Open Access Article. Published on 02 April 2025. Downloaded on 7/30/2025 10:17:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC
Pharmaceutics

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: RSC Pharm., 2025, 2, 718

Eugenia Spessot,

Sam Butterworth,” Devid Maniglio® and Annalisa Tirella

Exploiting nano-in-micro-technologies to couple
PLGA-hydroxyl-FK866 nanoparticles to a hydrogel
network for local drug releaset

12 Xue Bai,1§° Daniel Moranduzzo,® Chen Zhao,”

%a,b

Technological advancements in the formulation and delivery strategies of potent chemotherapeutic

agents have been exploited to direct a site-specific drug delivery for the local treatment of tumours. Of

these, new generations of nanoparticles are engineered to control the release of therapeutic agents, but

they still possess off-target and overall systemic delivery. Injectable hydrogels have unique physico-

chemical properties enabling their use as carriers to ensure site-specific targeting. Based on such obser-

vations, nanoparticle-loaded hydrogels represent an optimal candidate to both make use of controlled

release chemotherapeutic agents (nanoparticles) and local delivery agents (hydrogels) using minimally

invasive procedures to reach the target site. Here, we explore the interaction of drug-polymer conjugated

nanoparticles with an alginate-based hydrogel network to confine and release a highly cytotoxic com-

pound (hydroxyl-FK866). Specifically, chitosan coating was used to covalently link poly(lactic-co-glycolic

acid) nanoparticles to oxidised alginate: confinement and interaction of nanoparticles within alginate-

based hydrogels were evaluated using atomic force microscopy measurements, confirming the nano-

particle/hydrogel interaction. Deployment of composite injectable hydrogels in 3D printing was finally

investigated. Rheological characterisation and printability tests were performed to assess the printability of

alginate-based drug delivery systems to match site-specific geometrical requirements. Then, alginate

hydrogels loaded with nanoparticles were ionically crosslinked to match the properties of soft tissues (e.g.
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1. Introduction

Systemic administration of anticancer drugs is the most used
therapeutic plan, but new strategies are required to tackle sig-
nificant problems related to poor intra-tumoral drug delivery
and off-target effects, as shown in the use of injected nano-
particles." Technological advancements in the formulation
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breast tissue). The efficacy of 3D printed hydrogels loaded with a known dose of hydroxyl-FK866 was
tested using human breast cancer MDA-MB-231 cells. Results confirmed the expected cytotoxicity,
showing approx. 52% toxicity of the hydrogel loaded, after 48 hours of incubation, whereas lower viability
(approx. 36%) was measured in cells treated with free nanoparticles (control).

and delivery strategies of potent drugs have been exploited to
design new therapeutic approaches for the local treatment of
tumours, when the surgical procedure and tumour type and
size permit it. Local treatment after surgery shows potential to
reduce the risk of cancer recurrence and achieve long-term
remission.” Local drug delivery platforms, for example, peritu-
moral injections/implants, provide an alternative and reliable
approach for cancer therapy, allowing drugs to be delivered
directly to the target site at a known dose, bypassing physio-
logical barriers and related issues.’ In this, it is essential to
precisely dose potent drugs and control their release in the
surrounding environment.*>

Injectable and transplantable hydrogels have recently
received much attention thanks to their biocompatibility, low
toxicity, biodegradability and easy synthesis processes,
showing great promise as carriers for local drug
administration.®” However, when small drugs are loaded in
hydrogels, rapid diffusion is observed due to the poor inter-
action with the hydrogel network, hence limiting their use for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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local delivery.® Drug-loaded nanoparticles (NPs) offer the
opportunity not only to load a known dose of therapeutic
agent, but also most importantly, they can be engineered to
control its release.” Exploiting the use of composite hydrogels
encapsulating known concentrations of drug-loaded NPs is
ground-breaking, offering the unique characteristics of
loading compounds at a known dose, confining NPs within
hydrogels at known concentrations, matching the mechanical
properties of the target tissue, enhancing adhesion to the
tissue and most importantly, enabling the localized and sus-
tained release with known kinetics.'®

In this study, we confined different types of poly(lactic-co-
glycolic acid) (PLGA) NPs in an alginate-based hydrogel
network based on the following two hypotheses: first, posi-
tively charged NPs should form ‘weak’ interactions with the
negatively charged alginate chains; secondly, the coating of
NPs with primary amines could form covalent and stable
bonds with the hydrogel network. Based on our recent work
(Bai et al.),"* we used PLGA-based NPs for the sustained
release of the highly toxic therapeutic agent hydroxyl-FK866.
Chitosan (CS), a linear polysaccharide composed of p(1-4)
linked p-glucosamine and N-acetyl-n-glucosamine units,"” was
selected to coat PLGA NPs and obtain a homogeneous posi-
tively charged surface, also exposing primary amines.

Alginate was selected as it is a non-toxic and biocompatible
linear polysaccharide, derived from brown algae, composed of
irregular blocks of f-o-mannuronic acid and 1-4 linked o-t-
guluronic residues able to form stable ionically cross-linked
hydrogels using divalent cations that cannot degrade in vivo."®
Modifications of alginate are used to promote hydrolysis, hence
controlling degradation of alginate hydrogels under physiological
conditions.” Oxidation of alginate is one of the most used
approaches to induce degradation of alginate-derived hydrogels,
both in vitro and in vivo."> We reported the preparation of oxi-
dized alginates (OAs) with known degrees of oxidation (DOs) and
exhibiting an inverse correlation between the degree of oxidation
and the molecular weight.'® We also showed that combinations
of alginate, oxidized alginates with varying DOs, and crosslinking
strategies can be selected to form hydrogels with known mechan-
ical properties and degradation profiles.'”” Moreover, as OAs pre-
sents aldehyde groups proportional to DOs, excess or unreacted
groups are still available to react with primary amines (Schiff’s
base reaction) and form covalent links."®

In this study, we used an unmodified alginate and OA at a
low degree of oxidation (DO = 5%) loaded with PLGA NPs as
injectable technology for the local and sustained release of a
potent chemotherapeutic agent: hydroxyl-FK866. Optimization
of the chitosan coating of PLGA NPs was performed to direct
confinement of PLGA NPs (uncoated, negatively charged) or
CS/PLGA NPs (chitosan-coated, positively charged) within the
alginate-based hydrogel network. The feasibility of using such
formulations as biomaterial inks for the 3D printing of drug
delivery technologies was then assessed, and the printability of
biomaterial inks was tested at different NP concentrations and
without/with chitosan-coating. Interactions between alginate, OA,
PLGA NPs and CS/PLGA NPs were investigated using atomic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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force microscopy (AFM) imaging. AFM allowed us to assess
whether positively charged NPs exposing primary amines on
their surface could be linked within the negatively charged algi-
nate-based hydrogel network, distinguishing between electro-
static interactions and covalent crosslinks (Schiff’'s base
reaction).'>*® We found that CS-coated NPs can be effectively
linked to the hydrogel network, with high control over their
homogeneous distribution across the 3D-printed scaffolds.

Finally, toxicity studies using the human triple-negative
breast cancer cell line sensitive to hydroxyl-FK866 (MDA-MB
231) confirmed the expected release of hydroxyl-FK866 with
toxicity comparable to NPs dispersed in cell culture media,
slightly lower due to diffusion through the hydrogel, as per
NPs suspended in cell culture media. We herein show new
strategies to load and constrain NPs in degradable hydrogels
for local and sustained release of chemotherapeutic agents,
further opening the possibility of deploying this formulation
for 3D printing of implantable devices with a known geometry,
mechanical properties, and in situ drug release profiles.

This study demonstrates the broad ramifications of the use
of nanoparticles and hydrogels for personalized medicine and
shows new strategies to better control the local release of che-
motherapeutic agents at the target site. Injectable and 3D
printed drug delivery technologies are promising alternatives
to increase drug efficacy and reduce inflammatory processes
in situ, using minimally invasive delivery procedures to limit
discomfort to patients.

2. Materials and methods

2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA, RG752H, product no.
719919, lactide : glycolide 75:25, M,, 4000-15 000), poly(vinyl
alcohol) (PVA, product no. 360627-25G), citric acid (product
no. 251275), Dulbecco’s modified Eagle’s medium (DMEM,
product no. D6429), fetal bovine serum (FBS, product no.
F9665), trypsin (product no. T3924), -glutamine (product no.
G7513), antibiotics (penicillin-streptomycin, product no.
P0781), trypan blue (product no. 15250061), cell proliferation
reagent WST-1 (product no. CELLPRO-RO), chitosan (CS,
product no. 448869-50G), and sodium alginate (ALG, product
no. 71238-250G) were all purchased from Sigma-Aldrich (UK).
Acetonitrile (HPLC-grade, 34851-2.5L) and methanol (HPLC-
grade, product 34966-2.5L) purchased from
Honeywell. Hydroxyl-FK866-PLGA was prepared and character-
ized as described in our previous work.'" Oxidized alginate
with a target degree of oxidation of 5% (OA;) was prepared and
characterized using protocols developed by our group and as
described by Zhao et al.*®

no. were

2.2. Preparation of FK866-loaded nanoparticles using a
microfluidic system

PLGA-based NPs used in this work were prepared using an
automated Dolomite microfluidic system (Dolomite, Royston
UK) equipped with a 5-input Chip (part no. 3200735), a com-

RSC Pharm., 2025, 2, 718-730 | 719


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4pm00334a

Open Access Article. Published on 02 April 2025. Downloaded on 7/30/2025 10:17:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

pressor (part no. 3200117), a Mitos P-Pump (part no.
3200016), Mitos P-Pump Remote Chamber 30 (part no.
3200178), a Mitos Flow Rate Sensor 1-50 pL min " (part no.
3200098), a Mito Flow Rate Sensor 30-1000 pL min~" (part no.
3200097), a Meros Temperature Control Unite (part no.
3200428), an In-line Valve (part no. 3200087), and a
T-Connector (part no. 3000397). Pure HPLC-grade H,O and a
1% (w/v) PVA solution (aq.) were used as the aqueous (or con-
tinuous) phase in all the experiments. The organic (or dis-
persed) phases were prepared by dissolving PLGA (and deriva-
tives) in acetonitrile at 5.0 mg mL™". In specific, rhodamine
labelled PLGA NPs were used for imaging (Rho-PLGA NPs, ESI
SI.11) and hydroxyl-FK866 loaded NPs for drug delivery studies
(hydroxyl-FK866-PLGA NPs, ESI SL.2t1). NPs were all prepared
using the microfluidic configuration and settings previously
optimized: a flow rate ratio of 2:3 and a total flow rate of
200 pL min~" at a temperature of 25 °C and a back pressure of
2 bars. Prior to each experiment, aqueous and organic solu-
tions were filtered twice through 0.22 pm PVDF filters (Millex-
CV, Merck Millipore Ltd) and 0.2 pm PTFE filters (code 1514-
1499, Fisherbrand), respectively. Of note, hydroxyl-FK866-PLGA
NPs were used immediately after purification; PLGA and Rho-
PLGA NPs were discarded after 2 weeks of storage at 4 °C. All
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NPs from now on are referred to as PLGA NPs for simplicity
unless necessary to specify the formulation.

2.3. Coating of nanoparticles with chitosan

Prior to chitosan (CS) coating, PLGA NPs were concentrated to
40 mg mL™' with dialysis against a 10% w/v PEG 20 kDa
(81298, Sigma-Aldrich) solution (aq.) overnight at RT using a
dialysis tube (Flot-A-Lyzer G2 dialysis tubes, 3.5-5 kDa mem-
brane cut-off, G235029, Spectra/Por®). CS solutions at a con-
centration of 0.1% w/v and 0.01% w/v in 4.6 mM HCI (aq.)
were mixed with concentrated PLGA NPs in a 1:1 dilution and
incubated overnight while stirring (RT, 70 rpm) allowing
coating. As a control, PLGA NPs were diluted in 4.6 mM HCl
solution (aq.) at the same ratio and incubated overnight at RT.
Of note, plain PLGA NPs and hydroxyl-FK866-PLGA NPs coated
with CS were diluted to final concentrations of 1 mg mL ™" and
20 mg mL™" and used to formulate biomaterial inks (Table 1)
and hydrogels for imaging (Table 2).

2.4. Physico-chemical characterisation of FK866-
nanoparticles

2.4.1. Dynamic light scattering (DLS): Z-average size and
{-potential. PLGA NPs’ hydrodynamic diameter (Z-average

Table 1 Alginate-based biomaterial inks (hydrogel precursor) for rheological studies, printability and cell culture experiments. PLGA-based nano-
particles without/with chitosan coating and without/with hydroxyl-FK866-PLGA were loaded in the hydrogel precursor at different concentrations
(i.e., 1 mg mL™t and 20 mg mL™), and the highest concentration of NPs was calculated to ensure appropriate release of hydroxyl-FK866 in cell
culture experiments

Hydroxyl- CS/hydroxyl-
Biomaterial ALG OA; PLGANPs  PLGA NPs CS/PLGA CS/PLGA FK866-PLGA  FK866-PLGA NPs
ink ID (10% w/v) (10% w/v) HBS (1 mgmL™") (20 mgmL™") NPs(1mgmL™") NPs(20 mgmL™") (20 mgmL™") (20 mg mL™")
1 800 pL 100 pL 100 pL — — — —
2 800 pL  100pL  — 100 pL — — — — —
3 800 pL  100pL  — — 100 pL — — — —
4 800 uL 100 pL  — — — 100 pL — — —
5 800 pL  100pL  — — — — 100 pL — —
6 800 pL  100pL  — — — — — 100 pL —
7 800 pL  100pL  — — — — — — 100 pL

Abbreviations: ALG: unmodified alginate; OA;: oxidized alginate, 5% degree of oxidation; HBS: HEPES buffer solution and CS: chitosan.

Table 2 Alginate-based samples used to assess the interaction between NPs and the alginate hydrogel network by atomic force microscopy (AFM)
and laser scanning confocal microscopy (LSCM). For sample preparation, alginate-based solutions (ag.) and NP suspensions (ag.) were mixed in a
specified volume ratio for a few minutes, and then in the case of AFM the sample solution was pipetted over the sample holder and left to air dry at
room temperature for 24 h in a fume hood; whereas for LSCM composite solutions were printed and crosslinked with 50 mM CaCl, solution
(10 min, RT), washed with HBS and imaged immediately after immersion in HBS

ALG OA; PLGA NPs CS/PLGA NPs PLGA NPs Rho-PLGA NPs Rho-PLGA NPs
Sample_ID (10% wiv)  (10%w/v)  HBS (20mgmL™") (20mgmL™") (20mgmL™") (1mgmL") (20 mg mL™")
ALG 5L — 5uL — — — — —
OA; — 5 pL 5 pL — — — — —
ALG - NPs 5L — — 5L
OAs - NPs 5uL 5uL
ALG - CS/NPs 5L — — 5uL
OA; - CS/NPs — 5L — — 5L
ALG-OA5-NPs 800 pL 100 pL 100 pL
ALG-OAs-RhoL 800 L 100 L — — — 100 pL
ALG-OA5-RhoH 800 pL 100 pL — — — 100 pL

720 | RSC Pharm., 2025, 2, 718-730 © 2025 The Author(s). Published by the Royal Society of Chemistry
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size), polydispersity index (PDI), and {-potential were
measured at 25 °C (pre-equilibration for 2 min) using a
Zetasizer Nano ZS (model ZEN3600, Malvern Instruments Ltd,
UK) equipped with a solid state HeNe laser (4 = 633 nm) at a
scattering angle of 173°. The measurements were performed
using a minimum of n = 3 samples (technical replicate) for
each group and testing N = 3 independent and separate prep-
arations. Size distributions (Z-average values, PDI) were calcu-
lated by applying the general-purpose algorithm and presented
as average =+ st. deviation of three independent samples.

2.4.2. Transmission electron microscopy (TEM): size and
shape. A volume of 3 pL of PLGA NPs was fixed on glow-dis-
charged (25 mA, 1 min) carbon film mesh copper grids using
50 pL of aqueous solution containing 2% (v/v) uranyl acetate
stain (negative staining) for 5 min. Grids were left to air dry at
RT prior to analysis. Images (N = 3 of each preparation) were
acquired using a transmission electron microscope (FEI Tecnai
12 BioTwin) operated at an accelerating voltage of 100 kV.

2.4.3. Determination of the nanoparticle concentration

Dynamic light scattering. Measurements of PLGA NP concen-
tration were performed using Zetasizer software v8.02.
Samples scoring a “good particle size distribution sample”
(determined automatically by the Zetasizer software when a
good quality signal is detected) were used, recording the size
and intensity of the sample. To calculate the concentration of
NPs, the “concentration utilities calculator” under “tools” -
“calculator” of the software was used and the settings were as
follows: the final volume was set to 10, the instrument was set
to Zetasizer S, and the attenuator was set to 11 (following man-
ufacturers’ procedures). Then, the measured sample radius
and the refractive index of the material were added to the soft-
ware, and the nanoparticle concentration was calculated.*!

Tracking analysis. PLGA NPs’ tracking analysis was per-
formed using a NanoSight NS300 instrument and NanoSight
NTA 3.4 software, build 3.4.003 (Malvern Panalytical, Malvern,
UK). Prior measurements, PLGA NPs were diluted 1:500 with
deionized water. The diluted samples were then introduced to
the NanoSight NS300 instrument. The settings of the camera
(sCMOS, laser type: green) were modified to the level of 16.
Post-acquisition settings were kept constant between samples
and any video files that experienced uncorrected vibration
and/or poor tracking analysis were excluded from the final ana-
lysis report.

2.5. Nanoparticle-loaded biomaterial ink formulation and
characterization

2.5.1. Preparation of biomaterial inks. Biomaterial inks
were prepared as reported in Table 1. Briefly, stock solutions
of PLGA NPs were prepared at concentrations of 1 mg mL™"
and 20 mg mL™!, while unmodified alginate (ALG) and oxi-
dized alginate with a degree of oxidation of 5% (OA;) were pre-
pared at a concentration of 10% (w/v) by dissolving the
powders in distilled water at 37 °C overnight while stirring.
Before the experiments, alginate solutions (aq.) and PLGA NP
suspensions (aq.) were gently mixed, ensuring homogeneous
suspension without air bubble formation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5.2. Rheological properties of alginate-based biomaterial
inks. Rheological tests were performed using a Discovery
HR-2 hybrid rheometer (TA Instruments, New Castle, Delaware),
equipped with a Peltier plate for temperature control. Samples
were tested using a stainless-steel cone/plate geometry (50 mm
diameter, 2° cone angle, 100 pm truncation gap). To investigate
the flow behaviour of biomaterial inks, the solutions were equili-
brated at 25 °C and then exposed to a rotational shear rate sweep
from 0.1 to 100 s™* to obtain the viscosity curves. The viscoelastic
behaviour was assessed with an amplitude sweep test (shear
stress ramp from 0.1 to 1000 Pa, 25 °C, 1 Hz). This test was per-
formed to determine the linear viscoelastic region (LVER) and
the storage (G') and loss (G”) moduli of the solutions before print-
ing and crosslinking to fix the shape. All tests were performed on
n = 3 replicates for each experimental condition reported.

2.5.2. Rheological properties of crosslinked hydrogels. The
viscoelastic properties of the hydrogels obtained from the sus-
pensions described in Table 1 were tested on 40 mm diameter
and 2 mm thickness cylinders. The Discovery HR-2 hybrid rhe-
ometer equipped with a parallel plate geometry (40 mm dia-
meter) was used to perform the tests. Samples were subjected
to an oscillation amplitude sweep (0.1-1000.0 Pa, 1.0 Hz) to
obtain the extent of the LVER, G’ and G”, hence determining
the mechanical properties of the alginate-based biomaterial
inks. Of note, hydrogel cylinders were obtained by cross-
linking the alginate-based suspensions with 50 mM CacCl,
solutions (aq.) and incubating samples for 10 min at RT.

2.6. Assessment of printability

2.6.1. Printing process. Printability studies on PLGA NP
loaded alginate-based formulations (Table 1, biomaterial inks
1-5) were performed using the pneumatic extrusion-based bio-
printer, BioX (CELLINK, Boston, USA), equipped with standard
printheads. The solution was loaded into a 3 mL disposable
cartridge (CELLINK) fitted with a polypropylene standard 25G
conical nozzle. Printing was performed on a polystyrene Petri
dish at RT and with different combinations of extrusion
pressure and printing velocity, as specified for each experi-
ment. Prior to printing, qualitative evaluation of filament for-
mation was performed to identify the minimum extrusion
pressure (data not reported).

Printability assessment was performed by printing bidi-
mensional geometries (n = 3) at variable pressures (130, 140,
and 150 kPa) and printing velocities (5, 10, and 15 mm s™%).
Straight lines and grids were printed to quantitatively deter-
mine the shape fidelity of the constructs and thus determine
the optimal printing parameters.

2.6.2. Image acquisition and processing. For all the
printed structures, optical images were acquired with a Dino-
Lite AM7915MZTL digital microscope (Dino-Lite Europe, The
Netherlands), and then an Otsu threshold was applied using
Image] software 2017 (NIH, Stapleton, NY, USA). Binary images
were then analysed with Matlab 2023a, as described in a pre-
vious work.*?

2.6.3. Printability assessment. Firstly, the uniformity of
extruded filaments was quantitatively evaluated on printed

RSC Pharm., 2025, 2, 718-730 | 721
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straight lines by calculating the Uniformity ratio (UF), defined
in eqn (1) and where p.y is the perimeter of the filament in
the post-processed images, Ly, is the theoretical straight strand
length, and ¢,, is the average width of the filament.

The second parameter investigated was the spreading ratio
(SR), calculated on the same images acquired for UF by using
eqn (2), where t,, is the average width of the filament and
dnozze 18 the internal nozzle diameter (i.e., for the 25 G nozzle
dnozz1e = 0.250 mm). SR is helpful in determining whether an
ink is suitable to print structures with a certain degree of pre-
cision and with limited collapse.

The last parameter selected for printability assessment was
the printability index (Pr), used to predict the shape retention
of an ink and calculated using eqn (3) in which C is the circu-
larity of an enclosed area. Pr is evaluated using a printed geo-
metry 20 x 20 mm squared in the CAD model and with 15%
infill density considering the 16 central squares of the grids.”?
If perfectly squared holes are printed, then Pr is equal to 1,
while Pr < 1 is found when more circular “collapsed” pores are
detected and Pr > 1 indicates irregular shapes and uneven
extrusion.

Biomaterial ink 1 was used for preliminary tests to identify
optimal printing parameters, and then biomaterial inks 2-4
were assessed, using the printability index Pr to confirm the
quality of printed objects.

_ extruded perimeter Pext _ Dext (1)
" theoretical perimeter Ly, X tay X 2 Pin

R — width of extruded strand  Zay

printing nozzle diameter  dnozle @)
x 1 I?
Pr=-x—-=— (3)
4 C 164

2.7. Laser scanning confocal microscopy (LSCM)

An A1l Laser Microscope (Nikon Instruments Europe BV) was
used to acquire volumetric datasets of alginate-based hydro-
gels with/without rhodamine-labelled PLGA NPs (i.e., Rho-
PLGA NPs). PLGA was conjugated with rhodamine following
what was described in the literature;>* then Rho-PLGA NPs
were fabricated with microfluidics and characterized in size
(ESI, SL.1}). Sections and high-resolution (3D-HR) volumetric
datasets were acquired to precisely determine Rho-PLGA NPs’
localisation within printed alginate-based hydrogels. For
3D-HR acquisitions, the confocal settings were set as follows: 1
Airy unit, a scan speed of 0.25 frame per s, average line x2, and
20 pm z-step. Datasets were collected with a Plan Apo 20x DIC
M N2 objective and with a 561/595 nm laser. Sections were
then processed and analysed using NIS-Element AR 5.30.05,
and 3D rendering was performed using NIS-Element AR
5.30.05. Before acquisitions, the bottom and the top levels
were determined using the Rho-PLGA NP signal. To compare
the amount of particles dispersed in the hydrogels between
conditions, images were imported in ImageJ (version 1.51,
NIH) and binarised using the Otsu threshold (range 30-240)

722 | RSC Pharm., 2025, 2, 718-730
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and the percentage of area occupied by Rho-PLGA NPs was
determined with the “analyze particles” tool.

2.8. Atomic force microscopy (AFM)

Surface topography was studied using an NT-MDT Solver Pro
system equipped with an S7 scanner. Samples (reported in
Table 2) were imaged in semi-contact mode using silicon tips
(NSG-11, NT-MDT, 10 nm nominal tip radius, with a resonance
frequency of 181 kHz). 500 x 500 nm topography and phase-
contrast maps (512 x 512 pixels) were collected on different
regions of each sample. Alginate-based solutions (aq.) and NP
suspensions (aq.) were mixed in a specified volume ratio for a
few minutes, then pipetted over the AFM sample holder and
left to air dry at room temperature for 24 h in a fume hood and
scanned thereafter. AFM data were analysed with the support
of Gwyddion analysis software (v. 2.64).>*

2.9. Cell experiments

2.9.1. General cell culture. The human breast adeno-
carcinoma cell line MDA-MB 231 (HTB-26, ATCC) was cultured
in DMEM supplemented with 10% (v/v) FBS and 2 mM
L-glutamine. MDA-MB-231 cells were routinely cultured and
maintained at densities lower than 5 x 10* cells per cm* and
discarded upon reaching passage number 25. Unless otherwise
specified, all cell culture experiments were performed in a
humidified 5% (v/v) CO, air atmosphere at 37 °C in a complete
medium.

2.9.2. Cell proliferation assay. Cell proliferation was deter-
mined by measuring the cellular mitochondrial metabolic
activity using the WST-1 (water soluble tetrazolium) assay.
MDA-MB-231 cells were seeded in 96-well plates (3799,
Corning Inc., NY, USA) at a density of 10 000 cells per cm® and
left to adhere overnight. Alginate-based hydrogels (Table 1)
with a volume of 100 pL were prepared under sterile con-
ditions, washed with HBS and included in each well; all the
samples were crosslinked with 50 mM CacCl, (aq.) for 10 min.
Hydroxyl-FK866-PLGA NPs were prepared as described in our
previous work and characterized in size and surface charge
without and with CS coating (ESI SI.21). Biomaterial inks 6
and 7 (Table 1) were immersed in the cell culture medium and
incubated for 48 h; biomaterial inks 1 and 5 (Table 1) and
untreated cells were used as positive controls, whereas cells
treated with 30% (v/v) methanol were used as negative con-
trols. Of note, the amount of hydroxyl-FK866-PLGA NPs loaded
in alginate hydrogels was calculated based on our recent study
and determined as a final 20 mg mL™" concentration of
hydroxyl-FK866-PLGA NPs.'' After incubation for 48 h, the
hydrogel and cell culture media were removed from each well,
and cells were washed with PBS (n = 3) and then incubated
with WST-1 reagent (1 h, 37 °C). Experiments were performed
with n = 3 replicates and repeated (N = 2) with biological inde-
pendent experiments.

2.10. Statistical analysis

All data represent the mean of a minimum of three indepen-
dent experiments + standard deviation (st. dev.), unless other-
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wise stated. Statistical analyses were performed by one-way
ANOVA, followed by Sidak’s multiple comparison tests in
GraphPad Prism 9. Differences were considered significant at
p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, and ***p <
0.0001).

3. Results and discussion

3.1. Nanoparticle characterisation

As reported in our recent work, acid-terminated PLGA in aceto-
nitrile (organic phase) and PVA solution (aq.) (aqueous phase)
were used to prepare PLGA NPs with the Dolomite microfluidic
system."” PLGA NPs have a mean Z-average size of 207 + 15 nm
and negative {-potential (—21.90 + 2.13 mV) due to the pres-
ence of carboxylic end groups in PLGA. CS-coated PLGA NPs
have larger hydrodynamic size, showing an increase in NP size
(218 = 4 nm and 245 + 20 nm) with increased concentrations
of CS (0.01% w/v vs. 0.1% w/v) (Table S1}), as reported in
similar studies.?*® As expected, non-coated NPs have a lower
PDI (0.118 + 0.007) when compared to CS-coated NPs (0.207 =+
0.024 and 0.256 + 0.025, respectively for 0.01% w/v CS and 0.1
w/v CS). Of note, all NPs have PDI < 0.3, which indicates a
monodispersed particle size in all formulations tested
(Table S17).

PLGA NPs with low concentrations of CS (0.01% w/v)
showed an increase in the {-potential (23.00 + 4.32 mV), indi-
cating the successful coating and the presence of positive
charge on NPs’ surface due to the protonation of amine
groups in chitosan. When a higher concentration of CS is used
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to coat NPs (0.1% w/v), an increase in the {-potential (49.33 +
1.25 mV) was observed and found to be proportional to the CS
concentration used. For this reason, and as the {-potential
impacts on particle stability, cell adhesion and interaction
with negatively charged biomaterials,'® it was decided to
further use CS-coated PLGA NPs obtained with higher concen-
trations of CS (i.e., 0.1% w/v, Fig. S2+).

TEM images confirmed that the coating process did not
impact the morphology of PLGA NPs, with all NPs showing a
spherical morphology (Fig. 1E and F). Furthermore, TEM
images do not demonstrate variations in the size of PLGA NPs
without/with CS coating; the slight increase in size measured
by DLS could be caused by the presence of a hydrated thin
layer of CS (proportional to CS concentration used in the NP
coating step) and not detected in dry particles analysed by
TEM (Fig. S31).

NanoSight tracking analysis was further used to determine
the concentration of CS/PLGA NPs (obtained with the opti-
mised protocol, 0.1% w/v CS concentration) and the uncoated
control in the dispersed phase. The precise quantification of
NP concentration is considered essential to further dose
hydroxyl-FK866-PLGA NPs in the alginate-based hydrogels for
further drug delivery studies.”” Herein, we compared two
methods to determine the concentrations of PLGA nano-
particles: NanoSight and DLS. The concentrations of uncoated
PLGA NPs measured in both methods are similar, that is, (2.68
+ 0.61) x 107 particles and (2.46 + 0.34) x 10’ particles,
measured respectively with DLS and NanoSight. In the case of
CS/PLGA NPs, variations in the measured concentrations are
observed (in the range of 15-20%). Again, differences in the

462 529 o14 o
w0 50 e0 70 80 %0 1000
Size (nm)

08 4174874

a0 50 60 700 80 90
Size (nm)

Fig. 1 Characterization of PLGA NPs: (A) DLS size distribution (grey bars) and fitting (red dotted line), (B) NanoSight size analysis, and (C) TEM micro-
graphs. Characterization of CS/PLGA NPs: (D) DLS size distribution (grey bars) and fitting (red dotted line), (E) NanoSight size analysis, and (F) TEM
micrographs. NPs were prepared with microfluidics and then coated using 0.1% w/v chitosan in 4.6 mM HCIl (aq.) solution. TEM image scale bars:

200 nm.
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detection method (light scattering vs. image analysis) could
affect the returned measure in the presence of the CS layer: a
concentration of (3.98 + 0.17) x 10® CS/PLGA NPs is measured
with DLS being much higher than the (3.30 + 0.02) x 10” CS/
PLGA NPs detected by the Nanosight, and more similar to the
controls.

3.2. Rheology

The rheological properties were evaluated on the materials
before (biomaterial ink) and after printing (crosslinked hydro-
gel), as previously reported.”®*° Firstly, the viscosity and vis-
coelasticity of biomaterial inks (i.e., aqueous polymeric solu-
tion) before printing were analysed to assess their flow pro-
perties and suitability to be processed with extrusion-based
bioprinters. Of note, this characterisation could be used to
evaluate their injectability. Then, the viscoelastic properties of
the crosslinked hydrogels were analysed to compare the
mechanical properties of the hydrogels to those of breast
tissues, both healthy and tumoral.

3.2.1. Pre-printing stage: rheological properties of the bio-
material inks. The properties of the biomaterial inks were eval-
uated before printing since they are (A) directly correlated with
the extrudability of the material and (B) related to the print-
ability in extrusion bioprinters. The shear thinning behaviour
is an ideal requirement in biomaterial inks as it allows a
material to flow and be extruded through the nozzle under
high shear stress and to retain its initial viscosity once printed
on a surface. As shown in Fig. 2A, the viscosity of biomaterial
inks (1-5, Table 1) decreases with an increase in the shear
rate, showing a marked shear thinning behaviour similar in all
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the conditions, suggesting their suitability to inks for extru-
sion bioprinting.

The viscoelastic properties of the biomaterial inks before
extrusion have been assessed; an example of the flowing pro-
perties of the biomaterial ink 3 (Table 1) is shown in Fig. 2B,
highlighting the presence of yield stresses and showing that
the biomaterial ink behaves as a viscous fluid (G” > G’). This
was as expected since the solutions tested were not crosslinked
before extrusion. Moreover, the yield stress, which delimits the
linear viscoelastic region, occurred at around 400 Pa, predict-
ing the possibility of printing these solutions.>® In fact, pre-
vious studies reported that values of yield stress higher than
100 Pa led to acceptable printing outcomes.**?

3.2.2. Post-printing stage: mechanical properties of the
crosslinked hydrogels. After printing, biomaterial inks were
crosslinked (50 mM CaCl, (aq.), 10 min, RT), and the mechani-
cal properties of the obtained hydrogels were tested in the
oscillatory mode (Fig. 2C); the obtained values were used to
confirm matching with the ones of human soft tissues. The
values of the storage (G') and loss (G") moduli were similar for
all the tested samples with average values of 30-35 kPa and
4-7 kPa, respectively (Fig. 2D). The obtained G’ values were
comparable with the mechanical properties of pathological
breast tissues (e.g., fibrous, advanced cancerous states). In fact,
the average elastic modulus of pathological breast tissue was
calculated with several techniques on both in vivo and ex vivo
tissues with reported results in the range of 4-94 kPa, usually
3-6 times higher than the mechanical properties of healthy
breast tissues.>® The mechanical properties of the hydrogels
herein proposed are consistent with what was reported by
Shpaisman et al., in which a poly(ethylene glycol) and desami-
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Fig. 2

(A) Viscosity average curves for all the tested conditions acquired with a rotational shear rate sweep. (B) Oscillatory stress sweep tests for bio-

material ink 3 before extrusion, as representative curves for all the conditions. (C) Oscillatory stress sweep tests for biomaterial ink 3 crosslinked, as
representative curves for all the conditions. (D) Mean storage and loss moduli acquired from oscillatory stress sweep tests in the linear viscoelastic
region of the crosslinked inks. For biomaterial inks composition refer to Table 1. Data presented as average + st. dev. (n = 3).
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notyrosyl-tyrosine ethyl ester hydrogel was designed as a soft
tissue filler after tumour removal for curcumin release and
having compressive moduli in the range of 7-100 kPa.>®

Additionally, results showed that the presence of PLGA NPs
(without/with CS coating) did not impact the hydrogel
mechanical properties due to a low dispersion of particles in
the hydrogel network. All hydrogels showed G’ > G", denoting
the dominant elastic character of hydrogels, which suggested a
completely gelled and elastic structure driven only by the pres-
ence of physical ionic bonds, and with the presence of viscous
components.>®

3.3. Printability assessment

Three-dimensional (3D) printability of a biomaterial ink is
defined as the ability of a hydrogel to form and maintain a
reproducible 3D structure with dimensional integrity.’”
Rheological properties and printing parameters, such as extru-
sion pressure and speed, can affect print quality. For example,
a low pressure would lead to biomaterial ink extrusion failure,
a high pressure could cause poor printability, and a low print-
ing speed would result in a high quantity of extruded material
per unit time, resulting in poor printability. High-speed print
nozzles can also result in discontinuous filaments.**

In this study, firstly we defined the optimal printing para-
meters for the biomaterial ink 1 (without NPs) as we did not
find differences in the rheological properties of the biomater-
ial inks with PLGA NPs (Fig. 2A). Then, we validated the
optimal printing parameters for the biomaterial ink 3 with the
highest concentration of PLGA NPs (20 mg mL™") and the bio-
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material ink 5 with 20 mg mL™" CS/PLGA NPs (Table 1) as
shown in Fig. 3F.

The UF and the SR of biomaterial ink 1 at different press-
ures/velocities were evaluated on a simple printed line
(Fig. 3A). UF values close to 1 (Fig. 3B) were found for most of
the tested parameters, which is the ideal value as UF = 1 is an
indication of a smooth extrusion, while UF > 1 represents over-
gelated hydrogels.

This result was as expected since the biomaterial ink 1 has
a viscous-like behaviour with G” > G'. From the analysis of the
SR, it is possible to observe that all the tested combinations
have SR > 1 (Fig. 3C). Thus, they have a higher width than the
one designed with the CAD. However, SR values below 2 are
rarely present in the literature due to the viscoelastic nature of
the material used, due to the relaxation of the polymeric
chains. SR is lower with the decrease of pressure and increase
in velocity.

To quantitatively evaluate the shape fidelity of biomaterial
ink 1, we evaluated the Pr values and grid morphology under
different pressures and speeds (Fig. 3D and E). In specific, bio-
material ink 1 ensured adequate flow conditions, with smooth
and uniform filaments being continuously extruded, whilst
having perfect printability state of geometries with square-
shaped interconnecting channels and Pr values of 1; literature
reports that when Pr is in the range of 0.8-1.1, the 3D printed
hydrogel structures will exhibit good filament morphology and
mechanical stability.*®

We used biomaterial ink 1 for all printability tests and
selected the combination of pressure and velocity which had
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Fig. 3 Assessment of printability on the alginate-based biomaterial ink: (A) example of the printed straight lines used for the quantitative analysis of
(B) uniformity ratio and (C) spreading ratio by varying the extrusion pressure and the printing speed and (D) example of the printed grid used for the
determination of (E) printability index. Results are expressed as mean + st. dev. (n = 3) of tests performed using biomaterial ink 1. (F) Comparison of
printability index biomaterial inks 1, 3 and 5 using the optimal printing parameters of 140 kPa and 10 mm s~. Micrographs in the figure show a repre-

sentative layer for each biomaterial ink used.
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the lowest SR and a Pr value close to 1 as the optimal printing
parameters. Thus, the optimal printing parameters were 140
kPa and 10 mm s ™.

Then, we evaluated the shape fidelity with the measure of
the printability index of different biomaterial inks (i.e., bioma-
terial ink 1, biomaterial ink 3 and biomaterial ink 5, Table 1)
printed with the optimal parameters; as shown in Fig. 3F, all
biomaterial inks used have good printability and the presence
of the NPs (regardless of the CS coating) does not affect the
printability of the biomaterial ink.

3.4. Composite alginate-based hydrogels: interaction and
distribution of PLGA-NPs in the hydrogel

Two distinctive imaging acquisition methods were used:
atomic force microscopy (AFM) to interrogate the interaction
between PLGA and CS/PLGA NPs and the alginate network and
understand if any physical and/or chemical interaction may
occur and laser scanning confocal microscopy (LSCM) to
assess volumetric distribution of Rho-PLGA NPs within algi-
nate-based hydrogels (Table 2). Of note, and due to the rela-
tively low concentration of PLGA NPs used in the formulation
of biomaterial inks, higher concentrations of PLGA NPs and
different alginate formulations were selected to better evaluate
the interactions occurring between positive (CS/PLGA NPs) and
negative (PLGA NPs) charges within the hydrogel network (sup-
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posedly negative, due to the presence of hydrated alginate
chains), and the concentration of PLGA NPs was increased
only for sample preparation for AFM studies (Table 2).

3.4.1. Interaction between nanoparticles and the hydrogel
network: AFM. AFM was used to investigate the surface inter-
actions between PLGA NPs and alginates. AFM analyses were
conducted on alginate-based dry films as in Table 2 acquiring
500 x 500 nm scan size areas to investigate the particle/matrix
interface (Fig. 4). Results represent both topography and phase
contrast images, with the latter used to highlight the differ-
ences among the samples and assist the interpretation of the
sample’s topography.

Both alginate films (ALG and OAs) were characterised by a
granular structure, as expected. While in the case of ALG,
grains are characterised by an elongated shape ranging several
hundred microns, and OA; grains are more circular, with a dia-
meter of a few tenths microns (Fig. 4B, phase contrast). This
confirms our previous study that the oxidation of alginate
causes a reduction of the molecular weight."®

The loading of uncoated PLGA NPs (207 + 20 nm; —21.90 +
2.73 mV) showed different interactions as a function of the
polysaccharide used. An evident segregation of NPs at the
surface with ALG with poor interfacial affinity is observed,
possibly due to the negative charge of both PLGA NPs and
ALG, which is emphasized by the film retraction caused by the
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Fig. 4 AFM images of topography and phase contrast images of a 500 x 500 nm scan area of: (A) ALG; (B) OAs; (C) ALG-PLGA NPs; (D) OAs-PLGA

NPs; (E) ALG-CS/PLGA NPs; and (F) OAs-CS/PLGA NPs.
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polymer drying (Fig. 4C). Differently, when PLGA NPs are
embedded in OA; (Fig. 4D), a higher interaction is observed
between NPs and the modified polysaccharide matrix, with no
evidence of surface segregation and no significant difference
in morphology from that of a pure OA; film (Fig. 4B) with a
slight enhancement of the globular edges.

The loading of CS/PLGA NPs (245 + 20 nm, +49.33 =
1.25 mV) within alginate-based solutions showed different
levels of interactions with the alginates. In the case of ALG
(Fig. 4E), there is still some level of segregation between par-
ticles and matrix; however, the nanoparticles are visible at the
surface and appear to be coated by an alginate layer. This
phenomenon is probably due to the opposite charges that
characterise ALG (negatively charged) and CS/PLGA NPs (posi-
tively charged), which resulted in an overall improvement of
the interfacial interactions. Interestingly, OAs; and CS/PLGA
NPs show no evidence of NP segregation at the surfaces
(Fig. 4F), suggesting a further degree of interaction between
the primary amine group on CS chains (hence on the NP
surface) and the aldehyde groups on oxidized alginate.
Moreover, and as observed for the OA; and PLGA NPs compo-
site hydrogel (Fig. 4D), the globular morphology of the OA;
matrix is enhanced with respect to ALG, leading to a slight
increase in the Z topography profile.
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3.4.2. Distribution of nanoparticles in the hydrogel: LSCM.
LSCM acquisition was performed on hydrated and crosslinked
3D-printed samples to assess the homogeneous distribution of
PLGA NPs. Biomaterial inks loaded with Rho-PLGA NPs (ESI,
SL.1,} Fig. S1T) were mixed as described in Table 2, using bio-
material ink 3 (Table 1) as the control, to investigate how the
mixing and the printing processes impacted the distribution
of PLGA NPs within the alginate-based biomaterial ink. As
shown in Fig. 5A, and as expected, no signal was detected for
biomaterial ink 3, whereas two different nanoparticle distri-
butions were observed with a detected signal proportional to
the concentration of Rho-PLGA NPs used (Fig. 5B and C) and
calculated as the percentage of area occupied by the particles
per image (Fig. 5D). As shown in Fig. 5C, 20 mg mL™" Rho-
PLGA NPs are homogeneously dispersed across the hydrogel
network after printing and crosslinking, proving the possibility
to use this formulation to load and confine NPs for local drug
delivery.

3.5. Cytotoxicity of hydrogels loaded with hydroxyl-FK866-
PLGA NPs

Hydroxyl-FK866, a cytotoxic compound, is a highly specific
inhibitor of the biosynthesis of the coenzyme nicotinamide
adenine dinucleotide, which could be used for cancer treat-
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Fig. 5 LSCM images of PLGA NPs in alginate-based biomaterial inks crosslinked with 50 mM CaCl, solution (aq.): (A) biomaterial ink 3 (i.e., 9% w/v
ALG-OA; loaded with 20 mg mL™* PLGA NPs); (B) 1 mg mL~* Rho-PLGA NPs and (C) 20 mg mL™ Rho-PLGA NPs loaded in ALG-OAs hydrogels. Scale
bars: 10 pm. (D) Percentage of area covered by the particles per image. Data are presented as mean + st. dev. (n = 3).
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ment. In our previous work, we have shown that hydroxyl-
FK866-PLGA NPs are able to release hydroxyl-FK866 by a hydro-
lytically cleavable linkage for up to 3 months under physiologi-
cal conditions with effective toxicity to cancer cells
(Fig. S2A%)."

The hydroxyl-FK866-PLGA NPs used in this work have an
encapsulation efficiency of 98.6 + 5.8% (data not shown). The
presence of CS coating slightly increases the Z-average size of
NPs (Fig. S2Bt), as well as switching the {-potential from nega-
tive (hydroxyl-FK866-PLGA NPs) to positive (CS/hydroxyl-
FK866-PLGA NPs) values (Fig. S2C¥).

Prior to loading in biomaterial inks, the toxicity of hydroxyl-
FK866-PLGA NPs was assessed using PLGA NPs as controls
(Fig. 6A). As expected, the drug-loaded NPs were toxic to the
cells regardless of the presence of CS coating (no statistical
difference between hydroxyl-FK866-PLGA NPs and CS/hydroxyl-
FK866-PLGA NPs); in specific, the release of hydroxyl-FK866
impacted cell viability more than the charge of NPs (typically
positively charged NPs are reported to be more toxic*®). Of
note, the concentration of CS used to coat NPs is well reported
in the literature and found to not impact cell viability;*"*** our
study aligns with the literature, showing no significant differ-
ence in viability between CS/PLGA NPs and untreated controls
(Fig. 6A).

Then, sterile biomaterial inks 1, 5, 6 and 7 were formulated
(Table 1), crosslinked with 50 mM sterile CaCl, solution (aq.)
and hydrogels incubated with MDA-MB-231 cells.

All nanoparticles used (i.e., CS/PLGA NPs, hydroxyl-FK866-
PLGA NPs and CS/hydroxyl-FK866-PLGA NPs) were at a concen-
tration of 20 mg mL™", concentration previously selected as
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ensuring release of hydroxyl-FK866 at toxic doses in the
observed time point (48 h). Alginate only hydrogel (biomaterial
ink 1) and CS/PLGA NP loaded alginate hydrogels (biomaterial
ink 5) were well tolerated by cells, showing viability of 90-95%
and similar to untreated control (100%, Fig. 6B). As expected,
and regardless of the presence of CS coating, both hydrogels
loading hydroxyl-FK866-PLGA NPs were found to be toxic (bio-
material inks 6 and 7), without statistically significant differ-
ence at the observed timepoint.

These results showed that the viability of cells treated with
drug-loaded NPs dispersed in a medium (hydroxyl-FK866-
PLGA NPs and CS/hydroxyl-FK866-PLGA NPs, Fig. 6A) was
lower than the one observed when the same NPs were loaded
in alginate hydrogels (Fig. 6B), being 36 + 1% vs. 52 + 2%.
Such different cell responses could be explained considering
that hydroxyl-FK866 released by NPs in a hydrogel should
diffuse throughout the polysaccharide matrix and, thus, is
made available to cells with a delay.

In this work, we used a small hydrophilic cytotoxic com-
pound (hydroxyl-FK866) with molecular weight (MW) well
below the one of alginate.'® Considering that the diffusion
coefficient of molecules with MW < 2 x 10* in alginate hydro-
gels is similar to those in the water system,*® it was possible to
assume that no difference was present in the diffusive profiles
of hydroxyl-FK866 within alginate hydrogels. Therefore, the
only driving force for hydroxyl-FK866 release resides in the
hydrolysis from PLGA in hydroxyl-FK866-PLGA NPs, hence
depending on the pH of the microenvironment. Since alginate
hydrogels can immediately reach an equilibrium with the
environment pH,*>** it is possible to assume that the
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Fig. 6 Cell proliferation was determined using the WST-1 assay representing viability using (A) nanoparticles and (B) printed nanoparticle-loaded
hydrogels. NPs = nanoparticles; Gel = alginate hydrogel; HBS = HEPES-buffered saline; CS = chitosan; drug-loaded uncoated NPs = hydroxyl-
FK866-PLGA nanoparticles without chitosan coating; drug-loaded CS-coated NPs = hydroxyl-FK866-PLGA nanoparticles coated with chitosan.
Data are presented as mean + st. dev. of n = 3 replicates and N = 2 biological independent experiments. Differences were considered significant at p

< 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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hydroxyl-FK866-PLGA NPs are exposed to a constant pH. In our
previous study,'’ the effective release of hydroxyl-FK866 was
characterized at different pH values, mimicking both the
tumoral (pH = 6.4) and healthy (pH 7.4) environmental pH of
breast tissues and with results displaying a prolonged release
of low doses of the cytotoxic compound up to two months.

Overall, results show that alginate-based hydrogels could
act as depot drug delivery systems for different treatments,
such as cancer. Based on our previous work, we can corrobo-
rate that hydroxyl-FK866-PLGA NPs could provide sustained
release even when loaded and interlinked in the polysacchar-
ide network, constraining NPs at a given location and ensuring
the release of the therapeutic for prolonged periods of time,
thereby minimizing systemic toxicity and reducing dosing
frequency.

4. Conclusions

A novel alginate-based biomaterial ink loading and confining
PLGA NPs for the localised and sustained release of potent
cytotoxic compounds for cancer treatment has been presented
in this study. CS/PLGA NPs were found homogeneously dis-
persed and confined within oxidized alginate (OAs) hydrogels
via covalent crosslinks (primary amines and aldehydes).
Composite biomaterial inks (9% w/v ALG-OAs; 20 mg mL™"
PLGA NPs) showed shear thinning properties with excellent
printability (mean Pr in the range of 0.80-0.95). Rheological
characterization of composite hydrogels showed mechanical
properties compatible with soft tissues (e.g., breast tissue) and,
overall, in line with the maintenance of cell phenotype and not
triggering inflammatory responses due to mechanical mis-
match. Combinations of hydroxyl-FK866-PLGA NPs and algi-
nates were used to treat triple-negative human breast cancer
(MDA-MB-231), showing toxicity of all drug-loaded systems
(30-40% viability at 48 h) when compared to the controls. This
study demonstrates the loading and confinement of highly
toxic compounds (CS/hydroxyl-FK866-PLGA NPs) within inject-
able alginate-based hydrogels for the local treatment of solid
tumours. Such a hybrid system can facilitate the delivery of
toxic small chemotherapeutics at the tumour site, improving
the efficacy of treatments against cancer cells. Further long-
term in vitro studies are required to clearly demonstrate the
effectiveness in the local and sustained release of hydroxyl-
FK866, as well as the confinement of CS/PLGA NPs in modified
alginate hydrogels for both in vitro and in vivo applications.
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