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Abstract: Human bone marrow (BM) is a kind of source of mesenchymal stem cells (MSCs) as well as
growth factors and cytokines that may aid anti-inflammation and regeneration for various tissues,
including cartilage and bone. However, since MSCs in BM usually occupy only a small fraction
(0.001%) of nucleated cells, bone marrow aspirate concentrate (BMAC) for cartilage pathologies,
such as cartilage degeneration, defect, and osteoarthritis, have gained considerable recognition in the
last few years due to its potential benefits including disease modifying and regenerative capacity.
Although further research with well-designed, randomized, controlled clinical trials is needed to
elucidate the exact mechanism of BMAC, this may have the most noteworthy effect in patients with
osteoarthritis. The purpose of this article is to review the general characteristics of BMAC, including
its constituent, action mechanisms, and related issues. Moreover, this article aims to summarize the
clinical outcomes of BMAC reported to date.

Keywords: bone marrow; bone marrow aspirate concentrate; mesenchymal stem cells; osteoarthritis;
cartilage; regeneration

1. Introduction

Articular cartilage has been well-known for low spontaneous healing potential since it may lack
vessels and undifferentiated cells, and the presence of specialized cells with low mitotic activity [1,2].
Therefore, once damaged, it may eventually progress to osteoarthritis (OA). OA is a destructive
joint disease, causing degeneration of cartilage, osteophyte formation, and changes in periarticular
bone, resulting in disability [3,4]. To our knowledge, there has been no approved, established
treatment that can reverse the progression of OA or destruction of articular cartilage [5]. Although
several studies have been conducted on disease modifying strategies of OA at the molecular level
that block inflammatory pathways and enhance cartilage protective function [6,7], there have still
been limitations in establishing the optimal treatment options. Moreover, from microfracture to
osteochondral autologous transplantation, various surgical techniques for cartilage regeneration have
been introduced [8–10]. However, the current therapies are still palliative, and there has been no
optimal regenerative method for OA with cartilage degeneration.

Recently, bone marrow aspirate concentrate (BMAC) has emerged as a possible alternative for
regenerative medicine. It has been spotlighted as a promising biologic tool because of a rich source
of pluripotent mesenchymal stem cells (MSCs) and growth factors [11,12], and currently approved
by the United States Food and Drug Administration (FDA). Accordingly, considering both the
anti-inflammatory and regenerative effect, BMAC may be an attractive tool for cartilage regeneration
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in OA. Although several studies on BMAC have been introduced, there has been paucity in the
systemically organized review on its overall contents. Therefore, the purpose of this article is to review
the general characteristics of BMAC, including its constituent and action mechanisms. Moreover, this
article aims to summarize the clinical outcomes of BMAC for OA with cartilage degeneration reported
to date.

2. Constitution

2.1. Cellular Contents in Bone Marrow Aspirate (BMA) and BMAC

Bone marrow (BM) primarily produces the red blood cells during hematopoiesis. It mainly consists
of hematopoietic cells, adipose tissue (adipocyte), and supportive stromal cells [13]. The organized
stroma of the BM promotes the proliferation and differentiation of the hematopoietic cells, and contains
supporting cells such as fibroblasts, macrophages, adipocytes, osteoblasts, osteoclasts, and endothelial
cells [14]. Particularly, the BM also contains mesenchymal stem cells (MSCs) or marrow stromal cells.
Numerous studies have documented that MSC in BM itself is insufficient not to have a therapeutic
property for chondral regeneration. For cartilage or chondral regeneration, several methods have
attempted delivering the reparable agents, such as MSC, to the defect area. Microfracture or multiple
drilling techniques have been widely performed, relying on migration of chondrogenic (precursor) cells
like MSC from subchondral bone marrow to the target area of articular surface. However, this method
results in fibrocartilage rather than hyaline cartilage, due to an insufficient amount of chondrogenic
cells, MSCs, and its poor concentration. Generally, since fibrocartilage has low mechanical strength
and a small number of cartilage cells, orthopaedic surgeons have tried to discover advanced methods
for replacing the chondral defect with hyaline cartilage, rather than fibrous cartilage [15,16].

Recently, several solutions have been invented to overcome the insufficient amount of MSCs (e.g.,
chondral cells). Among them, BMAC can produce higher concentration of chondrogenic cells, MSCs,
and other affirmative stromal cells, in comparison with BM itself [17]. In addition to MSCs, BMAC
contains growth factors more than BM itself, which has been proven to be equal or even superior
to other conventional cartilage restoration techniques [18]. Moreover, BMAC also have numerous
bioactive molecules and cell types including lymphocytes, neutrophils, monocytes, and platelets in
various stages of differentiation [19]. In cytological analysis, BMAC contains an increased number
of platelets and white blood cells [20]. Johnson et al. [21] demonstrated that a fourfold increase in
platelets, total nucleated cells, and CD34+ cells in BMAC compared to BMA was reported.

2.2. Mesenchymal Stem Cells (MSCs)

MSCs are multipotent progenitor cells that can be obtained from bone marrow, adipose tissue,
synovium, articular cartilage, and skeletal muscles [22,23]. As only about 0.001% of all nucleated cells
in bone marrow (BM) are MSCs [24]. MSCs present self-renewal and differentiation potential into
cells of the mesodermal lineage such as cartilage, bone, fat, muscle, meniscus, and ligaments [25,26].
The Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy
defined the MSCs as the following criteria: (1) be plastic-adherent in standard culture conditions;
(2) express CD105, CD73, and CD90 at their surface; (3) be lack expression of CD45, CD34, CD14
(or CD11b), CD79α (or CD19), and HLA-DR; and (4) differentiate into osteoblasts, adipocytes, and
chondroblasts in vitro (Table 1) [27]. If these criteria are not met, the term “MSCs” cannot be used.
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Table 1. Standard criteria of mesenchymal stem cells defined by the Mesenchymal and Tissue Stem
Cell Committee of the International Society for Cellular Therapy [27].

Characteristics Positive Markers Negative Markers

Plastic adherent in vitro CD44
Ability to form colony forming fibroblast CD73 CD34

Ability to differentiate into mesodermal lineages
(osteoblasts, adipocytes, chondroblasts, and tenocytes)

CD90
CD105

CD45
CD133

Promotion of hematopoiesis CD166
Self-renewal potential HLA-ABC

CD, cluster of differentiation; HLA, human leukocyte antigen.

MSC can be differentiated into several different cell types, including osteoblasts, adipocytes,
chondroblasts, or even neurogenic cells, under specific environments for differentiation. In particular,
chondrogenic property from BM can be driven by using specific insulin, transferrin, selenium,
transforming growth factor beta (TGF-β), and others. Among the specific materials, the TGF-β family
(three isoforms) has been recognized as a critical factor for cartilage development and genesis [28].
In addition, recent studies have shown that TGF-β family is also an important source for composing
type II collagen that is composed of extracelluar matrix in cartilage [28,29]. More detailed information
(growth factors, cytokines, and other factors) regarding cartilage regeneration among constituents in
BM is described below.

2.3. Growth Factors and Cytokines

BMAC also serves as a rich source of factors that can influence the healing responses by decrease
in cell apoptosis and inflammation, and by activation of cell proliferation, differentiation, and
angiogenesis via paracrine and autocrine pathways [11,12]. Numerous factors involved in these trophic
processes include the platelet-derived growth factor (PDGF), TGF-β, vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), insulin-like growth factor I (IGF-I), granulocyte-macrophage
colony-stimulating factor (GMCSF), bone morphogenetic protein (BMP-2 and 7), and interleukins
(IL-1β, 6, 8) [20,30,31]. These bioactive factors are assigned to have anabolic and anti-inflammatory
effects, resulting in positive effects on cartilage repair and treatment of OA. Specifically, PDGF can
be a specific role in cartilage regeneration and maintaining homeostasis, via MSC proliferation and
inhibition of IL-1β -induced chondrocyte apoptosis/inflammation pathway [32], while TGF-β family
(three isoforms) has a role of stimulating chondrogenesis, inhibiting inflammation, and enhancing
cartilage healing or regeneration [33]. Moreover, they may have the potential to express their specific
activities via inter-molecular action and subsequently to promote MSC associated tissue healing.

3. Pathophysiology and Issues of Osteoarthritis

OA is a degenerative joint disease characterized by loss of cartilage, osteophyte formation, and
periarticular bone change, resulting in disability [3,4]. Unfortunately, up to date, there has been no
approved treatment that can reverse the progression of OA or destruction of articular cartilage. Recent
advancement in cell-based treatment offers a new era for OA management. In order to establish the
disease modifying (or managing) strategies of OA, it is necessary to consider the biomolecular features
in OA circumstance and their relationship between MSC (specific materials) and OA.

Molecular and cellular mechanism in development and progression of OA have to be aware for
establishing therapeutic plan with MSC [34]. Innate immune cells like natural killer cell or macrophages
can play an important role in an early inflammatory phase [35]. TNF-α and IL-1β also have a function
to shift tissue homeostasis towards catabolism by degradation, resulting in cartilage resorption [36,37].
In addition, mechanisms such as increased proinflammatory cytokines such as IL-1 or TNF-α, decreased
growth factors such as TGF-β, activated matrix metalloproteinase, and ultimate chondrocyte senescence
can be observed at the molecular level (Figure 1) [38–40].
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Figure 1. Molecular mechanisms of osteoarthritis. Increased proinflammatory cytokines such as TNF-α,
IL-1β and IL-6, activated matrix metalloproteinases (MMPs), and decreased growth factors such as
TGF-β and ultimate chondrocyte senescence can be observed at the molecular level.

4. Mechanisms of BMAC for Osteoarthritis

The action mechanism of BMAC is not yet fully understood [41]. In order to analyze the exact
mechanism of BMAC, an understanding of the presence of MSCs in BMAC must be preceded. Most of
all, the MSCs within BMAC will potentially provide a direct cell source for tissue repair. Additionally,
the nucleated cells may have a paracrine effect by delivering various growth factors and cytokine
into the lesion site to promote tissue healing and immunomodulation [41–43]. After density gradient
centrifugation, the harvested cells may be concentrated six to seven times, so that cellular content in
BMAC can explode several growth factors, such as PDGF, TGF-β, and VEGF [11]. These growth factors
are within the α-granules of platelets and are secreted by MSCs [44], which have high chondrogenic
potential [12,45]. PDGF, TGF-β, and other factors such as IGF-I also serve as chemoattractant.

MSCs also have an immunosuppressive effect by adjusting the activation of natural killer cells,
dendritic cells, macrophages, and T and B lymphocytes [46–48]. Thus, MSCs have advantageous
anti-inflammatory and antifibrotic actions to maximize their therapeutic effects in lesion site [49–51].

5. Issues on Harvest and Processing of BMAC

Since the regenerative capacity of BMAC has been closely linked to the number of MSCs present
in the graft at the time of its clinical application [52], the methodology of the harvest or how to obtain
a larger population of MSCs would be an important issue. Although MSC counts in BMAC may be
affected by the harvest technique [53], there is still no consensus on the aspiration method optimizing
cellular yield. Hernigou et al. [53] reported that higher concentrations of progenitor cells could be
obtained with a smaller volume syringe (10 mL) with multiple site harvesting. On the contrary, a recent
study found no significant difference in final cell concentration between single- and multiple-site
harvesting techniques [52]. Additionally, the single-site technique was significantly less painful not
only at the time of procedure but also after 24 h.

What amount or concentration of BMAC is the most efficient for chondral regeneration has not
been determined as well. Yandow et al. [54] demonstrated that, in children, up to 5 mL bone marrow
from the iliac crest yields a proportional increase in osteoblastic progenitor cells per aspirate, and
increasing the aspiration volume beyond 5 mL primarily results in a hemodilution and loss of biological
efficacy rather than further increased harvest of osteoblastic material. Similarly, Muschler et al. also
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studied that the effect of aspiration volume by comparing 1 mL, 2 mL, and 4 mL BM aspirate sample,
and concluded that, although the total number of MSCs increased with greater aspirated volumes, so
did the quantity of diluting peripheral blood [55]. Another study also demonstrated that an aspiration
of 10% to 20% of the syringe volume was ideal [53]. Based on the reports, in most studies, the amount
of BMAC extracted was 60 mL [56–58], but Kim et al. [59] reported extraction of 120 mL of BM. The
harvested BM can be concentrated in one of many FDA approved devices (Figure 2). This process
concentrates the buffy coat containing mononuclear cells and increases the number of MSCs relative
to baseline [60]. Some studies [57–59] used a SmartPreP2 Bone Marrow Procedure Pack BMAC2 kits
(Harvest Technology, Plymouth, Massachusetts, USA) for centrifugation, and then was mixed using
batroxobin enzyme (Plateltex Act, Plateltex SRO, Bratislava, Slovakia). Others [56,61,62] processed
their extracted BM using the MarrowStim Concentration Kit (Biomet, Warsaw, IN), obtaining 3–4 mL
of BMAC.
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Figure 2. BMAC preparation and knee joint injection. (A) bone marrow aspiration at anterior iliac
rim; (B) After centrifugation and some procedure, dark-colored BMAC (white arrow) was obtained;
(C) BMAC injection to the knee joint with osteoarthritis.

6. Application Modalities

The application modalities of BMAC such as intra-articular injection or surgical implantation with
bio-scaffold may also be an issue to be considered in the clinical settings. Intra-articular injection is
relatively simple, easy to apply, and does not require hospitalization for the procedure [63,64]. However,
accurate delivery to the lesion site can be difficult [19]. On the contrary, surgical implantation enables
precise delivery to the lesion site, and acquires stability when combined with a bio-scaffold or membrane.
The scaffold or membrane can reduce chondrocyte loss, maintain uniform cellular distribution, and
ultimately enhance chondrogenesis. Their materials mainly used in studies are hyaluronic acid, collagen
derivatives, agarose, fibrin glue, and chitosan [15,57,58,62]. Nevertheless, surgical implantation usually
requires hospitalization as a more invasive method. Therefore, the optimal strategy has not yet
been identified. Occasionally, intralesional injection may be an alternative option. Particularly, since
degenerative cartilage deterioration secondary to osteonecrosis or avascular necrosis has subchondral
bone pathology, implantation into the necrotic zone may be advantageous by reconstructing a
micro-environment of osteoblast differentiation and endothelial cell proliferation [65–67].
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7. Review of Clinical Studies with BMAC

Several BMAC studies on focal cartilage defects have reported favorable outcomes
(Table 2) [15,56–58,61,62,68]. Gobbi et al. [57,58] reported complete coverage of cartilage lesions
with hyaline-like features in 80% of patients. They confirmed with normal to nearly normal tissues on
histologic findings performed concurrently with second-look arthroscopy. Recently, they reported
excellent long-term clinical outcomes of hyaluronic acid-based scaffold embedded with BMAC in a
full-thickness cartilage defect [68]. Gigante et al. [61] reported the outcomes of BMAC combined with
microfracture. They showed good defect filling with normal tissue signal with no signs of bone marrow
edema. Skowroński et al. [62] reported favorable clinical outcomes of BMAC with collagen membranes
in large chondral lesions. However, Enea et al. [56] found bone marrow edema and subchondral
irregularities in all patients, even though histology showed hyaline-like repair tissue.

Few studies have evaluated the outcomes of BMAC injection in patients with knee OA
(Table 3) [59,69,70]. Hauser et al. [70] reported the clinical outcomes of intra-articular injection of
unfractionated BM combined with hyperosmotic dextrose in patients with OA. They showed that
complete relief or functional improvement at least six weeks follow-up in 5 of 7 patients. Centeno
et al. [69] used autologous BMAC for intra-articular injection with or without adipose grafts. Their
study reported that patients with Kellgren–Lawrence (K–L) grades I or II showed significantly better
improvement in clinical outcomes than K–L grades III–IV. In a systematic review, Chahla et al. [71]
suggested that BMAC treatment would be a safe procedure with good results reported. Conversely,
a recent study with prospective, single-blind, placebo-controlled pilot study (BMAC vs. saline)
was performed in patients with bilateral OA [72]. There was no significant difference in pain relief
and function between the both sides. However, it is difficult to directly compare the differences
because of heterogeneity across studies including the study design, sources and doses of cells, and the
administration of adjuvant therapy. Further studies with prospective, randomized, double-blinded
fashion, and larger sample size are required to gain a better understating of BMAC treatment. To date,
most of the BMAC-related studies have focused on functional improvement rather than quality of
regeneration. To assess the regenerative effects of BMAC, further radiologic or histologic analyses of
remodeled cartilage are necessary.

The authors have also reported the short-term clinical and functional outcomes of intra-articular
BMAC injection mixed with adipose tissue matrix as a scaffold in a case series of 41 patients (75 knees)
with knee OA (K–L grades I–IV) [56]. At 12-month follow-up, BMAC injection significantly improved
knee pain and function. Particularly, a significant relationship was found between superior outcomes
and lower K–L grade at follow-up. However, to compensate for the limitation of short-term follow-up,
longer-term outcomes of intra-articular BMAC injection is necessary.
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Table 2. Details of the clinical trials of BMAC focusing on cartilage defects.

Authors Publications/Year
Study

Design/No.
of Patients

Mean Age
(Year)

Mean Follow-Up
Period (Months) Defect/Location Treatment Additional

Factors
Harvest

Volume/Kit Used Outcomes Complications

Buda et al.
[15]

J Bone Joint Surg
Am/2010

Case
series/20 N/A (15-50) 24.0 ICRS grade III–IV

lesion/MFC and LFC
BMAC + HA
membrane

Platelet gel
(platelet rich

fibrin)

60 mL/SmartPrep
System

Significant clinical
improvement; Subchondral

bone & cartilage regeneration
on MRI/histology

N/A

Gigante et al.
[61] Arthrosc Tech/2012 A case

report 37.0 24.0 3.0 cm2 sized ICRS
grade IV lesion/MFC

BMAC +
fibrin glue Microfx. 60 mL/MarrowStim

Concentration Kit

Asymptomatic; MRI at 12
months showed good defect

filling with normal signal
N/A

Skowroński
et al. [62]

Orthop Traumatol
Rehabil/2013

Retrospective
comparative

study/46
26.0 60.0 >4cm2 width &

>6mm deep/MFC

BMAC (21)
vs.

Peripheral
blood MSCs

(25)

Autologous
spongy bone

graft, collagen
membrane

27 mL/MarrowStim
Concentration Kit

Clinical improvement in both
groups; Peripheral blood MSCs

group had superior results;
Confirmed cartilage integration

on MRI

N/A

Gobbi et al.
[58]

Am J Sports
Med/2014

Case
series/25 46.5 41.3

Mean 8.3 cm2 sized
ICRS grade IV
lesion/MFC or

patellar or trochlea

BMAC
Collagen

membrane +
fibrin glue

60 mL/SmartPrep2
System

Significant clinical
improvement; Good stability of
implant and complete filling in

80% on MRI; Hyaline-like
cartilage

N/A

Gobbi et al.
[57] Cartilage/2015

Prospective
comparative

study/37

M-ACI (43.1)
vs. BMAC

(45.4)
≥36.0

Mean size
7.1 cm2 (M-ACI) vs.

5.5 cm2 (BMAC)
ICRS grade IV

lesion/patella or
trochlea

M-ACI (19)
vs. BMAC

(18)

HA scaffold +
fibrin glue

60 mL/SmartPrep2
System

Significant clinical
improvement in both groups;

no significant difference
between the groups; Complete
filling on MRI 76.0% (M-ACI)

vs. 81.0% (BMAC);
Hyaline-like features

N/A

Gobbi et al.
[68]

Am J Sports
Med/2019

Case
series/23 48.5 96.0

Mean 6.5 cm2 sized
ICRS grade IV lesion
/MFC or patellar or

trochlea

BMAC +
HA-based

scaffold

HTO; TTO;
ACLR; LR

60 mL/SmartPrep2
System

Good to excellent long-term
clinical outcomes in

full-thickness cartilage injury
of the knee joint

N/A

Enea et al.
[56] Knee/2015 Case series/9 43.0 29.0

Mean size 2.6 cm2

with chondral
defect Outerbridge
type III- IV/MFC or

LFC

BMAC +
fibrin glue

Collagen
membrane;
Microfx.or

partial
menicectomy or

synovectomy

60 mL/MarrowStim
Concentration Kit

Significant clinical
improvement; Almost normal

arthroscopic appearance of
repaired cartilage;

Regeneration potential to
hyaline-like cartilage

N/A

BMAC, bone marrow aspirate concentrate; ICRS, International Cartilage Regeneration and Joint Preservation Society; MFC, medial femoral condyle; LFC, lateral femoral condyle; HA,
hyaluronic acid; MRI, magnetic resonance image; N/A, non-available; Microfx., microfracture; vs., versus; MSCs, mesenchymal stem cells; M-ACI, matrix-induced autologous chondrocyte
implantation; HTO, high tibial osteotomy; TTO, tibial tubercle osteotomy; ACLR, anterior cruciate ligament reconstruction; LR, lateral release.
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Table 3. Details of the clinical trials of BMAC focusing on osteoarthritis.

Authors Publications/Year
Study

Design/No.
of Patients

Mean Age
(Year)

Mean Follow-Up
Period (Months) OA Grades Treatment Additional

Factors
Harvest

Volume/Kit Used Outcomes Complications

Hauser et al.
[70]

Clin Med Insights
Arthritis

Musculoskelet
Disord/2013

Case series/7
(hip, knee,
ankle OA)

64.0 7.1 N/A
Whole bone

marrow
injection

Dextrose
prolotherapy Not concentrated Substantial gain in pain relief &

functionality N/A

Centeno et
al. [69] Biomed Res Int/2014

Retrospective
comparative

study/840
54.3 vs. 59.9 10.4 vs. 10.7 K–L grade 1,2,3,4

BMAC alone
(616) vs.
BMAC +
adipose

graft (224)

PRP

Manual aspiration
in a sterile ISO-7
class clean room

and in ISO-5 class
laminar flow

cabinets

Encouraging clinical outcomes
with a low rate of AEs; Better
results in K–L 2 than K–L 3-4
(2.2 times); Adipose graft did
not provide additional benefit

AEs rates 6.0%
(BMAC alone)

vs. 8,9% (BMAC
+ adipose graft)

Shapiro et al.
[72]

Am J Sports
Med/2017

Prospective
RCT/25

(bilateral
knee OA)

60.0 6.0 K–L grade 1,2,3 BMAC vs.
Saline PRP

52 mL/Automated
centrifuge
(Magellan

Autologous Platelet
Separator System)

Pain relief did not differ
significantly between both

knees
N/A

Kim JD et al.
[59]

Eur J Orthop Surg
Traumatol/2014

Case
series/75 60.7 8.7 K–L grade 1,2,3,4 BMAC

Arthroscopic
debridement;

Microfx.; HTO

120 mL/SmartPrep2
System

Significant clinical
improvement; Better results in

K–L 1-3 than K–L 4

Swelling: 92.0%
Pain: 41.3%

BMAC, bone marrow aspirate concentrate; OA, osteoarthritis; N/A, non-available; vs., versus; K–L grade, Kellgren–Lawrence grade; PRP, platelet rich plasma; AEs, adverse events; RCT,
randomized controlled trial; Microfx., microfracture; HTO, high tibial osteotomy.
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8. Adverse Events

Most of the reported complications for BMAC were nonspecific and self-limited, with the
symptoms including pain, swelling, skin rash or itching, and aspirate site problems. Few severe
complications have been reported and all the events generally resolved without any intervention.
Centeno et al. [63] reported the frequency of adverse events after the procedure to be 6% for BMAC
alone. Knee joint pain and swelling were the most common adverse events.

9. Advanced Technologies

9.1. Nanotechnologies

Nanotechnology or nanoengineering refers to the science of manipulating nanometer-sized
materials (1–100 nm), and involves a number of nanomaterials used in various fields of regenerative
medicine, including tissue engineering, cytotherapy, and drug or gene delivery [73]. At the nano-scaled
level, materials have different unique physical and chemical properties compared to those at larger
scales [74]. By integrating the nanomaterials, it facilitates developing the novel scaffolds that stimulate
the extracellular matrix (ECM) environment around the native cartilage to promote the cell-scaffold
interaction and improve the functionality of the tissue engineered constructs [75]. The surrounding
environment consists of nano-scaled particles that provide multiple biological signals, which ultimately
affect cell behavior, resulting in cell shape, cell skeleton, and focal adhesion [75,76]. This technique can
be applied to the degenerative OA joints as well as focal cartilage defects.

Nano-engineering combined with cell-based biology is the key to regenerative medicine. Up to
date, the most commonly used scaffolds were natural materials such as HA or collagen-based
materials [77,78]. Natural materials are derived from human or animal sources and consist of
extracellular components. They include agarose, chitosan, alginate, silk protein, and fibrin glue [79–82].
Although they have shown promising outcomes, there have been disadvantages of mechanical
properties, immunogenicity, and contamination [83]. Additionally, the outcomes of clinical studies
related to the application of these materials have been still unsatisfactory [84].

Therefore, synthetic compounds are emerging as an alternative to regenerative medicine. Various
types of synthetic scaffolds including poly ethylene glycol, poly polylactide acid and derivatives,
polyurethane, and poly vinyl alcohol have also been utilized [85]. Compared to natural materials, they
provide excellent controlled mechanical properties [86]. The robust scaffolds are generally more suitable
for load-bearing cartilage engineering. By grafting nanotechnology, these novel scaffolds can exhibit
superior properties of biocompatibility, controlled porosity and permeability, mechanical suitability
for the target tissue, and support for cell attachment and proliferation [87,88]. Nano-structured
surfaces produce nano-topography that can accelerate cell adhesion and proliferation than untreated
surfaces [89]. Furthermore, nanometer surfaces with roughness may improve endothelial cell functions
as compared to smooth polymer surfaces [90].

9.2. Other Smart Materials

To complement the rigidity for application of existing solid scaffold materials, synthetic or naturally
derived hydrogels have gained popularity as a smart scaffold material due to their ability to transport
oxygen through diffusion and to integrate into the ECM [91]. Because of their innate hydrated structure,
hydrogels are typically biodegradable in physiologic environments, have mechanical and structural
properties similar to the ECM, and can be delivered in a minimally invasive manner [85]. Either alone
or combined with other type of cells, they have been utilized as in vivo implants to promote the
regeneration of local tissue, ranging from peripheral nerve to skin substitute [92]. Although several
studies have been conducted to improve the functionality of hydrogel through incorporation with
HA, collagen, and fibrin [93–95], further researches is needed to improve the capability to preserve by
supplementing their degradation properties.
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Recently, thermo-reversible HA hydrogels have been introduced as an attractive candidate of
smart materials. Through cross-links of modified HA and thermo-responsive poly, it has a gelling
temperature for which the assembly of these modified HA chains can be altered and have good
biocompatibility [96]. Additionally, it has been reported that they be can removed through renal
excretion and be inserted in the site of injury through simple intra-articular injection [85].

Patient-specific three-dimensional (3D) bioprinting has gained due attention in tissue engineering
for its ability to spatially control the location of cells, biomaterials, and other biological molecules [97].
This technology enables bioproduction of target tissues or organs specific 3D structures that
combined with computer-aided design or manufacturing using the patient’s own medical images [98].
Computer-aided 3D-constructs are able to not only be more suitable for shape and size, but also
enhance the cell viability and proliferation.

10. Concluding Remarks and Perspectives

In conclusion, MSCs within BMAC have the self-renewal capacity, can undertake clonal expansion,
and differentiate into various mesodermal tissues. MSCs are also a rich source of several growth
factors and cytokines, which have a paracrine and immunomodulatory effect. For this reason, BMAC
has emerged as a promising biologic tool for regenerative medicine. Studies published to date have
reported relatively favorable outcomes, but most of them have focused on clinical improvement
rather than quality of regeneration. Moreover, heterogeneity between the studies may not allow for
direct comparison.

Accordingly, there is a need for well-designed, randomized, controlled trials with large sample
sizes to further evaluate the therapeutic action of BMAC for knee pathologies. Such studies can provide
a better understanding of safety, aspiration amount, and the need for bio-scaffold, to ensure consistent
and reproducible results of BMAC treatment. Additionally, the development of novel bio-scaffolds
through grafting with nanotechnology or computer-aided technology can be a good opportunity to
expand the clinical application of BMAC.
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Comparison of osteochondral autologous transplantation, microfracture, or debridement techniques in
articular cartilage lesions associated with anterior cruciate ligament injury: A prospective study with a
3-year follow-up. Arthroscopy 2013, 29, 89–97. [CrossRef]

11. McCarrel, T.; Fortier, L. Temporal growth factor release from platelet-rich plasma, trehalose lyophilized
platelets, and bone marrow aspirate and their effect on tendon and ligament gene expression. J. Orthop. Res.
2009, 27, 1033–1042. [CrossRef] [PubMed]

12. Indrawattana, N.; Chen, G.; Tadokoro, M.; Shann, L.H.; Ohgushi, H.; Tateishi, T.; Tanaka, J.; Bunyaratvej, A.
Growth factor combination for chondrogenic induction from human mesenchymal stem cell. Biochem.
Biophys. Res. Commun. 2004, 320, 914–919. [CrossRef] [PubMed]

13. Rubin, R.; Strayer, D.S.; Rubin, E. Rubin’s pathology: Clinicopathologic foundations of medicine; Lippincott
Williams and Wilkins: Philadelphia, PA, USA, 2008.

14. Lucas, D. The Bone Marrow Microenvironment for Hematopoietic Stem Cells. Adv. Exp. Med. Biol. 2017,
1041, 5–18. [PubMed]

15. Buda, R.; Vannini, F.; Cavallo, M.; Grigolo, B.; Cenacchi, A.; Giannini, S. Osteochondral lesions of the knee:
A new one-step repair technique with bone-marrow-derived cells. J. Bone Jt. Surg Am. 2010, 92 (Suppl. 2),
2–11. [CrossRef]

16. Ipach, I.; Schäfer, R.; Lahrmann, J.; Kluba, T. Stiffness after knee arthrotomy: Evaluation of prevalence and
results after manipulation under anaesthesia. Orthop. Traumatol. Surg. Res. 2011, 97, 292–296. [CrossRef]

17. Huh, S.W.; Shetty, A.A.; Ahmed, S.; Lee, D.H.; Kim, S.J. Autologous bone-marrow mesenchymal cell induced
chondrogenesis (MCIC). J. Clin. Orthop. Trauma 2016, 7, 153–156. [CrossRef]

18. Chiang, H.; Hsieh, C.-H.; Lin, Y.-H.; Lin, S.; Tsai-Wu, J.-J.; Jiang, C.-C. Differences between chondrocytes and
bone marrow-derived chondrogenic cells. Tissue Eng. Part. A 2011, 17, 2919–2929. [CrossRef]

19. Filardo, G.; Madry, H.; Jelic, M.; Roffi, A.; Cucchiarini, M.; Kon, E. Mesenchymal stem cells for the treatment
of cartilage lesions: From preclinical findings to clinical application in orthopaedics. Knee Surg. Sports
Traumatol. Arthrosc. 2013, 21, 1717–1729. [CrossRef]

20. Fortier, L.A.; Potter, H.G.; Rickey, E.J.; Schnabel, L.V.; Foo, L.F.; Chong, L.R.; Stokol, T.; Cheetham, J.;
Nixon, A.J. Concentrated bone marrow aspirate improves full-thickness cartilage repair compared with
microfracture in the equine model. J. Bone Jt. Surg. Am. 2010, 92, 1927–1937. [CrossRef]

21. Johnson, R.G. Bone marrow concentrate with allograft equivalent to autograft in lumbar fusions. Spine 2014,
39, 695–700. [CrossRef]

22. Koga, H.; Shimaya, M.; Muneta, T.; Nimura, A.; Morito, T.; Hayashi, M.; Suzuki, S.; Ju, Y.-J.; Mochizuki, T.;
Sekiya, I. Local adherent technique for transplanting mesenchymal stem cells as a potential treatment of
cartilage defect. Arthritis Res. 2008, 10, R84. [CrossRef] [PubMed]

23. Orozco, L.; Munar, A.; Soler, R.; Alberca, M.; Soler, F.; Huguet, M.; Sentís, J.; Sánchez, A.; García-Sancho, J.
Treatment of knee osteoarthritis with autologous mesenchymal stem cells: A pilot study. Transplant 2013, 95,
1535–1541. [CrossRef] [PubMed]

24. Cucchiarini, M.; Venkatesan, J.K.; Ekici, M.; Schmitt, G.; Madry, H. Human mesenchymal stem cells
overexpressing therapeutic genes: From basic science to clinical applications for articular cartilage repair.
Biomed. Mater. Eng. 2012, 22, 197–208. [CrossRef] [PubMed]

25. Prockop, D.J. Marrow stromal cells as stem cells for nonhematopoietic tissues. Science 1997, 276, 71–74. [CrossRef]
26. Lee, G.W.; Seo, M.-S.; Kang, K.-K.; Oh, S.-K. Epidural fat-derived mesenchymal stem cell: First report of

epidural fat-derived mesenchymal stem cell. Asian Spine J. 2019, 13, 361. [CrossRef]

http://dx.doi.org/10.1016/j.joca.2010.07.011
http://dx.doi.org/10.1177/0363546508328414
http://dx.doi.org/10.1177/0363546513506593
http://dx.doi.org/10.1016/j.arthro.2012.06.009
http://dx.doi.org/10.1002/jor.20853
http://www.ncbi.nlm.nih.gov/pubmed/19170097
http://dx.doi.org/10.1016/j.bbrc.2004.06.029
http://www.ncbi.nlm.nih.gov/pubmed/15240135
http://www.ncbi.nlm.nih.gov/pubmed/29204826
http://dx.doi.org/10.2106/JBJS.J.00813
http://dx.doi.org/10.1016/j.otsr.2011.01.006
http://dx.doi.org/10.1016/j.jcot.2016.05.004
http://dx.doi.org/10.1089/ten.tea.2010.0732
http://dx.doi.org/10.1007/s00167-012-2329-3
http://dx.doi.org/10.2106/JBJS.I.01284
http://dx.doi.org/10.1097/BRS.0000000000000254
http://dx.doi.org/10.1186/ar2460
http://www.ncbi.nlm.nih.gov/pubmed/18664254
http://dx.doi.org/10.1097/TP.0b013e318291a2da
http://www.ncbi.nlm.nih.gov/pubmed/23680930
http://dx.doi.org/10.3233/BME-2012-0709
http://www.ncbi.nlm.nih.gov/pubmed/22785363
http://dx.doi.org/10.1126/science.276.5309.71
http://dx.doi.org/10.31616/asj.2018.0215


Int. J. Mol. Sci. 2020, 21, 3224 12 of 15

27. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.;
Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317.
[CrossRef]

28. Johnstone, B.; Hering, T.M.; Caplan, A.I.; Goldberg, V.M.; Yoo, J.U. In vitrochondrogenesis of bone
marrow-derived mesenchymal progenitor cells. Exp. Cell Res. 1998, 238, 265–272. [CrossRef]

29. Fukumoto, T.; Sperling, J.; Sanyal, A.; Fitzsimmons, J.; Reinholz, G.; Conover, C.A.; O’Driscoll, S.W. Combined
effects of insulin-like growth factor-1 and transforming growth factor-β1 on periosteal mesenchymal cells
during chondrogenesis in vitro. Osteoarthr. Cartil. 2003, 11, 55–64. [CrossRef]

30. Caplan, A.I.; Dennis, J.E. Mesenchymal stem cells as trophic mediators. J. Cell Biochem. 2006, 98, 1076–1084.
[CrossRef]

31. Cassano, J.M.; Kennedy, J.G.; Ross, K.A.; Fraser, E.J.; Goodale, M.B.; Fortier, L.A. Bone marrow concentrate
and platelet-rich plasma differ in cell distribution and interleukin 1 receptor antagonist protein concentration.
Knee Surg. Sports Traumatol. Arthrosc. 2018, 26, 333–342. [CrossRef]

32. Gharibi, B.; Hughes, F.J. Effects of medium supplements on proliferation, differentiation potential, and
in vitro expansion of mesenchymal stem cells. Stem Cells Transl. Med. 2012, 1, 771–782. [CrossRef] [PubMed]

33. Tuli, R.; Tuli, S.; Nandi, S.; Huang, X.; Manner, P.A.; Hozack, W.J.; Danielson, K.G.; Hall, D.J.; Tuan, R.S.
Transforming growth factor-β-mediated chondrogenesis of human mesenchymal progenitor cells involves
N-cadherin and mitogen-activated protein kinase and Wnt signaling cross-talk. J. Biol. Chem. 2003, 278,
41227–41236. [CrossRef] [PubMed]

34. Ham, O.; Lee, C.Y.; Kim, R.; Lee, J.; Oh, S.; Lee, M.Y.; Kim, J.; Hwang, K.-C.; Maeng, L.-S.; Chang, W.
Therapeutic potential of differentiated mesenchymal stem cells for treatment of osteoarthritis. Int. J. Mol. Sci.
2015, 16, 14961–14978. [CrossRef] [PubMed]

35. Jaime, P.; García-Guerrero, N.; Estella, R.; Pardo, J.; García-Álvarez, F.; Martinez-Lostao, L. CD56+/CD16−
Natural Killer cells expressing the inflammatory protease granzyme A are enriched in synovial fluid from
patients with osteoarthritis. Osteoarthr. Cartil. 2017, 25, 1708–1718. [CrossRef]

36. Nigrovic, P.A.; Lee, D.M. Mast cells in inflammatory arthritis. Arthritis Res. 2004, 7, 1.
37. Harrell, C.R.; Markovic, B.S.; Fellabaum, C.; Arsenijevic, A.; Volarevic, V. Mesenchymal stem cell-based

therapy of osteoarthritis: Current knowledge and future perspectives. Biomed. Pharm. 2019, 109, 2318–2326.
[CrossRef]

38. Martin, J.A.; Buckwalter, J.A. The role of chondrocyte senescence in the pathogenesis of osteoarthritis and in
limiting cartilage repair. J. Bone Jt. Surg Am. 2003, 85 (Suppl. 2), 106–110. [CrossRef]

39. Roach, H.I.; Yamada, N.; Cheung, K.S.; Tilley, S.; Clarke, N.M.; Oreffo, R.O.; Kokubun, S.; Bronner, F.
Association between the abnormal expression of matrix-degrading enzymes by human osteoarthritic
chondrocytes and demethylation of specific CpG sites in the promoter regions. Arthritis Rheum. 2005, 52,
3110–3124. [CrossRef]

40. Vincenti, M.P.; Brinckerhoff, C.E. Transcriptional regulation of collagenase (MMP-1, MMP-13) genes in
arthritis: Integration of complex signaling pathways for the recruitment of gene-specific transcription factors.
Arthritis Res. 2002, 4, 157. [CrossRef]

41. Imam, M.A.; Holton, J.; Ernstbrunner, L.; Pepke, W.; Grubhofer, F.; Narvani, A.; Snow, M. A systematic
review of the clinical applications and complications of bone marrow aspirate concentrate in management of
bone defects and nonunions. Int. Orthop. 2017, 41, 2213–2220. [CrossRef]

42. Jager, M.; Jelinek, E.M.; Wess, K.M.; Scharfstadt, A.; Jacobson, M.; Kevy, S.V.; Krauspe, R. Bone marrow
concentrate: A novel strategy for bone defect treatment. Curr. Stem Cell Res. 2009, 4, 34–43. [CrossRef]
[PubMed]

43. Lee, D.H.; Ryu, K.J.; Kim, J.W.; Kang, K.C.; Choi, Y.R. Bone marrow aspirate concentrate and platelet-rich
plasma enhanced bone healing in distraction osteogenesis of the tibia. Clin. Orthop. Relat. Res. 2014, 472,
3789–3797. [CrossRef] [PubMed]

44. Potier, E.; Ferreira, E.; Dennler, S.; Mauviel, A.; Oudina, K.; Logeart-Avramoglou, D.; Petite, H.
Desferrioxamine-driven upregulation of angiogenic factor expression by human bone marrow stromal cells.
J. Tissue Eng. Regen. Med. 2008, 2, 272–278. [CrossRef] [PubMed]

45. Huang, A.H.; Motlekar, N.A.; Stein, A.; Diamond, S.L.; Shore, E.M.; Mauck, R.L. High-throughput screening
for modulators of mesenchymal stem cell chondrogenesis. Ann. Biomed. Eng. 2008, 36, 1909. [CrossRef]

http://dx.doi.org/10.1080/14653240600855905
http://dx.doi.org/10.1006/excr.1997.3858
http://dx.doi.org/10.1053/joca.2002.0869
http://dx.doi.org/10.1002/jcb.20886
http://dx.doi.org/10.1007/s00167-016-3981-9
http://dx.doi.org/10.5966/sctm.2010-0031
http://www.ncbi.nlm.nih.gov/pubmed/23197689
http://dx.doi.org/10.1074/jbc.M305312200
http://www.ncbi.nlm.nih.gov/pubmed/12893825
http://dx.doi.org/10.3390/ijms160714961
http://www.ncbi.nlm.nih.gov/pubmed/26147426
http://dx.doi.org/10.1016/j.joca.2017.06.007
http://dx.doi.org/10.1016/j.biopha.2018.11.099
http://dx.doi.org/10.2106/00004623-200300002-00014
http://dx.doi.org/10.1002/art.21300
http://dx.doi.org/10.1186/ar401
http://dx.doi.org/10.1007/s00264-017-3597-9
http://dx.doi.org/10.2174/157488809787169039
http://www.ncbi.nlm.nih.gov/pubmed/19149628
http://dx.doi.org/10.1007/s11999-014-3548-3
http://www.ncbi.nlm.nih.gov/pubmed/24599650
http://dx.doi.org/10.1002/term.92
http://www.ncbi.nlm.nih.gov/pubmed/18512268
http://dx.doi.org/10.1007/s10439-008-9562-4


Int. J. Mol. Sci. 2020, 21, 3224 13 of 15

46. Uccelli, A.; Pistoia, V.; Moretta, L. Mesenchymal stem cells: A new strategy for immunosuppression? Trends
Immunol. 2007, 28, 219–226. [CrossRef]

47. Wang, Y.; Chen, X.; Cao, W.; Shi, Y. Plasticity of mesenchymal stem cells in immunomodulation: Pathological
and therapeutic implications. Nat. Immunol. 2014, 15, 1009. [CrossRef]

48. Wei, C.-C.; Lin, A.B.; Hung, S.-C. Mesenchymal stem cells in regenerative medicine for musculoskeletal
diseases: Bench, bedside, and industry. Cell Transpl. 2014, 23, 505–512. [CrossRef]

49. Fong, E.L.; Chan, C.K.; Goodman, S.B. Stem cell homing in musculoskeletal injury. Biomaterials 2011, 32,
395–409. [CrossRef]

50. Acharya, C.; Adesida, A.; Zajac, P.; Mumme, M.; Riesle, J.; Martin, I.; Barbero, A. Enhanced chondrocyte
proliferation and mesenchymal stromal cells chondrogenesis in coculture pellets mediate improved cartilage
formation. J. Cell Physiol. 2012, 227, 88–97. [CrossRef]

51. Pers, Y.-M.; Ruiz, M.; Noël, D.; Jorgensen, C. Mesenchymal stem cells for the management of inflammation
in osteoarthritis: State of the art and perspectives. Osteoarthr. Cartil. 2015, 23, 2027–2035. [CrossRef]

52. Oliver, K.; Awan, T.; Bayes, M. Single- Versus Multiple-Site Harvesting Techniques for Bone Marrow
Concentrate: Evaluation of Aspirate Quality and Pain. Orthop J. Sports Med. 2017, 5, 2325967117724398.
[CrossRef]

53. Hernigou, P.; Homma, Y.; Flouzat Lachaniette, C.H.; Poignard, A.; Allain, J.; Chevallier, N.; Rouard, H.
Benefits of small volume and small syringe for bone marrow aspirations of mesenchymal stem cells.
Int. Orthop. 2013, 37, 2279–2287. [CrossRef] [PubMed]

54. Yandow, S.M.; Van de Velde, S.K.; Siebert, J.; Perkins, S.L. The influence of aspiration volume on the number
of osteoblastic progenitors obtained from bone marrow in children. J. Pediatr. Orthop. 2019, 39, 382–386.
[CrossRef] [PubMed]

55. Muschler, G.F.; Boehm, C.; Easley, K. Aspiration to obtain osteoblast progenitor cells from human bone
marrow: The influence of aspiration volume. J. Bone Jt. Surg. Am. 1997, 79, 1699–1709. [CrossRef] [PubMed]

56. Enea, D.; Cecconi, S.; Calcagno, S.; Busilacchi, A.; Manzotti, S.; Gigante, A. One-step cartilage repair in the
knee: Collagen-covered microfracture and autologous bone marrow concentrate. A pilot study. Knee 2015,
22, 30–35. [CrossRef] [PubMed]

57. Gobbi, A.; Chaurasia, S.; Karnatzikos, G.; Nakamura, N. Matrix-induced autologous chondrocyte implantation
versus multipotent stem cells for the treatment of large patellofemoral chondral lesions: A nonrandomized
prospective trial. Cartilage 2015, 6, 82–97. [CrossRef]

58. Gobbi, A.; Karnatzikos, G.; Sankineani, S.R. One-step surgery with multipotent stem cells for the treatment
of large full-thickness chondral defects of the knee. Am. J. Sports Med. 2014, 42, 648–657. [CrossRef]

59. Kim, J.-D.; Lee, G.W.; Jung, G.H.; Kim, C.K.; Kim, T.; Park, J.H.; Cha, S.S.; You, Y.-B. Clinical outcome of
autologous bone marrow aspirates concentrate (BMAC) injection in degenerative arthritis of the knee. Eur. J.
Orthop. Surg. Traumatol. 2014, 24, 1505–1511. [CrossRef]

60. Hernigou, P.; Mathieu, G.; Poignard, A.; Manicom, O.; Beaujean, F.; Rouard, H. Percutaneous autologous
bone-marrow grafting for nonunions. Surgical technique. J. Bone Jt. Surg. Am. 2006, 88, 322–327. [CrossRef]

61. Gigante, A.; Cecconi, S.; Calcagno, S.; Busilacchi, A.; Enea, D. Arthroscopic knee cartilage repair with covered
microfracture and bone marrow concentrate. Arthrosc. Tech. 2012, 1, e175–e180. [CrossRef]

62. Skowroński, J.; Rutka, M. Osteochondral lesions of the knee reconstructed with mesenchymal stem
cells-results. Ortop. Traumatol. Rehabil. 2013, 15, 195–204. [CrossRef] [PubMed]

63. Davatchi, F.; Abdollahi, B.S.; Mohyeddin, M.; Shahram, F.; Nikbin, B. Mesenchymal stem cell therapy for
knee osteoarthritis. Preliminary report of four patients. Int. J. Rheum. Dis. 2011, 14, 211–215. [CrossRef]
[PubMed]

64. Varma, H.; Dadarya, B.; Vidyarthi, A. The new avenues in the management of osteo-arthritis of knee-stem
cells. J. Indian Med. Assoc. 2010, 108, 583–585. [PubMed]

65. Zhao, D.; Cui, D.; Wang, B.; Tian, F.; Guo, L.; Yang, L.; Liu, B.; Yu, X. Treatment of early stage osteonecrosis of
the femoral head with autologous implantation of bone marrow-derived and cultured mesenchymal stem
cells. Bone 2012, 50, 325–330. [CrossRef]

66. Hernigou, P.; Trousselier, M.; Roubineau, F.; Bouthors, C.; Chevallier, N.; Rouard, H.;
Flouzat-Lachaniette, C.-H. Stem cell therapy for the treatment of hip osteonecrosis: A 30-year review
of progress. Clin. Orthop. Surg. 2016, 8, 1–8. [CrossRef]

http://dx.doi.org/10.1016/j.it.2007.03.001
http://dx.doi.org/10.1038/ni.3002
http://dx.doi.org/10.3727/096368914X678328
http://dx.doi.org/10.1016/j.biomaterials.2010.08.101
http://dx.doi.org/10.1002/jcp.22706
http://dx.doi.org/10.1016/j.joca.2015.07.004
http://dx.doi.org/10.1177/2325967117724398
http://dx.doi.org/10.1007/s00264-013-2017-z
http://www.ncbi.nlm.nih.gov/pubmed/23881064
http://dx.doi.org/10.1097/BPO.0000000000000949
http://www.ncbi.nlm.nih.gov/pubmed/31305383
http://dx.doi.org/10.2106/00004623-199711000-00012
http://www.ncbi.nlm.nih.gov/pubmed/9384430
http://dx.doi.org/10.1016/j.knee.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25480381
http://dx.doi.org/10.1177/1947603514563597
http://dx.doi.org/10.1177/0363546513518007
http://dx.doi.org/10.1007/s00590-013-1393-9
http://dx.doi.org/10.2106/00004623-200609001-00015
http://dx.doi.org/10.1016/j.eats.2012.07.001
http://dx.doi.org/10.5604/15093492.1058409
http://www.ncbi.nlm.nih.gov/pubmed/23897996
http://dx.doi.org/10.1111/j.1756-185X.2011.01599.x
http://www.ncbi.nlm.nih.gov/pubmed/21518322
http://www.ncbi.nlm.nih.gov/pubmed/21510531
http://dx.doi.org/10.1016/j.bone.2011.11.002
http://dx.doi.org/10.4055/cios.2016.8.1.1


Int. J. Mol. Sci. 2020, 21, 3224 14 of 15

67. Kouroupis, D.; Ahari, A.F.; Correa, D.; Shammaa, R. Intralesional Injection of Bone Marrow Aspirate
Concentrate for the Treatment of Osteonecrosis of the Knee Secondary to Systemic Lupus Erythematosus:
A Case Report. Front. Bioeng. Biotechnol. 2020, 8, 202. [CrossRef]

68. Gobbi, A.; Whyte, G.P. Long-term Clinical Outcomes of One-Stage Cartilage Repair in the Knee With
Hyaluronic Acid–Based Scaffold Embedded With Mesenchymal Stem Cells Sourced From Bone Marrow
Aspirate Concentrate. Am. J. Sports Med. 2019, 47, 1621–1628. [CrossRef]

69. Centeno, C.; Pitts, J.; Al-Sayegh, H.; Freeman, M. Efficacy of autologous bone marrow concentrate for knee
osteoarthritis with and without adipose graft. Biomed. Res. Int. 2014, 2014, 370621. [CrossRef]

70. Hauser, R.A.; Orlofsky, A. Regenerative injection therapy with whole bone marrow aspirate for degenerative
joint disease: A case series. Clin. Med. Insights Arthritis Musculoskelet Disord. 2013, 6, 65–72. [CrossRef]

71. Chahla, J.; Dean, C.S.; Moatshe, G.; Pascual-Garrido, C.; Serra Cruz, R.; LaPrade, R.F. Concentrated Bone
Marrow Aspirate for the Treatment of Chondral Injuries and Osteoarthritis of the Knee: A Systematic Review
of Outcomes. Orthop J. Sports Med. 2016, 4, 2325967115625481. [CrossRef]

72. Shapiro, S.A.; Kazmerchak, S.E.; Heckman, M.G.; Zubair, A.C.; O’Connor, M.I. A Prospective, Single-Blind,
Placebo-Controlled Trial of Bone Marrow Aspirate Concentrate for Knee Osteoarthritis. Am. J. Sports Med.
2017, 45, 82–90. [CrossRef] [PubMed]

73. Arora, P.; Sindhu, A.; Dilbaghi, N.; Chaudhury, A.; Rajakumar, G.; Rahuman, A.A. Nano-regenerative
medicine towards clinical outcome of stem cell and tissue engineering in humans. J. Cell Mol. Med. 2012, 16,
1991–2000. [CrossRef] [PubMed]

74. Maleki Dizaj, S.; Lotfipour, F.; Barzegar-Jalali, M.; Zarrintan, M.-H.; Adibkia, K. Ciprofloxacin HCl-loaded
calcium carbonate nanoparticles: Preparation, solid state characterization, and evaluation of antimicrobial
effect against Staphylococcus aureus. Artif. Cells Nanomed. Biotechnol. 2017, 45, 535–543. [CrossRef]
[PubMed]

75. Chiu, L.; Waldman, S. Nanomaterials for Cartilage Tissue Engineering; IAPC Publishing: Zagreb, Croatia, 2016.
76. Yang, Y.; Leong, K.W. Nanoscale surfacing for regenerative medicine. Wires Nanomed. Nanobiotechnol. 2010,

2, 478–495. [CrossRef] [PubMed]
77. Gillogly, S.D.; Wheeler, K.S. Autologous chondrocyte implantation with collagen membrane. Sports Med.

Arthrosc. Rev. 2015, 23, 118–124. [CrossRef] [PubMed]
78. Pfeifer, C.G.; Berner, A.; Koch, M.; Krutsch, W.; Kujat, R.; Angele, P.; Nerlich, M.; Zellner, J. Higher ratios of

hyaluronic acid enhance chondrogenic differentiation of human MSCs in a hyaluronic acid–gelatin composite
scaffold. Materials 2016, 9, 381. [CrossRef] [PubMed]

79. Alves da Silva, M.L.; Martins, A.; Costa-Pinto, A.; Correlo, V.; Sol, P.; Bhattacharya, M.; Faria, S.; Reis, R.;
Neves, N. Chondrogenic differentiation of human bone marrow mesenchymal stem cells in chitosan-based
scaffolds using a flow-perfusion bioreactor. J. Tissue Eng. Regen Med. 2011, 5, 722–732. [CrossRef]

80. Celik, C.; Mogal, V.T.; Hui, J.H.P.; Loh, X.J.; Toh, W.S. Injectable Hydrogels for Cartilage Regeneration.
In Hydrogels; Springer: Berlin, Germany, 2018; pp. 315–337.

81. Duarte Campos, D.F.; Drescher, W.; Rath, B.; Tingart, M.; Fischer, H. Supporting biomaterials for articular
cartilage repair. Cartilage 2012, 3, 205–221. [CrossRef]

82. Walvoort, M.T.; van den Elst, H.; Plante, O.J.; Kröck, L.; Seeberger, P.H.; Overkleeft, H.S.; van der Marel, G.A.;
Codée, J.D. Automated Solid-Phase Synthesis of β-Mannuronic Acid Alginates. Angew. Chem. Int. Ed. 2012,
51, 4393–4396. [CrossRef]

83. Perán, M.; García, M.A.; López-Ruiz, E.; Bustamante, M.; Jiménez, G.; Madeddu, R.; Marchal, J.A.
Functionalized nanostructures with application in regenerative medicine. Int. J. Mol. Sci. 2012, 13,
3847–3886. [CrossRef]

84. Johnstone, B.; Alini, M.; Cucchiarini, M.; Dodge, G.R.; Eglin, D.; Guilak, F.; Madry, H.; Mata, A.; Mauck, R.L.;
Semino, C.E. Tissue engineering for articular cartilage repair—The state of the art. Eur. Cell Mater. 2013,
25, e67. [CrossRef] [PubMed]

85. Eftekhari, A.; Maleki Dizaj, S.; Sharifi, S.; Salatin, S.; Rahbar Saadat, Y.; Zununi Vahed, S.; Samiei, M.;
Ardalan, M.; Rameshrad, M.; Ahmadian, E. The Use of Nanomaterials in Tissue Engineering for Cartilage
Regeneration; Current Approaches and Future Perspectives. Int. J. Mol. Sci. 2020, 21, 536. [CrossRef]
[PubMed]

86. Meyer, U.; Wiesmann, H.P. Bone and cartilage engineering; Springer Science & Business Media: Berlin,
Germany, 2006.

http://dx.doi.org/10.3389/fbioe.2020.00202
http://dx.doi.org/10.1177/0363546519845362
http://dx.doi.org/10.1155/2014/370621
http://dx.doi.org/10.4137/CMAMD.S10951
http://dx.doi.org/10.1177/2325967115625481
http://dx.doi.org/10.1177/0363546516662455
http://www.ncbi.nlm.nih.gov/pubmed/27566242
http://dx.doi.org/10.1111/j.1582-4934.2012.01534.x
http://www.ncbi.nlm.nih.gov/pubmed/22260258
http://dx.doi.org/10.3109/21691401.2016.1161637
http://www.ncbi.nlm.nih.gov/pubmed/27012878
http://dx.doi.org/10.1002/wnan.74
http://www.ncbi.nlm.nih.gov/pubmed/20803682
http://dx.doi.org/10.1097/JSA.0000000000000079
http://www.ncbi.nlm.nih.gov/pubmed/26225570
http://dx.doi.org/10.3390/ma9050381
http://www.ncbi.nlm.nih.gov/pubmed/28773501
http://dx.doi.org/10.1002/term.372
http://dx.doi.org/10.1177/1947603512444722
http://dx.doi.org/10.1002/anie.201108744
http://dx.doi.org/10.3390/ijms13033847
http://dx.doi.org/10.22203/eCM.v025a18
http://www.ncbi.nlm.nih.gov/pubmed/23636950
http://dx.doi.org/10.3390/ijms21020536
http://www.ncbi.nlm.nih.gov/pubmed/31947685


Int. J. Mol. Sci. 2020, 21, 3224 15 of 15

87. Carletti, E.; Motta, A.; Migliaresi, C. Scaffolds for tissue engineering and 3D cell culture. In Methods in
Molecular Biology: 3D Cell Culture; Humana Press: Totowa, NJ, USA, 2011; pp. 17–39.

88. Chung, S.; King, M.W. Design concepts and strategies for tissue engineering scaffolds. Biotechnol. Appl.
Biochem. 2011, 58, 423–438. [CrossRef] [PubMed]

89. Gentleman, E.; Swain, R.J.; Evans, N.D.; Boonrungsiman, S.; Jell, G.; Ball, M.D.; Shean, T.A.; Oyen, M.L.;
Porter, A.; Stevens, M.M. Comparative materials differences revealed in engineered bone as a function of
cell-specific differentiation. Nat. Mater. 2009, 8, 763–770. [CrossRef] [PubMed]

90. Lu, J.; Rao, M.P.; MacDonald, N.C.; Khang, D.; Webster, T.J. Improved endothelial cell adhesion and
proliferation on patterned titanium surfaces with rationally designed, micrometer to nanometer features.
Acta Biomater. 2008, 4, 192–201. [CrossRef]

91. Drury, J.L.; Mooney, D.J. Hydrogels for tissue engineering: Scaffold design variables and applications.
Biomaterials 2003, 24, 4337–4351. [CrossRef]

92. Belkas, J.S.; Munro, C.A.; Shoichet, M.S.; Midha, R. Peripheral nerve regeneration through a synthetic
hydrogel nerve tube. Restor. Neurol. Neurosci. 2005, 23, 19–29.

93. Erickson, I.E.; Huang, A.H.; Chung, C.; Li, R.T.; Burdick, J.A.; Mauck, R.L. Differential maturation and
structure–function relationships in mesenchymal stem cell-and chondrocyte-seeded hydrogels. Tissue Eng.
Part. A 2009, 15, 1041–1052. [CrossRef]

94. Erickson, I.E.; Kestle, S.R.; Zellars, K.H.; Farrell, M.J.; Kim, M.; Burdick, J.A.; Mauck, R.L. High mesenchymal
stem cell seeding densities in hyaluronic acid hydrogels produce engineered cartilage with native tissue
properties. Acta Biomater. 2012, 8, 3027–3034. [CrossRef]

95. Park, J.Y.; Gao, G.; Jang, J.; Cho, D.-W. 3D printed structures for delivery of biomolecules and cells: Tissue
repair and regeneration. J. Mater. Chem. 2016, 4, 7521–7539. [CrossRef]

96. Mortisen, D.; Peroglio, M.; Alini, M.; Eglin, D. Tailoring thermoreversible hyaluronan hydrogels by “click”
chemistry and RAFT polymerization for cell and drug therapy. Biomacromolecules 2010, 11, 1261–1272.
[CrossRef] [PubMed]

97. Ávila, H.M.; Schwarz, S.; Rotter, N.; Gatenholm, P. 3D bioprinting of human chondrocyte-laden nanocellulose
hydrogels for patient-specific auricular cartilage regeneration. Bioprinting 2016, 1, 22–35. [CrossRef]

98. Giannitelli, S.M.; Accoto, D.; Trombetta, M.; Rainer, A. Current trends in the design of scaffolds for
computer-aided tissue engineering. Acta Biomater. 2014, 10, 580–594. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/bab.60
http://www.ncbi.nlm.nih.gov/pubmed/22172105
http://dx.doi.org/10.1038/nmat2505
http://www.ncbi.nlm.nih.gov/pubmed/19633661
http://dx.doi.org/10.1016/j.actbio.2007.07.008
http://dx.doi.org/10.1016/S0142-9612(03)00340-5
http://dx.doi.org/10.1089/ten.tea.2008.0099
http://dx.doi.org/10.1016/j.actbio.2012.04.033
http://dx.doi.org/10.1039/C6TB01662F
http://dx.doi.org/10.1021/bm100046n
http://www.ncbi.nlm.nih.gov/pubmed/20369816
http://dx.doi.org/10.1016/j.bprint.2016.08.003
http://dx.doi.org/10.1016/j.actbio.2013.10.024
http://www.ncbi.nlm.nih.gov/pubmed/24184176
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Constitution 
	Cellular Contents in Bone Marrow Aspirate (BMA) and BMAC 
	Mesenchymal Stem Cells (MSCs) 
	Growth Factors and Cytokines 

	Pathophysiology and Issues of Osteoarthritis 
	Mechanisms of BMAC for Osteoarthritis 
	Issues on Harvest and Processing of BMAC 
	Application Modalities 
	Review of Clinical Studies with BMAC 
	Adverse Events 
	Advanced Technologies 
	Nanotechnologies 
	Other Smart Materials 

	Concluding Remarks and Perspectives 
	References

