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Abstract Recent progress in cell therapy research has

raised the need for non-invasive monitoring of transplanted

cells. Magnetic resonance imaging (MRI) of superpara-

magnetic iron oxide (SPIO) labeled cells have been widely

used for high resolution monitoring of the biodistribution

of cells after transplantation. Here we report that self-

assembly of amphiphilic polyethylenimine (PEI)/SPIO

nanocomposites can lead to the formation of ultrasensitive

MRI probes, which can be used to label chondrocyte cells

with good biocompatibility. The labeled cells display

strong signal contrast compared to unlabeled ones in a

clinical MRI scanner. This probe may be useful for non-

invasive MR tracking of implanted cells for tissue

regeneration.

1 Introduction

Cell transplantation not only has the ability to provide

therapeutic agents, it also has the potential to repair and

replace tissue lost to injury/disease [1–4]. Successful

application of cell-based approaches in clinical therapies

requires techniques to monitor engrafted cell survival and

integration non-invasively and dynamically with a high

temporal and spatial resolution [5, 6]. Conventional histo-

logical methods, however, suffer from substantial draw-

backs and do not allow longitudinal studies of transplanted

cells. With recent developments, magnetic resonance

imaging (MRI) provides high spatial resolutions [5, 7–9]

and various cell labeling approaches based on superpara-

magnetic iron oxide (SPIO) have been used to visualize

cell migration and distribution by MRI [10–15].

Generally, most SPIO nanoparticles are covered with

dextran or poly(ethylene glycol) (PEG) for improved bio-

compatibility, reduced non-specific protein binding, and

prolonged circulation in biological systems [16]. However,

the SPIO nanoparticles coated with dextran or PEG have

limitation to label cells because the negative or non-charge

surface reduces the non-specific particle uptake [17]. To

facilitate SPIO labeling of cells, much effort has been

directed toward developing suitable procedures for efficient

intracellular labeling, such as complexing of polycationic

transfection agents to SPIO [18–22]. In our previous work,

we have designed and developed novel SPIO nanocom-

posites using amphiphilic N-dodecyl-polyethylenimine

(PEI) [23]. This nanocomposite system has great potential to

label biological cells for cellular transplantation research.

The aim of this study was to develop a simple

protocol to label chondrocyte cells using low molecular

weight amphiphilic PEI/SPIO nanocomposites at optimized

low dosages. Our data showed amphiphilic PEI/SPIO
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nanocomposites could be used to label chondrocyte cells

with high efficiency. The SPIO-labeling process was found

not to affect the viability of the chondrocyte cells or the

production of major cartilage matrix constituents. This

probe provides us opportunities to track chondrocyte cells

under MRI during cell-based therapies for cartilage

regeneration.

2 Materials and methods

2.1 Synthesis of SPIO nanocomposites

SPIO nanoparticles were synthesized using Iron (III) ace-

tylacetonate as precursors in benzyl ether at high temper-

atures [23]. The as-synthesized particles were purified

through ethanol wash and stored in hexane. Amphiphilic

polyethylenimine (PEI) was synthesized through alkylation

of branched PEI-2k with 1-iodododecane. SPIO nanopar-

ticles were transferred into aqueous phase with the help of

amphiphilic PEI following a previous method [23]. The

size and charge of nanocomposites were characterized by

dynamic light scattering (DLS) and zeta-potential mea-

surement. The overall morphology of nanocomposites was

investigated under transmission electron microscope

(TEM) as previously described [24]. The T2 (transverse)

relaxivity and detection limit of this probe was measured at

room temperature in a clinical 3T MRI scanner similar to

our previous work [25].

2.2 Rabbit chondrocyte cell culture and labeling

Chondrocyte cells were isolated by sequential enzymatic

digestion from the articular cartilage of joints of newborn

New Zealand white rabbits [26]. After digestion, isolated

chondrocyte cells were filtered to remove any undigested

cartilage particles and washed three times with PBS, and

cells were resuspended in a-MEM supplemented with 1%

ascorbic acid, 10% fetal bovine serum and 1% penicillin–

streptomycin. When the cells of the first passage reached

80–90% confluence, they were labeled with amphiphilic

PEI/SPIO nanocomposites for 24 h at an iron concentration

of 5 lg/ml. The imaging probe labeling efficiency was

evaluated by Prussian blue staining.

2.3 Cell viability

For assessment of toxicity of the imaging probe labeling on

chondrocyte cells, cells were evaluated by using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

(MTT) assays [27]. The chondrocyte cells after treatment

with nanoparticles for 24 h were allowed to grow in regular

growth medium for 24 h followed by incubation with MTT

reagent. The dark blue formazan dye generated by the live

cells was proportional to the number of live cells and the

absorbance at 570 nm was measured. For apoptosis studies,

the labeled and untreated cells were incubated with Hoe-

chst 33258 for 10 min at room temperature. Cells showing

condensed chromatin were determined as apoptotic [27].

The percentage of apoptotic cells was counted and aver-

aged over five fields of microscopic observation in each

sample (80–100 cells each field).

2.4 Western blot analysis

The expression of ferritin was semiquantitatively detected

using western blotting technique. After 24 h of labeling,

the chondrocytes were washed with phosphate buffer three

times and centrifuged at 1000 rpm for 5 min to form cell

pellets. Modified RIPA buffer was added into resuspend

and lyse cell pellets at 4�C for 30 min.Then the lysates

were centrifuged at 12000 rpm for 15 min and supernatants

were collected. BCA Protein Assay (Pierce Biotechnology)

was used to measure protein concentration according to the

manufacturer’s instructions. Total amount of 30 lg protein

was loaded per well and subjected to sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on

12% gels. After electrophoresis, proteins were transferred

onto 0.4 lm PVDF (Millipore) membranes and ferritin

heavy chain expression was detected using goat polyclonal

antibody (Santa Cruz Biotechnology) at a dilution of 1:200.

Then immunocomplexes were detected by horseradish

peroxidase (HRP)-conjugated (1:2000) secondary anti-

bodies. Protein bands were visualized by ECL kit (Pierce

Biotechnology) and the images were captured using Flu-

orChemTM (Alpha Innotech). Relative amount of immune

complexes were estimated by Image J software (Broken

Symmetry) and normalized to b-actin.

2.5 Biochemical assays

For glycosaminoglycan (GAG) assays, the labeled

chondrocytes were cultured in serum-free medium con-

taining insulin-transferrin-selenious acid mix medium

supplemented with 100 nM dexamethasone and 10 ng/ml

transforming growth factor-b and the culture ended after

21 days, at which time cells were stained with Safranin

O and toluidine blue, respectively [15]. For collagen type

II detection, immunohistochemical staining was per-

formed according to the instructions of the manufacturer

(Santa Cruz Biotechnology). Expressions of collagen type

II was observed under an inverted phase contrast

microscope and percentage of positive cells in each

sample was counted.
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2.6 Cellular MRI

The labeled cells were trypsinized and counted using a

hemocytometer. After centrifugation, the labeled cells were

then embedded into collagen type I hydrogel and examined

with a clinical 3T MRI scanner to investigate the imaging

efficacy. In brief, labeled cells were embedded in collagen

type I hydrogel (serial dilutions of cells were prepared in

0.2 ml collagen hydrogels with a final cell number of

2 9 106, 106, 2 9 105, 105, and 5 9 104) at a collagen

concentration of 3 mg/ml. The collagen-cell suspension was

pipetted into 96-well culture plates and the collagen hydro-

gels were cultivated to allow air bubbles to disappear before

MR imaging. MRI study of these collagen hydrogels was

performed at 3 Tesla (GE Signa Excite) using a clinical knee

coil. T2 spin echo scans were used with the following

parameters: TR = 5000 ms, TE from 10 to 500 ms, number

of averages = 1, matrix = 384 9 224, FOV = 250 9

190 mm, slice thickness = 2.0 mm. Signal intensities of

different TE time were used to calculate the T2 value of each

cell sample.

2.7 Statistical analysis

Data were expressed as mean ± SD (n = 3). Statistical

analysis was performed using Student’s t test and Chi-

square test. P \ 0.05 was considered statistically

significant.

3 Results and discussion

3.1 Amphiphilic PEI/SPIO nanocomposites and cell

labeling

Cellular MRI has enabled high-resolution, noninvasive,

and serial imaging of labeled cells migration into damaged

tissues for studying of repairing, replacement, or therapy

strategies in diseases [28–30]. SPIO nanoparticles are

emerging as ideal probes for noninvasive cell tracking.

However, the cellular labeling efficiency of probes depends

on a number of factors, including cell type, size and surface

properties of SPIO nanoparticles [17, 31, 32].

In our study, hydrophobic SPIO nanoparticles could be

transferred from organic solvent into water with the help of

amphiphilic PEI. DLS and TEM analysis showed that most

nanocomposites were about 60–70 nm (peak) in diameter

without obvious aggregation (Fig. 1). The SPIO nano-

composites were strongly positively charged with zeta-

potentials in the range of 50–65 mV, which is helpful for

their binding to cell membrane for subsequent uptake. At

the magnetic field of 3T, the T2 relaxivity of the PEI/SPIO

nanocompoaite was 389 Fe mM-1 s-1 and the detection

limit (spin-echo sequence: TR = 5000 ms, TE = 55 ms)

is about 2 lg/ml Fe. Chondrocyte cells could be directly

labeled with the high quality probe by adding nanocom-

posites to the culture medium, and nearly 100% of the

chondrocytes were labeled after 24 h incubation with SPIO

at the low iron concentration (5 lg/ml), as evidenced by

Prussian blue staining (data not shown). This labeling

procedure is straightforward as it does not require any

additional transfection agent.
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Fig. 1 DLS and TEM analysis of amphiphilic PEI/SPIO

nanocomposites
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3.2 The biocompatibility of amphiphilic PEI/SPIO

nanocomposites

For cell tracking, the biological effects of the internalized

nanoparticles should be carefully investigated [27].

Specifically, for chondrocyte cells, it is important to

determine whether any detrimental effects on cell prolif-

eration, cellular iron homeostasis and immunomodulatory

property following labeling, all of which are critical factors

involved in the regenerative and therapeutic potentials of

chondrocyte cells [13, 33, 34].

To evaluate any possible cytotoxic effects of amphi-

philic PEI/SPIO nanocomposites, cell viability was exam-

ined. After labeling using the amphiphilic PEI/SPIO

nanocomposites, the morphology of these labeled chon-

drocytes was similar to unlabeled ones. Results of MTT

assay showed that labeled cells have similar proliferation

comparing to those untreated cells (Fig. 2).

Edyta Pawelczyk et al. [35] analyzed ferritin expression

of Hela, primary macrophage and MSCs after labeling with

Ferumoxide-protamine sulfate complexes, their results

demonstrated these three kinds of cells increased ferritin

expression in response to ferumoxide loading into endo-

somes. In our experiment of western blot analysis,
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Fig. 2 Cytotoxicities of the amphiphilic PEI/SPIO nanocomposites

were evaluated 48 h after labeling for 4 h using the MTT assay
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Fig. 3 Ferritin protein expression was up-regulated in SPIO probe

labeled chondrocyte cells. Lower panel: ratios of protein quantifica-

tion of ferritin to b-actin
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Fig. 4 Safranin O (a, b) and toluidine blue (c, d) assay of unlabeled

(a, c) and labeled (b, d) chondrocyte cells. No statistical significance

in the formation and accumulation of cartilage matrix constituents

(GAG) between labeled and non-labeled chondrocyte cells
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Fig. 5 Hoechst (a, b) and immunohistochemical staining (c, d) of

unlabeled (a, c) and labeled (b, d) chondrocyte cells. There was no

obvious difference in apoptosis and collagen type II protein expres-

sion between labeled and unlabeled chondrocyte cells
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chondrocytes also obviously elevated the ferritin expres-

sion after the SPIO nanoparticles incorporated into the

cells. It is well known that ferritin synthesis can be induced

with an increase in cytoplasmic iron content, resulting in

sequestration of toxic iron into the ferritin molecules [36].

Since it is possible that labeled chondrocyte cells may

contain SPIO nanoparticles for long periods of time, it is

necessary to determine if the iron can be released from the

endosome/lysosome compartment and become available to

the metabolic pathways. Up-regulation of ferritin in labeled

cells (Fig. 3) provides evidence that excess iron can be

stored in ferritins, thus protecting the cells from possible

cytotoxicity led by higher intracellular iron concentrations.

As shown in Fig. 4, the formation and accumulation of

cartilage matrix constituents (GAG) could be observed

after 21-day incubation in cells cultured in chondrogenic

medium regardless of treatment with nanoparticles or not.

Besides, there was no obvious difference in Safranin O and

toluidine blue stain assay between amphiphilic PEI/SPIO

nanocomposites treated and untreated cells. In addition,

immunocytochemistry assay showed the collagen type II

protein expression of the labeled cells was unchanged

(Fig. 5). Apoptosis assay showed that less than 5% of the

labeled chondrocyte cells were apoptotic, as the same as

the unlabeled cells (Fig. 5). Taken together, this imaging

probe has good biocompatibility for chondrocyte cells

labeling without affecting their major functions.

3.3 MRI study of labeled cells

Magnetic resonance images of SPIO labeled cells in tissues

on T2 or T2-weighted images are hypointense regions

associated with a blooming susceptibility artifact resulting

from the clustering of SPIO within endosomes in cells. To

check the sensitivity of the probe labeling and to estimate

signal behavior in vivo, labeled cells were embedded in

collagen type I hydrogels and we performed in vitro

imaging of the three-dimensional matrix. Cellular MRI

showed that T2 values decrease with the increase of cell

number (5 9 104–2 9 106) from 184 to 48 ms, which can

provide noticeable signal contrast comparing to unlabeled

cells (Fig. 6). This method of visualizing chondrocyte cells

may be useful in further development of tissue engineered

cartilage therapeutics, because it can be used in longitu-

dinal tracking of chondrocyte cells in vivo and provide

more important information.

4 Conclusions

In summary, self-assembly of amphiphilic PEI/SPIO

nanocomposites led to the formation of ultrasensitive MRI

probes, which can be used to label chondrocyte cells with

good biocompatibility. The labeled cells display strong

signal contrast to unlabeled cells in a clinical MRI scanner.

This probe may be useful for noninvasive MR tracking of

implanted cells for tissue regeneration.
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