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ARTICLE INFO ABSTRACT
Keywords: The effective treatment of critical-sized bone defects requires a coordinated interaction between osteogenesis and
Controlled growth factor release angiogenesis. Inspired by natural bone tissue, we developed a bilayer vascularized bone construct using

3D bioprinting
Bone scaffold
Bilayer scaffold
Vascularization
Bone regeneration

extrusion-based dual 3D bioprinting. The construct consists of two layers: a bone-mimetic layer, which includes
highly methacrylated gelatin (GelMAy;gn), hyaluronic acid, alginate, osteoblast cells, and bone morphogenetic
protein-2 (BMP-2) loaded polylactic-co-glycolic acid (PLGA) nanoparticles; and a vessel-mimetic layer, composed
of low methacrylated gelatin (GelMA|ow), alginate, endothelial cells, and vascular endothelial growth factor
(VEGF)-loaded PLGA nanoparticles. These layers were designed to form hierarchical microstructures that enable
sustained release of growth factor (GF) thereby stimulating both osteogenic and angiogenic processes. The
nanoparticles were synthesized using a microfluidic platform, achieving a narrow size distribution. The hydrogel
bioinks were systematically optimized for printability, and it was found that incorporation of nanoparticles
improved their mechanical properties, surface roughness, degradability, and GF release profiles. Notably, GF
release followed zero-order kinetics, ensuring consistent delivery over time. The bilayer scaffolds demonstrated
superior cell proliferation and spreading compared to single-layer scaffolds, and in vivo experiments showed
enhanced repair of calvarial bone defects. These findings highlight the significant clinical potential of bilayer
scaffolds with sequential GF delivery for treating critical-sized bone defects.

1. Introduction cancers, congenital malformations, fractures, and infections remains a
significant clinical challenge [1-3]. Although bone tissue has a
The repair of large bone defects caused by severe conditions such as remarkable ability to regenerate, its healing is often hindered when the
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damage exceeds a critical size or occurs under pathological conditions
[4]. Current bone regeneration techniques, including autologous and
allogeneic bone grafting, face limitations such as the need for additional
surgeries, complications in bone harvesting, diminished osteoinductive
properties, and immune rejection risks [5,6].

To date, a range of advanced strategies has been proposed to enhance
the natural regenerative capacity of bone tissue. These approaches
commonly involve the use of scaffolds fabricated from synthetic or
biomimetic materials, often combined with bioactive molecules or
therapeutic cells. By integrating the synergistic effects of structural
support with biological stimulation, these methods aim to facilitate
osteogenesis and accelerate the healing process, addressing the critical
challenges associated with bone repair and regeneration [7,8]. How-
ever, many of them fail in promoting effective bone healing due to
inadequate early vascularization. Vascularization is crucial for nutrient,
oxygen, mineral, and growth factor (GF) transfer during bone regener-
ation, and insufficient vascular support can delay or impair bone for-
mation [9-11]. Vascular endothelial growth factor (VEGF) plays a
critical role in angiogenesis and indirectly supports osteogenesis. Also, it
is vital for bone regeneration, providing the mobilization, strengthening,
survival, and proliferation of progenitor cells by inducing angiogenesis
[9,12,13]. Bone morphogenetic protein-2 (BMP-2) is key for bone in-
duction and is approved by the Food and Drug Administration (FDA) for
bone regeneration applications and non-union in humans [14-16]. Co-
delivery of these GFs with controllable release kinetics may be an
indispensable approach to enhance osteogenesis with angiogenesis
required for regeneration. Studies have demonstrated that co-delivery of
VEGF and BMP-2 produces synergistic effects, enhancing both angio-
genesis and osteogenesis more effectively than BMP-2 alone [17-19].
However, the use of exogenous GFs like BMP-2 and VEGF in bone
scaffolds presents some challenges, such as short half-life in physiolog-
ical conditions, and the need of high doses which increases cost and the
risk of side effect [20,21]. A potential solution involves encapsulation of
GFs into nanoparticles (NPgps) to enable controlled release of GFs at
lower doses [22]. Microfluidic technology has demonstrated significant
advantages over conventional methods, including precise control over
particle size and distribution, as well as scalability, and reproducibility
[23,24]. Among the polymers approved by FDA and European Medi-
cines Agency (EMA), polylactic-co-glycolic acid (PLGA) stands out as an
ideal candidate for bone regeneration due to its excellent biocompati-
bility, biodegradability, versatility, and tunable properties [25].

3D bioprinting has emerged as promising approach for personalized,
patient-specific bone defect treatment due to its capacity to create
complex 3D structures tailored precisely to the characteristics of bone
damage. 3D bioprinting enables the precise layering of biomaterials,
GFs, and cells to create scaffolds with a porous structure in order to
supports cell adhesion, migration, and vascular network formation. This
architecture is essential for oxygen and nutrient delivery, mimicking
native tissue microenvironment, and ultimately enhancing bone healing
[26-28]. The main challenge of 3D bioprinting is the development of
cell-favorable bioinks that have high printability, optimal rheology,
post-printing shape fidelity, mechanical stability, and biocompatibility
[29].

Among number of bioprinting materials, gelatin methacryloyl
(GelMA) is a widely used in bone regeneration due to its tunable me-
chanical and chemical characteristics. Its structure closely mimics the
native extracellular matrix, featuring cell-attaching and matrix metal-
loproteinase responsive peptide motifs in its structure. However, GelMA
bioinks require high concentrations to print effectively, which can
compromise survival of encapsulating cells [30-33]. To address this,
GelMA is often blended with other polymers or inorganic materials to
improve both printability and cellular compatibility [29,34,35]. Yang
et al. developed advanced hybrid biomaterials for bone regeneration,
including a hydrogel scaffold integrating pearl powder, GelMA, and
VEGF for controlled release and synergistic osteogenesis and angio-
genesis [36]. They also introduced a Janus microcarrier with hyaluronic
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acid methacryloyl (HAMA) and GelMA hemispheres for sequential VEGF
and BMP-2 release, enhanced by magnetic Fe304@SiO2 nanoparticles
for targeted delivery, demonstrating coordinated in vivo angiogenesis
and osteogenesis [37].

Herein, we designed a multifunctional bilayer hydrogel scaffold with
osteogenic and angiogenic properties using dual extrusion 3D bio-
printing (Fig. 1). PLGA nanoparticles (NPs) were presented to bioink
composition for controlled release of GFs. The scaffold’s osteogenic
layer (Bioink B) contains highly methacrylated gelatin (GelMAgign),
hyaluronic acid (HA), alginate (Alg), BMP-2 loaded NPs (NPgyp2), and
osteoblasts to support bone tissue formation. The angiogenic layer
(Bioink V), composed of low methacrylated gelatin (GelMAow), Alg,
VEGF-loaded NPs (NPyggr), and endothelial cells, was designed to pro-
mote blood vessel formation, and to indirect support bone regeneration.
This dual-layer design enables controlled, localized release of GFs,
enhancing bone and blood vessel formation. To replicate the mechanical
properties of bone and vascular microenvironments, particularly in
terms of surface stiffness and roughness, GelMA was synthesized with
two distinct degrees of methacrylation, named as GelMAgygy and Gel-
MAow. HA was incorporated into the bone-mimetic layer due to its
regulatory effects on cellular behaviors and tissue functions, such as
promoting osteogenic cell migration, proliferation, and differentiation
[38,39]. BMP-2 and VEGF were encapsulated within NPs (NPgyp2 and
NPyggr, respectively) using a nanoprecipitation method in continuous
flow mode on a microfluidic platform to allow for controlled GF release.
The two bioinks were systematically optimized for printability, stability,
and biological compatibility. In vitro cell adhesion and encapsulation
studies were conducted to assess the scaffolds, which were subsequently
tested in vivo using a mouse calvarial defect model. Bone tissue for-
mation and healing were evaluated through histological and immuno-
histological analyses, confirming the scaffold’s efficacy in supporting
new bone tissue formation.

2. Materials and methods
2.1. Materials

PLGA (P2191, Lactide: Glycolide molar ratio 50:50), poloxamer 407
(16758) and acetonitrile were purchased from Sigma-Aldrich. Gelatin
Type A (300 g Bloom), methacrylic anhydride (MA) and 2-hydroxy-1-[4-
(2-hydroxyethoxy) phenyl]-2-methyl-1- propanone (Irgacure 2959),
Alg, HA, VEGF165 from mouse, BMP-2, 3-(Trimethoxysilyl)propyl
methacrylate, 4,6-Diamidino-2-Phenylindole (DAPI) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Recombinant Human/Mouse/
Rat BMP-2 Protein, Recombinant Mouse VEGF 164 Protein, Mouse VEGF
Quantikine ELISA Kit and BMP-2 Quantikine ELISA Kit were purchased
from R&D Systems Inc., Minneapolis, MN, USA. MC3T3-E1 Subclone 4
was purchased from ATCC, Rockville, MD, USA. Low glucose- Dulbec-
co’s Modified Eagle Media (L-DMEM), a-minimum essential medium
(a-MEM), Fetal Bovine Serum (FBS), and Penicillin-Streptomycin (P/S)
were purchased from GIBCO. Rhodamine-Phalloidin (AlexaFluor 594)
dye, Live/Dead stain kit were purchased from Invitrogen. PrestoBlue™
Cell Viability Reagent was obtained from Thermofisher Scientific
Paisley, UK. Anti-collagen I and osteocalcin were purchased from
Abcam, Cambridge, UK. The Sensitek HRP (Anti-Polyvalent) reagents
and DAB were purchased from Scytek, USA. Hydrogen peroxide was
obtained from Merck, Germany.

2.2. Synthesis and in vitro characterization of PLGA nanoparticles using a
microfluidic platform

2.2.1. Synthesis of PLGA nanoparticles using a microfluidic platform

NPs were fabricated by nanoprecipitation method in continuous flow
mode in a microfluidic platform [40]. The metal microfluidic systems
(0.25 mm I.D. and 1.00 mm I.D. three lines connected T-crosses from
VICI Valco Instruments Co. Inc.) are composed of two different
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Fig. 1. Schematic showing bioink optimization (top) and calvarial defect model in Balb-C mice (bottom).

microchannels and a micromixer in chip integrated with the syringe
pumps. A constant hydrodynamic flux was obtained in all channels by
controlling the flow rates of the continuous phase and the disperse phase
using a syringe pump. Firstly, GF free NPs were prepared, and key
process parameters such as flow rate, channel geometry, polymer con-
centration and surfactant concentration were optimized. Briefly, PLGA
(5 or 10 mg/ml) was dissolved in acetonitrile to form organic phase,
which was pumped into the microfluidic platform using syringe pump.
Aqueous phase (0.5 % or 1 % (w/v) Poloxamer 407 in distilled water)
was introduced into the lateral channels of the T-junction system. The
organic phase flow rate was maintained at 10 pL/min, while the aqueous
flow rate varied at 50, 100, 200, 400, and 600 pL/min. To evaluate the
effect of channel size on particle size distribution, micromixers with two
distinct channel diameters (0.25 mm and 1.00 mm I.D.) were used. NP
dispersion was collected at the outlet and centrifuged at 13,000 rpm for
20 min. The resulting NPs were washed three times with distilled water
to remove any surfactant and GF residues, then lyophilized, dried, and
stored at —20 °C. In optimization studies, particle size analysis was
performed on at least three randomly selected samples during contin-
uous particle synthesis. For GF loaded NPs, BMP-2 (125 ng/ml, 250 ng/
ml or 500 ng/ml as low, medium and high amount, respectively) or
VEGF (2.5 pg/ml, 5 pg/ml or 10 pg/ml as low, medium and high
amount, respectively) were dissolved in distilled water at various con-
centrations and mixed with PLGA solution.

2.2.2. Invitro characterization of nanoparticles

The mean diameter, PDI and zeta potential of NPs, NPgyps and
NPyggr were determined by using dynamic light scattering method
(Malvern Nano-ZS). Results are given as mean value and + standard
deviation (SD). The surface morphologies of NPs were analyzed by
Scanning electron microscopy (SEM) after coating with 10 nm thick gold
palladium under vacuum using Leica EM ACE600 sputter-coater. The

Fourier-Transform Infrared Spectroscopy (FTIR) (Perkin-Elmer) analysis
between the wavelengths of 400-4000 cm ™! was performed to deter-
mine the functional groups of PLGA and NPs. Differential scanning
calorimetry (DSC) was performed to determine the thermal properties of
PLGA and NPs. Analyses were carried out with approximately 5 mg of
sample at a temperature range of 20-350 °C with a heating rate of 10 °C/
min.

The encapsulation efficiency was determined by indirect method.
Briefly, during NP production, the supernatant was separated from NPs
by centrifugation and the amount of unencapsulated GFs (BMP-2 or
VEGF) in aqueous phase was determined by enzyme linked immuno-
sorbent assay (ELISA) method (Biotek EL 800xTM) according to in-
struction of manufacturers. Encapsulation efficiency was calculated by
following formula [41]:

(W1 —Wy)

100
W,

Encapsulation Efficiency (%) =

where W is the total amount GF added initially, and W, the amount of
unencapsulated free GF in the aqueous phase.

2.3. Preparation and in vitro characterization of 3D bioprinted scaffolds

2.3.1. Synthesis and characterization of gelatin methacrylate

Considering their mechanical properties, GelMAygy and GelMAow
were synthesized for bone and the vascular layer, respectively. Briefly,
10 % w/v gelatin (type A) was dissolved in Dulbecco’s phosphate buffer
at 50 °C. Afterwards, 5 ml and 8 ml of methacrylic anhydride were
added dropwise to this solution for GelMA; ow and GelMAg;gy, respec-
tively, and then stirred at 50 °C for 3 h. In the next step, the reaction was
stopped by diluting this solution with Dulbecco’s phosphate buffer at 50
°C. The GelMA solution was dialyzed with the dialysis membrane
(12-14 kDa cutoff) for 10 days to remove salts and unreacted
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methacrylate. The obtained GelMA solution was frozen at 80 °C and
lyophilized to form white foam. This GelMA foam was stored at —20 °C.
The functional groups of gelatin and GelMA were confirmed by FTIR
between the wavelengths of 400-4000 cm ™ _.

2.3.2. 3D bioprinting set up

A commercial extrusion bioprinter, Axolotl Dual 3D Bioprinter
(Axolot] Biosystems, Turkey), was used to print 3D structures. Bioink
was loaded into 3 ml print cartridges equipped with 25-gauge blunt
needle and the cartridges were placed to the 3D printer. We utilized
Slic3r for the adjustment of print settings such as the speed of print-head
and extrusion, layer height, infill pattern and density in bioink optimi-
zation. Pneumatic pressure was adjusted and 3D models were sliced by
Slic3r to create digital patterns for 3D bioprinting. Immediately after
bioprinting, the printed structures were treated with 40 s of UV light
(360-480 nm) at 3.95 mW/cm 2 (OmniCure S2000, Excelitas Tech-
nologies, Waltham, MA, USA) for crosslinking to provide shape fidelity.

2.3.3. Bioink preparation

For bone mimetic scaffolds, NPgyp2 (2.5, 5 or 10 mg/ml) were
dispersed in distilled water containing 0.25 % (w/v) photoinitiator.
Subsequently, GelMAyigy (5-20 %), HA (0.5-2 %) and Alg (0.5-4)
dissolved in this dispersion at 50 °C using a magnetic stirrer. For vessel
mimetic scaffolds, NPyggr (2.5, 5 or 10 mg/ml) were dispersed in
distilled water containing 0.25 % (w/v) photoinitiator. GelMApow
(5-20 %) and Alg (0.5-4) dissolved in this dispersion at 50 °C using a
magnetic stirrer. The obtained bioink composition was loaded into a 3
ml syringe (EFD Syringe Barrel). Table 1 shows the formulation codes for
bone mimetic (Bioink B) and vessel mimetic (Bioink V) scaffolds.

2.3.4. Printability

The minimum pneumatic pressure to extrude the bioink through
steady fiber flow was determined as extrusion pressure. The printability
of different bioinks was evaluated according to forming a continuous,
complete and uniform structure after printing using an optical micro-
scope (Olympus SZX7) connected to a digital camera (Olympus C-5060).

2.3.5. Determination of rheological properties

To determine the rheological properties of bioinks, a rheometer
(Anton Paar MCR 301) was used with 25 mm diameter parallel-plate
geometry and a solvent trap was used to avoid drying. During the
analysis, the distance between the plates was determined as 0.9-1 mm.
Angular frequency and strain sweep experiments were performed by
applying 1 % stress in the frequency range of 1-100 Hz. The storage
module (G) and loss modules (G") were determined depending on the
frequency change. Viscosities of the bioinks were obtained with 25 mm
diameter parallel-plate geometry (PP25) at a shear rate range of
0.1-100 rad/s.

2.3.6. Determination of mechanical properties
1 mm thickness and 8 mm diameter circular samples were printed

Table 1

Formulation table for 3D bioprinted scaffolds.”
Formulation GELMAg6H GELMA; ow HA Alg
(wWt%) (Wt%) (wt (wt
%) %)
Bone mimetic B7.5 7.5 - 2 0.5
scaffolds B10 10 - 2 0.5
(Bioink B) B12.5 12.5 - 2 0.5
B15.5 15 - 2 0.5
Vessel mimetic V10 - 10 - 1.5
scaffolds vi25 - 125 - 1.5
(Bioink V) V15 - 15 - 1.5

@ For NP incorporated formulations @2.5NP (2.5 mg/ml NP) or @5NP (5 mg/
ml NP) added to these coded.
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and UV crosslinked. A texture analyzer (TA Instruments, DE, USA) was
used to determine mechanical properties of the scaffolds (n = 3).
Compression tests were conducted at a cross speed of 1 mm s~! and an
80 % strain level. The slope of the linear section corresponding to 0-10
% of the stress-strain curves was calculated as the compression modulus
[42].

2.3.7. Swelling studies

The swelling behaviors of scaffolds were assessed in PBS (pH 7.4) at
37 °C for 24 h (n = 4) [42]. Briefly, the dry weight of lyophilized scaf-
folds were recorded and incubated in PBS. At predefined time points,
scaffolds were removed from PBS, the excess water was removed from
the surface of the scaffolds by using a filter paper and swollen scaffolds
weighed. Swelling percentages were evaluated using following formula
[42]:

(Wo — Wq)

0

Swelling [%)] = x 100

W, weight before incubation in PBS, Wy, weight after incubation in PBS
for predetermined time points.

2.3.8. Degradation studies

To determine the degradation behaviors of scaffolds, lyophilized
scaffolds were weighed and incubated in PBS (pH 7.4) at 37 °C (n = 3).
At predefined time points, PBS was removed and the scaffolds were
rinsed in distilled water. After lyophilization, their dry weights were
recorded. After each weighing, scaffolds were placed into PBS again.
Weight remaining percentage was calculated using following formula
[42]:

x 100

Weight remaining (%] = (WOW;WG‘)

0

Wy, dry weight before incubation in PBS, Wy, dry weight after incuba-
tion in PBS for predetermined time points.

2.3.9. Scanning electron microscopy (SEM) and atomic force microscopy
(AFM)

The surface morphologies of scaffolds were analyzed by SEM after
coating with 10 nm thick gold palladium under vacuum using Leica EM
ACE600 sputter-coater.

An Ambient AFM™ (Nanomagnetics Instruments) operating in dy-
namic mode in air was used to obtain topography images of the scaf-
folds. PPP-NCLR AFM probes (nominal resonance frequency: 190 kHz,
nominal force constant: 48 N/m, Nanosensors, Switzerland) were used.
Images were obtained using an E-scanner, at scan rates between 0.5 and
3 Hz. Image data was analyzed by an NMI Image Analyzer v1.5
(Nanomagnetics Instruments). The results were obtained by examining a
minimum of three different regions of each sample. All images were 5
pm x 5 pm scan. Cross-section analyses and surface roughness calcula-
tions were performed using AFM topography image data.

2.3.10. Growth factor release studies

The release of GFs from GF loaded NPs (NPgyp2 and NPyggr),
physically entrapped GFs in the hydrogels (B12.5@BMP2 and
V12.5@VEGF), and NP loaded hydrogel bioinks (B12.5@5NPgyp2 and
V12.5@5NPyggr) were evaluated by the dialysis membrane method.
Herein, NPgyp2 and NPyggr were dispersed in dialysis membranes with a
certain amount of phosphate buffer saline (PBS, pH 7.4). The prepared
dialysis membranes were mixed at 37 + 0.5 °C and at a constant
agitation of 100 rpm. The release medium was collected at pre-
determined time intervals and the same volume of fresh PBS was added
into release medium to provide sink condition. The GF release mecha-
nisms from NPs were determined by the evaluation of zero order, first
order, Korsmeyer-Peppas, Higuchi, and Hixson-Crowell kinetic models.
The coefficient of determination (r?) of the first 60 % of drug release was
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used to evaluate the optimal model of drug release [43].
2.4. Cell culture

The MC3T3 cells were cultured in a-MEM supplemented with 10 %
fetal bovine serum (FBS), 1 % penicillin-streptomycin. The ECs were
cultured in low glycose-Dulbecco’s Modified Eagle Media (L-DMEM)
supplemented with 10 % fetal bovine serum (FBS), 1 % penicillin-
streptomycin. Cells were cultured at 37 °C in 5 % CO, in a 75 cm? cul-
ture dish. Cells were passaged when they approached 80-90 % con-
fluency. Cell culture medium was replaced with fresh medium every 2
days.

2.4.1. Invitro cell adhesion studies

In general, MC3T3 cells were seeded at a density 2 x 10* cells/well
on B12.5 and B12.5@5NPgypo hydrogel scaffolds and cultured at 37 °C
with 5 % of CO,. Similarly, ECs were seeded at a density 2 x 10* cells/
well on V12.5 and V12.5@5NPyggr hydrogel scaffolds and cultured at
37 °C with 5 % of COs.

Cellular adhesion was evaluated by Rhodamine-Phalloidin and DAPI
staining and PrestoBlue assay according to the manufacturer’s in-
structions at days 1, 3, and 7 after cell seeding (n = 3).

For Rhodamine-Phalloidin and DAPI staining, hydrogel scaffolds
were washed with PBS, fixed with 4 % (w/v) paraformaldehyde for 20
min, permeabilized with 0.05 % (v/v) Triton X-100 for 20 min, and
finally blocked with 5 % (w/v) rabbit serum albumin for further 1 h. The
samples were incubated in the solution of Rhodamine-Phalloidin for 1 h
at 37 °C for F-actin cytoskeleton staining. Afterwards, the samples were
incubated in DAPI solution for 30 min at 37 °C for the staining of cell
nuclei. Finally, the hydrogel scaffolds were monitored by fluorescence
microscopy (Zeiss AxioScope Z1).

For PrestoBlue assay, the cell culture medium was removed and
samples were incubated in 10 % (w/v) PrestoBlue in cell culture me-
dium at 37 °C for 1 h, and followed by a microplate reader at 570 nm
excitation and 600 nm emission. Samples with no cell seeding were
utilized as control, and OD values were normalized to the values of day
0.

2.4.2. Invitro cell encapsulation studies

MC3T3 cells at a density 3 x 10° cells ml~! and ECs at a density 3 x
10° cells ml~! were gently mixed with B12.5 or B12.5@5NPgyp2 and
V12.5 or V12.5@5NPyggr, respectively. Then, they were transferred
into syringe for bioprinting. Cell encapsulated bioinks were printed and
exposed to UV light at a power of 3.95 mW/ em? for 40 s to crosslink the
structure. Cell encapsulated nanocomposite scaffolds were cultured for a
certain time period (1, 3, 7 days) at 37 °C with 5 % CO». The culture
medium was refreshed every 2 days.

Live/Dead assay was used to evaluate cell viability. After 1, 3, and 7
days of culture, cell encapsulated hydrogels were incubated with
calcein-AM (green) and ethidium homodimer-1 (red) for 20 min fol-
lowed by washing with PBS. The stained hydrogels were evaluated by
using an inverted fluorescence microscope. At least six different areas of
three samples for each condition were analyzed using ImageJ software,
and the cell viability was calculated as the percentage of the number of
live cells to total cells (n = 3).

Cellular adhesion was determined by Rhodamine-Phalloidin and
DAPI staining and PrestoBlue assay according to the manufacturer’s
instructions at days 1, 3, and 7 of culture.

2.5. In vivo studies

2.5.1. Animals

All animal procedures were carried out under the approval of the
Committee of Marmara University Animal Care and Use (approval
number of 54.2017.mar). Male BALB/c mice weighting of 25-30 g (7
weeks old) were enrolled in the study. Twenty-four male mice were used
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2.5.2. Surgical procedure

Surgery was performed under general anesthesia with an intraperi-
toneal injection of ketamine (50 mg/kg, Ketalar 2 %; Pfizer) and xyla-
zine (10 mg/kg, Alfazyne 2 %, Alfasan). Briefly, an incision was made in
the skull skin, the periosteum was carefully removed and the calvaria
bone was exposed. A calvarial defect greater than critical-size (5mm
diameter) was created on the center of each side of the calvarial bone
using a trephine bur with minimal invasion of the Dura mater [44].
During the procedure, continuous irrigation with PBS was applied to
prevent overheating of the edges of the bone and to remove bone debris.
After creating defects, mice were randomly divided into 4 groups (n = 6
for each group): (1) Control (left untreated); (2) B12.5@5NPgyp2; (3)
V12.5@5NPyggr; @ Bilayer@NPgg (B12.5@5NPgppa/
V12.5@5NPyggr).

2.5.3. Histology

Samples of calvarial bone were extracted from animals in each group
and fixed for 72 h in 10 % neutral formalin. The samples were then
decalcified in 10 % ethylenediaminetetraacetic acid (EDTA) 2Na (pH
7.4). The samples were dehydrated in ascending concentrations of
ethanol and embedded in paraffin. Sections (5 pm-thick) were cut using
a rotary microtome from the paraffin blocks. The sections were stained
with hematoxylin and eosin (H&E), Masson’s trichrome, and Toluidine
blue (TB) stains for histomorphological evaluation. Morphological
changes in the bone tissue were examined and photographed using an
Olympus DP72 CCD camera attached BX51 photomicroscope (Olympus,
Tokyo, Japan) being blinded to the experimental groups.

Neovascularization was scored semiquantitatively as follows: 0 =
absent, 1 = minimal capillary, 2 = group of 4-7 capillaries, 3 = broad
band of capillaries, and 4 = extensive band of capillaries [45]. The new
bone formation was also scored semiquantitatively as 0 = none, 1 =
evidence of bone formation, 2 = moderate bone matrix deposited, and 3
= dense highly organized bone matrix [46].

2.5.4. Immunohistochemistry

After decalcification, samples from each group underwent standard
tissue processing. Five pm-thick sections were mounted on polylysine-
coated slides (Epredia, Netherlands), deparaffinized with xylene, rehy-
drated with alcohol series, and rinsed with distilled water. For antigen
retrieval, sections were microwaved in citrate buffer (pH: 6.0) (Bio-
Optica, San Faustino, Italy) and maintained at a temperature below the
boiling point. Samples were then cooled to room temperature for 20 min
and rinsed in two series of PBS. After 10 min of blocking endogenous
peroxidase with 3 % hydrogen peroxide, the sections were rinsed in PBS.
Anti-collagen I (COL—I) and osteocalcin (OCN) primary antibodies were
applied to the specimens at a dilution of 1:200 for 120 min at room
temperature. After washing with PBS, the Sensitek HRP (Anti-Poyva-
lent) reagents were used according to the manufacturer’s instructions.
Sections were incubated with biotinylated secondary antibody at room
temperature for 20 min prior to washing with PBS. Antibody signals
were obtained with DAB incubation as a chromogen. All slides were
counterstained with Mayer’s hematoxylin and mounted with entellan.
Sections were investigated and photographed using a photo-light mi-
croscope (DM 750, Leica, Germany; LasV 4.10 program) with an
attached camera [47]. Histological evaluation was assessed by two in-
dependent observers blind to the study groups, and statistical analysis
was performed.

2.6. Statistical analysis

All results are expressed as mean + standard deviation (SD) of the
mean of at least three independent experiments. All statistical analysis
was performed by using Prism (GraphPad) software. The statistical
significance of the differences between the experimental groups was
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analyzed by one-way analysis of variance (ANOVA) with Tukey’s Mul-
tiple Comparison Test. Histological data was analyzed by ANOVA with
Kruskal-Wallis Test. +95 % confidence interval was used were analysis
and P values < 0.05 were reported as statistically significant.

3. Results and discussion
3.1. Preparation and characterization of PLGA nanoparticles

In this study, nanoparticles (NPs) were fabricated using the nano-
precipitation method within a continuous-flow microfluidic platform
featuring a multi-inlet mixing unit (Fig. 2A). By introducing PLGA in the
organic phase and a surfactant through separate inlet channels, and
employing precise flow control for rapid microscale mixing, we achieved
reproducible series of NPs with narrow size distributions with high
loading capacities. A critical parameter for 3D bioprinting is NP diam-
eter, as this parameter directly influences rheological properties of
bioinks and drug release profiles. Microfluidic synthesis enabled precise
control over NP sizes due to efficient mixing [48]. Smaller NPs with

International Journal of Biological Macromolecules 306 (2025) 141440

narrow size distributions facilitated controlled drug release and
continuous bioprinting, while larger particles risked clogging the
printing needle.

To optimize NP formulation, we initially synthesized GF free NPs to
evaluate the effects of various parameters such as channel diameter,
polymer and surfactant concentrations, and flow rates, on size and PDI.
The results demonstrated that in the micromixer with a larger channel
diameter (4D = 1.00 mm) higher lateral flow rates amplified the particle
size differences at high and low surfactant concentrations, indicating
enhanced control over particle size distribution, particularly at elevated
flow rates (p < 0.05). At low surfactant concentrations, significantly
smaller particles were produced compared to high concentrations.
However, this trend was consistently observed only at reduced lateral
flow rates (100 and 50 pL) in the micromixer with a narrower channel
diameter (0.25 mm) (Fig. 2B and C). Higher polymer/surfactant flow
rates also resulted in smaller particle sizes, aligning with previous
studies [40]. Channel dimensions and geometry directly affected the
particle synthesis and thus the particle size within the microchannel.
The mean particle size decreased significantly with the use of thinner
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Fig. 2. (A) Schematic illustration of NP formation in microfluidic platform. (B) Mean sizes of NPs fabricated by using a micromixer with a narrow channel diameter
(0.25 mm) under varying surfactant concentrations and polymer/surfactant flow rate. (C) Mean sizes of NPs fabricated by using a micromixer with a higher channel
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channels (p < 0.01) for both PLGA concentrations (Fig. 2D). These
findings underscore the interplay between channel geometry, surfactant
concentration, and flow rate in dictating particle size, highlighting the
potential for precise tuning in microfluidic systems. Although polymer
concentration is generally reported to influence particle size via its ef-
fects on viscosity [49-51], no significant size differences were observed
at PLGA concentrations of 5 and 10 mg/ml in our study (Fig. 2D).

The optimal NP formulation was achieved using 5 mg/ml PLGA, 0.5
% (w/v) surfactant, a polymer/surfactant flow rate of 10:600, and a
0.25 mm channel diameter. This yielded NPs with an average size of
147.9 £+ 0.9 nm and a PDI of 0.101 + 0.035 (Fig. 2E). These conditions
were subsequently used to encapsulate BMP-2 and VEGF, which slightly
increased particle size without compromising PDI values, consistent
with literature findings [52]. The zeta potential value of empty NPs was
—14.9 + 5.4 mV, attributable to the carboxylate end groups of PLGA
[53]. SEM images confirmed the spherical morphology and smooth
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surfaces of both NPs and GF-loaded NPs (NPgyp2 and NPyggp). In
addition, the obtained particle sizes were quite close to DLS results
(Figs. 1F, S1).

FTIR and DSC analyses further characterized the NPs. FTIR spectra of
PLGA polymer and NPs are given in Fig. S2A. The characteristic peaks of
PLGA were identified through FTIR analysis, including the C=O
stretching vibrations of the ester bond at 1747 cm ™!, asymmetric and
symmetric C-C(=0)-O stretching vibrations within the range of
1269-1165 cm™!, and C—O stretching vibrations between 1165 and
1084 cm ™. Additionally, C—H bending vibrations were observed in the
1450-850 cm ™! range. When comparing the FTIR spectra of pure PLGA
and NPs, a notable decrease in peak intensity at 2050 cm ™! was observed
for NPs, suggesting potential structural or compositional modifications
in the polymer upon nanoparticle formation. Fig. S2B shows the DSC
thermograms of the empty NPs and the PLGA polymer. DSC thermo-
grams showed a shift in the glass transition temperature from 43.7 °C for
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PLGA to 53.57 °C for NPs, indicating enhanced thermal stability of the
synthesized NPs is higher than polymeric PLGA. The endothermic peak
around 90-100 °C observed in the NPs is associated with the evapora-
tion of water from the moisture in the sample [54].

The microfluidic platform was crucial for maintaining GF stability
and achieving high encapsulation efficiency, outperforming conven-
tional methods where homogenization may compromise GF stability
[41]. Encapsulation efficiencies were highest at medium BMP-2 con-
centrations (250 ng/ml, 76.8 %) and low VEGF concentrations (2.5 pg/
ml, 78.85 %) (Fig. 2E). These conditions were selected for subsequent
studies to maximize bioavailability while minimizing material waste
and associated costs.

3.2. Preparation and in vitro characterization of 3D bioprinted scaffolds

3.2.1. GelMA synthesis and bioink optimization

The functional groups of the synthesized GelMA were confirmed
through FTIR analysis, which revealed characteristic amide bands
associated with the vibrational states of peptide bonds (Fig. S3A). The
peak at 1441 cm™!, corresponding to Amide III, is the result of the vi-
brations of N—H bonds and, to some extent, C—N bonds. Similarly, the
peak at 1522 cm~! (Amide II) is attributed to N—H bond vibrations,
while the Amide I peak at 1628 em ™! corresponds to C=O bond vi-
brations. The position and intensity of the Amide I peak reflect the
secondary structure of the gelatin. Additionally, the peaks observed at
3260 cm! and 2915 cm™! are attributed to with O—H and C—H
stretching vibrations, respectively. These findings are consistent with
previously reported data [55,56], further validating the successful syn-
thesis and structural integrity of GelMA.

Using a dual extrusion bioprinter, we constructed 3D heterogeneous
structures based on bone and vessel mimetic bioinks that we designed
(Fig. 3). To prepare the bioinks for bilayer vascularized bone scaffolds,
we first systematically optimized the bioinks for extrusion from the print
head to generate a solid 3D structure. GelMA was selected as the basic
bioink material due to its easily tunable and photocrosslinkability, su-
perior biocompatibility and controllable biodegradability [29]. How-
ever, extruding GelMA alone proved to be challenging. Previous studies
have shown that while GelMA could be printed at high concentrations
above 7 wt%, such concentrations may decrease cellular activity due to
the rigidity of the crosslinked structure. Hence, it is quite common to
print lower concentration of GelMA with other polymers such as Alg
[29,57,58].

Herein, we added Alg to bioinks to control the viscosity of bioinks
and provide sufficient extrusion. Without the addition of Alg, the vis-
cosity of the bioink was insufficient to build a stable 3D structure after
extrusion. We were able to print GelMAjow-Alg bioinks at extrusion
pressures between 15 and 25 psi using 27 gauge needles, and GelMA-
uicu-Alg bioinks at 18-30 psi with the same needle size. In general,
increasing GelMA and Alg concentration along with higher methacryloyl
substitution resulted in better printability (Fig. S4A and B). To better
support bone regeneration and modulate the extrusion of bioink, we
added HA to the bone bioink composition, testing two concentrations
(0.5 and 2 wt%) of HA to optimized GelMAygy-Alg bioinks (Fig. S4A).
The addition of HA improved the printability and post-printing shape
fidelity of the constructs.

To determine the optimal concentration of NPs for enhanced extru-
sion, we incorporated various concentrations (1.5 mg/ml, 2.5 mg/ml or
5 mg/ml) of NPs into both vasculogenic and osteogenic bioinks. As
shown in Fig. 3A and B, the addition of NPs improved the printability
and post-printing shape fidelity of the constructs.

Considering printability, mechanical properties, and cellular
behavior during 3D cell encapsulation, we selected the following bioink
formulations: 12.5 wt% GelMAggu-2 wt% HA-0.5 wt% Alg bioink
containing 5 mg/ml NPs for the osteogenic component (B12.5@5NP),
and 12.5 wt% GelMA;ow-1.5 wt% Alg bioink containing 5 mg/ml NPs
for the vasculogenic component (V12.5@5NP). Afterwards, we printed
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bilayer vasculogenic bone scaffolds, which were optimized individually
as a single layer, using 3D bioprinter (Fig. 3F). The final bilayer scaf-
folds, composed of B12.5@5NP (osteogenic layer) and V12.5@5NP
(vasculogenic layer), consisted of 30 layers in total. The structural
integrity of the bilayer constructs was clearly maintained post-printing,
demonstrating the effectiveness of the bioink formulations.

3.2.2. Rheology

Bioinks should be extruded smoothly from a nozzle, minimizing
shear stress on the encapsulated cells while avoiding physical clogging.
Furthermore, they should maintain their shape with high fidelity after
printing, facilitated by their shear thinning and self-healing properties
[59,60]. To meet these requirements, bioinks need to exhibit stability
and possess high viscoelastic properties. Therefore, our study focused on
investigating the rheological properties across various primary cate-
gories: (i) extrudability and viscoelastic properties were evaluated
through strain and frequency sweep analyses, (ii) self-healing property
was assessed conducting thixotropic oscillatory strain amplitude sweep
measurements, which were performed in six distinct regions, (iii) sta-
bility, durability, and recovery abilities were tested through a creep test.
By examining these rheological properties, we aimed to understand and
enhance the performance of bioinks for effective 3D bioprinting
applications.

The frequency sweep analysis indicated that both G’ and G” values
show a slight dependence on frequency in the range tested, with G’
consistently being greater than G’, suggesting that both bio-inks
possessed solid-like viscoelastic structures with strong inter-
connectivity (Fig. 4A and C). Previously, hydrogels with G' > G ratio
were reported to support increased cell viability in injectable cell ther-
apies. Herein, B12.5 exhibited a higher G’ value compared to V12.5.
Notably, the inclusion of NPs in the bioinks significantly improved their
G’ values. This effect was particularly pronounced in B12.5@5NP, which
can be attributed to its highly interconnected network structure.

The phase angle, represented by tan & (tan & = G"/G) provides
further insight into the bioinks’ rheological behavior. In this study, the
tan & values for all formulations ranged between 0.23 and 0.36. Bioinks
having tan § 0.25 to 0.45 were reported to exhibit suitable printability,
structural integrity, and extrusion uniformity [61]. Similarly, Indurkar
and coworkers observed that bio-inks with tan 8 below 0.15 exhibited
droplets instead of filaments during printing, while those with tan &
values between 0.151 and 0.209 exhibited filament formation. They
suggested that tan § > 0.151 is ideal for filament formation. It has also
been emphasized that the tan § values suitable for printing may vary
according to the bioink formulation [62].

Injectability and extrudability are crucial factors for hydrogels used
as bioinks in extrusion-based 3D bioprinting [63]. Under low-strain
conditions, the moduli of STHs were unaffected by the strain ampli-
tude. However, after reaching the critical strain point, the moduli
decreased sharply as their internal structure was compromised (Fig. 3B
and D). Similarly, the results exhibited a linear decrease in the complex
viscosity of the samples with frequency on a double logarithmic scale,
demonstrating a strong shear-thinning behavior (Fig. 4E). This shear-
thinning behavior is responsible for aligning the polymer chains with
the flow, thereby contributing to the self-healing and shape-molding
properties of the bioprinted structures [64]. The pronounced shear-
thinning behavior of the synthesized bioinks can be attributed to the
dynamic nature of hydrogen bonding which greatly facilities the
extrusion process. This rheological characteristic is vital for any bioink,
including cells to be printed using extrusion-based bioprinters. Impor-
tantly, with the presence of NPs in bioinks, the shear-thinning behavior
was maintained and the viscosity increased (Fig. 4E).

We also evaluated the creep and recovery properties of the bioinks,
as these are essential for assessing the stability and durability of the
printed constructs. In this study, the bioinks were exposed to constant
shear stresses (creep) of 25 Pa for a period of 300 s, and the resulting
time-dependent deformation was subsequently evaluated. Following
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Fig. 4. Rheological properties of hydrogel bioinks. (A) Frequency sweep analysis showing storage modulus (G') and loss modulus (G") of Bioink B. (B) Storage
modulus and loss modulus of Bioink B as a function of strain. (C) Frequency sweep analysis showing storage modulus (G) and loss modulus (G") of Bioink V. (D)
Storage modulus and loss modulus of Bioink V as a function of strain. (E) Complex viscosity of bioinks indicating shear thinning behavior of bioinks. (F) The creep
recovery of bioinks indicating higher elasticity of bioinks. (G) Six-cycled thixotropic oscillatory strain amplitude sweep measurements indicating that bioinks could

recover the damage during the extrusion process.

this, after the stress was released, deformation recovery was recorded for
an additional 600 s [65]. The creep recovery values for B12.5 and V12.5
were 73.9 % and 80.7 %, respectively. The bioinks containing NPs
exhibited higher creep recovery values (B12.5@5NP: 87.2; V12.5@NP:
84.5), indicating greater elasticity and improved printability of the
formulations (Fig. 4F). These findings align with the results obtained
from the frequency sweep analysis.

Hydrogel bioinks might be subjected to strain-induced network
damage during the extrusion bioprinting [66], maintaining structural
stability through self-healing properties is crucial. To mimic the extru-
sion and self-healing ability, we conducted six-cycled thixotropic oscil-
latory strain amplitude sweep measurements (Fig. 4G). The high shear
strain (1000 %) resulted in a viscous-like structure (G > G), indicating
gel-sol transition (a flowable structure) of the system. However, upon
decreasing the applied strain to a low value (1 %), bioinks (B12.5,
B12.5@5NP, V12.5, V12.5@5NP) recovered their initial tan 8 values,
with a 56.5, 69.2, 68.8, and 46.0 RS%, respectively. These results
confirmed that the synthesized bioinks could recover from damage
during the extrusion process, making them suitable for high-quality 3D
bioprinting.

3.2.3. FTIR studies
The structure of the bioink composition and photocrosslinked

hydrogel scaffolds was confirmed using FTIR, which showed the pres-
ence of Amid-I, Amid-II, and Amid-III peaks at 1441 em™}, 1522 em!,
and 1628 cm_l, respectively, in the GelMAow and GelMAy;gy samples
(Figs. 5A and S3A). Additionally, O—H and C—H stretching vibrations
were identified at 3260 cm ™! and 2915 cm ™!, respectively. For alginate
(Alg), characteristic O—H and C—H stretching vibrations were observed
within the ranges of 3000-3600 cm™! and 2920-2850 cm ™!, respec-
tively (Fig. S3B). The carboxylate salt ion asymmetric and symmetric
stretching vibrations were appeared at 1649 and 1460 cm™?, respec-
tively. The bands at 1107 cm ™! and 935 cm™! were assigned to the G—O
stretching vibrations of the pyranosyl ring and the C-C-H and C-O-H
deformations [67]. The IR spectra of HA showed O—H stretching vi-
brations at 3443 cm ™! and carbonyl stretching vibrations corresponding
to carboxylic acid and amide groups at 1720 cm™! and 1648 cm™?,
respectively (Fig. S3B). Ether bands were observed at 1151 and 1034
cm ! regions [68]. In the FTIR spectra of bone-mimetic hydrogel scaf-
folds (B12.5 and B12.5@5NP), characteristic peaks of GelMA, HA, and
Alg were clearly observed. Similarly, for vessel-mimetic hydrogels
(V12.5 and V12.5@5NP), peaks corresponding to GelMA and Alg were
detected (Figs. 5A and S3C). Notably, the characteristic peaks of NPs
were not discernible in the hydrogel composition, likely due to their low
concentration (5 mg/ml).
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3.2.4. Surface morphology and topography

The surface characteristics of bone and vessel mimetic hydrogels
were comprehensively evaluated (Figs. 5B, S5 and S6). SEM analysis
revealed that all hydrogel scaffolds exhibited a highly porous structure,
critical for facilitating cellular activities. Importantly, the presence of
NPs did not lead to any particle aggregation in the scaffolds, and NPs
uniformly distributed throughout the scaffolds. As the GelMA ratio

10

increased, the pore structures became more regular, further enhancing
the scaffold’s suitability for tissue engineering applications.

AFM studies provided detailed insights into the surface topography
and roughness of the scaffolds. The analysis showed that blending Gel-
MAgyigu with HA, Alg, or a combination of both produced scaffolds with
varying surface roughness (Fig. S7). Studies with GelMAp;gy alone could
not be performed due to the high adhesion of GelMAygy to the AFM
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probe [69]. While GelMAy;gu/HA exhibited a flatter surface with sur-
face roughness value of 5.7 nm, GelMAygu/Alg and GelMAygu/HA/
Alg displayed similar topographical features and slightly higher rough-
ness values of 9.7 nm and 10.5 nm, respectively. This smoother topog-
raphy may reflect enhanced polymer compatibility and homogeneity
due to stronger intermolecular interactions.

In bone-mimetic scaffolds, increasing the GelMA concentration
significantly reduced surface roughness. This trend is reflected in the
measured roughness values: 41.8 nm for B7.5, 10.5 nm for B10, and
11.4 nm for B12.5 (Figs. 5C, E, and S7) Increasing GelMA concentration
resulted in smoother surfaces, likely due to enhanced molecular in-
teractions between positively charged GelMA and negatively charged
polymers (Alg and HA). This finding aligns with previous studies sug-
gesting that smoother topographies indicate a more homogeneous
mixture [70]. The addition of NPs altered the surface properties,
creating distinct domains and increasing surface roughness, particularly
in GelMA concentration formulations. NP containing scaffolds exhibited
higher roughness than their NP free counterparts: 56.6 nm for
B7.5@5NP, 17.8 nm for B10@5NP and 15.3 nm for B12.5@5NP
(Fig. 5E). These findings highlight the ability to modulate scaffold
properties by adjusting GelMA concentration and NP content, enabling

A)
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tailored designs for specific applications.

Similarly, the analysis of vascular-mimetic hydrogels revealed a
dependency on GelMA concentration for surface characteristics (Fig. 5D
and E). The lower methacrylation degree and concentration of GelMA-
Low in vascular formulations likely contributed to increased adhesive-
ness, complicating AFM imaging. For instance, topography images could
not be obtained for V7.5 due to adhesiveness of the hydrogel sample to
the AFM probe. Nonetheless, roughness measurements showed that
higher GelMA|ow concentrations (V12.5 with roughness value of 3.8
nm) yielded flatter surfaces compared to lower concentrations (V10 with
roughness value of 9 nm), consistent with the behavior observed in
bone-mimetic scaffolds (Fig. 5C). The addition of NPs further increased
surface roughness, although these changes were less pronounced
compared to the bone-mimetic formulations, with roughness values of
12.4 nm and 14.9 nm for VI0O@5NP and V12.5@5NP, respectively.

In conclusion, this study demonstrates that the interplay between
scaffold composition, polymer interactions, and NP incorporation
significantly influences the surface and morphological properties of
bioink based hydrogels. These results provide valuable insights for
optimizing scaffold design to enhance functionality and efficacy for their
application in bone and vascular tissue engineering.
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Fig. 6. Evaluation of mechanical properties, swelling behavior, and degradation profiles of bioinks. (A) Compression modulus and ultimate stress at break of bone-
mimetic bioinks (B10, B12.5, and B15) with or without NPs (0 mg/ml, 2.5 mg/ml @2.5NP, and 5 mg/ml @5NP). (B) Compression modulus and ultimate stress at
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bioinks. (ns: p > 0.05, *p < 0.05, ***p < 0.001; One-Way ANOVA, Tukey’s Multiple Comparison Test.)
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3.2.5. Mechanical properties

To regulate the activity of OBs and osteogenesis, as well as to in-
fluence ECs and angiogenesis, extracellular matrix stiffness plays a
crucial role [71,72]. Therefore, the goal of our study was to modulate
the stiffness of hydrogel scaffolds. As shown in Fig. 6A and B, our
analysis of the mechanical properties revealed that both the compres-
sion modulus and ultimate stress at break increased progressively with
higher GelMA (for both GelMAyigy and GelMAow) and Alg concen-
trations. These improvements in mechanical properties can be attributed
to the increased methacryloyl substitution, which promotes covalent
crosslinking and results in a denser scaffold structure.

The primary objective of this study was to design a scaffold incor-
porating NPs, so we also assessed the mechanical properties of scaffolds
containing 2.5 mg/ml or 5 mg/ml NPs. The addition of NPs resulted in a
significant and gradual improvement in the compression modulus for all
hydrogel formulations. For example, the compression modulus values
for B12.5, B12.5@2.5NP, and B12.5@5NP were 20.575 + 3.14 kPa,
26.701 + 1.263 kPa, and 34.953 + 9.242 kPa, respectively (Fig. 6A).
Correspondingly, the ultimate stress at break for these formulations
increased from 51.071 4 9.147 kPa for B12.5, to 72.627 & 12.419 kPa
for B12.5@2.5NP, and 109.456 + 46.707 kPa for B12.5@5NP.

These results align with existing knowledge that OBs prefer stiffer
matrices for their growth and proliferation, providing suitable biome-
chanical conditions for cellular processes such as attachment, spreading,
elongation, proliferation, and migration.

Similarly, the compression modulus values for the vascular mimetic
formulations, V12.5, V12.5@2.5NP, and V12.5@5NP, were 16.190 +
3.7 kPa, 20.13 + 3.586 kPa, and 25.984 + 7.006 kPa, respectively
(Fig. 6B). These values fall within the optimal biomechanical range for
endothelial cell activities [73,74]. Additionally, the ultimate stress at
break for these formulations was 44.140 + 25.555 kPa, 63.077 =+
24.206 kPa, and 106.983 + 18.203 kPa for V12.5, V12.5@2.5NP, and
V12.5@5NP, respectively.

Finally, we assessed the mechanical properties of the bilayer
hydrogels (Fig. S8). The compression modulus for the B12.5/V12.5 and
B12.5@NP/V12.5@NP hydrogels was determined to be 17.191 + 1.53
kPa and 31.608 + 8.3 kPa, respectively. Additionally, the ultimate stress
at break was measured at 48.264 + 15.38 kPa for B12.5/V12.5 and
133.47 + 26.71 kPa for B12.5@NP/V12.5@NP. Importantly, no sig-
nificant differences were observed in the individual properties of each
layer or between the bilayer hydrogels. These findings provide valuable
insight into the mechanical performance of the scaffolds, highlighting
their potential for bone tissue engineering applications.

3.2.6. Swelling and degradation

Swelling and hydration properties of hydrogels are key factors
influencing their diffusion, surface characteristics, mechanical proper-
ties, and drug release behavior. These parameters also significantly
impact cellular infiltration following in vivo implantation [75-77]. In
this study, all types of hydrogels displayed a high swelling rate (>500.0
%), which is advantageous for facilitating the release of entrapped GFs,
supporting cell growth, and enabling oxygen transport. Increasing
GelMA concentration resulted in a reduced swelling degree, which can
be attributed to the stronger covalent bonding that occurred at higher
concentrations. All hydrogels reached equilibrium swelling after
approximately 6 h of incubation. For the bone mimetic hydrogels, the
swelling rates were 804.867 + 86.541 % (B12.5) and 753.641 + 61.952
% (B12.5@5NP) for the 0 and 5 mg/ml NP concentrations, respectively
(Fig. 6C). Similarly, the vessel mimetic hydrogels showed swelling rates
of 851.039 + 17.843 % (V12.5) and 798.129 + 25.615 % (V12.5@5NP)
for the 0 and 5 mg/ml NP concentrations, respectively (Fig. 6D). The
presence of NPs in the hydrogel formulations decreased the swelling
rate, as the NPs formed physical interactions with the hydrogel network
due to their negative charge, resulting in a more compact structure.

Degradation studies revealed that all photocrosslinked hydrogels
exhibited sustained degradation in PBS over a period of up to one
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month. An increase in GelMA concentration and methacrylation degree
resulted in a slower degradation rate, likely due to the enhanced cova-
lent crosslinking. Importantly, the addition of NPs further reduced the
degradation rate. Specifically, as the NP concentration increased from
0 to 5 mg/ml, the remaining mass (%) after 7 days of incubation
increased from 73.465 % + 4.623 for B12.5 to 91.672 % + 8.377 for
B12.5@5NP (Fig. 6E). Similarly, for the vessel mimetic hydrogels, the
remaining mass (%) increased from 68.546 % =+ 6.319 for V12.5 to
77.981 % + 8.351 for V12.5@5NP (Fig. 6F).

The incorporation of NPs into the hydrogel network resulted in a
more compact structure, enhancing the physical interactions between
the NPs and the hydrogel matrix, which in turn contributed to the
prolonged degradation period. Bone mimetic hydrogels exhibited a
longer degradation time compared to vessel mimetic hydrogels, which is
advantageous for bone regeneration as it allows for adequate time for
angiogenesis to occur [78].

3.2.7. Growth factor release

The use of lower dose dual GFs (BMP-2 and VEGF) plays a pivotal
role in promoting the vascularized bone structures. To achieve this, a
controlled release system was designed to sequentially deliver BMP-2
and VEGF, leveraging their synergistic effects to enhance bone forma-
tion. In our approach, BMP-2 and VEGF were loaded into separate
hydrogel layers. We also hypothesized that embedding GF loaded NPs
into the hydrogels would enable a more controlled and sustained release
of the GFs over an extended period. To evaluate the effect of different GF
immobilization methods on the release profiles, we systematically
compared the release of GFs from various formulations, including, GF
loaded NPs (NPpyp2 and NPyggp), physically entrapped GFs in the
hydrogels with no NPs (B12.5@BMP2 and V12.5@VEGF), and NP
loaded hydrogel bioinks (B12.5@5NPpypy and V12.5@5NPyggr)
(Fig. 7A).

We first investigated the release rate of GFs from NPs. Consistent
with existing literature [41,79], NPs exhibited a biphasic release profile,
with an initial burst release followed by a slower release. The initial
burst release was attributed to the release of GFs weakly attached to the
surface of the NPs and GFs located near the surface of the particle. This
initial burst release is essential for providing the initial loading dose.
This is then followed by prolonged release of the GFs. BMP-2 release
from NPgypo showed that approximately 20 % of BMP-2 was released
after three days (Fig. 7B), with 41.2 % and 55.7 % released by days 7 and
14, respectively, and a cumulative release of 64.9 % at the end of 4
weeks (Fig. 7B). Similarly, VEGF release from NPyggr showed 29 %
release after three days, with 44.6 % and 59.3 % released by days 7 and
14, respectively, reaching 67.16 % at the 4 week mark (Fig. 7C). These
release profiles suggest a compatibility with the typical timeframes
required for bone healing.

Afterwards, we evaluated the release of physically entrapped GFs in
hydrogel matrix (B12.5@BMP2 and V12.5@VEGF). For BMP-2,
approximately 61.3 % and 74.6 % of the encapsulated GF was
released from B12.5@BMP2 on days 7 and 14, respectively, with nearly
97.2 % released by the end of the 4 week incubation period (Fig. 7B). For
VEGF, the release from V12.5@VEGF was faster than from NPVEGF,
with 69.4 % and 81.6 % released on days 7 and 14, respectively, and
100 % released by week 4 (Fig. 7C).

We also examined the release of GFs from NPgr entrapped hydrogels
(B12.5@5NPBMp2 and V1 25@5NPVEGF) For BMP-2 in B1 2.5@5NPBMp2,
the release occurred more gradually, with 6.12 % and 20.61 % released
by days 7 and 14, respectively, and 48.36 % released by the end of 4
weeks (Fig. 7B). For VEGF in V12.5@5NPVEGF, 11.92 % and 26.63 %
were released on days 7 and 14, respectively, with 56.6 % released by
week 4 (Fig. 7C). These results show that GF release from NP loaded
hydrogels occurred more gradually compared to physically entrapped
GFs, with release rates of 21.2 %, 13.9 %, and 3.1 % for BMP-2, and 27.4
%, 12.3 %, and 5.7 % for VEGF after 24 h.

Physical entrapment of GFs or the utilization of micro- or NPs as
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Fig. 7. GF release profiles from hydrogel scaffolds using different immobilization strategies. (A) Schematic illustration of GF release mechanisms, comparing physical
entrapment, NP-mediated loading, and NP-incorporated hydrogel systems. (B) BMP-2 release profiles from: i) Bioink B with physical entrapped BMP-2
(B12.5@BMP2), ii) BMP-2 loaded NPs (NPgpyp2), and iii) BMP-2 loaded NP incorporated Bioink B (B12.5@ 5NPgyp2). (C) VEGF release profiles from: i) Bioink V
with physical entrapped VEGF (V12.5@VEGF), ii) VEGF loaded NP (NPyggr), and iii) VEGF loaded NP incorporated Bioink V (V12.5@5NPyggp). (D) Summary table

of release kinetic parameters.

protein reservoirs are common strategies for GF incorporation into
scaffolds. However, physical entrapment often results in an uncontrolled
burst release followed by degradation-driven release, which can be
partially modulated by adjusting the material’s degradation rate. In this
study, the release of VEGF was faster than BMP-2, which can be
attributed to the faster degradation rate and higher swelling of the V12.5
Bioink compared to the B12.5 Bioink. On the other hand, incorporating
GF loaded NPs into the hydrogels enabled more precise control over GF
release, resulting in long-term, sustained release profiles.

The release kinetics of BMP-2 and VEGF from NP-loaded hydrogels
were best described by the Higuchi and Korsmeyer-Peppas models, as
shown in Fig. 7D. For the Korsmeyer-Peppas model, the release expo-
nent (n) value > 0.5 indicates “Non-Fickian Diffusion,” meaning the
release is governed by both diffusion and matrix erosion [80,81]. In
addition, the Higuchi model refers to diffusion-controlled release. Here,
diffusion is due to the potential gradient of the drug molecule and
erosion is due to stress conditions [81,82]. In similar, the Higuchi model
was applicable to the release of GFs from physically entrapped hydro-
gels, where the release is driven by diffusion through the hydrogel pores,
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which depends on the size and interconnectivity of the pores. For NP-
loaded hydrogels, the release profiles best fit the zero-order and
Hixson-Crowell models. The zero-order model is particularly useful for
drug delivery systems because it delivers the drug at a constant rate over
time, making it ideal for long-term, sustained GF release [83]. The
Hixson-Crowell model describes release governed by dissolution pro-
cesses, where the drug release is controlled by changes in the scaffold’s
surface area and diameter, with less contribution from diffusion [84].
The release from bilayer hydrogel scaffolds loaded with NPs was also
zero-order and Hixson Crowell, similar to monolayer scaffolds.

Based on findings of rheological, mechanical, and GF release studies,
we conducted in vitro cell culture studies and in vivo studies using NPgg
incorporated formulations.

3.3. Cell culture

3.3.1. Invitro cell adhesion studies
To verify our hypothesis and assess the stimulatory effects of GFs
(BMP-2 and VEGF) and bioink solutions on cell viability, proliferation
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and spreading (OBs and ECs), we conducted a series of cell adhesion
studies. As shown in the DAPI-Actin stained images (Fig. 8A and B), both
OBs and ECs displayed fully spread morphologies after adhesion to
Bioink B (B12.5 or B12.5@5NPgyp2) and Bioink V (V12.5 or
V12.5@5NPyggr). The incorporation of NPgyps and NPyggr into the
bioinks significantly enhanced cellular spreading compared to the
pristine bioinks.

After 7 days of culture, OBs and ECs cultured in hydrogels without
NPggs showed a 5.36-fold and 4.29-fold increase in proliferation,
respectively. In contrast, hydrogels containing NPggs exhibited a 6.11-
fold and 5.17-fold increase, highlighting the supportive role of GFs in
promoting cellular activity. The metabolic activity and cell proliferation
were subsequently assessed using the PrestoBlue assay. Both OBs and
ECs demonstrated robust growth and continuous proliferation, with the
inclusion of NPBMP2 and NPVEGF leading to significantly higher pro-
liferation rates (Fig. 8C and D). After 7 days of culture, OBs and ECs
cultured in hydrogels without NPggs showed a 5.36 fold and 4.29 fold
increases in proliferation, respectively. In contrast, hydrogels containing
NPgrs exhibited a 6.11 fold and 5.17 fold increases, highlighting the
supportive role of GFs in promoting cellular activity. Additionally, it is
well-documented that osteoblast activity increases with the mechanical
stiffness of the hydrogel matrix. Consistent with this observation, our
results demonstrated an increase in cell proliferation with higher GelMA
content in the bioink formulations. These findings emphasize the syn-
ergistic effects of GFs and hydrogel properties on cellular behavior,
underscoring their potential for advanced tissue engineering
applications.
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3.3.2. Invitro cell encapsulation studies

Following examining cell adhesion behavior on the hydrogel scaf-
folds, OBs and/or ECs were encapsulated into the monolayer hydrogel
scaffolds to evaluate their viability and proliferation. Cell viability was
assessed using the Live/Dead assay, revealing high viability for both cell
types in all layers post-encapsulation (Fig. 9A, B). These results suggest
that the 3D hydrogel structure effectively facilitates nutrient diffusion.
Furthermore, the cell counts were notably higher in groups containing
NPgr compared to pristine bioinks.

The proliferation of encapsulated OBs and ECs was quantified at days
1, 3, and 7 using the PrestoBlue assay. After 7 days, proliferation of OBs
increased 6.13 fold and 6.96 fold within B12.5 and B12.5@5NPgypa
hydrogels, respectively (Fig. 9C). Similarly, ECs exhibited a 7.12 fold
and 8.27 fold increases in proliferation in V12.5 and V12.5@5NPyggr
hydrogels, respectively, at day 7. Furthermore, when OBs and ECs were
co-cultured in a bilayer hydrogels, proliferation reached 8.39 fold and
6.85 fold increases for hydrogels with and without NPgg, respectively,
after 7 days. For all conditions, proliferation gradually increased over
time, with a sharp rise at day 3 compared to day 1 (p < 0.0001). The
enhanced effect of NPgr on proliferation became more pronounced at
day 7, consistent with in vitro GF release data.

More importantly, the bilayer hydrogels revealed higher prolifera-
tion compared to monolayer scaffolds, attributed to the potential syn-
ergistic effect of VEGF and BMP-2, as well as interactions between OBs
and ECs. VEGF has been shown to indirectly promote OB differentiation,
acting synergistically with BMP-2 [17-19,85]. Our results confirm that
the combined use of BMP-2 and VEGF accelerates cellular attachment,
growth, and proliferation. To further evaluate cellular morphology,
actin filaments were immunofluorescent labeled to examine cells’
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Fig. 8. In vitro cell adhesion and viability on GF-loaded bioinks. (A) Adhesion of OBs on Bioink B (B12.5) and NPgyp, incorporated Bioink B (B12.5@5NPgypo) at
days 1, 3, and 7. (B) Adhesion of ECs on Bioink V (V12.5) and NPyggr incorporated Bioink V (V12.5@5NPyggr) at days 1, 3, and 7. (C) PrestoBlue assay results for
OBs cultured on Bioink B (B12.5 and B12.5@5NPgyp2) across the same time points. (D) PrestoBlue assay results for ECs cultured on Bioink V (V12.5 and
V12.5@5NPyggr) at days 1, 3, and 7. (ns: p > 0.05,*p < 0.05, ***p < 0.001; ****p < 0.0001; One-Way ANOVA, Tukey’s Multiple Comparison Test.)
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Fig. 9. Live/Dead assay and cell viability of OBs and ECs on NPgy loaded bioinks. (A) Live and dead assay of OBs laden Bioink B (B12.5) and NPgyp2 incorporated
Bioink B (B12.5@5NPgyp2) at days 1, 3, and 7. (B) Live and dead assay of ECs laden Bioink V (V12.5) and NPyggr incorporated Bioink V (V12.5@5NPyggr) at days 1,
3, and 7. (C) The PrestoBlue results for: i) OBs laden Bioink B (B12.5and B12.5@5NPgyp»), ii) ECs laden Bioink V (V12.5 and V12.5@ NPyggr), and iii) Bilayer
hydrogel composed of OBs laden Bioink B and ECs laden Bioink V (B12.5/V12.5 and B12.5@5NPgyp2/V12.5@5NPyggr) at days 1, 3, and 7. (ns: p > 0.05,*p < 0.05,
**p < 0.01; ***p < 0.001; ****p < 0.000; One-Way ANOVA, Tukey’s Multiple Comparison Test.)

skeletal structures in bone mimetic and vascular mimetic hydrogel
scaffolds (Fig. 10A and B). Morphological analysis using DAPI and F-
actin staining showed that both OBs and ECs initially displayed spherical
shapes but adopted a more spread morphology over time. Cells encap-
sulated in NPgp-containing hydrogels exhibited better spreading
compared to those in pristine bioinks. Co-culture conditions in bilayer
hydrogels also promoted superior cell spreading.

The cellular features such as mean cell area and cell aspect ratio were
calculated to indicate the morphological characteristics of the cells. Cells
encapsulated in NPgr embed bioinks exhibited larger cell spreading area
than those encapsulated in pristine bioinks (Fig. 10C). Cells encapsu-
lated in NPgp containing bioinks displayed a 1.55-fold and 1.49-fold
larger spreading area for OBs and ECs, respectively, compared to pris-
tine bioinks by day 7 (p > 0.05). Notably, spreading areas in bilayer
hydrogels with NPgp were significantly higher at days 3 (p < 0.01) and 7
(p < 0.0001) compared to day 1.
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3.4. In vivo studies

To assess the in vivo regenerative potential of the designed scaffolds,
a non-healing critical sized full-thickness defect (5 mm in diameter) was
created bilaterally in the calvarial bone in Balb-C mice (Fig. S9). The
defects were randomly divided into four experimental groups and filled
with V125@5NPV'EGF: B12.5@5NPBMp2, Bilayer@NPGF
(B12.5@5NPgp\p2/V12.5@5NPyggr), or left untreated as a negative
control. Bone regeneration was assessed at 8 and 12 weeks post-surgery,
with calvarial bones extracted for analysis (Figs. S10 and S11). Histo-
logical and immunohistochemical evaluations were performed using
H&E, Masson’s trichrome, and TB stains and antibodies against COL—I,
and OCN at eight and twelve weeks after surgery (Figs. 11 and 12).

Histological results showed no inflammatory cells or tissues in the
scaffold-treated groups, confirming the excellent biocompatibility of the
scaffolds. In the untreated control group at 8 weeks, the defect areas
were predominantly filled with fibrous tissue, with no significant bone
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Fig. 10. Rhodamine-Phalloidin and DAPI staining of OBs and ECs laden bioinks. (A) Representative images of i) OBs laden Bioink B (B12.5), ii) ECs laden Bioink V
(V12.5), and iii) OBs and ECs laden bilayer hydrogel (B12.5/V12.5) at days 1, 3, and 7. (B) Representative images of i) OBs laden NPgyp, incorporated Bioink B
(B12.5@5NPgpp»), ii) ECs laden NPyggr incorporated Bioink V (V12.5@5NPyggr), and iii) OBs and ECs laden NPgp incorporated bilayer hydrogel (B12.5@5NPgypa/
V12.5@5NPyggr) at days 1, 3, and 7. (C) The cell area and (D) The cell aspect ratio (long/short axis) of the i) OBs laden Bioink B (B12.5 and B12.5@5NPgyp»), ii) ECs
laden Bioink V (V12.5 and V12.5@5NPyggr), and iii) bilayer hydrogel composed of OBs laden Bioink B and ECs laden Bioink V (B12.5/V12.5 and B12.5@5NPgypa2/
V12.5@5NPyggr) at days 1, 3 and 7. (ns: p > 0.05,p < 0.05, **p < 0.01; ****p < 0.0001; One-Way ANOVA, Tukey’s Multiple Comparison Test.)

formation or vascularization (Fig. 11). In contrast, the B12.5@5NPgyps
group exhibited newly synthesized bone matrix and enhanced vascu-
larization compared to the control group after 8 weeks (p < 0.0001). The
V12.5@5NPyggr and Bilayer@NPgr groups demonstrated significantly
higher vascularization scores than B12.5@5NPgyp2 (p < 0.0001), with
the Bilayer@NPgr group achieving slightly greater vascularization than
V12.5@5NPyggr (p > 0.05). Newly formed small bone trabeculae were
detected in the Bilayer@NPgp group, whereas bone formation was ab-
sent in the V12.5@5NPyggr group at 8 weeks. Overall, bone formation
scores were highest in the B12.5@5NPgyp, and Bilayer@NPgr groups
(p < 0.0001).

At 12 weeks, vascularization increased significantly in the
B12.5@5NPgyp2 and Bilayer@NPgp groups compared to the 8-week
groups (p < 0.0001). However, the vascularization of the 12-week

V12.5@5NPyggr was similar to that of the 8-week V12.5@5NPyggr
group (p > 0.05) (Fig. S12). Capillary formation in the Bilayer@NPgp
group was more extensive than in the V12.5@5NPyggr and
B12.5@5NPgyp2 groups (p < 0.0001) (Fig. 12). In the untreated control
group, bone formation remained absent at 12 weeks, similar to the 8-
week control group (p > 0.05). On the contrary, bone formation
significantly increased in all scaffold-treated groups compared to their 8-
week counterparts (p < 0.0001) (Fig. S10). 12-week Bilayer@NPgg
group exhibited large trabeculae and a well-organized bone matrix
surpassing the V12.5@5NPyggr and B12.5@5NPgype group in bone
regeneration (p < 0.0001) (Fig. 12).

To assess new bone formation and the expression of proteins indi-
cating osteogenic progression, immunohistochemistry was performed.
Immunohistochemical staining for COL-I and OCN revealed higher
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Fig. 11. Histological and immunohistochemical analysis of calvarial tissue sections at 8 weeks post-surgery. (A) Representative photomicrographs of calvarial tissue
sections in the experimental groups (control, B12.5@5NPgyps, V12.5@5NPyggr, and bilayer (B12.5@5NPgpp2/V12.5@5NPyggr)) stained with H&E, Masson’s tri-
chrome, and Toluidine blue stains, and immunostained for COL-I and OCN. Defect region (1), fibrous tissue (&), vascularization (v), bone formation (<) and
immunopositive areas (¥) are seen. Scale Bars: 100 pm. (B) Graphs showing the neovascularization and new bone formation score at 8 weeks post-surgery (ns: p >

0.05; *
version of this article.)

expression levels in scaffold-treated groups compared to controls. COL-I
expression was moderate at 8 weeks (Fig. 11) and intense at 12 weeks
(Fig. 12) in the B12.5@5NPBMp2, V12.5@5NPVEGF, and Bilayer@NPGF
groups, with the Bilayer@NPgr group showing the strongest immuno-
reactivity. OCN expression, a late marker of osteoblast maturation, was
moderate in the control group but strong in all scaffold-treated groups at
both time points. The robust expression of COL-I and OCN in the
scaffold-treated groups highlights their ability to promote osteogenic
differentiation and extracellular matrix (ECM) formation [86,87]. These
findings suggest that all three 3D bioprinted scaffold types effectively
support bone regeneration. Among them, the Bilayer@NPgr exhibited
superior vascularization, bone formation, and osteogenic differentia-
tion, underscoring its potential as a functional alternative for repairing
critical-sized calvarial defects. The combined delivery of BMP-2 and
VEGF in the bilayer hydrogel appears to synergistically enhance bone
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healing, making it a promising strategy for advanced tissue engineering
applications.

4. Conclusion

Bone microenvironment is a highly complex and dynamic system
where ECM molecules, cells, and GFs interact to modulate new bone
formation. The introduction of osteogenic and angiogenic cues, such as
cells and GFs, is essential for effective osteogenesis. In particular,
controlled release of exogenous GFs such as BMP-2 and VEGF plays a
vital role in the success of biomimetic bone scaffolds. NPs with an
average size of 147.9 nm (PDI: 0.101) were synthesized using a micro-
fluidic platform, and it is demonstrated that parameters such as flow
rate, channel diameter, polymer concentration, and surfactant concen-
tration could effectively control particle size and, consequently, GF
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release profiles. Bioink formulations were systematically optimized, and
the incorporation of NPs to bioinks enhanced the bioinks’ printability,
mechanical properties, surface roughness, degradability, and GF release
characteristics. In this study, we developed a 3D bioprinted bilayer
scaffold with a sequential release of GFs using an extrusion-based dual
bioprinter using extrusion based dual bioprinter. The release of BMP-2
or VEGF from single-layer scaffolds promoted significant cellular pro-
liferation. Notably, the dual cytokine release in bilayer scaffolds showed
superior cell proliferation and spreading compared to single layer scaf-
folds. VEGF release amount was particularly effective in the first week,
aligning with the natural cascade of bone repair, and maintained
beneficial levels over an extended period. In an in vivo calvarial defect
model, bilayer scaffolds facilitated superior new bone formation
compared to scaffolds containing single GF. This result highlights the
importance of synergistic osteoinductive and angiogenic signaling in
promoting functional bone regeneration. Taken together, bilayer scaf-
folds with controlled release of osteogenic and angiogenic factors
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represent a promising strategy for enhancing bone repair. Their ability
to mimic the sequential signaling of natural bone healing makes them a
viable option for advancing tissue engineering and regenerative medi-
cine applications.
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