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ABSTRACT

Ovarian cancer (OC) is the most lethal gynecologic malignancy, often diagnosed at advanced stages due to
clinically silent peritoneal carcinomatosis. Although intraperitoneal (IP) chemotherapy enhances drug exposure,
its effectiveness is hindered by rapid clearance, toxicity, and uneven distribution. To address these challenges, we
developed a novel drug delivery system integrating paclitaxel (PTX)-loaded poly(lactic-co-glycolic acid) mi-
croparticles (PLGA-MPs) within calcium-alginate microbeads (Alg-MBs). This system aims to provide sustained
drug release while minimizing adverse effects. PTX-loaded PLGA-MPs were prepared via solvent evaporation and
encapsulated in Alg-MBs using a coaxial air jet generator. In vitro studies showed an initial burst release over five
days, followed by sustained release until day 21, confirming the role of Alg-MBs in modulating drug diffusion.
Cytotoxicity tests in 2D SKOV-3 OC cultures revealed dose-dependent effects, with increased PTX concentrations
reducing cell viability. A 3D bioprinted tumor model was used to better replicate in vivo conditions and evaluate
long-term efficacy. Sustained PTX release resulted in progressive tumor cell death over 21 days, with delayed but
potent cytotoxicity at higher doses. These findings support hierarchical PTX microencapsulation for prolonged IP
chemotherapy, while the 3D bioprinted model provided a more physiologically relevant platform for evaluating
long-term therapeutic efficacy in OC treatment.

1. Introduction

characterized by macroscopic tumor nodules within the abdominopelvic
cavity, which develop because of peritoneal fluid circulation of

Ovarian cancer (OC) is the most lethal cancer among the female
cancers with nearly 250 000 women diagnosed each year and 140 000
deaths worldwide (Wojtyla et al., 2023). About 85% to 90% of malig-
nant OCs are epithelial ovarian carcinomas, which are usually diagnosed
in an advanced stage due to the presence of clinically silent peritoneal
carcinomatosis. This devastating form of cancer progression is

spreading malignant cells (Fagotti et al., 2010; Pannu et al., 2003).
Intraperitoneal (IP) chemotherapy has been developed to expose tumors
in the peritoneal cavity to high drug concentrations; it has been safely
administered to cancer patients and provides 20- to 1000-fold higher IP
drug concentration than in plasma. Several clinical studies have
demonstrated the activity of IP paclitaxel (PTX) and cisplatin (CPT)
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against advanced OC (Tsai et al., 2007). IP therapy yielded, on average,
a 22% decrease in the risk of death and 12-month longer overall survival
time, which is considered the most significant advance in OC research in
the last decades (Tsai et al., 2007). Despite these advantages, the use of
IP chemotherapy is limited by several complications, including infection
due to prolonged use of indwelling catheter and local (intestinal)
toxicity. These issues have prevented nearly 60% of patients from
completing scheduled treatment cycles, leading to reluctance within the
medical community to adopt IP therapy (Tsai et al., 2007). The phar-
macological limitations of poor drug distribution and penetration within
the abdominal cavity can be overcome through the Pressurized Intra-
peritoneal Aerosol Chemotherapy (PIPAC) or Hyperthermic Intraperi-
toneal Chemotherapy (HIPEC), which are relatively new techniques to
deliver pressurized drug solutions into the abdomen (Graham et al.,
2024; Leebmann and Piso, 2018; Tempfer et al., 2018). Nevertheless, IP
delivery from single-dose applications is hindered by very rapid drug
clearance (Tempfer et al., 2018). One approach to overcome IP therapy
drawbacks is to use sustained drug release formulations that require less
frequent dosing (Perello-Trias et al., 2024; Primavera et al., 2021). Early
research efforts in this area have shown promising results, particularly
with biodegradable polymer microparticles (MPs) loaded with either
PTX, CPT, or carboplatin (Cymbaluk-Ptoska et al., 2019; Dwivedi et al.,
2019; Kohane et al., 2006; Liu et al., 2023; Natsugoe et al., 1999; Tsai
et al., 2013). Although poly(lactic-co-glycolic acid) (PLGA) is widely
used as a polymeric biomaterial for drug delivery due to its excellent
biocompatibility and biodegradability, PLGA-based microparticles
(MPs) did not demonstrate promising results for intraperitoneal (IP)
delivery in terms of minimizing adhesion formation. (Armstrong et al.,
2006). In vivo tests highlighted a high incidence of polymeric residue
and adhesions two weeks after injection, while histology revealed
chronic inflammation, with prominence of foreign body giant cells
(Kohane et al., 2006). Nanoparticles, or MPs made with low molecular
weight PLGA appeared safer, but they are not suitable for sustained IP
drug delivery, as they are cleared within two days (Kohane et al., 2006).

In the field of microencapsulation, hydrogel microbeads (MBs) have
been widely used for IP delivery of therapeutic agents expressed by
entrapped living cells (Calafiore and Basta, 2014; Qi et al., 2011). The
hydrogel is a semipermeable material which allows diffusion while
protecting the payload from immune response and unwanted cell/tissue
interactions. Clinical trials demonstrated that after IP injection of human
pancreatic islets encapsulated in calcium alginate (Ca-Alg) gels, insulin
independence can persist for up to 9 months in type 1 diabetic patients
(Ashimova et al., 2019). Alginate (Alg) is an anionic polysaccharide,
which is considered the gold-standard material for cell microencapsu-
lation, due to its high biocompatibility and high porosity of its gel
(almost 98% wt. is water) (Lopez-Mendez et al., 2021). Ca-Alg MBs can
be easily obtained by generating microdroplets from sodium alginate
solutions, which are dropped into a Ca®*-containing bath to achieve an
almost instantaneous ionotropic gelation (Cellesi et al., 2004). Although
Ca-Alg MPs implanted intraperitoneally may remain free and unat-
tached to host tissues for months (Ashimova et al., 2019), they present
large pores, which are good for cell encapsulation, but not for chemo-
therapeutic drug encapsulation, since release would be too fast for IP
therapy (He et al., 2020).

Recent advances have led to the development of various composites
consisting of nano- and MPs embedded in Ca-Alg microbeads or mi-
crocapsules (Hariyadi and Islam, 2020). These include the microen-
capsulation of PLGA (Win et al., 2024; Wu et al., 2013; Zhai et al., 2015),
polystyrene (Kang et al., 2019), organogels (Sagiri et al., 2014) in
alginate, with applications in drug delivery and diagnostics.

Therefore, the development of innovative methods for prolonged IP
delivery of chemotherapeutic agents remains an unmet clinical need. In
this context, a combination of the advantages of polymer MPs with gel
MBs for the development of tailored drug delivery systems may repre-
sent a game-changer for the treatment of OC.

Based on this rationale, the aim of this study was to design and
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develop drug-loaded polyester MPs embedded within fully biocompat-
ible, non-adhesive, and highly porous Ca-Alg MBs, enabling the sus-
tained release of the chemotherapeutic agent (Fig. 1).

To achieve this goal, PTX was first encapsulated in PLGA micropar-
ticles (PLGA-MPs) using an oil-in-water (O/W) emulsion method. PLGA
was selected as the polymeric material due to its excellent biocompati-
bility and biodegradability. The resulting microparticles were then
incorporated into Ca-Alg microbeads (Alg-MBs) using a coaxial liquid-
—air flow nozzle, enabling the formation of a suspension of spherical
particles with controlled physicochemical properties and sustained drug
release over several weeks.

The efficacy of this delivery system was assessed and optimized
through in vitro studies conducted on both two-dimensional (2D) and
three-dimensional (3D) OC models. These experiments were designed in
accordance with the 3Rs principles (Replacement, Reduction, and
Refinement), aiming to minimize unnecessary animal testing and sup-
port the translation of biomaterials into advanced drug delivery systems
for OC treatment. In particular, with reference to the Replacement
principle, 3D cell cultures are among the most widely adopted experi-
mental strategies to overcome the limitations of traditional 2D cultures,
as they more accurately replicate key features of the extracellular matrix
and cellular microenvironment, both of which significantly influence
cell physiology (Quail and Joyce, 2013; Rodrigues et al., 2021). In this
study, 3D OC models were fabricated using 3D bioprinting, a technology
that has already demonstrated significant potential for creating 3D
cellular models of various cancer types for drug development (Neufeld
et al., 2022).

2. Materials and methods
2.1. Materials

Alginic acid sodium salt (viscosity 15-25 cps); Calcium chloride
(CaCly, anhydrous, > 93 %); Poly-vinyl alcohol (PVA, 80 % hydrolyzed,
Mw = 9.000 - 10.000 Da); Polysorbate 80 (Tween 80); Poly(D,L-lactide-
co-glycolide acid) (ester-terminated PLGA, 50/50) (Mw = 38,000 —
54,000 Da, RESOMER RG 504), Poly(DL-Lactide-co-glycolide)-
Rhodamine B (Rhodamine B-grafted PLGA, 50/50, MW =
10000-30000 Da, Sigma-Aldrich.); Acetonitrile (ACN, 99.8 %);
Dichloromethane (DCM, > 99.9 %); Dimethyl sulfoxide (DMSO, > 99.7
%); Sodium azide (NaNs, 99 %); were all purchased from Sigma-Aldrich
(Merck, Italy). Paclitaxel (PTX, Mw = 853.92 Da, 99.5 %); Poly(D,L-
lactide-co-glycolide acid) 50/50, carboxylic acid-terminated (COOH-
terminated PLGA) (Mw = 15,000 - 24,000 Da, abcr GmbH); were pur-
chased from abcr GmbH (Karlsruhe, Germany).

Deionized water was obtained from Millipore Milli-Q purification
unit (Type 1 Ultrapure Water, Merck Millipore).

2.2. PLGA MPs preparation and characterization

PTX-loaded PLGA MPs (PTX-MPs) were produced through an oil-in-
water (O/W) single emulsion, based on a previously described method
(Tsai et al., 2013). Four different PLGA formulations were tested,
depending on the ratio between COOH-terminated PLGA and ester-
terminated PLGA (100:0, 50:50, 25:75, 0:100 wt:wt, respectively).

38 mg of PLGA and 2 mg of PTX were separately dissolved in 0.5 mL
of DCM each. After complete dissolution, the PLGA solution was trans-
ferred into the PTX solution and mixed for 15 min. Simultaneously, 4 mL
of a PVA solution (1 % w/v) was withdrawn into a round-bottom flask
and stirred at 200 RPM, fixing the temperature at 25°C. The resulting
PLGA-PTX solution was then added dropwise to the PVA solution using a
Pasteur pipette. This mixture was left under continuous stirring for 60
min. Subsequently, DCM was evaporated by means of a rotary evapo-
rator. The initial pressure was set to 850 mbar and it was progressively
decreased every 5 min until 400 mbar. The system was held at 400 mbar
for 45 min to ensure complete DCM evaporation. The complete removal
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Fig. 1. Multistep preparation of PTX-loaded PLGA MPs embedded in Ca-Alg beads (PTX-MBs), as advanced drug delivery system for OC treatment.

of the organic solvent, aimed at minimizing potential cytotoxicity, was
confirmed by NMR analysis (data not shown).

The resulting suspension was repeatedly washed with ultrapure
water to remove unencapsulated PTX, residual surfactant, and other by-
products. The purification was carried out via centrifugation at 5500
RPM for 1 min. The supernatant was removed with a Pasteur pipette,
and the pellet was washed three times with 2 mL of Milli-Q water per
wash. Following the washing steps, the particles were resuspended in 1
mL of Milli-Q water and stored in a refrigerator or freeze-dried to isolate
the solid microparticles.

For the preparation of fluorescent MPs used in optical analysis,
Rhodamine B-grafted PLGA was incorporated into the formulation at 2%
w/w relative to the unlabeled PLGA. PLGA-MPs average diameters and
particles size distribution were determined via optical microscopy
analysis. 0.1 mL of purified PLGA-MPs suspension were dropped on a
glass slide, covered with a coverslip and observed using an Olympus
CH30 binocular optical microscope, equipped with an Olympus U-
CMAD3 camera adapter and a set of three Olympus LMPlanFI lens ob-
jectives for magnification degrees of 5X, 10X, and 20X. Optical images
were captured in real-time through Linksys32 software and processed
with ImageJ software. MPs morphological characterization was per-
formed by means of Scanning Electron Microscopy (SEM). A drop of MPs
suspension was deposited using a Pasteur pipette on a piece of carbon
conductive tape mounted on an aluminum stub, air dried at room tem-
perature (r.t.) overnight, sputter coated with pure gold (S150B Edwards)
and observed under an extended pressure SEM EVO 50 EP (Zeiss). Ob-
servations were performed in high vacuum conditions at 15 kV.

2.3. PTX loading quantification

0.2 mL of PTX-MP suspension were lyophilized using a Modulyo EF4-
1596 freeze-dryer (Edwards). Subsequently, 0.2 mL of DMSO were
added to dissolve PLGA and release the encapsulated PTX for quantifi-
cation. PTX concentration was determined using an HPLC system
(Jasco) equipped with a Restek C18 column and a photodiode array PDA
detector. Detector wavelength was set at 270 nm, the mobile phase was
composed of acetonitrile and water (52/48 v/v) in isocratic condition at
a flow rate of 1 ml/min at 25°C. The concentration of PTX was quanti-
tatively determined by comparison with a calibration curve based on
drug concentrations ranging from 0.01 to 1 mg/mL. The encapsulation
efficiency (EE) and drug loading (DL) were calculated as follows:

__mass of encapsulated PTX [mg]

total mass of PTX used [mg] @

_ mass of encapsulated PTX [mg]

DL mass of solid phase [mg]

@

Data were presented as mean =+ standard deviation of three different
replicates.

2.4. Ca-alginate microbeads preparation

3 ml of a 2.15 % w/v sodium alginate solution were mixed with 200
uL of PLGA-MPs suspension (either PTX-loaded or unloaded, 35 mg/mL)
at r.t. for 5 min under magnetic stirring at 800 RPM, to achieve a final
alginate concentration of 2% w/v. Alginate beads were obtained using
an extrusion-dripping system composed of a 3 mL syringe (Norm-Ject)
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filled with the Na-Alg suspension and securely locked to an Aladdin
SyringeONE AL-1000 programmable single-channel infusion/with-
drawal syringe pump. The syringe pump extruded the alginate suspen-
sion at a flow rate of 0.25 mL/min through a Nisco VARJ1 coaxial air
flow nozzle (bead generator) (Nisco Engineering), which was connected
to a compressed air tube at a flow rate of 12 L/min and at a pressure of
10 bar. The stainless still needle used for droplet formation and dripping
had an inner diameter of 0.15mm and an outer diameter of 0.30 mm.
After collecting the Na-Alg/PLGA-MPs mixture with the syringe, the air
bubbles were removed by gravity and 2.2 mL of mixture were extruded
into 6 mL of 0.1 M CacCl; bath, placed 12 cm above the dropping nozzle
and maintained under stirring at 500 RPM. Ca-Alg microbeads (PTX-
MBs) were formed as soon as the drops came in contact with CaCl, so-
lution. Once the extrusion process was completed, MBs were left in the
CaCly bath for 20 min to obtain a gel with appropriate mechanical
properties (Liu and Krishnan, 1999). The beads were purified via
filtration through filter paper and washing them with Milli-Q water.

The same procedure was carried out to formulate empty Ca-Alginate
beads (Alg-MBs), replacing PLGA MPs suspension with 200 uL of Milli-Q
water.

Ca-alginate beads’ size distribution curve was determined via optical
microscopy analysis. 0.1 mL of beads suspension were dropped on a
glass slide, covered with a coverslip and observed using an Olympus
CH30 binocular optical microscope, equipped with an Olympus U-
CMAD3 camera adapter and a set of three Olympus LMPlanFI lens ob-
jectives for magnification degrees of 5X, 10X, and 20X. Optical images
were captured in real-time through Linksys32 software and processed
with ImageJ software.

2.5. PTX release study from PTX-loaded microparticles and microbeads

In order to determine the cumulative PTX release profile diffusing
from free PLGA-MPs or Alg-MBs, a release study simulating in vitro
condition over 21 days was carried out. For the preparation of each
sample, either 0.2 mL of PTX-loaded MPs suspension were immersed
into 0.8 mL of buffer solution, or 0.7 g of Ca-Alg beads encapsulating
PTX-PLGA MPs were immersed into 1.3 mL of buffer solution, to obtain a
2 mL sample for the test. The buffer solution was composed of PBS (10
mM, pH 7.4), Tween 80 (0.1 % w/v) and NaN3 (0.02 % w/v). The
Eppendorf tubes containing each sample were placed in a Thermo-
Shaker TS-100 at 37 °C and maintained at a constant rotation speed of
300 RPM. At selected time points from day 1 to day 21, the samples were
destructively analyzed withdrawing the entire supernatant and sepa-
rating it from the pellet. The collected supernatants were freeze-dried
and subsequently dissolved in 0.2 mL of DMSO for analysis. The
amount of PTX released at each time point was evaluated using the same
HPLC system at the same condition described for PTX loading evalua-
tion. The cumulative PTX release was then calculated as the ration of
PTX released at each time point and the initial amount of drug encap-
sulated into the beads. For statistical reasons, the procedure was carried
out in triplicate for each time-point analyzed.

2.6. OC cell model

SKOV-3 cell line (HTB-77) was purchased from the American Type
Culture Collection (ATCC). SKOV-3 were cultured in IMDM supple-
mented with 10,000 units/] of penicillin and streptomycin, 250 pg/ml
amphotericin b, and 10 % (v/v) of sterile filtered (0.2 pm, cellulose
acetate membrane) Fetal Bovine Serum (FBS) at 37 °C in a humidified
atmosphere containing 5% CO,. Media change was performed twice a
week. Mycoplasma tests (MycoAlert Assay, Lonza Walkersville, Inc.,
USA) were performed regularly, on a 4-month basis.

The IC50 value for PTX (NSC 125973, Selleckchem) in the cellular
model was evaluated by treating cells with increasing concentration of
the drug. PTX powder was dissolved in DMSO to prepare the 10 mM
stock solution, from which serial dilutions were subsequently prepared.
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72 h after treatment, viability was assessed through CellTiter-Glo®
(CTG) Luminescent Cell Viability Assay (Promega), following the man-
ufacturer’s instructions. The IC50 value was calculated using GraphPad
Prism version 10.0.0 for Windows, GraphPad Software, Boston, Massa-
chusetts USA, https://www.graphpad.com.

2.7. Invitro evaluation of PTX-MPs efficacy

Firstly, the effect of PTX-MPs was evaluated: on day 0, 30 000 cells
per well were seeded in a 24-well plate. At day 1, lyophilized PTX-MPs
were resuspended in Milli-Q water and sterilized for 30 min under UV
light; after that, serial dilutions of PTX-MPs in medium were prepared
and cells were treated with different PTX concentrations. DMSO and free
PTX at IC50 concentration were used as controls. The same volumes of
PLGA-MPs were used to evaluate the potential cytotoxic effect of the
water content on the cells. Cells were monitored for 7 days through the
IncuCyte S3 (Sartorius), which determines label-free measurements of
cell growth based on area (confluence) or cell number (count) metrics,
both of which are generated via segmentation (masking) of high-quality
phase images. Phase area confluence was automatically released by the
instrument after setting-up the masking manually. Viability was
assessed through the CTG assay, a homogeneous method to determine
the number of viable cells in culture based on quantitation of the ATP
present, which signals the presence of metabolically active cells. All the
experiments were performed in duplicate.

2.8. In vitro evaluation of PTX-MB:s efficacy

Subsequently, experiments with PTX-MBs were carried out; treat-
ments were performed with both Alg-MBs and PTX-MBs. At day 0, 55
000 cells per well were seeded in a 12-well plate. On day 1, MBs were
deprived of the CaCl; solution in which they were immersed and washed
twice with Milli-Q water. Subsequently, Alg-MBs and PTX-MBs were
resuspended in culture medium, and sterilized for 30 min under UV
light. Then, cells were treated with different volumes of MBs corre-
sponding to different concentrations of PTX with Alg-MBs used to assess
their toxicity on the cellular models. Viability was assessed after 7 days
as previously described. All the experiments were performed in
duplicate.

2.9. 3D bioprinted OC cell models and MP/MB assessment

3D bioprinted OC models were prepared by using a BIO X Bioprinter
(Cellink, a BICO Company). Optimization of the bioink formulation was
previously reported (Becconi et al., 2023; Pagnotta et al., 2023). SKOV-3
cells were harvested from bidimentional cell culture and resuspended in
the alginate bioink at a final concentration of 4 x 10° cells per mL. 3D
bioprinted OC constructs with 1 cm size were printed on 24-well plates
and crosslinked for 5 min with 200 mM CacCly just after printing. After
extensive washing with phosphate buffered saline (PBS), constructs
were immersed in a complete cell growing medium and maintained in
the incubator (37°C, 5% CO5).

Live-dead analysis with calcein-AM/propidium iodide (calcein-AM,
ThermoFisher product no. C1430; propidium iodide, Merck product no.
P4864) was performed as previously described (Cantelli et al., 2021).
After washing with PBS, 3D bioprinted OC models were incubated for
30 min with 4 uM calcein-AM and 4 uM propidium iodide in HBSS
(Hanks Balanced Salt Solution medium, Merck product no. H8264)
under culturing conditions (37°C, 5% CO3). After washing with PBS, the
constructs were covered with HBSS during data acquisition. Nikon
Eclipse TiS inverted fluorescence microscope was employed for acqui-
sition of wide field fluorescence images, by using Nikon Texas Red HYQ
cubic filter (A excitation = 532-587 nm, A emission = 608-683 nm) for
propidium iodide and a Nikon FITC cubic filter (A excitation = 465-495
nm, A emission = 515-555 nm) for calcein-AM.

Viability of the PTX-treated 3D models was assessed by adding PTX
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in the culture medium at different concentrations (i.e. 15, 100 and 200
nM) the day after the printing process; media change was performed
every 3-4 days adding fresh PTX. Viability was evaluated after 14 days
by AlamarBlue™ Cell Viability Reagent (Invitrogen). Briefly, 10% of the
reagent was added into the culture medium; the plate was incubated at
37°C for up to 3 hrs. Absorbance was then read in a Tecan plate reader at
570 nM (using 600 nM reference wavelength). To assess the efficacy of
MPs and MBs on 3D bioprinted models, these materials were accurately
resuspended in culture medium as previously described. The day after
the printing process, the particles were added to culture medium and
gently transferred to the 3D models which were incubated until the
readouts, performed at 24 h, 48 h, 72 h, 7 days, 14 days and 21 days.
Media change was performed every 3-4 days. In the case of PTX-MBs,
considering the huge dimension of Alg-MBs media change was per-
formed leaving MBs on the bottom of the well, to evaluate long-term
release of the drug. Cell viability in 3D models was assessed using Ala-
marBlue™ Cell Viability Reagent (Invitrogen) as previously described.

To visually inspect viable cells within the 3D bioprinted construct,
the ReadyProbes® Cell Viability Imaging Kit (Blue/Green) (Invitrogen,
R37609) was used. Confocal fluorescence images were acquired with a
Nikon A1R confocal microscope, using two laser lines (401 and 489 nm)
and two detection channels (460/30 nm and 525/50 nm) for the
NuncBlue and NuncGreen dyes respectively. For these analyses, after
bioprinting, the 3D OC constructs were cultured for 7 days and then
treated for 72 h with PTX 15 nM dissolved in the growing medium or
1500 nM PTX-MPs. Before image acquisition, OC models were trans-
ferred to 3.5 cm diameter Petri dishes and incubated with ReadyProbe
Kits for 5 min, as indicated by the producer; briefly, 2 drops of NucBlue®
Live reagent (Hoechst 33342) and NucGreen® Dead reagent were added
to 1 ml of cell growth media, then viability was determined by counting
total vs dead cells through a confocal microscope. Confocal images were
acquired just after this incubation.
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3. Results and discussion
3.1. Preparation and characterization of PTX-MPs

PLGA microparticles were prepared following a solvent evaporation
method (Tsai et al., 2013), where PTX and PLGA were mixed in DCM,
emulsified in a PVA solution, and then the solvent was removed. The
resulting particles were collected, washed, and either stored as a sus-
pension or freeze-dried into powder.

Four different PLGA formulations were evaluated in terms of particle
size, drug loading, and encapsulation efficiency to investigate the in-
fluence of the ratio between ester-terminated and COOH-terminated
PLGA, as these two different terminal groups (lipo- and hydro-philic,
respectively) may have different effects on particle formation, surface
properties, and drug loading. Particle diameter remained relatively
consistent across formulations, except for the 100% COOH-terminated
PLGA, which exhibited the largest average size (5 pm) (Fig. Sla, Sup-
porting Information, SI). In contrast, the impact of PLGA composition
was more pronounced in PTX encapsulation efficiency. While drug
loading remained around 5% across all formulations, encapsulation ef-
ficiency was highest for the 100% COOH-terminated PLGA (Fig. S1b, SI).
This suggests a reduction in PTX loss during the encapsulation process,
likely due to the lower formation of sub-micron particles, which are
typically lost during the washing and centrifugation steps. According to
these results, 100% COOH-terminated PLGA formulation was selected
for the preparation of the PLGA-MPs.

Particle size and morphology were characterized by optical micro-
scopy (OM) and scanning electron microscopy (SEM). According to OM
and SEM images (Fig. 2), PLGA MPs were spherical in shape with a
smooth surface without visible PTX crystals. Particle size distribution,
which was obtained by the analysis of the average diameter of each
particle in OM, shows an average particle size of 5 pm. The asymmetry in
the particle size distribution can likely be attributed to the centrifuga-
tion step during purification, as particles smaller than 1 pm may remain
suspended in the supernatant and consequently removed.
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3.2. Preparation and characterization of alginate microbeads

Alginate beads were prepared using a coaxial (air jet) bead gener-
ator. In this system, gel MBs are formed by extruding a Na-alginate so-
lution through a syringe fitted with an appropriately sized needle, using
a piston pump. The coaxial air stream facilitates the formation of
droplets by pulling them from the needle tip into a CaCl; gelling bath.
This process produced spherical Ca-Alg gel beads with diameters that
can be tuned based on the flow rate and alginate concentration of the
extruded liquid phase (Fig. 3). A Na-alginate concentration of 2% was
found to be optimal, resulting in gel beads with good stability and me-
chanical stiffness, in agreement with previous microencapsulation
studies (de Jesus et al., 2019).

To encapsulate PLGA-MPs within alginate microbeads, a suspension
of PLGA-MPs in water (either PTX-loaded or unloaded) was premixed
with a Na-alginate solution to achieve a final alginate concentration of
2% w/v. The highest amount of PLGA-MPs successfully encapsulated
was 35 mg per ml of gel. At higher PLGA concentrations, the laminar jet
flow became too unstable during extrusion, preventing the formation of
spherical and homogeneous microbeads.

Optical images of the resulting gel microbeads at different magnifi-
cations are shown in Fig. 4. In Fig. 4A, the presence and distribution of
PLGA-MPs are highlighted by red staining, achieved by incorporating
2% w/w of Rhodamine B-grafted PLGA into the PLGA solid formulation
prior to microparticle formation. No appreciable differences were
observed when PTX-loaded MPs were encapsulated instead (Fig. 4B).
The PLGA-MPs appeared randomly distributed within the Ca-Alg matrix
without affecting the overall shape and morphology of the MBs.

The OM analysis provided a particle size distribution (Fig. 4C) with a
diameter range of 600-760 pm, which is slightly smaller than that of the
unloaded Alg-MBs (750-850 pm). This reduction in size, which is ad-
vantageous for increasing the surface area per unit gel volume, may be
attributed to the influence of the PLGA-MPs suspension on the laminar
jet flow and microdroplet formation during the extrusion process.

3.3. Invitro drug release

The in vitro release of PTX from MPs under physiological conditions
was analyzed over a 21-day period. The release profiles, presented in
Fig. 5, demonstrate that PTX-MPs exhibited a typical biphasic release
pattern, with an initial burst phase during the first five days, followed by
a more sustained release over approximately two weeks. Complete PTX
release (~100 %) was achieved at around 20 days, consistent with the
gradual erosion of the PLGA matrix throughout the study. When PLGA
microparticles were encapsulated within Alg-MBs, the release plateau

remained comparable to that of the free PLGA; however, a markedly
slower and more sustained release was observed during the first 10 days.
This suggests that the Ca-Alg gel matrix modulates PTX diffusion by
restricting its transport through the porous network. Furthermore, OM
analysis (Fig. 5b—c) provide evidence of PLGA microparticle degradation
within the alginate gel, as indicated by the near-total disappearance of
PLGA MP domains by day 21, correlating with the completion of PTX
release.

3.4. In vitro assessment of the MP/MB system in 2D OC cell models

The biocompatibility and the efficacy of this delivery system was first
evaluated in vitro using a 2D culture of SKOV-3 cells. To determine the
cytotoxic potential of MP/MB system, we evaluated viability of SKOV-3
cells treated with different amounts/concentrations of MPs/MBs; treat-
ment with free PTX was used as a positive control. An IC50 value of 15
nM for PTX was determined in this cell line after 72 h of incubation.
SKOV-3 treated with PTX-MPs at PTX concentrations ranging from 15
nM to 150 nM (corresponding to 1xIC15 to 10xIC50) did not cause
decrease in cell viability, similarly to what observed for PTX-free MPs. In
contrast, treatment with PTX-MPs at 30xIC50 (450 nM), 50xIC50 (750
nM) and 100xIC50 (1500 nM) caused a significant decrease in cell
viability and cell density (phase area confluence) (Fig. 6). Clearly, the
delayed release of PTX from MPs sustains lower drug concentrations
over time, which may lead to an altered pharmacodynamic response,
and a shift in its toxic effect from the IC50. Moreover, the shift may also
be influenced by differences in test conditions, such as the absence of
organic solvents typically required to dissolve the drug (Arokia Femina
et al., 2023; Larsson et al., 2020). Overall, while sustained PTX release
may result in reduced immediate cytotoxicity, it offers potential thera-
peutic advantages, including decreased systemic toxicity, prolonged
tumor exposure, improved drug distribution, and a reduced risk of
resistance.

Once the lack of toxicity of the PLGA-MPs and the pharmacological
effect of the PTX-MPs were confirmed, PTX-MBs effect was evaluated on
the same cell line, at final PTX concentration of 100xIC50 (1500 nM)
and 200xIC50 (3000 nM). Alg-MBs (PTX-free) at the same volume
fraction corresponding to 20xIC50 and 200xIC50 were used as negative
controls (Fig. S2, SI).

Results revealed a high mortality rate in cells treated with 100X and
200XIC50 values of PTX-MBs. However, an increase in mortality was
also observed in cells treated with the highest concentration of Alg-MBs.
This unexpected toxicity could be attributed to the relatively large
volume occupied by Alg-MBs, which may hinder oxygen and nutrient
exchange by covering the entire cell layer. For the same reason, the
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IncuCyte camera was also more difficult to focus, and the results were
not as clear as those for MPs alone (Fig. S2b, SI). Moreover, the exper-
iments could not be performed over 7 days due to the cells reaching
confluence in the well. For this reasons, 3D bioprinted models were
designed and exploited to better mimic the in vivo tumor mass.

3.5. Invitro assessment of the MP/MB system in 3D bioprinted OC cell
models

It was crucial to perform tests on in vitro models that more accurately
mimic the complexity of the in vivo tissue in order to assess the diffusion
of the released drug within a three-dimensional (3D) tissue and to
examine the cellular response within a 3D structure. Moreover, since the
aim of the study was to evaluate the controlled release of this system and
its subsequent long-term effect, 2D cell cultures did not constitute the
optimal cell model, as experiments could only be conducted for a
maximum duration of 3-7 days; the 3D cell culture can, instead, be
continued for several weeks. For this reason, a 3D bioprinted model was
employed for the SKOV-3 cell line and maintained in culture for up to 21
days. The bioink used for the OC 3D constructs was based on an alginate
formulation previously established with other cancer cell models
(Becconi et al., 2023). Both the extrusion bioprinting procedure and cell
behavior in the 3D construct over extended culturing periods (approx-
imately 4 weeks) were previously well-characterized. This included
analysis of cell aggregate distribution over time, expression of cell-cell
adhesion markers, and the assessment of key features of the cellular
chemical microenvironment, such as oxygen gradients (Becconi et al.,
2023). An optimized bioink formulation was employed in the present
work to prepare 3D bioprinted cubic constructs as shown in Fig. 7a—c.
SKOV-3 viability at 24 h, 48 h and 72 h post printing was assessed using
calcein-AM/propidium iodide assay, as described in the Materials and
Methods paragraph. The results (Fig. 7d) show high SKOV-3 cell
viability, remaining approximately constant at 80% of the total cell
population in the 3D bioprinted constructs.

PTX effect on viability of SKOV-3 bioprinted cells was investigated
with Alamar blue assays (see Materials and Methods section for detailed
description of the assay) upon 14 days of culturing with different dis-
solved PTX concentrations in the cell culturing medium of 15 nM, 100
nM, and 200 nM. The results (Fig. S3, SI) suggested that while approx-
imately 50% of cell viability is retained up to 7 days of culturing with
PTX 15 nM, low viability was clearly produced with PTX 100 and 200
nM already after 3 days that lead to complete death of the SKOV-3 cell
population at 7 days of culturing. Complete killing of OC cells was

observed at 14 days of culturing for PTX 15 nM.

Once the 3D bioprinted model was established, the pharmacological
effect of MPs/MBs systems was evaluated. The time course of SKOV-3
viability upon incubation with PTX-MPs at different concentrations,
corresponding to a total PTX concentration in the well equal to IC50 (15
nM), 30xIC50 (450 nM), 50xIC50 (750 nM) and 100xIC50 (1500 nM)
was evaluated. The test was carried out over 21-day treatment of OC 3D
bioprinted models, using free PTX at 15 nM (IC50) as a positive control.
The results (Fig. 8) showed that efficient killing of the SKOV-3 cells
embedded in the OC 3D bioprinted models at 21 days of culturing was
demonstrated with PTX released from PTX-MPs at 750 nM and 1500 nM.
Although differences in drug sensitivity between 2D and 3D culture
systems may be expected (Muguruma et al., 2020), cell death compa-
rable with that observed with 15 nM PTX in the cell culture medium was
achieved under these experimental conditions. Continuous decrease of
cell viability was clearly observed over the 21-day period of treatment
for these PTX release doses, showing efficacious and persistent PTX ef-
fect on cancer cell viability from PTX-MPs. Interestingly, a continuous,
slow decrease of cell survival was observed up to 21 days even at lower
released concentrations of PTX from PTX-MPs (i.e., 30 nM and 450 nM);
these observations strongly support the employment of PTX-MPs for
persistent and controlled release of drugs in situ, through modulation of
drug loaded in the MPs. Higher concentrations are required to achieve
the same drug sensitivity as free PTX, as the continuous delivery from
the particles maintains a lower concentration over time. Additionally,
periodic medium replacement, necessary to prevent nutrient depletion
and maintain consistent experimental conditions over multiple days,
further reduced overall drug exposure.

The results of the Alamar Blue assay on PTX-MPs treatment of 3D
bioprinted OC model were confirmed by confocal analysis of OC cell
population viability with ReadyProbes (see Materials and Methods sec-
tion for more details), which employ NucBlue reagents to stain living
cells and NucGreen reagents to stain dead cells. This analysis allows for a
spatially resolved view of the effects of PTX release from PTX-MPs on the
overall OC population in the 3D structure. Untreated OC models and OC
models treated for 72 h with either PTX-MPs (1500 nM) or free PTX (15
nM) directly added to cell culture medium, were analyzed. Represen-
tative images of the live-dead staining are showed in Fig. 9a—c; the re-
sults of the live-dead analysis (Fig. 9d) are in good agreement with those
obtained with the Alamar Blue assay and confirmed that efficient release
of PTX can be obtained with appropriate loading of PTX on MPs and that
the viability of the cells in the 3D structure is homogeneously affected.

The toxicity caused by Alg-MBs in 2D cell models was not observed in
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and was assigned a value of 1 (100% viability). PLGA-MPs refer to PTX-free PLGA microparticles, used at a particle volume equivalent to that of the highest dose
group (corresponding to 100 x IC50).
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“NT” (no treatment) indicates cells treated grown DMSO (solvent used to resuspend PTX). Cell viability values for treated groups were normalized to the NT (no

treatment) control, which was assigned a value of 1 (100 % viability).

3D models up to 21 days, even at the highest volumes of Alg-MBs used,
as shown in Fig. 10. Moreover, Fig. 10 shows the pharmacological effect
of PTX-MBs at the final PTX concentration of 1500 nM, 2000 nM, and
3000 nM. The effect of PTX-MBs was found to be delayed, showing no
effects on viability at 72 h post treatment. However, a significant
decrease in viability was observed at 7 days at the highest PTX-MPs
concentration. Considering longer time points (i.e., 14 and 21 days),
the effect observed at the highest concentration is even more
pronounced.

Therefore, MBs can have a significant effect on OC cell viability. At
21 days, nearly complete cell death was achieved at a PTX concentration
almost twice that of PTX-MPs in 3D cell models. The relatively large
volume of Ca-Alg gel between the PTX-MPs and the 3D cellular construct
served as an additional barrier to drug diffusion, as demonstrated in the
release tests described above. This barrier likely delayed the cellular
response and altered pharmacodynamics, particularly in comparison to
conventional 2D and 3D cytotoxicity assays. On the other hand, these
results highlight the potential of this 3D in vitro model for OC treatment,
offering the advantage of prolonged PTX release compared to free PTX.

4. Conclusion

PLGA-MPs with an average diameter of 5 pm were prepared using a
solvent evaporation technique, achieving a PTX loading around 5%.
PLGA-MPs, both PTX-loaded and unloaded, were successfully encapsu-
lated within Ca-Alg MBs (size 600-760 pm), obtained through a coaxial
air jet bead generator.

In in vitro studies, PTX release from the MPs showed an initial burst
for five days, followed by sustained release over two weeks, reaching
100% release by day 20. Encapsulation in alginate beads slowed the
early release, likely due to the restriction of the gel matrix on PTX
diffusion. Optical microscopy confirmed degradation of the encapsu-
lated PLGA MPs, with near-total disappearance by day 21, coinciding
with complete PTX release.

The biocompatibility and efficacy for this delivery system were
tested in 2D SKOV-3 OC culture. PTX-MPs at concentrations up to 150
nM showed no cytotoxicity, while higher doses (450-1500 nM) signifi-
cantly reduced viability within 7 days.

To better mimic in vivo conditions, a 3D bioprinted model of SKOV-3
cells was established to assess drug diffusion and cellular response over
extended periods (up to 21 days). This model, maintained in culture for a
longer time compared with the traditional 2D cell cultures, allowed for
the evaluation of controlled drug release, cellular behavior, and

11

chemical microenvironment features. The pharmacological effect of the
PTX-MPs was evaluated in this 3D model over 21 days. PTX-MPs at 750
nM and 1500 nM efficiently killed SKOV-3 cells, with sustained viability
reduction. Lower concentrations also showed continuous, slow cell
death, highlighting the potential of PTX-MPs for controlled, persistent
drug release.

In these 3D models, no toxicity from Alg-MBs was observed up to 21
days, even at high volumes. PTX-MBs delayed effects, showing no
viability reduction at 72 h, but significant viability decreases at 7 days
with higher concentrations (1500-3000 nM). At 21 days, nearly com-
plete cell death occurred, highlighting the 3D model potential for pro-
longed PTX release in OC treatment.

This study highlights the effectiveness of a novel drug delivery sys-
tem for sustained drug release and its potential application in OC ther-
apies, where long-term localized treatment could significantly improve
therapeutic outcomes.

Furthermore, the 3D culture system used in this study proved ad-
vantageous for testing this type of drug delivery systems, offering a more
accurate representation of the in vivo tumor microenvironment, and
providing a more reliable platform for assessing their pharmacological
effects and their long-term impact on cancer cell viability.
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