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PLA/bioceramic composite scaffolds manufactured by 3D-printing technologies as bone grafting materi-
als in preclinical in vivo studies. Electronic databases were searched using specific search terms, and
thirteen manuscripts were selected after screening. The synthesis of the scaffolds was carried out using

Keywords: mainly extrusion-based techniques. Likewise, hydroxyapatite was the most used bioceramic for synthe-
Animal models sizing composites with a PLA matrix. Among the selected studies, seven were conducted in rats and six
Polylactic acid in rabbits, but the high variability that exists regarding the experimental process made it difficult to
Bioceramic compare them. Regarding the results, PLA/Bioceramic composite scaffolds have shown to be biocompat-

3D-printing technology
Composite scaffolds
Bone regeneration

ible and mechanically resistant. Preclinical studies elucidated the ability of the scaffolds to be used as
bone grafts, allowing bone growing without adverse reactions. In conclusion, PLA/Bioceramics scaffolds
have been demonstrated to be a promising alternative for treating bone defects. Nevertheless, more care
should be taken when designing and performing in vivo trials, since the lack of standardization of the
processes, which prevents the comparison of the results and reduces the quality of the information.

Statement of Significance

3D-printed polylactic acid/bioceramic composite scaffolds have emerged as an alternative to deal with
existing limitations when facing bone reconstruction. Since preclinical in vivo studies with animal mod-
els represent a mandatory step for clinical translation, the present manuscript analyzed and discussed
not only those aspects related to the selection of the bioceramic material, the synthesis of the implants
and their characterization. But provides a new approach to understand how the design and perform of
clinical trials, as well as the selection of the analysis methods, may affect the obtained results, by cov-
ering authors’ knowledgebase from veterinary medicine to biomaterial science. Thus, this study aims to
systematically review the feasibility of using polylactic acid/bioceramic scaffolds as grafting materials in
preclinical trials.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Rationale

Bone defects are one of the most common tissue damages, orig-
inating from traumas, infections, tumor resection, reconstructive
surgeries, congenital etiologies, etc. Resulting in significant detri-
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though the vast majority of bone defects can heal spontaneously
under suitable physiological and environmental conditions, bone
healing is a complex physiological process that depends on the
type and extent of the injury and patient’s age and gender [3,5].
Large defects, also known as critical bone defects, may not heal
spontaneously due to the size of the defect or unstable biomechan-
ical properties, unfavorable wound environment, suboptimal surgi-
cal technique, metabolic factors, hormones, nutrition and applied
stress [5]. The existing limitations facing bone reconstruction and
repair have given rise to bone tissue engineering as an emerging
and promising solution [6,7], and it has become one of the corner-
stones of contemporary medical research since it was described in
1993. Significant innovation in this field to build functional struc-
tures to promote the regeneration of damaged or diseased organs
has occurred in recent decades [7-9]

The ideal goal for regeneration is a newly developed bone tissue
with the same immunological, functional, structural and mechani-
cal characteristics as the native bone [10,11]. Thus, bone substitutes
should be biocompatible, bioresorbable, osteoconductive and os-
teoinductive; finally replaced by newly formed bone. Furthermore,
it should be easy to use, safe and cost-effective [1,12]. In order to
meet these criteria, a large variety of biomaterials have been tested
for in vivo bone tissue regeneration [1,8]. However, none of the
currently available bone grafts possesses all the desirable charac-
teristics such a biomaterial should have [4].

Biopolymers offer an alternative to traditional biocompatible
materials (metallic and ceramic) and non-biodegradable poly-
mers [13]. Specifically, polylactic acid (PLA) is a biocompatible,
biodegradable, low cost and no toxic or carcinogenic polymer. Be-
sides, it has an extensible mechanical property profile, ease of pro-
duction, and high reproducibility thanks to additive manufactur-
ing techniques [13-15]. Since PLA products were approved by the
US Food and Drug Administration (FDA), in 1970, for direct con-
tact with biological fluids, they have been used in relevant medi-
cal applications such as tissue engineering scaffolds, delivery sys-
tem materials, covering membranes, different bio-absorbable med-
ical implants and sutures [13,14]. However, PLA also presents sev-
eral drawbacks, such as its slow degradation rate, hydrophobicity,
and low cell affinity. Sometimes an inflammatory response from
the contacting surrounding tissue can occur and its degradation
products may increase the resorption site because of its acidity.
Likewise, due to the importance of cell adhesion to the polymer,
surface properties play a critical role, especially in biocompati-
bility, allowing vascular ingrowth, and cell attachment, migration,
and proliferation. That is why different surface modification strate-
gies have been developed to create desirable surface properties of
PLA biomaterials, such as physical, chemical, plasma and radiation-
induced methods, and the formation of coatings or composites
[4,13,15].

A composite generally consists of two parts, the matrix and the
reinforcing agent [15]. Among the wide range of materials that
have been used for the synthesis of PLA composites, we are go-
ing to focus on bioceramics, which include calcium phosphates,
the most widely used bone grafting materials due to their resem-
blance to the bone mineral phase, such as hydroxyapatite (HA)
and B-tricalcium phosphate (8-TCP) [11,12]; and another promis-
ing group, the bioglasses (BG) or bioactive glasses, most of them
based on the Na,0, Ca0, P,05 and SiO, system, and with a weight
percent of SiO, less than 55% [16-18]. They present sufficient bio-
compatibility, bioactivity, and bone conductivity, acting as a source
of minerals for bone cells and not promoting an inflammatory re-
sponse [7,16,17,19]. Furthermore, bioglasses can suppress growth
of many, even multi-resistant, bacterial strains [16]. Despite that,
they are brittle, have a low degradation rate, and lack mechanical
characteristics (low fracture toughness) to form a high-quality scaf-
fold by themselves [7,19]. However, bioceramics are suitable to be
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manufactured through additive manufacturing techniques, allow-
ing the synthesis of 3D-printable composites when mixed with a
polymeric matrix. Combining both materials can negate some of
each other’s disadvantages, improving their individual characteris-
tics, such as better physical and mechanical properties, degrada-
tion rates and biosafety. And thus making them more attractive for
their use in bone regeneration [15,19,20].

As well as FDA has approved PLA, bioceramic materials for its
clinical use in humans, and different commercially available prod-
ucts can be found, such as Cerapatite® (HA), Cerasorb® (S-TCP) or
BonAlive® (Bioglass) Since, the first formulation received the ap-
proval in 1996, a total of 15 HA, 21 B-TCP and 11 Bioglass prod-
ucts have been approved as of December 2020; even one PLA/HA
composite, called SuperFIXSORB30® [21,22]. No human clinical tri-
als using PLA/HA composites were found, however, Cannio et al.
[18] did a literature review regarding the bioactive glass applica-
tions in human clinical trials, and Stachi et al. [23] compared syn-
thetic hydroxyapatite with and inorganic bovine bone in sinus floor
elevation in humans (ClinicalTrials.gov Identifier NCT03077867).

The advancement and creation of additive manufacturing tech-
niques have provided researchers with a tool to create intricate
replicable scaffolds for tissue regeneration. The demand for cus-
tomizable bone substitutes has increased, and this technology has
been shown to be able to create 3D porous scaffolds used for bone
tissue engineering, because it allows the adaptation of the im-
plants to the patient’s specific bone geometry [7,13,24], based on
the combined use of 3D image analysis, and computed tomography
(CT) or magnetic resonance imaging (MRI) techniques [6,11]. Addi-
tive manufacturing is a promising 3D-printing method that allows
the fabrication of customized 3D templates with complete control
over the architecture, unlike conventional techniques such as gas
foaming, sol-gel method, or freeze-drying [11]. Thus, it provides
the necessary porosity and interconnectivity to access fluids and
cells, favoring their migration, adhesion and proliferation, and ef-
fective transport of nutrients, oxygen, wastes, and growth factors.
Hence, stimulating the continuous ingrowth of bone tissue form
the periphery into the inner part of the scaffold (Fig. 1) [6,11].

Furthermore, before use in human beings as bone substitute,
it should be tested both in vitro and in vivo to ensure it works
effectively and safely, and for ethical, safety, economic and regula-
tory concerns [5,27]. 2D in vitro studies allow us to understand the
mechanisms of bone repair at the cellular level and to assess bio-
materials’ biocompatibility. However, they oversimplify in vivo sit-
uations and do not give an overview of the whole tissue response
[28]. Thus, pre-clinical models are necessary to simulate a clinical
situation in a reproducible and easy-to-control manner, allowing
us to evaluate a biomaterial’s bioactivity, biocompatibility, toxicity,
potential adverse reactions, or viability and efficacy [27,28]. They
are based on similarities and analogies between humans and ani-
mals, and generally, the more similarities, the more suitable model
[27].

Many reports have been published over the last years review-
ing the possible use in bone tissue regeneration of different ad-
ditive manufacturing technologies [6,7,11,15,29] and/or biomate-
rials, such as biopolymers [13,14], bioceramics [30] or compos-
ites [31,32]. However, most of them were focused on the manu-
facturing process, characterization aspects, or applications without
paying much attention to their behavior when used in preclinical
trials with animal models, which is a key factor of translational
research. Tree systematic reviews addressed these issues. Hassan
et al. [8] evaluate the effect of using 3D-printed templates on bone
tissue regeneration in critical bone defects induced in experimen-
tal animal studies, specifically in calvaria defect models. Brunello
et al. [12] investigated the result of applying bioceramic scaffolds,
in terms of bone regeneration, for treating critical side defects in
vivo. And finally Al-allaq and Kashan [33] reported a large-scale
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Fig. 1. Main features when synthesizing 3D-printed scaffolds for bone regeneration. PLA: polylactic acid; FFF: fused filament fabrication [4,7,10,11,25,26].

assessment of the capabilities of in vivo studies to generate an op-
timal regenerative process based on an analysis of the results after
using bioceramics as bone substitute materials.

The purpose of the present study was to systematically review
the feasibility of using PLA/bioceramic composite scaffolds manu-
factured by 3D-printing technologies as bone grafting materials in
preclinical in vivo studies by evaluating their bone regeneration ca-
pabilities. However, this is not the only goal of the report, but also
tries to carry out the importance of the different aspects to charac-
terize when manufacturing 3D-printed scaffolds, and how they can
affect to the bone healing process. Likewise, they authors highlight
the importance of planning the clinical trials carefully, because of
the implication that aspects such as the anesthetic protocol have
on the result of the study.

2. Materials and methods

The present systematic review was conducted and reported
according to the formal PRISMA guidelines (“Preferred Reporting
Items for Systematic Reviews and Meta-Analyses”). However, ethics
approval was not required for this review.

2.1. Search strategy

An electronic search was performed in the following health sci-
ence databases: MEDLINE (PubMed) online library and Web of Sci-
ence (WOS) database; it was carried out manually during February
and September 2022. The search was limited to studies published
in the last five years, considering the recent advancements in 3D-
printing and biomaterial synthesis.

The studies were identified, based on different search strategies,
using permutations of the following terms: “PLA”, “Polylactic Acid”,
“PLLA”, “poly (lactic) acid”, “3D Print”, “Three-dimensional print”,
“3D printing” “additive manufacturing” “material extrusion”, “Scaf-
fold”, “Bone”, “Bone regeneration”, “Bone repair”, “Bone reconstruc-
tion”, “Bone tissue engineering”, “In vivo”, “Animal”.

In addition, all the relevant articles found in the references and
relevant review articles were checked and added as other sources.

” o«

2.2. Inclusion and exclusion criteria

2.2.1. Inclusion criteria
- Articles in English.
- Use of 3D-printed implants.

- In vivo animal model.
- Defined study parameters, including micro-tomographic (nuCT)
or histological evaluations of the bone formation.

2.2.2. Exclusion criteria

- Reviews and book chapters.
In vitro studies or implants’ characterization studies.
Studies using PLA copolymers or non-bioceramic composites.
Animal studies report ectopic bone formation models (e.g., sub-
cutaneous).
Studies using scaffolds loaded with chemotherapeutic agents,
anti-inflammatory drugs and antibiotics.
Use of PLA devices different from bone regeneration (e.g.
screws or clips for fracture fixation).

Those studies including scaffolds with  drugs/stem
cells/substances affecting bone metabolism were not excluded.

2.3. Screening method and data extraction

A 2-stage screening was carried out. First, titles and abstracts
were selected through an online search of inclusion. After remov-
ing duplicates, they were screened independently by two review-
ers (LA. and EM.) using the inclusion and exclusion criteria. Next,
the same two reviewers (I.A. and FEM.) carefully reviewed the full
text of reports assessed for eligibility. For each study, relevant data
were extracted and recorded on two previously designed data col-
lection forms. One of them was dedicated to compiling the infor-
mation referring to the biomaterials used, the manufacturing pro-
cess of the scaffolds and their characterization; and the other one
collected all the data related to the protocols for the in vivo pre-
clinical test, grouping the animals according to the species, and the
subsequent analysis of the obtained results. The final selection was
based on the inclusion and exclusion criteria detailed above.

2.4. Quality assessment and risk of bias

Two independent authors (LA. and FM.) performed the quality
and risk-of-bias assessments, and all authors resolved discrepan-
cies with team consensus. To assess the quality of the included in
vivo preclinical studies, we used the updated guidelines for report-
ing animal research: the ARRIVE guideline (Animals in Research:
Reporting In Vivo Experiments) [34]. Specifically, we utilized the



JID: ACTBIO

I. Alonso-Ferndndez, HJ. Haugen, M. Lopez-Pefia et al.

“Compliance Questionnaire” to evaluate whether the reports com-
plied with the ARRIVE Essential 10: Study design, sample size, in-
clusion and exclusion criteria, randomization, blinding, outcome
measures, statistical methods, experimental animals, experimental
procedures and results. Furthermore, we added the item “Adverse
Events” because of its importance in a preclinical trial. Next, we
categorized all the items as “reported”, if the item was reported
entirely, “not reported”, if it was not reported, and “unclear” if it
was partially reported or if insufficient details were provided.

The risk-of-bias in the manuscripts was assessed by using the
SYRCLE (Systematic Review Centre for Laboratory animal Experi-
mentation) tool [35] for animal studies in order to assign a judg-
ment of low, high or unclear risk of bias to each of the 10 items
included in the checklist evaluating 10 items: Allocation Sequence
Generation, Baseline Characteristics, Allocation Concealment, Ran-
dom Housing, Blinding of Care Giver/Investigator, Random Out-
come Assessment, Blinding of Outcome Assessor, Incomplete Out-
come Data Addressed, Free from Selective Outcome Reporting and
Free from Other Sources of Bias. The methodological quality was
analyzed by answering the main 10 questions as “yes”, considered
at low risk of bias, “no” which indicated a high risk of bias, or “un-
clear”, for unclear items.

3. Results
3.1. Study selection

The literature search resulted in an initial pool of 799 poten-
tially eligible publications collected from Pubmed and Web of Sci-
ence. Once duplicates were removed, the remaining manuscripts
(n = 626) were screened based on the tittle and the abstract, and
after evaluating the inclusion and exclusion criteria, only 150 were
included as potentially eligible for the present systematic review.
After full-text analysis, 122 reports were excluded (Table 1), and
15 were not retrieved. Finally, the assessment of the references in-
cluded from the initial pool led to a total of 13 articles that were
found suitable to be included, in addition, an article was included
by hand-searching. Thus, there are 14 publications to elaborate the
present systematic review (Figure 2).

3.2. Study characteristics

Manuscripts included in this systematic review were mainly
published after 2020 (8/13). Indeed 3D-printed scaffolds have be-
come a promising alternative for bone regeneration. Hence, the in-
terest in this production method has been growing for years.

The qualitative data of the studies have been extracted and dis-
played in the following analytic tables. From a total number of 14
included articles, 7 of them were conducted in rabbits, in which
New Zealand rabbits were used [154-160], and another 7 ones in
rats where used, two Wistar strain [161,162], four Spargue-Dawley
[163-166] and in one the breed was not specificized [167]. Accord-
ing to the definition made by Brunello et al. [12], an intrabony de-
fect of critical dimensional is not expected by definition, to heal

Table 1

Main Reason for exclusion after full-text screening.
Main Reason for Exclusion No.  References
Language 2 [36,37]
Implants’ characterization and/or in vitro study 48 [9,16,20,38-82]
No additive manufacturing fabrication 3 [83-85]
Ectopic bone formation model 2 [86,87]
PLA Copolymers 32 [19,88-118]
No PLA bioceramic composites 34 [119-152]
Internal Fixation Clip 1 [153]
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spontaneously within the lifetime of the animal. All the defects
made in rats were performed in calvaria, but only 3 could be con-
sidered as critical-sized bone defects (CSD). However, the ones in
rabbits were performed in femur and radius, but only the ones in
radius could be considered as CSD (Table 2). Zhang et al. [159],
in contrast, did not make a defect, but rather developed a in vivo
bioreactor model crossing the scaffold with a vascular bundle and
transplanted it to tibial periosteum.

As mentioned before, PLA is one of the main polymeric mate-
rials used in bone tissue engineering, and its isomeric composi-
tion may vary its characteristics. Only four out of fourteen articles
specify the isomeric, L- or D-LA, composition PLLA (pure poly L-
LA, n = 3) [158,160,164] and PDLA (poly-D,L-LA, n = 1) [165]. Like-
wise, hydroxyapatite is the main bioceramic chosen for the synthe-
sizing composites (n = 10) [154-161,163,166], being used as pow-
ders mixed in different ratios with the polymeric material. Besides,
the HA particles’ size varies among the publications, showing a
nanometric size in 5 [154,156-158,163]. Other bioceramic materi-
als employed are CaP (n = 1) [162] as a biomimetic coating, S-TCP
(n = 1) [164], AW (n = 1) [165] or OCP (n = 1) [167].

Regarding the morphology of the scaffolds, the fabrication of 3D
porous interconnected structures with different shapes and sizes
has been the election in all the studies. These were probably se-
lected for their advantages and crucial role in bone regeneration,
simulating the properties of an extracellular matrix, to create a mi-
croenvironment conducive to optimal tissue regeneration. Among
the wide range of production methods, additive manufacturing
techniques can be divided in the following groups.

- Extrusion-based techniques, where the material is deposited
using a nozzle fixed on a robotic arm, such as fused deposi-
tion modelling (FDM) or fused filament fabrication (FFF), robo-
casting, dispense plotting or bioplotting, multi-head deposition
system (MHDS) or mini-deposition (MDS) system [7,11]. FDM
or FFF is the most commonly used, as seen in 11 of the papers
included in this review [154,156-163,165,166]. However, other
alternatives when manufacturing 3D implants were utilized,
such as micro-extrusion based 3D-printing technology (n = 1)
[167] or 3D bioplotting (n = 2) [155,164].

Other group is powder-based techniques, where particles con-
stituting a powder are sintered or chemically bounded, such
as inkjet printing, selective laser sintering (SLS), selective laser
melting (SLM), binder jetting/sintering, direct metal laser sin-
tering (DMLS) and electron beam melting (EBM) [7,11]. Binder
jetting/sintering (indirect 3D-printing) technique was selected
for the synthesis of apatite-wollastonite (AW) disks [165].
Finally, vat photopolymerization techniques, where a liquid
resin is photopolymerized using UV light.

Another important feature when synthesizing implants is the
sterilization process since it is essential to prevent unsterile
medical devices and also required to obtain regulatory approval
[11,168]. Among the different sterilization techniques, ethylene ox-
ide sterilization was selected to sterilize PLA-bioceramic compos-
ite scaffolds in 7 of the included manuscripts [154,159-163,166];
another paper utilized y-irradiation [165] and in the remain-
ing 6 studies the sterilization process was not reported [155-
158,164,167]. Besides, Tcacencu et al. [165] used steam sterilization
(also called autoclaving) to sterilize the apatite-wollastonite disks.

Scaffold characterization is an essential step in bone tissue en-
gineering due to the importance of key parameters that may influ-
ence the biological response and the bone healing process, such
as mechanical strength, porosity, degradability, or in vitro trials
(summarized in Table 3). First, mechanical strength, in terms of
compressive strength and/or elastic modulus, is included in ap-
proximately 57% of the studies, and its importance lies in its abil-
ity to withstand the existing loads after implantation and pro-
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Fig. 2. Flow chart of the article selection procedure.
Table 2
Animal defects.
Animal Study Model Number of Publications Critical-Sized Defects References
Rats (n = 7) Calvarial Bilateral Defect 1 1/1 [161]
Calvarial Unilateral Defect 6 2/6 [162-167]
Rabbits (n = 5) Femoral diaphysis defect (cylindrical) 4 0/4 [154,156-158]
Radius diaphysis segmental defect 2 2[2 [155,160]

vide sufficient support to bone growth. So it should be as sim-
ilar as possible to the bone: Compressive strength of Trabecu-
lar bone 0.1-16 MPa and Compressive strength of Cortical Bone
130-200 MPa [169,170]. Likewise, porosity and/or pore size have
been reported in all the articles included in the present review
as a consequence of its main role in cell spreading and effective
transport of nutrients, oxygen, waste, etc., favoring continuous in-
growth of bone tissue from the periphery into the inner part of
the scaffold [6,171,172]. Indeed, high porosity and pore size pro-
mote bone regeneration, but reduce the mechanical properties of
the implant [172,173]. The results include values of porosity and
pore size ranging between 26.4% and 70%, and 100 and 500 pm

respectively (See Table 3). However, the degradability of the scaf-
folds was only measured by 3 studies [156,158,164], even though
it is an important parameter, as well as the degradation prod-
ucts derived from it, which can influence the environment affect-
ing bone formation and healing time. Furthermore, the degradabil-
ity will also be related to porosity and mechanical strength, as
higher porosity leads to higher degradability and, consequently, a
lower mechanical resistance [172,173]. In two of them, the sam-
ples were soaked into PBS media (pH 7.4 +- 0.2) at an established
temperature, and variations in weight, molecular weight and/or pH
were measured at various time points [156,158]. And in the other
one, the analysis was performed in vivo, through the measurement



Table 3

Characterization of the scaffolds in the studies.

Mixing ratio

(wt PLA: wt Bioceramic Production Pore Size Elastic Modulus ~ Compressive

References  Biomaterials (s) Bioceramic) particle size Method Morphology Porosity (%) (um) (GPa or MPa) Strength (MPa)  In vitro Degradability Sterilization Scaffolds analysis

[161] PLA + HA 90: 10 50 pm FFF 3D porous 58 450 - - - - Ethylene Oxide SEM
interconnected
structure

[162] PLA + CaP Uncoated - FDM 3D porous 49.93+ - 0.512+0.24 20.50+1.95 Yes - Ethylene Oxide SEM, FTIR, XRD, TGA,

Coating interconnected -5.28 GPa MPa Mechanical Test
98: 2 structure 49.09+3.2 0.510+0.11 GPa  18.22+2.67
MPa

[163] PLA + n-HA 80:20 - FDM 3D porous 70+2.23 - 10.12+1.24 31.18+4.86 Yes - Ethylene Oxide SEM, Mechanical Test,
interconnected GPa MPa Porosity evaluation
structure

[164] PLLA + B-TCP 100: 0 250 pm 3D Bioplotter 3D porous ~62 100 258+102MPa Yes PLLA/TCP30 % Remaining - SEM, puCT, Mechanical
interconnected scaffold Test, Degradability test

90: 10 structure 310440MPa m (GPC, NIR fluorescence
70: 30 349+51MPa 4 ~87  ~91 imaging)

8 ~79 ~84

12 ~71 ~69

[165] PLA + AW 70% AW 55% - 90 pm  AW- Binder 3D porous AW disks - - - Yes - AW - Autoclave  SEM, uCT, Digital
AW+30%MD 15% - 0-53 jet- interconnected 41.85+ PLA and Microscope, XDR,
powder pm ting/sintering  structure -0.94% composite - Porosity evaluation
(maltodextrin) (Indirect PLA 60% gamma (Archimedes method)
50:50 3D-printing) radiation
PLA-FFF

[166] PLA + HA 85: 15 21404 pm MDS 3D porous 60+1.5 500+ 20 - - Yes - Ethylene oxide SEM
interconnected
structure.

[167] PLA + OCP 40: 60 - MEB 3D porous - 500 - 1 MPa Yes - - FESEM, Mechanical

(octacalcium interconnected Test

phosphate) structure.

[156] PLA + n-HA 100: 0 50-80 nm FDM 3D porous ~50 - - ~35MPa Yes Degradation rate: - SEM, XDR, TEM,

90: 10 interconnected ~29MPa Pn50>Pn 30>Pn0 Mechanical Test;
80: 20 structure. ~28MPa Porosity evaluation
70: 30 ~25 MPa (Archimedes method),
60: 40 ~23 MPa Degradability test
50: 50 ~17 MPa (GPC)

[157] PLA + n-HA 100:0 75+20 nm FDM 3D porous 300-400 - 35.41+£2.07 Yes - - TEM, AFM, SEM, EDS,
interconnected MPa JCT, Mechanical Test

50: 50 structure. 17.8+1.92
MPa

[158] PLLA + n-HA 100: 0 50-80 nm FDM 3D porous 60 - 43+0.09 44.02+6.85 Yes Degradation rate and - SEM, Contact angle,
interconnected MPa MPa mass change: 50%n- Mechanical test,

70: 30 structure. 45.54+0.11 29.68+1.92 HA>30%n-HA>0%n-HA Degradability test
MPa MPa (GPC)

50: 50 44.31+0.10 14.22+0.20
MPa MPa

[155] PLA + HA 70: 30 50 pm 3D Bioplotter 3D porous 60 500 - - No - - pCT, SEM
interconnected
structure.

[154] PLA + n-HA 90: 10 63+1.5nm FDM 3D porous 26.4 292+1.8 - 23.36+0.48 Yes - Ethylene oxide SEM, EDS, Mechanical
interconnected MPa test, Porosity
structure. evaluation

[159] PLA + HA 85: 15 21 £1 pm MDS 3D porous 60 500 - - Yes - Ethylene oxide -
interconnected
structure.

[160] PLA + HA - - FDM 3D non-porous - - - - No - Ethylene oxide -
structure

PLA: polylactic-acid); HA: hydroxyapatite; n-HA: nanohydroxyapatite; S-TCP: Beta-tricalcium phosphate; AW: apatite-wollastonite; OCP: octacalcium phosphate; wt: percentage by mass; FDM: Fused Deposition Model-
ing = FFF: Fused Filament Fabrication; MDS: Mini-Deposition System; MEB: Micro-extrusion based 3D-printing; SEM: scanning electron microscope; FTIR: Fourier transform infrared spectroscopy; XDR: X-ray diffraction;
TGA: Thermogravimetric analysis; FESEM: field emission scanning electron microscope; TEM: Transmission Electron Microscope; AFM: Atomic Force Microscope; EDS: Energy-dispersive X-ray spectroscopy; puCT - Micro-
computed tomography
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of non-degradation-related molecular weights by gel permeation
chromatography (GPC) and near-infrared (NIR) fluorescence images
[164]. Finally, in vitro trials were carried out in all studies except
three (see Table 3); though no information was collected, they rep-
resent an essential intermediate step between material synthesis
and characterization, and in vivo testing. Scanning electron mi-
croscopy (SEM) is the most common characterization technique for
scaffolds. However, others can be found in Table 3, such as Micro-
Computed Tomography (uCT), mechanical testing, Fourier Infrared
Spectroscopy (FTIR), Energy Dispersive Spectroscopy (EDS), X-ray
Diffraction Analysis (XDR), etc.

Furthermore, different substances can be applied to scaf-
folds to improve bone healing and regeneration by affecting
bone metabolism. Two studies used bone marrow-derived stem
cells (BMSCs) [159,163], one used dental pulp stem cells (DPSC)
[161] and one used enhanced bone marrow (eBM) [155]. Human
osteoblastoma cell line (MG-63 cell line) was also used in one of
the reports [164], as well as recombinant human bone morpho-
genetic protein-2 (rhBMP-2) [162]. Substances such as lanthanum
(La), a rare earth element with an important role in the bone re-
modeling cycle that can promote the proliferation of bone-building
osteoblast, were used in one paper [167]. Specifically in this case,
La may influence the hydrolysis of OCP to an HA structure, thus
influencing OCP mediated formation.

Likewise, many few procedures can also favor bone regenera-
tion, such as sinusoidal electromagnetic fields (EMF) [163] or in-
duced membrane technique (IMT) [155]. EMF triggered a higher
new bone formation and vascularization. And IMT generated mem-
branes similar to the periosteum, giving interesting results for
treating large bone defects when combined with autografts [174].

There are different methods to assess bone healing in clini-
cal trials. The ones utilized in selected studies are summarized in
Tables 4 and 5. Histological evaluation was the most frequently
used (n = 14), being able to distinguish between a qualitative
histological analysis (n = 13), describing the results without the
use of objective measurement techniques, and a quantitative or
histomorphometric analysis (n = 5), that supplies objective data
about the parameters analyzed such as angiogenesis or osteogene-
sis. In addition, these procedures can be carried out by decalcify-
ing the bone and embedding it in paraffin (n = 10) or dehydrat-
ing and embedding it in a resin (n = 4). Likewise, micro-computed
tomography analysis is widely used (n = 9), providing objective
measurements to quantify bone regeneration. Other methods are
radiographic evaluation, fluorescence imaging, immunohistochem-
istry (osteocalcin (OC), type I collagen (COL-1) or CD31) or bio-
chemical analysis. Follow-ups varied between 4 and 16 weeks;
a single observation time was reported in 4 out of 13 studies
[158,160,161,165,167] and in the other ones, multiple observation
times were chosen.

3.2.1. Studies in rats- main features

In vivo trials in the included reports for testing biomaterials
were conducted through unilateral or bilateral defects in the cal-
varia of adult rats without any adverse reactions to the implanted
scaffolds reported. The main characteristics and results of the stud-
ies are summarized in Table 4.

First, regarding the anesthetic protocols, different drugs and
combinations were utilized by the different authors. Intraperi-
toneal injection of pentobarbital was administered in two stud-
ies, as a single drug [167], or in combination with inhaled isoflu-
rane [163]. Ketamine was used alone [166], combined with xy-
lazine [161,165], or with xylazine and midazolam [162]. Kwon et al.
[164] chose a mixture of tiletamine, zolazepam and xylazine. Be-
sides, only one study reports the use of local anesthesia, with lido-
caine, and/or postoperative analgesia, in this case, buprenorphine
[161]. Given the importance of the anesthetic protocol, both from
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an ethical point of view and the experimental process, it will be
analyzed in more in detail in the discussion section.

HA is the main bioceramic added to a PLA matrix for synthe-
sizing composites, which will be later used to produce 3D porous
scaffolds via 3D-printing. They were tested in rats in three se-
lected studies [161,163,166]. Gendviliene et al. [161] manufactured
PLA/HA scaffolds showed a low potential to induce bone grow-
ing (BV (mm3) puCT: male 3.86+0.99, new bone (mm2) histology:
2.90+0.06), that is slightly higher PLA alone scaffolds and negative
control, but less than the one showed by the Bio-Oss (BV (mm3)
pCT: male 4.2440.51, new bone (mmz2) histology: 4.154+0.58). How-
ever, these results can be improved by adding dental pulp stem
cells to obtain a cellularized scaffold (PLA/HA cells), or the produc-
tion of decellularized extracellular matrix PLA/HA (PLA/HA ECM)
scaffolds from the first. Thus, achieving a bone formation in vivo
similar o even superior to that obtained with the Bio-Oss (PLA/HA
cells- BV (mm3) uCT: male 4.114+0.72, new bone (mm2) histol-
ogy: 3.66+0.29; PLA/HA ECM- BV (mm3) pCT: male 5.09+1.27, new
bone (mmz2) histology: 3.80+0.24). Interestingly, significant differ-
ences between male and female groups can be appreciated in re-
lation to bone growth (Figure 3).

Nevertheless, Zhang et al. [166] demonstrated the osteogenic
capability of 3D-printed PLA/HA scaffolds, as confirmed by histo-
logical examination and the results of the tomographic analysis,
which was performed at 4 and 8 weeks, showing that scaffolds’
bone volume per total volume (BV/TV) presented values around
45% at 8 weeks. On the other hand, defects filled with B-TCP pre-
sented the highest BV/TV value, almost reaching 50%, and those
filled with demineralized bone matrix (DBM) and the empty ones
got the lowest values.

Tu et al. [163] utilized nano-grade HA to manufacture 3D-
printed PLA/HA composite scaffolds. nCT results at 4 weeks after
surgery indicate a BV/TV of about 10% approximately, a lower value
than that obtained by Zhang et al. [166] at the same time point,
approximately 20%. Histological and pCT results of the PLA/HA
scaffold group are superior to the control group at both time points
(PLA/HA BV/TV and New Bone Area Fraction (%) 4w and 8w: ~10%
and ~20%). However, Tu et al. [163] applicated two different treat-
ments to PLA/HA scaffolds to improve their bone regeneration ca-
pability, seeding rat bone marrow mesenchymal stem cells (BM-
SCs), applying electromagnetic fields (EMF) or both, thus generat-
ing another 3 experimental groups. The results showed a higher
percentage of bone growth in all groups, being more notable in the
one that combined BMSCs and EMF (PLA/HA BMSCs + EMF BV/TV;
4w and 8w: ~35% and ~70%; New Bone Area Fraction (%) 4w and
8w: ~30% and ~60%). When used independently, the amount of
new bone is lower without significant differences between PLA/HA
BMSCs and PLA/HA EMF groups at any time point (Figure 4).

Almost no direct comparisons could be performed among pa-
pers that used HA in rat’s calvaria model [161,163,166], because of
differences in time points, PLA/HA mixing ratios and the defects’
number and/or size.

Likewise, octacalcium phosphate (OCP) powders, which is
thought to be one of the precursors for the formation of bone ap-
atite crystals and can be converted to HA under physiological en-
vironments, were synthesized and mixed with PLA to create 3D-
printed porous scaffolds [167]. OCP powders with different con-
centrations of Lanthanum (0.2/0.5/1La-OCP) were prepared via co-
precipitation methods. In vivo trials showed that OCP promoted
positive bone formation, an 0.2 La-OCP/PLA scaffolds showed an
improvement in bone defect regeneration compared with the other
groups.

B-tricalcium phosphate (8-TCP) was added to PLLA scaffolds by
Kwon et al. [164], demonstrating effective support of bone regener-
ation. Micro-computed tomography showed a higher percentage of
bone regeneration when a weight fraction (w.f.) of 30 TCP (~25%



Table 4

Main features of studies in rats.

Biomaterial Sample Empty Bone metabolisms
Reference  Animal Anesthetic Protocol groups Size Defect CSD Control  Groups substances Sacrifice Weeks Assessment method Main findings
[161] Rat Anesthesia: Ketamine PLA/HA 24 Calvarial Bone Yes Yes Empty n = 8 DPSC 8w HCT analysis PLA/HA ECM scaffolds presented
Wistar 2.4 ml/kg, and Xylacine Circular bilateral Bio-Oss n = 8 ECM Qualitative histological bone-forming ability comparable to
300 gr 5 mg/kg (IP) defect PLAn =28 analysis that of Bio-Oss, based on histology
4 m/o Local anesthesia: 2% 9 5.5 mm. PLA/HA (n = 8) Quantitative and pCT analysis. Otherwise, PLA/HA
1/2 female y 1/2  Lidocaine 0.25 ml (SC) PLA/HA + DPSC histological analysis scaffolds can potentially be used in
male Postoperative Analgesia: (n=238) Paraffin bone tissue engineering, especially
Buprenorphine 0.01 PLA/HA + ECM (n = 8) combined with the ECM.
mg/kg(SC)
[162] Rat Anesthesia: Ketamine PLA/CaP 45 Calvarial Bone Yes No PLAn =15 rhBMP-2 1,3 and 6 m Qualitative histological The clinical trials have shown that
Wistar 100 mg/kg, Xylazine 10 Circular unilateral PLA/CaP n = 15 analysis the PLA-CaP scaffolds have proven
300-400 gr mg/kg and Midazolam defect PLA/CaP + rhBMP2 Histomorphometric to be biocompatible, promoting new
5 mg/kg (IM) 9 8 mm n=15 analysis bone formation after 6 months, even
Paraffin without rhBMP-2, based on
histological results.
[163] Rat Anesthesia: PLA/n-HA 126 Calvarial Bone No Yes Empty=24 BMSCs 4and 12 w HCT analysis The histological and
Sprague-Dawley Pentobarbital 35 mg/kg Circular unilateral PLA/n-HA n = 24 Sinusoidal EMF: Quantitative microtomographic analysis revealed
280-320 g weight and Inhaled Isofluorane defect PLA/n-HA + EMF 15 Hz, 1mT. histological analysis that PLA+HA scaffolds + BMSCs
12-13 w/0 ¢ 6 mm n=24 4h/day) Paraffin with EMF exposure present the best
male PLA/n-HA + BMSCs bone integration among all the
n=24 groups, positioning itself as a
PLA/n- promising candidate for craniofacial
HA + EMF + BMSCs reconstruction.
n=24
[164] Rat Anesthesia: PLLA/B-TCP 90 Calvarial Bone No No PLLAn = 15 MG-63 48 and 12 w nCT analysis 3D-printed PLLA+TCP scaffold
Sprague-Dawley Combination of Circular unilateral PLLA/TCP10 n = 15 Qualitative histological effectively supports bone
320-350 g. tiletamine and defect PLLA/TCP30 n = 15 analysis regeneration in rats. The results
8 wfo zolazepam, and 9 5 mm PLLA+MG63 n = 15 Paraffin show a greater bone regeneration
Xylazine, 1:1, 1,5 ml/kg PLLA/TCP10 + MG63 rate in those animals with higher
n=15 percent of TCP, and after adding of
PLLA/TCP30 + MG63 MG-63 to the scaffolds.
n=15
[165] Rat Anesthesia: Ketamine PLA/AW 15 Calvarial Bone Yes No PLA dics n = 3 - 12w Qualitative histological All three types of scaffolds were
Sprague-Dawley and Xylacine Circular unilateral AW discs n = 6 analysis biocompatible. AW/PLA, the ones
350 g. defect AW/PLA discs n = 6 Histomorphometric with the largest amount of new
adult 2 8 mm analysis formed bone. AW scaffolds showed
male Paraffin excellent osseointegration with the
formation of new bone, and PLA
ones have been well tolerated but
were not osteogenic.
[166] Rat Anesthesia: Ketamine PLA/HA 32 Calvarial Bone No Yes 3DP PLA/HAn = 8 - 4 and 8 w HCT analysis The percentage of new bone area in
Sprague-Dawley Circular unilateral B-TCPn =8 Qualitative histological 3DP PLA/HA scaffolds was larger
300-350 g. defect DBM n =8 analysis than in DBM (demineralized bone
8 wfo 2 5 mm Blank control n = 8 Immunohistochemistry matrix) and control groups but less
Male (OC and COL-1) than B-TCP (Beta-Tricalcium
Paraffin phosphate) groups. The same
tendencies were found at 4 and 8
weeks. So, PLA/HA scaffolds might
be a promising candidate for bone
defect repair, with little
inflammation response, relatively
larger resorption rate and superior
osteoinductive activity.
[167] Rat Anesthesia: PLA/OCP ? Calvarial Bone No Yes Control n = ? La 8w Qualitative histological The scaffolds enhanced bone defect
6-8 w/o Pentobarbital (IP) Circular unilateral PLA/OCP n = ? analysis regeneration in vivo. 0.2La-OCP/PLA
defect. PLA/OCP + 0.2Lan = ? Paraffin scaffolds are significantly more likely

9 5 mm

PLA/OCP + 0.5Lan =?
PLA/OCP + 1lan =?

to enhance bone defect regeneration
in vivo than other groups. Our study
suggests that La-OCP/PLA porous
scaffolds have markedly potential in
clinical bone tissue engineering.

m/o: months old; w/o: weeks old; PLA: polylactic-acid; HA: hydroxyapatite; n-HA: nanohydroxyapatite; S-TCP: Beta-tricalcium phosphate; AW: apatite-wollastonite; OCP: octacalcium phosphate; IP: intraperitoneal injection;
SC: subcutaneous injection; IM: intramuscular injection; PLA:; HA:; n-HA:; OCP:; DPSC: dental pulp stem cells; ECM: extracellular matrix; rhBMP-2: recombinant human bone morphogenetic protein-2; BMSCs: bone marrow
mesenchymal stem cells; EMF: electromagnetic fields; MG-63: human osteoblastoma cell line; DBM: demineralized bone marrow; La: Lanthanum; months: m; weeks: w; OC: osteocalcin; COL-1: type I collagen; puCT: micro-
computed tomography.
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Table 5
Main features of studies in rabbits.
Bone
Sample Empty metabolisms Sacrifice
Reference  Animal Anesthetic Protocol Biomaterial ~ Size Defect CSD Control Groups substances Weeks Assessment method Main findings
[156] Rabbit Anesthesia: Pentobarbital 40 PLA/n-HA 18 Femoral Diaphysis ~ No No PLAn=9 - 4,8 and 12w pCT analysis PLA/n-HA can be printed when the
New Zealand mg/kg (IV) Circular Unilateral PLA/n-HA30% Qualitative histological n-HA ratio is less than or equal 50%,
White Defect n=9 analysis the increasing incorporation of n-HA
2-3 kg, male ¢ 5 mm Resin doesn’t affect significantly the
overall mechanical strength in a
limited range (0-30%), but it really
enhances the osteogenesis in vivo.
[157] Rabbit Anesthesia: Pentobarbital 40 PLA/n-HA - Femoral Diaphysis ~ No No PLAn=7? - 12 and 3 m NCT analysis The new bone growth of the
New Zealand mg/kg Circular PLA/n-HA Qualitative histological composite material (PLA+50%n-HA)
White ¢Unilateral? 50%n="7? analysis is significantly higher than that of
2-3 kg, male Defect Resin the PLA group. Consequently, it has
¢ 5 mm a high potential for use as implant
for the critical bone defects
[158] Rabbit Anesthesia: Pentobarbital 40 PLLA/n-HA 9 Femoral Diaphysis ~ No No PLLAn =3 - 4w Qualitative histological ~ The PLLA/50%n-HA has shown a
New Zealand mg/kg (IV) Circular bilateral PLLA/30%nHA analysis preferable capability of bone
White Defect n=3 Resin regeneration, also supported by the
2-3 kg, male 2 5 mm PLLA/50%nHA discovery of the Harversian Canals,
n=3 compared with the PLLA-30%n-HA
specimens, which in turn have
presented a bigger amount of new
bone tissue than the PLLA ones.
[155] Rabbit Anesthesia: Pentobarbital 30 PLA/HA 36 Diaphysis Left Yes No ICBG + IM eBM 4,12 and 16 NCT analysis The IM combined with 3D-printed
New Zealand mg/kg (IM) Radius n=9 ICBG w Qualitative histological ~ PLA-HA scaffold and eBM has a
White Segmental PLAlHAn =9 IMemb analysis bigger efficiency for treatment of
2,5 +/- 0.25 kg, 6 Unilateral Defect IM + PLA/HA Histomorphometric large bone defects than the PLA-HA
m/o 15 mm n=9 Analysis and the IM/PLA-HA groups, and
IM + PLA/HA + eBM Paraffin similar to the IM/ICBG group (Gold
n=9 Standard), based on the X-ray, pCT
and histological results.
[154] Rabbit Anesthesia: Xylazine 0,.1 PLA/n-HA 3 Distal Right No No PLAHAn =3 - 4,8 and 12w pCT analysis In vivo trials confirmed that the
New Zealand ml/kg (IM) Femur Qualitative histological printed PLA/n-HA scaffold can
White Circular Unilateral analysis enhance osteogenesis and
4.2+/-0.18 kg, Defect Resin osteoconductivity. It was showing
male, adult 2 4.5 mm and bone formation within the femoral
Depth 10-13 mm defect at 4,8 and 12 weeks, and no
inflammation signs.
[159] Rabbit - PLA/HA 24 Tibial Diaphysis - No Experimental BMSCs 4 and 8 w HCT analysis 3D-printed PLA-HA composite
New Zealand Periosteum. Group (EG) Qualitative histological  scaffolds in an in vivo bioreactor
White Cuboid shaped PLA/HA analysis prove to be a promising tool for the
25+/-0.2 kg., 6 periosteal pockets +BMSCs with Immunohistochemistry  prefabrication of large volume,
m/o 10 mm in length blood vessel (OC and CD31) customized, vascularized bone
and 7.5 mm in Control Paraffin tissues. Besides, adding a vascular
diameter. Group (CG) bundle allows the construction of
PLA/HA + BM- large vascularized bone grafts that
SCs without translate into a bigger BV/TV, Tb.N
blood vessel and Tb.Th in the in vivo trials.
[160] Rabbit Anesthesia: Ketamine 20 PLA/HA 60 Diaphysis Right Yes Yes Control - 2,4,8y 12w Radiographic analysis Scaffold created with anatomical
4-5.5 kg, female, mg/kg, midazolam 2 mg/kg, Radius Group n = 20 Qualitative histological ~ characteristics similar to the radios
> 7 m/o and morphine 2 mg/kg (IM). Segmental ICBG n = 20 analysis proved to be biocompatible and
Inhaled isoflurane Unilateral Defect PLA/HA Paraffin allow cell multiplication around the
Local anesthesia: 2% 15 mm Group n = 20 composite. Despite of the fact that

Lidocaine 6 mg/kg - Right
brachial plexus block
Postoperative Analgesia:
Tramadol 4 mg/kg and
meloxicam 0.1 mg/kg (SC)

less bone callus and bone bridge
was formed compared to the gold
standard method (ICBG).

mj/o: months old; w/o: weeks old; PLA: polylactic-acid; PLLA: poly-L-lactic-acid; HA: hydroxyapatite; n-HA: nanohydroxyapatite; IM: intramuscular injection; IV: intravenous injection; BMSCs: bone marrow mesenchymal stem
cells; DBM: demineralized bone marrow; La: Lanthanum; eBM: enhanced bone marrow; ICBG: iliac crest bone graft; IMemb: induced membranes; w: weeks; m: months; OC: osteocalcin; pCT: micro-computed tomography;
BV/TV: Bone Volume/Tissue Volume; Tb. N: Trabecular Number; Tb. Th: Trabecular thickness.
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Fig. 3. pCT and histology results according to gender (All parameters are presented as mean SD). Processed puCT images taken with an X-Ray 3D Computer tomograph
RayScan 250E. (a,d) Negative control (purple) and Geistlich Bio-Oss® (blue). (b,e) Pure PLA (blue) and PLA/HA (purple) scaffolds. (c,f) PLA/HA cellularized with dental pulp
stem cells (blue) and PLA/HA Extra Cellular Matrix scaffolds (purple) [161]. “Reprint with permission from [161] under the terms of the Creative Commons Attribution 4.0

International License, CC BY-NC.ND 4.0.”

Control Scaffold

Scaffold/EMF

Scaffold/BMSCs Scaffold/BMSCs/EMF

Fig. 4. Bone regeneration evaluated by HE staining. Coronal HE stained sections in the calvarial defect region of different groups were taken 4 and 12 weeks post-operation.
The dotted line indicates the boundary of the 6-mm defect. Blue wary lines designate newly formed bone, and asterisks point to residual scaffolds. Scale bars in lower
magnification images represent 1000 um, and scale bars in higher magnification images represent 250 pum [163]. “Reprint with permission from [163] under the terms of

the Creative Commons Attribution 4.0 International License, CC BY-NC.ND 4.0.”

at 12 weeks) was used compared with PLLA/TCP10 w.f. (~10% at
12 weeks) or PLLA (~0% at 12 weeks) at all time points. The same
trend was maintained when MG-63 cells were added to the scaf-
fold, reaching 45% of bone regeneration values in the PLLA/30TCP
group at 12 weeks. Besides, Massons’s trichrome staining of cra-
nial bone shows the formation of new bone tissue with a typical
mature bone structure when MG-63 cells are added.

CaP biomimetic coatings have shown their capability to con-
fer osteoconductivity properties to scaffolds. Maia-Pinto et al.
[162] developed and evaluated PLA scaffolds biomimetically coated
with apatite, with and without loading rhBMP-2. After 6 months,
trim bone formation levels were appreciated in PLA group (New

10

formed bone: 11.2%), compared with PLA-CaP and PLA-CaP-BMP2
groups, which presented significantly better biological responses of
newly formed bone, 31.2 and 44.85 respectively. Besides, PLA-CaP-
BMP2 groups presented bone tissue formed with a more advance
degree of maturity and large area, as compared to PLA-CaP group;
and there was no significant degradation of the implants.

Finally, Tcacencu et al. [165] created a composite structure by
manufacturing PLA and apatite-wollastonite (AW) disks combined
with thermal bonding creating AW/PLA porous composite struc-
tures. Despite the confirmation by histological assessment of the
in vivo biocompatibility of PLA, AW and AW/PLA scaffolds, the
AW/PLA implants resulted in the most considerable amount of
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Fig. 5. Micro-CT analysis of the implanted scaffolds. The PLA and PLA/n-HA composite scaffolds were implanted into the rabbit femoral defect. (a) At 1,2 and 3 months after
scaffold implantation, the bone defect area was scanned using micro-CT, and 3D reconstruction was performed. The reconstructed scaffold was shown in red and the bone
in gold; (b) the scaffold-implanted area of the cortical bone (5 mm in diameter and 2 mm in depth) was reconstructed in 3D; and (c and d) quantitative calculation of
new bone growth based on CT data, mineral density (MD), and bone tissue volume (BV)/total tissue volume (TV). *p < 0.05; **p < 0.01;***p < 0.001. [157]. “Reprint with
permission from [157] under the terms of the Creative Commons Attribution 4.0 International License, CC BY-NC.ND 4.0.”

newly formed bone, with a percentage of newly formed bone be-
tween 15 and 25%, versus the 1-2% showed by AW implants.

3.2.2. Studies in rabbits

Studies in rabbits were performed on appendicular limbs, in-
cluding the femur, tibia, and radius. No adverse effects were found
when evaluating the behavior of the biomaterials. The main char-
acteristics and results of the reports are summarized in Table 5.

Curiously, 4 out of the 7 anesthetic protocols selected in rab-
bits [155-158] included only an injection of pentobarbital, with-
out the complementary administration of any drug. Regarding the
other 3 studies, one reported using xylazine [154], and in the other
one [159], no information about the anesthetic protocol was pro-
vided. Eventually, Minto et al. [160] selected combination of ke-
tamine, midazolam and morphine for preanesthetic medication,
besides they administered isoflurane for the induction and main-
tenance of the general anesthesia, and performed a right brachial
plexus block using lidocaine. Likewise, authors used tramadol and
meloxicam for postoperative pain control.

As it was mentioned above, HA is the most commonly used
bioceramic, having been selected in all the studies in rabbits [154—
160]. Specifically nano-HA, was utilized in 4 reports [154,156-158];
and 3 of them used a 5-millimeter circular defect in the femoral
diaphysis to assess their bone regeneration properties [156-158].
Wang et al. [156] synthetized PLA/30%n-HA scaffolds and com-
pared them with PLA/0%n-HA scaffolds. In vivo trials showed new
bone tissue growing in all groups at any time points without in-
flammatory reaction or tissue necrosis, demonstrating the biocom-
patibility of the implant. uCT results indicate a higher bone grow-
ing in PLA/30%n-HA groups at 4, 8 and 12 weeks, with BV/TV
percentages of 40% vs 30% in PLA/O%n-HA group. Wang et al
[157] manufactured 3D-printed porous scaffolds with a 5:5 mass

1

ratio PLA/n-HA showing that high n-HA content composite mate-
rials were biocompatible and osteogenic inductors conducting new
bone growth at 1,2 and 3 months. Statistical differences (p < 0.001)
were found when comparing BV/TV between PLA (~35% BV/TV at
3 months) and PLA/50%n-HA groups (~60% BV/TV at 3 months)
(Figure 5). Likewise, these results were superior to those obtained
by Wang et al. [156] at the same time point, 40% BV/TV PLA/30%n-
HA vs 60% BV/TV PLA/50%n-HA, so a higher amount of n-HA on
composites is related with a better bone regeneration of femoral
defects. Zhang et al. [158], for their part, reported the implanta-
tion during 4 weeks of porous PLLA/n-HA scaffolds loaded with O,
30 and 50% n-HA, and despite not having performed a quantitative
analysis of the results, histological observations demonstrated that
all the specimens utterly integrated with surrounding host tissue,
with a little bone tissue formation in the internal pores of PLA/30%
n-HA scaffolds and even less in PLLA ones, which presented the
least new bone tissue. However, in the PLLA/50%n-HA scaffolds,
all the pores were filled with new bone tissue, with signs indicat-
ing bone maturation. This reaffirms what was previously indicated
about the relation between the presence of HA, and bone regener-
ation (Figure 6). The latest report on n-HA composites is the one
carried out by Chen et al. [154], who developed porous PLA/n-HA
composite scaffolds with the following PLA/n-HA mixing ratio 9:1
m/m, and evaluate its in vivo osteogenic effects by means of cir-
cular defects in the distal part of the femur. Quantitative analysis
of nCT showed that BV/TV increased with the increased implant
time, from 6% at 4 weeks to 20% at 12 weeks; besides the histo-
logical section indicated no inflammation signs and the presence
of bone in bone/implant contact region and inside the pores.

No nano-hydroxyapatite powders were utilized in 3 reports
in rabbits. Liu et al. [155] designed a 3D-printed scaffold with
a PLA/HA mass ratio of 7:3, and tested it in long bone defects,
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Fig. 6. HE evaluation of PLLA/nHA scaffolds in vivo for 4 weeks (a,d,g) cross-section HA histological images of PLLA, 30%nHA explants; (b,c) high magnification images of
PLLA cross-sections and new bone; (e,f) high magnification images of 30%nHA cross-section and new bone; (h,i) high magnification images of 50%nH cross-sections and new
bone (M: materials cross-sections, NB: new bone) [158]. “Reprint with permission from [158] under the terms of the Creative Commons Attribution 4.0 International License,

CC BY-NC.ND 4.0.”

specifically in a segmental defect in the middle of the left ra-
dius. Besides, they studied the effect of its use with induced
membranes (IM), alone and combined with enhanced bone mar-
row (eBM), or iliac crest bone graft (ICBG), considered the gold
standard in bone regeneration, to improve the bone healing pro-
cess. Micro-tomographic analysis was performed at 16 weeks and
showed the following results: PLA/HA group obtained the low-
est BV/TV values (~30%), then IM+PLA/HA group (~50%), and fi-
nally IM+ICBG (~70%) and IM+PLA/HA+eBM (~70%), which had
demonstrated the best effects on bone regeneration, without signi-
ficative differences between them. Thus, IM and eBM significantly
enhanced bone repair, achieving greater ratios of woven bone than
PLA/HA and IM+PLA/HA groups. Likewise, histomorphometry re-
sults showed the same trend, with the following area ratios of WB
at 8 weeks: PLA/HA (~20%) < IM+PLA/HA (~40%) < IM + ICBG
(~70%) = IM + PLA/HA + eBM (~70%).

Minto et al. [160] manufactured a 3D-printed PLLA/HA non-
porous scaffolds to fill a defect in the right radius diaphysis,
and compared with empty control and iliac crest autologous graft
groups. No severe lameness was detected in any of the groups,
however, the implant groups showed grater lameness, edema,
and pain, compared with the others. Likewise, radiographic and
histopathologic studies showed smaller bone callous and grater in-
flammation signs, respectively, when animals included in PLLA/HA
group were analyzed. Therefore, graft group was the one which led
to superior results, since it is the gold standard for bone regenera-
tion.

Finally, 3D-printed PLA-HA composites scaffolds were combined
with in vivo bioreactor strategies to generate vascularized tissue-
engineered bone of customizable size and geometry by Zangh et al.
[159]. The scaffolds were seeded with autologous BMSCs, crossed
with a vascular bundle (experimental group, EG) or not (control
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group, CG) and inserted in a tibial periosteum capsule. The his-
tological examination revealed neovascular formation and ossified
tissue regeneration in both groups at 4 and 8 weeks. Microangiog-
raphy and pCT measurements showed a higher vessel number and
volume in the EG than CG at any time point. In the same way,
BV/TV analysis of the EG was significantly greater than CG, 35% vs
20% at 4 weeks, and 70% vs 30% at 8 weeks.

3.3. Study quality and risk of bias assessment

The quality assessment of the studies was performed according
to the essential items of the ARRIVE guidelines, which are sum-
marized in Figure 7. The individual analysis of the manuscripts
showed that at item 3. “Inclusion and exclusion criteria”, 6. “Out-
come measures”, 8. “Experimental Animals”, 9. “Experimental Pro-
cedures”, and 11. “Results” the information was adequate and re-
ported with percentages of 85.7%, 78.6%, 85.7%, 64.3% and 64.3%;
thus, it graded as “reported”. However, items 4. “Randomisation”,
5. “Blinding” and 10. “Adverse events” were considered as “not
reported” because there is an evident lack of information in the
reported studies, with frequencies 35.7%, 100% and 64.3%. Other
items, such as 1. “Study Design”, 2. “Sample Size” and 7. “Statisti-
cal Methods”, were classified as “unclear reported”, due to incom-
plete items reported, insufficient experimental details provided, or
no subitems included.

The risk of bias was evaluated using the SYRCLE in all the in-
cluded reports and is shown in the Figure 8, as a frequency dis-
tribution percent. Most of the questions were graded as “Low Risk
of Bias”, as shown in item 2. “Baseline characteristics”, 6. “Random
outcome assessment”, 8. “Incomplete outcome data addressed”, 9.
“Free from selective outcome reporting” and 10. “Free from other
sources of Bias”, with percentages from 64.3% to 100%. By contrast,



JID: ACTBIO

1. Alonso-Ferndndez, H,J. Haugen, M. Lopez-Peiia et al.

[m5G;July 20, 2023;20:3]

Acta Biomaterialia xxx (XXxX) XXX

11. Results

10. Adverse events

9.Experiment procedures

$.Experimental animals

7. Statistical m ethods

6.Outcome measures

35 40 45

Figure 6. Study quality assessment (ARRIVE)

24

I ;

= Reported
Unclear
Not Reported

74

5. Blinding
2. Sample size - 786

©
g
; I
8

50 55 60 65 70 75 80

Fig. 7. Study quality assessment (ARRIVE).

Figure 7. Risk of Bias Assessment (SYRCLE)

10. Free from Other Sources of Bias

9. Free from Selective Outcome Reporting

8. Incomplete Outcome Data Addressed

7. Blinding of Outcome Assessor

6. Random Outcome Assessment

5. Blindinf of Care Giver/lavestigator

4. Random Housing

3. Allocation Concealment

2. Baseline Characteristics

1. Atlocation Sequence Generation

0 5 10 15 20 25 30 35

04

50 55

| |

wLow Risk of Bias
Unclear Risk of Bias
= High Risk of Bias.

S

6 6 70 75

2
2
g

Fig. 8. Risk of Bias Assessment (SYRCLE).

items 1. “Allocation sequence generation” and 5 “Blinding of care
giver/investigator”, were assigned as “High Risk of Bias” showing
frequencies of 42.9% and 100%. Finally, “Unclear Risk of Bias” was
detected at items 3 “Allocation concealment”, 4 “Random housing”
and 7 “Blinding of Outcome Assessor” with frequencies of 35.7%,
78.6% and 50%, respectively.

4. Discussion

This systematic review aimed to evaluate the possible use, as
bone graft substitutes, of 3D-printed scaffolds synthesized from
PLA/bioceramic composites in preclinical studies with animal mod-
els as a promising approach to bone repair and reconstruction.
Bone tissue engineering is one of the main fields of study in
biomedicine, due to the tremendous impact of this pathology on
people’s quality of life. Thus, the results positioned 3D-printing
technology and composite materials as alternatives to heal im-
paired fractures, supporting and favoring the growth of new bone
and vascular tissue. In addition, its implantation does not trig-
ger and inflammatory response that could harm bone regenera-
tion. Other authors have corroborated these findings, confirming
that the use of 3D-printed templates showed more significant bone
tissue regeneration than conventional porous templates fabricated

from the same material [8]. Likewise, bioceramic scaffolds, alone
or combined with polymeric materials, demonstrated better sup-
ported new bone formation, compared to untreated empty defects,
and a similar bone growth compared to defects filled with depro-
teinized bovine-derived bone mineral [12].

The importance of using scaffolds in bone tissue engineering
has increased in recent years, with the main goals of filling bone
defects and supporting and inducing the growth of bone tissue
[154]. At the same time, the utilization of additive manufactur-
ing techniques for their synthesis has risen notably since it allows
their customization when dealing with complicated and irregular
geometries [175], as well as, precisely controlled architectures, high
reproductivity and accuracy of produced parts [162,166]. In addi-
tion, scaffold architecture is critical for bone regeneration [161],
because it is related to its ability to stimulate cellular responses
and is essential for regulating cell adhesion, proliferation, migra-
tion, and differentiation.

Some of the scaffold’s main studied parameters in the papers
were the pore interconnection, overall porosity and pore size. A
wide range of pore sizes can be selected for bone regeneration.
Generally, macroporosity promotes osteogenesis and microporos-
ity improves surface area for protein adsorption, providing attach-
ment points for osteoblasts. Hence, studies suggested that pore
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size should range from 200 to 500 micrometers. Typically, pores
should be higher than 300 pm to facilitate osteoblast proliferation
and enhance neovascularization, and 100 pm is the very minimum
size, since it is associated with the formation of non-mineralised
osteoid or fibrous tissue, limiting oxygen and nutrient diffusion
throughout the scaffolds [4,161,171-173]. Likewise, pore intercon-
nectivity positively influences bone deposition rate and depth of
infiltration, improving nutrient and oxygen supply to the inner part
of the scaffold and allowing cell infiltration [172,173]. Another fea-
ture that influences bone regeneration rate is the pore’s geome-
try, due to different morphologies giving rise to differences in pore
width and curvature of the surface, leading to variations in tissue
morphology and growth rate. For example, tissue formation favors
concave surfaces compared with flat and convex regions [172].

The bioactive properties are also important, and in all the stud-
ied publications, it was demonstrated that the addition of an ap-
propriate amount of calcium phosphate to a PLA matrix provides
the implant an improvement in its biological activity [156], by re-
ducing possible inflammatory reactions that could limit PLA appli-
cations [166]. Likewise, the addition of bioceramics influenced me-
chanical properties and biodegradability. Balancing PLA’s ductility
and Ca-P’s brittleness is the key issue regulating composite’s me-
chanical properties [158]. Kwon et al. [164] observed that adding
B-TCP in mixture ratios of 10 and 30%, increased the compressive
strength of the implants from approximately 258 MPa (PLA alone),
to 310 and 349 MPa respectively. However, other studies observed
that when higher concentrations of hydroxyapatite were added to
a PLA matrix, the compressive strength of the implants decreased
[156-158]. Zhang et al. [158] showed that PLA scaffolds had a com-
pressive strength of around 44.02 MPa, which decreased progres-
sively as hydroxyapatite was added, with values of 29.68 and 14.22
MPa for 30 and 50%HA concentrations, respectively.

A critical property when manufacturing bone scaffold is its
biodegradability. An ideal biodegradable material should be com-
parable to the rapid replacement rate by the new bone formation,
providing support while leaving space for tissue growth [166]. In-
deed, the degradation ratee should match the growth of native
ECM to ensure mechanical support throughout the lifecycle of the
scaffold [173]. PLA is degraded by simple hydrolysis, and the degra-
dation products are then transformed into nontoxic subproducts
that are eliminated through regular cellular activity and urine [13].
Nevertheless, lactate’s releasing triggers the acidification of the en-
vironment affecting the defect site’s acid-base balance, which can
lead to hampered biological response towards the scaffold [24,156].
Like other bioceramics, HA performed the neutralizing capacity to
the acidic products form in vivo degraded polymers and partially
blocked the unfavorable acidic environment [154,176]. Besides, HA
is hydrophilic, increasing the ability to absorb the water, and ac-
celerating the degradation process [156,161]. Wang et al. [156] ob-
served that Pn50 group (PLA/50%HA) degraded faster than the
other groups (Pn30, PLA/30%HA and PnO, PLA/0%HA) after 7 days.
Zhang et al. [158] also obtained similar results with higher mass
and molecular weight losses in PLA/50%HA scaffolds than PLA/30%
HA and PLA/0%HA ones. Furthermore, the last studied changes in
the solution pH values that before day 11 were significantly lower
in PLA/50%HA and PLA/30%HA groups, corresponding to the degree
of mass reduction. However, in the later stage, the high content
of HA seemed to alleviate environmental acidity, and the lowest
pH values were found in samples without HA. By contrast, Kwon
et al. [164] concluded from their in vivo degradability analysis that
71% of the original molecular weight of the PLA scaffolds remains
12 weeks post-implantation, with similar results and consequently
similar changes in the profiles, if the measures were obtained by
GPC or NIR intensity. Besides, the degradation-related molecular
weights of PLLA, PLLA+TCP10, and PLLA+TCP30 scaffolds did not
vary significantly.
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Regarding modifying the characteristics of PLA scaffolds, it is
worth highlighting some of the available possibilities that may be
interesting for bone tissue engineering. Shuai et al. [107] concluded
in their work that the addition of poly (glycolic acid) (PGA) to
PLLA/HA scaffolds results in an improvement of the hydrophilic
behavior, with higher water absorption and the degradation rate,
increasing the contact area between PLLA and body fluid. Conse-
quently, there is a higher exposure of the HA embedded in the
PLA matrix, which contacts with body fluids to exchange ions, and
therefore the bone like apatite deposition, providing a suitable en-
vironment for osteoblastic growth and proliferation. Another pos-
sibility is using a copolymer of the PLA, derived from natural
monomers of lactide and glycolide, such as poly (lactic-co-glycolic
acid) (PLGA). Its amorphous structure allows water molecules to
diffuse easily into the scaffold, providing greater degradability and
bioactivity compared to the ones made by PLA [177].

Generally, when manufacturing the implants, the bioceramic
powders were mixed or dissolved with PLA solution to be later
printed using additive manufacturing techniques. However, Tca-
cencu et al. [165] synthesized apatite-wollastonite disks indepen-
dently and then adhered them to PLA porous disks through a ther-
mal bonding process, and Maia-Pinto et al. [162] biomimetically
coated with apatite a 3D-printed polylactic acid scaffolds. Regard-
ing the manufacturing process of PLA-HA implants, the most fre-
quent combination, and the variations among the mixing ratios,
it could be seen that most of the studies chose one proportion
[154,155,157,159,161,163,166], but readers do not know why it was
selected. However, others tested different concentrations of HA to
evaluate the influence on scaffolds’ performance [156,158]. At this
point, it was observed that when HA ratio was more significant
than 50%, the composite material could not be printed coherently
and stably due to its high brittleness, but values less than or equal
to 50% can be printed satisfactorily by FFF [156-158]. Zhang et al.
[158] achieved a successful impression of a composite with 50%
HA by using a silane couple agent called dodecyl trimethoxy silane
(WD-10), which can combine with the polymer molecular chain
more effectively. By contrast, Wang et al. [156] were able to print
PLA/50%HA scaffolds but did not test them in vivo, probably be-
cause of the presence of apparent fractures in the cuboids and the
negative effects of proportions of HA higher than 30% had over the
ductility, as they reported.

HA particles’ size is also another important aspect when syn-
thesizing composites. Nano-hydroxyapatite has been demonstrated
to overcome the shortcomings of the micro-sized one. It increases
surface activity due to its size similar to apatite in natural bones,
has better dispersibility to attach to the cell membrane and is
more suitable as a filler or a coating material. Furthermore, it is
less brittleness [156,157].

Likewise, sterilization processes have a major significance when
manufacturing scaffolds for bone regeneration and need to be
raised at the beginning of implant development. For this purpose,
there are many available options as steam sterilization (also called
autoclaving), ethylene oxide sterilization, hydrogen peroxide ster-
ilization, y-irradiation, electron-beam irradiation (also called B-
irradiation) and UV sterilization. However, not all of them can be
used on biodegradable polymers and/or bioceramics, because it
may produce adverse reactions such as physico-chemical and mor-
phological changes and the formation of toxic byproducts by de-
grading the material [11,168]. UV exposure, y-irradiation and S-
irradiation are suitable processes to sterilize biodegradable poly-
mers. Nevertheless, autoclaving, plasma sterilization and ethylene
oxide, the most used process in the included papers, should be
avoided because they produce respectively, a shrinkage of the ma-
terials, physical alterations, and toxicity [11,178-180]. Regarding
bioceramics, y-irradiation has been shown to be the most indi-
cate sterilization process. However, autoclaving and ethylene ox-
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ide have been demonstrated to degrade some calcium phosphate
phases [11,30]. Therefore, neither has proven suitable techniques
for sterilizing composites synthesized from PLA and bioceramics.

Zeiter et al. [181] reported in their manuscript the massive vari-
ations in the chosen models used to test bone substitutes, for ex-
ample, animal species, strain or breed, age and gender. Rabbits and
rats were the most frequently used models but without a clear
preference for a specific gender. Besides, there is a high variabil-
ity in the age of the animals, something with critical influence re-
garding the closure of growth plates and the skeletal maturity. Lit-
erature revealed that important information such as age or gen-
der, was missed in many studies, hindering the interpretation and
replicability of the results. These results were in agreement with
those obtained in the present review. Al-allaq and Kashan [33] also
reported more trials in rodents (rats, mice), than in the rest of the
models, probably because of the ease of handling and their small
size. However, large animal models should be considered for fu-
ture investigations, due to the similarities between human clinical
conditions and animal models are essential for investigating bone
scaffold interactions.

Among the species available for the evaluation of bone forma-
tion, rats and rabbits were selected for testing different composite
materials in this review, and information about age or gender was
variable between them or was not reported or specified [154-167].
Calvaria and femur were, respectively, the main anatomical regions
selected to make the defects. However, because of protocol differ-
ences such as defect size, the number of defects, observation times
or scaffolds composition, no cross-study comparisons could be per-
formed, and the generalizability of the results was limited. Further-
more, the following limitations were found when evaluating the
preclinical trials with animal models of the different reports. The
sample size was not specified in two [157,167] and another one
utilized only 3 animals [154], which is a deficient number of speci-
mens to obtain significative statistical results. The critical-sized de-
fect (CSD) model, commonly proposed for the evaluation of bone
healing, was just observed in 5 papers [155,160-162,165]. The lack
of control groups, since empty controls were only utilized in 5 of
14 studies [160,161,163,166,167], and iliac crest bone graft control
or positive control in 2 [155,160]. The low report of adverse effects,
usually present in this kind of procedure, was poorly reported, as
seen in the study quality assessment. And finally, the absence of
quantitative methods when evaluating bone regeneration among
the different groups, such as pCT analysis, quantitative histologic
analysis or histomorphometric analysis, was identified in 2 reports
[158,160,167].

The choice of the anesthetic protocol is an essential step in the
design of any animal experiment, and it must reach a state of un-
consciousness, analgesia, and muscle relaxation. Scientists some-
times decide to leave the animals’ pain untreated since using po-
tent anesthetic and analgesic drugs may strongly affect the ani-
mals’ biology. However, animal pain management in laboratories is
an ethical imperative [182], specifically when performing most or-
thopedic and wound healing models, since they produce moderate
to severe pain [183]. Below, we will analyze some of the main fea-
tures of the drugs used for surgical procedures. Since pentobarbital
is a barbiturate that produces hypnosis but has poorly analgesic
properties, it is typically not used alone in painful procedures. It
was administered alone in rabbits [155-158] and rats [167], al-
though in the latter, it was combined in one case with isoflurane
[163], an inhalational anesthetic with little or no analgesic activ-
ity. Ketamine is a dissociative anesthetic that reaches somatic anal-
gesic levels. It was utilized in rats alone [166] or combined with
other drugs, such as xylazine [161,165], xylazine and midazolam
[162] or midazolam and morphine [160]. Xylazine is an alpha-2 ag-
onist with powerful tranquillizing properties and moderate visceral
analgesic action; midazolam, a benzodiazepine with relatively low
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tranquillizing-sedative effects and no analgesic properties, is usu-
ally utilized as an adjunctive drug to ketamine; and morphine, a
pure opioid with potent analgesic action and bad hypnotic prop-
erties, which is very useful given its lasting effects for animal’s
premedication, but also for the postoperative period. Tiletamine,
as well as ketamine, is a dissociative anesthetic used in conjunc-
tion with zolazepam, a benzodiazepine drug; the combination pro-
vides a sedation, but no so potent analgesia. It was administered
to rats in combination with xylazine [164]. Furthermore, only one
two reports included the use of local anesthesia or postoperative
analgesia. Gendyviliene et al. [161] selected respectively, lidocaine,
a short-acting local anesthetic commonly applied through the in-
filtration of the tissue, and buprenorphine, a partial agonist opioid
which provides analgesia and is considered as an effective treat-
ment for postsurgical pain. It is one of laboratory animals’ most
widely used analgesics [184]. Likewise, Minto et al. [160] admin-
istered lidocaine to perform a right brachial plexus block, a local
anesthesia technique; and used meloxicam and tramadol for the
control of the pain during the postsurgical period. Meloxicam is
a non-steroidal anti-inflammatory drug (NSAID) which provides a
moderate analgesic action, usually used for the treatment of pain
or inflammatory processes. And tramadol is another opioid com-
monly administered in rabbits to treat mild acute and chronic pain,
it has a low activity at the mu opioid receptor and inhibits nora-
drenaline and serotonin reuptake [185]. Doses and administration
routes are highly important aspects when designing a protocol, al-
though they will not be discussed in this paper. Once reviewed all
the drugs included in the anesthetic protocol of the different stud-
ies, we can conclude that pain management is deficient in most
of the articles, especially in the ones in rabbits. In addition, the
use of local anesthesia techniques and postoperative pain control
are non-standardized practices, at least in the papers included in
the present review. But, what are the implications of choosing an
ideal anesthetic protocol that includes an effective pain manage-
ment, when designing an in vivo preclinical trial for the evalua-
tion of biomaterials? Physiologic response to surgery and pain has
been described as “surgical stress response”. This phenomenon in-
duced several changes in animals’ physiology, such as muscle wast-
ing, weight loss, impaired wound healing and a generalized state
of immunosuppression, leading to the appearance of septic com-
plications in the postoperative period. Furthermore, untreated pain
can produce a reduction of food and water intake, disrupted sleep
and changes in activity and behavior in rodents, which also can
delay bone healing [183]. In matter of orthopedic procedures, pain
control is also essential, because it favors continued limb usage,
and thus, stimulate bone healing [183,186]. So, this is the reason
why the concepts of balanced anesthesia and multimodal analge-
sia become important, since on the one hand they will help us
to achieve a quick recovery and bone healing, and prevent chronic
pain [183]. And on the other hand, it will allow us to reduce the
possible bias outcomes that pain and stress can exert on the bone
regeneration process in animals. The results of Carbone and Austin
[182] also suggest that animal post-surgical pain is likely under-
treated, likewise poor reporting of pain management can lead to
the belief that analgesics are not or cannot be used, and as a con-
sequence, other researchers published their work whit referring
neither to pain or its treatment; so finally “under-reporting encour-
ages under-treatment”.

The urgent need to provide safe and effective biomaterials for
clinical applications creates a demand for reproducible and tech-
nically simple bioassay for biomaterials’ screening, which need to
be tested at all stages of preclinical development [187,188]. Ani-
mal models play a key role in basic medical research, and many
different ones have been used for different applications. [189,190].
However, they encounter ethical, practical, and technical problems
which limit their use [190]. For this reason, other alternative pre-
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clinical models have gained importance in recent years, thus pro-
moting the incorporation of the 3Rs (Reduction, Replacement and
Refinement) in submitted research proposals [188]. Cell cultures
have been used as in vitro models for over a century and repre-
sents an indispensable tool to improve the understanding of cell
biology and in vivo cell behavior mechanisms [189]. Different cell
culture techniques have been developed. 2D monolayer models are
simple and efficient to assess a biomaterial’s biocompatibility, char-
acterization and functionality. However they not accurately mimic
the natural 3D organization of cells and their extracellular matrix
[188,189], and consequently do not fully predict in vivo outcomes.
This is why 3D cell cultures were developed, offering an oppor-
tunity to replace animal models due to their success to replicate
a higher number of in vivo features by mimicking living organ’s
organization and microarchitecture (organotypic culture/organoids)
[188,189]. Thus, 3D cell cultures allow the study of cell-cell and
cell-environment interactions mimicking in vivo physiology [188].
Likewise, the chorioallantoic-membrane (CAM) of the chick em-
bryo have demonstrated to be a valuable, short-term, simple and
cost-effective assay to test biomaterials, with results comparable
with the ones obtained in mouse trials [187,188,190]. The CAM
functions as an organ for gas exchange between the embryo and
the environment [187]. Its most common application is examining
the angiogenic response as an early indicator of biomaterials’ per-
formance in vivo [188], because of the close connection between
osteogenesis and angiogenesis during bone healing [190]. But this
model also allows the evaluation of biocompatibility based on the
survival rate of the chick embryos at the experimental end-point,
the integration of the implant within the CAM and the presence
of a primitive inflammatory response [188]. Finally, another option
for the study of angiogenesis is the generation or an arteriovenous
loop. This model is useful for investigating the angiogenesis and
biocompatibility but also for the axial vascularization of scaffolds
for tissue engineering purposes, in which engineered tissue can be
transplanted with its vascular axis and connected to local vessels
at the recipient site. The model provides the tissue with oxygen
and nutrients immediately after transplantation [191].

3D-printed templates have been shown to have characteristics
for their use in bone regeneration when composite originated from
the addition of HA, B-TCP or octacalcium phosphate to a PLA ma-
trix, the combination between PLA and apatite-wollastonite discs
or the use of biomimetic CaP coatings; were utilized for their syn-
thesis. Starting from this, we can extract certain ideas. First of all,
we could see that higher concentrations of HA [156,158] or B-TCP
[164], as expected, will lead to higher percentages of new bone
area. Furthermore, the addition of different substances to function-
alize the scaffolds, showed an improvement in the results com-
pared with not functionalized groups, as Minto et al. [160] de-
scribed in their paper “A factor that could assist the scaffold would
be the use of precursor cells for osteogenesis to optimize bone
healing, since biologically active 3D implants are promising in tis-
sue regeneration”. Dental pulp stem cells [161], bone marrow stem
cells [159,163] or enhanced bone marrow [155], which increase
the migration of the stem cells to the site of the injury, and in-
duce angiogenesis and osteogenic differentiation by the release of
growth factors. Indeed, grown factors with the greatest osteoin-
ductive potential can also be applied, such as bone morphogenetic
proteins (BMP) [162], which stimulate bone formation via recruit-
ing osteoprogenitor cells. BMP-2 has been widely studied because
of its ability to directly target BMP receptors at the cell surface and
trigger stem cell differentiation in bone, and it has been demon-
strated to be an alternative to stem cell implantation [192]. Like-
wise, other substances have demonstrated a positive effect on bone
growth, such as human osteoblastoma cell lines [164], a potential
osteoblast-like source. This potential osteoblast-like source allows
rapid bone proliferation, and lanthanum, a foreign ion capable of
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enhancing bone formation by influencing the hydrolysis of OCP to
HA. Nevertheless, functionalizing substances is not the only strat-
egy different authors use to stimulate bone regeneration. The ap-
plication of electric fields [163] and induced membranes technique
[155] have also benefited bone healing. Among the substances that
can be added to scaffolds to improve the biological effects, even
the use of metals has been reported. Wang et al. [193] recently
published the addition of lithium to PLA/n-HA composites, which
plays an important role in bone development, homeostasis, o0s-
teoblast differentiation and bone formation via the activation of
Whnt signaling pathway. Likewise, in vivo trials have demonstrated
that in lithium doped groups presented higher osteogenic induc-
tion than not doped ones.

As it could be seen in the results section, none of the papers
matching the search criteria have used bioglass, however they have
also been demonstrated to neutralize the acidic degradation of the
PLA, improve the mechanical properties of the composites, as well
as their bioactivity, cytocompatibility and biological fixation, de-
fined as the capability of bonding to both hard and soft tissues.
Furthermore, bioglass release inhibits the growth of various bac-
terial strains, reducing the risk of infections and implant encap-
sulation, as mentioned before [16,17]. Alksne et al. [20] in their
work compared in vitro 3D-printed PLA/HA and PLA/BG composite
scaffolds, and concluded that BG composites are more suitable for
bone regeneration demonstrating better biofriendly and osteoin-
ductive properties compared to pure PLA and PLA/HA scaffolds,
since the ions dissociated from BG such as soluble silica, calcium,
sodium and phosphate, stimulate osteogenesis and angiogenesis,
affecting cell fate, biological response and osteogenic commitment
more than HA, that only ensure bone building material accessibil-
ity acting as a nucleating site for bone minerals. Thus, BG is pre-
sented as another interesting option for the synthesis of compos-
ites for bone regeneration, as it was demonstrated by Sultan et al.
[17] who implanted PLA/BG scaffolds subcutaneously in rats and
reported the potential of these scaffolds in bone tissue engineer-
ing.

5. Conclusion

All included studies concluded that 3D-printed composite scaf-
folds provide a promising alternative for treating of bone defects.
Tested implants showed to be biocompatible without the appear-
ance of adverse reactions that could impair bone growth. They are
also mechanically resistant, and bone formation was positively re-
lated to adding higher bioceramics to the PLA matrix. Furthermore,
adding different substances to functionalize the scaffolds or using
several procedures improved their biological activity and, conse-
quently, the appearance of better newly bone formation results.
However, most of the reports focused on the synthesis and char-
acterization of the implant. Finally, they neglected the design and
performance of in vivo trials with animal models, mainly in as-
pects related to anesthetic protocol, which is vital in this kind of
study. Likewise, there is a lack of standardization in the design
of these procedures that allows the comparison of the results ob-
tained among the different reports, specifically when regarding the
animal species, age and gender, the number and size of performed
defects, the use of empty control groups, the establishment of crit-
ical defects as essential in the study of bone healing and the unifi-
cation of formed bone quantification methods. These changes will
lead to refining the surgical processes and procuring quality infor-
mation without the risk of bias, which will help the rest of the
research community working in this research area.
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