
Bioactive Materials 6 (2021) 3782–3800

2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Biosynthetic scaffolds for partial meniscal loss: A systematic review from 
animal models to clinical practice 

F. Veronesi a, B. Di Matteo b,g,*, N.D. Vitale b,c, G. Filardo d,e,f, A. Visani a, E. Kon b,c, M. Fini a 

a Complex Structure of Surgical Sciences and Technologies, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy 
b Humanitas University, Department of Biomedical Sciences, Via Rita Levi Montalcini 4, 20090, Pieve Emanuele, Milan, Italy 
c IRCCS Humanitas Research Hospital, Via Manzoni 56, 20089, Rozzano, Milan, Italy 
d Applied and Translational Research Center, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy 
e Orthopaedic and Traumatology Unit, Ospedale Regionale di Lugano, EOC, Lugano, Switzerland 
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A B S T R A C T   

Acute or degenerative meniscus tears are the most common knee lesions. Meniscectomy provides symptomatic 
relief and functional recovery only in the short- to mid-term follow-up but significantly increases the risk of 
osteoarthritis. For this reason, preserving the meniscus is key, although it remains a challenge. Allograft trans-
plants present many disadvantages, so during the last 20 years preclinical and clinical research focused on 
developing and investigating meniscal scaffolds. The aim of this systematic review was to collect and evaluate all 
the available evidence on biosynthetic scaffolds for meniscus regeneration both in vivo and in clinical studies. 
Three databases were searched: 46 in vivo preclinical studies and 30 clinical ones were found. Sixteen natural, 15 
synthetic, and 15 hybrid scaffolds were studied in vivo. Among them, only 2 were translated into clinic: the 
Collagen Meniscus Implant, used in 11 studies, and the polyurethane-based scaffold Actifit®, applied in 19 
studies. Although positive outcomes were described in the short- to mid-term, the number of concurrent pro-
cedures and the lack of randomized trials are the major limitations of the available clinical literature. Few in vivo 
studies also combined the use of cells or growth factors, but these augmentation strategies have not been applied 
in the clinical practice yet. Current solutions offer a significant but incomplete clinical improvement, and the 
regeneration potential is still unsatisfactory. Building upon the overall positive results of these “old” technologies 
to address partial meniscal loss, further innovation is urgently needed in this field to provide patients better joint 
sparing treatment options.   

1. Introduction 

Meniscal preservation is one the pillars of “joint preserving surgery” 
which aims at decreasing the need for total knee replacement [1,2]. In 
fact, even though meniscectomy is shown to provide symptomatic relief 
and functional recovery in the short- to mid-term follow-up, its 
long-term consequences are well-known and it could be considered as 
one of the “heaviest” risk factors for the onset of osteoarthritis (OA) even 
in young and middle-aged patients [3,4]. The management of meniscal 
damage has its own chapter in the history of orthopaedics [5] and, 
surprisingly, the very first surgical treatment, described in 1874, was a 
meniscal reinsertion rather than a meniscectomy [6]. Also, current 

guidelines suggest saving meniscal tissue whenever possible, but not 
every meniscal tear can be sutured: as a result, meniscectomy still rep-
resents the most common arthroscopic procedure performed worldwide 
[7]. Meniscectomized knees undergo relevant biomechanical and kine-
matic impairment, whose entity depends on the amount of meniscal 
resection: first, there is a variable loss of knee stability, both in 
antero-posterior and rotational translations, associated to a reduction of 
the congruency between the articular surfaces of the tibia and femur. 
Subsequently, an increase in local peak contact pressure and a reduction 
of joint lubrication occur, leading to a gradual cartilage damage in the 
affected compartment, ultimately resulting in the onset of OA often 
associated to extensive subchondral bone damage, especially in knees 
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presenting with varus-valgus malalignment. 
Based on these premises, to address massive meniscus loss, allograft 

transplantation has been introduced into clinical practice more than 30 
years ago [8–12]. However, despite positive findings, the use of allo-
grafts is affected by some drawbacks, mainly related to the limited 
availability of musculoskeletal tissue banks and the strict regulations on 
the use of allograft existing in some countries. Furthermore, meniscal 
allograft is best indicated in total or sub-total meniscectomized patients, 
whereas, in the majority of cases, clinicians deal with partial meniscal 
defects. 

Meniscal scaffolds have been developed to address these limitations 
[13]: scaffolds are biomimetic materials able to stimulate tissue repair 
and regeneration by recruiting autologous stromal cells that can popu-
late the 3-dimensional architecture of the scaffold, and restore the 
meniscal fibro-cartilage. 

The rationale behind the development of meniscal scaffolds was 
therefore to offer a treatment option for partial meniscal loss, in order to 
restore the native biomechanics of the knee and provide a substratum for 
meniscal regeneration, thus preventing (or delaying) the onset of irre-
versible joint degenerative changes over time. 

In the last two decades several different biomaterials underwent pre- 
clinical testing [14,15] aiming at stimulating joint tissues regeneration. 
Among these, meniscal scaffolds reached the clinical application based 
on experimental evidence that meniscal tissue healing can be boosted by 
proper biologic stimuli even in the presence of a mild degenerative joint 
environment [16]. The advantage of meniscal scaffolds is that they 
represent an on-the-shelf technology with the possibility of being 
modelled to match the actual size of the meniscal defect, without the risk 
of impairing their biologic and biomechanical properties, which are 
strictly linked to the particular biomaterial used [17]. Still, despite 
numerous in vitro and in vivo studies, only few scaffolds were adopted in 
humans and [18] research is still intense in this field. 

The aim of the present systematic review was to summarize the 
current state of the art in meniscal scaffolds’ application, from preclin-
ical in vivo to clinical studies, to understand the evolution occurred over 
time and identify the new trends of research and areas deserving further 
investigation. 

2. Materials and methods 

The search of articles of this systematic review was conducted on 
February 2021, according to the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) principles. The search was 
conducted on 3 databases: www.pubmed.com, www.webofknowledge. 
com and www.scopus.com. In the first database the MeSHes were as 
follows: (“Meniscus"[Mesh] OR “Tibial Meniscus Injuries"[Mesh] OR 
“Menisci, Tibial"[Mesh]) AND “Tissue Scaffolds"[Mesh]) and in the 
second and third databases the keywords were: “((Meniscus OR Tibial 
Meniscus Injuries OR Menisci, Tibial) AND (Tissue Scaffolds))”. The 
limits were English language for www.pubmed.com and English lan-
guage and article type for www.scopus.com and www.webofknowledge. 
com. For all the 3 searches, the date of publication was set from 2000 up 
to today. The following inclusion criteria were used for article selection: 
1) animal trials describing the radiologic, histologic, and immuno- 
histochemical results of meniscal scaffolds; 2) clinical trials of any 
level of evidence including more than 10 patients treated by meniscal 
scaffold implantation. 

A total of 715 articles were found. The articles were screened by 
reading titles and abstracts by two authors (FV, NDV). A total of 605/ 
715 articles were excluded because: they were reviews (117/605); 
investigated scaffold preparation and characterization (233/605); ex 
vivo models (37/605); in vitro studies (94/605); only cartilage (81/605), 
bone (6/605), ligament (7/605), intervertebral disc (3/605) or osteo-
chondral defect (6/605) regeneration; use of cells without scaffold (9/ 
605); description of mere surgical techniques (9/605); case reports or 
mini case series (3/605). A total of 110 studies were screened and 34 

duplicate articles were excluded (34/110). Finally, 76 studies were 
included in the present review: 46 were in vivo studies and 30 were 
clinical ones (Fig. 1). 

All data were extracted and reviewed from article texts, tables, and 
figures by the same two independent investigators (FV and NDV). Dis-
crepancies between the two reviewers were resolved by discussion and 
consensus. The final results were reviewed by the senior investigator 
(MF). Risk of bias assessment of the included articles was done following 
the Coleman methodology score modified by Kon et al. [19] for clinical 
papers and SYRCLE for in vivo preclinical studies [20]. The assessment 
was independently performed by two authors (FV and NDV). Any 
divergence was discussed with the senior investigator, who made the 
final judgement. 

3. Results 

3.1. In vivo results 

Sixteen studies investigated natural scaffolds [21–36], 15 synthetic 
[37–51] and 15 hybrid natural/synthetic [52–66] ones (Fig. 2). Some of 
them were implanted without cells [21–29,37–44,52–62] and some with 
cells [30–36,45–51,63–66]. Twenty-one in vivo studies were conducted 
in rabbits [21,23–25,28,29,33–36,39,41,45,46,50–52,61–64], 15 in 
sheep [27,31,32,37,38,53–60,65,66], 6 in dogs [22,26,42–44,47] and 4 
in pigs or miniature pigs [30,40,48,49] (Table 1). 

3.1.1. Natural scaffolds 

3.1.1.1. Cell-free scaffolds. Some scaffolds were made by only one tis-
sue: decellularized autologous supraspinatus tendon (ST) [21]; collagen 
meniscus implant (CMI) [22]; autologous meniscal fragments [23,24]; 
porcine small intestine submucosa (SIS) [25,26]; silk fibroin [27]. Other 
scaffolds were instead made by a combination of 2 biomaterials: an 
acellular swine meniscus extracellular matrix (AMECM) with deminer-
alized bovine cancellous bone (DCB) [28]; a 2-layered 3D structure, 
composed of decellularized allogenic flexor digitorum superficialis 
tendons (FDST) and acellular Achilles tendon fragments [29].  

• One biomaterial: Positive results were observed in all cases.  
1) Decellularized autologous ST significantly increased the covering 

ratio, proteoglycans (PGs) and Collagen I (COLL I) content and 
reduced COLL III, even if elastic modulus and hardness decreased 
[21];  

2) CMI showed an increase in organization and integration of the 
regenerated tissue [22];  

3) meniscus fragments (decellularized or not) revealed macroscopic 
and microscopic improvements in the regenerated meniscus and 
also biomechanical test confirmed these findings (cross-sectional 
area, maximal load and linear stiffness), with better results 
reached by non-decellularized fragments [23,24];  

4) SIS regenerated a meniscus tissue without complications, with a 
high organization, integration, cell density, cross-sectional area 
and total surface area and lower lameness [25,26];  

5) Silk fibroin scaffold remained in place until 6 months from its 
implantation. It induced a regenerated tissue with an equilibrium 
modulus (Eeq) similar to the native meniscus [27].  

• More biomaterials: 
1) AMECM, combined with DCB, significantly increased the regen-

eration of a meniscal tissue, containing higher chondrocyte-like 
cells, PGs and collagens, gene expression of COLL I, COLL II, 
Aggrecan and Sox9 and tensile modulus than AMECM or DCB 
separately [28];  

2) a multi-layered scaffold composed of decellularized allogenic 
FDST and Achilles tendon fragments [29] regenerated meniscal 
tissue with a high integration rate and collagen content following 
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the intra-articular injection of gefitinib, a tyrosine kinase inhibi-
tor present on the intracellular side of epidermal growth factor 
receptor (EGFR). 

3.1.1.2. Scaffolds with cells. Decellularized allogenic meniscus frag-
ments [30], CMI [31] and collagen type I sponge [32] were implanted, 

after the seeding of autologous chondrocytes [30], autologous fibro-
chondrocytes [31] or BMSCs [32] and all the studies have as comparison 
groups the scaffold without cells and the empty defect. Three are com-
posite scaffolds, hyaluronan ester (HA)/gelatin (70/30) seeded with 
autologous BMSCs or BM [33–35] and 1 was made by riboflavin-induced 
photocrosslinked collagen hydrogel and crosslinked HA (COL-RF-HA) 

Fig. 1. Flowchart of the papers’ selection process.  

Fig. 2. Scaffolds’ use in animal studies.  
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Table 1 
Summary of in vivo preclinical studies.  

Ref. Animals CTR Scaffold Evaluations Results: 
Study group Vs CTR 

Natural scaffolds: cell-free 
Li C et al. Sci Rep 

2017 
15 skeletally 
mature Japanese 
big-ear rabbits 
(3.0–3.5 kg) 

Empty 
defect 

Decellularized autologous ST 6 wks, 3 and 6 mo: 
Macroscopy; 
Histology; 
Histomorphometry; 
Biomechanics 

↑ covering ratio, Ishida score, Toluidine 
blue, COLL I; 
↓ COLL III, elastic modulus, hardness 

Hansen R et al. J 
Orthop Res 2013 

9 skeletally mature 
mixed breed dogs 
(25.5 kg) 

/ CMI 3 and 6 wks, 12, 13, 
17 mo: 
Histology 

Organized and integrated tissue, scaffold 
degeneration 

Kawaguchi Y et al. 
Orthop Traumatol 
Surg Res 2019 

75 mature 
Japanese White 
rabbits (3.8 ± 0.3 
kg) 

Empty 
defect 

Autologous meniscal fragments, 
decellularized or not 

3 and 6 wks, 3 mo: 
Macroscopy; 
Histology; 
Histomorphometry; 
Biomechanics 

↑ gross evaluation score, cross-sectional 
area, histological score, maximal load, 
linear stiffness; 
Not decellularized scaffold: ↑ histological 
score, maximal load, linear stiffness than 
decellularized scaffold 

Kobayashi Y et al. 
Am J Sports Med 
2010 

75 mature 
Japanese White 
rabbits (3.5 ± 0.2 
kg) 

Empty 
defect 

Autologous meniscal fragments 3 and 6 wks, 3 mo: 
Macroscopy; 
Histology; 
Histomorphometry; 
Biomechanics 

↑ gross and histological score, cross 
sectional area, maximal load, linear 
stiffness 

Gastel JA et al. 
Arthroscopy 2001 

12 NZW rabbits 
(3.5–4 kg) 

/ SIS 1, 3, 6 mo: 
Histology 

No incorporation at 1 mo; 
More organized and fibrous tissue at 3 mo; 
More organized tissue resembling native 
meniscus, integration at 6 mo 

Cook JL et al. Am J 
Sports Med 2006 

51 adult 
conditioned dogs 
(2–5 yrs, 
22.0–34.4 kg) 

Empty 
defect 

SIS Every mo: 
Clinical lameness; 
3, 6, 12 mo: 
Macroscopy; 
Histology; 
Ultrasound; 
Biomechanics 

Animals survived, no surgical 
complications. 
↓ lameness; 
↑ mature appearance, attachment, CSA%, 
TSA%, tissue regeneration, organized 
tissue, cell density, integration 

Gruchenberg K et al. 
Knee Surg Sports 
Traumatol Arthrosc 
2015 

27 skeletally 
mature Merino 
sheep (4.2 ± 0.9 
yrs) 

/ Silk fibroin 3, 6 mo: 
Macroscopy; 
Biomechanics; 
Histology 

No inflammation, scaffold in place  
= Eeq than native meniscus, scaffold not 

always fixed 

Yuan Z et al. 
Biomaterials 2016 

32 NZW rabbits (3 
mo) 

Empty 
defect 

AMECM and/or DCB 3, 6 mo: 
Histology; 
Histomorphometry; 
RT-PCR; 
Biomechanics 

DCB and AMECM + DCB ↑ regenerated 
meniscal tissue than AMECM and empty 
defect; 
AMECM + DCB ↑ regenerated meniscus 
than DCB; 
AMECM + DCB ↑ chondrocyte-like cells, 
PGs, Col1, Col2, Acan, Sox9, well- 
organized collagen, Ishida score, tensile 
modulus than AMECM, DCB and empty 
defect 

Natural scaffolds: cell-free with GFs 
Pan Z et al. Acta 

Biomaterialia 2017 
20 male NZW 
rabbits (5 mo) 

Empty 
defect 

Multi-layer acellular rabbit Achilles 
tendon with or without i.a. gefitinib (30 
mM) injection 

2, 4 mo: 
Macroscopy; 
Histology; 
Histomorphometry; 
Biochemics 

Scaffolds with and without gefitinib ↑ 
meniscus covering ratio; 
Scaffold with gefitinib ↑ Safranin-O, Pauli 
score, collagens than empty defect and 
scaffold without gefitinib 

Natural scaffolds: with cells 
Peretti GM et al. Am 

J Sports Med 2004 
16 Yorkshire pigs 
(3 mo) 

Scaffold or 
empty 
defect 

Decellularized allogenic meniscal slides +
autologous chondrocytes 

9 wks: 
Macroscopy; 
Histology; 
Histomorphometry 

↑ lesion repair, fibro-cartilaginous matrix, 
GAGs 

Martinek V et al. 
Arch Orthop 
Trauma Surg 2006 

25 adult Merino 
sheep (80.0 ± 10.6 
kg) 

Scaffold or 
empty 
defect 

CMI + autologous fibrochondrocytes (10 
× 106 cells/3.25 cm scaffold) 

3 mo: 
Macroscopy; 
Histology 

No intra- or post-operative complications, 
stable joint. 
↑ regeneration, vascularization; 
↓ fibrochondrocytes, scar tissue; ↑ matrix, 
scaffold remodeling than scaffold 

Whitehouse MR 
et al. Stem Cells 
Transl Med 2017 

30 skeletally 
mature sheep (>2 
yrs) 

Scaffold or 
empty 
defect 

Collagen sponge + BMSCs (1 × 106 cells/ 
cm2) 

13 wks, 6 mo: 
Macroscopy; 
Histology 

↑ meniscus healing at 13 wks; 
No healing at 6 mo 

Angele P et al. J 
Biomed Mater Res 
2008 

24 NZW rabbits (5 
mo) 

Scaffold or 
empty 
defect 

HA/gelatin + autologous BMSCs (105 

cells/μl) cultured in CM 
3 mo: 
Macroscopy; 
Histology; 
Histomorphometry; 
IHC 

No infection, chronic inflammation. 
↑ integration, fibrocartilage with hyaline 
cartilage-like areas, cross-sectional width, 
COLL II 

Zellner J et al. J 
Biomed Mater Res 
Part A 2010 

60 NZW rabbits (5 
mo) 

Scaffold or 
empty 
defect 

HA/gelatin + autologous BMSCs (1,5 ×
106 cells/scaffold) cultured or not in CM or 
BM 

6 wks, 3 mo: 
Macroscopy; 
Histology; 
IHC 

Scaffold + BM ↑ PG; 
Scaffold + BMSCs ↑ PG, moderate COLL II, 
integration than scaffold; 

(continued on next page) 
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Table 1 (continued ) 

Ref. Animals CTR Scaffold Evaluations Results: 
Study group Vs CTR 

Scaffold + precultured BMSCs ↑fibroblastic 
and meniscus-like cells, PG, COLL II 

Zellner J et al. J 
Biomed Mater Res 
Part B Appl 
Biomater 2013 

30 NZW rabbits (5 
mo) 

Scaffold or 
empty 
defect 

HA/gelatin + autologous BMSCs (1 × 106 

cells/scaffold) precultured or not in CM 
6 wks, 3 mo: 
Macroscopy; 
Histology; 
Histomorphometry; 
IHC; 
Biomechanics 

Scaffold + BMSCs ↑ healing, scar strength 
than scaffold; 
Scaffold + precultured BMSCs ↑healing, 
matrix, COLL II, scar strength than scaffold 

Natural scaffolds: with cells and GFs 
Koh RH et al. Acta 

Biomaterialia 2017 
6 NZW rabbits 
(3–3.3 kg) 

Scaffold or 
medium 
with TGF-β3 

COL-RF-HA + human T-MSCs (1 × 106 

cells/construct) cultured with conditioned 
medium from meniscal fibrochondrocytes, 
cultured with TGF-β3 

10 wks: 
Histology; 
IHP; 
Histomorphometry 

↑ cellularity, PGs, GAGs, collagens, COLL II 

Synthetic scaffolds: cell-free 
Zhang ZZ et al. Acta 

Biomaterialia 2016 
24 NZW rabbits (3 
mo) 

Empty 
defect 

PCL (pore of 215, 320 or 515 μm) 3 mo: 
Macroscopy; 
Histology; 
IHC 

No complications, weight change, 
inflammation. 
↑ macroscopical aspect; 
Scaffold (pore of 215 μm) ↑ macroscopical 
aspect, COLL I, COLL II than scaffolds (pore 
of 320, 515 μm) 

Otsuki S et al. Am J 
Sports Med 2019 

16 minipigs (42.6 
mo, 51.6 kg) 

Empty 
defect 

PGA coated with PLLA/PCL sponge 1, 2, 6 mo: 
Macroscopy; 
Histology; 
IHC 

↑ meniscus size, Ishida score, collagen 
structure, COLL I, COLL II; ↓ Pauli score 

Testa Pezzin AP 
et al. Artif Org 
2003 

34 adult NZW 
rabbits (5–7 mo, 
2–4 kg) 

/ PLLA/PPD 3, 6, 12, 14 wks: 
Histology 

Degradation at 6 wks and tissue 
infiltration; 
Fibrocartilage at 12 wks; 
Aligned fibers at 14 wks 

Tienen TG et al. 
Biomaterials 2003 

12 adult Beagles 
(13.1 ± 1.6 Kg) 

Empty 
defect 

PUEs based on PLLA/PCL 3, 6 mo: 
Histology; 
IHC; 
Macroscopy; 
Histomorphometry 

Normal gait, no infections. 
↑ intact menisci, COLL II; chondrocyte-like 
cells, COLL II and PGs, almost complete 
integration, starting of scaffold 
degradation, macrophages, giant cells, no 
inflammation 

Galley NK et al. Clin 
Orthop Relat Res 
2011 

13 healthy, 
skeletally mature 
Columbia X 
Rambouillet sheep 

/ Actifit® 3, 6, 12 mo: 
Histology; 
Biomechanics 

tissue infiltration, stained matrix; ↓ 
compressive modulus; = permeability than 
native meniscus 

Maher SA et al. 
Arthroscopy 2010 

42 skeletally 
mature Columbia X 
Rambouillet ewes 

Empty 
defect 

Actifit® 3, 6, 12 mo: 
Macroscopy; 
Histology 

Normal gait. regenerated and dense tissue 
filling the defect, cell infiltration, matrix 
deposition, PGs, collagen 

Welsing RTC et al. 
Am J Sports Med 
2008 

13 adult Beagle 
dogs (12.5 ± 0.2 
Kg) 

Empty 
defect 

PCL-PU 6, 24 mo: 
Histology; 
Histomorphometry; 
IHC 

Well connected, cartilage-like tissue with 
chondrocyte-like cells, COLL I, COLL II, 
collagen filled the pores, no inflammation, 
polymer fragments  
= compression-stress curves than native 

meniscus at 6 mo 
Heijkants RGJC 

et al. J Mater Sci 
Mater Med 2004 

12 adult Beagles 
(13.1 ± 1.6 Kg) 

Empty 
defect 

PCL-PU 6 mo: 
Biomechanics; 
Histology; 
IHC 

No infections. 
Tissue infiltration;  
= compression curve, PG, COLL I, COLL II 
than native meniscus 

Synthetic scaffolds: with cells 
Zhang ZZ et al. Am J 

Sports Med 2017 
72 skeletally 
mature NZW 
rabbits (3.0 kg) 

Scaffold or 
empty 
defect 

PCL + allogenic BMSCs (5 × 106 cells/ 
scaffold) 

3, 6 mo: 
Macroscopy; 
Histology; 
IHC; 
Biomechanics 

No weight changes, complications. 
↑ scaffold integration, shape, total 
macroscopic score, COLL I, COLL II, tensile 
modulus, aggregate modulus, ultimate 
tensile strength, GAGs 

Gu Y et al. Exp Ther 
Med 2012 

24 Beagle dogs (6 
mo) 

Scaffold or 
empty 
defect 

PLGA + chondrogenically induced 
myoblasts (1.5 × 107/0.3 ml) 

3 mo: 
Macroscopy; 
Histology; 
IHC; 
Histomorphometry 

↑ defect filling, Th, integration, meniscus- 
like fibrocartilage with hyaline cartilage- 
like areas, COLL II; 
Scaffold ↑ Th than empty defect 

Weinand C et al. 
Arch Orthop 
Trauma Surg 2006 

15 swines Scaffold or 
empty 
defect 

Woven PLGA mesh + chondrocytes (1 ×
106 cells/ml) 

3 mo: 
Macroscopy; 
Histology 

Well ambulation, no infections, no 
swelling, no redness. 
Closed lesion, complete healing, fibrous 
tissue, some histiocytes 

Weinand C et al. Am 
J Sports Med 2006 

28 swines Scaffold or 
empty 
defect 

Woven PLGA mesh + autologous or 
allogenic chondrocytes (1 × 106 cells/ml) 

3 mo: 
Macroscopy; 
Histology; 
Histomorphometry 

No swelling. 
Partial of full closure of lesion, new scar- 
like tissue, few histiocytes, ↑ healed lesion 
%,; 
Scaffold or empty defect no closure, no 
healing 

Koch M et al. Stem 
Cell Int 2018 

14 NZW rabbits 
(12–14 wks, 
2.8–3.2 kg) 

Scaffold Actifit®+BMSC suspension (200 μl, 2 ×
104 nucleated cells/μl) 

6 wks, 3 mo: 
Macroscopy; 

↑ meniscus score, integration, healing, PGs 

(continued on next page) 
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Table 1 (continued ) 

Ref. Animals CTR Scaffold Evaluations Results: 
Study group Vs CTR 

Histology; 
IHC 

Kang SW et al. J 
Biomed Mater Res 
2006 

9 NZW rabbits (6 
wks, 3.5 ± 0.4 kg) 

Scaffold PGA/PLGA + allogenic meniscal 
chondrocytes (2 × 106 cells/scaffold) 

6, 10 wks, 9 mo: 
Histology; 
IHC; 
Water content and 
total collagen content; 
Cytoindentation 

Meniscus tissue formation with original 
scaffold shape, slightly larger than the 
original scaffold, structure similar to native 
meniscus, fibrocartilage, 
fibrochondrocytes, collagens, organized 
structure, PGs, COLL I, COLL II, water 
content, Young’s modulus similar to native 
meniscus. 
Scaffold no maintenance of the shape and 
size of the original scaffold 

Esposito AR et al. 
Biores Open Access 
2013 

24 NZW rabbits (5 
mo) 

Scaffold or 
empty 
defect 

PLDLA/PCL-T + fibrochondrocytes 12, 24 wks: 
Macroscopy; 
Histology 

↑ Fibrocartilaginous tissue 
Scaffold + fibrochondrocytes and scaffold 
complete healing of the incision, with no 
external scar, tissue with features similar to 
those of native meniscus 

Hybrid Natural/Synthetic scaffolds: cell-free 
Gao S et al. Acta 

Biomater 2018 
20 NZW rabbits (3 
kg) 

Empty 
defect 

DMECM sponge + DMECM/PCL fiber films 3, 6 mo: 
Macroscopy; 
Histology; 
IHC; 
Biomechanics; 
Biochemics 

↑ meniscus-like cells, meniscus covering 
area, regeneration, GAGs, COLL I, COLL II, 
Ishida score 

Ghodbane SA et al. 
Tissue Eng Part A 
2019 

24 skeletally 
mature Dorset Finn 
Cross Sheep (2–3 
yrs) 

Empty 
defect 

COLL reinforced with polymer fiber 
(pDTDDD) 

3, 6 mo: 
Histology; 
Histomorphometry; 
IHP; 
Biochemics 

normal cell morphology; ↑ vascularization, 
collagenous bundles, COLL I, GAGs, 
Collagen; ↓ lymphocytes and 
multinucleated giant cells 

Merriam AR et al. 
Am J Sports Med 
2015 

20sheep Empty 
defect 

COLL reinforced with polymer fiber 
(pDTDDD) 

4, 8 mo: 
Biomechanics; 
Histology; 
IHP 

Neomeniscus tissue, no scaffold, organized 
tissue, COLL I, COLL II; ↓ multinucleated 
giant cells, inflammatory cells 

Patel JM et al. Am J 
Sports Med 2016 

10 skeletally 
mature Dorset Finn 
Cross sheep (2–3 
yrs) 

Empty 
defect 

COLL reinforced with polymer fiber 
(pDTDDD) 

13 mo: 
Biomechanics; 
Histology; 
IHC; 
Biochemics 

↑ cell infiltration, areas of dense ECM 
deposition with aligned collagen fibers, 
blood vessels, COLL I, COLL II; ↓ 
inflammatory cells 

Patel JM et al. Am J 
Sports Med 2018 

12 skeletally 
mature Dorset Finn 
cross sheep (2–3 
yrs) 

/ COLL reinforced with polymer fiber 
(pDTDDD) 

24 mo: 
Macroscopy; 
Histology; 
IHC; 
Biomechanics 

↓ coverage%, Eeq, Ultimate tensile load, 
tensile stiffness than native meniscus; 
Dense tissue deposition and organization, 
no inflammation, vascular ingrowth, 
bundles of collagen, no calcification, 
chondrocyte-like cells, COLL I, COLL II 

Patel JM et al. Tissue 
Eng Part A 2016 

9 skeletally mature 
Dorset Finn cross 
sheep (2–3 yrs) 

/ COLL–HA reinforced with PLLA fibers 2, 4, 6, 8 mo: 
Biomechanics; 
Histology; 
Biochemics 

↓ Aggregate modulus; = collagen, GAGs 
than native meniscus; 
Polymer fibers observed, cell infiltration, 
new collagen deposition and organization 
at 4 mo, reduced during time, areas of 
aligned ECM; ↓ macrophages 

Chiari C et al. 
Osteoarthritis 
Cartilage 2006 

8 skeletally mature 
Austrian stone 
sheep (50–64 kg) 

Total MMx 
or PMx 
empty 
defect 

HA/PCL 6 wks: 
Histology 

No degeneration, stable joints. 
Total MMx or PMx with or without scaffold 
excellent bonding between the implant and 
the capsule, tissue formation, vessels, giant 
cells; 
PMx with or without scaffold fibrous tissue 

Cojocaru DG et al. J 
Biomed Mater Res 
2020 

12sheep Empty 
defect 

3D meniscus-shaped PGA-HA 6 mo: 
Histology; 
IHC; 
Histomorphometry 

No inflammation. repair tissue rich in PGs 
and COLL I, not completely covering the 
whole defect area 

Demirkiran ND et al. 
Acta Orthop 
Traumatol Turc 
2019 

16 adult NZW 
rabbits (12 mo) 

Empty 
defect 

Multilayer meniscal scaffold or Actifit® 2 mo: 
Macroscopy; 
Histology; 
Biomechanics 

No animals died, no redness, swelling, heat, 
disruption or abscess, inflammation. 
Multilayer meniscal scaffold ↑ maniscus 
areas, Th defect area, Hayes scores, 
compression tests than empty defect 

Shimomura K et al. 
Biomaterials 2019 

18 skeletally 
mature NZW 
rabbits (3.3–4.0 kg) 

Scaffold or 
empty 
defect 

Electrospun nanofibrous PCL/PEO 
scaffold + TEC 

1, 2, 3 mo: 
Histology; 
IHC; 
Biomechanics 

No inflammation or immunological 
rejection. 
↑ GAGs, COLL II, cross-sectional areas 

Hybrid Natural/Synthetic scaffolds: cell-free with GFs 
Nakagawa Y et al. 

Am J Sports Med 
2019 

34 skeletally 
mature sheep (2.4 
yrs, 55.3 kg) 

Scaffold GF–laden PCL + CTGF (5 or 10 μg)+TGF- 
b3 (5 or 10 μg) 

6, 12 mo: 
MRI; 
Macroscopy; 
Histology; 
Histomorphometry 

↑ regenerated tissue, fibrous tissue; 
Scaffold + CTGF (5 μg)+TGF-β3 (5 μg) ↑ 
matrix organization, PG, fibrocartilage; ↓ 
MRI score than scaffold + CTGF (10 μg)+
TGF-β3 (10 μg) and scaffold; 

(continued on next page) 
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scaffold, loaded with tonsillar MSCs (T-MSCs) and cultured in condi-
tioned medium of meniscal fibrochondrocytes, previously cultured with 
TGF-β3 [36].  

• One biomaterial:  
1) Decellularized allogenic meniscus slides increased lesion repair, 

GAGs, fibro-cartilage matrix formation [30];  
2) CMI, that regenerated a tissue with higher vascularization, matrix 

remodeling and lower scar formation [31];  
3) Collagen type I sponge significantly increased meniscus healing, 

but, after 6 months, no healing was observed [32].  
• More biomaterials: 

1) HA/gelatin scaffold with autologous BMSCs, induced the regen-
eration of a tissue with higher integration, fibrocartilage aspect 
with hyaline-cartilage areas, PGs, cross-sectional area and COLL II 
in comparison to scaffold alone [33,34], but when loaded with 
BM in toto, only PG increased in the regenerated tissue [34]. 
However, the major effects were observed when scaffold was 
loaded with BMSCs, pre-cultured in chondrogenic medium, 
showing the highest tissue healing and strength, fibroblasts, 
meniscus-like cells, PGs and COLL II [34,35]; 

2) the COL-RF-HA scaffold, which was cultured in conditioned me-
dium from meniscal fibro-chondrocytes, previously expanded in 
presence of TGF-β3. It induced the formation of a new tissue with 
higher cellularity, collagens, PG and GAGs in comparison to 
scaffold cultured in medium containing TGFβ3 or acellular scaf-
fold [36]. 

3.1.2. Synthetic scaffolds 

3.1.2.1. Cell-free scaffolds. One synthetic scaffold was composed by one 
component: Polycaprolactone (PCL) [37]. Other scaffolds were 
composed by polyglycolic-Acid (PGA) felt layer coated with a PLLA/PCL 
(50:50) sponge [38], poly(p-dioxanone) (PPD)/PLLA [39], polyester 
urethanes (PUEs) based on PLLA/PCL [40], porous aliphatic poly-
urethane (PU) and PCL (Actifit®) [41,42], or PCL-PU [43,44].  

• One biomaterial:  
1) PCL alone didn’t increase complications or inflammation and the 

macroscopic appearance of new regenerated tissue improved in 
comparison to empty defects. Best results were obtained with 
pore size of 215 μm than with the other two types of pore sizes, 
320 and 515 μm [37].  

• More biomaterials:  
1) PGA coated with PLLA/PCL sponge significantly increased 

meniscus size, collagens and structure than empty defect. An in-
crease in PCNA-positive cells and TNFα was observed only at 2 
months, disappearing at 6 months [38];  

2) PUEs based on PLLA/PCL scaffold increased the formation of 
intact menisci with COLL II, chondrocyte-like cells, PGs, and 
initial scaffold degradation was also observed [40];  

3) PPD/PLLA blend degraded, generating fibro-cartilaginous tissue 
and aligned fibers [39];  

4) Actifit® significantly increased matrix formation, cell infiltration, 
matrix deposition, PGs and collagens, but with reduced 
compressive modulus than native meniscus, maintaining the 
same permeability [41,42];  

5) the combined PCL-PU scaffold showed a good integration, with a 
formation of a cartilage-like tissue, chondrocyte-like cells, high 
COLL I and COLL II, no inflammation and similar compression 
curve, PGs, COLL I, COLL II content than native meniscus [43,44]. 

3.1.2.2. Scaffolds with cells. The single-material scaffolds seeded with 
cells were: PCL [45]; Poly(lactide-co-glycolide) (PLGA) (90/10) 
[46–48]. They were seeded with autologous BMSCs [45], chon-
drogenically induced myoblasts [46] or chondrocytes [47,48]. 

The scaffolds composed by more biomaterials and seeded with cells 
were instead: Actifit® [49]; PGA/PLGA [50]; and poly(L-co-D,L-lactic 
acid) (PLDLA)/poly(caprolactone-triol) (PCL-T) (70/30) [51]. These 
were seeded with BMSCs [45], chondrocytes [50] or fibro-chondrocytes 
[51].  

• One biomaterial: 

Table 1 (continued ) 

Ref. Animals CTR Scaffold Evaluations Results: 
Study group Vs CTR 

Scaffold + CTGF (10 μg)+TGF-β3 (10 μg) ↑ 
PG than scaffold 

Hybrid Natural/Synthetic scaffolds: with cells 
Moradi L et al. 

Biomaterials 2017 
29 NZW rabbits (5 
mo) 

Scaffold PVA/Ch cross-linked by PPU chains +
autologous chondrocytes and/or allogenic 
ADSCs (5 × 104 cells/cm2) 

7 mo: 
Macroscopy; 
Histology; 
IHP 

No infection, no chronic inflammation. 
Scaffold + chondrocytes or chondrocytes 
and ADSCs ↑ regenerated tissue, GAGs, 
parallel COLL I and COLL II fibers than 
scaffold or scaffold + ADSCs 

Kon E et al. Tissue 
Eng Part A 2008 

26 skeletally 
mature adult sheep 
(3.1 ± 1.8 yrs) 

Scaffold or 
empty 
defect 

HA/PCL with transtibial fixation of the 
horns or sutured to the capsule and 
meniscal ligament and transtibial fixation 
of the horns + autologous chondrocytes 
(25 × 106 cells/cm3) 

17 wks: 
Macroscopy; 
Histology 

All animals tolerated surgery well and 
survived, normal gait. All joints stable. 
Residual scaffold, giant cells, mononuclear 
histiocytes, vascularization, cellular tissue, 
few lymphocytes and plasma cells; 
↑ small foci of cartilage areas 

Kon E et al. Tissue 
Eng Part A 2012 

18 skeletally 
mature adult 
Bergamasca– 
Massese sheep (70 
± 5 kg) 

Scaffold or 
empty 
defect 

HA/PCL + autologous chondrocytes (25 ×
106 cells/cm3) 

12 mo: 
Macroscopy; 
Histology 

All animals tolerated surgery well and 
survived, normal gait. 
↑ macroscopic score, cartilage metaplasia; 
↓ fibrosis than scaffold; 
Scaffold and scaffold + chondrocytes 
scaffold residuals, foreign body reaction, 
well-organization and tight integration, 
vessels, inflammatory response than empty 
defect 

Hybrid Natural/Synthetic scaffolds: with cells and GFs 
Chen C et al. Am J 

Sports Med 2020 
30 mature NZW 
rabbits (16–18 wks; 
2.5–3.0 kg) 

Scaffold or 
empty 
defect 

GC/4-Arm 
PEG-CHO Hydrogel + autologous BMSCs 
(2 × 107 cells/ml)+TGFβ (1 mg/ml) 

2 mo: 
Macroscopy; 
Hystology; 
Histomorphometry; 
IHC 

Standard C-shape, defect region invisible; ↑ 
GAGs, Ishida score, COLL II; ↓ COLL I than 
scaffold + BMSCs and empty defect; 
Caffold + BMSCs ↑ Ishida score than empty 
defect  
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1) PCL scaffolds significantly increased tissue integration, GAGs, 
COLL I, COLL II and biomechanics (tensile modulus, aggregate 
modulus, ultimate tensile strength) [45];  

2) non-woven PLGA scaffold induced a higher defect filling, scaffold 
integration, meniscus-like fibrocartilage formation and COLL II 
and tissue thickness in comparison to unseeded scaffold or empty 
defects [46]. The woven PLGA meshes closed the lesion, inducing 
a complete healing with fibrous tissue and some histiocytes. 
However, scaffold without cells was not able to regenerate new 
tissue. No differences were observed between autologous or 
allogenic cells [47,48].  

• More biomaterials: 
1) Actifit® significantly increased meniscus regeneration, integra-

tion, healing, PG content [49];  
2) PGA/PLGA induced the formation of a meniscus-like tissue within 

the original scaffold shape, slightly larger than the original scaf-
fold and with structure, fibrocartilage, fibrochondrocytes, colla-
gens, PGs, COLL I, COLL II, water content, and Young’s modulus 
similar to native meniscus [50];  

3) PLDLA/PCL-T induced a complete tissue healing, with no scar 
tissue, and features similar to the native meniscus [51]. 

3.1.3. Hybrid natural-synthetic scaffolds 

3.1.3.1. Cell-free scaffolds. The following cell-free scaffolds were 
investigated: decellularized meniscus extracellular matrix (DMECM) 
sponge and DMECM/PCL fiber [52]; Type I bovine Achilles tendon 
collagen sponge reinforced with p(DTDDD) fibers [53–56]; COLL–HA 
reinforced with PLLA fibers [57]; PCL/HA (70/30), augmented with PLA 
fibers or PET nets [58]; PGA/HA [59]; multi layered scaffold, composed 
by PHBV, HA and strontium ranelate, and durable cellulose fibers from 
Luffa cylindrical [60]; PCL (MW = 80 kDa) and PEO (50/50) electrospun 
nanofibrous and TEC [61]; PCL (MW = 65000) in which TGFβ3 and 
CTGF were encapsulated in PLGA μS [62].  

1) The first scaffold of the aforementioned list induced the formation of 
a meniscus tissue with higher meniscus-like cells, covering area, 
regeneration, GAGs, COLL I and COLL II than empty defects. In 
addition, the regenerated tissue showed water, collagen and GAG 
content similar to native meniscus, but with lower tensile modulus 
[52];  

2) COLL reinforced with p(DTDDD) fibers, regenerated a tissue with 
better cell morphology, higher GAGs, vascularization, collagenous 
bundles, chondrocyte-like cells and no calcification and lower lym-
phocytes and multinucleated giant cells than empty defects [53–56]. 
The biomechanical features (Aggregate modulus, Ultimate tensile 
load, Tensile stiffness and Eeq) of the regenerated tissue were infe-
rior, while permeability was higher than native meniscus [54–56]. 
Collagen and GAG content were similar to native meniscus [56];  

3) COLL-HA reinforced with PLLA fibers induced the regeneration of a 
tissue with lower aggregate modulus, but similar collagen and GAG 
than native meniscus; scaffold fibers were always present, with 
concomitant cell infiltration, new collagen deposition and organized 
areas of aligned ECM and macrophages [57];  

4) PCL mixed with HA increased tissue formation and vascularization 
[58];  

5) PGA/HA scaffold regenerated a tissue rich in PGs and COLL I [59]; 
6) The multi-layered scaffold composed of PHBV, HA, strontium rane-

late and durable cellulose fibers increased meniscus areas, tissue 
thickness and presented also better compression tests in comparison 
to empty defect [60];  

7) PCL/PEO scaffold, combined with TEC, increased GAG, COLL II and 
cross-sectional areas more than scaffold alone or empty defect [61];  

8) PCL mixed with HA scaffold was loaded with two GFs (TGFβ3 and 
CTGF), showing higher meniscus regeneration with higher matrix 

and PG when GFs were loaded at a concentration of 5 μg rather than 
10 μg [62]. 

3.1.3.2. Scaffolds with cells. PVA/Ch cross-linked with PPU (PVA/Ch/ 
PPU 1:4:1) [63]; HA/PCL (70/30) [64, 65]; and GC/4-Arm PEG-CHO 
hydrogel (1:1) [66] scaffolds were implanted with: chondrocytes and/or 
ADSCs [63], chondrocytes alone [64, 65] or BMSCs [66]. Here follows a 
more detailed description of the outcomes of each of the aforementioned 
scaffolds:  

1) PVA/Ch/PPU scaffold, seeded with autologous chondrocytes alone 
or chondrocytes and allogenic ADSCs, significantly induced the for-
mation of a regenerated meniscus similar to the native one, con-
taining higher GAGs, COLL I and COLL II than scaffold alone or 
scaffold seeded with ADSCs [63]; 

2) HA/PCL significantly increased macroscopic score, cartilage meta-
plasia and significantly reduced fibrosis than scaffold alone [64] and, 
when the scaffold was fixed with two sutures, increased giant cells, 
mononuclear histiocytes, vascularization, and cellularized tissue 
were seen [65];  

3) GC/4-Arm PEG-CHO hydrogel created a standard C-shaped tissue 
with higher GAGs and COLL II when seeded with autologous BMSCs, 
cultured with the GF TGFβ, in comparison to the scaffold cultured in 
growth medium or empty defects [66]. 

3.2. Clinical results 

3.2.1. CMI scaffold 
The analysis of the available literature yielded 10 trials, all pro-

spective, that included 593 patients in total [67–76] (Fig. 3). A detailed 
synopsis of the main features of the included studies is available in 
Table 2. 

The quality of methodology, assessed by the modified Coleman 
score, revealed overall modest results, with scores ranging from 34 [69] 
to 63 [67,71]. Only one randomized controlled trial is currently avail-
able [74]. Looking at the clinical results, all the trials revealed positive 
findings in terms of pain reduction and increase in subjective functional 
scores. Few studies documented stability of results up to a long-term 
evaluation (in the range of 8–10 years’ follow-up) [67,75,76]. Any-
way, these encouraging findings should be carefully weighed against the 
high number of concomitant procedures performed in most of the trials 
(Table 3), which represents a confounding bias in the assessment of the 
CMI scaffold contribution to the final outcome. To this regard, only one 
trial reported results of isolated CMI implantation in a small cohort of 
patients evaluated up to 8 years’ follow-up [75]. 

Interestingly, the only randomized trial published [74] revealed that 
CMI implantation is able to provide more symptomatic relief and restore 
better knee function compared to meniscectomy alone at mid-term fol-
low-up. Second look arthroscopies documented new tissue regrowth 
within the scaffold and also histology showed formation of 
fibro-chondrocyte matrix. 

Similar results were found in a controlled study by Zaffagnini et al. 
[67], who investigated the difference among patients who received 
meniscectomy alone and those treated by meniscectomy and concurrent 
CMI implantation: the latter presented lower pain and higher IKDC subj. 
score at follow-up and also less progression to OA compared to menis-
cectomized patients, thus supporting the chondroprotective role of the 
collagen scaffold. 

Another study investigated the different outcomes of patients 
receiving ACL reconstruction and concurrent medial meniscectomy or 
CMI implantation [69]: even in this case, the scaffold group showed less 
pain and better arthrometric parameters, thus confirming that meniscal 
tissue preservation significantly contributes to knee stability. 

With regard to MRI evaluations, the most adopted method was the 
Genovese score: overall, the MRI appearance of the CMI scaffold evolved 
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positively over time, with just a very few cases of complete resorption of 
the scaffold. Anyway, complete healing and restoration of normal 
“meniscus-like” tissue occurred in a limited percentage of patients, 
whereas the majority of them still showed different intensity of signal at 
the site of CMI implantation, smaller overall size of the treated meniscus 
and a certain amount of extrusion [67,70,74,76]. 

3.2.2. ACTIFIT® scaffold 
Nineteen studies analyzed the potential of Actifit® as a synthetic 

meniscal substitute, for a total of 777 patients treated [77–95] (Fig. 3). A 
detailed synopsis of the included trials is available in Table 2. Almost all 
these investigations (16 out of 19) have been prospectively performed 
[77–85,87–93] and only 3 retrospective studies [86,94,95] were found. 
Four studies reported on a multi-centric clinical examination [77,89,90, 
93]. 

The methodological quality of the studies was quite modest, with the 
modified Coleman scores ranging from 40 [81] to 67 [89]. 

All studies described positive clinical outcomes following Actifit® 
implantation. Significant relief of pain was found. Clinical improve-
ments in the operated knee have also been documented by different 
clinical scales (IKDC objective and subjective score, KOOS score, 
Lysholm scale, Cincinnati rating system, KSS, Tegner scale, WOMET, 
Kujala, UCLA scale). 

No major implant-related adverse events (AEs) and complications 
have been reported, as described in 3 different clinical examinations 
[80,82,84]. The total number of patients who suffered AEs or compli-
cations was 19, in particular: 3 deep vein thrombosis [83], 2 local 
wound infections [83], 4 revision surgery for persisting symptoms 
(including 1 unicondylar knee arthroplasty after 6 months) [85,90], 2 
post-operative infections [89,90], 1 progression of cartilage damage 
[89], 1 residual pain for saphenous nerve injury [91], 1 quadriceps 
weakness for femoral nerve damage related to anesthesia [91], 5 joint 
stiffness [90,91]. 

Radiological outcomes of Actifit® have been described in 15 papers 
which adopted MRI to assess different size, reabsorption, hyperintensity 
and extrusion of the meniscal substitute [78–82,84–89,91–94]. 

Nine studies employed the Genovese scale for the MRI assessment, 
resulting, in the majority of cases, in “type II” scaffolds (i.e. smaller and 
with a hyperintense signal at MRI compared to a normal meniscus) [79, 
82,84–86,88,92–94]. Complete resorption of the scaffold was a rare 
event in the available literature, whereas reduction in size relative to 

native meniscus, slightly or marked hyperintensity and implant extru-
sion have been revealed as common findings in the majority of MRI 
examinations. The main issue in the evaluation of Actifit® implant is the 
massive presence of patients who underwent associated surgeries, such 
as osteotomies and concurrent cartilage treatments (Table 3), that might 
have biased the interpretation of data. 

Only 4 trials included patients treated only by Actifit® implantation 
[80,87,88,94]. Considering that two of them [87,88] examined the same 
population at different follow-up times, the total number of patients that 
can provide for unbiased data about the polyurethane meniscal scaffold 
is 51. 

The first study [80] included 10 patients evaluated at 6 and 12 
months: KOOS and KSS scales were significant better at both follow-ups 
and MRI exams described stable, non-reabsorbed and non-hyperintense 
scaffolds. 

The study by Akkaya M et al. [94] confirmed good clinical results 
with significantly better scores in Lysholm, KOOS, IKDC and lower pain 
at 36 months. At the same follow-up time, slight scaffold extrusion was 
observed with a mean value of 2.4 mm. Cartilage status was assessed 
through Outerbridge grading scale and no difference was found between 
baseline and 36 months’ follow-up. 

In the other two studies, Schuttler KF et al. [87,88] revealed signif-
icant improvements in KOOS, KSS, UCLA scale and VAS at 6, 12, 24 and 
48 months from surgery. No scaffold extrusion and reabsorption were 
observed at MRI. Similar findings were reported also by Condello et al. 
[95], who also documented that delayed Actifit® implantation (i.e. 
more than 6 months after meniscectomy) leads to inferior clinical 
outcomes. 

3.2.3. CMI vs Actifit® 
Only one prospective, non-randomized trial [96] compared the 

outcomes of CMI and Actifit® scaffolds. Fifty-three patients in total were 
included and evaluated up to 24 months: no significant difference was 
detected in any clinical scores considered. A similar rate of complica-
tions was observed between the two groups. Biopsies performed during 
second look arthroscopies revealed different histologic findings: the CMI 
was mainly replaced by fibrous tissue, whereas in the case of the Actifit® 
an avascular cartilaginous-like tissue was present. In all cases, the 
scaffolds were still visible at macroscopic and microscopic level, thus 
suggesting an incomplete meniscal healing process after two years from 
implantation. 

Fig. 3. Scaffolds’ use in clinical studies.  
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Table 2 
Summary of clinical studies (MM=medial meniscus; LM= lateral meniscus; MRI= magnetic resonance imaging; mo=months).  

Ref. COLEMAN 
SCORE 

PZ INCLUSION CRITERIA SCAFFOLD EVALUATIONS RESULTS 

Zaffagnini S et al. 
Am J Sports Med 
2011 [67] 

63 Prospective 
controlled study: 36 
pz (40 yrs, 24–60 yrs). 
A) Scaffold (18 pz); 
B) No Scaffold (18 pz) 

Irreparable acute meniscal 
tears requiring partial MMx or 
chronic prior loss of MM > 25% 

CMI 3, 6, 12, 24, 60, 120 mo: 
VAS, IKDC, Lysholm score, 
Tegner scale; 
SF-36; 
MRI 

Group A): ↓ VAS; ↑ IKDC, Tegner 
scale, SF-36, than group B) at 120 
mo. 
Group A): myxoid degeneration 
signal in 11 pz 

Zaffagnini S et al. 
Am J Sports Med 
2012 [68] 

55 Case series: 25 pz 
(36.3 ± 11.5 yrs, 
16.2–53.4 yrs) 

Irreparable acute LM tears 
requiring partial LMx or prior 
loss of LM > 25% 

CMI 6, 24 mo: subjective 
Lysholm score, VAS, 
Tegner scale, IKDC; EQ- 
5D; 
MRI (Genovese score) 

No complications. 
6, 24 mo: ↑ Lysholm score, IKDC; ↓ 
VAS than presurgery. 
24 mo: ↑ Tegner activity level, EQ- 
5D than presurgery and 6 mo. 
Scaffold with identical shape and 
size than native meniscus in 3 pz, 
smaller in 18 pz, totally reasorbed 
in 3 pz, full maturation in 37.5% 
cases 

Bulgheroni E et al. 
Knee Surg Sports 
Traumatol 
Arthrosc 2015 
[69] 

34 Comparative trial: 34 
pz (33.6 yrs). 
A) Scaffold (17 pz); 
B) No scaffold (17 pz) 

Partial MMx or chronic prior 
loss of MM > 25%, intact 
anterior and posterior meniscus 
attachments, intact rim (≥1 
mm) 

CMI 9.6 ± 2.5 yrs: 
Lysholm score, Tegner 
Scale, IKDC; 
EQ-5D; 
VAS 

Groups A), B): ↑ Lysholm score, 
Tegner scale, IKDC than 
presurgery. 
Group B): ↓ VAS than presurgery 

Schenk L et al. 
Knee Surg Sports 
Traumatol 
Arthrosc 2020 
[70] 

61 Prospective study: 39 
pz (34 ± 10 yrs) 

CMI performed due to 
prophylactic (n = 25) or 
therapeutic indication (n = 14) 
after subtotal meniscectomy 

CMI 36–84 mo: 
VAS, Tegner Scale, 
Lysholm score, IKDC 

↓ VAS, IKDC; ↑ Tegner scale, 
Lysholm score. 
Meniscus implant resorbed in 21% 
of patients and partially resorbed 
in 79% of patients. Meniscus graft 
isointense in 21% of patients, 
slightly hypertense in 74% of 
patients and highly hyperintense in 
5%. 

Zaffagnini S et al. 
Arthroscopy 
2015 [71] 

63 Prospective, single- 
arm, multicenter 
study: 43 pz (30.1 ±
12.0 yrs) 

Irreparable, acute lateral 
meniscal lesion requiring 
partial meniscectomy or 
degenerative loss of lateral 
meniscal tissue greater than 
25% 

CMI 6, 12, 24 mo: 
Lysholm score, VAS 
(strenuous activity, 
routine and at rest), Tegner 
activity scale, functional 
evaluation and 
satisfactional 
questionnaire 

↓ VAS; ↑ Lysholm score, Tegner 
scale 

Hirschmann MT 
et al. Knee Surg 
Sports Traumatol 
Arthrosc 2013 
[72] 

60 Prospective study: 67 
pz (36 ± 10 yrs) 

Subtotal medial or lateral 
meniscectomy 

CMI 12 mo: 
IKDC, Tegner scale, 
Lysholm score, VAS and 
satisfactional 
questionnaire 

↓ Tegner scale, VAS; ↑ Lysholm 
score, IKDC 

Bulgheroni P et al. 
Knee 2010 [73] 

62 Prospective study: 34 
pz (Mean 39 yrs) 

Irreparable medial meniscus 
tears with meniscus removal 
greater than 25% of total 
meniscus or presence of 
persistent pain after 
meniscectomy 

CMI 24, 60 mo: 
Lysholm score, Tegner 
scale, MR arthrography 

↑ MR, Lysholm score, Tegner scale 

Rodkey WG et al. J 
Bone Joint Surg 
Am 2008 [74] 

58 Prospective 
randomized study, 
two study arms: 311 
pz 
A) no previous 
surgery (157 pz; 
mean age 40 yy); 
B) previous surgery 
(154 pz; mean age 39 
yy) 

Irreparable injury of the medial 
meniscus or a previous partial 
medial meniscectomy 

CMI 59 mo mean (16–92): 
Lysholm score, Tegner 
scale, VAS, second-look 
arthroscopy, biopsy and 
histological evaluation, 
patient self assestment 

Groups A), B): ↑ Tegner scale, 
Lysholm score. VAS and self 
assessment not significantly 
different. 
At second-look arthroscopy ↑ total 
tissue surface area 

Zaffagnini S et al. 
Knee Surg Sports 
Traumatol 
Arthrosc 2007 
[75] 

57 Prospective study: 8 
pz (Mean 25 yrs) 

Irreparable meniscal tear or a 
previous meniscectomy 
involving the medial meniscus 

CMI 3, 6, 12, 24, and from 72 to 
96 mo: 
X-ray, MRI, CKRS, IKDC, 
VAS, subjective 
evaluation, second look 
artroscopy 

↓ VAS, CKRS, IKDC. 
At second look arthroscopy 
presence of new tissue in some 
cases 

Kovacs BK et al. 
Knee Surg Sports 
Traumatol 
Arthrosc 2019 
[76] 

54 Prospective study: 57 
pz (43.6 ± 11 yrs) 

Meniscectomy involving 
medial or lateral meniscus 

CMI 12, 24, and 36–96 mo: 
VAS, Lysholm score, MRI, 
CMI morphology 

↓ VAS; ↑ Lysholm score. 
Abnormal and inhomogeneous 
signal intensity and irregular 
margins of the CMI which tend to 
decrease over time 

Bouyarmane H 
et al. Orthop 
Traumatol Surg 
Res 2014 [77] 

48 Prospective, single- 
arm, multicentric 
study: 54 pz (16–50 
yrs) 

Postmeniscectomy syndrome: 
painful LM tear or partial 
lateral meniscectomy (32–60 
mm) 

Actifit® 6, 12, 24 mo: 
VAS, IKDC, KOOS 

↓ VAS; ↑ IKDC, KOOS than 
presurgery. 
24 mo: ↓ VAS than 12 mo 

(continued on next page) 
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Table 2 (continued ) 

Ref. COLEMAN 
SCORE 

PZ INCLUSION CRITERIA SCAFFOLD EVALUATIONS RESULTS 

De Conick T et al. 
Am J Sports Med 
2013 [78] 

51 Prospective case- 
series study: 26 pz 
(17–50 yrs) 

Irreparable symptomatic 
meniscal tear or partial 
meniscectomy (8 LM, 18 MM) 

Actifit® 3, 12, 24 mo: 
KOOS, IKDC, Lysholm 
score, VAS; 
MRI (RD, rim Th) 

↑ Medial scaffold RD; ↓ Medial rim 
Th than presurgery 
During time: ↓ Rim Th. 
24 mo: ↓ VAS; ↑ Lysholm score, 
KOOS, IKDC than presurgery 

Dhollander A et al. 
Am J Sports Med 
2016 [79] 

56 Case series: 44 pz 
(17–50 yrs) 

Partial meniscectomy or 
irreparable meniscus tears 
(29–70 mm) (29 MM, 15 LM) 

Actifit® 24, 60 mo: 
KOOS, IKDC, VAS; 
MRI (Genovese sore, 
signal, size) 

↓ VAS; ↑ KOOS, IKDC than 
presurgery. 
Markedly hyperintense (60% of 
pz), slightly hyperintense (40% of 
pz). ↓ size than native meniscus 

Efe T et al. Knee 
Surg Sports 
Traumatol 
Arthrosc 2012 
[80] 

55 Case series: 10 pz 
(18–45 yrs) 

A chronic, symptomatic, 
irreparable MM lesion or 
partial MM loss 

Actifit® 2, 6 wks: 
Complications. 
6, 12 mo: 
KSS, KOOS, VAS, UCLA 
activity score; MRI (size, 
signal) 

No complications. 
↑ KOOS, KSS than presurgery. 
Stable scaffold, no reabsorbed, 
hyperintensity, no variation during 
time 

Faivre B et al. 
Orthop 
Traumatol Surg 
Res 2015 [81] 

40 Prospective study: 20 
pz (Mean 28.7 yrs) 

Post-meniscectomy syndrome, 
partial meniscectomy (12 LM, 
8 MM) 

Actifit® 12, 24 mo: 
KOOS, IKDC; 
MRI (aME, rME, cCCI, 
antME, postME, sCCI) 

24 mo: ↑ IKDC, KOOS sports and 
recreational activities. postME 
than presurgery. 
12 mo: ↑ aME; ↓ sCCI than 
presurgery 

Filardo G et al. 
Knee Surg Sports 
Traumatol 
Arthrosc 2017 
[82] 

57 Prospective study: 16 
pz (45 ± 13 yrs) 

Partial meniscectomy for acute 
meniscal tear or previous 
traumatic or degenerative 
meniscal damage (>25%) (12 
MM, 4 LM) 

Actifit® 24, 36, 48, 60, 72 mo: 
IKDC, Tegner scale; 
MRI (aME, rME, cCCI, 
Genovese score) 

No major implant-related AEs. 
↑ IKDC, Tegner scale than 
presurgery. 
Prevalently morphology type II. 
Significant meniscal extrusion. 
aME = 3.8 ± 1.5 mm and mean 
cCCI = 21.1% 

Gelber PE et al. 
Knee Surg Sports 
Traumtaol 
Arthrosc 2015 
[83] 

50 Prospective study: 60 
pz (27–62 yrs). 
A) Scaffold (30 pz); 
B) No scaffold (30 pz) 

Symptomatic varus knees 
treated with open-wedge high 
tibial osteotomies, MM defect 
> 25 mm 

Actifit® Median 31.2 mo: 
WOMET, IKDC, Kujala 
scores, VAS 

Complications in 3 pz: deep vein 
thrombosis in the post-operative 
period, 2 local infection in the 
wound. 
Group A): ↓ WOMET and Kujala 
improvement, VAS dropped than 
group B) 

Kon E et al. Knee 
Surg Sports 
Traumtaol 
Arthrosc 2014 
[84] 

49 Prospective study: 18 
pz (45 ± 12.9 yrs) 

Irreparable acute meniscal 
tears requiring partial 
meniscectomy or chronic prior 
loss of meniscal tissue > 25% 
(13 MM, 5 LM) 

Actifit® 6, 12, 24 mo: 
ICRS, IKDC, Tegner scale; 
MRI (Genovese score) 

No major AEs. 
12, 24 mo: ↑ IKDC objective score, 
Tegner scale than presurgery. 
6, 12, 24 mo: ↑ IKDC subjective 
score than presurgery. 
Prevalently morphology type II 
and I. 

Leroy A et al. 
Traumatol Surg 
Res 2014 [85] 

45 Prospective, non- 
comparative study: 
15 pz (30 ± 8 yrs, 
19–47 yrs) 

Partial meniscectomy (9 LM, 6 
MM) 

Actifit® 12, 24, 60 mo: 
VAS, IKDC, KOOS; 
MRI (Genovese score) 

3 pz reoperated. 
↓ VAS; ↑ IKDC, KOOS pain, KOOS 
ADL. 
Morphology type II, involution of 
the implant volume 

Monllau JC et al. 
Arthroscopy 
2018 [86] 

49 Retrospective study: 
32 pz (41.3 ± 11.1 
yrs, 23–60 yrs) 

Partial meniscectomy (21 
medial, 11 lateral) 

Actifit® Mean 70.2 ± 7.5 mo: 
KOOS, IKDC, Lysholm 
score, Tegner scale; pz 
satisfaction; 
MRI (scaffold extrusion, 
signal, Genovese score, 
meniscus volume) 

↑ KOOS, IKDC, Lysholm score than 
pre-surgery. 
Scaffold extrusion = 2.4 mm, 
morphology type IIb, slight 
hyperintensity 

Schuttler KF et al. 
Knee Surg Sports 
Traumtaol 
Arthrosc 2015 
[87] 

48 Case series study: 18 
pz (Mean 32.5 yrs, 
17–49 yrs) 

Chronic, symptomatic, 
irreparable MM lesion or 
partial MM loss (mean length: 
45 mm) 

Actifit® 6, 12, 24 mo: 
KOOS, KSS, UCLA scale, 
VAS; MRI (scaffold 
extrusion, reabsorbtion, 
signal intensity) 

↑ KOOS pain, Symptom, ADL, 
Sport/Rec, QOL, KSS function 
score, KSS knee score; ↓ VAS than 
presurgery. 
24 mo: ↑ UCLA scale than 
presurgery. 
Prevalently no scaffold extrusion, 
no reabsorbtion 

Schuttler KF et al. 
Knee Surg Sports 
Traumtaol 
Arthrosc 2016 
[88] 

51 Case series study: 18 
pz (Mean 32.5 yrs, 
17–49 yrs) 

Chronic, symptomatic, 
irreparable MM lesion or 
partial MM loss (44.5 mm) 

Actifit® 6, 12, 24, 48 mo: 
KOOS, KSS, UCLA Scale, 
VAS; 
MRI (Genovese score) 

↑ KOOS, KSS function and knee; ↓ 
VAS than presurgery. 
24 mo: ↑UCLA scale than 
presurgery. 
Prevalently morphology type IIb, 
signal intensity type I 

Verdonk R et al. 
Am J Sports Med 
2011 [89] 

67 Prospective, single- 
arm multicenter 
proof-of-principle 
study: 52 pz (30.8 ±
9.4 yrs, 16–50 yrs) 

Irreparable meniscus tear or 
partial meniscus loss (34 MM, 
18 LM) (47.1 ± 10 mm) 

Actifit® 3 mo: 
DCE-MRI; 
12 mo: 
Histology; 
1 wk, 3 and 12 mo: 
MRI (scaffold position and 
integration) 

SAEs in 2 pz: postoperative 
infection, severe cartilage damage. 
No scaffold tears, normal position, 
integration. 
Tissue ingrowth in 81.4% after 3 
mo. 

(continued on next page) 
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4. Discussion 

The present systematic review described the current state of the art 
in the field of meniscal regeneration, starting from the in vivo preclinical 
evidence and then coming to clinical application, underlying the po-
tential to offer a significant clinical improvement, but also the 

limitations of the current solutions to provide an effective meniscus 
regeneration. 

The “ideal” scaffold for meniscal reconstruction should have proper 
biomechanical features, integrity, porosity, degradation rate, and 
strength. Furthermore, it should induce cell migration, attachment, 
proliferation, and differentiation, and be biocompatible and non-toxic 

Table 2 (continued ) 

Ref. COLEMAN 
SCORE 

PZ INCLUSION CRITERIA SCAFFOLD EVALUATIONS RESULTS 

Vital material, no necrosis, cell 
death, reactions or fibrous tissue 

Verdonk P et al. 
Am J Sports Med 
2012 [90] 

56 Prospective, single- 
arm, multicenter 
proof-of-principle 
study: 52 pz (30.8 ±
9.4 yrs) 

Irreparable meniscus tear or 
partial meniscus loss (34 MM, 
18 LM) 

Actifit® 1 wk, 3, 6, 12, 24 mo: 
VAS. 
3, 6, 12, 24 mo: 
IKDC subjective, KOOS, 
Lysholm score; AEs 

1 pz with postoperative infection 
due to procedure at 3 mo. 
1 pz with unicompartmental knee 
arthroplasty at 6 mo. 
6, 12, 24 mo: ↓ VAS; ↑ IKDC, 
Lysholm score, KOOS. 
Treatment failure in 17.3% pz, 9 
SAEs 

Baynat C et al. 
Orthop 
Traumatol Surg 
Res 2014 [91] 

49 Prospective study: 18 
pz (20–46 yrs) 

Partial meniscus defect (13 
MM, 5 LM) with VAS score >6/ 
10 everyday for more than 6 
mo 

Actifit® 3, 6, 12, 24 mo: 
Lysholm score; 
MRI (signal, extrusion); 
Histology 

1 pz with residual knee pain due to 
median saphenous nerve injury. 
1 pz with quadriceps weakness due 
to a femoral nerve conduction 
block. 
↑ Lysholm score than presurgery, 
intermediate signal intensity, 1 
meniscus extrusion, normal 
chondrocytes and fibro- 
chondrocytes 

Gelber PE et al. 
Knee 2015 [92] 

47 Case series: 54 pz 
(40.2 yrs, 17–58 yrs) 

Joint line pain due to a 
meniscus resection or a large 
irreparable meniscus tear (40 
MM, 14 LM) 

Actifit® Median 39 mo: 
WOMET, subjective IKDC, 
Kujala score, VAS; 
Pz satisfaction; 
MRI (Genovese score) 

↑ WOMET, IKDC, Kujala, VAS than 
presurgery; worse morphology, 
size than native meniscus, 
morphology type II. 
Pz satisfaction = 3.5 ± 0.7 

Toanen C et al. Am 
J Sports Med 
2020 [93] 

60 Case series, European 
Multicentric Study: 
155 pz in 6 centers 
(33.7 ± 10.4 yrs) 

Irreparable meniscal tear or 
partial meniscus loss (101 MM, 
54 LM) 

Actifit® Mean 60 mo: 
KOOS, Lysholm score, 
IKDC subjective, VAS; 
MRI (Genovese score, 
signal intensity, size, 
extrusion) 

↓VAS; ↑ Lysholm score, KOOS, 
IKDC than presurgery. 
Scaffold type II, slightly 
hyperintense signal, extrusion 3 ±
1.2 mm;↓ size than native meniscus 

Akkaya M et al. J 
Knee Surg 2020 
[94] 

51 Retrospective study; 
23 pz 

Post-meniscectomy syndrome 
in partially removed MM. 
Meniscectomy performed 12.7 
months (10-23) before scaffold 
implantation. 

Actifit® 6, 12, 24, 36 mo: 
VAS, KOOS, IKDC, Tegner 
scale 
1, 12, 24, 36 mo: 
MRI (Genovese score, 
Outerbridge 
classification), X-Ray 
(Ahlbäck-Rydberg 
classification) 

↓VAS at 36 mo 
↑ Lysholm score, KOOS, IKDC at 
each f-up 
Mean postoperative scaffold 
extrusion at 36 mo: 2.39 mm 
(2.30–2.56 mm) 
No significant difference in 
cartilage damage between 
preoperative and 36 mo f-up 
period 

Condello V et al. 
Knee Surg 
Sports 
Traumatol 
Arthrosc 2019 
[95] 

33 Retrospective study; 
67 pz 

Unicompartmental 
femorotibial pain after 
meniscectomy (54 MM, 13 LM) 
Cartilage damage ≤ III ICRS 
grade 

Actifit® Mean f-up 36 mo (12–75 
mo) 
NRS, KOOS, IKDC, 
Lysholm score, Tegner 
Scale 

↓ NRS 
↑ KOOS, IKDC, Lysholm score, 
Tegner Scale than pre-surgery. 

Bulgheroni E et al. 
Cartilage 2016 
[96] 

64 Comparative not 
randomized trial: 53 
pz (Mean 36.55 yrs). 
A) CMI (28 pz); 
B) Actifit® (25 pz) 

Irreparable MM tear or partial 
MM loss 

CMI; 
Actifit® 

6, 12, 24 mo: 
Lysholm score, Tegner 
scale. 
24 mo: 
MRI (Signal intensity, 
scaffold size, reasorption). 
45 mo: 
Histology 

Groups A), B): ↑ Lysholm score, 
Tegner scale at 12 mo than 
presurgery. Scaffold in situ, with 
irregularity, high signal intensity, 
partially reasorbed. 
Group A): 3 complications 
(Neuroapraxia of infrapatellar 
branch of the saphenous nerve, 
persistent synovitis, superficial 
Infection). Fibrous tissue rich in 
spindle and rounded fibroblast-like 
cells, blood vessels. 
Group B): 5 complications (joint 
stiffness, synovitis). Avascular 
tissue, more cartilaginous-like 
tissue, chondroblast-like, large and 
active cells. 
Group A): ↓ reduced size than 
Group B)  
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[13]. Several different natural, synthetic, and hybrid scaffolds have been 
tested in the 46 in vivo preclinical studies [21-66], but only one natural 
(CMI) and one synthetic (Actifit®) scaffold have been translated into 
clinical practice [67–96]. In vivo preclinical studies investigated 16 
natural [21–36], 15 synthetic [37–51] and 15 hybrid [52–66] scaffolds. 
The most frequently used natural scaffolds are meniscus fragments [23, 
24,30], HA/gelatin [33–35] or CMI [22,31], while PCL, alone [39] or in 
combination with other synthetic materials [40,42–44,46], is the most 
adopted solution among synthetic scaffolds. COLL is the most employed 
as natural part in hybrid scaffolds [53–57]. Unfortunately, there are no 
trials comparing two or more scaffolds in the same animal model. 

In the field of tissue engineering, combinations of cells or signaling 
molecules, such as GFs, to scaffolds may improve the formation of a 
well-organized tissue, with high mechanical properties and features 
similar to the native meniscus. In all types of scaffolds, only few studies 
added cells [30–36,45–51,63–66] compared to those that employed the 
scaffolds alone [21–29,37–44,52–62]. The most used cells are chon-
drocytes [30,31,48–51,63–65], followed by MSCs [32–36,45,46,66] and 
myoblasts [47]. There were also a few studies that used GFs in 
conjunction with the scaffold: gefitinib (a tyrosine kinase inhibitor 
present on the intracellular side of EGFR) was injected around the 
scaffold [29], BMSCs were cultured in conditioned medium of 
fibro-chondrocytes, previously cultured in presence of TGFβ3 [36], 
GF-laden PCL scaffold was loaded with different concentrations of CTGF 
and TGFβ3 [62], and PEG-CHO scaffold was loaded TGFβ [66]. In all 
cases when cells or GFs were added, better results were obtained 
compared to the scaffold alone. 

Table 4 shows the risk of bias and quality assessment performed for 
each study. First of all, with regard to quality assessment, it was 
observed that the indication for the 3Rs was not included in all in vivo 
studies and that the relevance of human biology was not included or 
little discussed. In addition, several studies did not indicate allocation 

concealment, randomization, blinding, details for animal number 
calculation. Details of experimental procedure were frequently reported; 
however, few studies evaluated the welfare related assessment, health 
status of animals and adverse event records. On the other hand, all 
studies described precise details for experimental procedures, experi-
mental animals and statistical methods. With regards to the risk of bias, 
the overall absence of animal randomization should be noted, both 
during the surgical procedure (i.e. allocation of animals to experimental 
groups) and in the evaluation phases. Seven studies clearly affirmed that 
the outcomes were assessed randomly in studies regarding natural [24, 
25,35], synthetic [39,48] and hybrid [55,61] scaffolds. The outcomes 
were blindly assessed in 3 studies on hybrid scaffolds [56,57,63]. All 
studies indicated the uniformity of baseline characteristics among 
experimental groups and the protocol and outcome measurements were 
specified, but all studies did not acknowledge the presence of other 
potential bias. The quality assessment total score did not show signifi-
cant differences among studies considering the scaffold types (from 20.4 
for natural scaffolds to 22.9 for hybrid scaffolds). 

Out of the variety of scaffolds used in vivo, only 2 of these, CMI 
[67-76, 96] and Actifit® [77–96], were brought into clinical practice. 
The first one is a collagen-based implant released in the late 90ies, 
whereas the latter one is a polyurethane-based scaffold which reached 
the market a few years later [1]. Both of them are cell-free scaffolds 
which aim at promoting regeneration of meniscal fibrocartilage by 
stimulating resident stromal cells from adjacent tissues, especially 
synovium. Despite the relevant differences in biochemical features and 
composition, both scaffolds proved to be safe [83, 85, 89-91, 96 and 
were able to provide a certain amount of meniscal healing and inherent 
chondroprotection, as revealed by histologic data and by MRI evaluation 
[67, 68, 75, 76, 78-82, 84-89, 91-96, 99-101]. This translated into a 
clinical benefit and improvement in patients’ subjective score, docu-
mented up to mid/long-term evaluations [67–74,76,78,82,84,86,90,91, 

Table 3 
Description of concomitant procedures performed together with meniscal scaffold implantation in clinical trials.  

Reference (same order of papers presented in Table 2) Concomitant procedures Osteotomy Ligament reconstruction Cartilage treatment Total 

n = % n = % n = % n = % 

CMI 
67 Yes 0 0.0% 4 11.1% 4 11.1% 8 22.2% 
68 Yes 0 0.0% 4 16.0% 6 24.0% 10 40.0% 
69 Yes 0 0.0% 34 100.0% 0 0.0% 34 100.0% 
70 Yes 0 0.0% 24 61.5% 0 0.0% 24 61.5% 
71 Yes 2 5.0% 6 14.0% 1 2.0% 9 21.0% 
72 Yes 5 7.5% 45 67.2% 0 0.0% 50 74.6% 
73 Yes 2 5.9% 11 32.4% 0 0.0% 13 38.2% 
74 Yes 0 0.0% 85 27.3% 0 0.0% 85 27.3% 
75 No 0 0.0% 0 0.0% 0 0.0% 0 0.0% 
76 Yes 4 7.0% 38 66.7% 0 0.0% 42 73.7% 
ACTIFIT® 
77 Yes 4 7.4% 0 0.0% 2 3.7% 6 11.1% 
78 Yes 2 7.7% 6 23.1% 1 3.8% 9 34.6% 
79 Yes 4 9.1% 4 9.1% 0 0.0% 8 18.2% 
80 No 0 0.0% 0 0.0% 0 0.0% 0 0.0% 
81 Yes 0 0.0% N/A N/A N/A N/A N/A N/A 
82 Yes 4 25.0% 3 18.8% 7 43.8% 11 68.8% 
83 Yes 60 100.0% 0 0.0% 0 0.0% 60 100.0% 
84 Yes 4 22.2% 3 16.7% 7 38.9% 11 61.1% 
85 Yes 0 0.0% 5 33.3% 1 6.7% 6 40.0% 
86 Yes 13 40.6% 10 31.3% 14 43.8% 25 78.1% 
87 No 0 0.0% 0 0.0% 0 0.0% 0 0.0% 
88 No 0 0.0% 0 0.0% 0 0.0% 0 0.0% 
89 Yes 0 0.0% 17 32.7% 0 0.0% 17 32.7% 
90 Yes 0 0.0% 17 32.7% 0 0.0% 17 32.7% 
91 Yes 10 55.6% 6 33.3% 0 0.0% 12 66.7% 
92 Yes 14 25.9% 21 38.9% 17 31.5% 40 74.1% 
93 Yes 43 27.7% 29 18.7% 6 3.9% 68 43.9% 
94 No 0 0.0% 0 0.0% 0 0.0% 0 0.0% 
95 Yes 23 34,3% 26 38.8% 7 10.4% 56 83.6% 
ACTIFIT® Vs CMI 
96 Yes 14 26,40% 20 37.7% 4 7.5% 34 64.2%  
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Table 4 
SYRCLE’s tool for assessing risk of bias of the studies.  

SYRCLE QUALITY ASSESSMENT 

Ref. Sequence 
generation 

Baseline 
characteristics 

Allocation 
concealment 

Random 
housing 

Blinding Random 
outcome 
assessment 

Blinding Incomplete 
outcome data 

Selective 
outcome 
reporting 

Other 
sources of 
bias 

Title Abstract Introduction Methods Results Discussion Total 

Natural scaffolds 
Li C et al. Sci Rep 2017 NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 1 3 8 2 2 17 
Hansen R et al. J Orthop 

Res 2013 
NO YES NO NO UNCLEAR UNCLEAR UNCLEAR YES YES NO 1 1 2 12 5 3 24 

Kawaguchi Y et al. Orthop 
Traumatol Surg Res 
2019 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 1 1 7 2 2 14 

Kobayashi Y et al. Am J 
Sports Med 2010 

NO YES NO NO UNCLEAR YES UNCLEAR NO YES NO 1 2 2 13 3 3 24 

Gastel JA et al. 
Arthroscopy 2001 

NO YES NO NO UNCLEAR YES UNCLEAR NO YES NO 1 2 2 13 3 3 24 

Cook JL et al. Am J Sports 
Med 2006 

NO YES UNCLEAR NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 1 1 14 3 3 23 

Gruchenberg K et al. Knee 
Surg Sports Traumatol 
Arthrosc 2015 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 2 1 10 0 0 13 

Pan Z et al. Acta 
Biomaterialia 2017 

NO YES UNCLEAR NO UNCLEAR UNCLEAR UNCLEAR YES YES NO 1 2 3 14 6 3 29 

Yuan Z et al. Biomaterials 
2016 

NO YES UNCLEAR NO UNCLEAR UNCLEAR UNCLEAR YES YES NO 1 2 1 11 7 2 24 

Peretti GM et al. Am J 
Sports Med 2004 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 2 1 9 3 3 18 

Martinek V et al. Arch 
Orthop Trauma Surg 
2006 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR YES NO YES 0 2 1 8 6 3 20 

Whitehouse MR et al. 
Stem Cells Transl Med 
2017 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 1 11 2 3 18 

Angele P et al. J Biomed 
Mater Res 2008 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 1 10 1 1 14 

Zellner J et al. J Biomed 
Mater Res Part A 2010 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 1 10 3 1 16 

Zellner J et al. J Biomed 
Mater Res Part B Appl 
Biomater 2013 

NO YES UNCLEAR NO UNCLEAR YES UNCLEAR NO YES NO 0 2 2 14 4 2 24 

Koh RH et al. Acta 
Biomaterialia 2017 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 2 13 3 3 24 

Synthetic scaffolds 
Zhang ZZ et al. Acta 

Biomaterialia 2016 
NO YES NO NO UNCLEAR YES UNCLEAR NO YES NO 1 2 3 13 5 1 25 

Otsuki S et al. Am J Sports 
Med 2019 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 1 11 3 3 19 

Testa Pezzin AP et al. 
Artif Org 2003 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 1 10 2 2 18 

Tienen TG et al. 
Biomaterials 2003 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 1 7 1 2 12 

Galley NK et al. Clin 
Orthop Relat Res 2011 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 2 3 11 3 0 19 

Maher SA et al. 
Arthroscopy 2010 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR YES YES NO 1 2 2 13 7 1 26 

Welsing RTC et al. Am J 
Sports Med 2008 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 2 3 11 5 1 22 

(continued on next page) 
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Table 4 (continued ) 

SYRCLE QUALITY ASSESSMENT 

Ref. Sequence 
generation 

Baseline 
characteristics 

Allocation 
concealment 

Random 
housing 

Blinding Random 
outcome 
assessment 

Blinding Incomplete 
outcome data 

Selective 
outcome 
reporting 

Other 
sources of 
bias 

Title Abstract Introduction Methods Results Discussion Total 

Heijkants RGJC et al. J 
Mater Sci Mater Med 
2004 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 1 9 3 1 15 

Zhang ZZ et al. Am J 
Sports Med 2017 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 3 12 6 3 25 

Gu Y et al. Exp Ther Med 
2012 

NO YES YES NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 1 13 3 1 19 

Weinand C et al. Arch 
Orthop Trauma Surg 
2006 

NO YES NO NO UNCLEAR YES UNCLEAR NO YES NO 1 2 3 12 6 1 25 

Weinand C et al. Am J 
Sports Med 2006 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 2 12 3 2 22 

Koch M et al. Stem Cell Int 
2018 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 2 10 5 2 20 

Kang SW et al. J Biomed 
Mater Res 2006 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 2 1 8 4 2 17 

Esposito AR et al. Biores 
Open Access 2013 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 2 1 12 5 3 23 

Natural/synthetic scaffolds 
Gao S et al. Acta Biomater 

2018 
NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 3 10 3 3 22 

Ghodbane SA et al. Tissue 
Eng Part A 2019 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 2 2 13 6 2 25 

Merriam AR et al. Am J 
Sports Med 2015 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 2 11 3 2 21 

Patel JM et al. Am J Sports 
Med 2016 

NO YES NO NO UNCLEAR YES UNCLEAR NO YES NO 1 2 2 12 6 2 25 

Patel JM et al. Am J Sports 
Med 2018 

NO YES NO NO UNCLEAR UNCLEAR YES NO YES NO 1 1 3 14 7 3 29 

Patel JM et al. Tissue Eng 
Part A 2016 

NO YES NO NO UNCLEAR UNCLEAR YES NO YES NO 1 2 2 11 5 1 22 

Chiari C et al. 
Osteoarthritis Cartilage 
2006 

NO YES NO NO UNCLEAR UNCLEAR UNCLEAR NO YES NO 0 1 2 11 1 3 18 

Nakagawa Y et al. Am J 
Sports Med 2019 

NO YES NO YES UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 1 3 11 2 0 18 

Cojocaru DG et al. J 
Biomed Mater Res 2020 

NO YES NO YES UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 3 13 7 0 26 

Demirkiran ND et al. Acta 
Orthop Traumatol Turc 
2019 

NO YES NO YES UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 3 13 3 3 25 

Shimomura K et al. 
Biomaterials 2019 

NO YES NO YES UNCLEAR YES UNCLEAR NO YES NO 0 2 2 13 3 2 22 

Moradi L et al. 
Biomaterials 2017 

NO YES NO YES UNCLEAR UNCLEAR YES NO YES NO 1 2 3 13 2 2 23 

Chen C et al. Am J Sports 
Med 2020 

NO YES NO YES UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 2 14 1 1 21 

Kon E et al. Tissue Eng 
Part A 2008 

NO YES NO YES UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 3 13 3 3 25 

Kon E et al. Tissue Eng 
Part A 2012 

NO YES NO YES UNCLEAR UNCLEAR UNCLEAR NO YES NO 1 2 2 14 3 3 25  
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93–96]. However, a complete meniscal healing has been seen only oc-
casionally and we are still far from reaching it with the current tech-
nologies. Furthermore, we should acknowledge that the available 
clinical evidence is affected by some significant flaws: first of all, the 
modest quality of the majority of trials, with a significant rate of con-
current procedures (realignments, ligament reconstructions and carti-
lage treatments), and the lack of randomized evaluation (with only one 
comparative trial published [96]) between the performance of CMI and 
Actifit®, in spite of the fact that both of them have been available for 
decades on the market. This is perhaps the most remarkable issue in the 
field of meniscal regeneration: the lack of “new” products released for 
clinical use in the last 10–12 years. 

Although an intense pre-clinical research and an increasing aware-
ness on the properties of biomimetic materials, clinicians nowadays 
have limited options and can rely on “old” technologies to treat partial 
meniscal loss. CMI and Actifit® have paved the way of meniscal 
regeneration but they need to be upgraded to provide a better quality of 
the regenerated tissue and, therefore, better and longer lasting out-
comes. Still, the experience gained with these scaffolds in the last two 
decades allowed to gain important insights that should be considered to 
further develop this field. CMI scaffolds showed poor biomechanical 
properties, which could led to iatrogenic damage of the scaffold during 
implant positioning and suture [97]. To overcome these problems, 
Actifit® has been developed claiming superior mechanical properties. 
While intra-operatively this was perceived as a sufficient strength by 
surgeons, this may be not enough to sustain the high joint stresses, with 
even weight bearing and simple walking causing numerous and critical 
stress cycles. Due to the dynamic nature of this stress, scaffolds must 
sustain compression but also shear forces, overall jeopardizing the 
circumferential structure needed to preserve the joint from abnormal 
loads. Beside some technical implantation issues that may affect proper 
implant positioning, the insufficient strength of the available scaffolds 
likely results in the observed extrusion over time. Accordingly, new 
scaffolds should be produced with proper biomechanical properties to 
match what required by the normal joint function while new tissue is 
formed. This leads to another important point, the need of the implanted 
biomaterial to be readily replaced by regenerated tissue. As previously 
described, the presence of scaffold material was documented long after 
implantation, underlying the slow processes of induced tissue regener-
ation. Thus, from one side new scaffolds should present stronger 
biomechanical features, on the other side they should guide tissue 
regeneration and be readily replaced by a functional meniscus tissue. 
The balance of these material properties is a challenge to be addressed 
by future implants, together with another more macroscopic aspect. 
Available scaffolds present a pre-defined shape, which poorly matches 
the specific anatomic requirement of each individual patient. Progresses 
in the field of bioprinting could address this problem, producing tailored 
implants which could have the correct shape but also optimal internal 
architecture, and even proper cell distribution [98]. The use of cells to 
prompt a faster tissue regeneration could be a key aspect, as demon-
strated by preclinical findings of better results when cell-based implants 
were compared with cell-free scaffolds. Moreover, cells or other adju-
vant treatments should be considered also in terms of joint environment 
modulation to favour homeostatic features promoting the healing pro-
cesses. The importance of the articular environment is increasingly 
recognized, with new evidence underlying better results when scaffolds 
are implanted in acute lesions rather than in joints affected by chronic 
degenerative processes [95]. The fact that augmentation with cells and 
growth-factors had been tested only in the in vivo preclinical setting 
could be explained by several reasons: the obvious increase in costs, the 
stringent regulations limiting cell-based approaches in many countries 
and also the technical challenges related to loading autologous cells/GFs 
into biosynthetic scaffolds for human application. 

The need for innovation in this field is urgent since meniscectomy is 
still the most common arthroscopic procedure performed all over the 
world and is the most significant risk factor for the onset of knee OA. In 

the next decades we will assist to a drastic increase of post- 
meniscectomy OA patients, who will require prolonged treatments ul-
timately leading to metal resurfacing. The social and economic burden 
on National Health Systems is doomed to increase, and therefore a closer 
collaboration between Research Centres, Regulatory Bodies, and In-
dustries is desirable, with the goal of developing and offering new “joint 
sparing strategies” for patients affected by meniscal lesions. 

5. Conclusions 

Several biosynthetic meniscal scaffolds have been tested in the ani-
mal model in the last 20 years, and also augmentation with cells and 
growth factors has been attempted to improve meniscus regeneration. 
Anyway, only two acellular scaffolds reached clinical practice: the CMI 
(11 studies) and the Actifit® (19 studies). Although positive outcomes 
were documented up to mid-long term, the overall quality of the 
available evidence is modest and both scaffolds present limited regen-
erative potential associated to structural flaws that do not qualify them 
as the “ideal” meniscal replacements. Future research in the field of 3D- 
bioprinting, the introduction of new biomaterials and the possibility of 
translating biologic augmentation also in the human setting might open 
the way to novel devices with superior biomechanical and regenerative 
properties, able to effectively protect knee joints from the onset of post- 
meniscectomy OA. 
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