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Abstract

Multipotent mesenchymal stem cells (MSCs) have been 
suggested as a suitable cell source for cell-based treatments 
for diseases such as osteoarthritis due to their ability to 
differentiate towards chondrogenic and osteogenic lineages. 
MSCs can be obtained from a variety of tissue sources, 
are scalable for mass-production and immuno-privileged 
enabling their use for allogeneic cell therapy. However, 
recent pre-clinical studies and clinical trials point to the 
necessity of increasing engraftment and effi cacy of MSCs. 
This review explores how cell surface modifi cation of the 
cells can improve homing of MSCs and summarises the 
use of nanoparticles to enable gene delivery by stem cells 
as well as facilitate in vivo imaging. The use of advanced 
biomaterials and how they can be applied to reduce the 
overall dose of MSCs during therapeutic interventions 
while achieving optimal targeting effi ciency of cells to the 
diseased sites are addressed. Particular attention is paid to 
methods that improve engraftment of MSCs to cartilage and 
research describing combinatorial approaches of particle-
based cell therapies for improved regeneration of this tissue 
is reviewed. The use of such approaches will add to the 
array of potential regenerative therapeutics for treatment 
of osteoarthritis.
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Introduction

Mesenchymal stem cells
Mesenchymal stem or stromal cells (MSCs), originally 
identifi ed in bone marrow, are multipotent adult stem cells 
capable of self renewal and differentiation (Pittenger et al., 
1999). Although originally thought to be restricted to bone 
marrow, MSCs have been isolated from trabecular bone 
(Nöth et al., 2002), adipose tissue (Yoshimura et al., 2006), 
synovium (De Bari et al., 2001), skeletal muscle and 
cord blood (Wagner et al., 2005). They have the capacity 
to differentiate into cells of connective tissue lineages 
including bone, fat and cartilage (Pittenger et al., 1999). 
Whether MSCs differentiate in the context of tissue repair 
or exert their therapeutic effects via trophic or paracrine 
factors at the site of the damaged tissue (Caplan and 
Correa, 2011), successful engraftment and retention of the 
cells is prerequisite. The potential of MSCs to regenerate 
damaged tissue has also been attributed to the presence 
of chemokine receptors on the surface of MSCs enabling 
these cells to migrate towards gradients of growth factors 
secreted by damaged tissues (Mirotsou et al., 2011) or 
tumours (Song and Li, 2011). This migration has recently 
been exploited to mark breast cancer for radionuclide 
treatment using sodium iodide symporter transduced 
MSCs as the targeting vehicle for tissue destruction 
(Dwyer et al., 2011). Despite the various mechanisms 
enabling MSC homing, the majority of implanted cells 
are trapped in draining organs (liver, lung and spleen) 
and only a very small fraction migrate to sites of tissue 
damage, with rates of engraftment depending on the 
method of administration and disease models (Freyman et 
al., 2006; Wilson et al., 2010; Curley et al., 2011). Indeed, 
the inherent variability in bio-distribution of MSCs post 
implantation has been described as a potential impeding 
factor in translation of MSC-based therapies to clinical 
practice (Web ref. 1). Thus, several cell targeting efforts 
have been examined, as illustrated in Fig. 1, to improve the 
delivery and retention of MSCs at the desired tissue/site 
of injury post injection which will be reviewed here with 
a focus on novel strategies that include engineered cell 
homing mechanisms and incorporation of nanomaterials.

Improving MSC homing/targeting with cell surface 
modifi cations

Improving the targeting and engraftment of MSCs is of 
the utmost importance to their potential use as a cellular 
therapy and for the progression of MSC-based therapies 
to the clinic. An extensively investigated approach is 
modifi cation of the cell surface by expressing receptors 
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appropriate to the desired site of injury. This targeting 
system is primarily based on many of the previously 
published immunotargeting studies and more recently 
in cancer therapeutics (Table 1). Enhancing the tumour 
targeting abilities of MSCs to achieve site-specifi c retention 
has been the focus of several recent studies. Komarova 
et al. (2010) examined whether over-expression of a 
tumour specifi c artifi cial receptor to erbB2 on transplanted 
MSCs could increase their homing in an ovarian tumour 
xenograft model and a transient transgenic mouse model 
that expressed erbB2 in the lungs. Increased targeting 
affi nity of MSCs to erbB2 expressing cells was shown 
in both in vivo models presenting a strategy that could 
be applicable to target MSCs to other tissue types 
(Komarova et al., 2010). In the same way, Balyasnikova 
et al. (2010), investigated the use of modifi ed MSCs 
for specifi c cell targeting to human xenograft malignant 
gliomas. These authors focussed on over expression of a 
mutated version of the epidermal growth factor receptor 
(EGFRvIII), a distinctive hallmark of primary malignant 
glioblastomas. MSCs were genetically modified to 
express EGFRvIII specifi c single chain antibodies on 
the cell surface to enhance their targeting capabilities 
to EGFRvIII expressing tumours. This strategy proved 
successful for cell specifi c targeting both in vitro and in 
vivo and prolonged retention in gliomas (Balyasnikova 
et al., 2010). Enhanced accumulation of MSCs was also 
described in a model of pancreatic carcinoma where tumour 
stroma-induced CCL5 overexpression by the MSCs was 
utilised to visualise enhanced reporter gene activity under 
the control of a CCL5 promoter and transgenic herpes 
simplex virus thymidine kinase expression reduced the 
growth of the tumour (Zischek et al., 2009). Similarly, a 
very interesting paper demonstrated genetic modifi cation 
of MSCs resulting in overexpression of the chemokine 
receptor CXCR4 on their surface. These authors showed 
enhanced homing of these cells to ischemic myocardium 
following systemic administration but more signifi cantly 
improved post-myocardial infarction recovery of left 
ventricular demonstrating clinical effi cacy in a rat model 
(Cheng et al., 2008).
 Integrins are essential for tumour metastasis and 
angiogenesis (Ruegg and Alghisi, 2010) and the 
manipulation of integrin receptors and their effects on cell 
migration, invasion and homing has also been explored. In 
particular, integrin α4 has been shown to play an important 
role in homing of haematopoietic stem cells (HSC) to  
bone since transplanted HSC failed to engraft when bone 
marrow was incubated with anti-integrin α4 antibody 
(Zanjani et al., 1999). Based on this, a study by Kumar 
and Ponnazhagan hypothesised that enrichment to the 
progenitor phenotype and bone homing signal on ex vivo 
cultured MSCs could enhance reconstitution in bone after 
systemic transplantation. Transient, ectopic expression 
of integrin α4 on MSCs increased their homing to bone, 
but even more importantly, decreased the number of cells 
that engrafted in lung (Kumar and Ponnazhagan, 2007). 
This is noteworthy as aggregation of MSCs in the lung 
is an unremitting unease associated with intravenously 
administered MSCs. A seminal study, recently published 
by Guan et al. (2012) exploited the expression of integrins 

on MSCs to direct these cells to the bone surface by using 
a unique dual targeting molecule, LLP2A-ALE. They 
developed a synthetic peptidomimetic ligand (LLP2A) 
against integrin α4β1, thereby binding MSCs and to this 
conjugated a bisphosphonate (alendronate, Ale) with a 
high affi nity for bone. Using several pre-clinical models 
including a xenotransplantation model they demonstrated 
efficient homing and retention of MSCs to bone. 
Furthermore, following injection of MSCs they found 
improved bone formation rates at both the endocortical 
and trabecular surfaces whilst bone formation rates at 

Fig. 1. Schematic depicting the steps required for MSC 
targeting. Cell surface modifi cations and incorporation 
of nanomaterials are two common methods used to 
enhance targeting of MSCs. It is proposed that once 
MSCs are retained at the desired site of action they can 
aid in the process of tissue repair either by replacing 
damaged cells/tissue or exerting their therapeutic effects 
via paracrine/trophic mediators.

Fig. 2. Nano/microparticle mediated MSC targeting 
to articular cartilage. To enhance targeting to articular 
cartilage, nanoparticles can be bi-functionalised with 
antibodies to therapeutic cells such as MSCs and 
degraded cartilage on the premise that co-localisation 
of cells at the site of damage will enhance tissue repair.
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the periosteal surface was also improved in the group of 
animals that received LLP2A-ALE. This study elegantly 
demonstrated effi cient MSC targeting to bone and could 
potentially transform MSC treatment for bone degenerative 
diseases (Guan et al., 2012).
 Other mechanisms whereby HSC or haematopoietic 
progenitor cells (HSPCs) home to bone include the 
expression of E-selectin ligands (Frenette et al., 1998; 
Katayama et al., 2003) and CXCR4 (Sharma et al., 2011) 
the receptor for CXCL12. Sackstein and co-workers 
modifi ed the surface of MSCs by enzymatically converting 
the native CD44 glycoform, endogenously expressed on 
MSCs, to confer potent E-selectin/ L-selectin binding 
affi nity (Sackstein et al., 2008). This innovative approach 
to mimic HSPC function on the MSC surface resulted 
in infi ltration of the marrow within hours post-infusion. 
These findings establish that the HCELL glycoform 
of CD44 confers tropism to bone and reveals a readily 
translatable approach for programming cellular traffi cking 
by chemical engineering of glycans (Sackstein et al., 2008; 
Sackstein, 2012). In another study, MSCs were mixed with 
biotinylated lipid vesicles and fusion of the lipids with 
the MSC resulted in effi cient biotinylation of the MSC 
surface. After the addition of streptavidin and biotinylated 
sialyl Lewis X (SLeX) carbohydrate motifs to the modifi ed 
MSC surfaces, improved rolling interactions compared to 
unmodifi ed MSCs were observed on P-selectin surfaces, 
one of the initiating steps of fi rm adhesion and of cell 
homing. Thus, modifi cation of the cell surface with lipid 
vesicles can be used to effi ciently immobilise adhesion 
ligands and potentially target systemically administered 
cells to sites of infl ammation (Sarkar et al., 2010).
 Surface functionalisation by conjugating antibodies 
is also an attractive approach to promote cell targeting 
and innovative work by Lee and co-workers described 
an interesting and more importantly a clinically effective 
approach. A bispecifi c antibody (BiAb) combination was 
constructed and examined for its ability to increase the 
targeting of human CD34+/ CD45+ HSCs to infarcted rat 
myocardium. In this approach, an anti-human common 

leukocyte antigen (CD45) antibody was chemically 
linked to anti-rat myosin light chain (MLC) antibody. 
The cells were armed with the bispecific antibody, 
injected intravenously 2 days after transient ligation of 
the left anterior descending artery and were found to 
specifi cally localise in the infarcted region of the rat 
heart. These cells engrafted and persisted with some 
undergoing transdifferentiation to adopt a myocyte-like 
morphology while others localised to vascular structures. 
Most importantly, improvements in cardiac function 
were also observed in the animals that received the BiAb 
functionalised CD34+/ CD45+ haematopoietic cells versus 
animals that received unarmed CD34+ cells (Lee et al., 
2007).
 Addre ssin, also known as mucosal vascular addressin 
cell adhesion molecule 1, is an extracellular protein of 
the endothelium of venules. The protein encoded by this 
gene is an endothelial cell adhesion molecule that interacts 
preferentially with the alpha 4 beta 7 integrin or L-selectin 
on myeloid cells to direct leukocytes into mucosal and 
infl amed tissues (Berg et al., 1993; Berlin et al., 1993; 
Tanida et al., 2011). Ko and colleagues investigated the 
premise that coating MSCs with anti-addressin antibodies 
could achieve efficient delivery of MSCs to sites of 
infl ammation. Using an in vivo model of infl ammatory 
bowel disease, they successfully showed that cell coating 
with the specifi c antibody showed increased effi cacy of 
treatment and increased delivery of stem cells to infl amed 
organs (Ko et al., 2010). This group have also looked at 
improving MSC targeting to endothelial cells using a 
similar strategy (Ko et al., 2009).
 Kean et al. (2012) more recently reported on a novel 
single step peptide based targeting strategy for directing 
MSCs to ischemic myocardium. They assessed the 
cell homing ability of MSCs modifi ed with a variety 
of targeting peptide ligands in a mouse myocardial 
infarction reperfusion model. Histological analysis of the 
ischemic heart tissue demonstrated enhanced localisation 
of the peptide-targeted MSCs to sites of damaged tissue 
compared to unmodifi ed MSCs (Kean et al., 2012).

Table 1. MSC cell targeting in immunotherapy

Cell Source Vector/Plasmid Tumor type Targeting outcome Reference

mMSC (Ad-RGDFKN)

C26 (H-2d) - murine 
colon adenocarcinoma 
cell line, LLC (H-2b) 
Lewis lung carcinoma 
cell line

MSC/RGDFKN effi ciently 
targeted tumoral tissue and
suppressed
the number of lung 
metastases

(Xin et al., 2009)

mMSC CCL5-TK Orthotopic Pancreatic 
Carcinoma Model

Enhanced targeting of MSCs 
to tumor environment using 
the CCL5 promoter with 
selective expression of the 
therapeutic gene

(Zischek et al., 2009)

hMSC AdRGDpK7.
C6.5luc

SKOV3ip1 (human 
ovarian carcinoma 
cell line) and  Ovarian 
xenograft mode

Enhanced MSC-AR binding 
in vitro

(Komarova et al., 
2010b)

hMSC scFvEGFRvIII
U87 glioma
cells (expressing 
EGFRvIII)

Prolonged retention in 
EGFRvIII expressing 
glioma compared to control 
groups

(Balyasnikova et al., 
2010)
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Type of particle Characteristics of particle Applications Reference

Lipid- based 
particles

Consist of aqueous compartment 
surrounded by lipid bilayer 
membrane; particles have 
adjustable sizes, surface 
chemistry and target specifi city

Gene delivery (Lipoplexes) for 
the genetic modifi cation of cells in 
biomedical research

Antibody-targeted lipidic 
nanotherapeutics

(Resina et al., 2009, 
Kirpotin et al., 2012)

Dendrimer & 
Polymers

Dendrimers: Macromolecules 
with highly-branched three- 
dimensional structure composed 
of a core, branches and terminal 
end groups

e.g. Polymer Poly(propylene 
sulphide) (PPS) with a size of 
31-38 nm; able to penetrate the 
extracellular matrix

Especially Polyamidoamine (PAMAM)
and
Poly(propyleneimine (PPI) dendrimers 
have been widely used in gene delivery

Biofunctional polymer nanoparticles for 
intra-articular targeting and retention in 
cartilage

(Xu et al., 2010, 
Rothenfl uh et al., 
2008)

Viral vectors

Several types of viruses can be 
distinguished from each other 
based on their biology, size 
and specifi city to hosts (e.g. 
adenoviruses, adeno- associated 
viruses, lentiviruses and hybrids 
thereof)

Cancer therapy and gene delivery
(Gomez-Manzano et 
al., 2012)

Antibody- 
or peptide 
conjugated 
particles

Peptides or antibodies or 
fragments thereof can be obtained 
from phage display or hybridoma 
technology

e.g. Nanobodies as therapeutics and 
imaging tools

(Vaneycken et al., 
2011)

 Modifi cation of the cell surface of cells has been shown 
to be feasible as a strategy to increase targeting effi ciencies 
and shows great promise for the development of treatment 
options for a wide variety of diseases. However, there 
are several limitations associated with cell surface 
modifi cations to enhance homing and retention of MSCs. 
Firstly, genetic modifi cation of the cells, especially in the 
case of viral vectors, raises potential safety and regulatory 
concerns and gives rise to questions as to the applicability 
in translational approaches. Furthermore, the addition 
of surface modifi cations by covalent conjugation, while 
useful, has potential to impair functions of membrane 
proteins or even trigger signalling events when the surfaces 
are densely modifi ed thereby potentially altering receptor 
binding effi ciency. Consequently, alternative methods for 
improved and safer MSC targeting are required.

MSCs and nanotechnology

Nanoparticles are currently used for a variety of purposes 
and have emerged as valuable tools not only in diagnostic 
imaging, drug delivery therapy and for non-viral gene 
therapy (Arias, 2011; Herranz et al., 2011; Parveen et 
al., 2012) but also for cell targeting. One of the main 
advantages of nanoparticles is the ability to modify their 
physical, chemical, and biologic properties. This fl exibility 
results in enormous functionality where the particles can 
be designed for a variety of different systems depending 
on the application. Table 2 lists some nanoparticles types 
and their potential use in biomedical research or therapy.

Current uses of nanoparticles in gene delivery and 
imaging of MSCs
Nanoparticles have a number of attributes that make them 
good candidates for specifi c gene delivery. Of these, the 
ease at which DNA can be conjugated onto the particle 
surface, which can then be easily introduced into the cell 
by endocytosis, is critical. Several recent studies have 
utilised nanoparticles to deliver genes of interest to MSCs. 
Yang and co-workers developed non-viral biodegradable 
polymeric-DNA nanoparticles for delivery of hVEGF 
gene to hMSCs to promote angiogenesis in vivo (Yang et 
al., 2010). Nanoparticles have also been investigated as a 
delivery method to induce differentiation of hMSCs. Co-
incubation of MSCs with biodegradable PLGA particles 
containing differentiation factors allowed for sustained 
intracellular and extracellular delivery of dexamethasone. 
Controlled release properties of these particles had the 
capacity to promote differentiation of particle-carrying 
cells, as well as neighbouring and distant cells not 
containing any particles (Sarkar et al., 2011). Introduction 
of a combination of SOX5, 6, and 9 genes complexed with 
PEI-modifi ed PLGA nanoparticles (Park et al., 2010; Park 
et al., 2011) and biodegradable PLGA nanoparticles to 
mediate SOX9 gene delivery to human mesenchymal stem 
cells (hMSCs) was used to induce chondrogenesis (Kim et 
al., 2011). Recent developments in nanotechnology have 
also benefi ted in vivo tracking and labelling of MSCs. 
Examples of nanoparticles used in these studies include 
magnetic, iron-oxide and superparamagnetic iron oxide 
nanoparticles (Huang et al., 2005; Jing et al., 2008; Ai et 
al., 2009; Loebinger et al., 2009).

Table 2. Examples of particles and their applications in biomedical research and therapy.
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Nanoparticles and targeting
As previously mentioned, the failure of injected MSCs 
to engraft to targeted tissues in therapeutically effective 
numbers is a major barrier with current stem cell therapies. 
While nanoparticles are generally targeted to receptors on 
the surfaces of cells and taken up via several pathways 
(Kumari and Yadav, 2011), the ability to alter the size 
and surface functionalities create possibilities for other 
uses such as targeting studies. For successful application 
in cell targeting, nanoparticles need to be carefully 
designed to correctly express an optimal number of 
ligands on their surfaces for interaction with receptors. 
Cell specifi c interactions of nanoparticles can be achieved 
by attaching relevant ligands on their surfaces. Although, 
few studies have been performed on the targeting ability of 
nanoparticles and MSCs, several reports on targeting other 
cells sources have been reviewed extensively, especially in 
the areas of cancer therapy (Egusquiaguirre et al., 2012) 
or in cardiovascular applications (Chorny et al., 2011).
 A novel method of magnetic targeting was investigated 
by Cheng and co-workers. Cardiosphere-derived cells were 
labelled with superparamagnetic microspheres, injected 
intramyocardially and demonstrated increased engraftment 
and functional benefi t following administration to an 
ischemic region of the heart. Interestingly, magnetic 
targeting not only resulted in accumulation in the heart, 
but there was less migration of the cells to other organs, 
achieving more localised delivery (Cheng et al., 2010). 
Magnetic labelling of synovium-derived cells and their 
targeted accumulation in the patellar groove has also 
been shown in a rat osteochondral defect model (Hori et 
al., 2011). This novel method has potential to improve 
MSC cell therapy, increasing cell retention at the desired 
site; moreover, it offers the potential for rapid translation 
into clinical applications. In a similar study, PEG-PLGA 
based nanoparticles were utilised to investigate whether 
they could achieve brain-specific drug delivery after 
modifi cation with a 12 amino acid peptide motif (Pep 
TGN) isolated from a phage display library. Enhanced brain 
accumulation effi ciency together with lower accumulation 
in liver and spleen following intravenous injection was 
observed with Pep TGN conjugated nanoparticles in 
comparison to control PEG-PLGA nanoparticles without a 
targeting peptide. This methodology resulted in signifi cant 
brain selectivity and thus potential for targeted drug 
delivery across the blood brain barrier (Li et al., 2011).

Targeting methods to improve engraftment of MSCs 
to cartilage
A more recent approach is to facilitate homing of cells to 
tissues that are not accessible via the vasculature, such as 
cartilage as illustrated in Fig. 2. Hyaline articular cartilage 
is a remarkably durable tissue, however, once damaged 
it has limited capacity for self-repair due to its avascular 
nature with the ultimate outcome being the development 
of osteoarthritis (OA). Tissue engineering has emerged 
as a very attractive approach to cartilage repair utilising 
natural (collagen, hyaluronan, silk protein and chitosan) 
and synthetic biomaterial scaffolds such as poly(L-lactic 
acid), as well as allogeneic and autologous sources of cells 
and chondroinductive growth factors. Although MSCs 

have been described as an ideal cell candidate source for 
cartilage regeneration (Coleman et al., 2010), it is true that 
chondrocyte transplantation has become a clinical reality 
whereas MSC therapy has not. Autologous chondrocyte 
implantation (ACI) with a requirement for two invasive 
procedures generally addresses focal cartilage lesions, 
although two recent reports offer some promise for its 
use in treatment of complex larger lesions (>10 cm2) or 
for patients with early OA where treatment of an average 
lesion area of ~10 cm2 size delayed the need for joint 
replacement in 92 % of the study cohort (Minas et al., 
2010; Ossendorf et al., 2011). Intra-articular injection of 
targeted therapeutic cells whether chondrocytes, MSCs 
or other progenitors for cartilage repair represents a 
less invasive strategy to open knee surgery and could 
feasible address larger cartilage lesions in the early OA 
joint. MSCs delivered to the joint after induction of OA 
in a caprine model engrafted at the synovial capsule and 
periosteum and not to fi brillated articular cartilage limiting 
their therapeutic potential (Murphy et al., 2003). Specifi c 
targeting of potentially therapeutic cells such as MSCs to 
the fi brillated articular cartilage associated with OA may 
improve outcomes of this debilitating disease and Table 
3 summarises relevant literature for cell or nanoparticle 
therapies in cartilage repair.
 There are many biomarkers (Kraus et al., 2011) 
including several possible ligands for OA cartilage 
targeting, such as extracellular matrix components and 
degraded collagen neoepitopes, to promote engraftment 
of cells to damaged cartilage. As previously discussed, 
genetic modification of cell surfaces is not the most 
favourable approach; hence, alternative options have been 
investigated. Dennis et al. (2004) modifi ed the surface 
of pre-chondrocytes with antibodies to keratan sulphate, 
chondroitin-4-sulphate and collagen type II in an attempt 
to promote the adherence of progenitors to cartilage 
defects. This was one of the fi rst studies to demonstrate 
the feasibility of using a “painting” technique to coat cells 
with antibodies or peptides that would promote the binding 
to cartilage extracellular matrix (Dennis et al., 2004).
 A key biological obstacle to hyaline cartilage 
formation using therapeutic cells is loss of transplanted 
cells from the desired site. The use of nanoparticles to 
improve targeting of cell-based therapeutics is a very 
appealing approach as ligands or homing devices that 
specifi cally bind to the surface receptors at the target 
site can be linked to the carrier particles to enhance their 
specifi city. Furthermore, nanoparticles could provide a 
three-dimensional environment for transplanted cells 
and enable maintenance or differentiation to the desired 
chondrocytic phenotype by incorporation of differentiation 
factors (Bouffi  et al., 2010; Liu et al., 2011). It is evident 
that nanoparticles have potential use as drug delivery 
vehicles as shown by Rothenfl uh et al. (2008). This group 
developed an effi cient targeting system using polymeric 
nanoparticles composed of poly(propylene sulphide) 
immobilised with a novel ligand specifi c for articular 
cartilage (Rothenfl uh et al., 2008). They demonstrated 
that nanoparticles with a diameter of 31-38 nm could enter 
the articular cartilage extracellular matix, while larger 
particles of 96 nm size could not. This study also highlighed 
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the issue of nanoparticle size and potential therapeutic 
application. 31-38 nm nanoparticles were internalised by 
chondrocytes and may be useful for gene or drug delivery 
applications. In the context of using such nanoparticles for 
therapeutic cell targeting in OA, larger nanoparticles would 
be more suitable in localising cells to the cartilage surface. 
Ideally, targeting nanoparticles would need to infi ltrate the 
fi brilated cartilage and thus be retained at the site of injury 
whilst avoiding internalisation by their cell load.
 Although cartilage possesses cells that are capable of 
both mitotic division and chondrogenic differentiation, 
failure of spontaneous repair is common in adult animals 
and humans. Therefore, targeted delivery of progenitor 
cells may enhance engraftment and repair of the degraded 
cartilage surface. Homing of endogenous cells to the 
surface of articular cartilage has been demonstrated 
previously and presents an opportunity for enhancement 
using nanoparticles. Hunziker and Rosenberg (1996) 
showed that digestion of proteoglycans at the surface of 
articular cartilage using chondroitinase ABC, followed by 
insertion of a fi brin clot containing transforming growth 
factor β1, increased the migration of cells to the defect 
(Hunziker and Rosenberg, 1996). Similarly, regeneration 
of the articular surface of a synovial joint was demonstrated 
by homing of endogenous cells (Lee et al., 2010). Animals 
that received TGFβ3-infused bioscaffolds regained weight 
bearing ability and locomotion 3-4 weeks after surgery 
compared to control bioscaffolds. Furthermore, TGFβ3-
infused bioscaffolds were fully covered with hyaline 
cartilage in the articular surface with uniformly distributed 
chondrocytes in a matrix with collagen type II and aggrecan 
and signifi cantly greater thickness. These fi ndings suggest 
that the articular surface of the synovial joint has potential 
to regenerate without cell transplantation possibly through 
the recruitment of endogenous cells and modulation by 
appropriate factors such as TGFβ3.
 Similarly, nanofibrous hollow microspheres were 
self-assembled from star-shaped polymers as injectable 
cell carriers for knee repair (Liu et al., 2011). This group 
hypothesised that these nanofibrous hollow spheres 

would mimic the structural features of collagen fi bres, a 
major component of the extracellular matrix surrounding 
cartilage, and provide an appropriate scaffolding material 
to promote cell migration, proliferation and ultimately 
facilitate in tissue regeneration and integration with the 
host. It was demonstrated that these nanofi brous hollow 
microspheres could help regulate cellular function 
and tissue regeneration by mimicking the nanoscale 
architecture of the extracellular matrix; the microspheres 
were functional as a micro-carrier for chondrocytes to 
facilitate high quality hyaline cartilage regeneration in 
a mouse implantation model and in a critical-size rabbit 
osteochondral defect-repair model (Liu et al., 2011).
 Laroui et al. (2007) developed hyaluronate-covered 
nanoparticles for the therapeutic targeting of cartilage 
based on the affi nity of hyaluronic acid (HA) to bind the 
CD44 receptor expressed on chondrocytes (Laroui et al., 
2007). These HA particles have the potential to actively 
target chondrocytes and potentially improve lubrication as 
well as joint regeneration. Since hyaluronan has previously 
been shown to contribute to wound healing (Murashita et 
al., 1996) and the migration of mesenchymal and epithelial 
cells (Chen and Abatangelo, 1999), the presence of such 
particles in MSC targeting could potentially increase the 
natural repair process by recruiting these cells to the site 
of tissue repair or regeneration.
 Thus, the use of delivery vehicles such as nanoparticles 
in cell therapy for cartilage regeneration is advantageous 
because they contribute to the penetration and localisation 
of the cells in the region of implantation while providing 
beneficial scaffolding to the cells, which aids in the 
regeneration of the damaged tissue. Moreover, these 
nanoparticles can contain or be tethered to peptides, 
growth factors, anti-inflammatory cytokines or even 
small molecule drugs, a process sometimes referred to as 
‘functionalisation’ to provide micro-environmental cues 
augmenting the recruitment of endogenous progenitor or 
stem cells in addition to promoting the survival of the cells 
in vivo with the ultimate goal to enable transplanted cells 
to remain viable and functional in their new environment.

Table 3. Overview of leading approaches of particle/cell based therapies in cartilage regeneration.

Title of Paper Author Cells used Particles used
Stem cell therapy in a caprine model 
of osteoarthritis

(Murphy et al., 
2003) Mesenchymal stem cells -

Targeted delivery of progenitor cells 
for cartilage repair

(Dennis et al., 
2004) Chondrocytes -

Hyaluronate-covered nanoparticles 
for the therapeutic targeting of 
cartilage

(Laroui et al., 2007) Chondrocytes Hyaluronan particles

Biofunctional polymer nanoparticles 
for intra-articular targeting and 
retention in cartilage

(Rothenfl uh et al., 
2008) - Poly(propylene sulphide) 

(PPS)

Cellular and extracellular 
programming of cell fate through 
engineered intracrine-, paracrine-, 
and endocrine-like mechanisms

(Sarkar et al., 2011) Mesenchymal stem cells Poly lactide-co-glycolic acid 
(PLGA) particles

Nanofi brous hollow microspheres 
self-assembled from star-shaped 
polymers as injectable cell carriers 
for knee repair

(Liu et al., 2011) Chondrocytes Star-shaped poly(L-lactic 
acid) (SS-PLLA)
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 The development of biocompatible nanoparticles would 
represent an off the shelf product that could ultimately be 
combined with the desired therapeutic cell for cartilage 
repair. However, translation of targeting methods for 
tissue repair will critically depend on the availability of 
cells and biomaterials (industrial scalability), the capacity 
to avoid immunological side effects and comply with 
current international regulatory standards along with cost 
effi ciency. It remains to be seen which of the targeting 
approaches described herein will ultimately become the 
method of choice in clinical approaches for tissue repair.

Conclusions and Future Perspectives

In the past 10 years tissue engineering and MSC therapy 
have become the focus of many research efforts in the 
treatment of cartilage defects. However, significant 
limitations have hindered the progress of these therapeutic 
strategies. In particular, the engraftment and retention of 
MSCs remains an issue to be resolved. Development of 
tools for enhancing MSC retention within the joint and 
specifi cally targeting articular cartilage is required if this 
cellular therapy is to be of benefi t. The characteristics of 
nanoparticles including their small size, high surface-to-
volume ratio and high surface functionality makes them 
ideal for use in MSC targeting to ensure adequate delivery 
of pertinent cells to the requisite tissues. However, a 
better understanding of the stem cell niche within the 
joint is needed to achieve effi cient MSC targeting to 
cartilage. Essentially, once the tissue microenvironments 
are identified that provide favourable sites for MSC 
engraftment and we understand the signals that retain 
MSCs within their niche, progress can be made in 
manipulating biomaterials/nanoparticles to ensure site 
specifi c MSC targeting.

Acknowledgements

This work was supported by Science Foundation Ireland 
grant number 09/SRC/B1794.

References

 Ai HC, Hong JS, Yu Z, Gao JT (2009) In vivo tracking 
of dual-labeled mesenchymal stem cells homing into the 
injured common carotid artery. Anat Rec 292: 1677-1683.
 Arias JL (2011) Advanced methodologies to formulate 
nanotheragnostic agents for combined drug delivery and 
imaging. Expert Opin Drug Deliv 8: 589-1608.
 Balyasnikova IV, Ferguson SD, Sengupta S, Han Y, 
Lesniak MS (2010) Mesenchymal stem cells modifi ed with 
a single-chain antibody against EGFRvIII successfully 
inhibit the growth of human xenograft malignant glioma. 
PLoS One 5: e9750.
 Berg EL, McEvoy LM, Berlin C, Bargatze RF, Butcher 
EC (1993) L-selectin-mediated lymphocyte rolling on 
MAdCAM-1. Nature 366: 695-698.
 Berlin C, Berg EL, Briskin MJ, Andrew DP, Kilshaw PJ, 
Holzmann B, Weissman IL, Hamann A, Butcher EC (1993) 

Alpha 4 beta 7 integrin mediates lymphocyte binding to 
the mucosal vascular addressin MAdCAM-1. Cell 74: 
185-195.
 Bouffi  C, Thomas O, Bony C, Giteau A, Venier-Julienne 
MC, Jorgensen C, Montero-Menei C, Noel D (2010) The 
role of pharmacologically active microcarriers releasing 
TGF-beta3 in cartilage formation in vivo by mesenchymal 
stem cells. Biomaterials 31: 6485-6493.
 Caplan AI, Correa D (2011) The MSC: an injury 
drugstore. Cell Stem Cell 9: 11-15.
 Chen WY, Abatangelo G (1999) Functions of 
hyaluronan in wound repair. Wound Repair Regen 7: 79-89.
 Cheng K, Li TS, Malliaras K, Davis DR, Zhang Y, 
Marban E (2010) Magnetic targeting enhances engraftment 
and functional benefi t of iron-labeled cardiosphere-derived 
cells in myocardial infarction. Circ Res 106: 1570-1581.
 Cheng Z, Ou L, Zhou X, Li F, Jia X, Zhang Y, Liu X, Li 
Y, Ward CA, Melo LG, Kong D (2008) Targeted migration 
of mesenchymal stem cells modifi ed with CXCR4 gene 
to infarcted myocardium improves cardiac performance. 
Mol Ther 16: 571-579.
 Chorny M, Fishbein I, Forbes S, Alferiev I (2011) 
Magnetic nanoparticles for targeted vascular delivery. 
IUBMB Life 63: 613-620.
 Coleman CM, Curtin C, Barry FP, O’Flatharta 
C, Murphy JM (2010) Mesenchymal stem cells and 
osteoarthritis: Remedy or accomplice? Human Gene 
Therapy 21: 1239-1250.
 Curley GF, Hayes M, Ansari B, Shaw G, Ryan A, Barry 
F, O’Brien T, O’Toole D, Laffey JG (2011) Mesenchymal 
stem cells enhance recovery and repair following 
ventilator-induced lung injury in the rat. Thorax, in press.
 De Bari C, Dell’Accio F, Tylzanowski P, Luyten FP 
(2001) Multipotent mesenchymal stem cells from adult 
human synovial membrane. Arthritis Rheum 44: 1928-
1942.
 Dennis JE, Cohen N, Goldberg VM, Caplan AI (2004) 
Targeted delivery of progenitor cells for cartilage repair. J 
Orthop Res 22: 735-741.
 Dwyer RM, Ryan J, Havelin RJ, Morris JC, Miller 
BW, Liu Z, Flavin R, O’Flatharta C, Foley MJ, Barrett 
HH, Murphy JM, Barry FP, O’Brien T, Kerin MJ (2011) 
Mesenchymal Stem Cell-mediated delivery of the sodium 
iodide symporter supports radionuclide imaging and 
treatment of breast cancer. Stem Cells 29: 1149-1157.
 Egusquiaguirre SP, Igartua M, Hernandez RM, Pedraz 
JL (2012) Nanoparticle delivery systems for cancer 
therapy: advances in clinical and preclinical research. Clin 
Transl Oncol 14: 83-93.
 Frenette PS, Subbarao S, Mazo IB, von Andrian UH, 
Wagner DD (1998) Endothelial selectins and vascular cell 
adhesion molecule-1 promote hematopoietic progenitor 
homing to bone marrow. Proc Natl Acad Sci U S A 95: 
14423-14428.
 Freyman T, Polin G, Osman H, Crary J, Lu M, Cheng L, 
Palasis M, Wilensky RL (2006) A quantitative, randomized 
study evaluating three methods of mesenchymal stem cell 
delivery following myocardial infarction. Eur Heart J 27: 
1114-1122.
 Guan M, Yao W, Liu R, Lam KS, Nolta J, Jia J, 
Panganiban B, Meng L, Zhou P, Shahnazari M, Ritchie 



317 www.ecmjournal.org

S Ansboro et al.                                                                                             Therapeutic cell targeting for tissue repair

RO, Lane NE (2012) Directing mesenchymal stem cells to 
bone to augment bone formation and increase bone mass. 
Nat Med 18: 456-462.
 Herranz F, Almarza E, Rodriguez I, Salinas B, Rosell Y, 
Desco M, Bulte JW, Ruiz-Cabello J (2011) The application 
of nanoparticles in gene therapy and magnetic resonance 
imaging. Microsc Res Tech 74: 577-591.
 Hori J, Deie M, Kobayashi T, Yasunaga Y, Kawamata 
S, Ochi M (2011) Articular cartilage repair using an intra-
articular magnet and synovium-derived cells. J Orthop Res 
29: 531-538.
 Huang DM, Hung Y, Ko BS, Hsu SC, Chen WH, 
Chien CL, Tsai CP, Kuo CT, Kang JC, Yang CS, Mou 
CY, Chen YC (2005) Highly effi cient cellular labeling of 
mesoporous nanoparticles in human mesenchymal stem 
cells: Implication for stem cell tracking. FASEB J 19: 
2014-2016.
 Hunziker EB, Rosenberg LC (1996) Repair of partial-
thickness defects in articular cartilage: cell recruitment 
from the synovial membrane. J Bone Joint Surg Am 78: 
721-733.
 Jing Xh, Yang L, Duan Xj, Xie B, Chen W, Li Z, Tan 
Hb (2008) In vivo MR imaging tracking of magnetic iron 
oxide nanoparticle labeled, engineered, autologous bone 
marrow mesenchymal stem cells following intra-articular 
injection. Joint Bone Spine 75: 432-438.
 Katayama Y, Hidalgo A, Furie BC, Vestweber D, Furie 
B, Frenette PS (2003) PSGL-1 participates in E-selectin-
mediated progenitor homing to bone marrow: evidence 
for cooperation between E-selectin ligands and alpha4 
integrin. Blood 102: 2060-2067.
 Kean TJ, Duesler L, Young RG, Dadabayev A, Olenyik 
A, Penn M, Wagner J, Fink DJ, Caplan AI, Dennis JE 
(2012) Development of a peptide-targeted, myocardial 
ischemia-homing, mesenchymal stem cell. J Drug Target 
20: 23-32.
 Kim JH, Park JS, Yang HN, Woo DG, Jeon SY, 
Do HJ, Lim HY, Kim JM, Park KH (2011) The use of 
biodegradable PLGA nanoparticles to mediate SOX9 gene 
delivery in human mesenchymal stem cells (hMSCs) and 
induce chondrogenesis. Biomaterials 32: 268-278.
 Ko IK, Kean TJ, Dennis JE (2009) Targeting 
mesenchymal stem cells to activated endothelial cells. 
Biomaterials 30: 3702-3710.
 Ko IK, Kim BG, Awadallah A, Mikulan J, Lin P, 
Letterio JJ, Dennis JE (2010) Targeting improves MSC 
treatment of infl ammatory bowel disease. Mol Ther 18: 
1365-1372.
 Komarova S, Roth J, Alvarez R, Curiel D, Pereboeva 
L (2010) Targeting of mesenchymal stem cells to ovarian 
tumors via an artifi cial receptor. J Ovar Res 3: 12.
 Kraus VB, Burnett B, Coindreau J, Cottrell S, Eyre D, 
Gendreau M, Gardiner J, Garnero P, Hardin J, Henrotin 
Y, Heinegard D, Ko A, Lohmander LS, Matthews G, 
Menetski J, Moskowitz R, Persiani S, Poole AR, Rousseau 
JC, Todman M (2011) Application of biomarkers in 
the development of drugs intended for the treatment of 
osteoarthritis. Osteoarthritis Cartilage 19: 515-542.
 Kumar S, Ponnazhagan S (2007) Bone homing of 
mesenchymal stem cells by ectopic {alpha}4 integrin 
expression. FASEB J 21: 3917-3927.

 Kumari A, Yadav SK (2011) Cellular interactions of 
therapeutically delivered nanoparticles. Expert Opin Drug 
Deliv 8: 141-151.
 Laroui H, Grossin L, Leonard M, Stoltz JF, Gillet 
P, Netter P, Dellacherie E (2007) Hyaluronate-covered 
nanoparticles for the therapeutic targeting of cartilage. 
Biomacromolecules 8: 3879-3885.
 Lee CH, Cook JL, Mendelson A, Moioli EK, Yao H, 
Mao JJ (2010) Regeneration of the articular surface of the 
rabbit synovial joint by cell homing: A proof of concept 
study. The Lancet, 376: 440-448.
 Lee RJ, Fang Q, Davol PA, Gu Y, Sievers RE, Grabert 
RC, Gall JM, Tsang E, Yee MS, Fok H, Huang NF, Padbury 
JF, Larrick JW, Lum LG (2007) Antibody Targeting of 
Stem Cells to Infarcted Myocardium. Stem Cells 25: 712-
717.
 Li J, Feng L, Fan L, Zha Y, Guo L, Zhang Q, Chen 
J, Pang Z, Wang Y, Jiang X, Yang VC, Wen L (2011) 
Targeting the brain with PEG-PLGA nanoparticles 
modifi ed with phage-displayed peptides. Biomaterials 32: 
4943-4950.
 Liu X, Jin X, Ma PX (2011) Nanofibrous hollow 
microspheres self-assembled from star-shaped polymers 
as injectable cell carriers for knee repair. Nat Mater 10: 
398-406.
 Loebinger MR, Kyrtatos PG, Turmaine M, Price AN, 
Pankhurst Q, Lythgoe MF, Janes SM (2009) Magnetic 
resonance imaging of mesenchymal stem cells homing 
to pulmonary metastases using biocompatible magnetic 
nanoparticles. Cancer Res 69: 8862-8867.
 Minas T, Gomoll AH, Solhpour S, Rosenberger R, 
Probst C, Bryant T (2010) Autologous chondrocyte 
implantation for joint preservation in patients with early 
osteoarthritis. Clin Orthop Relat Res 468: 147-157.
 Mirotsou M, Jayawardena TM, Schmeckpeper J, 
Gnecchi M, Dzau VJ (2011) Paracrine mechanisms of stem 
cell reparative and regenerative actions in the heart. J Mol 
Cell Cardiol 50: 280-289.
 Murashita T, Nakayama Y, Hirano T, Ohashi S (1996) 
Acceleration of granulation tissue ingrowth by hyaluronic 
acid in artifi cial skin. Br J Plast Surg 49: 58-63.
 Murphy JM, Fink DJ, Hunziker EB, Barry FP (2003) 
Stem cell therapy in a caprine model of osteoarthritis. 
Arthritis Rheum 48: 3464-3474.
 Nöth U, Osyczka AM, Tuli R, Hickok NJ, Danielson 
KG, Tuan RS (2002) Multilineage mesenchymal 
differentiation potential of human trabecular bone-derived 
cells. J Orthopaed Res 20: 1060-1069.
 Ossendorf C, Steinwachs MR, Kreuz PC, Osterhoff G, 
Lahm A, Ducommun PP, Erggelet C (2011) Autologous 
chondrocyte implantation (ACI) for the treatment of large 
and complex cartilage lesions of the knee. Sports Med 
Arthrosc Rehabil Ther Technol 3: 11.
 Park JS, Na K, Woo DG, Yang HN, Kim JM, Kim JH, 
Chung HM, Park KH (2010) Non-viral gene delivery of 
DNA polyplexed with nanoparticles transfected into human 
mesenchymal stem cells. Biomaterials 31: 124-132.
 Park JS, Yang HN, Woo DG, Jeon SY, Do HJ, Lim 
HY, Kim JH, Park KH (2011) Chondrogenesis of human 
mesenchymal stem cells mediated by the combination 
of SOX trio SOX5, 6, and 9 genes complexed with PEI-



318 www.ecmjournal.org

S Ansboro et al.                                                                                             Therapeutic cell targeting for tissue repair

modifi ed PLGA nanoparticles. Biomaterials 32: 3679-
3688.
 Parveen S, Misra R, Sahoo SK (2012) Nanoparticles: 
a boon to drug delivery, therapeutics, diagnostics and 
imaging. Nanomedicine 8: 147-166.
 Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, 
Douglas R, Mosca JD, Moorman MA, Simonetti DW, 
Craig S, Marshak DR (1999) Multilineage potential of adult 
human mesenchymal stem cells. Science 284: 143-147.
 Rothenfl uh DA, Bermudez H, O’Neil CP, Hubbell 
JA (2008) Biofunctional polymer nanoparticles for intra-
articular targeting and retention in cartilage. Nat Mater 7: 
248-254.
 Ruegg C, Alghisi GC (2010) Vascular integrins: 
therapeutic and imaging targets of tumor angiogenesis. 
Recent Results Cancer Res 180: 83-101.
 Sackstein R (2012) Glycoengineering of HCELL, 
the human bone marrow homing receptor: Sweetly 
programming cell migration. Ann Biomed Eng 40: 766-
776.
 Sackstein R, Merzaban JS, Cain DW, Dagia NM, 
Spencer JA, Lin CP, Wohlgemuth R (2008) Ex vivo 
glycan engineering of CD44 programs human multipotent 
mesenchymal stromal cell traffi cking to bone. Nat Med 14: 
181-187.
 Sarkar D, Vemula PK, Zhao W, Gupta A, Karnik R, 
Karp JM (2010) Engineered mesenchymal stem cells 
with self-assembled vesicles for systemic cell targeting. 
Biomaterials 31: 5266-5274.
 Sarkar D, Ankrum JA, Teo GSL, Carman CV, Karp JM 
(2011) Cellular and extracellular programming of cell fate 
through engineered intracrine-, paracrine-, and endocrine-
like mechanisms. Biomaterials 32: 3053-3061.
 Sharma M, Afrin F, Satija N, Tripathi RP, Gangenahalli 
GU (2011) Stromal-derived factor-1/CXCR4 signaling: 
indispensable role in homing and engraftment of 
hematopoietic stem cells in bone marrow. Stem Cells Dev 
20: 933-946.
 Song C,  Li  G (2011)  CXCR4 and matr ix 
metalloproteinase-2 are involved in mesenchymal stromal 
cell homing and engraftment to tumors. Cytotherapy 13: 
549-561.
 Tanida S, Mizoshita T, Mizushima T, Sasaki M, Shimura 
T, Kamiya T, Kataoka H, Joh T (2011) Involvement of 
oxidative stress and mucosal addressin cell adhesion 
molecule-1 (MAdCAM-1) in infl ammatory bowel disease. 
J Clin Biochem Nutr 48: 112-116.
 Wagner W, Wein F, Seckinger A, Frankhauser M, 
Wirkner U, Krause U, Blake J, Schwager C, Eckstein V, 
Ansorge W, Ho AD (2005) Comparative characteristics 
of mesenchymal stem cells from human bone marrow, 
adipose tissue, and umbilical cord blood. Exp Hematol 
33: 1402-1416.
 Wilson T, Stark C, Holmbom J, Rosling A, Kuusilehto 
A, Tirri T, Penttinen R, Ekholm E (2010) Fate of bone 
marrow-derived stromal cells after intraperitoneal infusion 
or implantation into femoral bone defects in the host 
animal. J Tissue Eng, 2010: 345806.
 Yang F, Cho SW, Son SM, Bogatyrev SR, Singh D, 
Green JJ, Mei Y, Park S, Bhang SH, Kim BS, Langer R, 
Anderson DG (2010) Genetic engineering of human stem 

cells for enhanced angiogenesis using biodegradable 
polymeric nanoparticles. Proc Natl Acad Sci USA 107: 
3317-3322.
 Yoshimura K, Shigeura T, Matsumoto D, Sato T, Takaki 
Y, Aiba-Kojima E, Sato K, Inoue K, Nagase T, Koshima I, 
Gonda K (2006) Characterization of freshly isolated and 
cultured cells derived from the fatty and fl uid portions of 
liposuction aspirates. J Cell Physiol 208: 64-76.
 Zanjani ED, Flake AW, Almeida-Porada G, Tran N, 
Papayannopoulou T (1999) Homing of human cells in the 
fetal sheep model: modulation by antibodies activating 
or inhibiting very late activation antigen-4-dependent 
function. Blood 94: 2515-2522.
 Zischek C, Niess H, Ischenko I, Conrad C, Huss R, 
Jauch KW, Nelson PJ, Bruns C (2009) Targeting tumor 
stroma using engineered mesenchymal stem cells reduces 
the growth of pancreatic carcinoma. Ann Surg 250: 747-
752.

Web Reference

1.  Reflection paper on stem cell-based medicinal 
products. Committee for Advanced Therapies. EMA/
CAT/571134/2009. 2011: 1-14. http://www.ema.
europa.eu/docs/en_GB/document_library/Scientific_
guideline/2011/02/WC500101692.pdf.

Discussion with Reviewers

Reviewer II: Has there been much investigation into how 
these cell surface modifi cations affect cell function?
Authors: Whilst most studies discussed in this review 
investigated the effects of cell surface modifi cations on 
cell viability, very few examined potential changes in 
downstream cell signalling or indeed changes in gene 
expression profi les. Sackstein et al. (2008, text reference) 
did examine the impact of SLeX modifi cation on MSC 
proliferation, adhesion and differentiation with no change 
in cell phenotype observed. With regards to whether or not 
the addition of biomaterials to cells alter cellular function: 
Stephan et al. demonstrated that coupling approximately 
150 nanoparticles, each with a diameter of 200 nm to the 
surface of a T cell with a typical diameter of 7 μm did 
not compromise their proliferative response following 
co-culture with dendritic cells, nor were they toxic to the 
cells (Stephan et al., 2010, additional reference). Similarly, 
Swiston et al. investigated the effects of polymer patches 
on T cell viability and their ability to migrate and did not 
observe any adverse effects (Swiston et al., 2008, additional 
reference). However, in response to your question, we do 
think that studies using microarrays, chemokine arrays and 
other bioinformatic approaches should be added as more 
vigorous analyses to ensure that these modifi cations have 
no long term effects on cell function.

Reviewer II: Is anyone using these surface coating 
technologies to impact a cellular response other than just 
making the cells more adherent?
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Authors: Cell surface coating/engineering technologies 
are also widely used to help mask cells from immune 
responses and safeguard against immune rejection 
following cell transplantation. A term coined “Protein 
Painting” employs the use of glycosylinositol phospholipid 
(GPI) moieties to anchor proteins to the outer membrane 
of a cell. Notohamiprodjo et al. used such an approach 
by genetically rendering the T cell activator RANTES 
immune-inhibitory by introducing a GPI-anchored version 
of the construct into the external membrane of endothelial 
cells to protect the vasculature from acute immune rejection 
(Notohamiprodjo et al., 2006, additional reference). 
Additionally, the covalent attachment of mPEG onto 
lymphocytes effectively blocked MHC class II-mediated, 
allospecifi c T-cell activation. Signifi cant attenuation of 
antigen-specifi c and memory cell-dependent activation 
and proliferation was observed which was most likely 
due to altered cell-cell interaction via reduced recognition 
and binding (Murad et al., 1999, additional reference). 
Alternatively, biocompatible nanoparticles or related 
biomaterials have been modifi ed with peptide ligands to 
enhance the differentiation potential of stem/ progenitor 
cells. Re’em et al. found increased chondrogenesis of 
hMSCs on alginate scaffolds immobilised with RGD. 
This resulted in stronger activation of Smad-dependent 
(SMAD2) and Smad-independent (ERK1/2) signalling 
pathways vs. un-modified controls suggesting that 

inductive cues essential for stem cell differentiation can 
be effi ciently provided from biomaterial platforms (Re’em 
et al., 2010, additional reference).
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