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Abstract 

Extrusion-based three-dimensional (3D) printing of gelatin (Gel) is crucial for fabricating bone tissue engineering 
scaffolds via additive manufacturing. However, the thermal instability of Gel remains a persistent challenge, as it 
tends to collapse at mild temperatures. Current approaches often involve simply mixing Gel particles with various 
materials, resulting in biomaterial inks that lack uniformity and have inconsistent degradation characteristics. In this 
study, acetic acid was used to dissolve Gel and polycaprolactone (PCL) separately, producing homogeneous Gel/
PCL dispersions with optimal pre-treatment performance. These dispersions were then combined and hybridized 
with nano-hydroxyapatite (n-HA) to create a composite printing ink. By evaluating the printability of the ink, the opti-
mal conditions were identified: a n-HA concentration of 50% (w/w), a printing temperature of 10–15 ℃, a printing 
pressure of 2.5 bar, and a printing speed of 7 mm/s. The resulting biomaterial inks, with a composition of 25% Gel, 
25% PCL, and 50% n-HA, demonstrated excellent printability and stability, along with significantly enhanced mechani-
cal properties. As a result, 3D scaffolds with high printability and shape fidelity can be printed at room temperature, 
followed by deep freezing at -80 ℃ and cross-linking with vanillin. The Gel-based composite scaffolds demonstrated 
excellent biocompatibility, cell adhesion, cell viability and nano-hydroxyapatite absorption in vitro. Additionally, in 
vivo experiments revealed that the bioactive scaffold biodegraded during implantation and significantly promoted 
bone regeneration at the defect site. This provides a promising strategy for treating bone defects in clinical setting. In 
conclusion, the Gel/PCL/n-HA biomaterial inks presented here offer an innovative solution for extrusion bioprinting 
in the field of bone tissue engineering.
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1 Introduction
Tissue engineering has become a clinical reality for the 
repair of various tissues, including cartilage, bone, liver, 
kidney, blood vessels, and skeletal muscle [1]. Extrusion 
bioprinting is widely used to fabricate complex and het-
erogeneous constructs for bone tissue engineering [2, 3]. 
In recent years, a range of 3D printable tools has been 
developed, with some now commercially available [4]. 
However, only a limited selection of biomaterials meets 
the necessary physicochemical criteria to serve as suit-
able ’inks’ for printing [5]. Advancements in extrusion-
based 3D printing for bone tissue engineering scaffolds 
rely heavily on the design of 3D printable biomaterials. 
Modern bone tissue engineering methods aim to use bio-
materials that provide a biocompatible or even bioactive 
platform for tissue regeneration [6]. Despite significant 
progress, identifying qualified biomaterial inks remains 

challenging due to the conflicting requirements of print-
ability, shape fidelity, and cell viability [7–9].

Bone tissue is a type of mineralized connective tissue 
primarily composed of calcium phosphate and type I col-
lagen proteins [5, 10–12]. Gelatin (Gel), derived from col-
lagen by breaking down its triple helical structure [11], 
is more hydrophilic and less immunogenic than collagen 
due to its increased reactive groups and reduced poten-
tial pathogens after degradation [13]. Additionally, Gel 
contains the specific cell adhesion sequence arginine-
glycine-aspartic acid (RGD), which is the recognition 
site for integrins. This sequence plays a crucial role in 
regulating interactions between cells and the extracellu-
lar matrix (ECM), supporting bone tissue formation [14]. 
Some researchers have developed 3D printed Gel scaf-
folds with aperture diameters ranging from 400 to 800 
μm, observing that the mechanical properties improved 
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with higher Gel solution concentrations [15]. Cells 
adhered and proliferated well within these Gel scaffolds. 
Further studies revealed that fibroblast growth acceler-
ated when the pore size exceeded 580 μm and the poros-
ity was greater than 83% [16]. Despite these advantages, 
extrusion-based 3D-printed Gel scaffolds have not been 
extensively studied. The use of Gel in biological scaffolds 
is limited by its low mechanical strength, rapid enzymatic 
degradation, and poor solubility at high concentrations. 
To enhance the mechanical properties, prolong degra-
dation time, and broaden the applications of Gel, strate-
gies such as crosslinking, chemical grafting, or blending 
Gel with other polymer materials are needed [16]. For 
example, methacrylated gelatin (GelMA) is a modified 
Gel that mainly consists of methacrylamide and meth-
acrylate groups [17]. Despite its photoinitiated cross-
linking characteristics, Gel faces significant challenges 
as printing ink, such as clogging and producing uneven, 
cracked scaffold fiber lines. To address these issues, 3D 
scaffolds combining Gel and alginate, can be enhanced 
with varying amounts of hyaluronic acid (HA) and nano-
hydroxyapatite (n-HA) for bone tissue engineering. How-
ever, this approach involves a two-step cross-linking 
process, which significantly complicates the prepara-
tion. Additionally, the problem of Gel’s rapid degradation 
remains unresolved. Polycaprolactone (PCL), an FDA 
approved synthetic polymer, offers a promising solution. 
It is biocompatible, cost-effective, and has a relatively 
slow degradation rate, ranging from months to years [18]. 
PCL is soluble in many organic solvents, such as meth-
ylene chloride, making it suitable for extrusion-based 3D 
printing of scaffolds [19]. Integrating PCL can enhance 
the mechanical properties and longevity of Gel-based 
scaffolds, addressing key limitations in their application 
for bone tissue engineering. However, PCL often lacks 
cell-binding sites and is hydrophobic [20]. Additionally, 
its semi-crystalline nature results in a slow degradation 
rate taking over three years to fully degrade under in vivo 
conditions [21]. Therefore, it is essential to prepare a Gel/
PCL dispersion with appropriate properties for 3D bio-
printing, ensuring good printability and functionality.

In previous studies, Gel particles were uniformly dis-
persed into a PCL solution, and n-HA was added to pre-
pare 3D printing ink. Compared to PCL/n-HA scaffolds, 
the composite scaffolds exhibited improved cell orien-
tation effects and osteogenesis. In extrusion-based 3D 
printing, dichloromethane (DCM) is commonly used to 
dissolve PCL, serving as the main component of printing 
inks for creating bone tissue engineering scaffolds [22]. 
Unfortunately, Gel cannot be dissolved in DCM simul-
taneously with PCL, resulting in Gel existing in granular 
form within the PCL. PCL remains a single and inde-
pendent polymer component when mixed with Gel and 

n-HA particles, which can result in the lack of uniformity 
in the biomaterial ink. PCL  (C6H10O2) is a semi-crystal-
line linear polymer, and its structural unit has 5 non-
polar methylene -CH2 moieties and a polar ester -COO-. 
PCL is a polar polymer that can be dissolved in the polar 
solvent DCM [23]. When dissolved, the semi-crystalline 
PCL reaches a rubber state, and as DCM quickly evapo-
rates, PCL rapidly cures during the 3D printing process 
[21]. In contrast, Gel, an amphoteric colloid, is insoluble 
in DCM, ethanol, ether, chloroform and most other non-
polar organic solvents, limiting its combination with PCL 
for extrusion 3D printing. Abdulah M. et  al. reported 
the use of a formic/acetic acid mixed solvent to dissolve 
PCL, Gel, bacterial cellulose (BC), and n-HA, enabling 
the printing of a 3D multi-component hydrogel compos-
ite scaffold. Inspired by this, a new solvent system using 
acetic acid was designed for 3D printing ink. Acetic acid, 
being a greener chemical, produces rich carboxylic acid 
groups. PCL can be dissolved in acetic acid, and Gel, as 
an amphoteric colloid, is also soluble in acetic acid, glyc-
erin, propylene glycol, and other polyol aqueous solu-
tions. Therefore, it is feasible to dissolve both PCL and 
Gel in acetic acid for 3D printing applications.

In a typical extrusion-based printing procedure, a 
biomaterial ink is prepared in solution and extruded 
through a nozzle to form a filament. This filament is then 
deposited onto a collector plate, stacking to create a pre-
designed 3D shape while undergoing solidification, such 
as a sol-gel transition. At this stage, the ink must possess 
sufficient physical strength to maintain the shape of the 
filaments. Maintaining the shape of the filaments using 
only hydrogel biomaterials remains challenging. Bone, 
which comprises both organic and inorganic phases, 
originates from the ordered assembly of collagen fibers 
and hydroxyapatite nanocrystals [24]. To better meet the 
mechanical requirements, various inorganic biomaterials 
have been added to hydrogel biomaterial inks in recent 
years, significantly enhancing their performance [25]. 
Due to their similarity to the mineral phase of the human 
body, inorganic biomaterials such as n-HA, beta-trical-
cium phosphate (β-TCP), and silicate bio-ceramics are 
known for their osteogenic and mineralization effects. 
Most biomaterial inks consist of natural or synthetic pol-
ymers with shear-thinning properties [26]. However, lim-
ited research has been conducted on assessing the use of 
Gel/PCL composite dispersion hybridized with n-HA to 
prepare composite printing ink.

In this research, we aim to present a novel Gel bioma-
terial ink for extrusion bioprinting, specifically for bone 
tissue engineering scaffolds. The biomaterial ink is based 
on Gel/PCL dissolved by acetic acid. The extrusion-based 
3D printing ink involves creating an optimal PCL/Gel/n-
HA dispersion with excellent processability. By analyzing 
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the printability of the ink, the most suitable n-HA con-
centration, printing temperature and other parameters 
were determined. Subsequently, 3D scaffolds with high 
printability and shape fidelity were printed in a room 
temperature atmosphere, followed by deep freezing at 
-80 ℃ and cross-linking with vanillin. Additionally, their 
printability with complex structures, in vitro biocompat-
ibility, and in vivo osteogenic properties were evaluated, 
demonstrating their versatility and potential for wide-
spread use in bone tissue engineering applications.

2  Materials and methods
2.1  Materials and reagents
Gel (type A, powder, gel strength ~ 300 g bloom) was 
purchased from Sigma Aldrich (China). PCL particles 
(average molecular weight approximately 80,000 g/mol; 
diameter approximately 2 mm) were purchased from 
Yisheng Co., Ltd. (Guangzhou, China). Sodium hydrox-
ide (NaOH), sodium phorhoate tribaric dodecahy-
drate  (Na3PO4·12H2O), and calcium nitrate terahydrate 
(Ca(NO3)2·4H2O) were purchased from Kelong Chemi-
cal Agent Co., Ltd. (Chengdu, China). Vanillin (Chron 
Chemicals Co., Ltd., China) was employed as a cross 
linker. All chemicals and reagents (acetic acid, absolute 
ethyl alcohol, etc., Chron Chemicals Co., Ltd., China) 
used in the experiments were analytical grade.

2.2  Development of 3D printing inks
2.2.1  Solubility analysis
In this study, a biomaterial ink formulation composed of 
Gel, PCL, n-HA, and acetic acid was proposed. By evalu-
ating the solubility of Gel and PCL in acetic acid and the 
printability of the biomaterial inks, an optimal formula 
ratio was selected. This formulation was then used to 
prepare a porous multicomponent bio-nanocompos-
ite scaffold using extrusion 3D printing technology. To 
determine the maximum concentration of the Gel/acetic 
acid and PCL/acetic acid solutions, five concentration 
gradients were designed (10%, 20%, 30%, 40%, and 50%). 
Gel and PCL solutions were prepared by dissolving the 
polymers under constant oscillation at 37 ℃ for 12 h. The 
maximum dissolved amounts of Gel and PCL were then 
identified and selected for further study.

2.2.2  Extrudability analysis
PCL/acetic acid solution was added to the Gel/acetic acid 
solution, and the mixture was stirred vigorously until a 
homogeneous paste was produced. Finally, 25%, 40%, and 
50% (w/w) of n-HA were added and mixed thoroughly to 
obtain 3 kinds of Gel/PCL/n-HA 3D printing inks with 
different n-HA contents [27]. The extrudability was eval-
uated to determine the optimal biomaterial ink formula.

2.2.3  Printability experiments
The printability experiments (1D structures printing 
and 3D structures printing) were carried out while fol-
lowing the same conditions. The dimensions of the sin-
gle layer reversed ‘S’ design were designed on 3D Max. 
The printed reversed ‘S’ structures were analyzed to 
evaluate the printability of biomaterial ink formulations 
after extrusion and to compare the similarity of the 
designed structure and control biomaterial inks.

2.3  Preparation of 3D printed Gel/PCL/n‑HA (GPH) 
composite scaffolds

2.3.1  Model specification
Three kinds of microstructural scaffold models of 
[0°/ 90°/ 0°/ 90°]  (GPH90), [0°/ 60°/ 120°/ 0°/ 60°/ 120°] 
 (GPH60) and [0°/ 45°/ 90°/ 135°/ 0°/ 45°/ 90°/ 135°] 
 (GPH45) were designed using Perfactory RP software. 
In the design, the positive directions of the X and Y 
axes were 0° and 90°, respectively, with the Z axis rep-
resenting the height adjustment direction. The crossing 
angles between fibers on adjacent layers were set to 90°, 
60°, and 45° [28]. Cube scaffolds with a side length of 
15 mm, a height of 6.5 mm, and a pore size of 1.5 mm, 
featuring interconnected 3D pores were designed. The 
layer height was set to 320 μm to ensure optimal depo-
sition and adhesion between adjacent layers.

2.3.2  Fabrication of the scaffolds
Gel/PCL/n-HA 3D printing ink was filled into a 3D 
printing cartridge. Scaffolds were printed using an extru-
sion-based 3D bio-printer (Envisiontec 3D-bioplotter, 
Germany). The lattice scaffolds were fabricated by direct 
deposition through a tapered tip (0.41 mm). By adjust-
ing the printing conditions (temperature and pressure), 
porous scaffolds with a three-dimensional structure were 
prepared. After printing, the Gel/PCL/n-HA scaffolds 
were stored at room temperature, 4 °C, 0 ℃, -20 ℃ or -80 
℃ for 12 h. The scaffolds were cross-linked the next day 
in a 10% (wt) vanillin ethanol solution for 24 h at room 
temperature. The scaffolds were then thoroughly washed 
with purified water and dried in a vacuum oven (DZF-
6090, China) at 37 ℃ for 2 ~ 3 h.

2.4  Characterizations of the 3D printed Gel/PCL/n‑HA 
scaffolds

2.4.1  Morphological analysis
The pore size, pore shape, and general appearance of 
the composite scaffolds were characterized by ste-
reoscopes (SMZ800N, Nikon, Japan). The surface 
morphology of the scaffolds was examined using the 
scanning electron microscope (SEM, Apreo S, Thermo 
Scientific, USA) at 20 kV. Samples for SEM examination 
were sputter-coated with gold before observation.
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2.4.2  Physico‑chemical characterization of scaffolds
The universal testing instrument (Auto-graph AG-IC 
20/50KN, Japan) was used to characterize the compres-
sive strength of three differently shaped scaffolds accord-
ing to the protocol of GB/T 1041-92. A total of three 
specimens in each group with dimensions of 10 × 10 × 8 
mm were measured at a compression speed of 1 mm/min.

The infrared spectra of samples were recorded on a 
Fourier transform infrared spectrometry (FTIR, Inve-
nio R, Bruker, Germany). The raw materials of 3D print-
ing were ground with KBr to prepare tablets employing 
a hydraulic press and the 3D printing ink was laid as a 
membrane. All spectra were recorded using reflectance 
mode (16 scans, scan range 500 – 3500  cm-1, a resolution 
of 4  cm-1). The phase composition and crystallinity of 
samples were analyzed by X-ray diffraction (XRD, PANa-
lytical B. V., Empyrean, Netherlands). The X-ray diffrac-
tograms were recorded at 40 kV and 40 mA using Cu Kα 
in a 2θ range of 5 – 60° with a step of 0.026.

2.5  In vitro experiments
2.5.1  Cell culture
The human osteosarcoma (MG63) cells (a non-trans-
formed cell line that exhibits an osteoblastic phenotype) 
were culture expanded in basal F-12 (Gibco, Life Tech-
nologies, USA) supplemented with 10% (v/v) newborn 
calf serum (NBCS, Gibco, Life Technologies, USA) and 
1% (v/v) penicillin-streptomycin antibiotic solution (MP 
Biomedicals, USA) at 37℃ with 5%  CO2 [29]. The media 
was replaced every 2 – 3 days. Regular subculturing was 
performed using 0.25% trypsin-EDTA (Gibco, Life Tech-
nologies, USA). To evaluate the biological properties of 
the composite scaffolds in vitro, the adhesion and mor-
phology of MG63 cells in direct contact with the scaffolds 
was primarily focused. Each specimen was sterilized with 
ethylene oxide gas. Cells cultured in media for 3 days 
were seeded at a density of 3×104 cells per specimen on 
the top of pre-wetted scaffolds, which were placed in the 
wells of a 24-well cell culture plate (Corning, USA). The 
cell/scaffold constructs were then cultured in a humidi-
fied incubator (37℃, 5%  CO2 and 90% humidity) for 4 
and 7 days.

2.5.2  Cell morphology and attachment
For morphological analysis of the cell attached scaffolds, 
the samples were washed three times with PBS (PH = 
7.4) after removing the medium and then fixed in 2.5% 
glutaraldehyde fixative (Solarbio, China) for 2h. Follow-
ing thorough washing twice with PBS, the scaffolds were 
dehydrated using a graded series of tert-butanol (30%, 
50%, 75%, 80%, 95%, and 100%) and then dried in a vac-
uum oven at a constant temperature of 37 ℃ overnight. 
Once properly dried, the samples were sputter-coated 

with gold and observed using a scanning electron micro-
scope (SEM, Apreo S, Thermo Scientific, USA) at 20 kV.

At specified intervals, cells were washed with PBS (PH 
= 7.4) and fixed with 3.7% formaldehyde for 10 min at 
room temperature. After washing with PBS thrice, the 
cell-seeded scaffolds were stained with Alexa Flour ® 
532 phalloidin (ex/em~531 nm/~554 nm, Invitrogen), 
Mitochondrion-Selective Probes (ex/em~490 nm/~516 
nm, Mito Tracker®, Invitrogen) and Hoechst dyes (ex/
em~350 nm/~461 nm, Invitrogen) for observing cell 
cytoskeleton, mitochondrion and nuclei, respectively. 
Cells were observed using Nikon confocal laser scanning 
microscopy (CLSM, Nikon A1R MP+, Japan).

Cell attachment and apatite entry into cells were char-
acterized using transmission electron microscopy (TEM). 
Briefly, at the end of the incubation period, scaffolds with 
cells were harvested and washed three times with PBS 
(pH = 7.4). They were then fixed in 2.5% glutaraldehyde 
fixative (Solarbio, China) for 2 h. Subsequently, the sam-
ples were dehydrated using a gradient of acetone concen-
trations (30%, 50%, 70%, 80%, 90%, 95%, and 100%). Each 
concentration was applied for 15 min, and the dehydra-
tion using 100% acetone was repeated three times. The 
samples were treated with three penetrant mixtures 3:1 
(v/v) mixture, of dehydrant and phenolic epoxy resin 
(Epon 812) for 30–60 min, 1:1 (v/v) mixture of dehy-
drant and phenolic epoxy resin for 30–60 min, and then 
a penetrant 1:3 (v/v) mixture of dehydrant and phenolic 
epoxy resin for 30–60 min. The permeated samples were 
embedded and heated to prepare embedded samples. 
Ultra-thin slices (70–90 nm) were obtained using the 
Leica EM UC7. The sections were stained with lead cit-
rate solution and 50% saturated uranium acetate solution 
for 15–20 min [30]. The sliced samples were mounted on 
copper meshes and observed using the Tecnai G2 F20 
S-TWIN transmission electron microscope (TEM).

2.6  In vivo experiment
2.6.1  Surgical procedure
3D printed Gel/PCL/n-HA  (GPH90,  GPH60,  GPH45) scaf-
folds (Ф5 mm × 6 mm) were sterilized by ethylene oxide. 
The surgical procedures were conducted following the 
ethical protocols approved by the Ethics Committee of 
the West China Animal Experiment Center of Sichuan 
University. Nine New Zealand white rabbits weigh-
ing between 2.3 and 2.50 kg, comprising both male and 
female rabbits, were randomly divided into three groups, 
with three rabbits in each group. Anesthesia was induced 
using pentobarbital sodium at a dosage of 20 mg/kg of 
body weight. The distal femur was exposed by making an 
incision through the skin and dissecting through the lay-
ers of fascia, muscle, and periosteum. A cylindrical bone 
defect (Ф5 mm × 6 mm) was created in the trochlear 
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groove of the distal femur using an electric drill. The 
incision was then sutured layer by layer. Following the 
surgery, each rabbit received intramuscular injections 
of penicillin (1×105 units per day) for 3 days. Implants 
were harvested for further characterization at 4-, 8-, and 
12-weeks post-surgery.

2.6.2  Micro‑CT imaging and histological examination
At 4-, 8-, and 12-weeks post-surgery, the rabbits were 
euthanized, and their femurs containing the scaffold 
implants were harvested. The samples were fixed with a 
fixative and scanned using microcomputed tomography 
(micro-CT, Viva CT80, SCANCO Medical AG, Swit-
zerland), from which 3D reconstructed images of the 
new bone tissue were obtained. A threshold of 220–280 
was applied to distinguish the scaffold materials, while a 
threshold of 280–1000 was applied to distinguish bone 
tissue. A cylindrical region with a diameter of 5 mm was 
selected at the center of the implanted scaffold area, and 
the 3D reconstructed images of the new bone tissue were 
acquired from approximately 300 axial images. The oste-
ogenesis on and within the porous scaffolds was evalu-
ated using the direct method software integrated with 
the micro-CT, based on the obtained 3D reconstructed 
images.

2.6.3  Histological examination
The samples were decalcified embedded in paraffin and 
sectioned into slices with a thickness of 5 μm. The sec-
tions were stained with hematoxylin and eosin (H&E) 
and Masson trichome and finally observed using an opti-
cal microscope (TE 2000-U Nikon, Japan).

2.7  Statistical analysis
Statistical analysis was carried out using the mean 
± standard deviation (SD). The analysis of variance 
(ANOVA) was used to determine the statistical signifi-
cance among different groups. A p value < 0.05 was con-
sidered statistically significant.

3  Results and discussion
3.1  Biomaterial ink preparation and characterization
Printability, a crucial parameter in evaluating extrusion-
based 3D printing inks, depends significantly on ink 
viscosity. This viscosity is influenced by factors such as 
temperature, ink composition, and component con-
tent during bioprinting [31]. Initially, the optimal solu-
tion concentrations for both polymers were determined 
through a gradient sweep (Fig.  1A). Gel powders and 
PCL particles were dissolved in acetic acid at various 
ratios (10%, 20%, 30%, 40%, 50%; w/v) under constant 
agitation (37 ℃ for 12 h). At concentrations of 10%, 20%, 
and 30%, both Gel and PCL dissolved completely: the 

Gel/acetic acid solution appeared as a yellow transparent 
liquid, while the PCL/acetic acid solution was colorless 
and transparent. However, at concentrations of 40% and 
50%, the Gel powders and PCL particles were not com-
pletely dissolved (□). The viscosity of the polymer solu-
tion increased with both Gel and PCL concentration. To 
ensure optimal printability of the biomaterial inks and 
avoid issues caused by low viscosity, the maximum dis-
solved amounts of Gel and PCL (30%) were selected for 
subsequent experiments. Compared with other PCL/Gel/
BC/n-HA composite scaffolds, the concentration of PCL 
and Gel was improved substantially (from 14% to 30%) 
[32].

The physical gelling of the biomaterial ink formulations 
and the extrusion conditions were evaluated to deter-
mine the optimal component composition at which the 
hydrogels should be printed (Fig.  1B). The free-flowing 
behavior of the solutions indicated poor gelation, while 
a rigid gel indicated that physical gelling had occurred 
[7]. Specifically, the solutions of Gel/acetic acid, PCL/
acetic acid and Gel/acetic acid + PCL/acetic acid flowed 
to the liquid level (marked by the orange dotted line) 
in parallel to the horizontal plane when the bottle was 
inclined, indicating poor fidelity. As the amount of n-HA 
increased, the liquid level gradually became parallel to 
the bottom of the glass bottle, indicating improved fidel-
ity. Extrudability refers to the capability to extrude the 
ink through a nozzle to form a continuous and controlla-
ble filament. Generally, the extrusion of ink from nozzles 
can be characterized in one of four cases: (a) un-extrud-
able, (b) un-continuous (or jetting), (c) continuous yet 
uncontrollable, or (d) continuous and controllable [33]. 
By adjusting the printing parameters, three types of solu-
tions were extruded and their flow characteristics were 
investigated. Gel has high elasticity, causing it to clog 
the needle and prevent printing when pressure is applied 
(cyan arrow). PCL ink showed good flowability and could 
be extruded uniformly with slight pressure. However, the 
fidelity of the PCL ink was poor, it could not maintain its 
shape after extrusion. When PCL was mixed with Gel, it 
failed to extrude into slender and uniform filaments. To 
address these challenges, n-HA, an inorganic biomaterial 
similar to the mineral phase of human bone, was added 
to the Gel/PCL composite solution. The addition of 
n-HA increased the viscosity of the biomaterial ink and 
facilitated gel formation, ultimately furnishing optimal 
printing performance at 50% n-HA (green arrow). This 
addition also enhanced the stiffness of the biomaterial 
ink by reducing the elasticity of the Gel.

Temperature and the addition of inorganic materials 
are crucial parameters affecting viscosity in 3D printing. 
Typically, viscosity increases with the amount of ceramic 
filler and decreases with temperature. Researchers have 
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Fig. 1 Printability of Gel/PCL/n-HA biomaterial inks. A Dissolution of Gel/acetic acid and PCL/acetic acid at different concentrations. B Gelling 
and extrusion condition of the biomaterial inks at different component compositions. The orange dotted line illustrates the surface level 
of the material in the sample bottle. C Printability profiles of inks with different n-HA contents whereas the green error symbol  indicates 
that the needle is blocked. The blue triangle  indicates difficulties in smooth extrusion, the red circle  denotes smooth extrusion 
of the ink, and the yellow square  signifies inability to form extrusion. The green, blue, and yellow colors represent an unstable state, 
and the red color indicates a stable state. D Screening the optimal printing rate and printing pressure. The yellow dotted box signifies the optimal 
printing condition
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developed methods to assess the printability range, cat-
egorized by symbols representing printability errors 
(green), unstable printing (triangles in blue), stable print-
ing (circles in red), and non-printing (squares in yellow) 
[34]. Through comparative analysis of ink printability 
profiles with varying n-HA contents under different 
pressure and temperature conditions, it was found that 
the ink containing 50% n-HA exhibited the most stable 
behavior. This concentration was optimal for producing 
binder fibers and achieving fully stacked layers in the 
printed scaffolds.

To meet the rheological requirements for solid fila-
ment formation during the extrusion process, the print-
ing ink should turn from a sol status to a proper gel status 
when being extruded from the printing ink cavity onto 
the printing platform. The Gel is a temperature-sensitive 
material and is subjected to reversible sol-gel phase tran-
sition upon temperature elevation to room temperature. 
When the temperature surpasses the gel point of Gel, 
it begins to dissolve, leading to a decrease in viscosity, 
which is unfavorable for subsequent extrusion molding. 
From further analysis of the printing ink with 50% n-HA 
content, the most suitable printing temperature range 
was determined to be 10–15 ℃.

Further, the viscosity of the inks determines the pres-
sure and speed required for extrusion. Appropriate pro-
cess parameters ensure the fabrication of well-defined 
filaments, while mismatched biomaterial ink viscosity 
and process parameters can lead to irregular filaments. 
Based on previous research findings regarding printing 
pressure, it was hypothesized that the optimal pressure 
was 3 bar and the corresponding optimal printing speed 
was then ascertained. As depicted in Fig.  1D, when the 
printing speed was too slow (e.g., 2 mm/s), excess ink 
accumulated in one spot, resulting in filament diameters 
larger than the set value. Conversely, when the print-
ing speed was too fast (e.g., 12 mm/s), the extruded ink 
couldn’t deposit completely on the receiving plate, caus-
ing filament breakage. After determining the optimal 
printing speed, the corresponding optimal printing pres-
sure was then determined. Ultimately, the optimal condi-
tions were established at a linear speed of 7 mm/s and a 
printing pressure of 2.5 bar.

3.2  Evaluation of printability and 3D construct formation
The development of 3D printing ink should focus on sys-
tematically evaluating methods to achieve structures with 
high fidelity, resolution, and accuracy. Key factors affect-
ing the transition from printing lines in 1D to printing 3D 
structures must be carefully considered. Figure 2A illus-
trates the shapes of printed lines with acute angles (45°), 
right angles (90°), and obtuse angles (120°) under identi-
cal parameters. Currently, printing quality is poorer with 

acute angles compared to obtuse and right angles, often 
resulting in overlapping issues. In this study, this problem 
was addressed by adjusting printing process parameters 
such as air pressure and speed (blue arrow). This adjust-
ment minimized ink accumulation at acute angle corners, 
resulting in smooth, robust filaments across all three 
angles with high fidelity and no collapse.

The aim of analyzing the printed reversed ‘S’ structures 
was to effectively observe the dimensional accuracy and 
consistency exhibited by the biomaterial ink formulations 
with respect to the dimensions of the designed structure 
(Fig. 2B1-B4). The degree of similarity of the printed con-
struct with the intended design is referred to as printing 
accuracy. The dimensions of the single-layer reversed ‘S’ 
designed created in 3D Max consisted of three long lines, 
each 15 mm in length, connected by two 5 mm short lines 
at opposite ends (Fig.  2B1). Analysis of the lengths (L) 
and widths (S), as well as the start and end points of Gel/
PCL/n-HA biomaterial ink formulations, determined the 
printability outcomes. Throughout the printing process, 
there was only a minor initial discrepancy (yellow dot-
ted line), the rest of the print path however followed the 
computer designed trajectory. After the printing process, 
there was no excessive material deposition (red circle). In 
high-magnification images, the material was uniformly 
extruded at corners (B3) and straight lines (B4), form-
ing filaments of consistent width. The structural integrity 
of the biomaterial ink filaments was tested by printing a 
continuous line over pillars with predefined gaps of 18, 
10, 6, 4, and 3 mm (Fig. 2B5).

Since bone is a complex 3D structure that provides 
mechanical support, to design an ideal scaffold for bone-
tissue regeneration, one must consider the optimum 
mechanical properties of the scaffold. The mechanical 
property is a function of both the material’s inherent elas-
tic modulus and the scaffold’s architecture. Therefore, the 
mechanical properties of porous scaffolds can be tailored 
by altering their architecture. In this study, three kinds 
of microstructural scaffold models of [0°/90°/0°/90°], 
[0°/60°/120°/0°/60°/120°] and [0°/45°/90°/135°/0°/45°/
90°/135°] were designed using Perfactory RP software 
(Fig. 2C-path design). The positive directions of the X and 
Y axes were set at 0° and 90°, respectively, while and the Z 
axis controlled the vertical adjustments [35]. The angles 
at which fibers crossed between adjacent layers were 
90°, 60°, and 45°. Following the completion of the design 
phase, Gel/PCL/n-HA scaffolds were fabricated layer by 
layer using an extrusion-based 3D printer. The pore size 
and interconnected porosity were critical factors in scaf-
fold design. Increasing porosity can reduce mechanical 
strength but is essential for facilitating cell migration, 
proliferation, nutrient diffusion, oxygen availability for 
cell viability, and scaffold vascularization [36]. Studies 
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Fig. 2 High-fidelity 3D printing of Gel/PCL/n-HA ink. A Line shape of acute, right, and obtuse angle printing. Blue arrow: the stack in the corner. 
B Reversed ‘S’ design, (B1) 3D design as seen in 3D Max, and representation of dimensions of the design. (B2-B4) Photographs showing printed 
reversed ‘S’ design. Yellow dotted line: missing part. Red dotted circle: deposition of material. (B5) Bracing stability of printing filament. C Final form 
of 3 kinds of scaffolds  (GPH45,  GPH60,  GPH90)
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indicate that implants with apertures > 300μm exhibit 
superior osteogenic effects [37]. Based on relevant stud-
ies and considerations specific to the printing process, 
cubic scaffolds were designed with dimensions of 15 mm 
side length, 6.5 mm height and a pore size of 1.5 mm, 
featuring interconnected three-dimensional pores [38]. 
Ultimately, three types of 3D scaffolds  (GPH45,  GPH60, 
 GPH90) were successfully fabricated (Fig. 2C-final form).

3.3  Curing and formation of GPH scaffolds
Similar to A. Kumar’s study [39], the results from this 
study showed that the freshly fabricated completed GPH 
scaffolds gradually collapsed at room temperature, lost 
the through-hole structure, and dissolved during water 
immersion (Fig. 3①). Inspired by the work of A. Kumar 
[39], the GPH scaffolds were cured by freezing (4 ℃, 0 
℃, -20 ℃ and -80 ℃) to prevent the collapse. After being 
frozen for 12 h, the GPH scaffolds dissolved upon soak-
ing in water at room temperature, causing them to lose 
their 3D shape (Fig.  3②). The Gel dissolves in aqueous 
solutions. Crosslinking enhances both the thermal and 
mechanical stability of the Gel. The current research 
demonstrated that vanillin aldehyde, used as a crosslink-
ing agent, is non-toxic and biocompatible. After freezing, 

the scaffolds were crosslinked with vanillin in an ethanol 
solution. The overall process is illustrated in Fig. 3. Ulti-
mately, scaffolds frozen at 4 ℃, 0 ℃, and -20 ℃ collapsed 
in water at room temperature (Fig. 3③), whereas only the 
scaffolds frozen at -80 ℃ maintained stability for more 
than 3 days (Fig. 3④).

First, GPH scaffolds in a natural environment were 
prepared by extrusion-based 3D printing. Infrared spec-
tra of acetic acid, PCL, Gel, and n-HA (Fig. 4(a)) showed 
characteristic patterns of newly printed GPH scaffolds, 
which included the symmetric and asymmetric vibra-
tion of the -CH2 group at 2943  cm-1 and 2865  cm-1 [40]. 
The peak at 1721  cm-1 was assigned to the C=O bonds 
of the ester group, while the peak at 1162  cm-1 was 
assigned to -C-O-C- asymmetric stretching [41]. There 
was a characteristic peak of Gel at 1643  cm-1, attributed 
to amide I (C=O stretching), and another peak at 1540 
 cm-1 corresponding to amide II (N-H and -CH2). Fur-
ther, characteristic absorption peaks from  PO4

3- groups 
in the n-HA crystals were observed at 1026  cm-1. Acetic 
acid, as the solvent, exhibited its characteristic peak at 
1700  cm-1. Common chemical reactions among organ-
ics are substitution reactions, addition reactions, elimi-
nation reactions, polymerization reactions and redox 

Fig. 3 Schematic diagram representing freezing and cross-linking of GPH scaffolds (a) Distribution of Gel’s molecular chains at room temperature 
(RT: 20–30 ℃). b Molecular chains of Gel following freezing. c Molecular chains of Gel following vanillin crosslinking. ①-④: State of GPH scaffolds 
(obtained through different cross-linking conditions) after soaking in water
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reactions. Since the side chain of the PCL molecular 
chain consists mainly of stable -CH2 groups, all experi-
mental processes occurred under normal temperature 
and pressure conditions. Furthermore, Gel dissolved in 
acetic acid only changed its three-dimensional confor-
mation without affecting the molecular chain. Hence, 

no chemical reaction occurred between Gel and PCL, 
as confirmed by FTIR showing their characteristic 
peaks. The XRD patterns of the 3D printed ink revealed 
the crystal structure of PCL, with characteristic peaks 
observed at 2θ = 21.2°, 21.9°, and 23.6° correspond-
ing to the (110), (111), and (200) planes, respectively. 

Fig. 4 FTIR and XRD graphs of GPH scaffolds at different stages. a Freshly fabricated 3D scaffolds. b Scaffolds after being frozen at different 
temperatures. c Scaffolds after cross-linking by vanillin
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For n-HA, peaks appeared at 2θ = 26.3° and 31.6°, cor-
responding to the (002) and (211) crystal planes [42]. 
In contrast, Gel displayed no crystalline peaks but 
exhibited a broad halo peak, indicating its amorphous 
structure. PCL is a semi-crystalline polymer, while 
hydroxyapatite adopts a hexagonal crystal system struc-
ture, explaining the observed crystallization characteris-
tics in the XRD pattern.

Similar to the spectra of the 3D printing ink mate-
rial at room temperature, scaffolds cured at different 
low temperatures (4 ℃/0 ℃/-20 ℃/-80 ℃) (Fig.  4(b)) 
showed the characteristic peaks of each component at 
2943  cm-1 (symmetric vibration of the -CH2), 2865  cm-1 
(the asymmetric vibration of -CH2), 1634  cm-1 (amide 
I), 1540  cm-1 (amide II) and 1026  cm-1  (PO4

3-), which 
implied that no changes have been introduced in the 
composition of the scaffold during freezing [43].

Meanwhile, the XRD patterns of the scaffolds at vari-
ous low temperatures consistently exhibited the char-
acteristic peaks of each component of the printing ink, 
indicating that the crystal structure of each component 
remained unchanged following freezing treatment. The 
gel is a thermo-reversible cross-linking material capable 
of maintaining its stable structure at low temperatures. 
This cross-linking is purely physical and does not involve 
the formation of new chemical bonds [34]. Consequently, 
the frozen scaffolds dissolved upon immersion in water.

The thermal cross-linking of Gel was reversible, neces-
sitating additional chemical cross-linking to stabilize its 
structure. Vanillin’s aldehyde group can react with Gel’s 
amino group through a Schiff base reaction. The chemi-
cal structure of the cross-linked scaffolds was analyzed 
using FTIR spectra (Fig.  4(c). Besides the characteristic 
peaks of each scaffold component, absorption peaks at 
1651  cm-1 and 1586  cm-1 appeared, indicating the forma-
tion of the Schiff base structure (orange dashed square) 
between Gel’s amino group and vanillin’s aldehyde group 
[44]. XRD analysis showed that the crystallization of the 
scaffolds remained largely unchanged after vanillin cross-
linking, with all characteristic peaks of each component 
present. Subsequent immersion of the vanillin-cross-
linked scaffolds in water showed that only those frozen 
at -80 ℃ did not dissolve. This may be attributed to the 
closer proximity of Gel molecular chains at -80 ℃ result-
ing in a denser Gel molecular network after thermal 
and vanillin cross-linking, which was less susceptible to 
water-induced degradation.

3.4  Characterization of 3D printed GPH composite 
scaffolds after cross‑linking

Based on macroscopic observation, the scaffolds exhib-
ited a clear pore structure characterized by interlaced 
and interpenetrating filaments without adhesion or 

collapse (Fig.  5A1-A3). When viewed from the side, it 
was evident that all three types of scaffolds were formed 
layer by layer. Subsequently, the dried scaffolds were 
examined using a stereoscope (A4-A6). All scaffolds dis-
played uniform structures with interconnected macro-
scale pores, averaging approximately 1000 μm in size. 
The scaffold surfaces appeared granular, with some small 
pores visible (A5, cyan arrow). Under SEM, the filament 
diameters of all scaffolds fell mainly within the range 
of 200–300 μm. The surfaces of the filaments exhibited 
uneven pores (A7), likely due to the volatilization of ace-
tic acid during processing. The relatively rough structure 
was attributable to aggregates of n-HA embedded within 
the filaments. These micropores can provide a suitable 
site for the growth and multiplication of cells. The pres-
ence of such microporous structures is prevalent in 3D 
solvent-printed scaffolds containing powder mixtures.

PCL is synthesized through the ring-opening polym-
erization of the cyclic monomer ε-caprolactone and the 
presence of methylene groups in its molecular chain 
makes PCL less hydrophilic [45]. The hydrophilicity of 
various materials was assessed by forming them into 
films. PCL/DCM is commonly used as an extrusion-
based 3D printing ink, with a water contact angle (WCA) 
of 77.15° ± 2.33°. The hydrophobic nature of PCL (WCA: 
77.97° ± 1.11°) remained unchanged even when using 
acetic acid as the solvent. The Gel is a macromolecular 
hydrophilic polymer. Its molecular structure contains a 
large number of -OH, -COOH, and -NH2, groups which 
make Gel extremely hydrophilic [41]. Compared with 
PCL, the hydrophilicity of the composite material was 
greatly improved by adding Gel (WCA: 70.91° ± 1.87°). 
In addition, the hydrophilicity of PCL was also improved 
following the addition of n-HA (WCA: 53.66° ± 1.03°). 
This is due to the presence of hydrophilic -OH and  Ca2+ 
in n-HA [42]. The improved hydrophilicity of scaffold 
material provided a good environment for the growth 
and adhesion of cells and bone tissues.

The mechanical properties of scaffolds with differ-
ent three-dimensional structures were assessed through 
compression testing (Fig.  5C, D). The  GPH45 scaffold 
failed to form a stable triangular structure, with four fila-
ments intersecting at the same fulcrum. Consequently, 
the compressive stress of the  GPH45 scaffold group 
(7.57 ± 0.25 MPa) was significantly lower than that of 
the  GPH60 (13.23 ± 0.14 MPa) and  GPH90 (11.41 ± 0.45 
MPa) scaffold groups (p<0.01) [46]. The hexagonal shape 
of the  GPH60 scaffold provided a regular triangular pore 
structure, resulting in good structural stability [47]. How-
ever, in the  GPH60 scaffold, three filaments converged 
at a single fulcrum, exerting greater pressure on the ful-
crum compared to the  GPH90 scaffold. This led to no sig-
nificant difference in compressive strength between the 
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 GPH60 and  GPH90 scaffolds. Young’s modulus is a physi-
cal quantity that describes the resistance of a solid mate-
rial to deformation and is measured as the stiffness of the 
scaffolds. The Young’s modulus of the scaffolds showed 
that  GPH60 (31.95 ± 1.61 MPa) was significantly higher 

than  GPH45 (16.98 ± 1.07 MPa) and  GPH90 (20.62 ± 0.35 
MPa). The stable triangular structure of the  GPH60 scaf-
fold provided superior stiffness and the mechanical ben-
efits of this structure outweighed the adverse effect of the 
three filaments sharing one fulcrum. It can be seen that 

Fig. 5 A Digital photograph, stereoscopic images, and SEM micrographs of three different kinds of GPH scaffolds following cross-linking. B The 
water contact angle (WCA) of various scaffolds composition. C Compressive stress and (D) Young’s modulus of three different 3D structured 
scaffolds (Error bars: mean ± SD (n = 3), *p < 0.05, **p<0.01, ***p < 0.01)
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the structural changes caused by the structures alone can 
lead to differences in the mechanical properties of the 
scaffolds.

3.5  In vitro cytocompatibility of composite scaffolds
SEM (A1-A2) and CLSM (B1-B4) results confirmed the 
attachment and proliferation of MG63 cells on the scaf-
fold surfaces. All scaffold components being non-toxic, 
cells adhered and grew well on the scaffold surface. SEM 
images showed well-distributed cells exhibiting various 
morphologies, including spindle-shaped, triangular, and 
polygonal forms [48]. Figure 6A1 showed a large number 
of cells effectively adhering to the scaffold structure, cov-
ering the edges of the walls [49]. The cells grew flat and 
aligned in parallel along the scaffold filaments, forming a 
cell layer. The high-magnification image (A2) showed that 
individual cells were plump and spindle-shaped. Mean-
while, the cells explored their surroundings using filopo-
dia and spikes, with numerous filopodia extending from 
the cell bodies and connecting to surface materials (yel-
low arrow). Confocal microscopy staining visualized the 
migration and proliferation of cells on the GPH scaffolds. 
MG63 cells cultured on the composite scaffolds were 
fluorescently stained to identify actin (red), mitochondria 
(green), and nuclei (blue). After co-culturing with the 
GPH scaffolds, the cells spread across a large area with 
long, net-like lamellipodia. Almost all cells stretched out, 
showing actin filaments attaching to the scaffold sur-
face and aligning parallel to the scaffold filaments (B1) 
[50]. In Fig. 6B2, numerous irregular holes (10-30 μm in 
diameter) on the scaffold filaments were observed, with 
surrounding cells growing into the scaffold and actin 
clinging to the edges of these holes [51]. At the inter-
section between the scaffold layers (B3), cells climbed 
up along the filament direction, growing from the lower 
layer to the upper layer. The high-magnification image 
(B4) showed diffuse and brightly stained nuclei (blue) on 
the scaffolds’ surface. The abundance of mitochondria 
(green) indicated strong cell viability on the scaffolds. 
The cytoskeleton, supporting the entire cell structure, 
displayed spindle-shaped, triangular, or polygonal forms, 
highlighted by F-actin staining in red. These findings sug-
gest that the scaffolds effectively support cell adhesion 
and proliferation. Cell adhesion is primarily influenced 
by specific ligand interactions between the cells and the 
scaffolds. Chemically, the composition of the scaffold 
materials significantly affects their performance [52]. 
Gel, a hydrolysis product of collagen, contains bioactive 
sequences such as the RGD peptide, which integrins on 
MG63 cells can recognize and bind to [53]. Moreover, the 
contact angle measurements revealed that the addition of 
Gel and n-HA significantly improved the hydrophilicity 
of PCL, reducing the contact angle from 77.97° ± 1.11° 

to 53.66° ± 1.03° (Fig.  5B). Studies indicate that surface 
hydrophilicity with contact angle values between 40° and 
70° optimally supports cell adhesion and migration on 
the scaffold [54].

In a previous study, the TEM micrographs of the 
n-HA-Tb nanocrystals implanted in new bone tissue 
were observed, and the change in their uniform mor-
phology and size with implantation time was noted [55]. 
n-HA-Tb nanocrystals showed uniform rod-like mor-
phology and n-HA type crystal structure. In Fig.  6C1-
C2, some “black particles” with irregular morphology 
were found to be evenly distributed in the matrix of the 
scaffold materials. The uniform rod-like morphology of 
these "black particles" strongly suggested their identity as 
n-HA, as indicated by previous studies and n-HA’s pres-
ence as a component within the scaffolds. In Fig.  6C1, 
MG63 cells were tightly bound to the scaffold matrix, and 
a large number of mitochondria and endoplasmic reticu-
lum structures could be seen [56]. Mitochondria (yellow 
triangle) located near the rough endoplasmic reticulum 
(white arrow) exhibited characteristic double membranes 
with granule-free cristae [57]. Intracellular granules typi-
cally gain access through one of three pathways: pinocy-
tosis, receptor-mediated pinocytosis, and phagocytosis. 
[57]. Due to the higher phase activity of n-HA, it readily 
enters cells via phagocytosis. TEM images showed a close 
interaction between n-HA released from scaffolds and 
cells, followed by internalization via endocytosis path-
ways. Various stages of n-HA degradation were observed 
after it entered the cell through endocytosis and formed 
vesicles (①-④). Overall, GPH scaffolds exhibited good 
cytocompatibility, providing sites for cell adhesion and 
promoting cell proliferation on its surfaces.

3.6  Degradation and osteogenesis of 3D scaffolds in vivo
Three types of scaffolds were implanted into the defected 
area of the rabbits’ trochlear femoris (Fig. 7A) to evalu-
ate their degradation and osteogenesis abilities in vivo. 
All the animals survived until the conclusion of the study, 
and no complications occurred during the perioperative 
period. Clinical and macroscopic evaluations revealed 
no signs of necrosis or infection before bone sample 
retrieval. Through the 3D reconstruction and combi-
nation of 3 groups scaffolds and the distal femur, the 
micro-CT images showed that the structure of the scaf-
folds in each group was maintained quite well, and all of 
them showed a cylindrical morphology (Fig.  7B). More 
details were observed through 2D images (Fig.  7C). At 
4 weeks post-surgery, the implanted scaffolds  (GPH45, 
 GPH60,  GPH90) still filled almost the entire defect area. 
The distinct stacking patterns of the three scaffold 
groups (0°/45°/90°/135°, 0°/60°/120°, 0°/90°) were vis-
ible in the 2D images. By 8 weeks, the overall shape and 
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Fig. 6 In vitro cytocompatibility of GPH scaffolds. (A1-A2) SEM micrographs of MG63 cells co-cultured with scaffolds. (B1-B4) CLSM images. 
Blue: nucleus labeled by Hoechst dyes. Green: mitochondria labeled by the MitoTracker® probes. Red: actin labeled by phalloidin. (C1-C2) TEM 
micrographs of MG63 cells adhesion and n-HA endocytosis (M: material, white arrow: rough endoplasmic reticulum, yellow triangle: mitochondria)
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Fig. 7 Micro-CT results of scaffold degradation and bone repair experiments. A Schematic diagram representing scaffold implantation in rabbits’ 
trochlea femoris. B Three-dimensional (3D) reconstruction images of the distal femur and composite scaffolds (yellow) in the defect area. C 
Two-dimensional (2D) cross-sectional image. The red circle represents the defect area. D Bone regeneration (4, 8, 12 W) in the defect area after 3D 
reconstruction. E Visualization of the trabecular thickness of new bone in the defect area. The color mapping indicated that the higher degree of red 
color correlated with the higher thickness of the trabecular bone
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porous structure of the scaffolds remained mostly intact, 
with only mild degradation at the periphery, accom-
panied by new trabeculae forming around the scaffold 
(green arrow) [58]. At 12 weeks, the scaffolds continued 
to degrade from the outside inwards (blue arrow), with 
increased bone regeneration. Several porous structures 
were still visible, although the distinct morphology had 
gradually become blurred.

Next, 3D reconstruction of new bone tissue in the 
defect area was performed to evaluate the bone regen-
eration ability of the composite scaffolds (Fig.  7D). At 
4 weeks post-surgery, the amount of new bone in each 
group was minimal, with new bone tissue forming only 
a thin layer around the defect [59]. By the 8th week, the 
amount of new bone had increased compared to the 4th 
week, extending not only over the surface of the bone 
defect but also growing to a certain depth along the scaf-
fold. At 12 weeks, high-density bone appeared on the 
defect surface, and the peripheral bone tissue gradually 
thickened. There was almost no space between the bone 
trabeculae, and the newly formed bone tissue was dense. 
The newly generated bone within the defects was recon-
structed in three dimensions at each time point, with the 
bone trabeculae thickness indicated by different colors 
(Fig.  7E). The thickness of the bone trabeculae at the 
periphery of the defects increased over time in all three 
groups. From 4 to 8 weeks, the bone trabeculae gradually 
grew inward from the periphery of the defect along the 
scaffold. After 8 to 12 weeks, part of the trabecula thick-
ened and changed color from green to red. The above 
results demonstrated the good stability and osteogenic 
potential of GPH composite scaffolds.

3.7  Histological analysis
Hematoxylin and eosin (H&E) staining were used to ana-
lyze the inflammation and degradation of implanted GPH 
scaffolds (Fig.  8). Following 4 weeks of implantation, all 
scaffolds maintained their original structure and formed 
a tight bond at the bone-implant interface [60]. High-
magnification images revealed a certain degree of inflam-
mation around the early implanted scaffolds. This was 
attributed to the residual acetic acid from scaffold deg-
radation, which created a weakly acidic environment in 
vivo, leading to localized inflammation. The H&E images 
showed that most inflammatory cells were concentrated 
around the scaffold materials (yellow arrow). As the scaf-
fold gradually degraded, the acetic acid was absorbed, 
leading to a decrease in inflammatory cells around the 
scaffolds and a subsequent weakening of the inflamma-
tory response. Due to the presence of five hydrophobic 
-CH2 moieties in its repeating units, PCL exhibited the 
slowest degradation rate among all the polyesters [61]. 
Arif et  al. have indicated that PCL exhibited stability 

within the living body and did not show any consider-
able degradation for six months and the material took 
two years for complete degradation [22]. However, the 
degradation rate of the Gel was faster in vivo. In vivo, 
matrix metalloproteinases-2 (MMP-2, gelatinase A) and 
MMP-9 (gelatinase B) can degrade Gel, allowing the deg-
radation rate of the scaffold to be controlled by adjusting 
the Gel content. In this study, the addition of Gel resulted 
in significant scaffold degradation observed at 8 weeks, 
enhancing the degradation rate of PCL. The  GPH45 and 
 GPH90 groups exhibited more blank areas, indicating a 
higher degree of degradation.

The new and mature bone matrix has been shown in 
blue and red respectively following Masson trichrome 
staining Fig.  9 [62]. At 4 weeks, new bone in all three 
scaffold groups was in direct contact with the cancel-
lous bone at the scaffold-original bone interface [63]. 
The porous structures of the scaffolds enhanced osteo-
conductivity. Osteoblasts were observed around the 
scaffold materials (green arrow), and numerous blue 
collagen fibers grew into the defect through the scaffold 
pores (ex:  GPH90 – 4W). The red area of the tissue sec-
tion increased and the color deepened over time, mean-
ing the bone tissue at the interface between the scaffold 
and the original bone gradually matured for 8 weeks [64]. 
A mass of osteoblasts appeared around the scaffold, and 
collagen fibers grew into the defect area, wrapping the 
materials. By the 12th week, the new bone tissue around 
the scaffold had matured further, changing from blue 
to red. The in vivo results showed that the scaffold was 
tightly bound to the surrounding native bone tissue, indi-
cating that n-HA on the scaffold surface promoted bone 
integration. Additionally, the bone architecture was ran-
dom with an elaborate interconnected porous structure, 
allowing for nutrient transport and cellular ingrowth 
[65]. In the early stages of scaffold implantation, the three 
groups of scaffolds featured many lateral pore structures, 
guiding a large number of collagen fibers to grow inward. 
Over time, the bone tissue around the scaffold gradually 
matured, and the bond between the new bone and the 
materials strengthened. By the 12th week, mature new 
bone tissue had begun to appear inside the scaffolds.

To sum up, PCL provided mechanical support for the 
3D printing scaffold in this study due to the presence of 
repeating hexanoate entities that give it excellent stiff-
ness, mechanical elasticity, thermal stability, rheology, 
and viscoelasticity. Gel, due to the existence of Arg-
Gly-Asp (RGD)-like sequence, promoted cell adhesion 
and migration, and was beneficial to bone cell recruit-
ment for the 3D scaffold [66]. As the primary inorganic 
component of human bones, n-HA offers excellent 
stability, biocompatibility, and controlled degrada-
tion. It enhanced osteoblast adhesion and proliferation, 
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facilitated the secretion of the extracellular matrix, and 
formed chemical bonds with natural bone. Based on 
the above results, the Gel/PCL/n-HA 3D printing ink 
formulation effectively promotes bone defect healing, 
confirming its potential for use in bone tissue engineer-
ing scaffold production.

4  Conclusion
In conclusion, composite biomaterial inks Gel/PCL/n-
HA were successfully synthesized via dissolution in ace-
tic acid. The printability of the ink was analyzed, and 
the optimal n-HA concentration, printing temperature, 
and other parameters were experimentally determined. 

Fig. 8 Histological analysis of distal femur transverse section following scaffold implantation. H&E staining results of the 3 groups at 4, 8, and 12 
weeks. The image below is a magnification of the blue square in the image above. Yellow arrows indicate inflammatory cells. M represents scaffold 
materials
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Following printing, the scaffolds were frozen at -80 °C 
and cross-linked with vanillin to stabilize them. Biocom-
patibility testing in vitro affirmed their ability to promote 
cell proliferation and spreading. Furthermore, application 
in rabbit calvaria defects demonstrated their reparative 

function in bone healing. It was indicated by our study 
that the Gel/PCL/n-HA biomaterial ink could be con-
sidered an excellent choice for extrusion-based printing, 
with significant potential for biological and clinical appli-
cations, particularly in bone tissue engineering.

Fig. 9 Masson trichome staining results of the 3 groups at 4, 8, and 12 weeks. The image below is a magnification of the yellow square in the image 
above. Green arrows indicate osteoblast. NB means new bone
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Abbreviations
PSM  Polymer-matrix composites scaffold
Gel  Gelatin
PCL  Polycaprolactone
n-HA  Nano-hydroxyapatite
GPH  Gel/PCL/n-HA scaffold
HA  Hyaluronic acid
RGD  Arginine-glycine-aspartic acid
ECM  Extracellular matrix
GelMA  Methacrylated gelatin
DCM  Dichloromethane
β-TCP  Beta-tricalcium phosphate
BC  Bacterial cellulose
FTIR  Fourier transform infrared spectrometry
XRD  X-ray diffraction
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