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Abstract

Background: Recent advances in nanomedicine have shown the great interest of active targeting associated to
nanoparticles. Single chain variable fragments (scFv) of disease-specific antibodies are very promising targeting enti-
ties because they are small, not immunogenic and able to bind their specific antigens. The present paper is devoted
to biological properties in vitro and in vivo of fluorescent and pegylated iron oxide nanoparticles (SPIONs-Cy-PEG-
scFv) functionalized with scFv targeting Human Epithelial growth Receptor 2 (HER2).

Results: Thanks to a site-selective scFv conjugation, the resultant nanoprobes demonstrated high affinity and spe-
cific binding to HER2 breast cancer cells. The cellular uptake of SPIONs-Cy-PEG-scFv was threefold higher than that for
untargeted PEGylated iron oxide nanoparticles (SPIONs-Cy-PEG) and is correlated to the expression of HER2 on cells.
In vivo, the decrease of MR signals in HER2+ xenograft tumor is about 30% at 24 h after the injection.

Conclusions: These results all indicate that SPIONs-Cy-PEG-scFv are relevant tumor-targeting magnetic resonance

imaging agents, suitable for diagnosis of HER2 overexpressing breast tumor.

Keywords: Breast tumor, Human Epithelial growth Receptor 2 (HER2), Iron oxide nanoparticle, Cyanine 5.5, Single
chain variable fragment (scFv), Magnetic Resonance Imaging (MRI)

Background

Despite many advances in the treatment of cancer, devel-
oping novel approaches for the accurate detection of can-
cer and for targeted therapies based on cancer-specific
markers is still in the news. Nanomedicines could be
ideal candidates to achieve this goal due to their unique
properties compared to traditional drug formulations or
imaging agents. However, finding a relevant strategy to
target selective tumors by using nanomedicine has been a
big challenge so far [1]. In this context, various nanopar-
ticles (NPs) are developed for targeted delivery of diag-
nostic/therapeutic agents to the tumor sites, intended
to result in greater efficacy and less side effects. Two
strategies are still studied intensively, passive and active
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targeting [2]. Passive targeting is based on the diffusion
of the NPs into the tumor by the so-called enhanced per-
meability and retention (EPR) effect [3, 4]. Unfortunately,
this approach alone is not sufficient since it suffers from
several limitations. The most important limitation is that
targeting cancer cells using the EPR effect is not feasible
in all tumors because the degree of tumor vascularization
and porosity of tumor vessels can vary with the tumor
type and status [5, 6]. Active targeting utilizes biological
ligands attached to the NPs to recognize overexpressed
biomarkers on tumors. In this strategy, two targets can
be distinguished: (i) cancer malignant cells and (ii) tumor
microenvironment [7, 8]. Attachment of cell-targeting
ligands onto NPs surface has provided further advantages
such as increased cellular uptake, reduced side effects
and better therapeutic efficacy in vitro as well as in vivo
[8-10].

Numerous targeting moieties are available for NPs
functionalization, including small molecules, sugars, fatty
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acids, peptides, proteins, aptamers and monoclonal anti-
bodies (mAbs) [11, 12]. Not only the choice of the cor-
rect targeting ligand is crucial but also the conjugation
chemistry used to attach it is essential and can impact
the therapeutic outcome of such targeted nanodevices
[11]. Within the targeting ligands extensively studied,
there are antibody moieties, and especially engineered
antibody fragments [13] such as single chain variable
fragment (scFv) [10], disulfide-stabilized Fv antibody
fragment (ds-Fv), ds-scFv, single chain antibodies (sdAb)
and diabodies. These antibody fragments retain at least
one antigen-binding region and are characterized by
their simple structure (lack of an Fc domain) and their
molecular weight (25-50 kDa) compared to whole mAbs
(150 kDa). When applied to nanoparticle functionaliza-
tion, these two properties lead to higher loading capac-
ity and better orientation of the antibody fragment and
lower immunogenicity.

Our group recently designed a new generation of can-
cer-targeting magnetic nanoprobes based on SuperPara-
magnetic Iron Oxide Nanoparticles (SPIONs) coated
with polyethylene glycol (PEG). SPIONs are well known
as MRI contrast agents useful for cancer imaging [14, 15].
On this PEG layer, SPIONs were functionalized with a
specifically designed scFv directed against human epider-
mal growth receptor 2 (HER2) [16]. The membrane pro-
tein HER2 (also known as ErbB-2, Neu, CD340) is closely
associated with malignancy, and is highly expressed in
various tumors including mammary tumors [17, 18]. Our
targeted nanosystem presents the following advantages
compared to the others: (i) a site-selective maleimide-
thiol coupling to achieve optimal orientation of the scFv
targeting moieties on the surface of PEGylated SPIONS;
(ii) a moderate number of 7 antibody fragments per NP
to preserve both neutral surface and small size compat-
ible with their immune stealthiness, (iii) an IRM/optic
bimodality as our nanoprobes are labelled with a deep-
red fluorescent dye (cyanine 5.5 hereafter called Cy)
covalently bound to the iron oxide core. The advantage of
using the deep-red absorbing and near-infrared emitting
Cy was related to the fact that both light absorption and
emission by cells and tissues in this spectral region is very
low.

In this present paper, we investigated the potential of
these targeted imaging agents for the accurate detection
of HER2 breast cancer in the context of diagnosis (evalua-
tion of HER?2 status) or support for surgery. After a rigor-
ous characterization of our HER2-positive breast cancer
model, we especially investigated the HER2 protein bind-
ing affinity of our nanoprobes SPION-Cy-PEG-scFv, their
cellular uptake and in vivo tumor targeting. Thanks to
their bimodal properties, we alternately employed meth-
ods to track either the magnetic core of the nanoprobes
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(IRM, TEM) or its organic fluorescently labelled shell
(FACs, confocal imaging).

Conclusion

In conclusion, we developed SPIONs-Cy-PEG-scFv
nanosystems that show high affinity to HER2 overex-
pressed on breast cancer cells in vitro. Their fluorescent
labelling made possible to follow, both qualitatively and
quantitatively, their uptake in the cancer cells. In vivo, the
SPION-Cy-PEG-scFv allowed a selective MRI labelling
of HER2-positive tumors. The presented results indicate
that these nanoparticles functionalized with antibody
fragment have a promising potential as targeted imaging
agent for use in diagnostics of malignant tumors. Fur-
thermore, it should be possible to exploit them also in
anticancer therapy, as drug carriers and/or hyperthermia
substrates. The theranostic properties of these nanosys-
tems will be in a focus of our next studies.

Results and discussion

Nanoprobe physico-chemical characteristics

and biofunctionality

The preparation of fluorescent PEGylated SPIONs func-
tionalized with scFv anti-HER2 (SPION-Cy-PEG-scFv)
includes three steps, as shown in Fig. 1. The synthesis
starts with silanized SPIONSs that were obtained by reac-
tion between silane molecules and the surface hydroxyls
groups of SPIONs [19]. The first step consists to intro-
duce the fluorophore Cyanine 5,5-NHS (Cy) at the nan-
oparticle surface. To not affect the colloidal stability of
nanoparticles and to protect the fluorophore from fur-
ther quenching by external interactions, Cy was directly
grafted on the SPION core and thus buried within a PEG
polymeric layer. The NHS group of Cy reacts with pri-
mary amine groups at the surface of silanized SPIONS.
The excess of primary amines then reacts with NHS-
PEGs(y,-maleimide upon the second step of the pro-
cess. The excess of cyanine dye and NHS-PEG-mal were
eliminated by dialysis for 48 h at 4 °C in order to preserve
the maleimide functions. In the third step, the scFv frag-
ment 4D5 was grafted on the surface of SPIONs-Cy-PEG
according to our protocol previously described [16]. The
oriented coupling of scFv at the surface of PEGylated
SPIONs was performed via the formation of stable cova-
lent thioether bonds between the terminal cysteine resi-
due introduced on the hexahistidine tag of the antibody
fragment and maleimide terminal groups of the polymer
chains. The SPIONs-Cy-PEG-scFv were purified from
free scFv by dialysis and were concentrated using cen-
trifugal concentrator. The efficiency of purification pro-
cess was controlled by ELISA (Additional file 1: Fig.
S1). Results show that none scFv was detected in filtrate
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confirming the absence of free scFv and consequently the
efficiency of dialysis.

The physico-chemical properties of SPIONs-Cy-PEG
and SPIONs-Cy-PEG-scFv were compared. The hydrody-
namic diameter in PBS at pH 7.4 were 65.8 &+ 2.2 nm and
70.5 + 1.8 nm respectively with a polydispersity index
below 0.2 (Additional file 1: Fig. S2A). The zeta poten-
tial were from — 4.6 to — 5.0 mV at physiological pH.
So, the presence of scFv at the surface of nanoparticles
did not perturb the physicochemical properties of nano-
particles, no significant increase of the D;; was observed
and the surface of SPIONs remained almost neutral.
The quantity of scFv covalently bound to SPIONs-Cy-
PEG-scFv was estimated to be around 7 scFv per SPION
[16]. Others groups conclude that the functionalization
of SPIONs with scFv do not significantly increase their
diameter as scFv are relatively small entities of approxi-
mately 5 nm [20]. As noted previously [21], the presence
of Cy dye was confirmed by the strong fluorescence sig-
nal recorded from the functionalized SPIONs suspended
in water (Additional file 1: Fig. S2B). The shape of the Cy
spectra obtained for nanoparticles with or without scFv
is strictly the same which indicates identical polarity of
the fluorochrome molecular environment (presumably
that of hydrated PEG) in both batches. This result is in
favor with the assumption that the chromophore should
be buried under the protective polymeric layer. In con-
trast to the NPs where the fluorophores are attached to
the external polymeric surface, our NPs labelling strategy
offers several advantages because it allows to avoid and/
or to reduce the following undesired phenomena that
may occur upon the NP tracking in biological media: (i)

degradation/detachment of the fluorophore from the NP
by cleavage; (ii) emission quenching by interactions/envi-
ronment changes; and (iii) loss of targeting/stealthiness
properties because of interference of the fluorophore
molecules.

Lastly, the ELISA assay performed on increasing con-
centrations of SPIONs-Cy-PEG and SPIONs-Cy-PEG-
scFv confirmed the functionality of the scFv grafted. The
scFv revelation was made by Protein L (PpL), which is
able to bind to some kappa light chain variable domains
without interfering with the antigen-binding site. This
characteristic has the great advantage to detect antibody
fragments such as scFv [22], which are devoid of constant
domains. The absorbance of the substrate of protein-
L-HRP increased with the concentration of SPIONs-Cy-
PEG-scFv whereas the absorbance remained negligible
for SPIONs-Cy-PEG (Fig. 2a). Thus, the covalent conju-
gation of the scFv at the surface of the nanoprobes did
not hinder its antigen binding ability. Kanazaki et al.
showed that scFv anti-HER?2 associated to iron oxide NPs
(IONP) exhibited higher affinity (measured by surface
plasmon resonance—SPR) compared to trastuzumab and
to peptide-IONPs, whereas the Kd of each targeting moi-
ety alone is better for trastuzumab [23]. This suggested
that orientation of anti-HER2 moiety is an important fac-
tor for the binding affinity to iron oxide NPs.

The immunoreactivity of the SPIONs-Cy-PEG-scFv
was additionally confirmed by immunofluorescence
labelling of HER2-overexpressing breast cancer cells
SK-BR3. As we can see on Fig. 2b, plasma membranes of
the SK-BR3 overexpressing cell lines incubated with SPI-
ONs-Cy-PEG-scFv appear fluorescent whereas it remain
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Fig. 2 Functionality of SPIONs-Cy-PEG-scFv regarding HER2 proteins. a Indirect ELISA test of the immunoreactivity of SPIONs-Cy-PEG-scFv (red
curve) vs. SPIONs-Cy-PEG (blue curve). b Immunofluorescence images of SK-BR3 breast cancer cells incubated in the presence of SPIONs-Cy-PEG-
scFv and SPIONs-Cy-PEG (detection with PpL-FITC)

dark with SPIONs-Cy-PEG. That confirms a specific rec-
ognition of the scFv-nanoprobe to HER2 receptors. This
suggests that the scFv molecules attached on the NPs
surface were not denatured and were favorably exposed
to the exterior thanks to the site-selective coupling [16].

HER2 quantification and cellular uptake

What about the targeted HER2 receptor? It has been
demonstrated previously in several papers that SK-BR3
and BT-474 human breast cancer cells express high levels

of HER2 receptors [24, 25]. Thus, HER2 receptors loca-
tion on cells was investigated on SK-BR3 and BT-474
cells by confocal microscopy respectively and Transmis-
sion Electron Microscopy (TEM). Figure 3a shows that
plasma membranes of SK-BR3 cells were illuminated
further to the incubation of fluorescent anti-HER2 anti-
bodies. By the same, dark zones were clearly identified
at the cell periphery further the incubation of anti-HER2
antibodies coupled with nano-sized MACS® Microbe-
ads (Miltenyi Biotec) (Fig. 3b). MACS MicroBeads are

0.2 ym

CD340-Alexa Fluor® 488. b Electronic microscopies data on BT-474 cell incubated with anti-ErbB2 MicroBeads (Miltenyi Biotec)
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50-nm magnetic particles conjugated to specific anti-
bodies, designed for magnetic cell sorting. Here, we used
these nanoforms to detect HER2 location on TEM. These
two microscopy modalities confirm that HER2 recep-
tors were mainly localized at plasma membranes of some
breast cancer cells and that scFv anti-HER2 should inter-
act with them.

When we talk about active targeting, numerous
study demonstrated that the uptake of targeted NPs is
enhanced when the cells overexpress the accurate recep-
tor [26]. However, investigations of possible correlation
to the level of the receptor expression are rare, although
are critically important. Thus, prior to testing nanosys-
tems on cells, we quantified the HER2 expression in four
human breast cancer cell lines; BT-474, SK-BR3, MDA-
MB231 and MCEF-7 by flow cytometry. Two parameters
were evaluated: the percentage of HER2 positive cells that
represent the presence of HER receptors at the cell sur-
face and the mean fluorescence intensity (MFI) showing
the level of expression of this receptor. We found that 99
and 98% of SK-BR3 and BT-474 cells respectively have a
very high level of the HER-2 receptor expression (Fig. 4a).
Indeed, the MFI was about 222 + 14 u.a. for SK-BR3 cells
and about 191 £ 22 u.a. for BT-474 cell lines (Fig. 4b). In
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contrast, only 26% of MCF-7 cells expressed the receptor
with a MFI around 19 + 2 u.a. Moreover, 58% of MDA-
MB231 cell line expressed the HER2 receptor but with a
very low level of fluorescence as MFI was around 13 =+ 2
uw.a. To sum up, SK-BR3 and BT-474 were considered
as HER2 overexpressing cell lines (HER2++), MDA-
MB231 and MCE-7 were called HER2 negative (HER2—)
even though their level of expression was not totally
zero, especially for MDA-MB231. Taking into account
this quantification, SPIONs-Cy-PEG-scFv were then
incubated on BT-474, MDA-MB231 and MCEF-7 cells
for 10-360 min. The mean fluorescence intensity (MFI)
steadily increased with time for all cell lines and started
saturating after 240 min (Fig. 4c). For MCF-7 (HER2—),
the amount of SPIONs-Cy-PEG-scFv able to penetrate
the cells is very few and the increase according time is
very low. For BT-474 cells (HER2++), at very early times
up to 15 min, a large quantity of NPs were internalized
by the cells. This amount increased until 240 min and
stagnate until 360 min that traduce a saturation phenom-
enon. For MDA-MB231, the uptake of SPIONs-Cy-PEG-
scFv during the first hour is quite moderate and start
saturating after 100 min. This experiment means that the
uptake of SPIONs-Cy-PEG-scFv by breast cancer cells
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is proportional to their HER2 level of expression. These
results confirm the interest of nanoprobe functionaliza-
tion with scFv anti-HER2 in the aim of HER2 overex-
pressing breast cancer imaging or therapy.

In vitro targeting on BT-474 breast cancer cells

We wanted to study also the specificity of the targeting
with scFv by comparing the cellular trafficking of SPI-
ONs-Cy-PEG and SPIONs-Cy-PEG-scFv. According to
the CSI data, which exploits the full fluorescence spec-
trum from numerous points of an optical section of the
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cell, both nanoprobes were taken up into the cytosol of
BT-474 cells after 1 h of incubation (see the maps shown
in red, Fig. 5A, B). The fluorescent nanoprobes accumu-
lated in perinuclear cytosolic locations, which are logi-
cally assignable to endo-lysosomal compartments. That
means that scFv capped nanoprobes penetrate into the
cells by endocytosis which is expected for NPs of about
70 nm in size [27]. The endocytic pathways were con-
firmed using TEM analysis on BT-474 cells pre-incubated
with SPIONs-Cy-PEG and SPIONs-Cy-PEG-scFv for 4 h
(Fig. 5C, D). On TEM images, nanoprobes were found in
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Fig. 5 Endocytic pathway of SPIONs-Cy-PEG and SPIONs-Cy-PEG-scFv in HER2++ BT-474 breast cancer cells. Confocal spectral imaging data on
fluorescence of the Cy-labeled nanoprobes, SPIONs-Cy-PEG (A) and SPIONs-Cy-PEG-scFv (B) in BT-474 cells (1 h-37 °C-150 mg/L of iron), C, D elec-
tronic microscopies data on SPIONs-Cy-PEG and SPIONs-Cy-PEG-scFv uptake by BT-474 cells (4 h—37 °C-180 mg/L of iron), E flow cytometry data on
BT-474 cells after the incubation of Cy-labelled nanoprobes with or without anti-HER2 scFv (15-360 min-37 °C-150 mg/L of iron in PBS)
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endocytic vesicles surrounded by membranes, which is
consistent with endosome structures. CSI and TEM give
us qualitative data that were not able to make the differ-
ence between SPIONs-Cy-PEG and SPIONs-Cy-PEG-
scFv. To go further, cytometry data performed on BT-474
cells give us quantitative information about the amount
of nanoprobes penetrating the cells in function of time.
SPIONs-Cy-PEG are able to penetrate BT-474 cells, even
though the absence of targeting ligand, which is not sur-
prising taking into account their small size. Moreover,
Fig. 5E shows internalization kinetics of SPIONs-Cy-
PEG versus SPIONs-Cy-PEG-scFv on BT-474 HER2++
breast cancer cells. Even with very short incubation times
(60 min), SPIONs-Cy-PEG-scFv penetrate the cells more
than twice compared to SPIONs-Cy-PEG. After 240 min,
the uptake of SPIONs-Cy-PEG-scFv was threefold higher
than that for SPIONs-Cy-PEG.

In vivo targeting of HER2 ectopic breast tumor

To confirm these promising in vitro results, three groups
of BalB-C female nude mice were injected subcutane-
ously with 10 million of BT-474 cells to develop HER2
ectopic breast tumors. Six weeks later, the expression
of HER?2 proteins was checked on ectopic tumors to be
sure that the expression of the receptor is maintained
in vivo. The quantification of HER2 was performed by
flow cytometry and compared to BT-474 only grown
in vitro. Results show that the expression of HER2 is
maintained on BT-474 cells implanted on mice flank for
6 weeks (Additional file 1: Fig. S3). The percentage of
HER?2 positive cells and the MFI for cells grown in vivo
were unchanged compared to BT-474 grown in vitro. No
significant difference can be observed between the two
conditions showing that our ectopic xenograft is a rele-
vant in vivo model for HER2 targeting.

MR images were then acquired after the IV injection
of SPIONs-Cy-PEG-scFv and SPIONs-Cy-PEG on HER2
breast tumors on mice (Fig. 6a). A quantitative evaluation
was also performed by monitoring the mean grey level
intensity measured on tumors (Fig. 6b) and on clearance
organs (kidneys, spleen and liver) (Additional file 1: Fig.
S4). As SPIONs were negative contrast agents, lower is
the intensity, stronger is the accumulation in the target
organ. After the injection of SPIONs-Cy-PEG, the mean
grey level intensity measured on tumors stays around
100% throughout the experience showing that SPIONs-
Cy-PEG weakly penetrate in HER24 breast tumors
(Fig. 6b). On the contrary, after 15 min, the grey level
intensity measured for the group of mice injected with
SPIONs-Cy-PEG-scFv fall down to 65 £ 13%. 15 min
after the injection, the accumulation of SPION-Cy-PEG-
scFv into HER?2 breast tumor on mice is significant com-
pared to mice injected with SPION-Cy-PEG (p = 0.02,
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student t test) showing the potential of the scFv targeting
(Fig. 6b). The monitoring of grey level intensities in main
clearance organs show us that SPIONs-Cy-PEG-scFv
are more present in kidneys compared to SPIONs-Cy-
PEG (Additional file 1: Fig. S4). As they are too large to
be filtrated by kidneys [28], we make the hypothesis that
SPIONs-Cy-PEG-scFv may remain longer in the kidneys
irrigating bloodstream compared to SPIONs-Cy-PEG.
Unfortunately, both types of nanoprobes were captured
by liver and spleen. Iron quantification by AAS per-
formed on digested organs at 24 h confirmed the results
obtained by imaging (Fig. 7a, b). A high iron concentra-
tion is found in liver and spleen, whatever the nanoprobes
(SPIONs-Cy-PEG or SPIONs-Cy-PEG-scFv) injected
on mice, and it is not possible to make a significant dif-
ference between the two groups of mice. The amount of
iron injected by mouse is equivalent to 255 pug which is
very few compared to physiological iron present in liver/
spleen in mice. The cellular type involved in the hepatic
capture is still unknown (i.e. hepatocytes, Kupffer cells,
endothelial cells, etc.) [29]. Van Beers et al. showed a sig-
nificant increase in liver signal intensity on T1-weighted
images until 1 h after the injection of ferumoxtran of a
high dosage (150 pmol Fe/kg) whereas electron micros-
copy reveal the absence of NPs in hepatocytes and the
appearance in Kupffer cells between 8 and 24 h after their
injection [30]. It means that MRI has to be completed
with optical and electron microscopies to better under-
stand the compartmental distribution of IONP in the
liver. Distribution of our SPION-Cy-PEG-scFv in liver is
a subject of a new studies we currently initiate.

After 1 h, the grey level intensity measured into the
HER2 breast tumor slightly increased to be around
71 £ 13% for SPIONs-Cy-PEG-scFv while it remains
around 98 + 22% for SPIONs-Cy-PEG (p = 0.08; student
t-test). It means that a very few quantity of SPIONs-Cy-
PEG-scFv is able to be released from the tumor. The most
important is that after 24 h, the grey level in the tumor
remains stable, equal to 70 &= 3% at 24 h (p = 0.0025; stu-
dent t-test), for the mice injected with SPIONs-Cy-PEG-
scFv. This observation shows that antibody fragments
allow the retention of the nanoprobes into the tumor
which is very important in the context of diagnosis. Iron
quantification by AAS performed on tumors at 24 h con-
firmed the results obtained by imaging (Fig. 7c). Iron
concentration after digestion of HER2 breast tumor was
of 267 ug/g for the group of mice injected with SPIONs-
Cy-PEG-scFv and about 98 ug/g for the group of mice
injected with SPIONs-Cy-PEG (p = 0.0159; Mann—Whit-
ney test). Nanoprobe functionalization with scFv anti-
HER?2 allows a nanoparticle retention within the tumor.
In a recent study, Ding et al. investigated the feasibility
of an anti-HER2 scFv-IONPs as HER2 targeted MRI
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contrast agents for preoperative tumor diagnosis [31].
They showed in their in vivo study, a decrease of MR sig-
nals in the tumor to 19.3% for HER2+ tumors (with N87
cells) and to 6.2% for HER2— tumors (with SUIT2 cells)
24 h after the injection of their scFv-nanoprobes. In our
study, the decrease of MR signals is much better, of about
30% at 24 h after the injection of SPIONs-Cy-PEG-scFv.
These results all indicate that scFv offers a high degree
of specificity towards HER2 overexpressing cells/tumors
and can serve as an efficient targeting ligand for magnetic
imaging purposes.

Methods

Chemicals

Anhydrous dimethyl sulfoxyde (DMSO, 99.9%), EDTA
disodium salt, N-hydroxysuccinimide (NHS), Dicy-
clohexylcarbodiimide (DCC) and Dithiothreitol (DTT)
were purchased from Sigma Aldrich (Saint-Quentin-
Fallavier, France). a-Maleinimidohexanoic-o-NHS PEG,
Mw 5000 Da, (NHS-PEG-Mal) was obtained from Rapp
Polymere (Tiibingen, Germany). Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) and Coomassie Plus
assay kit were purchased from Thermo Scientific (Fisher
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Scientific, Illkirch, France) and cyanine-5,5-NHS was
obtained from Lumiprobe (Hannover, Germany). All
other reagents were of analytical grade. In all the experi-
ments, water was previously deionized (18 MQ cm).
Dialysis tubing (cellulose ester, molecular weight cut off
300 and 1000 kDa) was obtained from Spectrum Labs
(France).

Nanoparticle synthesis

The synthesis is divided into 3 steps: the fluorescence
labelling of silanized SPIONs, the PEGylation of fluores-
cent silanized SPIONs and the functionalization of nan-
oparticles by scFv 4D5-Cys. For fluorescence labelling,
450 pL (6.28 umol) of cyanine-5,5-NHS solution at 10 g/L
was activated by NHS/DCC (0.126 mmol NHS and DCC)
in anhydrous DMSO in the dark during 4 h, and subse-
quently, a suspension of 3.17 mL (16 mg or 0.287 mmol
of iron) of silanized SPIONs dispersed in DMSO was
added. The resulting suspension was kept under stirring
in dark at room temperature during 24 h. PEGylation of
fluorescent silanized SPIONs and functionalization by
scFv anti-HER2 (or 4D5-Cys) is based on a protocol pre-
viously published by our group [16]. PEGylation step was
performed immediately on fluorescent silanized SPIONs
without an intermediate purification. Targeted fluores-
cent nanoprobes were named SPIONs-Cy-PEG-ScFv.

Nanoparticle characterization

Size and zeta potential measurements

The mean hydrodynamic diameter and the zeta potential
of nanoparticles in suspension were determined using
a Malvern NanoZS (Malvern Instruments, Malvern,
UK) with iron concentrations of 50 mg/L. For SPIONs-
Cy-PEG-scFv (and SPIONs-Cy-PEG for comparison),

hydrodynamic diameter and the zeta potential measure-
ments were performed in PBS solvent at pH 7.4 and at
37 °C. All measurements were done at least in triplicate.

Iron concentration

The total iron concentration of NPs suspensions was
determined by atomic absorption spectrophotometry
(AAS) measurements at 248.3 nm (iCE 3000 spectrom-
eter, Thermo Instruments, France).

Fluorescence emission

Emission spectra of nanoparticles-bounded cyanine-5.5
were recorded with an Edinburgh FS5 fluorescence
spectrofluorometer, from 675 to 800 nm at an iron con-
centration of 50 mg/L. To record cyanine-5.5 emission,
excitation was set to 650 nm.

scFv functionality

The functionality of the scFv anti-HER2, and SPIONs-
Cy-PEG-scFv was checked by indirect enzyme-linked
immunosorbent assays (ELISA) and by Immunofluores-
cence (IF). For indirect ELISA, HER2 recombinant pro-
tein (Sino Biologicals, Beijing, P. R. China.) was coated
in a 96-well plates at 1 pg/mL in PBS and incubated
overnight at 4 °C. The wells were then saturated with 3%
BSA-PBS for 1 h at 37 °C and washed with PBS prior to
incubation with PBS (negative control), SPIONs-Cy-PEG
or SPIONs-Cy-PEG-scFv (from 0.003 to 100 mg L iron)
during 1 h at 37 °C. Wells were then washed with PBS-
Tween 20 (0.05%) and incubated with 100 pL of protein-
L-peroxydase (Pierce®) at 1.25 pug mL for 1 h at 37 °C
added to 100 uL of 3,3',5,5'-Tétraméthylbenzidine sub-
strate (TMB; Sigma, St Louis, USA). Enzymatic reactions
were stopped with the addition of 50 uL of 1 M H,SO,
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and the absorbance was measured at 450 nm using an
absorbance microplate reader (Bio-Tek® instruments,
Inc., USA). Wells coloration correlated to the presence
of scFv and the absorbance at 450 nm was then propor-
tional to scFv content.

For immunofluorescence (IF), SK-BR3 breast can-
cer cells were plated at a density of 5 x 10* cells/well in
24-well plates onto cover glasses for 48 h in media sup-
plemented with serum. Cells were then washed and fixed
in 4% PFA solution for 15 min at room temperature.
Cover glasses surface were then saturated with a 10% FCS
solution in PBS for 1 h at 37 °C. Then, the cover glasses
were taken and put in contact with the samples all day
night at 4 °C in a humidified chamber box. The cover
glasses were washed three times with PBS and incubated
for 1 h at 37 °C with protein-L-FITC (ACROBiosystems,
Newark, USA) at 1.25 pg/mL for 1 h at 37 °C. Cells were
finally washed with PBS and placed between slide and slip
cover with 10 pL of Fluoromount G® mounting medium.
Observations were then made with a fluorescent inverted
microscope (Olympus, IX51).

In vitro breast cancer model

Cell cultures

Human breast carcinoma cells MCF-7 were obtained
from the American Type Culture Collection (LGC Pro-
mochem, Molsheim, France). The cells were grown at
37 °C/5% CO, in Dulbecco’s Modified Eagle Medium
(DMEM) with glucose and L-glutamine containing 5%
fetal bovine serum (FBS, Gibco®) and 1% Penicillin—
Streptomycin solution (10,000 U/mL, Gibco®). BT-474,
SK-BR-3 and MDA-MB231 cells were obtained from
Cell Lines Service (CLS Eppelheim, Germany). BT-474
cells were grown at 37 °C/5% CO, in DMEM:Ham’s F12
medium (1:1 mixture) supplemented with 2 mM r-glu-
tamine, 5 pg/mL Insulin (Gibco®, Life Technologies) and
5% FBS. SK-BR-3 and MDA-MB231 cells were main-
tained in DMEM supplemented with 10% FBS, in humid-
ified atmosphere with 5% CO, at 37 °C.

HER2 receptor location on cells

BT-474 cells were counted and put in tubes with filter
cap at a density of 2 x 10° cells per tube. For the locali-
zation of HER2 receptors, cells were incubated with 100
uL of anti-HER2 microbeads (360 mg/mL of iron; Milte-
nyi Biotec, Paris) for 15 min at 4 °C. The cells were then
concentrated by centrifugation and washed three times
with PBS. Cells were then fixed in Trump’s solution con-
sisting of phosphate buffer 0.1 M + paraformaldehyde
4% (Sigma; Steinheim, Germany) + 1% glutaraldehyde
(EMS; Hatfield, PA, USA). Cells were post-fixed with
2% osmium tetroxide (EMS; Hatfield, PA, USA), dehy-
drated with series of increasing ethanol solutions, and
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embedded in Epon® resin (Sigma; Steinheim, Germany).
Ultrathin sections (90 nm) were stained with 2% aque-
ous uranyl acetate and 1% lead citrate (Merck; Darm-
stadt, Germany). Images were acquired using a JEOL
1011 transmission electron microscope operating at
100 kV. SK-BR3 cells were also stained with 1% of anti-
human CD340 Alexa Fluor® 488 (green) for 15 min at
37 °C. After that, the cells were washed and placed under
microscope for examination. Cells were imaged with
the SP2 confocal inverted microscope (Leica, Germany)
using the water immersion 63x/1.2 NA HCX PL APO
objective.

HER?2 quantification on breast cancer cells

BT-474, SK-BR3 cells were plated at a density of
2 x 10° cells/well in a 24-well plate for 48 h in culture
media supplemented with FBS. MCF-7 and MDA-
MB231 were plated at a density of 1.5 x 10° cells/well
and 1 x 10° cells/well respectively in a 24-well plate for
48 h in media supplemented with FBS. After that, 10 pg/
mL murine monoclonal antibody against HER2 Recep-
tor, (clone 9G6.10; Thermo Scientific Pierce Ab) was
added to cells for 30 min at 4 °C. Cells were then washed
with DPBS. The primary antibody was then revealed by
an Alexa Fluor® 488 goat anti-mouse antibody (4 ug/
mL, Molecular probes, Life technologies) for 30 min at
4 °C. Cells were washed, harvested, fixed in 2% formal-
dehyde and subjected to flow cytometry analysis using a
MoFlo™ cell sorter (Beckman Coulter, Fort Collins, CO,
USA). The Alexa Fluor® 488 fluorescence was excited
at 488 nm. Fluorescence emission was collected in the
530/40 nm range. About 10,000 cells were measured for
each sample. Summit software (Beckman Coulter, Fort
Collins, CO, USA) was used to perform flow cytometry
data analysis and remove debris signals depending on
morphological criteria.

Nanopatrticle uptake by breast cancer cells

For TEM acquisitions, BT-474 cells were incubated
with  SPIONs-Cy-PEG  and  SPIONs-Cy-PEG-scEv
(Fe = 180 mg/L) for 4 h in a humidified atmosphere with
5% CO, at 37 °C and under constant agitation using a
Stuart Tube Rotator SB2 (Bibby Scientific Ltd, UK). Then,
cells were fixed in Trump’s solution and treated accord-
ing to the protocol described in part 2.4.2.

For fluorescence confocal spectral imaging (CSI)
measurements, BT-474 cells were plated at a density of
5 x 10* cells/well onto cover glasses in 24-well plates
for 48 h in media supplemented with serum. Cells were
then incubated for 1 h with nanoprobes dispersed in PBS
(Fe = 150 mg/L) and washed thrice with PBS. BT-474
cells were then mounted between slide and slip cover
and observed by CSI in a confocal mode. Fluorescence
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CSI measurements were carried out using a LabRam
laser scanning confocal microspectrometer (Horiba SA,
Villeneuve d’Ascq, France) equipped with an automated
X-Y-Z scanning stage, a low dispersion grating (300
grooves/mm) and an air-cooled CCD detector. The Cy
fluorescence was excited using a 632.8 nm line of a built-
in He—Ne laser. For the analysis of adherent cells, an
optical section (x—y plane) situated at half-thickness of
the cell was scanned with a step of 0.8 pm that provided
maps containing typically 2500 spectra. Both acquisition
and treatment of multispectral maps were performed
with LabSpec software version 5.

For flow cytometry, BT-474, MDA-MB231 and MCE-7
were plated at a density of 2 x 10°,1 x 10° and 1.5 x 10°
cells/well respectively in a 24-well plate for 72 h in cul-
ture media supplemented with FBS. After that, SPI-
ONs-Cy-PEG-scFv or SPIONs-Cy-PEG (150 mg/L iron)
were added to cells for 15, 60, 120, 240, and 360 min at
37 °C under 5% CO,. Cells were then washed, harvested,
washed and fixed in PBS/formaldehyde 2%. Cells were
analyzed using a Gallios cytometer (Beckman Coulter).
The Cy was excited at 633 nm. Kaluza software (Beck-
man Coulter) was used to perform flow cytometry data
analysis.

In vivo breast cancer xenograft

Animal model

BalB-C female nude mice (6 weeks old) were purchased
from Janvier Labs (Saint Berthevin, France). BT-474 cells
(10 x 10°in 0.15 mL sterile PBS) were injected subcuta-
neously on the right flank of BalB-C nude mice under gas
anesthesia. The procedures were approved by the local
ethic committee (CEEA Val de Loire) and by the French
Ministry of National Education, Higher Education and
Research (No. 201501091617160v6). Tumor-bearing
mice were separated into three distinct groups when
tumor volumes were closed to 150 mm?,

In vivo tumor targeting measured by MRI

The first group of mice (n = 4) was injected with SPIONs-
Cy-PEG-scFv and the second one (n = 5) with SPIONs-
Cy-PEG at a final iron concentration of 11.7 mg/kg. Each
preparation was injected intravenously with an external
catheter connected in the caudal vein under anesthesia
once the mouse was placed inside the MRI. Animals were
anesthetized by inhalation of 2% isoflurane then main-
tained during MR experiments at 1.5% (0.5 L/min mixed
in air and oxygen with 1:1 ratio). The physiological body
temperature was maintained inside the magnet by warm
water circulation. A pressure sensor was used to monitor
the respiration cycle and obtain the respiration frequency
for the Ig-FLASH (Intra-grate Fast Low Angle Shot)
reconstruction.
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Magnetic resonance acquisition was performed on
a 9.4 Tesla Biospec 94/20 superconducting magnet
(Bruker, Wissembourg, France) with a shielded gra-
dient set (950 mT/m maximum gradient amplitude)
and a transmit-receive birdcage coil with 35 mm inner
diameter. A first series of axial images was performed
to localize the tumor with a multislice gradient echo
sequence (TE/TR = 4/105 ms, flip angle a = 20°, field
of view = 4 * 4 cm, matrix size = 256 * 256, slice thick-
ness = 1 mm) for 2 min. Then a susceptibility-weighted
image (SWI) was acquired on the slice where the
tumor was the biggest sequence (TE/TR = 7/300 ms,
flip angle a = 30°, field of view = 3 * 3 cm, matrix
size = 256 * 192, slice thickness = 1 mm, negative mask,
mask weighted = 4) for 2 min. Acquired MR SW1I image
was transferred onto an external computer for data pro-
cessing. A region of interest ROI was manually drawn as
big as possible in the tumor to calculate grey levels mean.
This mean was normalized with signal intensity of a ROI
taken in the background.

Iron quantification in organs by AAS

Liver, spleen and HER2-breast tumor were excised for
each mice and washed quickly with cold water to remove
surface blood. Organs were first digested with a mix-
ture of HNO;—HCI (1:2, V:V) for 12 h at room tempera-
ture. Then, samples were placed in a digestion system
(DigiPREP MINI; SCP sciences, Courtaboeuf, France) at
100 °C during 36 h and at 120 °C during 4 h to concen-
trate the samples. Finally, the concentrates were diluted
in water (10 mL: liver and spleen and 5 mL: tumor) and
were filtered using a PES syringe filter. Iron content was
then determined by AAS after an appropriate dilution.

Statistical analysis

All statistical data was analyzed using GraphPad Prism
7.0 software. The statistical significance was determined
between groups for each time using a multiple t-test for
the MRI in vivo results and using a Mann—Whitney test
for iron quantification by organs (*p < 0.05, **p < 0.01).

Additional file

Additional file 1: Fig. S1. Nanoprobe purification step measured by
ELISA. Fig. S2. DLS, zeta and fluorescence characterization of nano-
probes. Fig. $3. HER2 quantification on breast cancer xenograft by flow
cytometry. Fig. S4. MRI biodistribution of nanoprobes in liver, spleen and
kidneys.
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