
Nano-labelled cells — a functional tool in biomedical
applications
Ekaterina A Naumenko, Maria R Dzamukova,
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ScienceDirect
Nanotechnology offers an unprecedented number of

opportunities for biomedical research, utilizing the unusual

functionalities of nanosized materials. Here we describe the

recent advances in fabrication and utilization of nanoparticle-

labelled cells. We present a brief overview of the most

promising techniques, namely layer-by-layer polyelectrolyte

assembly on cells and intracellular and extracellular labelling

with magnetic nanoparticles. Several important practical

application of nanofucntionalized cells, including tissue

engineering and tumour therapy, are reviewed.
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Introduction
Nanosized particles of various morphologies and func-

tionalities have been extensively employed in biomedical

research and clinical applications [1]. Particularly, nano-

particles are regarded as promising drug delivery vehicles

[2]. Among other strategies, labelling of cells with various

nanomaterials, attracts the attention of researchers world-

wide. The potential of cell labelling with nanoparticles is

secured by the novel functionalities which nanoparticles

render to the cells. This paper is aimed to briefly overview

of the current progress within this novel and vibrant area

of research.

The layer-by-layer (LbL) polyelectrolyte deposition

[3,4], originally designed primarily for the fabrication of

and colloidal microcapsules, has been successfully

applied to modify and functionalize surfaces of biological

cells [5] and since has been utilized in a number of

biomedical applications [6]. First reports were focused
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on applying LbL assembly technique for the deposition

of oppositely charged polymer thin films to modify sur-

faces of microbial and mammalian cells in order to fab-

ricate polyelectrolyte microcapsules imitating the

geometries of biological cells. The pioneering paper by

Neu et al. demonstrated the polyelectrolyte LbL assem-

bly for the effective fabrication of micron-sized multi-

layered polymer capsules template on red blood cells and

bacteria [7]. Cells as templates are attractive as their

morphology, if repeated by the resulting microcapsules,

allows for the higher biocompatibility. The typical pro-

cedure of cell surface modification with polyelectrolytes

is based on the sequential deposition of oppositely

charged polymers onto cells, additionally, various nano-

materials, such as nanoparticles, nanotubes and

nanosheets can be deposited between the polyelectrolyte

layers [8]. Alternatively, several reports demonstrate the

direct, single-step deposition of polymer-functionalized

nanoparticles onto living cells [9,10]. These modifications

can be performed using both viable and non-viable cells.

Most of the researchers concentrated on fabrication of

functional nanocoatings on viable cells, allowing for

attenuation of functional properties of cells [11�]. Typi-

cally, the recent reports on LbL assembly of polymer

shells on cells utilize the surface modification of micro-

organisms [5], while others are trying to investigate the

toxicity of polymer shells towards the mammalian cells

[12]. The toxic effects of the surface modification of

mammalian cells are attributed to the impact of positively

charged polyelectrolytes [13]. Nevertheless, several

reports demonstrate the successful use of surface modi-

fication of mammalian cells with LbL nanofilms for the

biomedical applications [14,15].

However, the current methodology of cells nanolabelling

is not limited to the LbL modification. The other

approaches include, but are not limited to the direct

deposition of nanomaterials, based on fabrication of the

layers of magnetic nanoparticles [10] or ‘hard’ mineral

shells [16] on cells. In addition, the intracellular labelling

of cells with nanoparticles (i.e. magnetic nanoparticles) is

another promising way to functionalize the cells.

Layer-by-layer (LbL) cell surface modification for tissue

engineering

Arguably, the most promising applications of LbL-based

cell surface modification are attributed to tissue engineer-

ing, a novel therapy technique where the cells are con-

trollably assembled in multi-layered tissue-like structures.
www.sciencedirect.com
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Matsusaki et al. have demonstrated an elegant and simple

procedure for the preparation of up to four layers of mouse

fibroblasts using the deposition of polyelectrolyte multi-

layer technique [14] which is an appropriate method to

prepare nanometre-sized films on a substrate through the

immersion into polymer solutions [15]. They have pre-

pared multilayer films composed of biogenic polyelectro-

lytes fibronectin and gelatin for mimicking the

extracellular matrix on the surface of the first layer of cells,

which, in turn, provides an adhesive surface for the second

layer of cells. This methodology can also be applied to

fabricate xenogenic cellular multilayers. The blood

vessels-mimicking bilayer clusters composed of human

smooth muscle and endothelial cells were successfully

prepared by Matsusaki et al. using polyelectrolytes as

supporting coatings, while the absence of polymer nano-

films resulted in formation of a mixed monolayer of both

types of cells [14]. Recently, another promising approach

was reported, demonstrating a simple and rapid bottom-up

approach for fabrication of artificial tissues, termed cell-
accumulation technique, facilitated using the single cell coat-

ing with FN-G nanofilms [17]. This approach is based on

induction of the three-dimensional cell to cell adhesion of

all seeded cells at the same time induced by FN-G nano-

film which facilitates the recognition of the nanocoated

cells by a5b1 integrin receptor of the cellular membrane.

As a result, the thickness of the obtained artificial tissue

increased with increasing the volume of culture media.

Currently, viable tissue constructs with maximum thick-

ness �100 mm built up of more than 20 layers-structures

were obtained. Another approach a more complex single

cell nanocoating using the LbL technology was demon-

strated by Borkowska et al. [18], who fabricated the LbL

polymer shell doped with fullerenol. An in vitro and in vivo
(in mice) study confirmed the low cytotoxicity of the shells

fabricated. Furthermore, the authors observed that the

membrane with incorporated fullerenol did not evoke

NO production increase in human leukaemia cells. Poten-

tially, the technology developed might find applications in

cell therapy as an alternative for immunosuppression

applied for supporting the transplant surviving [18].

Direct nanomodification of cells

Biomimetic modification of cellular membranes is

believed to increase the viability of the cells and further

expand their applicability [19]. Apart from the LbL

deposition, a number of alternative approaches exist.

Here we introduce the reader with the selection of

technologies for the direct modification of cellular sur-

faces without the use of the polymer multilayers. One of

such approaches is the bioinspired silicification of cells, in

other words, fabrication of egg-like shells on cells, which

normally bear no coatings on their membranes. This

method was effectively applied for the coating of indi-

vidual microbial cells [20], and later has been expanded to

the titania (TiO2) or TiO2–SiO2 coating of Chlorella and

other microorganisms [21]. The modified microorganisms
www.sciencedirect.com 
showed the increased resistance to external stressors.

Recently, the bioinspired silicification was applied by

to modify the viable mammalian cells [16]. Lee et al.
described for the first time the technology of cytocompa-

tible and cytoprotective nanocoating with silica of several

types of mammalian cells with mechanically durable

silica. This coating effectively protected the cells from

different lethal environmental influences such as trypsin

and poly(allylamine hydrochloride) effects. Furthermore,

the silica nanocoating suppressed the cell growth and

preserved the cells from the adhesion, yet keeping the

cells viable for a relatively long time. Above mentioned

bioinspired silicification approach might be used in

single-cell studies as well as in biomedical fields (cell

therapy, cell-based sensors, and cells-on-a-chip technol-

ogies) which require the long-term protection and pres-

ervation of living cells [22]. Another interesting approach

was envisaged by Maheshwari et al., who used of yeast

cells as a template for electrochemical synthesis of ZnO

nanorods [23]. Graphene oxide sheets-pretreated cells

were applied for this procedure, while graphene acted

as an electrical conductor on the cell surface required for

the electrochemical synthesis. On later stages, the elec-

trochemically reduced graphene oxide (ERGO) contrib-

uted to the surface potential of the cell wall allowing for

the electrochemical growth of ZnO nanorods. This hybrid

cell ERGO–ZnO system shows �50% increase in current

due to photogenerated charge carriers which is �5 fold

more than the same for the planar ERGO–ZnO system.

Authors believe that this electrochemical process for

synthesis of nanomaterials on the living cell surface will

significantly expand the possible combinations of cell–
nanomaterial hybrids leading to new applications as bio-

chemical sensors and energy storage systems.

Magnetic labelling of cells

Among many others, we consider magnetic labelling of

cells as an extremely important technology which will

result in a number of practical applications in biomedi-

cine. Currently, two strategies of magnetic functionaliza-

tion of living cells exist, one is based on intracellular

labelling with magnetic nanoparticles, while the other

relies on cell surface engineering.

Intracellular labelling of cells

Currently, magnetically labelled cells are believed to be a

promising tool for engineering of complex artificial tissue-

mimicking structures. Magnetic functionalization is

achieved via the labelling of cells with magnetic nano-

particles (MNPs). Obviously, there are two opposite

strategies for magnetization of living cells: internalization

of MNPs into living cells and extracellular coating with

MNPs. For intracellular magnetic labelling of mammalian

cells anionic magnetic nanoparticles were employed.

Typically, iron oxide cores are stabilized by citrate

[24�], dextran [25], or hyaluronic acid [26]. The iron oxide

MNPs are routinely synthesized via co-precipitation of
Current Opinion in Pharmacology 2014, 18:84–90
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Fe2+ and Fe3+ ions in aqueous media accompanied by

addition of alkali, followed by washing and stabilization.

Next, the MNPs are mixed with culture media and then

the cells are co-incubated in the presence of MNPs for

prolonged periods of time [27]. Typically, the uptake of

MNPs during the incubation is dose-dependent, which

can be visualized using different appropriate methods,

particularly high-resolution microscopy techniques (such

as transmission electron microscopy) [28], flow cytometry

[27] and Prussian Blue staining [24�].

It is believed that anionic MNPs are taken up by cells via

endocytosis [28–31]. MNPs attached to the cell membrane

assemble into the larger clusters, which induce the inva-

gination of the membrane resulting in formation of densely

packed endosomes. The localization of MNPs inside cells

can be monitored microscopically (Figure 1a–c). Next, the

endosomes migrate into the cytoplasm and undergo the

typical endocytosis pathway (early endosome, late endo-

some and lysosome, respectively) [32]. The concentration

of MNPs inside the cells directly affects the magnetic

responsiveness of the labelled cells; however the viability

of cells can be affected by the nanoparticles in cytoplasm.

Low levels of acute toxicity of citrate-stabilized MNPs
Figure 1

(a) (b)

(d) (e)

2 μm

500 nm

(a) Electron microscopy image indicating the internalization of MNPs nanop

viability staining of immortalized primary human fibroblasts after functionaliz

(c) bright-field microscopy image indicating the localization of aminodextran

from [31]); (d) external localization of PAH-coated MNPs on the surface of h

coated with PAH-MNPs; and (f) bright-field microscopy image of extracellul
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were demonstrated (Figure 1b), resulting in unaffected

morphology, growth rate, surface markers synthesis and

differentiation capacity of MNPs-labelled human

mesenchymal stem cells [24�]. However, high MNPs

intracellular concentrations significantly affected chondro-

genesis and decreased chemokine-induced migration in

magnetically labelled cells [24�]. Alternatively, intracellu-

lar magnetic labelling of human cells can be performed

using cationic MNPs stabilized with polycations [33] or

incorporated into cationic magnetic liposomes [34]. For

example, MNPs stabilized using poly(L-lysine) (PLL)

were recently applied in magnetic cell-labelling of

mesenchymal stem cells [33].

Extracellular labelling of cells

Another approach is based on the surface functionalization

(cell surface engineering) of mammalian cells via a single-

step deposition of poly(allylamine)-stabilized biocompati-

ble MNPs (PAH-MNPs). We have elaborated this rapid

magnetic functionalization method for mammalian cells

(Figure 1d–f). Our approach is based on magnetic modi-

fication based on the electrostatic interaction of biocom-

patible polymer-stabilized MNPs with the cell surface.

Noteworthy, the deposition of cationic nanoparticles is
(c)

10 μm 10 μm

50 μm100 μm

(f)
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articles in human fibroblasts (reproduced with permission from [30]); (b)

ation with dextran-coated MNPs (reproduced with permission from [28]);

 coated MNPs in endocytic compartments (reproduced with permission

uman lung carcinoma cells (A549); (e) live/dead staining of A549 cells

ar deposition of MNPs on A549 cells.

www.sciencedirect.com



Nano-labelled cells Naumenko et al. 87
based purely on electrostatic interactions and does not

require any specific ligand-receptor interaction of nano-

particles with membranes. As an example, HeLa cells were

efficiently coated with a uniform layer of magnetic nano-

particles arranged exclusively on the outer surfaces of cell

membranes [10], occurring due to the preferential attach-

ment of the positively charged MNPs to anionic carbo-

hydrates constituting the outer layer of cellular microvilli.

Biocompatibility of PAH-MNPs was investigated via the

simultaneous assessment of membrane integrity, enzy-

matic activity, and ability to grow and colonize substrates.

Therefore, we conclude that PAH-stabilized SPIONs are

nontoxic to HeLa cells, which we attribute to the pre-

viously reported low toxicity of both iron oxide nanopar-

ticles [27,35] and PAH [36]. In another study [37], we found

that PAH-MNPs have no significant toxic effect on the

magnetically labelled cow embryo lung epithelial cells

within the wide range of concentrations (0.0125–
0.05 mg ml�1). Moreover, PAH-MNPs-modified cells are

still able to actively proliferate, the apparent growth rates of

MNPs-coated cells was even faster than that of the intact

ones [38�].

Magnetically functionalized cells in tissue engineering

Tissue engineering currently represents one of the fastest

growing areas of biomedicine. It aims at the development

of strategies for the formation of different tissues in vitro
and their application in vivo. Among challenges that

transplantology faces, the impossibility of allogenic donor

organ selection that exactly matches the antigenic status
Figure 2

A549

MNP

MNP

10 μm

Fibroblasts

A scheme illustrating the method of tissue-like lung-mimicking construct fab

(fibroblasts and lung carcinoma cells).
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of the recipient is one of the most crucial [39,40]. Con-

struction of heterotypic 3D culture is an essential step for

creation of tissues and organs [41]. Interaction between

various types of cells is very important for the activation of

cellular functions [42]. The use of ‘magnetic cells’ in the

tissue engineering and regenerative medicine can be

employed to tackle these challenges. Labelled cells

become magnetically responsive and can be coordinated

and positioned by an external magnetic field to create

complex tissue structures which cannot be obtained using

conventional cell culture techniques. MNPs are con-

sidered as a promising tool to assemble the magnetically

modified cells into artificial tissue prototypes [41,43,44]

from patient’s own cells. Tissue engineering based on

magnetically functionalized cells offers the scaffold-free

arrangement of cells thus minimizing the use of support-

ing scaffolds [41] and to fabricate artificial tissue con-

structs with precise morphologies resembling the natural

ones [45].

Ito et al. have demonstrated the fabrication of artificial

tissue prototypes based on magnetically labelled cells,

developing a novel methodology of three-dimensional

heterotypic magnetically facilitated co-culture system.

Complex structures consisting of heterotypic layered cells

were obtained using magnetically labelled rat hepato-

cytes and human aortic endothelial cells. Accumulation of

cells was mainly observed at the sites where magnets

were positioned and formed tissue-mimicking clusters,

where the heterotypic cells were layered and formed
The second layer

The first layer

Current Opinion in Pharmacology

rication using MNPs-labelled surface-functionalized human cells

Current Opinion in Pharmacology 2014, 18:84–90



88 New technologies
intracellular contacts. Magnetically driven cell clusters

were fully functional, preserving thesecretion of albumin

by hepatocytes [43]. Further, magnetically driven tissue

engineering was later employed for the in vitro fabrication

and harvesting of cell sheets containing human hepatocel-

lular carcinoma (HepG2) cells and immortal mouse

embryonic fibroblast (NIH3T3) cells [41]. Magnetically

labelled cells were utilized fabricate more elaborate tubular

tissue structures template over using cylindrical [44]. Using

this technique two types of artificial tissues were pro-

duced — urothelial cell layers and vascular tissue consist-

ing of three types of cells (endothelial cells, smooth muscle

cells, and fibroblasts). Multi-layered cell sheets were also

fabricated using magnetically labelled cells, next the tissue

constructs were transplanted subcutaneously into mice, and

the histological examination of transplants after 14 days of

culturing in mice bodies revealed that the sheet grafts

produced vascularized tissues characterized with substan-

tial mass, thickness, and cell density [34]. The on-going

search for the new methods to label cells with magnetic

nanoparticles facilitates the fabrication of more complex,

yet functional carriers of nanoparticles based on the LbL
Figure 3

(a)

MNPs@E.coli

AgNPs@E.coli

MNPs

AgNPs

PSS
PAH

E.coli

E.coli

(b)

10 μm

Nano-labelled cells as nanoparticle delivery vehicles: (a) a sketch demonstrat

permission from [47]); dark-field microscopy of distribution of (b) MNPs and
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microcapsules taken up by cells via endocytosis [46]. This

approach allows for the direct control over the cell mobility,

which may find important applications in tissue engineer-

ing and cell delivery.

We employed surface-engineered magnetically labelled

human cells for development of 3D-tissue constructs

[38�]. Magnetically functionalized viable human lung

carcinoma cells (A549) and human skin fibroblasts

(HSF) cells were used to fabricate scaffold-free lung

tissue mimicking multicellular clusters. We used strong

cylindrical magnets positioned under the culture wells for

directed concentration of MNPs-coated cells around the

magnets. Magnetically functionalized HSF (first layer)

and A549 cells (second layer) were assembled layer-wise

(Figure 2) and after that the magnets were removed, the

resulting multi-cellular two-layered clusters could be

easily defoliated from the bottom of wells. Brown aggre-

gated MNPs were dissociated in the extracellular space

allowing for magnetic manipulation with the clusters.

The morphology of the artificial lung tissue-mimicking

clusters obtained exhibited morphological similarity with
(c)

10 μm
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ing the uptake on ‘nanobaits’ by C. elegans nematodes (reproduced with

 (c) silver NPs delivered using ‘nanobaits’ inside the microworms.
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the human lung tissue with both relatively large mature

and smaller emerging pores. This approach is can be

applied for fabrication of artificial tissue from MNPs-

functionalized cells of other types, as we have shown

earlier with HeLa cells [10].

The use of surface-fucntionalized cells in biomedical

applications can be further extended into more complex

systems, where the nanocoated ‘cyborg’ cells act as nano-

particles delivery vehicles. This concept was demonstrated

by employing silver and magnetic nanoparticles-coated

cells for the directed delivery of nanoparticles into

Caenorhabditis elegans intestines [47]. As schematically

shown in Figure 3, ‘nanobaits’ are ingested by microworms

and facilitate the delivery of nanoparticles inside the

worm’s bodies, which can further be utilized in nanotoxi-

city studies.

As demonstrated by dark-field high-resolution micro-

scopy (Figure 3b and c), nanoparticles are localized inside

the intestines of the worms, thus the nanocoated cells can

be regarded as a microscopic ‘pills’ used to effectively

deliver the nanoparticles. This approach can potentially

expand the use of microscopic model organisms in nano-

toxicology.

In conclusion, in this paper we outlined the major direc-

tions of research in the field of nanoparticle-functional-

ized cells. We focused primarily on magnetically labelled

cells, demonstrating the novel approaches for therapy,

tissue engineering and delivery vehicle fabrication based

on nanoparticle-functionalized cells. We believe that this

emerging direction will result in the nearest future in a

considerable advancement of biomedical research.
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47. Däwlätş ina GI, Minullina RT, Fakhrullin RF: Microworms swallow
the nanobait: the use of nanocoated microbial cells for the
direct delivery of nanoparticles into Caenorhabditis elegans.
Nanoscale 2013, 5:11761-11769.

A novel method to deliver nanomaterials into Caenorhabditis elegans
nematodes using nanoparticle-coated microbial cells as ‘nanobait’,
which are ingested by nematodes as a sole food source.
www.sciencedirect.com

http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0105
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0105
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0105
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0110
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0110
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0110
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0110
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0115
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0115
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0115
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0120
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0120
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0120
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0120
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0120
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0125
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0125
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0125
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0125
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0130
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0130
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0130
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0130
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0135
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0135
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0140
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0140
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0140
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0145
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0145
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0145
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0145
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0150
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0150
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0150
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0150
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0155
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0155
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0155
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0155
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0155
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0160
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0160
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0160
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0165
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0165
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0165
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0165
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0170
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0170
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0170
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0170
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0175
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0175
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0175
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0175
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0180
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0180
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0180
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0180
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0185
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0185
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0185
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0185
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0185
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0190
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0190
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0190
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0195
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0195
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0200
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0200
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0205
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0205
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0205
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0205
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0210
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0210
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0210
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0210
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0215
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0215
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0215
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0215
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0215
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0220
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0220
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0220
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0220
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0225
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0225
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0225
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0230
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0230
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0230
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0230
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0235
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0235
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0235
http://refhub.elsevier.com/S1471-4892(14)00108-8/sbref0235

	Nano-labelled cells-a functional tool in biomedical applications
	Introduction
	Layer-by-layer (LbL) cell surface modification for tissue engineering
	Direct nanomodification of cells
	Magnetic labelling of cells
	Intracellular labelling of cells
	Extracellular labelling of cells
	Magnetically functionalized cells in tissue engineering


	Conflict of interest
	Acknowledgements
	References and recommended reading


