda,
MD, USA). Following SSE 3D printing, the constructs
were dried on the printing plate at ambient room tem-
perature (22 + 2°C) for 60 minutes. After drying, the
scaffolds were carefully detached from the printing
plate surface using a dedicated blade.

Scanning electron microscopy

The physical appearance and microstructural fea-
tures of quercetin powder and printing gels were in-
vestigated using a high-resolution scanning electron
microscope (SEM, Zeiss EVO® 15 MA, Germany). The
samples were mounted on aluminium stubs with a
conductive carbon film and were magnetron-sputter-
coated with a 3-nm platinum layer in an argon atmos-
phere before the SEM images were taken.

Assay of quercetin by ultraviolet (UV)
spectrophotometry

Quantification of quercetin in the 3D-printed scaf-
folds was performed by means of UV spectrophotom-
etry following complex formation with aluminium
chloride, as described previously (European Pharma-
copoeia, 2022). The pre-weighed portions of 3D-
printed scaffolds (approximately 26 mg each) were dis-
solved in 25 mL of a 50% (v/v) aqueous isopropanol
solution in 50 mL volumetric flasks, and the volume
was then adjusted to the mark with pure methanol (25
mL). The quercetin content was determined using the
established analytical procedures described in the
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European Pharmacopoeia (Ph.Eur.) (European Phar-
macopoeia, 2022; Kukhtenko et al., 2024).

Assay of quercetin by high-performance liquid
chromatography (HPLC)

The quercetin content was determined using a
modified liquid chromatography method based on the
European  Pharmacopoeia  (11.5)  monograph
01/2011:1828 (Ginkgo biloba leaf, assay of flavonoids)
(European Pharmacopoeia, 2022). Chromatographic
separation was performed on a C18 column (250 x 4.6
mm, 5 pm; Phenomenex Luna C18(2), 100 A) The mo-
bile phase consisted of (A) a 0.3 g/L phosphoric acid
solution adjusted to pH 2.0, and (B) methanol, applied
using the following gradient program: 50% B (0-1
min), 50-65% B (1-15 min), 65-100% B (15-16 min),
100% B (16-18 min), followed by re-equilibration at
50% B (18-22 min). The flow rate was 1.0 mL/min, and
detection was performed at 370 nm. The injection vol-
ume was 10 pL. Quercetin dihydrate (95%, containing
84.88% quercetin) was used as the reference standard.
Under these conditions, the retention time of quercetin
was approximately 12 min. Analyses were carried out
using a Shimadzu Prominence modular HPLC system
(Shimadzu Corporation, Kyoto, Japan) equipped with
a degasser (DGU-20A5R), two pumps (LC-20AD), a
system controller (CBM-20A), an autosampler (Nexera
X2 SIL-30AC), a column oven (CTO-20AC), and a di-
ode array detector (SPD-M20A). Data acquisition and
processing were performed using LabSolutions soft-
ware (version 5.97 SP1, Shimadzu, 2019). The suitabil-
ity of the HPLC method for quercetin quantification
was verified by evaluating linearity and repeatability.
The HPLC method showed an excellent linearity over
the concentration range of 0.00041-0.28987 mg/mL,
with a correlation coefficient (R) of 0.999986 and a co-
efficient of determination (R?) of 0.99997. Repeatability
was assessed by six consecutive injections of the same
standard solution, resulting in a relative standard de-
viation (%RSD) of 0.14%. Accordingly, the HPLC pro-
cedure was considered verified for comparative quer-
cetin assay under the present experimental conditions
rather than fully validated according to ICH Q2(R2).

Dissolution test in vitro

The in vitro dissolution of the 3D-printed quercetin
preparations (discs) was investigated in a Sotax AT 7
Smart dissolution test apparatus (Sotax AG, Switzer-
land) equipped with an Ismatec IPC 8 ISM 931 peristal-
tic pump (Cole-Parmer Instrument Company LLC,
USA) and Specord 200 Plus spectrophotometer (Ana-
lytik Jena GmbH, Germany) (European Pharmaco-
poeia, 2022). The dissolution medium was 900 mL of
distilled water (36.7 + 0.2°C), and the rotating speed of
the paddles was 100 rpm. The number of parallel
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samples used in each dissolution test was three (n = 3).
Spectrophotometric data were acquired automatically
via flow-through cuvettes integrated into the Specord
200 Plus UV-Vis spectrophotometer at a wavelength of
375 nm. In the dissolution tests of preparations, sam-
ples were taken at different intervals (2 x 2.5 min, 4 x 5
min, 4 x 10 min, 4 x 15 min). Distilled water was se-
lected as a standardized dissolution medium to enable
direct comparison of the investigated formulations un-
der identical experimental conditions. Considering the
extremely low aqueous solubility of quercetin, theoret-
ical assessment based on published solubility data in-
dicates that sink conditions were not achievable under
the selected experimental conditions. Therefore, the
dissolution study was designed primarily to verify that
quercetin was released from the printed dosage forms
and to compare the relative dissolution behavior of the
investigated formulations rather than to predict in vivo
dissolution performance.

Statistical analysis

Experimental results are presented as mean *
standard deviation (SD). Statistical analyses were per-
formed using Welch's one-way analysis of variance
(Welch's ANOVA) to compare the six formulations
(Q1-Q6), as this method does not require the assump-
tion of equal variances among groups. When the over-
all Welch's ANOVA indicated statistically significant
differences, pairwise comparisons were performed us-
ing the Games-Howell post hoc test, which is appro-
priate for unequal variances and small sample sizes.
Differences were considered statistically significant at
p<0.05.

RESULTS

As shown in Table 2, the printing gels prepared
were macroscopically homogeneous semisolids with a
yellowish-brown colour and relatively high viscosity.
The Q1 gel, which does not contain any auxiliary ex-
cipients, presented the highest viscosity. Within the Q1
gel, however, the formation of a yellow crystalline pre-
cipitate was observed, and the precipitate was clearly
visible on the walls of the glass vial. In contrast, the
printing gels containing poloxamers exhibited lower
viscosity than the Q1 gel.

The viscosity of the Q1 gel containing quercetin
without any excipients was high but still feasible for
SSE 3D printing (Table 2). The addition of Tween 80
and poloxamers resulted in statistically significant re-
ductions in viscosity and improved gel homogeneity.
Microscopic image analysis at higher magnifications
(100x and 200x), however, revealed the presence of
quercetin crystals in all printing gels studied (Table 2).
The quercetin crystals were transparent and elongated
in shape. Nevertheless, the FTIR spectra of printing
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gels Q2-Q6 (taken at five different gel layers) verified
the homogeneity of the gels. With the Q1 printing gel,
one FTIR spectrum differed markedly from the others,
thus indicating heterogeneity in the gel structure (Ta-
ble 2).

Welch's one-way ANOVA was applied to evaluate
overall differences among the six formulations (Q1-
Q6). When significant overall differences were de-
tected, pairwise comparisons were performed using
the Games-Howell post hoc test. Welch’s one-way
ANOVA indicated statistically significant overall

Table 2. Viscosity and homogeneity of quercetin-loaded printing gels.

3D printing of quercetin

differences among the six formulations (Q1-Q6, Table
2) for both viscosity (p<0.001) and injection force
(p<0.001). Games-Howell post hoc analysis showed
that formulations Q2 and Q4-Q6 differed significantly
from the reference formulation Q1 (all p<0.05),
whereas formulation Q3 did not differ significantly
from Q1 (p>0.05). Accordingly, the incorporation of
Tween 80 and poloxamers generally reduced both the
viscosity and injection force of the gels, whereas the
Eumulgin-containing formulation (Q3) did not differ
significantly from the reference formulation (Q1).

Rp. | Viscosity,
P Injection Optical light microscopy images of FTIR spectra at five different gel layers (n =5), A 4000-
(22 +2°C) force, N the quercetin-loaded gels 600cm™
(n=3)
Q1 183,033+ 68.3+4.3 =
16,497
Y]
TRt ;
Magnification 100x
Magnification 200x
Q2 130,866 + 48.8+3.1*
4,198*
Magnification 40x o . e T T T O T T
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Magnification 100x

Magnification 200x

Magnification 40x

Q3 | 176,300+ | 65.88+4.2
18,466
Magnification 100x
Q4 | 72,553+ 27.142.3* udl
21,194* L i A
J
- \ / A /
& ‘ \- AW,
b ARG AR AL N ——’
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Q5 105,766 £ 39.5+2.7*
13,815*
Q6 44,656 + 18.7+1.4*
8,127
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Magnification 200x

3D printing of quercetin

Notes. Statistical significance was evaluated using Welch’s one-way ANOVA followed by the Games-Howell post hoc test. *Indicates a statistically significant difference compared with
the reference formulation Q1 (p<0.05). Results are expressed as mean + SD. Red scale bar = 50 um. Reference is also made to Table 1. The viscosity of gels (n = 3) was deter-

mined at a rotating speed of 0.03 rpm and a shear rate of 0.060 s™* (22 + 2°C).

The surface area and weight of the SSE 3D-printed
scaffolds of quercetin are shown in Table 3. The printed
scaffolds showed a consistent appearance, mass, and
geometry under the tested printing conditions. The
variation in the surface areas of 3D-printed lattices was
less than 4%. The weight variation of lattices and
round-shaped scaffolds did not exceed 6% and 4%, re-
spectively.

Welch’s one-way ANOVA demonstrated statisti-
cally significant overall differences among the six for-
mulations for the weight of round discs, the weight of
printed lattices, and the lattice surface area (all
p<0.001). Games-Howell post hoc analysis showed
that the weight of round discs differed significantly be-
tween Q1 and formulations Q3-Q6, lattice weight

differed significantly between Q1 and formulations
Q2, Q5, and Q6, whereas lattice surface area was sig-
nificantly greater for formulations Q4-Q6 than for Q1
(all p<0.05). Accordingly, the composition of the print-
ing gels significantly influenced the physical character-
istics of the SSE 3D-printed scaffolds, including scaf-
fold weight and lattice geometry, demonstrating the
effect of formulation composition on the printing out-
come.

The solid-state properties of quercetin raw material
and the 3D-printed formulations were investigated us-
ing X-ray powder diffraction (XRPD) (Fig. 1). The dif-
fractogram of pure quercetin exhibited numerous
sharp and intense diffraction peaks, confirming the
highly crystalline nature of the raw material.

Table 3. Weight, surface area, and physical appearance of SSE 3D-printed scaffolds loaded with quercetin (reference is also made

to Table 1).
i Weight of .
Weight of ) £ Area of lattices | Spractical/ . 4
Rp. round discs, attices, mg (S), mm? i Physical appearance
mg (n=5) (n=3) ’ Stheoretical
Q1 180.0+3.0 210.9+3.1 355.4+13.1 1.10

O
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Q2 182.5+3.8 233.2+9.6* 343.7+6.2 1.06
Q3 167.0+6.7* 226.3+9.4 366.7+5.3 1.13
Q4 171.6+2.7* 217.4+6.5 431.1+5.8* 1.33
Q5 133.8+2.5* 175.0 £ 8.6* 462.4+10.2* 1.43
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Q6 145.1+4.1* 185.3+11.1* 417.7+6.5" 1.29

ese
ee

Notes. Statistical significance was evaluated using Welch’s one-way ANOVA followed by the Games-Howell post hoc test. *Indicates a statistically
significant difference compared with the reference formulation Q1 (p<0.05). Results are expressed as mean + SD. “The printed lattices and discs are
not intended as final dosage forms, but serve to demonstrate the printability of the developed gel formulations into diverse geometrical

configurations.

Normalized intensity (Counts)

15

20
2Theta (Coupled TwoTheta/Theta) WL=1.54060

25

QltoQ6).

Reference is also made to Table 1.

Figure 1. X-ray powder diffraction (XRPD) patterns for the quercetin powder and the SSE 3D-printed drug preparations (formulations

Q3
Q2
Q1

Quercetin powder

30 35 40 45 50

All 3D-printed formulations displayed distinct dif-
fraction peaks characteristic of crystalline materials.
Several of these reflections corresponded to those ob-
served in the diffractogram of the quercetin raw mate-
rial, thus indicating that quercetin retained at least par-
tially its crystalline structure following hydrogel prep-
aration and 3D printing.

The incorporation of surfactants resulted in addi-
tional changes in the diffraction patterns. In the formu-
lations Q2 (Tween 80) and Q3 (Eumulgin® SMO 20),
the major quercetin reflections remained clearly dis-
cernible. However, the broadened diffraction maxima
appeared in the 22-26° 20 region, thus suggesting an
increased contribution of a less ordered phase. Such
peak broadening may reflect reduced crystalline order

https://jppres.com

and increased contribution of less ordered phases
within the formulations. However, additional solid-
state characterization would be required to confirm the
molecular state of quercetin.

The diffractograms for the formulations containing
Pluronic F-68 (Q4) and Pluronic F-108 (Q5) exhibited
similar profiles. Both samples showed a pronounced
broad maximum centred at approximately 23-24° 20,
accompanied by a reduction in the intensity of several
minor crystalline reflections compared with the raw
material and formulation Q1. These changes indicate a
decrease in crystalline order and a greater contribution
of a less ordered phase within the system. The effect
was particularly evident in Q4, where the broad dif-
fraction maximum was more pronounced, potentially
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reflecting intermolecular interactions between the for-
mulation components.

The diffractogram of the formulation containing
Pluronic F-87 (Q6) differed from those of the other Plu-
ronic-based systems studied. Although a broadened
maximum was also observed in the 23-24° 20 region,
the major diffraction reflections remained relatively
sharp and intense. Compared with formulations Q4
and Q5, the overall changes in the diffraction profile

3D printing of quercetin

were less pronounced, thus suggesting better preser-
vation of crystalline order within the system.

The morphology of the quercetin raw material and
the surface characteristics of the 3D-printed formula-
tions were investigated using scanning electron mi-
croscopy (SEM). Representative micrographs of the
quercetin raw material are presented in Fig. 2. The sur-
face morphologies of the 3D-printed formulations
(Q1-Q6) are shown in Fig. 3.

Figure 2. Scanning electron micros-
copy (SEM) images illustrating the
physical appearance of quercetin
powder.

Scale bar: 10 um.

Scale bar: 10 um.

Figure 3. Scanning electron microscopy (SEM) images illustrating the physical appearance (surface morphology) of semi-solid
extrusion (SSE) 3D-printed preparations generated from printing gel Q1 to Q6.
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Table 4. Assay of quercetin (%) in the printing gels and 3D-printed quercetin preparations.

Assay of quercetin, %

Rp. Gels 3D-printed scaffolds
Theoretical HPLC UV spectrophotometry w Theoretical HPLC* UV spectrophotometry

Q1 6.61 8.79 8.39+£0.08 1.8 36.65 37.35 33.98+0.25

Q2 6.35 8.40 8.03+0.13* 1.6 29.86 31.21 30.62+0.03*

Q3 6.35 7.52 7.24+0.11* 1.8 29.86 28.45 29.34+0.55*

Q4 6.61 9.58 9.30+0.04* 17 36.65 39.31 38.44+0.11*

Q5 6.61 7.71 7.46+0.21* 1.7 36.65 38.58 37.93+0.32*

Q6 6.61 8.16 7.01+0.12* 1.6 36.65 38.47 37.14+0.81*

Notes. Statistical significance was evaluated using Welch’s one-way ANOVA followed by the Games-Howell post hoc test. *Indicates a statistically significant
difference compared with the reference formulation Q1 (p<0.05). Results are expressed as mean + SD. “The recalculation was performed with reference to the
quercetin content in the quercetin dihydrate (95% purity); W: moisture content in a dosage form, %. For the printing gels, assay values were calculated based on
the analyzed gel mass. For the dried 3D-printed scaffolds, the assay values were corrected for moisture content (W, %) and recalculated with reference to the

quercetin content in quercetin dihydrate (95% purity).

The SEM micrograph of the quercetin raw material
(Fig. 2) revealed elongated rod- and needle-like crys-
tals with well-defined edges and smooth crystal faces,
thus confirming the crystalline nature of the active
agent. The particles exhibited a heterogeneous size dis-
tribution and a tendency to form aggregates, which is
consistent with the morphology commonly reported
for crystalline quercetin.

Distinct changes in morphology were observed fol-
lowing incorporation of quercetin into the PEO-based
hydrogels and subsequent 3D printing (Fig. 3). The for-
mulation Q1, containing only quercetin, PEO, and wa-
ter, exhibited a relatively rough and heterogeneous
surface characterized by layered structures and irregu-
lar protrusions. The present morphology suggests the
presence of solid inclusions embedded within the pol-
ymer matrix, thus indicating incomplete masking of
quercetin crystals by the hydrogel network.

The addition of Tween 80 (Q2) resulted in a
smoother and more homogeneous surface for the 3D-
printed preparations compared to that observed with
Q1 3D-printed preparations. The surface appeared
more continuous, although discrete particulate struc-
tures were still visible throughout the matrix. These
features suggest improved dispersion of the formula-
tion components within the hydrogel system.

A markedly different surface morphology was ob-
served with the Eumulgin-containing 3D-printed
preparations (formulation Q3). Numerous plate-like
and flower-shaped surface structures were distributed
across the sample surface. The presence of these well-
defined features indicates localized crystalline do-
mains, and suggests that crystallization or crystal
growth occurred during gel preparation, drying, or
printing. Compared with the other formulations, Q3

https://jppres.com

displayed the highest density of clearly distinguisha-
ble crystalline-like structures.

The 3D-printed formulations containing Pluronic F-
68 (Q4) and Pluronic F-108 (Q5) presented similar sur-
face morphology (SEM). Both 3D-printed formulations
showed relatively smooth and compact surfaces with
dispersed rounded (surface) features and fewer pro-
nounced crystalline structures than observed in Q3.
The reduction in the number of clearly defined crystal-
line entities suggests a more homogeneous distribu-
tion of the formulation components within the poly-
mer matrix.

The morphology of the Pluronic F-87 3D-printed
formulation (Q6) differed from that of the other Plu-
ronic-containing systems. The surface appeared
rougher and more irregular, with a porous and layered
structure resembling that observed in Q1. Although
some particulate features were present, extensive crys-
talline domains similar to those observed in Q3 were
not evident.

Table 4 summarizes the quercetin content (%) of the
printing gels and SSE 3D-printed scaffolds. The quer-
cetin content determined in the dried 3D-printed scaf-
folds was generally close to the theoretical value. In
contrast, the experimentally determined quercetin con-
centration in the printing gels was consistently higher
than the theoretical value. This discrepancy may be re-
lated to changes in solvent content during gel prepara-
tion, storage, and handling. The residual water and
ethanol contents, however, were not measured in the
present study. The assay results demonstrated good
consistency of quercetin content among the samples
studied. However, a formal European Pharmacopoeia
quality control test “Uniformity of Dosage Units” was
not performed for the SSE 3D-printed preparations
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studied here. The agreement between UV spectropho-
tometry and HPLC supported the comparability of the
assay results under the present experimental condi-
tions; however, full matrix-specific validation remains
necessary.

Welch’s one-way ANOVA demonstrated statisti-
cally significant overall differences among the six for-
mulations for the UV spectrophotometric assay of both
printing gels and 3D-printed scaffolds (both p<0.001).
Games-Howell post hoc analysis showed that all mod-
ified formulations differed significantly from the refer-
ence formulation Q1 (all p<0.05). Accordingly, the
modified formulations exhibited significant differ-
ences in quercetin content compared with the reference
formulation (Q1). Despite these statistically significant
differences, the assay results remained consistent
among the analyzed 3D-printed preparations.

Fig. 4 shows the in vitro release profiles of SSE 3D-
printed quercetin preparations (Q1-Q6) as a cumula-
tive drug release (%) versus time (0-120 min). All SSE
3D-printed preparations (with the exception of Q1) re-
leased 70% of quercetin within approximately 60
minutes. The 3D-printed scaffolds prepared from the
PEO gel (Q1) released only approximately 65% of the
quercetin within 120 min, indicating slower and less
complete drug release under the selected experimental
conditions than the other formulations. The inclusion
of surfactants or poloxamers in the PEO-based printing
formulations increased the observed quercetin release
rate under the selected dissolution conditions (Fig. 4).

40 60 80 100 120

Figure 4. In vitro dissolution profiles of semi-solid extrusion (SSE) 3D-
printed quercetin-loaded scaffolds prepared from formulations Q1-
Q6.

Dissolution testing was performed in 900 mL of distilled water at 36.7 + 0.2°C us-
ing the paddle method (100 rpm). Results are expressed as mean + SD (n = 3).

DISCUSSION

In this study, PEO-poloxamer printing gel inks
loaded with a plant-derived flavonoid (quercetin)
were developed and investigated for SSE 3D printing.
Microscopic examination of the printing gels revealed
the presence of quercetin crystals in all six printing for-
mulations studied (Table 2), which can be attributed to

https://jppres.com
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the hydrophobic nature of quercetin and its limited
solubility in water (Manzoor et al., 2021; Massi et al.,
2017). Nevertheless, within this proof-of-concept
study, the printing gels Q2-Q6 exhibited a feasible ho-
mogeneity for SSE 3D printing, as confirmed by means
of FTIR spectroscopy. The presence of crystalline quer-
cetin in all formulations indicates that the developed
systems should be regarded as printable quercetin sus-
pensions rather than fully solubilized gel formulations.
In contrast, the PEO printing gel ink loaded with quer-
cetin without any excipients (Q1) showed the lowest
degree of homogeneity, still being applicable in SSE 3D
printing. Gel homogeneity and SSE 3D printability
were improved following the incorporation of Tween
80 due to the reduced gel viscosity (Table 2). These
findings are consistent with previous studies on SSE
3D printing of plant-origin compounds using aqueous
PEO-based gels (Koshovyi et al., 2023; 2025a; 2025b).
However, Eumulgin® SMO 20 performed less effec-
tively as a surfactant in the present PEO printing gel
(Q3) compared to the PEO-based printing gel formula-
tions of eucalyptus extract (Koshovyi et al., 2023) and
rosmarinic acid (Koshovyi et al., 2025a) reported ear-
lier. The SSE 3D-printed preparation containing Tween
80 (printing gel Q2) released 70% of quercetin within
approximately 60 minutes, and over 90% within 120
minutes (Fig. 4). With the 3D-printed preparations
generated by the printing gel Q1 (i.e. without any sur-
face-active agent and poloxamer), the corresponding
amounts of quercetin released in vitro were approxi-
mately 50% and 60%, respectively. This suggests that
the inclusion of Tween 80 as a surface-active agent in
the PEO-based printing gels appears to improve the
SSE 3D-printability and dissolution of the final 3D-
printed quercetin preparations. However, while PEO
was previously used as the sole carrier polymer, the in-
corporation of poloxamers broadens the potential for-
mulation applications by improving formulation flexi-
bility. The incorporation of the poloxamers had a pro-
nounced effect on the homogeneity and viscosity of the
printing gels studied here. The PEO-poloxamer print-
ing gels (Q4-Q6) were uniform, plastic, and readily
flowable, and exhibited lower viscosity, which made
them suitable for SSE 3D printing (Table 2). Among the
three poloxamers studied, Pluronic® F-68 provided
the most favourable rheological properties. The viscos-
ity of the PEO-Pluronic® F-68 gel (Q4) was particularly
suitable for SSE 3D printing, enabling easy loading of
the formulation into the syringe of the printer. On the
other hand, its viscosity remained sufficiently high to
prevent uncontrolled extrusion from the printing noz-
zle. Both the PEO-Pluronic® F-68 (Q4) and PEO-
Pluronic® F-87 (Q6) formulations were readily printa-
ble by SSE 3D printing. The injectability measurements
were consistent with the rheological properties of the
formulations. The gels with lower viscosity required
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lower extrusion forces, whereas highly viscous gel for-
mulations presented greater resistance to flow through
the 21 G needle. Despite these differences, all formula-
tions were injectable and suitable for SSE 3D printing.
These findings suggest that the selected polymer com-
positions provided an appropriate balance between
mechanical stability and processability during print-
ing. Previous studies have demonstrated that polox-
amers can be effectively utilized as polymeric carriers
in 3D printing applications. Among them, poloxamer
F108 has been identified as a particularly suitable pol-
ymer when combined with PEO for SSE 3D printing of
drug-loaded dosage forms. In this context, the devel-
oped poloxamer-PEO formulations may provide a ba-
sis for the further development and optimization of
aqueous SSE 3D-printable quercetin formulations for
future applications in personalized medicine and ex-
temporaneous compounding (Roostar et al., 2026). The
printing gels were designed for a short-term use and
were characterized and printed within a limited period
after preparation. Therefore, residual moisture and re-
sidual ethanol contents were not determined in the
present study. Future studies should include residual
ethanol and residual moisture analysis to provide a
more comprehensive physicochemical characteriza-
tion of both the printing gels and the dried 3D-printed
scaffolds.

The XRPD results demonstrated that the diffraction
reflections characteristic of crystalline phase were dis-
tinguishable in the XRPD patterns of all printing for-
mulations studied, thus indicating the presence of
crystalline material following hydrogel preparation
and 3D printing. The reduction in peak intensity, peak
broadening, and changes in the diffraction background
were observed relative to the quercetin raw material.
This suggests decreased crystalline order and an in-
creased contribution of less ordered phases. These ef-
fects were most evident in the formulations containing
Eumulgin® SMO 20 (Q3), Pluronic F-68 (Q4), and Plu-
ronic F-108 (Q5), where broadened diffraction maxima
were observed in the 22-25° 20 region. The findings in-
dicate that the surface-active agents used in this study
influenced the solid-state properties of the 3D-printed
formulations to different extents, resulting in varying
degrees of crystalline order within the printed dosage
forms. Nevertheless, the present XRPD and SEM re-
sults alone are insufficient to confirm molecular dis-
persion or amorphization of quercetin. Complemen-
tary techniques such as DSC and apparent-solubility
studies would be required for definitive confirmation.

The SEM images showed that the incorporation of
surface-active agent in the formulation significantly in-
fluenced the surface morphology of the SSE 3D-
printed preparations. While all 3D-printed formula-
tions presented heterogeneous microstructures,
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notable differences were observed in surface rough-
ness, compactness, and the presence of particulate or
crystalline-like domains. The Eumulgin-containing
formulation (Q3) showed the most pronounced crys-
talline surface features, whereas the formulations con-
taining Tween 80 (Q2) and Pluronic surfactants (Q4
and Q5) generally exhibited smoother and more homo-
geneous surfaces. These observations are consistent
with the XRPD results, which indicated differences in
the degree of structural order among the investigated
formulations.

The quercetin content in the dried 3D-printed scaf-
folds was generally close to the theoretical values,
whereas the values obtained for the printing gels were
higher than expected (Table 4). This discrepancy can be
explained by the partial evaporation of ethanol (and
perhaps also water) prior to the evaluation of gels,
which resulted in an increased apparent quercetin con-
centration in the final printing gels. Importantly, the
quercetin contents determined by means of UV spec-
trophotometry and HPLC were in good agreement
across all preparations studied. The HPLC method was
considered verified for comparative quercetin assay
under the present experimental conditions, whereas
the UV spectrophotometric method was used as a sup-
portive analytical technique to compare the assay re-
sults obtained for the investigated formulations. The
HPLC method used in this study was based on an es-
tablished European Pharmacopoeia method and was
verified for linearity and repeatability on the analytical
system employed. However, a complete validation ac-
cording to ICH Q2(R2), including robustness, interme-
diate precision, accuracy, and forced degradation stud-
ies, was beyond the scope of this proof-of-concept in-
vestigation. After SSE 3D printing and drying, the
quercetin concentration in the scaffolds increased pro-
portionally, most likely due to the evaporation of wa-
ter and the efficient retention of the active substance
during the SSE 3D printing process. Overall, the pre-
sent proof-of-concept results suggest that PEO-
poloxamer gel inks (Q4-Q6) are suitable candidates for
further formulation development and optimization for
SSE 3D printing of quercetin-loaded oral dosage forms.

The SSE 3D-printed preparations generated from
the PEO-poloxamer composite gels (Q4-Q6) presented
the most rapid dissolution in vitro, releasing quercetin
within 60 minutes, followed by an apparent plateau in
the dissolution profile (Fig. 4). The 3D-printed prepa-
rations generated from the PEO-Pluronic® F-68 gel
(Q4) and the PEO-Pluronic® F-108 gel (Q5) showed a
rapid quercetin release (approximately 50-55% within
20 minutes). The 3D-printed scaffolds prepared from
the PEO-Pluronic® F-87 gel (Q6) showed a slightly
slower (but still substantial) release of quercetin (ap-
proximately 48% within 20 minutes). This dissolution

J Pharm Pharmacogn Res (2026) 14(4): 15


https://jppres.com/

Roostar et al.

behaviour suggests a higher fraction of surface-associ-
ated active substance or readily diffusing active sub-
stance, most likely due to the lower density or higher
porosity of the 3D-printed matrix. In contrast, the 3D-
printed preparations generated from the PEO gels
without (Q1) and with Tween 80 as a surface-active
agent (Q2) presented significantly slower initial re-
leases (only approximately 35% and 26% within 20
minutes, respectively). This suggests that the dissolu-
tion of the present 3D-printed preparations is gov-
erned by diffusion through a denser polymeric net-
work or stronger quercetin-matrix interactions. The
3D-printed preparations generated from the PEO gels
with Eumulgin® SMO 20 as a surface-active agent (Q3)
showed a nearly linear quercetin release profile within
90-100 minutes, followed by an apparent plateau in the
dissolution curve (Fig. 4). The 3D-printed preparations
generated from the PEO-Pluronic® F-68 gel (Q4)
showed the fastest quercetin release in vitro (approxi-
mately 95% released at 60 minutes). The corresponding
values for the 3D-printed scaffolds prepared from the
PEO-Pluronic® F-108 gel (Q5) and the PEO-Pluronic®
F-87 gel (Q6) were 91% and 85% (at 60 min), respec-
tively. The 3D-printed preparations generated from
the PEO gels with surface-active agent (Q2 and Q3) re-
leased quercetin more slowly, approximately 74% and
70% (at 60 min), respectively. The 3D-printed prepara-
tions generated from the PEO gel (Q1) presented the
slowest dissolution in vitro (approximately 51% of
quercetin was released within 60 minutes). The en-
hanced release observed for the poloxamer-containing
formulations may be attributed to improved wetting
properties, matrix hydration, and facilitated diffusion
of quercetin from the printed scaffolds. However, these
mechanisms were not directly investigated in the pre-
sent study. Complementary physical solid-state char-
acterization, apparent-solubility studies, and release-
kinetic modelling are needed to gain understanding of
the potential mechanism(s).

With the 3D-printed preparations generated from
the PEO-poloxamer composite gels (Q4-Q6), approxi-
mately 97-100% of the quercetin content was released
within 120 minutes. With the 3D-printed scaffolds pre-
pared from the PEO gels with a surface-active agent
(Q2 and Q3), the quercetin load released within 120
minutes was in the range of 95-97%, while the 3D-
printed scaffolds prepared from the PEO gel (Q1) re-
leased only approximately 65% of the quercetin within
120 minutes, indicating slower and less complete quer-
cetin release than the other investigated formulations
under the selected dissolution conditions. Overall, the
SSE 3D printing formulations of quercetin can be
ranked based on release rate as follows: Q4 ~ Q5 > Q6
> Q2 ~ Q3> Q1. The SSE 3D-printed preparations gen-
erated from the PEO-poloxamer composite gels (Q4-
Q6) may represent suitable candidates for further
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formulation development of quercetin-loaded oral
dosage forms. In contrast, the preparations generated
from the PEO gel (Q1) showed slower dissolution be-
haviour under the selected experimental conditions.
Although sink conditions were theoretically not ful-
filled under the selected dissolution conditions be-
cause of the extremely low aqueous solubility of quer-
cetin, the dissolution test confirmed that quercetin was
released from all investigated 3D-printed formulations
and enabled comparison of their relative dissolution
behavior under identical experimental conditions.
Therefore, the dissolution results should be interpreted
as comparative formulation data rather than as predic-
tors of oral in vivo performance.

In summary, the SSE 3D-printed preparations gen-
erated from the PEO gel with Tween 80 (Q2) and the
PEO-Pluronic® F-68 composite gel (Q4) demonstrated
the most favorable overall performance and may rep-
resent suitable candidates for further optimization in
future proof-of-concept and formulation-development
studies. Both printing gels contained quercetin at a
concentration of 100 mg/mL. The concentration of
Tween 80 as a surface-active agent in the Q2 printing
gel formulation was 50 mg/mL in Q2, and the concen-
tration of Pluronic® F-68 in the Q4 composite gel was
66 mg/mL. The two formulations demonstrated a fa-
vorable balance between viscosity, homogeneity,
printability, and dissolution performance. The results
highlight the important role of printing gel formula-
tion in controlling both the SSE 3D printing perfor-
mance and the pharmaceutical characteristics and
quality of the final printed dosage forms.

Limitations and future perspectives

As a proof-of-concept formulation study, the pre-
sent investigation has several limitations that should
be considered when interpreting the results. The devel-
oped formulations were evaluated shortly after prepa-
ration and printing, and consequently, no short-term
or long-term storage stability studies (or photostability
studies) were performed. The determination of resid-
ual ethanol, residual moisture (or water activity), mi-
crobial quality, and other critical quality attributes re-
quired for comprehensive pharmaceutical characteri-
zation was not performed. These parameters are par-
ticularly important for aqueous ethanol-based formu-
lations intended for oral administration and should be
included in future formulation-development studies.
The in vitro dissolution test was conducted using dis-
tilled water as a standardized medium for comparative
evaluation of the formulations studied. No biorelevant
dissolution studies (e.g., at physiological pH values or
in biorelevant media), experimental sink-condition as-
sessments, release-kinetic modelling, or comparisons
with unprocessed quercetin powder, physical
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mixtures, or conventional quercetin formulations were
performed. Based on the reported aqueous solubility
of quercetin, theoretical evaluation indicates that sink
conditions were not achievable under the selected dis-
solution conditions. Therefore, the dissolution results
should be interpreted primarily as comparative formu-
lation data rather than predictors of oral in vivo perfor-
mance. Furthermore, the present study does not pro-
vide any direct evidence of the potentially improved
oral bioavailability, intestinal permeability, or thera-
peutic efficacy of the present quercetin-loaded 3D-
printed preparations. The UV spectrophotometric
method used in this study requires more comprehen-
sive validation according to regulatory guidelines.
Further studies are needed to verify and gain a better
understanding of the physicochemical properties, stor-
age stability, in vitro dissolution (using physiologically
relevant media), and biopharmaceutical properties of
the present 3D-printed quercetin formulations in-
tended for oral administration. Future studies should
also include biorelevant dissolution testing under
physiologically relevant pH conditions, sink-condition
verification, comparison with unprocessed quercetin
and physical mixtures, and release-kinetic modelling
to provide a more comprehensive biopharmaceutical
characterization of the developed formulations. Post-
printing assessment of quercetin biological activity
would help establish the functional relevance and
pharmaceutical potential of the developed formula-
tions.

3D printing of quercetin

established. The present proof-of-concept study pro-
vides a basis for further pharmaceutical development.
The developed 3D-printed scaffolds should not yet be
regarded as pharmaceutical-grade oral dosage forms
until comprehensive pharmaceutical characterization,
stability evaluation, residual-solvent testing, and bio-
pharmaceutical studies have been completed.
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CONCLUSION

This proof-of-concept study demonstrated that
PEO-based gel inks containing Tween 80 or selected
poloxamers were successfully prepared and used for
semi-solid extrusion (SSE) 3D printing of quercetin-
loaded scaffolds. The printed formulations showed ac-
ceptable appearance, mass uniformity, and improved
in vitro release compared with the PEO-only formula-
tion. Among the evaluated formulations, the Tween
80- and Pluronic® F-68-containing gels showed a fa-
vorable balance of viscosity, injectability, surface mor-
phology, macroscopic homogeneity, and in vitro re-
lease under the tested conditions. Gel homogeneity
and SSE 3D printability were improved because of the
reduced viscosity of these formulations. The incorpo-
ration of Tween 80 and poloxamers also enhanced in
vitro quercetin release compared with the PEO-only
formulation. The developed formulations demon-
strated the feasibility of SSE 3D printing of quercetin-
loaded formulations intended for oral administration.
However, additional physicochemical characteriza-
tion, analytical validation, residual-solvent testing,
storage-stability studies, biorelevant dissolution test-
ing, and in vivo bioavailability evaluation are required
before their pharmaceutical suitability can be fully
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