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Purpose
The specific targeting of interleukin-4 receptor  (IL4R) receptor offers a promising thera-
peutic approach for inhibition of tumor cell progression in breast cancer patients. In the cur-
rent study, the in vitro efficacy of superparamagnetic iron oxide nanoparticles conjugated
with anti-IL4R blocking antibodies (SPION-IL4R) via polyethylene glycol polymers was
evaluated in 4T1 breast cancer cells.

Materials and Methods
Cell viability, reactive oxygen species generation, and apoptosis frequency were assessed
in vitro in 4T1 cancer cell lines following exposure to SPION-IL4R alone or combined with
doxorubicin. In addition, immunofluorescence assessments and fluorimetry were performed
to confirm the specific targeting and interaction of the developed nanocarriers with IL4R
receptors in breast cancer cells.

Results
Blocking of IL4R receptors caused a significant decrease in cell viability and induced apop-
tosis in 4T1 cells. In addition, combined treatment with SPION-IL4R+doxorubicin caused
significant increases in cell death, apoptosis, and oxidative stress compared to either SPION-
IL4R or doxorubicin alone, indicating the enhanced therapeutic efficacy of this combina-
tion. The decrease in fluorescence intensity upon immunofluorescence and fluorimetry
assays combined with increased viability and decreased apoptosis following the blocking
of IL4R receptors confirmed the successful binding of the synthesized nanocarriers to the
target sites on murine 4T1 breast cancerous cells.

Conclusion
These results suggest that SPION-IL4R nanocarriers might be used for successful reduction
of tumor growth and inhibition of progression of metastasis in vivo.
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Introduction

Breast cancer remains the most common malignant tumor
in women worldwide and one of the principal causes of can-
cer deaths [1]. Breast cancer cell growth is modulated by a
composite network of growth factors, chemokines, and 
cytokines that induce rapid cell proliferation and metastasis
[2]. Cytokines are important signaling molecules in the

tumor microenvironment that regulate cancer cell growth
through cancer cell progression and metastasis. Murine
breast cancer models revealed that interleukin (IL) 4 and 
IL-13 secretion and activation of IL-4 receptor signaling 
facilitated tumor cell metastasis [3]. Both IL-4 and IL-13 are
dependent on the interleukin-4 receptor  (IL4R) chain 
either for recognition and signaling (i.e., IL-4) or signal trans-
duction (i.e., IL-13). IL-4 binds to the type I receptor, whereas
both IL-4 and IL-13 bind to the IL4R type II receptor. In fact,
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an upregulation in the expression of IL4R has not only been
seen in breast cancer cells, but also in rhabdomyosarcoma
[4], bladder cancer [5], and brain cancer [6]. Owing to the role
of this receptor in regulation of cell division, it can be inter-
polated that the IL4/IL4R interaction and consequent sig-
naling changes within cells can promote not only the
proliferation, but also the survival of breast cancer cells.
Therefore, antibodies that specifically block IL4R can pre-
vent cancer cell proliferation and metastasis.

Targeted delivery to specific cells through the use of
nanoscale drug delivery systems (DDSs) allows enhanced
and selective accumulation of therapeutic agents in disease
areas [7]. In addition, nanocarriers can protect the drug/
inhibitor against degradation and increase its half-life in the
bloodstream, allowing better bio-pharmacokinetic control in
host tissues [8]. Therefore, enhancing the ability of blocking
antibodies to be administered directly to the cancerous tissue
may improve treatment efficacy and decrease systemic side
effects.

Recent advances in nanoscale DDS allow specific delivery
of various treatment options to the target tissue, ensuring 
improved efficacy, decreased side effects, and controlled 
release. Among the different nanoparticles used, superpara-
magnetic iron oxide nanoparticles (SPION) offers a novel
theranostic approach enabling high detection sensitivity and
selective targeting. Biomedical interest in SPIONs has 
increased considerably in the last few decades because of
their potential for use as contrast agents in magnetic reso-
nance imaging (MRI), in magnetic separation techniques, and
hyperthermia. Furthermore, SPIONs have superior biocom-
patibility and ability to cross biological membranes in addi-
tion to providing the possibility of achieving high drug-
loading capacity, sustained release, enhanced drug stability
and absorption, as well as targeted deposition [9,10]. Dox-
orubicin (DOX), a member of the anthracycline class of
chemotherapeutic agents, is commonly used to treat several
common human cancers [11]. Therefore, targeting IL4R
using SPION conjugated with anti-IL4R blocking antibodies
(SPION-IL4R) nanoparticles in combination with low doses
of DOX may help reduce toxicity and improve the clinical
usefulness of cancer therapy.

This study was conducted to assess the in vitro efficacy of
IL4R conjugated SPION as theranostic nanoprobes for
breast cancer by evaluating cell viability, reactive oxygen
species generation, and apoptosis frequency in 4T1 breast
cancer cells. In addition, the successful interaction and tar-
geting of anti-IL4R antibody conjugated SPION with IL4R
receptors on 4T1 cancer cells was confirmed and the efficacy
of combined treatment with SPION-IL4R and DOX was 
reported.

Materials and Methods

1. SPION-IL4R design and characterization

Nanoferrite SPIONs prepared via the core-shell method
with a core of 75%-80% (w/w) magnetite and a shell of dex-
tran (Micromod Partikeltechnologie GmbH, Rostock, Ger-
many) were used in this study. SPIONs were conjugated to
polyethylene glycol (PEG) polymer with a molecular weight
of 2,000 g/mol as previously described [12]. Thiolated IL4R
monoclonal antibodies (BD Biosciences, San Diego, CA),
which specifically binds to CD124 (also known as the  sub-
unit of mouse IL4R), were conjugated to maleimide-func-
tionalized SPIONs as previously described [13]. The anti–
SPION-IL4Rwere purified on magnetic-activated cell sort-
ing columns (Miltenyi Biotec, Bergisch Gladbach, Germany).
The hydrodynamic size and zeta potential (i.e., surface
charge) of nanoparticles before and after their conjugation
with IL4R antibodies were measured using Zetasizer Nano
ZS90 (Malvern Instruments, Malvern, UK). The amount of
IL4R antibodies conjugated to SPION was quantified as 
described elsewhere [13].

2. Tumor cell culture

4T1 murine breast cancer cells (CRL-2539, American Type
Culture Collection [ATCC], Manassas, VA) were cultured in
complete Roswell Park Memorial Institute 1,640 medium
containing 10% gamma-irradiated fetal bovine serum and
100 units/mL penicillin-streptomycin (Life Technologies,
Carlsbad, CA) at 37°C in a humidified atmosphere contain-
ing 5% CO2. These cancer cells were chosen since their tumor
growth in vivo and metastatic spread in mice closely mimics
stage IV human breast cancer [14]. SPION-IL4R and DOX
were applied at a concentration of 5 µg/mL each based on
our previous studies [13,15].

3. Cell viability assessments

Cell viability was analyzed by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrasodium bromide (MTT) assay as per
the manufacturer’s protocol (Merck Millipore, Billerica, MA).
Upon completion of incubation of cultured 4T1 cells in com-
plete medium with either anti-IL4R antibodies, SPION-IgG1
(nanoparticles with isotype antibodies), SPION-IL4R, DOX,
or combined SPION-IL4R+DOX incubation for 24, 48, and
72 hours, 10 µL of MTT reagent was added to each well and
samples were incubated for 2 hours at 37°C. The formazan
crystals formed were dissolved in 100 µL isopropanol with
0.04 N HCl and the absorbance was measured within an hour
using an Epoch BioTek ELISA plate reader (BioTek, Winoo-
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ski, VT) with an absorbance wavelength of 570 nm and a ref-
erence wavelength of 630 nm. The percentage of cell viability
under each condition was calculated relative to controls.

4. Thiobarbituric acid reactive substances assay

A thiobarbituric acid reactive substances (TBARS; R&D
Systems, Minneapolis, MN) parameter assay kit was used to
measure the overall oxidative stress in 4T1 cells caused by
either SPION-IL4R, DOX, or combined SPION-IL4R+DOX
at different time intervals relative to controls. Briefly, cul-
tured 4T1 cells were equilibrated overnight, treated, washed
and lysed using a cell lysis buffer. Cells were incubated with
an acid reagent for 15 minutes and centrifuged, after which
supernatants were treated with thiobarbituric acid reagent
for 2-3 hours at 45-50°C. The absorbance of the samples was
measured at 532 nm using a BioTek enzyme-linked immu-
nosorbent assay plate reader.

5. Assessments of apoptosis

The percentages of live, early apoptotic, late apoptotic,
total apoptotic, and dead cells were quantitatively evaluated
using Muse Annexin V and Dead Cell Assay kit (Merck Mil-
lipore) before and after treatment of 4T1 tumor cells with 
either SPION-IL4R, DOX, or combined SPION-IL4R+
DOX. These experiments were conducted since apoptosis/
programmed cell death is an important regulator of cell
growth and proliferation. Cells were mixed with the reagent,
incubated for 20 minutes and analyzed using a Muse Cell
Analyzer (Merck Millipore).

6. Specific targeting and interaction assessments

To confirm specific targeting of SPION-IL4R to 4T1 cells,
blocking of IL4R receptors was performed for 4 hours with
anti-mouse IL4R antibody/isotype IgG1 antibody in the
presence or absence of IL-4. The specific targeting of anti-
IL4R conjugated SPION was assessed in vitro using cultured
4T1 cells. Nanoparticles were labeled with fluorescein isoth-
iocyanate (FITC) using a Pierce FITC labeling kit as per the
manufacturer’s protocols (Thermo Fisher Scientific, Wal-
tham, MA). Cultured and trypsinized 4T1 cells were equili-
brated overnight, fixed with 4% paraformaldehyde, washed
with phosphate buffered saline (PBS) and blocked with anti-
mouse IL4R antibody or isotype IgG1 antibody, respec-
tively, for 30 minutes at room temperature on a shaker. The
cells were washed with ice-cold PBS and stained with FITC
labeled SPION-IL4R (SPION-IL4R–FITC) for 30 minutes
at room temperature on a shaker. The wells were washed
again three times with ice-cold PBS, and mounted using 
UltraCruz mounting medium (Santa Cruz Biotechnology

Inc., Dallas, TX) containing DAPI nuclear stain. All immuno-
cytology slides were screened using an Olympus BX53 fluo-
rescent microscope (Olympus Corporation, Tokyo, Japan).
Fluorimetry measurements were performed in 96 well black
tissue culture plates under the same conditions. Briefly, 
approximately 103 cells/well were equilibrated overnight,
after which cells were blocked for 4 hours with either anti-
IL4R antibodies or isotype IgG1 antibodies. Fluorescence
assessments were performed on an Epoch BioTek plate
reader to determine differences in fluorescence intensity.

In addition to the above, additional experiments were con-
ducted to assess the viability and frequency of apoptosis fol-
lowing blocking of IL4R receptors with anti-mouse IL4R
antibody or isotype IgG1 antibody, respectively, for 2 hours
at room temperature on a shaker. The cells were then washed
with PBS and the cell viability and apoptosis frequency was
analyzed as described above after 12 hours of incubation
using either anti-IL4R antibodies, SPION-IgG1, SPION-
IL4R, DOX, or combined SPION-IL4R+DOX.

7. Statistical analysis

Data are presented as the mean values±standard error. All
data were analyzed by t tests using the SPSS ver. 12.0 soft-
ware (SPSS Inc., Chicago, IL). A p < 0.05 was considered sig-
nificant for all tests. All experiments were performed in
triplicate with exposure incubation times of 12, 24, 48, and
72 hours as applicable and results were compared to 
untreated cells.

Results

1. SPION-IL4R design and characterization

PEG-functionalized SPIONs were conjugated to anti-IL4R
antibodies via a PEG chain with a molecular weight of 2,000
g/mol. SPIONs have a hydrodynamic size of 132.5±5.9 nm
and a surface charge of 2.71±0.62 mV based on measurement
of the zeta potential using a Zetasizer Nano ZS90. Following
conjugation with anti-IL4R antibodies, no significant cha-
nge in the size of SPION-IL4R nanocarriers (i.e., 133.1±5.7
nm) was measured, although their surface charge decreased
slightly to 1.05±0.46 mV. Quantification by bicinchoninic acid
protein assay revealed that the amount of conjugated IL4R
antibodies was approximately 13.7 µg per milligram of
SPION. Further details regarding characterization of these
nanoparticles have been published elsewhere [13]. 
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2. Combination of SPION-IL4R and DOX induces cyto-
toxicity and increases reactive oxygen species in 4T1 cancer
cells

Next, the ability of SPION-IL4R to induce tumor cell
death and apoptosis was assessed and compared to the effect
of DOX or SPION-IL4R+DOX. SPION-IgG1 nanocarriers
and anti-IL4R antibodies alone were also used. MTT cell
proliferation assays and TBARS assessments were conducted
to determine if SPION-IL4R and/or DOX can induce cyto-
toxicity and oxidative stress in cultured 4T1 cancer cells, 
respectively. A significant reduction in cell viability was 
observed after cell incubation with either SPION-IL4R or
DOX separately, while a more prominent effect was 
observed in response to combined treatment (Fig. 1). Follow-
ing 72-hour incubation of SPION-IL4R+DOX, cell viability
decreased to 48%. Similarly, while SPION-IL4R and DOX
caused comparable elevations in reactive oxygen species
when administered alone, substantial increases in oxidative
stress were observed in response to their combined admin-
istration.
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Fig. 1. Cell viability and oxidative stress generation assessments of the in vitro effects of SPION-IL4R, DOX, or combined
SPION-IL4R+DOX. MTT assay (A) and TBARS assay (B) were performed to assess cell viability and oxidative stress gen-
eration, respectively, in 4T1 cancer cells. Analyses were performed after incubation for 24, 48, and 72 hours. Data are 
expressed as the mean±standard error, *p < 0.05, **p < 0.01, ***p < 0.001. NT, no treatment; SPION-IL4R, superparamagnetic
iron oxide nanoparticles conjugated with anti–interleukin-4 receptor  [IL4R] blocking antibodies; DOX, doxorubicin; MTT, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrasodium bromide; TBARS, thiobarbituric acid reactive substances.
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Fig. 2. Assessments of apoptosis caused by SPION-IL4R,
DOX, and SPION-IL4R+DOX. Analyses were performed
after incubation for 24, 48, and 72 hours. Data are 
expressed as the mean±standard error, *p < 0.05, **p 
< 0.01, ***p < 0.001. NT, no treatment; SPION-IL4R, 
superparamagnetic iron oxide nanoparticles conjugated
with anti–interleukin-4 receptor  [IL4R] blocking anti-
bodies; DOX, doxorubicin.
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3. Combination of SPION-IL4R and DOX increased apop-
tosis frequency in 4T1 cancer cells

The apoptosis frequency induced by SPION-IgG1, anti-
IL4R antibodies, SPION-IL4R, and DOX in breast cancer
murine 4T1 cells was also evaluated. To determine if apop-
tosis induced by SPION-IL4R is potentiated by the addition
of DOX, the effects of SPION-IL4R+DOX were investigated.
While anti-IL4R antibodies, SPION-IL4R, DOX, and
SPION-IL4R+DOX caused a significant increase in cell
death at 24 hours, as expected, no significant increases in
apoptosis were observed in response to SPION-IgG1.
SPION-IL4R and DOX alone caused significant increases in
programmed cell death from 48 hours onwards, while

SPION-IL4R+DOX induced more apoptosis than either
compound alone (Fig. 2). The higher levels of apoptosis 
induced by SPION-IL4R+DOX after 24 hours indicated an
additive effect of this combination compared to either treat-
ment alone.

4. SPION-IL4R successfully interacted with IL4R recep-
tors on 4T1 cancer cells

To confirm whether the synthesized SPION-IL4R indeed
bound to IL4R receptors on 4T1 cells, cultured cells were
blocked with anti-IL4R/isotype IgG1 antibody for 4 hours
prior to exposure to SPION-IL4R-FITC conjugated nanocar-
riers. Variations in fluorescence intensity were assessed 
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Fig. 3. In vitro interaction studies of SPION-IL4Rwith IL4R receptors on 4T1 cells. Fluorescence intensity decreased upon
blocking of receptors with anti-IL4R antibodies (A) while higher fluorescence intensity was observed upon blocking using
isotype IgG antibody (B). (C) Fluorimetry data showing the difference in fluorescence intensity after blocking with either
the anti-IL4R antibody or isotype IgG antibody (i.e., without blocking). All immunofluorescence images were captured at
the same fluorescence exposure time of 300 milliseconds. Blocking was performed with anti-IL4R antibodies. FITC-conju-
gated SPION-IL4R were used to show the expression and appear in green; blue staining indicates staining of nuclei with
DAPI. Data are expressed as the mean±standard error, ***p < 0.001. SPION-IL4R, superparamagnetic iron oxide nanopar-
ticles conjugated with anti–interleukin-4 receptor  [IL4R] blocking antibodies; FITC, fluorescein isothiocyanate.
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microscopically and through fluorimetry assay. Prior block-
ing of the IL4R receptors with anti-IL4R antibodies inhib-
ited binding of SPION-IL4R-FITC and consequently caused
a decrease in fluorescence intensity (Fig. 3). In 4T1 cells,
which have been treated with isotype IgG1 antibody, a
higher fluorescence intensity was found. This result was as
expected since the IL4R receptors were not blocked. This 
increased fluorescence intensity was also confirmed and
quantified by fluorimetry assessments, which revealed a
68.7% fluorescence intensity without blocking, while the flu-
orescence intensity was estimated to be 19.8% following
IL4R blocking, confirming that the developed nanocarriers
positively bound to IL4R receptors on cultured 4T1 cells.

Interestingly, upon prior blocking of cells with anti-IL4R
antibodies, an increase in cell viability and decrease in apop-
tosis was observed in 4T1 cells treated with SPION-IL4R
nanocarriers, providing additional confirmation of the spe-
cific targeting of the designed nanocarriers. These findings
also indicate that prior blocking with anti-IL4R antibodies
blocked the IL4R receptors, leaving no/minimal sites for
the nanocarriers to bind. In contrast, 4T1 cells that were
blocked with isotype IgG1 antibodies showed significantly
decreased cell viability and increased apoptosis (Fig. 4A and
B). Since DOX acts independently of SPION-IL4R nanocar-
riers, it caused a significant decrease (p < 0.05) in cell viability
and increase in apoptosis (as expected), regardless of

whether the receptors were blocked with either anti-IL4R
antibodies or isotype IgG1 antibodies. Overall, these results
conclusively confirmed that our developed nanoparticles did
indeed bind to IL4R receptors on cultured 4T1 cells. 

Discussion

The interaction of IL4R receptor with the cytokine IL-4
has been shown to be associated with proliferation of breast
cancer cells [16,17], causing enhanced survival and metas-
tases of cancer cells in vivo [18]. IL-13, a cytokine related to
IL-4, also uses IL4R receptors for cell signaling. IL4R
receptors have been found to be expressed and activated in
mouse models of breast cancer [19]. The possibility that both
IL-4 and IL-13 can be simultaneously targeted in breast can-
cer is based on the idea that they both play a role in cell pro-
liferation and are dependent on the IL4R chain, either for
recognition or signal transduction. Therefore, disruption of
the interaction of IL-4 with IL4R receptors may help abro-
gate the proliferation and metastatic spread of cancer cells.

In the present study, we assessed the effects of blocking
IL4R receptors in 4T1 breast cancer cells by specifically and
actively targeting an antibody-conjugated SPION nanocar-
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Fig. 4. Assessments of cell viability (A) and apoptosis (B) following prior blocking of IL4R receptors on 4T1 cells. Blocking
was performed for 1 hour with either anti-IL4R antibody or isotype IgG antibody (i.e., without blocking) and assessments
were performed after 12 hours of incubation following treatment with SPION-IgG1, anti-IL4R antibodies alone, SPION-
IL4R, DOX, and SPION-IL4R+DOX. Data are expressed as the mean±standard error, *p < 0.05, **p < 0.01, ***p < 0.001.
NT, no treatment; SPION-IL4R, superparamagnetic iron oxide nanoparticles conjugated with anti–interleukin-4 receptor 
[IL4R] blocking antibodies; DOX, doxorubicin.
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rier and compared these effects with combined treatment
with DOX, a chemotherapeutic drug widely used in cancer
therapy. With this novel approach, we aim to significantly
improve both cancer diagnosis and therapy while minimiz-
ing the side effects of currently used chemotherapeutic
agents. SPIONs offer several advantages for prospective 
in vivo applications over competing nanocarriers by enabling
both single cell tracking and imaging of diseased areas using
noninvasive MRI. Additionally, SPIONs have superior bio-
compatibility and ability to cross biological membranes in
addition to a high drug-loading capacity and enabling sus-
tained release, enhanced drug stability and absorption, as
well as targeted deposition.

The nanocarriers developed here have been previously
validated to be highly safe and revealed excellent stability at
neutral pH, while their stability decreased remarkably in
acidic environments with the use of 2,000 g/mol PEG chain
linker; thus, they can preferentially release conjugated block-
ing antibodies [13].

This is the first study to evaluate the ability of SPION-
IL4R alone or in combination with DOX to induce cytotox-
icity and increase reactive oxygen species generation and
apoptosis frequency in breast cancer cells. One of the major
hindrances to successful cancer treatment is the resistance of
cancer cells to cell death, which primarily occurs because of
drug resistance mechanisms, enhanced efflux of anti-cancer
drugs or alterations in cell signaling-pathways enabling can-
cer cells to quickly undergo metastasis [18]. Therefore, induc-
tion of apoptosis plays a major role in limiting the spread of
cancer cells [20]. Since IL-4 plays a role in survival of cancer
cells, we hypothesized that neutralization of the interaction
of IL4R receptors through the use of IL4R antibodies con-
jugated to SPION may limit cell proliferation and induce
apoptosis in cancer cells. Moreover, the main anticancer 
action of DOX is thought to be a result of topoisomerase II
inhibition and free radical generation [21]. 

In agreement with other studies [19,22], the current study
demonstrated that blockade of IL4R successfully induced
apoptosis of 4T1 cancer cells. Similarly and as expected, DOX
also induced apoptosis of 4T1 cells, confirming the results of
other studies [23,24]. It is important to note that potentiation
of apoptosis was observed when a combination of SPION-
IL4R and DOX was used. This additive effect of IL-4–neu-
tralizing antibody in SPION-IL4R when combined with
chemotherapy may enable considerable reduction of tumor
growth via increased apoptotic events, thus limiting metas-
tasis and minimizing the required amount of chemothera-
peutic drugs.

Advances in novel DDSs to diagnose, target and treat local
and metastatic tumor sites have provided many advantages
in limiting tumor progression and metastases. In this study,
the in vitro efficacy of a combination of SPION-IL4R and

DOX on 4T1 breast cancer cells that multiply and simulate
stage IV human breast cancer was evaluated. SPION-IL4R
was used because 4T1 cancer cells have been shown to over-
express IL4R receptors, which in turn use IL-4 and IL-13 to
mediate signal transduction events that modulate cell prolif-
eration [19]. Therefore, simultaneous inhibition of the inter-
action of IL-4 and IL-13 by blocking IL4R receptors using
anti-IL4R antibody nanocarriers may offer a promising ther-
apeutic approach in breast cancer. A nanocarrier-based 
approach was used to enable improvement of treatment 
efficacy owing to specific targeting of cells while minimizing
side effects. The specific targeting of designed SPION-IL4R
nanocarriers was demonstrated through a combination of
immunofluorescence, fluorimetry, cell viability, and apopto-
sis assessments following prior blocking of IL4R receptors
on 4T1 cells with either anti-IL4R antibody or isotype IgG
antibody (i.e., without blocking). Additionally, a commonly
used anti-cancer drug, DOX, was used to investigate if the
combination of SPION-IL4R and DOX was able to achieve
a higher treatment efficacy than either treatment alone.

Conclusion

The current study conclusively confirmed that a combina-
tion of SPION-IL4R and DOX induced better cytotoxicity,
oxidative stress and apoptosis in breast cancer cells than 
either treatment alone. Both SPION-IL4R and DOX caused
alterations in the levels of inflammatory mediators produced
by 4T1 cancer cells. In addition, the synthesized SPION-
IL4R successfully targeted the IL4R receptors on 4T1 can-
cer cells. These positive study results are encouraging, and
future studies will now focus on the in vivo efficacy of
SPION-IL4R in the breast cancer mouse model.
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