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A B S T R A C T   

The bone is a connective, vascularized, and mineralized tissue that confers protection to organs, and participates 
in the support and locomotion of the human body, maintenance of homeostasis, as well as in hematopoiesis. 
However, throughout the lifetime, bone defects may arise due to traumas (mechanical fractures), diseases, and/ 
or aging, which when too extensive compromise the ability of the bone to self-regenerate. To surpass such 
clinical situation, different therapeutic approaches have been pursued. Rapid prototyping techniques using 
composite materials (consisting of ceramics and polymers) have been used to produce customized 3D structures 
with osteoinductive and osteoconductive properties. In order to reinforce the mechanical and osteogenic prop
erties of these 3D structures, herein, a new 3D scaffold was produced through the layer-by-layer deposition of a 
tricalcium phosphate (TCP), sodium alginate (SA), and lignin (LG) mixture using the Fab@Home 3D-Plotter. 
Three different TCP/LG/SA formulations, LG/SA ratio 1:3, 1:2, or 1:1, were produced and subsequently evalu
ated to determine their suitability for bone regeneration. The physicochemical assays demonstrated that the LG 
inclusion improved the mechanical resistance of the scaffolds, particularly in the 1:2 ratio, since a 15 % increase 
in the mechanical strength was observed. Moreover, all TCP/LG/SA formulations showed an enhanced wetta
bility and maintained their capacity to promote the osteoblasts' adhesion and proliferation as well as their 
bioactivity (formation of hydroxyapatite crystals). Such results support the LG inclusion and application in the 
development of 3D scaffolds aimed for bone regeneration.   

1. Introduction 

Bone is a connective, vascularized, and mineralized tissue that is 
under constant remodeling throughout human life and is enrolled in 
different functions such as organ protection, locomotion, maintenance 
of body homeostasis, and hematopoiesis [1–3]. Despite the self- 
regenerative capacity of bone, when the damage is too extensive, the 
structure of the bone can be compromised. On these occasions, the gold 
standard treatments used in the clinic rely on the application of auto
grafts, allografts, or xenografts. However, these approaches have some 
disadvantages such as the limited availability, the formation of new 
lesions, and the possibility of immune rejection [4–6]. Thus, new 

approaches are currently being developed, based on the use of bio
materials and tissue engineering, for application in bone injuries [7–10]. 

Rapid prototyping techniques allow the production of customized 3D 
structures exhibiting osteoinductive and osteoconductive properties 
[11]. Furthermore, the available state of art technologies are compatible 
with the combination of different materials, inorganic and organic, as 
well as the immediate incorporation of cells to accelerate the bone 
regeneration process [12]. The composite 3D structures developed so 
far, are aimed to reproduce the native extracellular matrix of the bone: 
an inorganic phase composed mainly of calcium phosphate crystals in 
the form of hydroxyapatite, and an organic matrix mostly composed of 
type I collagen fibrils [13,14]. In this way, researchers aggregate the 
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enhanced mechanical properties of ceramics, such as hydroxyapatite, 
tricalcium phosphate (TCP), and glass ceramics, with the bioactivity and 
biocompatibility of polymers (e.g., collagen, alginate, chitosan, and 
gelatin) to create supporting matrices that stimulate the bone tissue 
formation [15,16]. However, up to now the natural polymers used in 
these composite formulations still lead to poor performances in vivo, 
presenting suboptimal mechanical and physicochemical properties [16]. 

In the present work, a novel 3D scaffold was produced by the layer- 
by-layer deposition of a mixture composed of tricalcium phosphate 
(TCP), sodium alginate (SA), and lignin (LG) using the Fab@Home 3D- 
Plotter printer. TCP is a resorbable calcium/phosphate ceramic with 
high similarity to the minerals found in the native bone matrix [17]. 
Moreover, this ceramic is also highly biocompatible and osteo
conductive [18]. In turn, SA is a natural, biocompatible, hydrophilic 
polymer with high viscosity in contact with water that is obtained from 
the cell walls of brown seaweed [19]. Additionally, SA-based materials 
can undergo ionotropic crosslinking in the presence of bivalent cations 
(e.g., Ca2+), which can be explored to further reticulate the scaffold after 
the bioprinting process [20,21]. Particularly, in 3D printing approaches, 
this tunable viscoelasticity is explored to achieve injectable formulations 
capable of maintaining, with great fidelity, the original printed pattern. 
Nevertheless, the SA lacks the mechanical resistance necessary in bone 
tissue applications. LG is a natural polymer with a complex and 
branched structure that originates from phenylpropanes and mono
lignols [22]. This material is found in plant tissues, where it is respon
sible for conferring rigidity and shape to the plant cells, being the second 
most abundant organic material after cellulose [23,24]. Different pro
cessing methods can be used to obtain various types of lignin, such as 
kraft, organosolv, soda lignins, and lignosulphonates, that differ in 
molecular weight and constitution [25]. Such has been the main 
shortcoming for the application of LG in biomedicine. Nevertheless, LG 
presents unique properties, i.e., stability, biocompatibility, and me
chanical resistance, as well as the capacity to protect against oxidative 
stress and UV light, that are interesting for biomedical applications 
[26–30]. Herein, LG was incorporated, for the first time, in the TCP/SA 
mixture, at a ratio of LG and SA (1:3, 1:2, and 1:1), in order to evaluate 
its impact on the physicochemical, mechanical, and biological proper
ties of 3D scaffolds produced by rapid prototyping and aimed to be used 
in bone tissue regeneration. 

2. Materials and methods 

2.1. Materials 

Alizarin Red S (ARS), Dulbecco's modified Eagle's medium (DMEM- 
F12), ethylenediaminetetraacetic acid (EDTA), diethanolamine, glutar
aldehyde 2.5 % (v/v), hydrochloric acid (HCl), kraft lignin (Product 
Number: 471003; Manufacture: Biological extraction; Pine Trees; ≈
10,000 g/mol, impurities ≤3.6 % sulfur), phosphate buffered saline 
solution (PBS), di‑potassium hydrogen phosphate trihydrate (HK2O4

P.3H2O), resazurin, p-Nitrophenylphosphate (pNPP), sodium alginate 
(Product Number: W201502; Manufacture: Chemical; Viscosity: 5–40 
cPs at 1 % in water), sodium hydroxide (NaOH), Triton X-100, and 
trypsin were purchased from Sigma-Aldrich (Sintra, Portugal). Normal 
human osteoblast (hOB; 406-05f) cells were bought from Cell Applica
tions, Inc. (San Diego, USA). Fetal bovine serum was provided by Bio
chrom AG (Berlin, Germany). Calcium chloride (CaCl2), sodium chloride 
(NaCl), Tris-buffered saline (TBS), and L-Ascorbic acid (LAA) were ob
tained from Fisher Scientific (Porto Salvo, Portugal). Tricalcium phos
phate (TCP) was purchased from Panreac (Barcelona, Spain). Sodium 
bicarbonate (NaHCO3) was obtained from Labchem (Santo Antão do 
Tojal, Portugal). Magnesium chloride hexahydrate (MgCl2.6H2O), po
tassium chloride (KCl), and sodium sulfate anhydrous (Na2SO4) were 
purchased from Labkem (Barcelona, Spain). Propidium Iodide buffer 
was acquired from Life Technologies (Maryland, USA). Calcein AM was 
supplied by Calbiochem (Merck Millipore, Oeiras, Portugal). Ethanol 

99.5 % (EtOH) was obtained from Aga (Prior Velho, Portugal). Double 
deionized and filtered water was obtained using a Milli-Q Advantage 
A10 ultrapure Water Purification System (0.22 μm filtered; 18.2 MΩ/cm 
at 25 ◦C). 

2.2. Methods 

2.2.1. Production of scaffolds 
The different 3D scaffolds were prepared by varying the LG/SA ratio, 

according to Table 1. For that purpose, the SA and LG were sequentially 
dissolved in double deionized and filtered water and homogenized using 
an X10/25 Ultra-turrax for 35 min. Subsequently, the TCP content was 
added to the polymeric mixture and homogenized for 20 min. The 
prepared TCP/LG/SA mixture was then loaded into a syringe (10 mL 
Luer Lock) and extruded using the Fab@Home 3D printer. The printing 
process started with the conversion of the CAD file to STL. Then, 
different parameters were defined in the Fab@home v0.23 software 
(Table S1) and the 3D TCP/LG/SA scaffolds were obtained through a 
layer-by-layer fabrication process. After the printing process, the scaf
folds were immersed in a 5 % CaCl2 (w/v) solution for 24 h to achieve 
the full crosslinking of the SA chains, both in the scaffolds' exterior and 
interior. Afterward, the scaffolds were removed from the CaCl2 solution 
and dried at 37 ◦C for 3 days. 

2.2.2. Characterization of the morphology of the 3D scaffolds 
The scaffolds' morphology, surface, and macroporosity were char

acterized using Scanning Electron Microscopy (SEM). For this purpose, 
the samples were mounted on aluminium stubs, using araldite glue, and 
coated with gold, using a Quorum Q150RES sputter coater (Quorum 
Technologies, UK). Then, the scaffolds' images at different magnifica
tions were acquired in a Hitachi S-3400N scanning electron microscope 
(Japan) operated at an accelerating voltage of 20 kV. 

2.2.3. Characterization of the scaffolds' physicochemical properties 

2.2.3.1. Attenuated Total reflectance- Fourier transform infrared 
spectroscopy. Attenuated Total Reflectance Fourier Transform Infrared 
(ATR-FTIR) spectroscopy was used to characterize the chemical 
composition of the scaffolds. Spectra were acquired with an average of 
128 scans, with a spectral resolution of 32 cm− 1 and a range of 
400–4000 cm− 1 [31]. The scaffolds were crushed into powder and then 
mounted on a diamond window in order to allow the samples' analysis 
using the Nicolet iS10 FTIR Spectrophotometer (Thermo Scientific, 
Waltham, MA, USA). For comparison purposes, all the raw materials 
used in the production of the scaffolds were analyzed in their pure state. 

2.2.3.2. Energy-dispersive spectroscopic analysis. Energy-Dispersive 
Spectroscopy (EDS) was used to determine the elemental composition of 
the 3D scaffolds as well as the surface modifications during the miner
alization process. Briefly, the samples were placed on aluminium stubs, 
air-dried at room temperature (RT), and then analyzed in an XFlash 
Detector 5010 (Bruker Nano, Germany). 

2.2.4. Characterization of the scaffolds' mechanical properties 
The mechanical properties of the scaffolds (n = 5) were analyzed in 

Table 1 
General composition of the TCP/LG/SA and TCP/SA scaffolds.   

Scaffolds 

TCP/LG/SA TCP/SA 

LG/SA ratio 1:3 1:2 1:1 – 
TCP (g) 6 6 6 6 
SA (g) 1.125 1 0.75 1.5 
LG (g) 0.375 0.5 0.75 – 
Density (g/mL) 0.75  
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dry and wet conditions. To mimic physiological conditions, wet scaffolds 
were immersed overnight in the standard simulated body fluid (SBF). 
The SBF solution has almost identical ion concentrations as the human 
blood plasma (142.0 mM Na+, 5 mM K+, 1.5 mM Mg2+, 2.5 mM Ca2+, 
147.8 mM Cl− , 4.2 mM HCO3

− , 1.0 mM HPO4
2− and 0.5 mM SO4

2− ) at a pH 
of 7.4. This solution was prepared using a protocol previously described 
in the literature [32]. Then, the samples were subjected to compression 
tests for evaluating the mechanical behavior of the scaffolds. The sam
ples' testing was performed at RT using a Shimadzu AG-X tensile testing 
machine (Tokyo, Japan) with a load cell of 5 kN and a cruising speed of 
2 mm/min. 

The compressive strength (Cs) was calculated using Eq. (1) [33]: 

Cs =
F

w × l
(1)  

Where F represents the load at the time of fracture, w and l correspond to 
the width and length of the scaffolds, respectively. 

Young's modulus (YM) was also calculated using the stress-strain 
relationship, shown in Eq. (2) [33]: 

YM =
Cs

(dL/L)
(2)  

Where Cs corresponds to the scaffold's compressive strength, dL refers to 
the elongation or compression (i.e. change in length) and L corresponds 
to the length of the scaffold. 

2.2.5. Characterization of the scaffolds' swelling profile 
The scaffolds' swelling capacity was evaluated using a method pre

viously described in the literature [34]. Briefly, scaffolds (n = 5) were 
immersed in Tris-buffered saline (TBS) solution (1×, pH 7.4) and incu
bated under stirring (60 rpm) at 37 ◦C for ≈ 3 days. At predetermined 
time intervals, the scaffolds were recovered by removing the fluid 
excess, weighed, and re-immersed in the TBS solution. The swelling was 
then calculated using Eq. (3): 

Swelling (%) =

(
Wt − Wo

Wo

)

× 100 (3)  

Where Wt indicates the final weight of the scaffolds, and Wo refers to the 
initial weight. 

2.2.6. Contact angle measurements 
The scaffolds' hydrophilicity was characterized using the sessile drop 

method of water contact angle (WCA) measurement. For that purpose, a 
drop of deionized water (10 μL) was automatically dispersed onto the 
sample's surface and the resultant contact angle was assessed using a 
Dataphysics OCA 20 contact angle analyzer (Dataphysics Instruments, 
Filderstadt, Germany). Ten measurements on several points of the 
scaffolds' surface were performed in order to determine the mean static 
contact angle. 

2.2.7. Evaluation of scaffolds' porosity 
The total porosity of the scaffolds was evaluated using a liquid 

displacement method, as previously described elsewhere [33]. Initially, 
the scaffolds were weighed and then immersed in absolute ethanol 
(EtOH) for 48 h. After this period, the samples were weighed again. 
EtOH was chosen because of its ability to penetrate the structure of the 
scaffolds without generating structural changes, i.e., swelling or 
shrinkage [35]. The scaffolds' porosity was calculated using Eq. (4): 

Porosity (%) =
Ww − Wd

DEtOH × Vscaffold
× 100 (4)  

Where Ww and Wd correspond to the final and initial scaffold's weight of 
the scaffold, respectively. DEtOH refers to the EtOH density at RT and the 
Vscaffold corresponds to the scaffolds' volume. 

2.2.8. Characterization of the biodegradation profile of the scaffolds 
The scaffolds' degradation profile was evaluated in the absence or 

presence of lysozyme. For that purpose, the scaffolds were incubated in 
DMEM-F12 medium (with or without lysozyme), at 37 ◦C, under 
agitation (60 rpm) [36,37]. At predetermined intervals, the scaffolds 
were removed from the solution, frozen at 80 ◦C, freeze-dried for 3 h, 
and weighed. The weight loss percentage at each timepoint was deter
mined using Eq. (5): 

Weight loss (%) =

(
Wi − Wf

Wi

)

× 100 (5)  

Where Wi refer to the initial weight of the scaffold and Wf represents the 
weight of the scaffolds at time t. 

2.2.9. Characterization of the scaffolds' biological properties 

2.2.9.1. Evaluation of the scaffolds' effect on the viability and proliferation 
of hOB cells. The scaffolds' cytotoxic profile was evaluated on hOB cells 
using the resazurin assay [37]. Initially, the produced scaffolds were cut 
into small pieces, deposited in 96-well plates, and sterilized by ultravi
olet radiation for 1 h. Subsequently, 10 × 103 cells/well were seeded in 
contact with the samples and incubated for 1, 3, and 7 days. At the 
predetermined times, the medium was removed, and the cells were 
incubated with 110 μL of fresh medium containing resazurin (10 μL) for 
4 h in the dark (37 ◦C, 5 % CO2). Then, the resorufin fluorescence was 
measured (λex = 560 nm and λem = 590 nm) using a Spectramax Gemini 
EM spectrofluorometer (Molecular Devices LLC, CA, USA). Cells incu
bated without materials and cells incubated with EtOH (70 %) were used 
as negative (K− ) and positive (K+) controls, respectively. Furthermore, 
live/dead confocal experiments were also performed to confirm the 
cytocompatibility of TCP/LG/SA and TCP/SA scaffolds. Briefly, hOB 
cells were seeded on μ-Slide 8-well Ibidi imaging plates (Ibidi GmbH) 
and exposed to the different materials for 1 and 3 days. Then, the live 
and dead cells were stained with Calcein AM and propidium iodide (PI), 
respectively, and the images were obtained using a Zeiss LSM 710 
confocal microscope. 

2.2.9.2. Characterization of cell adhesion at the surface of the scaffolds. 
SEM was used to evaluate the cell adhesion on the surface of the scaf
folds. For this purpose, hOB cells were seeded on the scaffolds and 
incubated for 1, 3, and 7 days. Afterward, the scaffolds with cells on 
their surface were fixed, at predetermined timepoints, with glutaralde
hyde (2.5 % (v/v)) for 30 min. Subsequently, the samples were frozen at 
− 80 ◦C, freeze-dried for 3 h, and finally analyzed by SEM (as described 
in Section 2.2.2). 

2.2.9.3. Mineralization in a model medium. The mineralization at the 
scaffolds' surface was evaluated upon immersion in SBF solution (pre
pared as described in Section 2.2.4) at 37 ◦C, for 7 and 21 days [32]. At 
the predetermined intervals, the scaffolds were removed from the SBF 
solution, dried and, subsequently, the deposition of calcium and phos
phate ions as well as the presence of apatite layers on scaffolds' surface 
was screened using SEM. 

Alizarin Red S (ARS) staining was also used to study the scaffolds' 
ability to stimulate hOB cells to accumulate calcium, using a previously 
optimized protocol [38]. Briefly, hOB cells were grown for 1, 3, 7, and 
14 days in the presence of the scaffolds. Afterward, samples were fixed 
with formaldehyde (4 % (v/v)) for 1 h and stained with ARS (1 mL, 40 
mM, pH = 4.1–2.3). Then, the samples were washed with deionized 
water, to remove ARS excess, and the calcium deposits were quantified 
by measuring the ARS absorbance. For that purpose, samples were 
incubated under stirring with acetic acid (1 mL; 10 % (v/v)) for 30 min, 
vortexed for 30 s, and heated to 85 ◦C, for 10 min. Subsequently, the 
samples were centrifuged (14,000 g, 25 min, RT) and the supernatant 
was neutralized with ammonium hydroxide (200 μL; 10 % (v/v)). 
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Finally, the samples' absorption was read at 405 nm using a Biorad 
xMark microplate spectrophotometer. Additionally, a calibration curve 
for ARS was also performed for quantification purposes. 

2.2.9.4. Evaluation of the alkaline phosphatase (ALP) activity. The ALP 
activity of hOB cultured in contact with 3D scaffolds (n = 5) was eval
uated as described in the literature [39,40]. Briefly, hOB cells were 
cultured in the presence of the scaffolds for 1 and 3 days (as described in 
Section 2.2.9.1). At predetermined intervals, the cells were lysed with 
Triton X-100 (1 % (v/v), 1 mL), then the cell-scaffold constructs were 
removed using a cell scraper and the remaining solution was transferred 
into eppendorfs. Afterward, the samples were subjected to a freeze-thaw 
cycle and sonicated for 15 min to further promote the cellular lysis. 
Subsequently, the samples were centrifuged (14,000 g, 15 min, at RT) 
and the ALP activity was determined by incubating 20 μL of the samples' 

supernatant with 60 μL of a substrate solution (0.2 % p-Nitro
phenylphosphate (pNPP) (w/v) in 1 M diethanolamine HCl, at pH 9.8) at 
37 ◦C, in the dark. After 45 min, the reaction was stopped with 80 μL of 
the stop solution (NaOH (2 M) containing EDTA (0.2 mM)). Then, the 
production of p-nitrophenol was evaluated by measuring the absorbance 
at 405 nm using a Biorad xMark microplate spectrophotometer. The ALP 
activity was determined according to the protocol provided by the 
manufacturer. 

2.2.10. Statistical analysis 
The results were statistically analyzed using one-way analysis of 

variance (ANOVA). A p-value lower than 0.05 (p < 0.05) was considered 
statistically significant. 

Fig. 1. Representative macroscopic images of the different scaffolds produced (side and top views) (A), and SEM images showing the morphology and surface 
topography of the 3D scaffolds produced at different magnifications (B). 
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3. Results and discussion 

3.1. Morphological characterization of the scaffolds 

The 3D scaffolds were produced via the layer-by-layer deposition of 
the TCP, SA, and LG mixture using the Fab@Home 3D printer. The 
composition of the 3D printed mixture was chosen for mimicking the 
natural bone matrix composition (20–30 % organic, 70–80 % inorganic) 
[31,36]. The TCP was selected to mimic the inorganic phase, as well as 
confer the mechanical and osteogenic properties to the scaffolds. 
Otherwise, SA due to its polymeric nature, biocompatibility, and 
biodegradability, was used to mimic the bone organic phase. In addition, 
LG was also incorporated in this phase for further increment the me
chanical properties of the scaffolds. The macroscopic images (Fig. 1A) 
show that the introduction of LG induces changes in the 3D scaffolds' 
color, from white to light brown, being darker in the TCP/LG/SA_1:1 
scaffolds due to higher LG content. Nevertheless, all the formulations 
presented similar dimensions, designs, and shapes. Additionally, the 
scaffolds' surface morphology was further characterized by SEM 
(Fig. 1B). The SEM images show that the TCP/LG/SA and TCP/SA 
scaffolds present a similar irregular and rough surface. Such character
istics have been associated with enhanced bioactivity due to the higher 
number of anchorage points, that can promote protein adsorption and, 
subsequently, cell adhesion. Moreover, in previous studies reported in 
the literature, rough and irregular surfaces have been described as 
leading to higher production of extracellular matrix components as well 
as an increase in the metabolism of human osteoblast cells [41–43]. 

3.2. Characterization of the scaffolds' physicochemical properties 

3.2.1. ATR-FTIR analysis 
The chemical composition of the 3D scaffolds was analyzed by ATR- 

FTIR (Fig. 2). The raw materials spectra show that the TCP exhibits a 
single characteristic peak at 1020 cm− 1, attributed to the P––O vibra
tion. Moreover, in the SA spectra were identified two peaks at 1400 and 
1600 cm− 1, corresponding to the C––O stretching of the carboxylate 
group, a band between 3000 and 3600 cm− 1, due to the OH groups of the 
alginate's G and M units, and vibration bands at 2930–2845 cm− 1, 
attributed to the C–H bonds. The LG's spectrum also shows a broad peak 
between 3000 and 3600 cm− 1 that corresponds to OH groups and two 
peaks at 1131 and 1026 cm− 1 attributed to the C–O bonds. Addition
ally, the LG also displays peaks at 2933 and 1583 cm− 1 relating to the 
C–H and C––O stretch vibrations, respectively. Regarding the TCP/LG/ 
SA and TCP/SA 3D scaffolds it is possible to observe the presence of the 
major peaks of each raw material. The TCP/SA shows the peaks at 
3000–3600 cm− 1, 1131–1026 cm− 1, and 1020 cm− 1 characteristics of 
TCP and SA materials, confirming the presence of raw materials in the 
scaffolds' composition. Similar data were obtained for TCP/LG/SA 
scaffolds, being observed the characteristic peaks for TCP, SA, and LG 
materials. 

3.2.2. Energy dispersive spectroscopy analysis 
The scaffolds' composition was further characterized via EDS analysis 

(Table 2). Compared to the TCP/SA scaffolds, the TCP/LG/SA_1:2 and 
TCP/LG/SA_1:1 scaffolds demonstrated a higher content of carbon and a 
lower amount of oxygen (Table 2). While TCP/SA scaffolds, in com
parison to TCP/LG/SA_1:3, display a similar content of carbon and ox
ygen atoms. These differences can be explained by the higher LG content 
in the TCP/LG/SA_1:2 and TCP/LG/SA_1:1 scaffolds. Moreover, all 
formulations presented Ca/P ratios, in atomic % (Table S2), close to that 
observed in native trabecular bone, usually within the 1.3–2.2 range 
[44]. 

3.3. Characterization of the 3D scaffolds' mechanical properties 

Scaffolds' mechanical stability is crucial for the bone regeneration 
process. Therefore, the scaffolds' mechanical properties are fundamental 
for their application in the bone regeneration process, acting as tem
porary replacements that maintain or improve bone tissue functions 
[45,46]. Moreover, the mechanical properties should be as close as 
possible to the bone tissue that needs replacement, for example, stiffer 
scaffolds can cause stress-shielding, whereas lower stiffnesses fail in 
providing mechanical stability to the lesion [47]. Herein, the mechani
cal properties (i.e., compressive strength (Cs) and Young's modulus 
(YM)) of TCP/LG/SA_1:3, TCP/LG/SA_1:2, and TCP/LG/SA_1:1 scaf
folds were compared against TCP/SA scaffolds, both in a dry and wet 
state (Fig. 3). The obtained results show that the scaffolds have higher Cs 
and YM in dry than in wet conditions. In a dry state, the TCP/LG/SA_1:3, 
TCP/LG/SA_1:2, TCP/LG/SA_1:1, and TCP/SA scaffolds presented Cs of 
≈ 20, 21, 13, and 18 MPa, respectively. Such data shows that the LG 

Fig. 2. ATR-FTIR analysis of TCP, SA, LG (A) and TCP/LG/SA_1:3, TCP/LG/ 
SA_1:2, TCP/LG/SA_1:1, and TCP/SA scaffolds (B). 

Table 2 
EDS analysis of the 3D printed scaffolds.   

Elements (awt.%) 

Sample C O Na P Cl Ca 

TCP/LG/ 
SA_1:3 

11.23 ±
4.01 

43.47 ±
11.99 

0.19 ±
0.09 

10.68 ±
0.91 

2.80 ±
0.26 

31.63 ±
1.97 

TCP/LG/ 
SA_1:2 

13.47 ±
4.71 

43.58 ±
12.37 

0.17 ±
0.09 

9.06 ±
0.82 

3.16 ±
0.29 

30.57 ±
2.01 

TCP/LG/ 
SA_1:1 

16.04 ±
5.53 

46.03 ±
13.29 

0.16 ±
0.08 

8.81 ±
0.83 

2.52 ±
0.25 

26.44 ±
1.80 

TCP/SA 11.64 ±
4.57 

45.86 ±
14.09 

0.16 ±
0.09 

8.97 ±
0.88 

2.99 ±
0.30 

30.37 ±
2.17  

a wt.% - weight percentage. 

A.S. Silva-Barroso et al.                                                                                                                                                                                                                       



International Journal of Biological Macromolecules 239 (2023) 124258

6

introduction can lead to stiffer materials, revealing an increase of 15 % 
in TCP/LG/SA_1:2 when compared to TCP/SA scaffolds. Moreover, the 
Cs values were within the upper range observed in native bone, i.e. 1–30 
MPa [45,48–51]. In turn, these values significantly decreased for all the 
tested formulations in the wet state, presenting a Cs of ≈ 1 MPa. 

Similarly, the TCP/LG/SA_1:3, TCP/LG/SA_1:2, and TCP/SA scaf
folds, in the dry state, presented a YM value of ≈ 97, 96, 54, and 100 
MPa, which are closer to those observed in native trabecular bone 
(50–2000 MPa) [45,48–51]. Furthermore, in wet conditions, these 
values significantly decreased to ≈ 7 MPa. In fact, the incorporation of 

Fig. 3. Characterization of the 3D scaffolds' Cs (A) and YM (B), under dry and wet conditions. Data are presented as mean ± standard deviation, n = 5, **p < 0.01 
and ****p < 0.0001; n.s. – not statistically significant. 

Fig. 4. Characterization of the 3D scaffolds' physicochemical properties. Analysis of the scaffolds' swelling profile (A); evaluation of the scaffolds' surface wettability 
(B); characterization of the scaffolds' total porosity (C); representative SEM images of the scaffolds' macroporosity (D). Data are presented as mean ± standard 
deviation, n = 5, ****p < 0.0001; n.s. - not statistically significant. 
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LG is further supported when compared with other works available in 
the literature [37,52]. Boga and colleagues developed a TCP/alginic 
acid 3D scaffold (80/20 ratio) that presented increased brittleness with a 
Cs of 8 MPa (dry) and YM of 69 MPa (dry) [37]. Moreover, Castilho et al. 
also described the production of TCP/alginate 3D scaffolds using a 
powder printing technique. However, the produced scaffolds showed a 
maximum Cs of 20 MPa [52]. 

Altogether, these data show that the LG increases the mechanical 
resistance of the TCP/SA 3D scaffolds, presenting Cs and YM values 
within the range of trabecular bone. In this way, the TCP/LG/SA scaf
folds should be applied to lesions in low load-bearing bones. 

3.4. Evaluation of the 3D scaffolds' swelling profile 

Scaffolds' swelling capacity is essential for their application in bone 
regeneration. The swelling can induce changes in the structure and size 
of the scaffolds, directly affecting their biological performance. For 
example, a high swelling capacity often results in the expansion of the 
polymeric matrix, which can mediate the increase of the scaffolds' pore 
size and therefore facilitate the cells' penetration and adhesion as well as 
the diffusion of molecules along the scaffolds' structure. However, 
excessive swelling may induce the loss of the scaffolds' mechanical 
integrity and also induce compressive stress in the surrounding tissue 
[53]. 

The swelling of the 3D scaffolds was investigated in TBS, for ≈ 3 days 
(Fig. 4A). The four formulations exhibited a similar swelling profile, 
with a fast abrupt swelling in the first 7.5 h, followed by a plateau phase 
(Fig. 4A). However, the TCP/SA scaffolds showed a higher swelling than 
their TCP/LG/SA counterparts. These results are attributed to the higher 
content of hydrophilic SA in TCP/SA formulations. In turn, the TCP/LG/ 
SA formulation with a higher amount of hydrophobic LG, the TCP/LG/ 
SA_1:1, showed a lower swelling during the experiment. 

3.5. Determination of the 3D scaffolds' wettability 

The scaffolds' wettability was evaluated by measuring the WCA at 
the materials' surface [54,55]. The hydrophilicity can affect both protein 
adsorption and cell adhesion. In the literature, it is reported that cell 
adhesion is favored on surfaces displaying a moderate hydrophilic 
character (40◦ < WCA < 70◦), when compared with hydrophobic (WCA 
> 90◦) or super hydrophilic surfaces (WCA < 20◦) [56,57]. 

The results revealed that scaffolds TCP/SA exhibit a WCA value of ≈

13◦, demonstrating a super hydrophilic character (Fig. 4B). However, 
highly hydrophilic surfaces limit or completely impair cellular attach
ment and spreading. In fact, cell adhesion mediating molecules interact 
weakly with super hydrophilic surfaces [56]. In turn, the inclusion of the 
more hydrophobic LG changed the scaffolds' wettability, with a WCA 
value of ≈ 31◦ for TCP/LG/SA_1:3 and ≈ 33◦ for TCP/LG/SA_1:2 and 
TCP/LG/SA_1:1 scaffolds (Fig. 4B). Therefore, the LG incorporation 
resulted in scaffolds with a wettability closer to that considered ideal for 
biological applications. Such results are in accordance with other works 
reported in the literature that included LG in the scaffolds formulation. 
Mohammadalipour et al. observed that the addition of LG to poly
hydroxybutyrate electrospun scaffolds enhanced the observed wetta
bility, resulting in scaffolds with a moderate hydrophilic character WCA 
of 73◦ [27]. 

3.6. Evaluation of scaffolds' porosity 

Scaffolds' porosity (i.e., overall porosity, pore size, and pore inter
connectivity) has a remarkable effect on cells' infiltration, proliferation, 
and growth. The pore size is essential to modulate the cells' movement to 
the interior regions of the scaffolds. Moreover, the interconnected pores 
can also facilitate the diffusion of different agents throughout the scaf
folds, such as the Ca2+ and PO4

3− ions allowing the formation of a 
hydroxyapatite-like layer [58]. 

The total porosity of the scaffolds was measured using the liquid 
displacement method (Fig. 4C). All the formulations presented a total 
porosity of 37–41 %, slightly lower than the ideal for trabecular bone 
(50–90 %) [59]. However, it is worth noticing that highly porous scaf
folds may present sub-optimal mechanical strength due to their lower 
density. Furthermore, SEM images showed a macroporosity (1650 ±
250 μm × 650 ± 150 μm) compatible with cells' infiltration, new vessels' 
ingrowth, as well as promoting an adequate exchange of gases and nu
trients (Fig. 4D). Additionally, the obtained porosity values are similar 
to those previously reported in the literature for different ceramic/ 
polymer scaffolds. Boga and co-workers observed that the 3D printed 
TCP/alginic acid scaffolds at a ratio of 80/20, 70/30, and 60/40 pre
sented an overall porosity of 50 %, 41 %, and 28 %, respectively [37]. 
Similarly, Diao et al. reported an overall porosity ranging from 38.25 to 
63.78 % for 3D printed TCP scaffolds [60]. 

Fig. 5. Evaluation of the 3D scaffolds' weight loss over time in the absence (A) or presence (B) of lysozyme. Results are presented as mean ± standard deviation, n 
= 5. 
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3.7. Characterization of scaffolds' biodegradation profile 

The biodegradation profile is fundamental for assessing the appli
cation of 3D scaffolds as temporary supports for enhancing the bone 
regeneration process [61]. In this regard, the scaffolds' degradation rate 
must be proportional to the rate of new bone formation, without 
compromising the stability of the construct or the integrity of the tissue 
at the injured site. For that purpose, the 3D scaffolds' degradation profile 
was evaluated in DMEM-F12 in the absence or presence of lysozyme, an 
enzyme found in saliva, granules of neutrophils, macrophages, and 
serum (Fig. 5). The obtained results show that in the absence of lyso
zyme all formulations presented a maximum of ≈ 8 % weight loss, after 
21 days. In the same period, in the presence of lysozyme, the total 
weight loss of the scaffolds increased to ≈ 12 %. Such can be justified by 
the lack of specificity of lysozyme towards SA and LG. In fact, the SA is 

mainly degraded in vivo by alginate lyases, whereas the LG can be slowly 
broken down by β-etherases [62,63]. Cheng and colleagues also re
ported a slow degradation profile of PLGA/β-TCP 3D scaffolds, reaching 
a total weight loss of 2.2 %, after 30 days [64]. In turn, Cabral and co- 
workers demonstrated that TCP/gelatin/chitosan scaffolds are 
degraded at a higher rate in the presence of lysozyme, which can 
degrade the chitosan, reaching a 20 % total weight loss after 21 days of 
incubation [38]. Therefore, the slower degradation profile observed for 
the TCP/LG/SA scaffolds can be explained by the lack of enzymes spe
cific to LG and/or SA. 

3.8. Characterization of the biological properties of the produced scaffolds 

3.8.1. Evaluation of scaffolds' cytotoxic profile 
The cytotoxic profile of the produced scaffolds and their degradation 

products was evaluated using the resazurin assay. hOB cells were used as 
a cell model to perform these assays. The obtained results revealed that 
hOB cells remained viable when in contact with the scaffolds for 7 days 
(Fig. 6A). Otherwise, SEM analysis clearly shows the cells' adhesion and 
spreading at the scaffolds' surface. Additionally, after 7 days, the in
crease in the cell density led to the establishment of several contact 
points between cells and maintained the typical osteoblastic 
morphology (Fig. 6B). These results were also corroborated by the live/ 
dead staining confocal experiments (Fig. S1C) using Calcein-AM to label 
live cells and PI to identify dead cells. The hOB seeded in contact with 
both TCP/LG/SA and TCP/SA scaffolds showed a cell density similar to 
the K− group, with very few PI-stained cells. Moreover, it is also possible 
to observe the hOB proliferation from day 1 to 3, which is essential for 
promoting the formation of new bone tissue. Such data is in accordance 
with the safety profile described in the literature for materials based on 
TCP, SA, and LG or even their combination [27,36,52]. Therefore, the 
obtained results demonstrate that the LG addition does not compromise 
the biological properties of these structures. 

3.8.2. In vitro evaluation of the scaffolds' biomineralization 
The 3D scaffolds' ability to promote/support the deposition of min

erals is an important step for promoting the full regeneration of the 
bone. Particularly, the fixation of PO4

− 3 and Ca2+ contributes to the 
formation of calcium phosphate crystals, namely in the form of hy
droxyapatite (Ca5(PO4)3(OH)) [65]. Thus, the scaffolds' mineralization 
upon incubation in SBF was evaluated over a period of 21 days. For this 
purpose, the formation of apatite crystals on the scaffolds' surface was 
monitored through SEM (Fig. 7A). The SEM images demonstrate the 
initial deposition of hydroxyapatite nanocrystals that continued to grow 
and formed plates at all the 3D scaffolds formulations with the pro
gression of the incubation time. Additionally, the EDS analysis of the 
samples (Fig. S1A) indicates an increase in the ratio between the Cal
cium and Carbon content in the scaffolds, from day 7 to 21, further 
corroborating the deposition and maturation of hydroxyapatite at the 
scaffolds' surface. 

Furthermore, the ARS staining evaluated the scaffolds' matrix 
mineralization when in the presence of hOB cells for 1, 3, 7, and 14 days 
(Fig. 7B). The obtained results also demonstrate that the LG addition 
does not compromise the scaffolds' biological performance. In fact, at all 
time points the TCP/LG/SA_1:3, TCP/LG/SA_1:2, TCP/LG/SA_1:1 scaf
folds showed a similar ARS concentration to that obtained in TCP/SA 
scaffolds. In summary, the osteogenic properties can be mainly attrib
uted to the TCP's intrinsic capacity to stimulate biomineralization, and 
consequently, facilitate the osteointegration of the 3D scaffolds [66,67]. 
Moreover, this enhanced biomineralization of TCP/LG/SA and TCP/SA 
scaffolds is in agreement with other reports available in the literature 
where similar polymer/ceramic matrices were used for bone tissue 
regeneration [31,36]. Wang et al. produced LG/PCL nanofibers and 
observed that these structures could mediate the formation of HAp 
crystals and consequent biomineralization [68]. Moreover, Boga and 
colleagues also reported that TCP/alginic acid 3D printed scaffolds act as 

Fig. 6. Characterization of the scaffolds' cytocompatibility. Analysis of the 
cellular viability profile of hOB incubated in the presence of the 3D scaffolds 
through the resazurin assay at 1, 3, and 7 days. Cells incubated with ethanol 
were used as positive control (K+), whereas cells cultured without the scaffolds 
were used as the negative control (K-). Data are presented as the mean ±
standard deviation, n = 5; n.s. - not statistically significant (A). Representative 
pseudo-colored SEM images of hOB cells seeded on the surface of 3D scaffolds 
for 1, 3, and 7 days. Scale bars represent 21.3 μm (B). 
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Fig. 7. Characterization of the scaffolds' biomineralization. Representative SEM images of the apatite deposition on the surface of TCP/LG/SA_1:3, TCP/LG/SA_1:2, 
TCP/LG/SA_1:1, and TCP/SA scaffolds (A). Analysis of the ARS concentration after 3D scaffolds incubation in the presence of hOB cells for 1, 3, 7, and 14 days. Data 
are presented as the mean ± standard deviation, n = 6; n.s. - not statistically significant (B). 
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supports for the mineral deposition leading to the formation of HAp 
crystals during 21 days [37]. Additionally, the characterization of the 
ALP activity of hOB cells seeded with TCP/LG/SA and TCP/SA scaffolds 
showed a slight increase, from 4.12 mU/mL in the control group to 
4.6–5.4 mU/mL in cells seeded with the scaffolds (Fig. S1B). Such results 
further confirm the previous mineralization data and support the oste
ogenic potential of the TCP/LG/SA scaffolds. 

4. Conclusion 

Lignin mechanical and antioxidant properties coupled with a good 
biocompatibility profile have been supporting the development of 
lignin-based materials for biomedical applications, including tissue 
regeneration. In this work, a new 3D scaffold was produced, based on 
the TCP/LG/SA combination and layer-by-layer extrusion using a 
Fab@Home 3D plotter. The results demonstrated that the LG incorpo
ration improved the mechanical resistance of the scaffolds, particularly 
the TCP/LG/SA_1:2 scaffolds showed a ≈ 15 % increase in the Cs. 
Moreover, it was also observed an increase in the WCA of the TCP/LG/ 
SA scaffolds, presenting values closer to that considered ideal for bio
logical applications. The mineralization potential was confirmed by the 
formation of HAp crystals and plates at the surface of the scaffolds and 
the ALP activity showed by hOB cells. Furthermore, TCP/LG/SA scaf
folds presented an higher cytocompatibility, which was further 
confirmed by the confocal live/dead experiments and SEM images of the 
hOB cells adhesion and proliferation. Altogether, the results support the 
incorporation of LG in the 3D scaffolds for bone regeneration, origi
nating stronger structures with more suitable environments for cell 
adhesion and proliferation. Moreover, it is worth noticing, that to the 
best of our knowledge, this is one of the first works exploring the LG 
application to reinforce TCP/SA scaffolds. In the future, osteopontin, 
osteocalcin, and BMP-2 expression assays should be performed to 
further characterize the osteoinductive and osteoconductive properties 
of TCP/LG/SA scaffolds. Moreover, the introduction of stem cells and/or 
bioactive molecules (e.g., growth factors and bone morphogenic pro
teins) in the TCP/LG/SA mixture before the printing process may be 
pursued to enhance the 3D scaffolds' functionality and impact on the 
bone healing process. Following that, the evaluation in vivo of the per
formance of TCP/LG/SA scaffolds will be essential to validate their 
potential for bone healing applications. 
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