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a b s t r a c t

Superparamagnetic iron oxide nanoparticles (SPIONs) can substantially improve the sensitivity of
magnetic resonance imaging (MRI). We propose that SPIONs could be used to target and image cancer
cells if functionalised with recombinant single chain Fv antibody fragments (scFv). We tested our
hypothesis by generating antibody-functionalised (abf) SPIONs using a scFv specific for carcinoembryonic
antigen (CEA), an oncofoetal cell surface protein. SPIONs of different hydrodynamic diameter and surface
chemistry were investigated and targeting was confirmed by ELISA, cellular iron uptake, confocal laser
scanning microscopy (CLSM) and MRI. Results demonstrated that abf-SPIONs bound specifically to
CEA-expressing human tumour cells, generating selective image contrast on MRI. In addition, we
observed that the cellular interaction of the abf-SPIONs was influenced by hydrodynamic size and surface
coating. The results indicate that abf-SPIONs have potential for cancer-specific MRI.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The high spatial resolution of magnetic resonance imaging
(MRI) is ideally suited for detection of cancer [1] and assessment
of response to therapy [2]. However, MRI has found limited
application in tumour imaging due to a lack of sensitivity [3].
Advances in nanotechnology and in particular the use of super-
paramagnetic iron oxide nanoparticles (SPIONs) have the
potential to address this limitation. SPIONs, due to their large
magnetic moments, significantly increase MRI R1 and R2 relax-
ivities, leading to a marked reduction in T1 and T2 times [4], thus
enabling sensitive visualisation in vivo. Clinical application of
SPIONs as contrast agents has been demonstrated with two
products: Endorem� and Resovist� [5]. These SPIONs are not
tumour specific per se but instead provide positive contrast in
fax: þ44 0 20 31082025.
.

All rights reserved.
tumours based on their uptake by healthy phagocytic cells in
preference to cancerous cells.

We have recently used the agent Endorem� for cell labelling [6]
and magnetic targeting to specific sites [7]. In this study, we aimed
to achieve specificity by functionalising SPIONs with recombinant
single chain Fv (scFv) antibodies. ScFvs have potential advantages
over whole antibodies. First, with a molecular weight of ca. 30 kDa,
scFvs are one-fifth the size of whole IgG antibodies [8] and yet they
retain full antigen binding capacity. Thus, even when functionalised
with scFvs, the relatively small diameter of the SPION is main-
tained. Second, unlike whole antibodies, scFvs do not contain the Fc
constant domain and therefore are not able to trigger potentially
harmful immune responses [8]. Third, scFvs are readily available
in recombinant form and can be generated for clinical use in
non-mammalian systems [9,10] with site-specific tags for purifi-
cation and attachment.

The targeting potential of the scFv antibody functionalised
SPIONs (abf-SPIONs) to tumour cells was assessed using sm3E,
a high affinity scFv reactive to carcinoembryonic antigen (CEA)
[11,12]. Three different SPIONs were used to investigate the effect of
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surface coating and size on the abf-SPIONs targeting potential
(Table 1). To test the influence of surface coating, we compared
50 nm abf-SPIONs coated with either dextran alone or with dextran
plus polyethylene glycol (PEG). To test the influence of hydrody-
namic particle size, we compared 20 nm and 50 nm abf-SPIONs,
both coated with dextran plus PEG. The uptake of the abf-SPIONs
was studied using a CEAþve colorectal cancer cell line and
a CEA�ve melanoma cell line, unmodified SPIONs were used as
negative controls for specific uptake.

2. Materials and methods

2.1. Superparamagnetic iron oxide nanoparticles

Details of the three SPIONs investigated are shown in Table 1, which gives
information on hydrodynamic particle size, composition and coating as provided by
the manufacturer. All three SPIONs were formulated as multi-domain iron crystal
structures comprising of 35% (w/w) magnetite embedded in a matrix of dextran
(40 kDa). According to the manufacturer description, for PEGylated SPIONs, 300 Da
PEG chains were absorbed onto the dextran matrix. For simplicity, we named the
SPIONs as follows: d50 (dextran coated 50 nm particles), PEGd50 (dextran and PEG
coated 50 nm particles) and PEGd20 (dextran and PEG coated 20 nm particles).

2.2. Zeta potential of SPION

The electrical surface charge of the SPIONs was determined by measuring the
zeta potential using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). SPIONs
were tested at a concentration range of 0.01–1 mg/ml in de-ionised water at pH 7.4.
The average of three measurements was taken and results were expressed as zeta
potential (mV)� S.D.

2.3. Expression and purification of the anti-CEA scFv

Sm3E, a high affinity humanised anti-CEA scFv [11,12], was engineered with
a C-terminal hexahistidine (His-tag) [10] to enable purification. The gene was cloned
and expressed as soluble protein in the yeast Pichia pastoris. Production and puri-
fication of sm3E was achieved by fermentation, using a BioFlow 3000 Bioreactor
(New Brunswick, New Jersey, USA) with a working volume of 10 l, followed by
expanded bed immobilised metal affinity chromatography (IMAC) using established
protocols [9,10] that are compliant with good manufacturing practice and clinical
use [13]. Isolation of sm3E in its monomeric form was performed by size exclusion
chromatography (SEC) using Sephadex 75 (GE-Healthcare, Amersham, Bucks, UK).
Fractions were taken throughout SEC purification and those within the monomeric
peak were pooled. Purity of this pool was confirmed by separating a sample under
reducing conditions by SDS-PAGE on 12% Tris–Glycine gel (Invitrogen, California,
USA), using SeeBlue Plus2 Pre-Stained Standard (Invitrogen) as a reference. The gel
was stained for 1 h at room temperature with 0.25% w/v Coomassie brilliant blue
R250 dye dissolved in 10% glacial acetic acid, 30% methanol and 60% dH2O (buffer 1).
After subsequent destaining in buffer 1 (without dye), the gel was dried using
Gel-dry� drying solution (Invitrogen). CEA immunoreactivity was confirmed by
ELISA (see below; CEA ELISA).

2.4. Surface modification of dextran SPIONs with sm3E ScFv

Modification of the d50 SPION with sm3E was achieved by adaptation of the
sodium periodate method [14]. Briefly, 1 ml of 10 mg/ml d50 was added to 1 ml
10 mM sodium periodate in 0.2 M sodium acetate buffer pH 6 (Sigma–Aldrich, St
Louis, USA) and incubated at room temperature for 1 h in the dark on a rotating
shaker, to allow partial oxidation of the dextran. Oxidation was terminated by
application of the reaction mix to a PD-10 desalting column (GE-Healthcare) which
was equilibrated and eluted with 10 mM sodium acetate buffer pH 4. Conjugation
(Fig. 1A) was achieved by addition of the eluted oxidised d50 (3 ml at 3 mg/ml) to
sm3E (1 ml of 0.1 mg/ml in 10 mM sodium acetate buffer pH 4) and incubation on
a rotating shaker for 24 h at room temperature. Subsequently, the mixture was
Table 1
Nomenclature and surface coatings of SPION investigated.

Name Product Suppplier SPION Coating

d50 50 nm nanomag�-D-spio Micromod
Partikeltechnologie GMbH

Dextran–OH

PEGd50 50 nm nanomag�-D-spio
–PEG–COOH

Micromod
Partikeltechnologie GMbH

Dextran–PEG–
COOH

PEGd20 20 nm nanomag�-D-spio
–PEG–COOH

Micromod
Partikeltechnologie GMbH

Dextran–PEG–
COOH
reduced by addition of 0.1 M sodium borohydride (0.5 ml) (Sigma–Aldrich) for
15 min at room temperature. The reaction was terminated by application to a PD-10
desalting column as described above for the oxidation reaction. The abf-d50 SPION
conjugate (7 ml) was concentrated to 2 ml using Vivaspin 15R concentrators
(Sartorius Stedim Biotech GmbH, Goettingen, Germany) with a 5000 Da cut off at
3082 g, and purified by SEC using Sephacryl 300HR (GE-Healthcare, Amersham,
Bucks, UK) in PBS buffer.
2.5. Surface modification of carboxylated PEG SPIONs with sm3E ScFv

Functionalisation of the PEGd50 and PEGd20 SPION with sm3E was achieved
using a modification of the carbodiimide method [15]. Briefly, 10 mg/ml of SPION
was activated by incubation with 0.6 mg 1-ethyl-3-(3-dimethylaminopropyl)-car-
bodiimide hydrochloride (Sigma–Aldrich) and 1.2 mg N-hydroxysuccinimide
(Sigma–Aldrich) in 0.2 ml of 0.5 M MES buffer pH 6.3 for 1 h at room temperature on
a rotating shaker. The reaction was terminated by application to PD-10 desalting
columns, which was equilibrated and eluted with 0.1 M MES buffer pH 6.3. The
activated PEGd50 and PEGd20 SPION (2 ml at 4.5 mg/ml) were added to sm3E (1 ml
of 0.1 mg/ml in 0.1 M MES buffer pH 6.3) and the conjugation reaction (Fig. 1B) was
achieved by incubation for 24 h on a rotating shaker at room temperature. After
24 h, 0.1 ml of 25 mM glycine in PBS was added to the conjugation reaction and the
mixture was incubated for a further 30 min at room temperature to block remaining
reactive sites. The resulting abf-PEGd50 and abf-PEGd20 SPION conjugates were
concentrated to 2 ml using Vivaspin 15R concentrators with a 5000 Da cut off at
3082 g and then purified by SEC on Sephacryl 300HR in PBS.
2.6. ScFv-SPION ratio

The concentration of sm3E in the purified abf-SPION conjugate solutions was
determined using the Bradford assay as follows: 0.5 ml of the conjugate solution was
added to 0.5 ml of Bradford reagent (Sigma–Aldrich) and mixed gently by hand.
Samples were then incubated at room temperature for 15 min, after which absor-
bance was measured at 595 nm (Cecil CE2041 2000 series spectrophotometer)
blanked against non-functionalised SPIONs. The absorbance reading was used to
estimate the sm3E protein concentration in the samples by reading against a stan-
dard curve of serial dilutions of sm3E. Subsequently, the number of sm3E molecules
in the abf-SPION conjugate solutions was calculated.

The concentration of the SPIONs in the purified abf-SPION conjugate solutions
was determined by absorbance readings at 490 nm. The absorbance readings were
used to estimate the SPION concentration in the samples by reading against
a standard curve of serial dilutions. The number of particles per mg of SPION
(inclusive of iron, dextran and PEG) was taken from the manufacturer’s data sheet.
This was 1.1�1013 for the d50 and PEGd50 and 1.6�1014 for the PEGd20. The
number of SPIONs/ml was estimated by multiplying the SPION concentration by the
number of particles/mg.
2.7. CEA ELISA

Immunoreactivity of the abf-SPION conjugates to CEA was tested by ELISA. CEA
(Sigma–Aldrich; 100 ml of 1 mg/ml in PBS), was coated onto 96-well plates (Costa,
High Wycombe, UK) and incubated overnight at 4 �C. Control wells were coated
with PBS alone. The wells were then blocked with 200 ml of 5% (w/v) powdered milk
in PBS for 1 h at room temperature and washed in PBS prior to incubation with
100 ml of the purified abf-SPION conjugates for 1 h (in triplicate wells). Following
incubation, the wells were washed with PBS and incubated with mouse anti-His IgG
(Qaigen Ltd, Crawley UK) 1 mg/ml for 1 h. The wells were then washed in PBS,
incubated with sheep anti-mouse-HRP (GE-Healthcare) 1 mg/ml for 1 h, washed in
PBS and incubated with 100 ml of 0.4 mg/ml O-phenylenediamine dihydrochloride
(Sigma–Aldrich) dissolved in phosphate citrate buffer, pH 5.0. Reactions were
stopped with 50 ml 4 M HCL and the absorbance was measured at 490 nm using an
Opsys MR� Microplate Reader (Dynex Technologies, Virginia, USA).
2.8. Cell culture

LS174T, a CEA-expressing (CEAþve) adherent colorectal cancer cell line and
A375M, a CEA negative (CEA�ve) adherent melanoma cell line were obtained from
the Health Protection Agency Culture Collection. The cell lines were routinely
cultured at 37 �C in a humidified atmosphere with 5% CO2 in vented 75 cm2 flasks
containing 15 ml RPMI-1640 medium supplemented with 10% foetal calf serum
(FCS), 2 mM L-glutamine, 50 IU/ml penicillin, 50 mg/ml streptomycin and 5% non-
essential amino acids (PAA Laboratories GmbH, Pasching, Austria). For subculture,
the cells were split at a ratio of 1:5 when 80% confluence was reached. The cells were
washed with PBS followed by incubated with trypsin–EDTA solution (PAA Labora-
tories) for 10 min at 37 �C to detach the cells. Once detached the cells were resus-
pended in complete media at room temperature, washed twice by centrifugation,
resuspended in complete media and reseeded into new culture flasks.



Fig. 1. abf-SPION conjugation schemes. A) Functionalisation of d50 SPIONs with sm3E. (B) Functionalisation of PEGd50 SPIONs with sm3E.
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2.9. Cellular uptake and trafficking studies by confocal laser scanning microscopy
(CLSM)

The specificity and cellular uptake pattern of the sm3E functionalised SPIONs to
CEAþve or CEA�ve cells was examined by CLSM. Cells were grown as a monolayer
on circular coverslips (VWR) in 24 well plates at a density of 1�105 cells/ml, 500 ml/
coverslip. The cells were incubated overnight at 37 �C in a humidified incubator with
a CO2 concentration of 5%, to allow adherence of the cells. The cells were then
incubated a further 24 h with 0.5 ml culture media containing i) media alone, ii)
non-functionalised SPIONs at 0.1 mgSPION/ml, or iii) abf-SPIONs at 0.1 mgSPION/ml.
Following incubation, cell monolayers were washed three times in PBS, fixed in 4%
paraformaldehyde for 20 min on ice. Once fixed the cells were washed in PBS
to remove the paraformaldehyde and incubated with mouse anti-dextran IgG
(Stemcell Technologies Inc, Vancouver, Canada) for 45 min at room temperature. The
cells were again washed in PBS and further incubated with goat anti-mouse IgG1
antibody labelled with Alexa Fluor 564 (Invitrogen, Oregon, USA). Nuclei were
counterstained using Hoechst 33342 (Invitrogen) according to the manufacturer’s
instructions. Endosomal localisation of SPIONs was investigated by co-immun-
staining with an anti-LAMP1 monoclonal antibody directed against late endosomal/
lysosome. Fluorescent labelling of the endosomes as well as the SPIONs allowed
CLSM analysis of SPION-endosome co-localisation. For fluorescent labelling of both
the endosomes and SPIONs, the cells were co-incubated with mouse anti- LAMP1
IgG2b (BD Bioscience, New Jersey, USA) and mouse anti-dextran IgG1 mg/ml,
followed by co-incubation with goat anti-mouse IgG2b labelled with Alexa Fluor 488
and goat anti-mouse IgG1 labelled with Alexa Fluor 564. Nuclei were counterstained
using Hoechst 33342. Coverslips were mounted in ProLong antifade (Invitrogen) and
imaged by using a Zeiss LSM 510 meta confocal microscope. All antibodies in this
experiment were used at 1 mg/ml.

2.10. Cellular SPION uptake studies by ferrozine assay

Cellular uptake of the abf-SPIONs was quantified using an adaptation of the
ferrozine assay [16]. The CEAþve cells were seeded at a density of 1�105 cells/ml
per well in 24 well plates. Once confluent and no further growth observed (typically
after 5 days) the cells were incubated for a further 24 h with 1 ml of fresh culture
medium containing i) media alone, ii) non-functionalised SPIONs at 0.1 mgSPION/ml
or iii) abf-SPIONs at 0.1 mgSPION/ml. Following incubation, the cells were washed in
ice cold PBS. After completely removing the PBS, the cells in three of the media
control wells were trypsonised and counted to determine the average number of
cells per well. All other treated and control cells were lysed with 0.3 ml of 50 mM

NaOH (Sigma–Aldrich) for 2 h at room temperature. The cell lysates were then
transferred to 1 ml Eppendorf tubes (Eppendorf North America, New York, USA) and
mixed gently by hand with 0.3 ml of 10 mM HCl (Sigma–Aldrich) and 0.3 ml of the
iron releasing reagent, a freshly mixed solution of equal volumes of 1.4 M HCl and
4.5% (w/v) KMnO4 (Sigma–Aldrich). The reaction mix was incubated for 2 h at 60 �C
and cooled to room temperature before addition of 30 ml of the iron detection
reagent (6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium acetate and 1 M

ascorbic acid [Sigma–Aldrich] in water). After gentle mixing by hand, the samples
were incubated at room temperature for a further 30 min to allow colour devel-
opment. Absorbance was measured at 550 nm. The absorbance values were used to
estimate the SPION iron concentration in the samples by reading against a standard
curve of serial dilutions of the d50, PEGd50 or PEGd20 SPION. The absorbance values
were used to estimate the SPION iron concentration in the samples by reading
against a standard curve of serial dilutions of the d50, PEGd50 or PEGd20 SPION;
individual cell uptake of SPIONs was estimated by dividing the number of cells/well.

2.11. In vitro cytotoxicity

SPION cytotoxicity was investigated using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Sigma–Aldrich) [17]. CEA þve cells were
seeded at a density of 1�105 cells/ml, 200 ml/well in 96-well plates. The plates were
incubated overnight in a humidified incubator with a CO2 concentration of 5% to
allow adherence of the cells. Once adhered the cells were incubated overnight with
either 0.1 ml of medium containing no SPIONs, the unmodified SPION at particle
concentrations of 0.1 mg/ml, 0.5 mg/ml or 1 mg/ml or the abf-SPION at a particle
concentration of 0.1 mg/ml. The cells were then washed and incubated a further 96 h
in fresh culture media. 20 ml (5 mg/ml) MTT was added and incubation was
continued for a further 4 h. The medium was carefully removed and the formazan
crystals (indicating cell viability) were solubilised by adding 0.1 ml dimethyl sulf-
oxide (Sigma–Aldrich) per well. Absorbance at 550 nm was measured using the
Opsys MR� Microplate Reader (Dynex Technologies). Experiments were performed
in triplicate and are expressed as the average þ/� S.D. Cell survival was determined
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as a percentage of viable cells in comparison with media only control wells. One-way
ANOVA and unpaired t-tests were used to determine whether the SPIONs caused
any significant cytotoxicity.

2.12. Magnetic resonance imaging

The potential of abf-SPION conjugates for MRI was investigated in vitro after
incubation in the CEAþve or CEA�ve cells. Cells cultured to 70% confluency in a T75
flask were incubated overnight in 10 ml of fresh culture medium containing i) media
alone, ii) non-functionalised SPIONs at 0.1 mgSPION/ml, or iii) abf-SPION at
0.1 mgSPION/ml. After incubation, the cells were washed before and after trypsi-
nisation in PBS and fixed in 4% paraformaldehyde for 20 min. Following fixation, the
cells were washed again in PBS and pelleted by centrifugation in 0.25 ml Eppendorf
tubes. Supernatants were removed and the tubes were placed inside a modified
50 ml test tube filled with 16 mM CuSO4 to enhance image contrast. T2-weighted
images were acquired with a 2DFT spin-echo sequence on a 2.35T horizontal bore
scanner interfaced to a SMIS console (3 cm RF coil, 256� 256 matrix, 1 mm slice, 2
averages, FOV 60 mm, TR¼ 1 s, TE¼ 80 ms). T2 relaxation times were obtained from
12 echo times (TE¼ 28–80 ms, 128� 128 matrix, FOV 40 mm, TR¼ 1 s) and calcu-
lated for each sample on a pixel-by-pixel basis.

3. Results

3.1. Functionalisation of SPIONs

A total of 150 mg of monomeric sm3E was generated from a 10 l
fermentation after purification by EBA-IMAC followed by SEC
(Fig. 2A). The material obtained gave a single band of ca. 27 kDa in
SDS-PAGE that is in agreement with the molecular mass as deduced
from the sm3E-His amino acid sequence (Fig. 2B). Immunoreac-
tivity with CEA was confirmed by ELISA (Fig. 2C).

The purified sm3E was covalently conjugated to d50 SPIONs via
dextran and to the PEGylated SPIONs via carboxylated PEG.
Attachment and purification by size exclusion chromatography was
successful in all cases and resulted in an estimated 28 sm3E
molecules per SPION for the abf-d50 and 29 for abf-PEGd50. For the
smaller abf-PEGd20 SPION the estimated number of scFvs was only
2 sm3E molecules per particle. This was directly proportional to the
PEG content of the SPION as stated on the manufacturers data
sheet, which gave an estimation of 131 PEG chains per PEGd20
compared to 1900 PEG chains per PEGd50. All the functionalised
SPIONs bound specifically to the target antigen, CEA, as shown by
ELISA (Fig. 3) CEA binding was not detected with unmodified
SPIONs (Fig. 3).

3.2. In vitro cytotoxicity

Potential cytotoxicity of the abf-SPIONs and the non-function-
alised SPIONs was estimated from cell viability relative to untreated
cells. There was 92–100% cell viability in relation to the control
sample (Fig. 4). These results indicate that there is no evidence of
SPION toxicity at concentrations up to 1 mg/ml.

3.3. Targeting and imaging

The ability of the abf-SPIONs to specifically target and image
CEA-expressing cells was tested using complementary imaging
techniques. CLSM was used to visualise cellular distribution of
SPIONs and MRI was used to quantify the T2 of cell samples and
assess the imaging potential of the conjugates. In all cases, CEAþve
or CEA�ve cells were pre-incubated with abf-SPIONs or unmodified
SPIONs at a particle concentration of 0.1 mg/ml. This was equivalent
to 1.3 mg scFv/ml for 50 nm particles and to 1.5 mg scFv/ml for 20 nm
particles. The results displayed in Fig. 5 demonstrate that func-
tionalisation with scFvs was an essential requirement for specific
binding to CEAþve cells, for all particles tested. However, the
different coatings and hydrodynamic radii gave rise to distinct
cellular interaction properties.

3.4. Dextran coated SPIONs

The dextran coated abf-d50 SPIONs specifically targeted the
CEAþve cells and showed preferential distribution around the cell
surface membrane (Fig. 5A, CLSM, CEAþve cells, abf-d50). In
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contrast, the non-functionalised d50 particles showed no binding
(Fig. 5 A, CLSM, CEAþve cells, d50). The specificity for CEA was
confirmed by the cellular uptake of iron which, using the Ferrozine
assay, was estimated to be 4.4 pgSPION/cell for cells targeted with
abf-d50 and <0.01 pgSPION/cell with unmodified d50. On visual
inspection of CLSM images neither abf-d50 nor unmodified d50
bound significantly to the CEA�ve cells (Fig. 5A, CLSM, CEA�ve
cells). Specificity of the abf-SPIONs was further supported by
in vitro MRI. T2-weighted images of CEAþve cells incubated with
abf-d50 demonstrated a negative T2 contrast (Fig. 5A, MRI, CEAþve
cells) as a result of a T2 reduction of 43% compared to media only
control (Fig. 5A, T2 Chart, CEAþve cells). A very small reduction in T2

(0.17%) was observed with the non-functionalised d50. Following
incubation with CEA�ve cells, a reduction in T2 was also obtained
with both the functionalised and non-functionalised d50 (28% and
20% respectively, Fig. 5A, T2 Chart, CEA�ve cells). However, no
resulting contrast was observed on T2-weighted MR images
(Fig. 5A, MRI, CEA�ve cells).

3.5. PEGylated SPION

Addition of PEG–COOH to the SPION surface promoted inter-
nalisation of the 50 nm particles and tended to encourage non-
specific uptake as shown in Fig. 5B. Here, internalisation was
observed both for sm3E-conjugated particles (Fig. 5B, CLSM,
CEAþve cells, abf-PEGd50) and unmodified particles (Fig. 5B, CLSM,
CEAþve cells, PEGd50). The internalised particles appeared to be
trafficked to endosomes (see relevant section below). However,
functionalisation with sm3E led to a CEA-specific increase in
uptake. The estimated cellular iron content using abf-PEGd50 was
4.7 pgSPION/cell. For PEGd50, this was <0.01 pgSPION/cell. These
results are similar to those obtained with the non-PEGylated d50
particles. A similar trend was observed on T2-weighted MR images
(Fig. 5B, MRI). CEAþve cells incubated with abf-PEGd50 exhibited
a 57% reduction in T2, compared to 11% reduction with unmodified
PEGd50 (Fig. 5B, T2 Chart, CEAþve cells).

The PEGd50 showed significant intracellular uptake in CEA�ve
cells; this was independent of functionalisation (Fig. 5B, CLSM,
CEA�ve cells). In support of these observations, MR images showed
negative contrast and there was a corresponding reduction in T2

using both the functionalised and the non-functionalised PEGd50
on CEA�ve cells (51% and 49% reduction in T2, respectively) (Fig. 5B,
MRI and T2 Chart, CEA�ve cells). Together, these results indicate the
non-specific interaction of the PEGd50 with the CEA�ve cells.

When PEGylated particles with a smaller hydrodynamic radius
were tested, specific internalisation was still retained but non-
specific uptake was decreased. This is illustrated in Fig. 5C, where
internalisation of abf-PEGd20 is demonstrated, whereas uptake is
decreased in the absence of functionalisation with sm3E (Fig. 5C,
CLSM, CEAþve cells). This was mirrored by the difference in
CEAþve cellular iron content between the particles, which was
2.4 pgSPION/cell for abf-PEGd20 and <0.01 pgSPION/cell for
unmodified PEGd20. The iron uptake with abf-PEGd20 was
approximately half that achieved with the larger abf-PEGd50 and
may reflect the fact that we were able to attach >10-fold less sm3E
to the smaller particles. Importantly, however, even with reduced
iron uptake, the abf-PEGd20 provided specific MR contrast on
CEAþve cells (Fig. 5C, MRI, CEAþ ve cells). Furthermore, the
reduction in T2 values obtained with abf-PEGd20 was 51%, only
marginally lower than the 57% obtained with the abf-PEGd50.

Comparing favourably to the larger PEGylated particles, CLSM
images illustrated minimal internalisation of the PEGd20 into
CEA�ve cells, either before or after conjugation to sm3E (Fig. 5C,
CLSM, CEA�ve cells). In addition, neither abf-PEGd20 nor PEGd20
provided strong negative contrast on MRI using CEA�ve cells
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Fig. 5. CLSM and T2-weighted images of CEAþve LS174T cells and CEA�ve A375M cells following overnight incubation with functionalised and non-functionalised SPIONs (A) d50,
(B) PEGd50 and (C) PEGd20. For the CLSM images (left panel), SPIONs are shown in red and cell nuclei in blue. Specific uptake on MRI (right panel) was illustrated by T2-weighted spin-echo
images of cell pellets in test tubes and their corresponding T2 relaxometry values. The percentage (%) T2 reduction values were calculated based on values from cells incubated in media alone.
CLSM and T2-weighted images indicate that abf-d50 (A) bind specifically to the cell membrane of the CEAþve cells (CLSM) causing enhanced MRI contrast of the CEAþve cell pellet (T2 image;
arrow). In contrast, the PEGd50 (B) internalised non-specifically into both cells lines as shown by CLSM resulting in a similar MRI signal for the CEAþve and CEA�ve cells (T2 image; arrow).
The abf-PEGd20 (C) appeared to be specifically internalised into CEAþve cells (CLSM) leading to corresponding specific enhanced MRI contrast of the cell pellet (T2 image; arrow).



Fig. 6. CLSM images showing endosomal localisation of abf-PEG-d50 in CEAþve LS174T cells (white arrow in (D). abf-PEG-d50 are shown in red (A), endosomes in green (B) and cell
nuclei in blue (C).
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(Fig. 5 C, MRI, CEA�ve cells). The reduction in T2 was approxi-
mately 25% for both abf-PEGd20 and PEGd20 (Fig. 5C, T2 Chart,
CEA�ve cells), which is similar to the 25% reduction obtained
using the d50 particles.

3.6. Intracellular trafficking

On CLSM images the internalised PEGylated SPIONs appeared to
localise to punctate structures distributed throughout the cyto-
plasm (Fig. 5A, CLSM, CEAþve cells). To determine whether these
represent endosomal compartments we co-immunostained the
cells with anti-dextran (Fig. 6A, red) and anti-LAMP1 (Fig. 6B,
green) antibodies. Co-localisation was observed between the anti-
bodies (Fig. 6D, white arrows) indicating that the 50 nm PEGd50
are trafficked to late endosomal compartments. Similar results
were obtained using the abf-PEGd20 (not shown).

3.7. Surface charge

Negative surface charge has been reported to encourage non-
specific electrostatic interaction with membranes and facilitate
intracellular uptake [18,19]. Since the PEGylated SPIONs were
coated with carboxylated PEG, we tested whether this affected the
overall surface charge, and could therefore be responsible for the
internalisation and the non-specificity observed with the PEGy-
lated particles. We found that, whilst the d50 SPION had a zeta
potential (surface charge) of �1.5 mV, the PEGd20 and PEGd50
have a surface charge of �4.0 mV and �5.0 mV, respectively. The
intracellular uptake observed with the PEGd20 and PEGd50 may
therefore be due to increased negative surface charge, attributed by
the absorbed PEG–COOH chains.
4. Discussion

We have investigated the potential of scFvs to target SPIONs to
cancer cells. We propose that these SPIONs could play a key role in
tumour delivery of therapeutics and non-invasive monitoring of
therapeutic response. In this study, we have tested the targeting
potential of scFv-functionalised SPIONs by measuring their speci-
ficity and pattern of uptake in cancer cells and their MRI conspi-
cuity in vitro following targeting to cancer cells. To achieve this
targeting we conjugated the SPIONs to sm3E, a recombinant scFv
reactive with CEA, a cell surface glycoprotein. CEA is an established
tumour marker, over-expressed in many human cancers, particu-
larly of the gastrointestinal tract [20], and a potential target for
abf-SPIONs. However, this approach is applicable to other cancers
and indications since scFvs are readily obtained to virtually any
target using phage display libraries and recombinant antibody
technology [21].

We have tested SPIONs with different surface coatings and
hydrodynamic ratios, identifying properties important for specific
targeting to target CEAþve cancer cells. For our initial experiments,
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we focused on SPIONs stabilised with dextran, the most common
particle coating for biomedical applications [22,23]. Dextran sta-
bilises the iron oxide particles, minimising agglomeration, and also
provides a platform for functionalisation [24]. It is used in the
FDA-approved SPIONs Resovist� and Endorem�. For in vivo appli-
cations, the size of the SPION is a critical factor in its ability to reach
the tumour [25]. It is reported that SPIONs with hydrodynamic
diameter over 100 nm are readily cleared by the reticuloendothelial
system [26] or are unable to move through capillary vessels [27].
We therefore investigated dextran coated SPIONs in the size range
of 50 nm. The molecular diameter of a whole IgG is approximately
28 nm [28], and scFvs are relatively small at approximately 5 nm.
Therefore, functionalisation of SPIONs with scFvs should not
significantly increase their diameter.

We observed that by attaching the scFv it was possible to achieve
specific binding of the SPIONs to the CEA-expressing cells and that
we could measure this using MRI, CLSM and iron uptake assays. The
targeted SPIONs were localised on the extracellular membrane, as
has been reported with dextran coated SPIONs functionalised with
whole monoclonal antibodies (mAbs) [29]. The dextran coated
SPIONs were also easy to manipulate and could be used as simple
biological reagents in standard applications such as FPLC and ELISA.
Whilst specificity of SPIONs may be achieved through conjugation
with mAbs [25,27,29–31], mAbs can substantially increase the
hydrodynamic radius when conjugated to SPIONs and may also
initiate unwanted interactions with natural effectors [30].

Dextran coated particles, however, may have limited application
for tumour targeting in vivo, due to receptor-mediated endocytosis
via macrophage receptors [32]. One-way of addressing this is to
mask the particles with PEG. The PEG brush-like structure results in
formation of a watery shell around the particle and is thought to
sterically prevent attachment of plasma proteins [33]. As a result,
PEG has been shown to reduce recognition and clearance of
nanoparticles [34], increasing blood circulation time from seconds
to hours [35–38]. The increase in blood half-life is predicted to
enable more scFv-targeted SPIONs to reach the target site. PEG has
also been used in FDA-approved biotherapeutics [39].

Our comparison of PEGylated SPIONs targeting potential with
dextran coated SPIONs of the same size revealed marked differences
in the SPION properties, conferred by their different surfaces.
Although the functionalisation with scFv still resulted in increased
iron uptake, the 50 nm PEGylated SPIONs were non-specifically
taken up by CEAþve cells, even before conjugation to sm3E. More-
over, the PEGylated SPIONs showed intracellular uptake into endo-
somes, whereas the dextran coated particles appeared to remain on
the cell surface. It has been reported that anionic SPIONs have
a higher affinity for positively charged areas on the cell membrane,
encouraging non-specific internalisation by fluid phase endocytosis
[19]. Therefore, one possible cause of the observed internalisation
would be the negative surface charge conferred by the carboxylated
PEG chain terminals. Indeed, our results showed a reproducible
decrease from �1 mV to �5 mV upon addition of PEG, suggesting
that this is a likely contributing factor. In line with these observa-
tions, dextran has previously been reported to exhibit poor inter-
nalisation [19], an effect attributed to its neutral charge [40–43].

The quantity of PEG-mediated non-specific uptake was,
however, less than 0.01 pg/cell compared to that achieved by
functionalisation with scFv (4.8 pg/cell). Targeting specificity to
the CEAþve cells was also confirmed with MRI; the abf-PEGd50
resulted in a marked 57% reduction in T2 values, whereas the
unmodified PEGd50 resulted in an 11% reduction in T2, indicating
a limited amount of non-specific interaction with CEAþve cells.
However, there was a 50% reduction in T2 values for the CEA�ve
cells, even in the absence of sm3E, which strongly suggests non-
specific uptake by this cell line.
These results indicate that non-specific SPION uptake is not only
dependent on surface charge but also on cell type. Similar findings
have been reported by a number of other groups [35,40,44,45] and
it has been speculated to be due to cell lines exhibiting different
rates and mechanisms of endocytosis [40,45]. The architecture and
composition of cells has also been found to affect SPION uptake, and
PEGylated SPION have been reported to be show more non-specific
cellular uptake [35]. Our results are consistent with these obser-
vations as the more PEGylated PEGd50 showed increased non-
specific binding to the CEA�ve A375M cells in comparison with the
non-PEGylated d50.

The intracellular uptake of SPIONs by non-specific endocytosis
has also been reported to be dependent on hydrodynamic SPION
size, with increasing diameter leading to increased cell uptake [38].
We hypothesised that using a smaller less PEGylated particle would
reduce non-specific uptake and thus chose to investigate the
potential of PEGylated 20 nm particles. Conjugation of the sm3E to
the PEGd20 yielded approximately 2 scFvs per SPION. This is
consistent with DeNardo et al., who reported conjugation of 2 ChL6
mAbs to the PEGd20 by carbodiimide conjugation chemistry [15].
Specific binding of the abf-PEGd20 to the CEAþve cells was
observed, with SPION uptake of 2.5 pg/cell. This SPION uptake
compares well to Funovic et al., who demonstrated uptake of
approximately 2 pg/cell of anti-HER2 targeted SPIONs and anti-
9.2.27 targeted SPIONs [27]. The sm3E-PEGd20 was readily visible
on MRI when targeted to the CEAþve cells (with a 51% reduction in
T2). This was not the case for either the non-targeted particles or the
CEA�ve cells, indicating its specificity to the CEAþve LS174T cells.

Once internalised, the PEGylated SPIONs demonstrated accu-
mulation into endosomal compartments within the cell, a finding
that agrees with previous reports [19,42,43]. Due to the conditions
within these compartments, SPIONs are eventually broken down
and incorporated into the plasma iron pool [46]. However, this
degradation is believed to occur after several days [47], giving
sufficient time for MR imaging.

5. Conclusions

We have demonstrated the functionality of three different
SPIONs with the anti-CEA sm3E scFv and shown their potential as
selective imaging contrast agents. Size and charge of the SPIONs
were found to be important factors in the cellular behaviour of the
SPIONs. The abf-d50 was shown to bind selectively to the cell
membrane compared to the abf-PEGd50, which showed intracel-
lular uptake and some non-specificity in particular with the
CEA�ve A375M cell line. Both of these effects are believed to be
attributed to the size, PEG content and anionic charge of the
PEGd50. By conjugation of sm3E to the smaller, less PEGylated
PEGd20, intracellular trafficking into cells was retained whilst the
issue of non-specificity was reduced. Thus, the 20 nm abf-PEG
SPIONs appear to show superior target-dependent specificity,
although a higher number of scFvs were covalently bound to the
larger 50 nm abf-PEG SPIONs. Our results demonstrate that,
through functionalisation with scFvs, specific targeting of both
dextran and PEG coated SPIONs to cells is achievable in vitro, while
the size and surface properties of the SPIONs are important
parameters to consider for optimal design. ScFv-SPION conjugates
are attractive for the future development of specific vehicles aimed
at cancer diagnosis and therapy.
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Figures with essential color discrimination.Many of the figures
in this article have parts that are difficult to interpret in black and
white. The full color images can be found in the on-line version, at
doi:10.1016/j.biomaterials.2009.10.036.
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