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ABSTRACT

3D bioprinting is at the forefront of tissue engineering to fabricate complex constructs resembling
functional tissues. However, the inability to produce heterogeneous tissues and the lack of spatio-
temporal control over the release of bioactive factors are greatly limiting clinical translation. Herein,
the combination of 3D bioprinting with high-throughput dispensing using a custom microfluidic
system and nanoclay-based inks is presented. This approach was found to enhance printability,
retention, and controlled release of bioactive factors. Advanced tissue models were developed to
resemble cancer and skeletal tissue, while studying the effect of anti-cancer (Doxorubicin) and
pro-osteogenic growth factors (bone morphogenetic protein-2, BMP-2), respectively. The
engineering of a new nanoclay ink allowed the sustained release, making it suitable for long-term
applications. These findings suggest that by combining 3D bioprinting and high-throughput
delivery of nanoclay-based inks a new platform for the engineering of functional tissue constructs
can be assembled, offering significant advancements in regenerative medicine.
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functional tissues [1,2]. Thus, the ability to create

Introduction i ) ) )
complex, three-dimensional tissue constructs via layer-

The functional principles of 3D bioprinting are highly
intertwined with tissue engineering and regenerative
medicine (TERM). Indeed, TERM approaches for tissue
repair and modelling have largely relied on the use of
3D bioprinting approaches to assemble biomimetic

by-layer deposition of bioinks, which are composite
materials containing living cells, biomolecules, and bio-
compatible materials, holds great promises for regenera-
tive medicine, drug testing and the development of
patient-specific implants [3-6]. However, 3D bioprinting
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has not technologically advanced in decades due to the
associated number of challenges limiting ultimate appli-
cation. While current 3D bioprinting techniques can
indeed produce heterogeneous and microscale multicel-
lular constructs [7-10], and several commercial bioprin-
ters support multi-ink printing [11-14], a significant
limitation remains in terms of cost, customisability, and
accessibility. Most advanced bioprinters are expensive
and not readily available to a broader range of research-
ers, particularly in educational settings or smaller labora-
tories. This financial barrier limits the widespread
application of 3D bioprinting in research and develop-
ment. Therefore, there is a growing need for more
affordable bioprinting solutions that maintain advanced
functionality while being accessible to a broader range
of researchers. To date, the inclusion of compounds of
interest is typically carried out by simple dispensing or
adsorption of the 3D bioprinted scaffold, or by direct
inclusion within the material. The adsorption of com-
pounds of interest onto the implant typically results in
poor loading efficiency because of the limited control
over grafting to the printed material, leading to
uneven distribution, limited interaction with cells with
associated poor sustain release [15]. Alternatively, com-
pounds can be incorporated directly within the material
ink prior to the bioprinting process. This method ensures
that the bioactive compounds are localised within
deposited biomatrices, promoting better interaction
with the cells and enhancing their effect [7,8]. Addition-
ally, the tuning of the cargo release is influenced by the
encapsulation into a single material ink that holds
physic-chemical properties ideal for 3D deposition [16].
Studies have shown that the spatial distribution of bio-
active compounds is critical for replicating the natural
microenvironments of tissues, such as those found in
cancer [10-12] and skeletal tissue [17]. Selective spatial
patterning can influence cell behaviours, improve
tissue functionality, and enhance the relevance of
tissue models for research and therapeutic applications.
In addition to the composition and spatial distribution of
bioactive compounds, the geometry of the scaffold,
specifically the precision and accuracy with which the
fibres are deposited, plays a crucial role in influencing
cellular behaviour as previous studies have shown [18-
21]. The engineering of a 3D bioprinting platform for
the precise distribution of cells, bioactive factors, and
for customised geometries of the scaffolds opens new
avenues for the fabrication and the rapid prototyping
of readily functional tissue constructs.

The newly developed Microfluidic-Assisted Open-
Source 3D Bioprinting System (MOS3S) offers a solution
to the limitations offering a precise dispensing, refers to
the high-throughput technique used to deposit droplets

of biomaterials within the scaffold’s porosities, and print-
ing capabilities at the same time, refers to the deposition
of material to construct the scaffold [22]. The MOS3S
system has been adapted to alternately dispense bio-
active compounds and deposit biomaterial inks, allowing
for the creation of complex and functional tissue con-
structs. While MOS3S system retains the advanced fea-
tures of high-end 3D bioprinters, the material inks
traditionally used in 3D bioprinting remain not suitable
for long-term compartmentalisation of bioactive factors.
Nanoclay dispersions present a promising solution to
these limitations when blended with other polymer com-
ponents, as previously reported [15,16,23,24]. Indeed,
even at low weight-volume concentrations, clay nanopar-
ticles are effective for drug localisation with functional
biocompatible properties [25]. The use of nanoclay
allows for dose-dependent control over the retention of
bioactive factors, without drastically altering the biocom-
patible properties. Studies have shown that by increasing
the amount of nanoclay in the material, the direct reten-
tion and sustained localisation can be preserved over a
prolonged period of time [23,24]. Furthermore, the
inclusion of nanoclay has been found beneficial for the
enhancement of the printability of a number of polymers
used for skeletal regeneration [26,27]. However, the possi-
bility to independently control drug release and tissue
formation following nanoclay-based bioinks deposition
is still missing and potentially beneficial to enhance
tissue fabrication and TERM approaches.

In this study, a library of nanoclay-based and nano-
clay-free materials has been printed with MOS3S to
produce advanced tissue models. A novel approach
based on coaxial microfluidic-based extrusion and
3D bioprinting, jointly with high-throughput dispen-
sing is here reported for the first time in combination
with nanoclay-based bioinks. Harnessing the intrinsic
macro-porosity of 3D bioprinted cell-laden constructs,
we have demonstrated the possibility to pattern com-
partimentalised nanocomposite microdroplets includ-
ing various biologics for sustained release purposes.
Thus, functional tissue constructs have been fabri-
cated inspired by the modelling of cancer or skeletal
tissues. Particularly, cancer models have been engin-
eered by 3D bioprinting with the precise compart-
mentalisation of anti-cancer drugs for safety and
efficacy studies, towards drug testing and develop-
ment. Similarly, skeletal substitutes have been bio-
printed by delivering skeletal stem cells in 3D, while
concomitantly dispensing growth factor of interest
alongside the macropores. This targeted approach
holds the potential to drive further bone tissue for-
mation, offering potential applications in regenerative
medicine and orthopaedics.



Material and methods
Materials

Ru-Tris(2,2"-bipyridyl) dichloro-ruthenium(ll)hexahydrate
(cat no. 224758), Sodium persulfate (SPS) (cat no.
216232), Gelatin - type A porcine skin (~300 g bloom)
(cat no. G1890), Methacrylic anhydride (cat no.
276685), phosphate buffered saline (PBS), Hanks’
balanced salt solution (HBSS) and Dulbecco’s Modified
Eagle’s Medium (DMEM) high glucose were purchased
from Sigma-Aldrich. LAPONITE®-XLG provided by BYK,
UK. Naphthol AS-MX Phosphate Alkaline Solution by
Simga 85-5. Fast Violet Salt by Sigma F1631. Alginate
Lyase enzyme by Merck-Sigma. Dextran FITC (from Leu-
conostoc spp., Mr ~ 70 000). Recombinant Human Vas-
cular Endothelial Growth Factor-A (rh VEGF-A)
provided by ImmunoTools. Vybrant™ DiD Cell-Labeling
Solution provided by Thermo Fisher Scientific. Calcein
AM (ThermoFischer, C3099).

Synthesis of Gelatin Methacryloyl (GelMA)

Gelatin methacryloyl (GelMA) was synthesised following
a previously reported process [28,29]. Briefly, gelatin
(type A3, ~300 Bloom from porcine skin) was dissolved
at a 10% (w/v) concentration in PBS (pH 7.5/8) at 50°C.
Methacrylic anhydride (MA, 0.8 ml per gram of gelatin)
was added to the gelatin solution dropwise under vigor-
ous stirring for 3 h. Following this step, the solution was
dialyzed against deionised water (DW) using 1-2 kDa
cut-off dialysis tubes for ~5 days at 50°C [30-32].
Finally, GelMA was lyophilised and kept at 4 °C for
further use.

Preparation Alginate-GelMIA and nanocomposite
inks

Alginate (A) and GelMA (G) were sterilised under UV light
for 30 min and subsequently dissolved in DW under con-
stant stirring at 40°C for 3 h. Two distinct AG ink blends
were prepared, maintaining a fixed GelMA concentration
while varying the alginate concentration. These blends
were designated varying the concentration of alginate
as low concentration alginate (I-AG) with a composition
of 2% A and 1.5% G (w/v), and high concentration algi-
nate (h-AG) with a composition of 4% alginate and
1.5% GelMA (w/v). Nanocomposite inks were prepared
by sterilising for 30 min under UV light the powder
content of nanoclay (n, Laponite®), alginate, and
GelMA. Laponite® was slowly added to DW under stir-
ring. After 2 hours, A and G were added following the
same procedure used for the preparation of the AG
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inks. The resulting blend, designated as nanoclay low
concentration alginate (n-I-LAG), consisted of 0.5%
nanoclay, 2% A, and 1.5% G (w/v).

Rheological investigation of printable inks

Rheological properties of the alginate-GelMA and nano-
composite inks were analysed using a rotational rhe-
ometer (Anton Paar MCR 302) at 25°C equipped with a
cone-plate geometry (25 mm diameter, 1° cone angle).
Temperature control was maintained by a Peltier
system, and solvent evaporation was prevented by
saturating the atmosphere surrounding the sample
with water and by using an evaporation blocker
around the plate and an isolation hood. The shear vis-
cosity behaviour of the samples was assessed by apply-
ing a shear rate from 1 to 100 s~' during measurements.

Investigation of inks printability and 3D scaffold
geometric properties

To evaluate the structural stability of the printing
material and ensure fidelity between the printed con-
structs and the desired designs, a bridge test was con-
ducted. This test aimed to observe whether the weight
of the material causes deformation of the filament, as
proposed by Ribeiro et al. [33]. The procedure involved
printing filaments over supports with increasing gaps,
starting from 1 mm and extending to 5 mm in 1 mm
increments. The GANYMEDE-II-HR - High-Resolution,
Video-Rate Spectral Domain Optical Coherence Tom-
ography (OCT) Imaging System, 900 nm (Thorlabs Inc.,
Dachau, Germany) was used to collect images of the
printed scaffold and verify stability. Using the Thorlabs
system, an axial resolution of approximately 6 um and
a lateral resolution of 8-15 pm were achieved. Images
of the lattice scaffolds, with the initial 4 layers were
printed with a pore size of 0.5 mm and a scaffold size
of 9x9 mm to establish a foundational support structure,
then 8 additional layers were printed with a pore size of
3 mm each. Post-printing was acquired using a ZEISS
Stemi 305 Compact Stereo Microscope with 5:1 Zoom,
and the photos were subsequently analysed with
Image J software to measure their geometric character-
istics such as overall dimension, strand width, spread
ratio and pore size, identifying ideal results with
dotted lines.

Scanning electron microscopy (SEM)

SEM micrographs were acquired from acellular printed
scaffolds to study the microstructure of the different
blends of materials. Prior to SEM imaging, samples
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were lyophilised and visualised using SEM. The micro-
graphs of cross-sectioned lyophilised samples were
taken at 10 kV voltage at varying magnification (100x,
200x).

Controlled 3D deposition of material inks

The printing process was carried out using an custom
microfluidic-assisted  open-source 3D  bioprinting
system (MOS3S) [22] previously developed, using a
coaxial nozzle, with inner and outer diameters of 25G
and 18G, respectively. A custom-made G-code was
employed to create porous and lattice scaffolds. The
integration of 3D-printed syringe pumps with the
motion control system allowed the implementation of
high-throughput technology, which was used in two
different experiments: one to release ink droplets into
scaffold pores and another to extrude specific volumes
into well plates, enabling efficient high-throughput
experimentation. Specifically, 3D-printed scaffolds, as
shown in Video 1, depositing 4 layers at a layer height
of 240 um with a fibre spacing of 0.5 mm, followed by
an additional 16 layers at a layer height of 120 um and
a fibre spacing of 3 mm to create large pores, and 2 uL
droplet of filler was deposited inside the large pores
using the high-throughput process. A 0.33 M CaCl, sol-
ution along with ruthenium (Ru) at a concentration of
0.3 mM/ml and sodium persulfate (SPS) at 3 mM/ml
were employed for crosslinking during the printing
process.

High-throughput patterning and drug release
study

The high-throughput process was performed using the
MOS3S 3D bioprinter with high-throughput patterning
capabilities, controlled by ad-hoc G-Code to coordinate
nozzle movement and syringe pump extrusion, allowing
for the deposition of nanocomposite inks from 10 to
300 pl per well into a 96-well plate. The resolution of
the syringe pumps was investigated by validating the
volume deposited within each well. Nanocomposite
inks coloured differently were used to validate the gradi-
ent control over high-throughput deposition with a
custom G-code. Release from nanoclay-based (n-I-AG)
and nanoclay-free (h-AG) deposited inks was evaluated
using FITC-Dextran. Specifically, FITC-Dextran was solu-
bilised in n-I-AG and h-AG at a concentration of 10 pg/
mL, and 100 pL of the material was used as samples,
which were crosslinked with Ru/SPS. Specifically, the
small cylinders (n=3) were soaked in 100 uL of HBSS
for 1, 2, 3, 6, 24, 48, 96, 120 and 144 hours, and the fluor-
escence emissions were measured to quantify the drug

release. To estimate the drug concentration, a cali-
bration curve was established using FITC-Dextran con-
centrations ranging from 0 to 10 pg/mL, in increments
of 1 ug/mL, dissolved in HBSS. Fluorescence emission
of these calibration samples of 100 uL was measured
to generate a regression line. The measurements of
fluorescence emission of FITC-Dextran samples were
performed using a Tecan i-control infinite 200Pro,
employing a Thermo Fisher Scientific-Nunclon 96 Flat
Bottom Black well plate. Each well was read four times
(Multiple Reads per Well) with an excitation wavelength
of 485 nm and an emission wavelength of 535 nm. The
device was set to perform 25 flashes per reading at a
controlled temperature of 25°C. The picture acquisition
of samples was taken with Carl Zeiss™ Axio Vert.A1
FL-LED Inverted Microscope exciting the FITC-Dextran
in green fluorescent protein led.

Cell isolation, encapsulation, and printing

Cancer cells deposition with Doxorubicin

patterning

MDAMB-231 (ATCC, USA) P6 were plated in cell culture
flasks with DMEM supplemented with 10% (volume frac-
tion) fetal bovine serum (FBS), 1% (volume fraction peni-
cillin and 1% (volume fraction) streptomycin (Pen/Strep)
and maintained at 37°C and 5% CO, balanced air. Cells
were passaged at approximately completed confluency
and treated with trypsin. The MDAMB-231 were used
for experimental use at passage seven. The cells were
suspended at a density of 1x10°/ml in serum-free
culture medium and labelled with Vybrant DiD following
manufacturer protocol and as previously reported [16].
Briefly, the cell suspensions supplemented with DiD at
5 pL/ml were incubated for 20 min at 37°C and then cen-
trifugated to remove the supernatant. Then, the cells
were suspended in 50 pL of serum-free culture media
and added to the material ink which was mixed by pipet-
ting. The bioink was extruded through a 25G nozzle and
after printing the scaffold was incubated at 37°C and 5%
CO, balanced air. Then, two methods were used to
administer the doxorubicin: (i) one-time dosage delivery
with the dispersion of 2 UM Doxorubicin within the
culture media for 24 hours, and (ii) sustained exposure
method, encapsulating 2 pM of anti-tumour drug in
printed n-I-AG droplets on the scaffold.

Skeletal stem cells deposition with bone
morphogenetic protein-2 patterning

Human bone marrow stromal cells (HBMSCs) were iso-
lated as previously described [34]. Briefly, bone speci-
mens were collected as surgical waste from healthy
subjects undergoing orthopedic surgery. Bone



fragments were minced and rinsed with culture medium
in order to release bone marrow cells. After vigorous
pipetting, cell suspensions were filtered through a 70
pm nylon mesh cell strainer and cultured in Minimum
Essential Medium with alpha modification (Merck Life
Sciences, Saint Louis, USA) supplemented with 20%
FBS (Thermo Fisher Scientific, Waltham, USA), 1% Penicil-
lin/Streptomycin (Merck Life Sciences) and 1% L-gluta-
mine (Merck Life Sciences). Cells P2 were seeded at the
density of 2-10° cells/cm® and grown at 37°C in a 5%
CO, controlled atmosphere. Cells were passaged at
approximately completed confluency and treated with
trypsin-EDTA 1X. HBMSCs were used for experimental
use in passage two. The cells were suspended in 50 pL
of serum-free culture media and added to the material
ink which was mixed by pipetting gently. The bioink
was extruded through a 25G nozzle and after printing
the scaffold was incubated at 37°C and 5% CO, balanced
air. The BMP-2 was administered with a sustained
exposure method encapsulating the growth factor,
with a concentration of 5 pl/ml, in printed n-I-AG dro-
plets on the scaffold.

Viability and proliferation of cell-laden printed
scaffolds

Viability at day 1 and 7 was investigated using Calcein
AM staining and confocal imaging following a previously
reported method [35]. Briefly, samples were washed
twice with HBSS. Calcein AM was diluted in serum-free
culture media and added to cell-laden scaffolds. Con-
structs were incubated at 37°C and 5% CO, balanced
air for 1 h. Then, samples were washed three times
with HBSS. Samples were imaged using a confocal scan-
ning microscope (Olympus IX83) with a 10x magnifi-
cation objective. Living cells were identified when
stained with Calcein AM and DiD. Metabolically inactive
(dead) cells were identified by DiD staining. Analysis was
carried out using Imagel. Cell density was calculated by
normalisation of viable cells and the volume of interests.
Proliferation was subsequently quantified as the percen-
tage change in cell viability from day 1 (set at 100%) to
day 7 providing a direct measure of cellular proliferation
within the scaffolds over the study period.

Alkaline phosphatase staining and imaging on
culture plate

Scaffolds were first removed from the culture medium
and washed twice with HBSS. A 95% ethanol aqueous
solution was then applied to the scaffolds for 10
minutes, followed by two additional washes with HBSS.
The scaffolds were allowed to dry overnight in a
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refrigerator for drying. After, a staining solution was pre-
pared with 0.04% Naphtol AS-MX Phosphate Alkaline
Solution and 24 mg/mL Fast Violet Salt in water. This sol-
ution was applied to the scaffolds, which were then incu-
bated at 37°C for 60 minutes. Following incubation, the
scaffolds were rinsed with water, and images were cap-
tured using a Carl Zeiss™ Axio Vert.A1 FL-LED Inverted
Microscope in transmission mode.

Polymerase chain reaction (PCR)

HBMSCs P2 were seeded in two Falcon® 175cm? flask
with an initial seeding concentration of 2.8:10% cells/
cm?, medium change was performed twice a week
with MinimumEssential Medium with alpha modification
(Merck Life Sciences, Saint Louis, USA) supplemented
with 20% Fetal Bovin Serum (Thermo Fisher Scientific,
Waltham, USA), 1% Penicillin/Streptomycin (Merck Life
Sciences) and 1% L-glutamine (Merck Life Sciences).
After 10 days of culture cells were harvested by using
trypsin-EDTA 1X for 5 min at 37°C and then, cellular sus-
pension was centrifuged at 1500 rpm for 10 min. Super-
natant was discharged and the pallet was resuspended
with culture medium with a concentration of 1-10°
cells/ml. 0.510° cells were collected in a 1.5 ml
LoBind® Eppendorf in the corresponding suspension
volume to analyse as DO control for a gene expression
analysis. Cellular suspension was centrifuged again
with an ultracentrifuge at 1500 rpm for 10 min to
remove culture medium. Finally, cellular pellet was
lysed adding 350 pL TRK lysis buffer supplied by
E.ZN.A.® Total RNA Kit (VWR) and then samples were
stored and freezed at -80°C for 7 days. The remaining cel-
lular suspension was centrifuged again and encapsu-
lated with a concentration of 3:10° cell/ml in n-l-LAG,
then a triplet of scaffolds for each condition, both with
BMP-2 and without BMP-2, was bioprinted. Samples
after 7 days of culture in basal medium were analysed
to evaluate gene expression. Firstly, three samples
without BMP-2 controls and three samples with BMP-2
were prepared for RNA extraction. An initial material dis-
solution was performed to obtain a better quality of
RNA: samples with BMP-2 and without BMP-2 were
added into a 2 ml Eppendorf Low Bind and a solution
of Collagenase D at 1 mg/ml and Alginate Lyase at 1:5
dilution in PBS was added for 2 h at 37°C. Samples
were then centrifuged at 1500 rpm for 10 min to
remove the supernatant. A last incubation with Bovin
Serum Albumin (BSA) at 60 mg/ml was carried out at
37°C for 30 min At the end of the incubation samples
were centrifuged at 1500 rpm for 10 min to remove
the supernatant. RNA extraction was carried out by
adding 500ul of TRIzol® reagent (Thermo Fischer
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Scientific) following the protocol provided by the sup-
plier: 0.5 ml of TRIzol reagent was added into each
sample by pipetting and, after 5 min of incubation,
lysate was transferred into a RNAse-free tube. 100 pl of
Chloroform were added in each Eppendorf and, after
vortexing, samples were incubated for 3 mins at RT.
Samples were spinning down at 11000x g for 15 min
at 4°C and the final aqueous phase was transferred to
a fresh microcentrifuge tube. Finally, a volume of 70%
ethanol was added to the lysate by pipetting. After
this preliminary step, samples were centrifuged at
10,000 g at 4°C and followed E.Z.N.A.® Total RNA Kit pro-
tocol for DNASE, and then they were washed with wash
buffer | and wash buffer Il. At the end, the spin column
was placed in a new 1.5 ml collection tube and to
elute RNA 30-50 pl of RNase-free water were added
directly and gently to the spin column membrane.
Samples were centrifuged for 2 min at full speed and
at 4°C, and quantified by using Nanodrop 2000c,
Thermo Scientific. After the quantification, RNA sample
can be stored at -80°C. For cDNA synthesis, Prime-
Script™ RT reagent Kit (Takara) was used. For each
RNA sample, 100 ng of RNA were converted into cDNA
by following the kit protocol. PCR Eppendorf Tube
(Starlab) 0.2 ml were used for the reactions, which was
carried out using a thermocycler, Applied Biosystems
2720. Thermal cycle settled on thermocycler: 15 min
37°C, 5s 85°C, hold 4°C. The obtained cDNA was used
to detect the main osteogenic genes on day 0, day
7. To perform RT-qPCR, cDNA previously synthesised
were diluted in a concentration of 2 ng/ml and then
the RT-gqPCR reactions were carried out on a 96-well
PCR plate (Starlab), by using a solution composed of
SYBR iTaq Universal Green Supermix (Bio-rad), cDNA,
PCR oligonucleotides (Sigma-Aldrich), and DW. Glyceral-
dehyde triphosphate dehydrogenase (GAPDH) was ana-
lysed as endogenous gene, then the osteogenesis was
investigated with the expression of runt-related tran-
scription factor 2 (RUNX2), osterix (OSX), alkaline phos-
phatase (ALP), type | collagen alpha 1 (COL1A1),
osteocalcin  (OCNv2), bone morphogenic protein 2
(BMP2). The Primers sequence was reported in Table 1.
For each sample of cDNA, a triplicate control was ana-
lysed. After the first phase of the reaction preparation,

Table 1. Primers sequences.

Gene Forward Reverse

RUNX2 GTAGATGGACCTCGGGAACC GAGGCGGTCAGAGAACAAAC
0SX ATGGGCTCCTTTCACCTG GGGAAAAGGGAGGGTAATC
ALP GGAACTCCTGACCCTTGACC TCCTGTTCAGCTCGTACTGC
COL1a1 GAGTGCTGTCCCGTCTGC TTTCTTGGTCGGTGGGTG
OCNv2 AAGAGACCCAGGCGCTACCT AACTCGTCACAGTCCGGATTG
BMP2 TCAAGCCAAACACAAACAGC AGCCACAATCCAGTCATTCC
GAPDH GACAGTCAGCCGCATCTTCTT TCCGTTGACTCCGACCTTCA

PCR plate was inserted into the Real-time PCR
machine, Applied Biosystems was set the following
thermal cycle (x40): Hold 30s at 95°C, 15 min at 95°C, 1
min at 60°C.

Chick embryo chorioallantois membrane (CAM)
procedure

Animal procedures were strictly regulated by European
Directive 2010/63/EU and by Italian Legislative Decree
No. 26 dated 4th March 2014. The implantation
method on the CAM was carried out following a pre-
vious reported process [27, 36]. At Day 0 chicken eggs
were incubated in a Cimuka CT120SH incubator
(Ankara, Turkey) for 14 days at 37.7°C in a 50%
humified atmosphere while turning 90 degrees every 2
h. At Day 7 of incubation, a scalpel was used under
sterile conditions to create a 1 cm? window on the egg-
shell. A total of six eggs per treatment group were used.
Scaffolds were printed using sterile n-I-AG ink either
comprising HBMSCs (control) or both cells and growth
factors. The latter group was fabricated by 3D bioprint-
ing HBMSCs followed by the deposition of filler material
within pores with 10 pg/ml VEGF. Every scaffold was
driven through the window in a flat position and was
accurately placed over the CAM. The eggs were sealed
with sterile parafilm, incubated without rotation and
daily checked. At Day 14 of incubation, scaffolds were
harvested, and CAM integration was inspected with a
stereomicroscope with a digital camera, subsequently,
the gestational process was terminated under specific
guidelines.

Al analysis

The dataset for CAM assay was composed of images of
chick embryo chorioallantoic membrane vessels either
with or without 3D bioprinted construct acquired with
a Zeiss Stemi 305 stereomicroscope at 1x magnification.
A total of three images per experimental condition:
Control, i.e., comprising n-I-AG ink with HBMSCs, VEGF,
i.e., n-I-AG ink with HBMSCs and a filler material with
10 pug/ml VEGF, and empty, i.e., no bioprinted construct.
The performed analysis can be divided into the following
parts: vessel segmentation, Area and diameter comput-
ing, and Chalkley score (CS) calculus.

Vessels segmentation

The image analysis was conducted in Matlab 2024a°.
Vessels were segmented using Segment Anything
Model (SAM) [37] with foreground and background
points as prompts. This stage outputs binary images
with true (false) values in pixels belonging (not



belonging) to vessels. Each separated vessel (in the 8-
connection sense) is then identified, with bwlabel func-
tion, and analysed. In the empty class, a central region
corresponding to the average area of a bioprinted con-
struct is removed (set to background) to avoid a bias
in the computing of vessel diameter, area, and CS.

Area and diameter computing

The area is extracted by summing the number of non-
zero pixels for each object. The following steps are
applied to compute the diameter. The binary image is
complemented, and the distance from the first non-
zero pixel is computed for each pixel using the bwdist
function. This ensures that the value at the centre of
each vessel represents its radius. The positions of the
pixels identifying the centre of the vessels are obtained
by skeletonising the original binary image using the
basket function. The obtained list of radii is then multi-
plied by two to get diameters, and the lowest values,
below the 5" percentile for each vessel, are removed
to account for the ending parts of the vessels.

Chalkley score computing

The Chalkley score (CS) is calculated automatically in an
interactive framework [38]. The user is asked to draw a
bounding box containing the bioprinted construct: this
information is used to centre and scale the Chalkley
grid. CS is then computed by counting the number of
circles in the Chalkley grid that intersect at least one
vessel in the image. CS is obtained at different rotation
angles of the Chalkley grid from 0° to 360° with step
10°. Only the ten highest CS values are considered for
each image.

Statistical analysis

GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA)
was used for statistical analysis. D’Agostino—-Pearson
normality test was used to assess the differences in the
data. Non-significant differences were defined as
p>0.05. When multiple comparison tests were per-
formed for the data analysed using one-way and two-
way analysis of variance, a correction using Sidak or
Tukey testing was carried out.

Results and discussion

To date, 3D bioprinting has offered a versatile support
for the development of tissue-engineered constructs
[39]. However, the inability to process multiple tissues
in a single print, as well as the lack of current ability to
compartmentalise compounds of interest is greatly limit-
ing further development of this technology [20]. Here,
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we have investigated the possibility to combine 3D bio-
printing and high-throughput dispensing approaches
for the fabrication of hierarchical constructs for regen-
erative medicine and disease modelling purposes. A
microfluidic-assisted  open-source 3D  bioprinting
system (MOS3S) previously developed [22] was
equipped with a coaxial nozzle for in-situ crosslinking
strategy (Figure 1(a)), featuring a 25G inner nozzle and
an 18G outer nozzle, facilitating the simultaneous extru-
sion of two solutions, respectively an alginate-GelMA-
based ink and the crosslinker solution with CaCl,. The
MOS3S custom system is equipped with three syringe
pumps, which enable the controlled extrusion of mul-
tiple materials simultaneously, offering a broad range
of applications, high-throughput capabilities, and versa-
tile 3D bioprinting.

A library of material blends was screened to identify
the optimal combination for 3D bioprinting purposes.
Specifically, to engineer a three-dimensional platform,
we selected alginate, GelMA, and Laponite® for their
unique and complementary properties. Alginate was
chosen to facilitate the printing process by enabling
crosslinking directly at the deposition site [40], thereby
providing the necessary structural integrity for the
printed constructs [41]. GelMA was integrated to
enhance the biomimetic properties of the material,
improving cell adhesion, proliferation, and differen-
tiation [42-44]. Lastly, Laponite® was incorporated due
to its excellent biocompatible properties and the
ability to modify the ink rheology, making it a suitable
component for TERM applications as shown in previous
studies [26,45-47]. By combining these materials, we
aimed to engineer a multifunctional bioink capable of
meeting the diverse requirements of both disease mod-
elling and tissue repair. In fact, we aimed to engineer a
3D printed cellular construct to possess excellent print-
ability, ensuring ease of reproducibility, specific degra-
dation properties, controlled substance release, and
high biocompatibility.

To identify the best candidate for this, we investi-
gated the printability properties of distinct blends of
materials. A low concentration alginate-GelMA (I-AG),
consisting of 2% (w/v) alginate and 1.5% (w/v) gelatin
methacrylate (GelMA) (Figure 1(b) was prepared and
tested for printing fidelity (Figure 1(b), i-v) resulting
capable of preserving shape following deposition. By
using a greater concentration of alginate (4% w/v) a
high-concentration alginate-GelMA (h-AG) was engin-
eered (Figure 1(c)) demonstrating a superior ability to
being deposited with a coaxial approach. However, to
preserve the low-concentration of polymer content,
which has been demonstrated beneficial for cell
inclusion and viability [27], nanoclay-enhanced
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Figure 1. (a) Display of the three materials, alginate, geIMA, and laponite used to create the three ink blends for cell culture, a sche-
matic of the coaxial nozzle (i), a photo showing the concentric nozzles were the inner diameter is 25G and the outer is 18G (ii), and a
picture of a printed scaffold (iii). b) Scaffold printed with I-AG material showing a lattice structure with 10 mm side and 1 mm fibre
spacing (iiii) and it maintained structural integrity in the bridge test, spanning 5 mm without collapsing (iv-v). ¢) Scaffold printed
with h-AG material demonstrating a similar lattice structure and accurate 10 mm size reproduction (i-iii) and successfully passed the
bridge test, demonstrating notable stability over spans of up to 5 mm (iv-v). d) Scaffold printed with n-I-AG material illustrating
superior printability (iiii), fidelity to the lattice design, and accurate 10 mm size reproduction exhibiting an impressive support in
the bridge test, sustaining spans of 5 mm effectively (iv-v). Scale bars: (a,iii) 10 mm, (b-d) Tmm.

alginate-GelMA (n-I-AG) was prepared by adding a low
percentage of nanoclay to the I-AG ink. This resulted
(Figure 1(d)) in an improved printability and stability
during the filament hanging test and OCT compared
to the |-AG control. These investigations confirmed
that the use of nanoclay can readily enhance the print-
ability of extrusion-based approaches [26], including
coaxial-assisted deposition. SEM imaging was conducted
to investigate the microscopic structure of the different
gel compositions reported in the supplementary infor-
mation (Sl) as shown in Figure S1. The images, captured
at 100x and 200x magnifications, reveal distinct micro-
structural differences between the gels. The [-AG
material (Figure S1a) exhibits a highly porous structure
with large pores and relatively smooth superficial
regions. In contrast, the h-AG material (Figure S1b)
shows a structure with predominantly small pores and
fewer visible smooth areas, possibly due to the higher
polymer content. The n-I-AG material presents a hybrid
microstructure (Figure S1c¢), characterised by medium-
sized pores along with a crinkled surface and small por-
osities. The inclusion of nanoclay has possibly remo-
delled the low polymeric content, providing the
opportunity to modulate the internal porosities based
on the nanosilicate content. These observations high-
light the varied microstructural properties of the
materials, which may influence their mechanical

performance and interaction with cells, particularly in
terms of porosity and surface morphology.

The 3D scaffolds fabricated with these material inks
resembled a lattice structure with a side length of 10
mm and a fibre spacing of T mm (Figure 2(a)). The intrin-
sic stability of the material library was evaluated by
studying the mass loss percentage of the printed con-
structs. Consistently, the ink with the lowest percentage
of polymer content (I-AG) was found to lose a larger
quantity of mass compared to the material with the
highest polymer content (h-AG). Noticeably, the
inclusion of nanoclay helped to reduce the degradation
rate over 21 days, confirming the hypothesis that Lapo-
nite® might aid ink stability following extrusion (Figure 2
(b)). These results indicate that n-I-AG possesses the best
stability and durability among the three materials and
the I-AG is characterised by the highest mass loss
during the time. To investigate the ability of the ink to
withstand extrusion, rheological properties were investi-
gated. The resulting viscosity-shear rate curves revealed
that the inclusion of nanoclay within the I-AG ink was
found to positively affect overall viscoelastic properties
(Figure 2(c)). At low shear rates, n-I-AG exhibited the
highest viscosity, indicating strong structural integrity
and resistance to flow. As the shear rate increased, the
viscosities of both h-AG and n-I-AG converged to
similar values, demonstrating comparable flow
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Figure 2. (a) Pictures of printed I-AG, h-Ag, and n-I-AG scaffolds. (b) Plot of mass loss from the printed scaffolds over time (days 1, 3, 7,
9, 14, 21), showing n-I-AG with the lowest mass loss (42% at 21 days), followed by h-AG (50%), and I-AG (60%). (c) Viscosity as a
function of the shear rates at 25 oC for the three materials, with n-I-AG showing the highest viscosity at low shear rates, and h-
AG and n-I-AG converging at higher shear rates; I-AG remains lower across all shear rates. (d) Measurement of strand width compared
to the theoretical nozzle diameter (250 pm), showing that all materials produce fibres close to this diameter, with I-AG fibres slightly
larger at approximately 300 pm. (e) Measurement of scaffold dimensions demonstrating that I-AG, h-AG, and n-I-AG each successfully
achieved the intended 10 mm size, confirming the consistency in size reproduction across all materials. (f) Spread ratio of the printed
fibres compared to the nozzle diameter (250 pm), with I-AG showing a ratio greater than 1 due to its softness, while h-AG and n-I-AG
maintain a ratio close to 1. (g) (f) Colorimetric summary of the properties of the three materials, with red indicating poor performance
and green indicating excellent performance for each characteristic. Mean + S.D, n=5, *p<0.05, **p<0.01, ****p<0.0001.

behaviours under high shear conditions, and indeed
showing greater control during the printing phase. In
contrast, the viscosity of I-AG remained consistently
lower across all shear rates, reflecting its softer nature
and worse printability properties. This was clearly
visible for the bioprinted constructs. Moreover, this
was also confirmed by plot of stress respect of shear
rate as shown in Figure S2, only the sample I-n-AG is
characterised by a yield stress oy = (0.7 £ 0.1) Pa
(Table S1 in SI), sustaining the idea that the material
flows with a certain resistance with respect to the

others. Following the detailed analysis of viscoelastic
properties, it is evident that the superior printability of
the n-I-AG ink can be attributed significantly to its
yield stress. The n-I-AG ink shows the ability to maintain
a specific form under low shear conditions while flowing
adequately under higher shear, a critical balance for
effective 3D bioprinting [33,48,49]. This yield stress
ensures that n-I-AG not only supports its own weight
during layering but also minimises spreading after depo-
sition, crucial for achieving high-resolution and structu-
rally intricate bioprinted constructs. Following



10 (&) S.D'ALESSANDROETAL.

deposition, image acquisition and analysis revealed that
the three material inks demonstrated the capability to
be printed successfully into the desired lattice structures.
A number of key parameters were assessed following
the extrusion of the material inks in the analysis. All
three materials were evaluated for their ability to repro-
duce the intended scaffold dimensions accurately
(Figure 2(d),i). The target size for the scaffold was set
to 10 mm. Measurements confirmed that all materials
inks successfully achieved this lateral dimension. This
consistency in size reproduction indicates that the custo-
mised 3D bioprinting platform can reliably produce
scaffolds of the desired dimensions, regardless of the
material composition. This capability is crucial for ensur-
ing the structural integrity and uniformity of the
scaffolds in various biomedical applications. Addition-
ally, the thickness of the printed filaments (Figure 2(d),
if) was compared to the theoretical value corresponding
to the diameter of the nozzle used for printing, set at 250
pm. All three materials demonstrated the capability to
reproduce fibres with dimensions close to the internal
diameter of the nozzle. However, it was observed that
the I-AG produced larger fibres of approximately 300
pm in diameter. This discrepancy is attributed to the
softness of the material, which causes it to spread and
settle on the deposited layer, resulting in fibres that do
not maintain a perfect cylindrical shape. The analysis
of the spread ratio (Figure 2(d),iii), which is defined as
the ratio between the deposited fibre diameter and
the nozzle diameter, provides important insights into
the printability of the different materials. For I-AG the
spread ratio is observed to be greater than the standard
value. This is possibly due to the soft nature of the I-AG
material which tends to increasingly flatten out upon
deposition, resulting in a fibre diameter that exceeds
the nozzle diameter. This spreading behaviour can be
attributed to the lower viscosity and structural integrity
of the I-AG material, which causes it to spread more
readily when it contacts the printing surface. In contrast,
the spread ratios for h-AG and for n-I-AG are both close
to the ideal value. This indicates that these materials
maintain their cylindrical shape more effectively upon
deposition, closely matching the nozzle diameter. The
higher viscosity of h-AG and n-I-AG demonstrated in
Figure 2(b) was found to facilitate the prevention of
excessive spreading, moreover, the higher yield stress
of n-I-AG ensures a more precise and consistent fibre
dimensions. However, when pore size was evaluated
(Figure 2(d),iv), scaffolds fabricated by depositing I-AG
ink exhibited the smallest pore size. This reduction in
pore size is due to the validated behaviour of the I-AG
material ink to deposit fibres of greater diameter when
exposed to a constant pressure, which leads to a

narrowing of the pores. On the other hand, the n-l-AG
was able to produce pores very close to the desired
size. This is because the n-I-AG material faithfully repro-
duces the fibre dimensions, thereby achieving a pore
size closer to the intended design. Overall, these tests
provided a detailed assessment of the material’s charac-
teristics and their 3D printing performances. Results in
Figure 2(e), highlight the ability of the tested material
inks to faithfully reproduce the desired dimensions
while also revealing differences in pore sizes, which
can influence the properties of the resulting scaffolds.
Notably, the n-I-AG material demonstrated superior
capability in maintaining the desired pore size due to
its accurate fibre reproduction, on the other hand, I-AG
material showed the worst printability properties with
respect to the other blends of materials. In summary,
all the previous measurements provide critical insights
into the performance and suitability of the materials
for 3D bioprinting applications. The n-I-AG and h-AG
materials, with their superior resistance to degradation,
higher viscosity, and better printability, offer significant
advantages in, reproducibility, maintaining scaffold
structure and stability over time. For these reasons, I-
AG was excluded for further testing as unsuitable for
long-term culture and fabrication of the constructs.
The MOS3S platform was adapted to dispense a pre-
defined volume of material ink in a multi-well plate in a
controlled fashion. Initially, the spatial coordination of
MOS3S was investigated to evaluate the feasibility of
the use in high-throughput mode. Controlled dispensing
of a set volume of material inks was carried out in a cano-
nical 96-well plate dish (Figure 3(a)). A set of volumes
ranging from 10 to 300 pL (Figure 3(b)) were deposited
in a linear gradient, demonstrating the ability of the
MOS3S platform to synchronise linear displacements
and extrusion abilities. As shown in Figure 3(c), Video 2
and Video 3, further tests were carried out to demon-
strate the ability of the MOS3S syringe pumps to
deliver the desired volume with precision, as well as
switching between different materials during the print-
ing process. Furthermore, to evaluate the resolution of
the deposition platform, the three syringe pumps were
controlled to extrude specific volumes of 50 and 300
pL (Figure 3(d)) to assess the correlation between the
desired and measured extruded volumes. Both for low
and high volumes, the syringe pumps demonstrated
good performance, with the extruded amount closely
matching the target volumes, albeit slightly lower than
the desired values. Specifically, pump one extruded 4%
less material than targeted, pump two extruded 7%
less, and pump three extruded 2% less with respect to
the desired amount of volume. After identifying the
syringe pump with the greatest error, further testing
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Figure 3. (a) Linear gradient deposition of volumes from 300 to 0 pL across wells A12 to H1, passing through A1, to test coordination
between movement and extrusion. (b) Successful demonstration of the printer’s capabilities for high-throughput applications control-
ling the extruded ink amount during the process (c) Arbitrary path definition and material switching during the continue printing
process. (d) Volume extrusion accuracy test for 50 and 300 pL using three syringe pumps, showing close match between desired
and actual volumes. (e) Test results of syringe pumps extruding 70 pL, shown in blue bar, in 20 repetitions, with a total ideal
volume of 1.4 mL and an actual extruded volume of 1.29 mL shown with the yellow bar (f) Schematic of simultaneous operation
of syringe pumps, showing synchronised flow control and compositional adjustment. (g) 96-well plate test showing linear gradient
of component concentrations to validate precise control over material composition.

was conducted to assess its accuracy and precision. A
total of 20 samples of 70 pL each were extruded, and
5 of these samples were randomly selected to calculate
statistical measures. The mean volume extruded was
69.82 + 3.45 L, represented by the blue bar in Figure
3(e). Additionally, the total volume of these 20 samples
was compiled, resulting in 1,29 mL extruded volume
compared to the calculated 1,40 mL, corresponding to
the yellow bar in Figure 3(e). This exhibited a 9% error
for the least accurate pump. Consequently, subsequent
experiments were performed using only the two more
accurate and precise syringe pumps. Thus, the ability

of MOS3S to extrude two materials simultaneously was
tested by tuning the percentage of the two components,
as shown in Figure 3(f). The mixing of materials in this
study occurs prior to deposition through the coaxial
nozzle, where two different materials are combined in
a three-way chip, ensuring thorough mixing via turbu-
lence before extrusion. Although the focus of this work
is on the applications of coaxial printing for multi-
material constructs, detailed analysis of the mixing
mechanism will be addressed in future studies. To
manage simultaneous flows, MOS3S was programmed
to control multiple flows concurrently. By synchronising
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these flows, the printer was tuned to adjust the compo-
sition of the extruded fluid to achieve different concen-
trations of the two components. This capability was
further validated in a 96-well plate test (Figure 3(g)),
where the concentrations of the two components were
varied linearly across the wells. These experiments
underscore the advanced capabilities of the customised
3D bioprinting platform, showcasing its potential for
complex scientific applications. After the conducted
tests, it is evident that the performance of the 3D bio-
printer is suitable for our purposes, confirming that it
can effectively handle various material blends and
high-throughput processes, despite minor deviations
in extrusion accuracy.

The high-throughput system was utilised to investi-
gate the drug release, which is critical for advancing
therapeutic strategies [50,51] performing cellular func-
tion and differentiation [52,53]. For this reason, a drug-
modelling compound typically used for assessing
release dynamics (FITC-Dextran) was tested in combi-
nation with h-AG and n-I-AG [54]. The printhead of
MOS3S can be equipped with a multi-extrusion system
shown in Figure S3, with a coaxial nozzle, used to
extrude bioink and crosslinking solution simultaneously,
and a single nozzle to deposit a microfluidically-
enhanced multi-material system, specifically designed
for high-throughtput delivery. MOS3S equipped with a
405 nm lamp, was programmed to dispense controlled
volume of liquid-state material inks to then crosslink
the deposited materials by moving the well-plate of
interest below the relative UV-source. The concentration
of FITC-Dextran within the materials was set at 10 pg/
mL. Consequently, a volume of 100 pL of each ink was
extruded into a 96-well plate (Figure 4(b), Video 4)
before undergoing cross-linked with Ru/SPS complex
(Figure 4(c)). To monitor the release profile over time,
samples were collected at multiple time points: 1, 2, 3,
6, 24, 48, 96, 12, 144 and 168 hours. For each time
point, three replicate samples (n=3) were isolated
from different wells to ensure a statistical evaluation.
The collected supernatant was then analysed for fluor-
escence emission, with excitation at a wavelength of
485 nm and acquired emission at 535 nm. To calculate
the corresponding drug concentration from the fluor-
escence intensity, a linear regression equation was
established using calibration samples of HBSS with
known FITC-dextran concentrations ranging from 0 to
10 pg/mL with 1 pg/mL increments (Figure 4(d)). The
resulting release profile was found consistent and con-
trollable over time for both material inks (Figure 4(e),i).
Following 168 hours of incubation in a temperature-con-
trolled environment (37°C), the compound was not com-
pletely evacuated, with n-I-AG releasing 58% of the

loaded cargo and h-AG releasing 64% reaching a
plateau. Nevertheless, the inclusion of nanoclay was
found beneficial for the localisation of the loaded com-
pound as the ultimate concentration localised within
the n-I-AG was found significantly greater than the
nanoclay-free ink. Moreover, Noticeably, the presence
of nanoclay did not impair the rapid release of FITC-
dextran as reported in a magnified view of the release
profile (Figure 4(e),ii). Despite the initial burst release,
these results validate our hypothesis of nanoclay
inclusion to enhance drug retention — as reported in pre-
vious studies [26, 27, 55-57]. To visually quantify the dis-
charged cargo, we carried out the release experiment
using a higher FITC-Dextran concentration (1 mg/mL)
than the one employed in the bioprinter-guided drug
release experiment (10 pg/mL). In fact, the lower con-
centration did not produce sufficient fluorescent emis-
sion for detection via imaging devices, although it was
measurable using the microplate reader thank to an
integrated optical fibre delivering optimal sensitivity
(typically <12 - 1078 mol). Thus, in order to provide a
qualitative graphical representation of the release
dynamics, a further investigation was conducted with
the increased concentration. Subsequently, fluorescent
images of both the sample and supernatant were cap-
tured at different time points (Figure S4a,b). As
observed, the fluorescent intensity in the supernatant
increased over time, while the fluorescent intensity
within the sample decreased. Moreover, we quantified
the fluorescence intensity of the samples by calculating
the intensity percentage of pictures for both h-AG and n-
I-AG, as shown in Figure S4c. The percentage of each
sample is normalised on the maximum intensity emis-
sion recorded at the start of the experiment (hour 0).
The n-I-AG samples exhibited higher fluorescent emis-
sion, indicating greater retention of FITC-Dextran com-
pared to h-AG, as confirmed by our experimental
results. The quantitative normalised intensity of the
loaded samples (Figure S4d) was found significantly
(p<0.0001) higher for nanoclay-based composites com-
pared to clay-free controls, demonstrating the efficacy
of n-I-AG in retaining loaded cargos. The primary objec-
tive was to qualitatively determine which material
offered the highest drug retention capabilities to guide
our material selection for subsequent experiments.
Despite the variations in the geometrical design and
the volume of materials tested, our qualitative analysis
distinctly indicated that the n-I-AG blend showcased
superior drug retention, making it the most suitable
material for our studies. Consequently, based on the
results collected from the drug release studies, the n-I-
AG blend was selected as ideal material ink candidate
for the engineering of the multi-functional 3D



VIRTUAL AND PHYSICAL PROTOTYPING . 13

a b Deposition
)
C Crosslink
e
[t
d N-AG Controlled dispensing Compound release study
Incubation
4
‘ .. . . S 0]
h-AG BENECS FZAET]
R
‘ &
e
70 i 407
60 35
§ 50 g 3
Py % 2
g 40 g 5
g 30 g )
820 5,
10
04 | T T T T 1
06 24 48 96 120 144 168

Time (h)

Time (h)

Figure 4. (a) Image of the customised 3D bioprinter, highlighting the print head and the UV lamp mounted at the top for crosslinking.
(b) Photographs captured during the deposition of material into a 96-well plate. (c) Post-deposition phase, showing the activation of
the lamp for crosslinking the material. (d) Schematic representation of the entire drug release experiment process, starting with the
encapsulation of FITC-Dextran in h-AG and n-I-AG materials, followed by deposition into multiwells, crosslinking, addition of HBSS,
sampling at specified time intervals, and measurement of fluorescence emission. (e) Graphs depicting the drug release concentration
over time, showing that n-I-AG exhibits greater drug retention compared to h-AG. Mean * S.D, n=>5.

bioprinted high-throughput model (Figure 5). To
demonstrate the ability to both 3D bioprint a cell-
laden supporting platform and localise compounds
within the construct of interest, a cancer model and a
skeletal implant for tissue regeneration were engineered
(Figure 5(a)). A multi-component 3D construct has been
designed (Figure 5(b)) and biofabricated (Figure 5(c))
proving the ability of the MOS3S system to deliver a
synergistic approach for 3D bioprinting and high-
throughput technology. The scaffolds engineered with
the combination of 3D bioprinting and high-throughput
approach were fabricated with a specific structural
design. The initial layers were printed with a pore size
of 0.5 mm and a scaffold size of 9x9 mm to establish a

foundational support structure. Subsequent layers
were printed with larger pore size, featuring a diameter
of 3 mm. These were specifically designed to facilitate
the insertion of drug-releasing ink droplets, which are
composed of the same n-I-AG material used in the
scaffold matrix. The array format was chosen to increase
surface area contact with the culture medium, enhan-
cing nutrient perfusion and facilitating the efficient
exchange of nutrients and waste between the cells
and their environment [58, 59]. This structure improves
cellular behaviour, especially in dense tissue constructs
where maintaining core viability is challenging.
Additionally, the array format allowed our 3D bioprint-
ing platform to precisely dispense material ink within
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Figure 5. (a) Schematic representation of the process for creating bone model and skeletal substitute implants from n-I-AG material.
HBMSCs and MDAMB-231 cells are added, with each cell type tested in implants without and with drugs (BMP-2 and doxorubicin,
respectively). Implants are printed and analysed using confocal microscopy after cell culture. (b) lllustration of the implant structure,
where the scaffold is designed with large pores to incorporate drug-releasing droplets using high-throughput techniques and are
shown the geometric parameters of droplets. (c) Pictures of the printed scaffolds where the filament and the droplets are composed
in n-I-AG. (d) Cross-sectional OCT image of a deposited droplet, and the graph illustrates the average diameter (1.09 + 2.25 mm) and
height (0.72 £ 0.19 mm) of droplets. (e) Distance between droplets on the X-axis (0.22 + 0.06 mm) and Y-axis (0.29 + 0.09 mm) indi-

cating the precision of droplet placement. Scale bars: (c, d) 2 mm.

the large scaffold pores, creating localised compart-
ments for better retention and distribution of biologics.
The images presented in Figure 5(c-e) provide a detailed
analysis of the droplets deposited within the scaffold.
Figure 5(c) depicts a micrograph of a 3D printed
scaffold demonstrating the displacement and diameter
of the droplets. While Figure 5(d) displays a cross-sec-
tional view of a droplet captured with OCT. The
measured droplet diameter is 1.09 + 0.25 mm, and the
height is 0.72 + 0.19 mm, based on 18 samples.

Additionally, graphs in Figure 5(e) depict the measured
distances between droplets, with an X-axis spacing of
0.22 + 0.06 mm and a Y-axis spacing of 0.29 = 0.09
mm. These measurements confirm the precision and
consistency of the droplet deposition process. The calcu-
lated droplet volume, approximated as an ellipsoid,
aligns closely with the expected extruded volume to
the minimum used, demonstrating the accuracy and
reliability of the MOS3S printer. This level of printing
capability not only supports the high quality of the



printed structures but also ensures that the MOS3S
printer can accurately produce complex scaffolds,
which is critical for their intended biological appli-
cations. Thus, scaffolds evaluated without drugs were
still printed with droplets, albeit without active
content, to maintain consistent structural integrity. To
model a three-dimensional platform capable of resem-
bling the effect of sustained exposure of anti-tumour
drugs to cancerous tissue, breast cancer cells were
encapsulated and printed in n-I-AG, while the thera-
peutic compound of interest was localised within the
macro-porosity of the scaffold. MDAMB-231 cells were
printed within n-I-AG scaffolds at a concentration of
3-10° cell/ml, with or without doxorubicin at concen-
tration of 2uM in n-I-AG droplets (Figure 6(a)), to investi-
gate drug efficacy and cellular response. Cell viability
analysis (Figure 6(b,c)) showed that on day 1 (D1), viabi-
lity in scaffolds without doxorubicin was 85%, increasing
to 95% by day 7 (D7). In contrast, scaffolds with doxoru-
bicin exhibited 25% viability at D1, decreasing to 8% at
D7. Scaffold cellular density (Figure 6(d)) was assessed
to determine cell proliferation with and without doxoru-
bicin. By D7, untreated cells grew by 50%, while treated
cells decreased by 70%. Furthermore, we conducted an
additional experiment to evaluate the effects of con-
trolled drug release respect a one-time dosage on cellu-
lar response within the printed structure. MDAMB-231
cells were printed at 3-10° cells/mL concentration in n-
I-AG material ink. A one-time dosage of Doxorubicin at
2 UM was applied to the culture medium for 24 hours
and subsequently removed. Cell viability and prolifer-
ation were assessed at D1 and D7, as illustrated in
Figure S5a. The cell viability at D1 (Figure S5b) was sig-
nificantly lower in the one-time dosage condition
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MDAMB-231 N
printed in n--AG
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compared to the controlled release, due to the immedi-
ate availability of Doxorubicin in the culture medium,
unimpeded by the retention properties of the scaffold.
However, following an initial media change after 24
hours, viability increased by D7, as reflected by an
observed leap in proliferation (Figure S5c). In contrast,
the encapsulated Doxorubicin (Figure 6), released
gradually over time, led to a reduction in proliferation,
indicating that sustained drug release is more effective
in inhibiting cell growth over extended periods com-
pared to a discrete one-time dosage, possibly minimis-
ing side effects and damage to surrounding healthy
tissues. This approach aligns with our goal of optimising
the therapeutic effects while ensuring safety, particularly
in potential in vivo applications where reducing systemic
exposure is paramount [60-62]. Moreover, these
findings highlight a significant difference between the
two groups, validating our initial hypotheses and sup-
ported by further recent studies [63,64]. This drug-
releasing cancer model provides a promising platform
to investigate drug safety and efficacy on bioprinter
cancer cells. Concomitantly, the nanoclay-based material
ink was employed to engineer a bone substitute functio-
nalised with compartmentalised BMP-2 (Figure 7). The n-
I-AG was selected for the engineering of a bone substi-
tute implant due to its lower and more prolonged
release profile of BMP-2, which enhances the osteogenic
differentiation of HBMSCs. This sustained release
increases the treatment efficacy by providing a continu-
ous supply of the growth factor, which is crucial for
effective bone regeneration [65,66]. Additionally, it
reduces inflammation in surrounding tissues, a key con-
sideration for in vivo applications, ensuring a safer and
more efficient healing process [67]. HBMSCs were
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Figure 6. (a) Schematic representation of the scaffold architecture. Blue indicates n-I-AG printed fibres encapsulating MDAMB-231
cells, while red droplets represent DOX. Control scaffolds feature droplets without encapsulated drug. (b) Confocal microscopy
images acquired at D1 and D7 for both drug-treated and untreated samples with and without DOX. (c) Viability at D1 and D7 of
scaffolds treated with doxorubicin (in red) and untreated scaffolds (in blue). (d) Proliferation at D1 and D7 of scaffolds treated
with DOX (in red) and untreated scaffolds (in blue). Scale bars: (b) 50um. Mean + S.D, n=5, ***p<0.001, ****p<0.0001.
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embedded in n-I-AG material ink at a concentration of
3-10° cell/ml and deposited with or without the inclusion
of BMP-2 inside the n-I-AG droplets at a concentration of
5 pl/ml dispensed compartments (Figure 7(a)). The
resulting constructs were employed to assess the
efficacy of the localised BMP-2 with associated improved
cellular response. Cell viability (Figure 7(b,c)) indicated
that scaffolds without BMP-2 had a viability of 82% on
D1 and 83% on D7. In comparison, scaffolds with BMP-
2 showed 85% viability at D1, which increased to 92%
by D7. However, no significant difference due to the
BMP-2 localisation was noted in cellular viability. Cell
density within the scaffolds (Figure 7(d)) was evaluated
to determine cell proliferation in the presence and
absence of BMP-2. By D7, untreated cells exhibited a
decline in proliferation, whereas the BMP-2 treated
cells increased by 25%, possibly due to the increase in
functional differentiation. In addition, experiments
were conducted to study the biomarker alkaline phos-
phatase (ALP), an early marker of osteogenic differen-
tiation [68,69], using scaffolds made of n-I-AG, both
with and without the addition of BMP-2. Images
related to these experiments are available in the sup-
plementary files in Figure S6. On D1, the effect
between the two conditions appeared similar. Given
that BMP-2 has a long-term effect in promoting the sus-
tained expression of ALP [70-72], by D7 there was a
noticeably greater presence of ALP intensity in the
scaffolds with BMP-2 compared to those without.
Despite these observations, the concentrations of BMP-
2 used did not yield a significant effect, indicating the
need for further studies with higher concentrations.
Nevertheless, this demonstrates that dispensing a loca-
lised compartment of BMP-2 onto the scaffolds

effectively enhances the osteogenic differentiation of
HBMSCs, which is crucial for developing functional
bone tissue in regenerative medicine applications.

To validate the induced-osteogenic differentiation of
BMP-2 loading, a gene expression analysis during the
initial 7 days of culture was conducted, as shown in sup-
plementary Figure S7. The findings revealed that the
expression of Runt-related transcription factor 2
(RUNX2), critical for initiating HBMSCs differentiation
into osteoblasts, is notably higher in BMP-2 treated
samples. This underscores the commencement of the
differentiation process, corroborated by heightened
activation of Osterix (OSX) in BMP2-treated samples. Fur-
thermore, increased OSX expression regulates key pro-
teins including type | collagen (COL1a1), osteocalcin
(OCNv2), and alkaline phosphatase (ALP), facilitating
extracellular matrix production and cell mineralisation.
Particularly noteworthy is the enhanced expression of
OCNv2 observed in BMP-2 treated samples, indicative
of an advanced stage of osteogenic differentiation. The
downregulation of ALP in BMP-2 treated samples, along-
side reduced type | collagen expression, supporting and
confirming the advanced mineralisation stage of BMP2-
loaded compared to BMP2-free samples. This is further
substantiated by ALP staining, which shows less inten-
sity in BMP2-treated samples by day 7, indicating more
advanced mineralisation compared to day 1 and
BMP2-free samples. Lastly, BMP2 expression remains
largely unchanged in both samples. This reflects the
BMP2 immediate availability in treated samples
thereby expediting the differentiation process. In the
experimental design of this study, a lower cell density,
specifically below 5-10° cells/ml, was employed to
ensure high cell viability post-printing [73,74]. High cell



densities have been observed to alter viability, as
increased cellular contact during the printing process
and the subsequent encapsulation of a large number
of cells can hinder effective nutrient exchange and
waste removal within the lattice structure [75]. More-
over, although higher cell densities can enhance cell-
to-cell communication, thereby potentially improving
cellular proliferation and differentiation, the primary
objective of these experiments was to evaluate the
efficacy of specific drug agents — DOX for MDAMB-231
cells and BMP-2 for HBMSCs. This approach minimised
the potential confounding effects of intense cellular
interactions, allowing for a more precise impact of the
drugs on cellular behaviour. These results, highlighting
the significant differences with and without BMP-2,
support our initial hypotheses and are consistent with
findings from recently published studies [76,77]. The
demonstrated efficacy of this drug-releasing bone sub-
stitute model suggests its potential for future research
applications.
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To evaluate the possible use in skeletal repair harnes-
sing vascular ingrowth stimulating endochondral ossifi-
cation, six fertilised eggs were employed for each
experimental condition to host implanted hybrid con-
struct over a period of 7 days (Figure 8(a)) [78]. Following
incubation and ultimately implant extraction and
imaging, VEGF-mediated vascular ingrowth was found
prominent compared to the empty and the control
groups (Figure 8(b)). This is to be expected due to the
potent pro-angiogenic effect stimulated by the presence
of localised VEGF compound [36,45]. To quantify afferent
vasculature, a novel Al-assisted approach was developed
to automatically screen for the number of afferent
vessels (Chalkley score), as well as the diameter and
the area occupied by the vessels (Figure 8(c—e)). The
VEGF compartmentalisation in combination with the
deposition of living HBMSCs was found beneficial for
the increase in afferent vessels (Figure 8(c)) and diameter
(Figure 8(d)) compared to the empty control, while elicit-
ing no effect on the total area covered by the vessels
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Figure 8. (a) Schematic representation of the experiment where two experimental conditions were tested using n-I-AG material. The
first condition involved scaffolds of n-I-AG with encapsulated HBMSC, while the second condition involved the same material with
HBMSC and scaffolds immersed in a solution containing BMP-2. These scaffolds were then implanted in CAM and analysed on day
14, with comparisons made against controls without scaffolds. (b) Photographs of the CAM with no scaffold (control) and the two
experimental conditions. (c) Graphs derived from the analysis of the photographic images, showing the Chalkley score, vessel diam-
eter, and the area covered by vascularisation. Scale bars: (b) 10 mm. Mean * S.D, n=5, ***p<0.001, ****p<0.0001.
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(Figure 8(e)), which, surprisingly, was found significantly
greater in control implants. These results are possibly
due to the rapid angiogenic potential of VEGF-loaded
samples. The deposition and inclusion of VEGF compart-
ments have driven a surge of new vessels that although
increasing the overall afferent number, remain immature
(small in diameter and area) for the short period of
developmental incubation (7 days). A further investi-
gation in an in vivo model is planned for further
studies, which might elucidate the ultimate functionality
of this new platform for relevant regenerative medicine
purposes.

Conclusions

3D bioprinting approaches have not yet demon-
strated a scalable ability to compartmentalise com-
pounds of interest with an efficient and reproducible
approach. Herein, we have demonstrated that the
combination of high-throughput dispensing and 3D
bioprinting technologies can be harnessed to model
cancer responses to clinically relevant drugs as well
as modulate the response of stem cells to growth
factors of interest. The use of nanoclay in combination
with alginate-gelatin ink has been found beneficial for
both printability and drug localisation, confirmed with
the MOS3S system used either in 3D bioprinting or
high-throughput dispensing mode. The use of this
new nanoclay-enhanced ink allowed for the fabrica-
tion of lattice structures with enhanced resolution
and print fidelity. Particularly, the dispensing of pre-
defined volumes of inks validated with MOS3S
confirmed the possibility to achieve tuneable delivery
of controllable concentration of inks via microfluidic
control within the bioprinted scaffold. This was in
turn confirmed by the results obtained using the com-
bination of the 3D bioprinting and high-throughput
dispensing approaches, fabricating constructs that,
for the first time, can influence angiogenesis based
on the functionalisation of stem cell-laden constructs
with growth factor compartments. Altogether, the
findings presented here demonstrate the potential
of the synergistic combination of microfluidic-based
3D bioprinting approach with high-throughput dis-
pensing for the fine control of functional tissue fabri-
cation and development.
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