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A B S T R A C T

Targeted therapy is an emerging technique in cancer detection and treatment. This paper presents the results of a
combined experimental and theoretical study of the specific targeting and entry of luteinizing hormone releasing
hormone (LHRH)-conjugated PEG-coated magnetite nanoparticles into triple negative breast cancer (TNBC) cells
and normal breast cells. The conjugated nanoparticles structures, cellular uptake of PEG-coated magnetite na-
noparticles (MNPs) and LHRH-conjugated PEG-coated magnetite nanoparticles (LHRH-MNPs) into breast cancer
cells and normal breast cells were investigated using a combination of transmission electron microscope, optical
and confocal fluorescence microscopy techniques. The results show that the presence of LHRH enhances the
uptake of LHRH-MNPs into TNBC cells. Nanoparticle entry into breast cancer cells is also studied using a
combination of thermodynamics and kinetics models. The trends in the predicted nanoparticle entry times (into
TNBC cells) and the size ranges of the engulfed nanoparticles (within the TNBC cells) are shown to be consistent
with experimental observations. The implications of the results are then discussed for the specific targeting of
TNBCs with LHRH-conjugated PEG-coated magnetite nanoparticles for the early detection and treatment of
TNBC.

1. Introduction

Breast cancer is one of the most commonly diagnosed carcinoma in
women throughout the world, and in 2016 it has emerged as the
leading cause of cancer deaths in women in the U.S. that are between
20 and 59 years old [1]. Among the subtypes of breast carcinoma, triple
negative breast cancer (TNBC) has poorer prognosis and clinical out-
comes compared to other types of breast cancer [2,3]. It accounts for
approximately 15% of all breast cancers [4], but is associated with
unproportionally high recurrence and mortality rates [5]. TNBC is es-
trogen-receptor (ER) negative, progesterone-receptor (PR) negative and
also HER2 negative [2,3]. Hence, it is not responsive to established
therapies that are often designed to target those receptors, e.g. hormone
therapies (ER or PR positive) and anti-HER2 targeted therapy (HER2
positive) [2]. Instead, TNBC is usually treated with a combination ra-
diation therapy and chemotherapy [6]. These two commonly used
breast cancer adjuvant therapies are non-targeted pathways, which lead
to both severe short-term and long-term side effects [7–9]. These facts
clearly indicate the need for new TBNC treatment techniques to im-
prove the clinical outcomes.

Nanotechnology provides a revolutionary platform for cancer
therapy [10,11] and biomedical application [12,13]. Extensive studies
have been conducted in this fertile area to create theranostic nano-
carriers, which can be inorganic (e.g. metal nanostructure [14–17],
metal-oxide nanoparticles [18–20]), organic (e.g. carbon dots [21,22],
liposomes [23,24]) or hybrid (two or more constituents [10,25,26]).
Within this context, magnetite nanoparticles have attracted significant
attention in recent years. This is due to their potential applications in
cancer detection and treatment. These include: hyperthermia [27–29];
magnetic resonance imaging [30–32]; drug targeting [33–35] and gene
transfer [36–38].

To date, it is still challenging to design tumor-specific targets for
TNBC. Luteinizing Hormone-Releasing Hormone (LHRH) [39,40] is one
of the specific targeting receptors for TNBC cells, as over 50% of human
TNBC cells express binding sites (receptors) for LHRH [39,41,42]. Ef-
forts have been made to investigate LHRH expression on TNBC cells,
including inhibitors studies [39], as well as the studies of LHRH re-
ceptor binding affinity and capacity [43]. The results have shown that
LHRH ligands bind specifically to LHRH receptors, indicating that the
interactions between the over-expressed LHRH receptors and LHRH
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ligands enable the specific targeting of breast cancer cells [30,44]. Prior
studies [30,43,45] used carbodiimide cross-linking chemistry to attach
LHRH ligands to the surfaces of bare magnetite nanoparticles. These
molecular recognition units facilitated the specific delivery of magne-
tite nanoparticles, which enhanced the MRI signals of breast tumor sites
and their metastases in the body [30,46].

However, a major drawback of magnetite nanoparticles with bare
surfaces is that they tend to aggregate, due to their high surface en-
ergies, and become unstable [47–50]. Furthermore, the results from
prior studies [30] suggest that LHRH-conjugated bare magnetite na-
noparticles tends to aggregate further after carbodiimide reaction. This
may be due to the lack of protection of carboxylic acid on the LHRH
peptide, resulting peptide cross-linking to itself [51]. Consequently, the
oversized magnetite nanoparticle clusters will be readily detected and
eliminated by macrophage cells as part of the body's immune system.
This results in reduced efficacy of nanoparticle delivery and decreased
cellular uptake of magnetite nanoparticles into targeting cells [52–55].
Lastly, the dissolution of surface Fe could potentially result in high local
concentrations of Fe ions that can induce possible toxicity effects in
biological organisms [56,57].

To circumvent the above-mentioned challenges, the addition of
polymer surface coatings to nanoparticle cores offers great opportu-
nities for the tuning of the physiochemical properties of nanocarriers
[58–61]. In current work, magnetite nanoparticles with polyethylene

glycol (PEG) coatings are explored. PEG has been shown to improve
both hydrophilicity and biocompatibility of magnetite nanoparticles
[62,63]. PEG-coated magnetite nanoparticles are also well stabilized in
cell culture media, with negligible aggregation [64–67]. Thus, the non-
specific uptake of PEG-coated magnetite nanoparticles (by macrophage
cells) has been found to be reduced significantly [65–69]. In addition,
we use an alternative conjugation process to link LHRH peptides onto
the surfaces of PEG-coated magnetite nanoparticles (MNPs). The new
nanocarrier is shown to exhibit improved monodispersity and stability.

In the present study, the entry and cellular uptake of this new na-
nocarrier, LHRH-conjugated PEG-coated magnetite nanoparticles
(LHRH-MNPs), into TNBC cells is investigated using experimental and
theoretical approaches. First, we introduce MNPs and LHRH-MNPs into
normal/cancerous breast cells, respectively. The cellular uptake of
MNPs and LHRH-MNPs is then elucidated using a combination of op-
tical and confocal fluorescence microscopy. The cluster size distribu-
tions at different incubation times are used to evaluate cellular uptake.
Next, we adapt and extend prior mathematical models [30,70] to the
study of the kinetics of nanocluster entry into normal breast cells and
breast cancer cells. This is used to illustrate the delivery efficacy of the
LHRH-MNPs into breast cancer cells. Lastly, the predictions from the
models are compared with experimental results. The trends in predicted
nanoparticle entry times and the size ranges of the engulfed nano-
particles are shown to be in good agreement with experimental

Fig. 1. Schematic of nanoparticle conjugation process.
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observations. The implications of the results are discussed for potential
applications of LHRH-conjugated PEG-coated magnetite nanoparticles
in the specific targeting of triple negative breast cancer cells.

2. Materials and methods

2.1. Materials

PEG-coated magnetite nanoparticles (MNPs) were purchased in so-
lution from Ocean NanoTech (Cat # SHA30, San Diego, CA, USA). (D-
Trp6)-LHRH was purchased from Bachem Americas (Torrance, CA,
USA). The surfaces of these particles were functionalized with amine
groups to enable further conjugation of the nanoparticle. The LHRH
analog has an amino acid sequence of Pyr-His-Trp-Ser-Tyr-D-Trp-Leu-
Arg-Pro-Gly-NH2 (Cat # H-4005-GMP). Glutaraldehyede (Grade II, Cat
# G5257) and bovine serum albumin (BSA) (Cat # A2058) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). TEM grids (Cat #
CF300-Cu), 1× phosphate buffered saline (PBS, Cat # 19344) and
paraformaldehyde (4% in 0.1M phosphate buffered saline, Cat # 157-
4) were all obtained from Electron Microscopy Science (Hatfield, PA).
Spin columns (MWCO 100 kDa) were obtained from Pall Corporation
(Port Washington, NY). Coverslips (No.1.5 thickness, Cat # PCS-1.5)
were purchased from MatTek Corporation (Ashland, MA, USA). The
MDA-MB-231 (Cat # HTB-26) cell line was purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA). The MCF-10A,
normal breast cell line was provided by Prof. Yibin Kang of Princeton
University, USA. Triton X-100 was obtained from Life Technologies
Corporation (Carlsbad, CA, USA, Cat. # HFH10). Anti-LHRH antibody
was purchased from EMD Millipore (Darmstadt, Germany, Cat # AB-
1567). Anti-mouse IgG conjugated with Alexa fluor 488 (Cat. # 32723)
was bought from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
FluoroGuard Antifade Reagent (Cat # 1703140) was purchased from
Bio-Rad Laboratories (Hercules, CA, USA).

2.2. Conjugation of LHRH peptide to MNPs

Luteinizing hormone releasing hormone (LHRH) peptide was con-
jugated to PEG-coated magnetite nanoparticles through glutaraldehyde
cross-linking chemistry [71,72]. The reaction process is illustrated in
Fig. 1. Specifically, 0.5 mL of deionized (DI) water was added to
0.25mL of 1mg Fe/mL of MNP aqueous solution, as originally received.
50 μL glutaraldehyde was then added into the diluted MNP solution and
the mixture was left overnight to react at room-temperature (25 °C).
The resulting solution was purified three times with DI water using a
spin column with a membrane pore size of 100 kDa. This was done to
remove excess glutaraldehyde. The purified particles were then re-
suspended in 0.3mL of deionized (DI) water. Subsequently, 0.1 mL of
LHRH solution (0.1 mg/mL in DI water) was then added to the resulting
glutaraldehyde-activated MNP solution, before leaving the mixture
overnight at 4 °C under conditions of continuous mixing. Unreacted
LHRH was removed from the suspension using a spin column with a

molecular weight cutoff of 50 kDa. The particles were then re-sus-
pended in 0.2mL of DI water and stored at 4 °C in a new vial.

2.3. Characterization of nanoparticles

TEM samples of the resulting LHRH-conjugated MNPs were studied
using a Philips CM100 Transmission Electron Microscope (TEM)
(Philips, Amsterdam, Netherlands). High-resolution TEM images and
EDS spectra were obtained from a Philips CM200 FEG-TEM (Philips,
Amsterdam, Netherlands). Iron oxide phase identification was carried
out in a Raman Spectrometer (Horiba Scientific, Kyoto, Japan) with a
630 nm wavelength laser. The hydrodynamic size and polydispersity
index (PDI) of nanoparticles was obtained using dynamic light scat-
tering (DLS) in a Zetasizer Nano ZS particle size analyzer (Malvern
Instruments, Malvern, United Kingdom). Zeta potential measurements
were performed by diluting the nanoparticle suspension with 10mM
NaCl solution using the same particle size analyzer. The surface
chemistry of the nanoparticles was characterized using Fourier
Transform Infrared Spectroscopy (FTIR). FTIR spectra were acquired
using an IRAffinity-1S spectrometer (Shimadzu, Kyoto, Japan). The
core diameters of nanoparticles were quantified by analyzing TEM
micrographs with the ImageJ software package (ImageJ software, NIH,
Bethesda, MD, USA).

2.4. Nanoparticle internalization

The following three nanoparticle/cell pairs were used to study the
internalization of the nanoparticles: MNPs with MDA-MB-231 breast
cancer cells; LHRH-MNPs with MDA-MB-231 breast cancer cells, and
LHRH-MNPs with MCF-10A normal breast cells (Fig. 2). The cells were
cultured in their respective media on No. 1.5 sterile coverslips as de-
scribed in Ref. [73]. They were then incubated with the different types
of particles (100 μL) at a concentration of 0.2mg Fe/mL. This was done
for durations of 5min, 30min, 1 h and 3 h.

After incubation, the cell culture medium was removed and the cell
samples were washed thrice with PBS. The cells were then fixed with
4 wt% paraformaldehyde solution for 10min at room-temperature
(25 °C). The samples were then rinsed three more times in PBS solution,
before a final rinse with purified water. The resulting samples (on the
coverslips) were drained and mounted on clean glass slides, with a
small drop of FluoroGuard Reagent as the mounting medium and nail
polish as a sealant.

The cells with the incubated nanoparticles were imaged using a
Nikon total internal reflection fluorescence (TIRF) microscope (Nikon
Instruments Inc., Melville, New York, USA) with a 20× air objective
and a 60× oil-immersion objective.

2.5. Internalized cluster size distribution and uptake characterization

To evaluate uptake cluster size distribution, five samples were ex-
amined using TIRF microscopy. Due to contrast difference and

Fig. 2. Schematic of different nanoparticle/cell interactions: (a) MNPs/MDA-MB-231 breast cancer cells; (b) LHRH-MNPs/MDA-MB-231 breast cancer cells; and (c) LHRH-MNPs/MCF-
10A normal breast cells.
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clustering during nanoparticles uptake, the changes during the process
were able to be monitored using TIRF. This was used to study the up-
take of nanoparticles into cells that were attached to coverslip sub-
strates. Within each sample, six locations were randomly selected with
a total of over 300 cells being imaged. The diameters of detectable
clusters were measured using ImageJ software package (ImageJ soft-
ware, NIH, Bethesda, MD, USA).

The uptake efficiency of nanoparticles into cells was estimated by
taking the ratio of the total area of observable clusters that are fully
engulfed to the total area of cells in the imaging field.

2.6. Immunofluorescence staining of LHRH receptors

In this study, the immunofluorescence staining of the triple negative
breast cancer cells (MDA-MB-231) was used to study the distributions
of LHRH receptors for the specific attachment of conjugated MNPs.
2× 104 MDA-MB-231 cells were cultured on No. 1.5 coverslips inside
of a sterile 60×15mm Falcon cell culture Petri dish in their medium.
After at least 48 h, the cells were fixed with 4% high-grade paraf-
ormaldehyde in 0.1 M Phosphate Buffered Saline (PBS) solution. After
10min, the paraformaldehyde was aspirated. This was followed by
three rinses with PBS. The cell samples were then permeabilized, each
with 1mL 0.1% solution of Triton X-100 for 5min. This was followed
by three rinses with PBS. Subsequently, the cell samples were incubated
in PBS with 3% bovine serum albumin (BSA) at room temperature
(25 °C) for 15min. The samples were then rinsed thrice with PBS, be-
fore incubating the cells for 2 h with 100 μL of primary antibody (anti-
LHRH antibody) at a concentration of 5 μg/mL. This was followed by
three rinses with PBS to remove excess anti-LHRH antibody.

The cells were then incubated with 100 μL of secondary antibody
(anti-mouse IgG conjugated with Alexa fluor 488) prepared at a con-
centration of 10 μg/mL in 1% BSA solution for 1 h. The resulting cell
samples were then rinsed three times with 2mL of PBS. Finally, the cell
nuclei were stained with 5 μg/mL of DAPI for 10min, followed by three
rinses with PBS. The resulting samples (on the coverslips) were drained
and mounted on clean glass slides, with a small drop of FluoroGuard
Reagent added as the mounting medium.

The staining was carried out to reveal the interactions of LHRH-
MNPs with MDA-MB-231 breast cancer cells after 1-h and also after 3-h
of incubation. This was done to verify the internalization of the parti-
cles. The stained and fixed cell samples were imaged using an oil-im-
mersion objective (60×) in a Nikon A1RSi laser scanning confocal

microscope (Nikon Instruments Inc., Melville, New York, USA). Five
samples (per condition) were examined under the confocal microscope.
This was used to study nanoparticle entry at six locations that were
selected on cells that were attached to coverslip substrates.

2.7. Statistical analysis

The raw data were analyzed using one-way ANOVA. Statistical
difference between the means were considered significant at p < 0.05.

3. Theory

3.1. Single particle entry model

Receptor-ligand interactions enable nanoparticles to enter into
biological cells by receptor-mediated endocytosis [74,75]. This is one of
the most important processes by which viruses, digested food particles
and ligand-conjugated nanoparticles enter into biological cells
[70,74,76]. To understand the possible factors that can affect receptor-
mediated endocytosis, Gao et al. [70] have used thermodynamics and
kinetics concepts to study the interactions between a ligand coated
nanoparticle and receptors that are present on the cell membrane. In
their model, since the 2D membrane is assumed to have circular sym-
metry, the problem is reduced to receptors moving along a semi-infinite
1D line.

Before contact of nanoparticle, the receptors are uniformly dis-
tributed along the cell membrane with a density of ξ0. The receptors can
move along the cell membrane via rapid diffusion motion, while the
ligands are considered to be immobile on the surface of the nano-
particles, with a density of ξL. Since the nanoparticle size is significantly
smaller than the cell membrane size, which is on the order of 10 μm, the
cell membrane is considered to be a flat sheet before contact occurs
[70] (Fig. 3). The distance from the origin of the nanoparticle is de-
noted as r, with the receptor density being described as ξ (r, t) along the
cell membrane at different time, t (Fig. 3). ξ+ represents the receptor
density directly at the contact front. The diffusivity of membrane re-
ceptors is denoted as D.

During the engulfment of nanoparticle, membrane receptors bind to
ligands on nanoparticle in order to reduce the free energy of the system.
Hence, the local receptor density is raised to the level of the ligand
density, ξL, which leads to a depletion of the receptor density in the
vicinity of nanoparticle. The resulting gradient of receptor densities
near the nanoparticle drives the flux of receptors towards the nano-
particle (Fig. 3). The receptor-ligand interactions cause the cell mem-
brane to bend and wrap around the nanoparticle at a cost of elevated
elastic energy [70]. During the engulfment, Gao et al. [70] consider the
following three contributions to the free energy change: the receptor-
ligand binding; the cell membrane bending energy; and the entropy for
both ligand-bound and free receptors. Therefore, the overall free energy
change associated with the engulfment of the nanoparticle via receptor-
mediated endocytosis is given by:
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where kB is the Boltzmann constant, T is the absolute temperature, a(t)
is the radius of the contact region, kBTeRL is the binding energy per
receptor-ligand bond, B is the bending modulus (in units of kBT), and κp
is the total mean curvature. For spherical particles with radius R,
κp=1/R1+ 1/R2= 2/R. Terms kBTln(ξL/ξ0) and kBTln(ξ/ξ0) corre-
spond to the free energy per receptor associated with the change in
configurational entropy of the bound and free receptors, respectively.
The bending energy per unit area for wrapping of the cell membrane

r 
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ξ0ξ+

ξL

a(t) 
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(b) 

Fig. 3. Schematics of (a) contact on an initially flat membrane containing diffusive re-
ceptor molecules wrapping around a ligand-coated particle; and (b) receptor density
distribution on membrane surfaces
(Adapted and modified from [70].)
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around a sphere is given by 1/2kBTBκp2. Eq. (1) is slightly modified
from the results presented in Ref. [70] to address the spherical sym-
metry of particle.

3.2. Nanoparticle cluster entry model

Experimental studies have shown that nanoparticles can also enter
cells as nanoparticle clusters [30]. Since the formation of clusters is
associated with changes in the surface energies, a new model is pre-
sented here to account for the extra surface energy terms associated
with nanoparticle clusters. Meng et al. [30] proposed that the addi-
tional new surface energy terms include interactions between nano-
particles, surface energy between the nanoparticle and the cell culture
medium and the interfacial energy between the nanoparticles and the
cell membrane. The clusters are assumed to be face centered closed
packed, as each particle on the surface has six nearest neighbors, while
the ones in the middle have twelve. Hence, the additional surface en-
ergy terms are given by [30]:

= + +− − −U U U Usurface enery MNP MNP MNP medium MNP cell membrane (2)

With the new surface energy term and considering only the time
dependent term, the new free energy equation is obtained by modifying
the results of Meng et al. [30] to give:
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where γ1 represents the surface energy between the nanoparticle-cell
culture medium and body fluids, and γ2 is the surface energy between a
nanoparticle cluster and the cell membrane. Note that the interactions
between nanoparticles contribute additional constant terms in the free
energy, which do not affect the kinetics of receptors and have thus been
omitted [30]. Eq. (3) above suggests that the inclusion of the new en-
ergy term can be interpreted as an effective change in the interaction
energy between receptor-ligand pairs. Note that κp is now related to the
total mean curvature of the whole cluster.

Balance of chemical potentials of receptors inside the contact region
and of receptors immediately outside the contact region leads to the
following equation:
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Eq. (4) can be used to determine the density of receptors ξ+ im-
mediately outside the contact region. This gives:
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The entry of nanoparticle clusters is thermodynamically favorable
when the chemical potential of receptors (bound to the ligand) is
smaller than the chemical potential of free receptors in the membrane,
or equivalently when ξ+ < ξ0. This condition requires that the radius
of clusters satisfies the following inequality:

>
+ −−( )
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The maximum radius Rmax of clusters that can enter the cell is
limited by the number of available membrane receptors. Once the
average concentration of free receptors outside the contact region drops
to ξ+, then the receptors (free and bound) reach chemical equilibrium
and there is no further wrapping. This gives:

= + − +πL ξ π R ξ πL πR ξ4 ( 4 ) ,max L max
2

0
2 2 2 (7)

Thus, the critical radius can be estimated by combining the equation
(Eq. (7)) for conservation of receptors on the membrane of character-
istic size L with Eq. (5).

A simple estimate for the wrapping time can be obtained via the
characteristic time of diffusion of receptors from the region of size
l R ξ ξ~ /L 0 that are needed to completely cover the cluster of nano-
particles. Hence, the wrapping time is given by:

t l
D

R
D

ξ
ξ

~ ~ ,w
L

2 2

0 (8)

where D is the diffusion constant of free membrane receptors. More
accurate results take into account the detailed kinetics of the wrapping
process, as described in Ref. [70].

3.3. Entry of clusters into normal breast cells and breast cancer cells

As in Ref. [30], the value of γ1− γ2 in the free energy expression
(presented in Eq. (3)) was estimated to be the surface energy difference
between water on LHRH-MNPs surface and glycerol on LHRH-MNPs
surface. Contact angle measurements were conducted for the two
combinations and Young's equation was used to predict the new addi-
tional term, (γ1− γ2)/ξL, which is on the order of 1.28kBT.

Since there are at least 120 amine groups (Ocean NanoTech, LLC.,
Private Communication, 2016) on the surface of the nanoparticles, the
total number of LHRH ligands is expected to be on the same magnitude
after conjugation. As the average hydrodynamic diameter of the par-
ticles is approximately 50 nm, the ligand density, ξL,is then estimated to
be on the order of 15,000 μm−2. The rest of parameters are adapted
from Gao et al. [70]. Specifically, the receptor density, ξ0, has a mag-
nitude between 50 μm−2 and 500 μm−2. Receptor-ligand binding en-
ergy, eRL, is expected to be on the order of 15kBT at T=300K [70]. The
bending rigidity of biological cell membrane, B, has a value on the
order of 20kBT [70]. The diffusion coefficient of the receptors, D, is
approximately 104 nm2/s [70]. The length of the biological cell mem-
brane, L, has a typical value of 10 μm [70]. For the listed parameters,
we estimate that the minimum cluster size that can be encapsulated is
Rmin=14 nm and the maximum cluster size is Rmax=910 nm, where
the intial receptor density is between 50 μm−2 and 500 μm−2.

Furthermore, analytically, the cluster model predicts the wrapping
times for different nanoclustersizes of clusters that are engulfed by a
cell. The predictions are shown in Table 1. Here, we predict the
wrapping time for cluster entry into cells under two conditions with
different initial receptor densities in the membrane. The small ξ0 has a
value of 50 μm−2, corresponding to approximately to 3900 receptors
per cell, while the large ξ0 has a magnitude of 500 μm−2, corresponding
to approximately 39,000 receptors per cell.

Although the exact number of specific LHRH binding sites per breast
cancer/normal cell is not reported in the literature, the upper and lower
bound values of ξ0 are in the range that has been reported for binding
sites between GnRH-Rs and MCF-7 breast cancer cells [77]. It is,
therefore, reasonable to study the lower ξ0 case as a model for normal

Table 1
Estimated wrapping time for different particle cluster sizes (radii) with initial receptor density of 50 μm–2 and 500 μm–2.

Radius 50 nm 150 nm 250 nm 350 nm 450 nm 600 nm 750 nm 900 nm

ξ0= 50 9.1min 1.4 h 3.7 h 7.4 h 12.2 h 21.7 h 1.4 days 2.1 days
ξ0= 500 33.3 s 5min 13.9 min 27.2 min 44.9 min 1.3 h 2.1 h 3 h
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breast cells, while the large initial receptor density corresponds to
breast cancer cell receptor distributions. The optimum cluster radius for
ξ0= 50 μm−2 is obtained to be 18 nm and the corresponding wrapping
time is estimated to be 81 s (Fig. 4a). Also, the optimum cluster radius
for the cancer cell model with ξ0= 500 μm−2 is 16 nm, which is
comparable to that of the normal cell model (Fig. 4b). However, the
wrapping time of 4 s is twenty times less.

4. Results

4.1. Nanoparticle characterization

The magnetite nanoparticles that were used in this study have an
Fe3O4 core with PEG coating. The surfaces of the MNPs have functional
amine groups to enable the conjugation of LHRH peptides to these PEG-
coated MNPs. The fluorescamine protein assay showed that there were
at least 120 amine groups per particle (Ocean NanoTech, LLC., Private
Communication, 2016).

4.1.1. Phase identification
Since magnetite and maghemite both have cubic structures with

similar lattice parameters, traditional XRD cannot distinguish easily
between these two types of iron oxide. Hence, Raman spectroscopy was
used to determine the type of iron oxide that was used in this study.
This is because Raman spectroscopy is sensitive to the electron con-
figuration of cation oxidation states and the characteristic peaks can
distinguish different iron oxides from each other. The following modes
and peak assignments were observed for MNPs in the Raman spectrum
shown in Fig. 5: T2g1 for 186 cm−1, T2g2 for 482 cm−1, and A1g for
662 cm−1. These three peaks confirmed that the MNPs were magnetite.
They are also in agreement with those that have been reported in the
literature [78–80]. Furthermore, it is interesting to note that the Raman
spectrum reveals the presence of the PEG coating, as A1 for 862 cm−1,
and amine surface groups, where 3161 cm−1 represents the NeH
symmetric stretching and 3232 cm−1 correspond to NeH asymmetric
stretching (Fig. 5).

4.1.2. Structure
The TEM images revealed that the PEG-coated MNPs had spherical

shapes, with an average core diameter of around 30 nm (Fig. 6a). A
representative high resolution TEM image of MNPs is shown in Fig. 6b.
It also illustrates that, due to the surface PEG coatings, the MNPs are
separated from each other, and no aggregation is observed. The selected
area diffraction pattern (SAD) confirmed that the particles were mag-
netite, since the ring pattern/assignments are in agreement with those
reported for magnetite in the literature [81–84] (Fig. 6c). Finally, the
energy dispersive X-ray spectroscopy (EDS), performed in TEM, also

confirmed the presence of both Fe and O (Fig. 6d).

4.1.3. Conjugation
The FTIR spectra of: (a) MNPs; (b) glutaraldehyde-activated MNP,

and (c) LHRH-conjugated MNPs are presented in Fig. 7. All of the
spectra exhibited peaks that were characteristic of PEG-coated iron
oxide [66,69]. These included: the FeeO bond at 590 cm−1, and the
eOH group found on the particle surface at 3300 cm−1. The peaks at
1010, 1076, 1107 and 1153 cm−1, correspond to the C-O-C and CeH
bonds in PEG.

The FTIR spectrum of the PEG-coated MNPs exhibited character-
istics of amine-terminated PEG with methylene signature peaks at 2935
and 2864 cm−1. FTIR also confirmed the presence of the surface NH2

groups, which corresponds to the peak at 1550 cm−1. This vanished
from the spectrum for both glutaraldehyde activated MNPs and LHRH-
MNPs, as the surface amine groups react with carbonyl groups (at
1724 cm−1) in glutaraldehyde.

During the peptide conjugation process, the amine groups in the
peptides react with the remaining carbonyl group in glutaraldehyde. As
a result, the carbonyl group that is present in (b) disappears in spectrum
(c), while the relative intensity of C]N increases. These are located at
1203, 1346 and 1643 cm−1, respectively. Hence, the FTIR spectra
showed that the conjugation process was successful in forming the
desired chemical bonds.
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Fig. 5. Raman spectrum of MNPs.
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4.1.4. Nanoparticle size distributions
The size distributions of the nanoparticles that were measured be-

fore and after peptide conjugation are presented in Table 2. Specifi-
cally, MNP has core diameter of 31.9 ± 2.4 nm and hydrodynamic
diameter of 58.1 ± 17.2 nm. The core diameter and hydrodynamic
diameter for LHRH-MNPs are 32.1 ± 2.1 nm and 59.3 ± 19.1 nm,
respectively. These were obtained by calculating: core diameters from
TEM micrographs (Fig. 8a) and hydrodynamic diameters from Dynamic
Light Scattering (DLS) (Fig. 8b). The polydispersity index (PDI) values
measured for MNPs and LHRH-MNP dispersions in DI water

(hydrodynamic diameter) were both<0.1. The values were obtained
by DLS device according to the ISO standard document 13,321:1996 E
[85] and ISO 22412:2008 [86]. PDI values indicates the width of the
overall size distribution, with a value ranging between 0 (mono-
disperse) and 1 (polydisperse) [87–89]. Here, low PDI numbers (0.07
for MNPs and 0.09 for LHRH-MNPs) indicate that the nanoparticles
used in this study have good monodispersity.

4.1.5. Surface charge
Table 2 summarizes the ζ-potentials obtained for MNPs

(2.9 ± 0.3 mV) and LHRH-MNPs (4.9 ± 0.6mV) in DI water. While
lower absolute value of the ζ-potential indicates the colloidal in-
stability, which could lead to aggregation. The particles were well
dispersed in water for> 6months, with no flocculates or precipitates
being observed during this period. Hence, their application will not be
impaired during this period of time.

4.2. Nanoparticle entry into cells

4.2.1. Cellular uptake characterization by TIRF and confocal microscopes
The internalization of nanoparticles into the cells at different in-

cubation times was characterized for the following particle/cells com-
binations: MNPs with MDA-MB-231 TNBC cells, LHRH-MNPs with
MDA-MB-231 TNBC cells, and LHRH-MNPs with MCF-10A normal
breast cells, as shown in Fig. 9.

After 5min of incubation, LHRH-MNP particles were greatly at-
tracted to MDA-MB-231 breast cancer cells, forming clusters at the cell
membranes (Fig. 9g). However, large clusters did not form with MNPs
or with LHRH-MNPs and MCF-10A normal breast cells (Fig. 9b and l).

MNPs started to enter into the cancer cells and small nano-clusters
were observed in the cytoplasms of the cells within 5min (Fig. 9b).
These clusters became more obvious after 30min and 1 h, as shown in
Fig. 9c and d respectively. After 3 h of uptake, small MNP clusters were
observed in the cytoplasm and the nuclei (Fig. 9e).

For the internalization of LHRH-MNPs into normal breast cells, no
detectable nanoparticle/cell interactions were observed after 5min
(Fig. 9l). However, after 1 h, LHRH-MNP clusters were observed on the
cell membranes. These LHRH-MNP clusters were much smaller dia-
meter than the LHRH-MNPs in the cancer cells (Fig. 9h, i and j). The
LHRH-MNP clusters entered into the normal breast cells and were ob-
served inside of the cytoplasm of these cells after 1 h. Larger clusters
were internalized into normal cells after 3 h (Fig. 9o).
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Fig. 6. (a) TEM micrograph of MNPs; (b) HRTEM image of MNPs; (c) Diffraction pattern of MNPs; and (d) EDS spectrum of MNPs.

Fig. 7. FTIR spectra of (a) MNPs; (b) glutaraldehyde activated MNPs; and (c) LHRH
conjugated MNPs.

Table 2
Colloidal properties of iron oxide nanoparticles before and after LHRH conjugation.

Sample Core
diameter
[nm]

Hydrodynamic
diameter [nm]

Polydispersity
index in DI water

Zeta
potential
[mV]

MNP 31.9 ± 2.4 58.1 ± 17.2 0.07 2.9 ± 0.3
LHRH-MNP 32.1 ± 2.1 59.3 ± 19.1 0.09 4.9 ± 0.6
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The interactions between LHRH-MNPs and breast cancer cells be-
came more obvious with increasing time. After 1 h, LHRH-MNPs had
already entered into the cancer cells and were present in the cytoplasm
outside the nuclei (Fig. 9i). Furthermore, some LHRH-MNP particles
were observed in the nuclei after 3 h (Fig. 9h). It is also interesting to
note that at 5min, the LHRH-MNP cluster sizes were on the order of
about 10 μm on the surface of breast cancer cells (Fig. 10a). However,
during the later stages, the clusters that were present inside of the cells
had significantly smaller sizes of approximately 3 μm (Fig. 10b).

The internalization of LHRH-MNPs into breast cancer cells was also
examined using confocal fluorescence microscopy. Fluorescein staining
(FITC) revealed the presence of LHRH ligands (green fluorescence) on
the surfaces of LHRH-MNP clusters (Fig. 11b and c). For 1-h incubation
(Fig. 11a, b and c), clusters with different average radii, ranging from
250 nm to 900 nm, were observed inside the cytoplasms and the nuclei
of the breast cancer cells. After 3-h of uptake, more clusters with larger
sizes were observed in the breast cancer cells.

Focusing on the region highlighted in yellow, a few LHRH-MNP
clusters, identified with arrows, were found inside of the nuclei after 3 h
of incubation. Clusters were also observed on the cell membrane. They
were observed to enter the cells via receptor-mediated endocytosis
(Fig. 11e and f). The LHRH-conjugated magnetite particles that entered
the breast cancer cells after 3 h of incubation had diameters in the range
between 400 nm and 1.5 μm.

The positions of the internalized nanoparticle clusters in MDA-MB-
231 cells were also confirmed using confocal fluorescence microscopy
with a step size of 100 nm in the z-direction. The slices extracted via 3D
imaging of cells (at different z-heights) are presented in Fig. 12. Also,
the particles in Fig. 12d are not observed in Fig. 12a, b and e, indicating
these clusters were internalized inside of the cells. These observations
again suggest that nanoparticles entered into the breast cancer cells via
receptor-mediated endocytosis.

4.2.2. Cluster size distribution and cellular uptake efficacy
The fully engulfed cluster size distributions in three types of nano-

particle/cell interactions per incubation times are reported in bar charts
in Fig. 13a, b and c. Fig. 13a shows the results of MNP cluster size
distribution in MDA-MB-231 breast cancer cells at incubation times of
5min, 30min, 1 h and 3 h. The majority of the clusters have dia-
meters< 2 μm. Specifically, at 5-min incubation time, up to 79.4% of
clusters fall into the size range between 0.5 μm to 1 μm. After 30min
cellular uptake, the major peak shifts to range between 1.5 μm and 2 μm
(~57.1%). Larger clusters, with diameters over 2 μm, were observed
more frequently with increasing incubation times. For instance, clusters
up to 4 μm diameter (~1%) were present after 3 h. The difference be-
tween the overall cluster size distributions at various incubation times
is statistically significant (p < .001). Similar trends are also observed
in the cases of LHRH-MNPs/breast cancer cells (p < .001) and LHRH-
MNPs/normal breast cells (p < .001).

To quantify the efficacy of cellular uptake, the cluster uptake per-
centage was estimate from the ratio of the total encapsulated cluster
area to the total cell area in the field of view. The results are presented
in Fig. 13d. During the interaction between MNPs and breast cancer
cells, there is an increase in uptake efficacy from 0.06% (at 5min) to
0.79% (at 3 h). For the efficacy in LHRH-MNPs/breast cancer cells, the
initial value at 5min is 0.025%. This rises to 1.3% after 3 h, which is
almost twice as much as that between MNPs and breast cancer cells.
Lastly, in the cellular uptake of LHRH-MNPs into normal breast cells,
there is a slight increase in efficacy initially from 5min (0.025%) to 1 h
(0.158%), but no notable changes afterwards. Overall, there is an ac-
ceptable level of statistical significance (p= .057) in the uptake effi-
cacy between these three types of interactions.
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Fig. 8. TEM images, core diameters and hydrodynamic diameters of (a) MNPs in water; and (b) LHRH-MNPs in water.
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5. Discussion

5.1. Nanoparticle characterization

The results presented in Table 2 show that the hydrodynamic dia-
meters of LHRH-MNPs are greater than the core diameters obtained
from the TEM images. This is because the DLS measures the

hydrodynamic diameter (also known as intensity averaged particle
diameter), which is a combination of the actual nanoparticle size and
the surrounding solvent molecules. Furthermore, the organic layer
(PEG) coating on the MNPs is transparent to electron beams in the TEM.
It is also known that the thickness of the grafted PEG layer (on the
nanoparticle surface) correlates with polymer conformation, which is
bushy-like [60]. Hence, the hydrodynamic diameter is larger than the
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Fig. 9. Representative images of NP internalization into cells for three NP/cell combinations at 5 min, 30min, 1 h and 3 h after incubation: MNPs/MDA-MB-231 breast cancer cells,
LHRH-MNPs/MDA-MB-231 breast cancer cells and LHRH-MNPs/MCF-10A normal breast cells. (scale bars: 50 μm, red arrows pointing towards representative NP locations). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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core diameter (Table 2).
The polydispersity index (PDI) serves as an important indicator for

both nanoparticle stability and size uniformity. A greater PDI value
(towards 1) corresponds to wider size distribution while a lower PDI
value (towards 0) indicates the sample size range is narrower [89]. In
our study, low PDI values were obtained (0.07 for MNPs and 0.09 for
LHRH-MNPs), meaning that the particles have good monodispersity
and stability. It is important to note that both the MNPs and LHRH-

MNPs had narrow size distributions that suggest that minimal ag-
gregation occurred during ligand exchange. This indicates that max-
imum possible number of ligands (~120 per particle) (Ocean Nano-
Tech, LLC., Private Communication, 2016) has been attached to the
nanoparticle surface and allows highest level of interaction with re-
ceptors. Aggregation among particles will reduce the effectiveness of
ligand-conjugated carriers for specific targeting purpose.

The surface charges of nanoparticles also play an important role in
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Fig. 10. LHRH-MNPs internalization into MDA-MB-231 breast cancer cells at 60× magnification for (a) 5 min incubation and (b) 3 h incubation. (Scale bars: 20 μm).
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Fig. 11. Confocal fluorescence images: (a) DAPI (4′, 6-diamidino-2-phenylindole) for LHRH-MNPs incubated in MDA-MB-231 breast cancer cells for 1 h; (b) FITC (fluorescein iso-
thiocyanate) for same cells; (c) combined DAPI and FITC with arrows pointing towards clusters; (d) MDA-MB-231 breast cancer cells (no particles); (e) LHRH-MNPs incubated into MDA-
MB-231 breast cancer cells for 3 h; and (f) enlarged area for highlighted region in (e) with arrow pointing towards clusters.
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the interactions with cell membranes [90,91]. Also, the stability of
MNPs suspension can be referred from the absolute value of the ζ-po-
tential [92]. It is clearly demonstrated that the absolute values of the ζ-
potential for both MNPs and LHRH-MNPs are positive (Table 2). The
positive surface charge is favorable for the interactions between the
nanoparticles and biological cells, since the cell membrane is negatively
charged [93].

5.2. Nanoparticle uptake by breast cells

The size distribution of nanoparticle clusters and their uptake effi-
cacy into breast cells (both normal and cancerous) were presented in
Section 4.2.2. The smallest detectable cluster sizes are limited due to
the resolution of optical and fluorescence microscopes. Therefore, dis-
persed nanoparticle distribution was not reported while individual
nanoparticle and cell interaction can be virtualized using TEM images
[30]. Nevertheless, the experiments clearly demonstrated that the
presence of LHRH ligands facilitate functionalized nanoparticles accu-
mulation inside of breast cancer cells, which over express LHRH re-
ceptors on their surfaces [73]. Overall, the amount and sizes of clusters
observed inside normal breast cells were significantly lower than in the
cancer cells at comparable times.

Ligand-conjugated nanoparticles typically enter into the cells
though receptor mediated endocytosis once they reach the target and
bind to receptors [94,95]. The comparison in cellular uptake for dif-
ferent cell/nanoparticle pairs suggests that LHRH-MNPs preferentially
enter into breast cancer cells through receptor-mediated pathways
(Fig. 9). Leuschner et al. [43] reported LHRH receptor binding affinity
and binding capacity values, which again emphasized that the

endocytosis pathway of LHRH-MNPs entering into breast cancer cells is
receptor-dependent. To clarify whether this process is clathrin depen-
dent, sucrose and intracellular potassium depletion method can be used
to further study the mechanism pathway [96]. However, this is beyond
the scope of this paper.

Nanoparticles can also enter into cells through pathways that do not
involve receptors, which happens in MNPs/breast cancer cells and
LHRH-MNPs/normal breast cells. In such cases, the particles can be
internalized by cells via receptor independent pathways, e.g. phago-
cytosis. While the results indicated that receptor-mediated process is
more efficient in cellular uptake. There is also a chance that LHRH-
MNPs can be engulfed into breast cancer cells via both receptor-mediate
endocytosis and phagocytosis. The detailed pathways which are in-
volved in this process, though, require further investigation.

5.3. Comparison of models and experiments

The modeling results suggest that the wrapping process between
LHRH-MNPs and the breast cell is accelerated by the increased in-
cidence of receptors on the membranes of cancerous cells. Hence, the
wrapping process is overall quicker for breast cancer cells than for
normal cells (Fig. 4), and Table 1 indicates that the wrapping time in-
creases with increasing cluster sizes. For cluster radii that are over
600 nm, the model predicts that it takes over one day for the cluster to
be wrapped into a normal cell. However, the overall wrapping times for
nanoparticles engulfed into cancer cells is much less, indicating LHRH-
MNPs are kinetically favorable for entry into breast cancer cells.

Therefore, we conclude that receptor-mediated endocytosis involves
an interplay between thermodynamics and kinetics [30,70]. When the

(a) (b) 

(d) 

(c) 

(e) (f) 

Fig. 12. 3D confocal fluorescence image of LHRH-MNPs incubated into MDA-MB-231 breast cancer cells for 3 h, with a) to e) being slices taken at different z height, from bottom to top,
and f) being a partial 3D image that is sliced at certain z-height. Particles are exposed at various locations at different z heights.
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particle size is too small, the process becomes thermodynamically un-
favorable, because a binding free energy due to small number of ligand-
receptor pairs cannot overcome the cost of bending energy of cell
membrane. For small particles, they can enter into cells through other
pathways other than receptor-mediated endocytosis, such as direct
penetration [74,75,97]. On the contrary, for large clusters, the entry is
very slow, because it takes much longer for the membrane receptors to
diffuse towards the clusters. For large clusters, it is also possible for the
cell membrane to not have enough receptors for the receptor-mediated
endocytosis process to occur. In this scenario, large clusters may enter
via a different pathway, e.g. phagocytosis. As a result, there exist an
optimum diameter, (~32 nm), which minimizes the entry time (see
Fig. 4) in the context of cellular uptake into breast cancer cells.

This prediction is consistent with the experimental observations
discussed in Section 4.2. Fig. 10b shows that the internalized cluster
sizes after 3 h of incubation are much smaller than the cluster sizes
(approximately 10 μm in diameter) presented on the cell membrane at
early stages (Fig. 10a). These large sized clusters outside of the cancer
cells were formed probably due to interfacial energy between the na-
noparticles. In addition, specific interactions between LHRH receptor
and its ligand could attract the conjugated nanoparticles towards
binding sites, leading to the formation of large clusters, which are en-
gulfed afterwards. Particularly, a single nanoparticle may not have
large enough area to interact with enough numbers of receptors to drive
the membrane wrapping process. By contrast, a group of nanoparticles
forming into cluster at cell membrane enables greater binding affinity
to large numbers of receptors and hence promote cellular uptake. This
is not to say clustering is always favored. For example, clustering of
particles in the original colloidal solution not only reduce ligand density
but also have a higher chance of being eliminated by immune system.
Thus, the delivery efficacy is not optimized.

The above results suggest that, during receptor-mediated

endocytosis, although the larger clusters are more energetically favor-
able to be encapsulated, the process is less kinetically favorable due to
the slow diffusion of receptor transport on the cell membrane.
Moreover, with these extra-large clusters, there is a higher chance that
the cell membrane will not have enough receptors that can fully support
the whole clusters to enter cells. Therefore, such extra-large clusters
formed at initial stages were not observed inside of breast cancer cells
after longer incubation times, while smaller sizes of particle clusters
were detected.

Furthermore, both the cluster size and the wrapping time predic-
tions are in good agreement with the experimental observations shown
in Section 4.2. For instance, in confocal and TIRF images, LHRH-MNPs
with average radii up to 900 nm are observed after 1 h of incubation
with breast cancer cells (Fig. 9i and Fig. 11c), while clusters with
average radii up to 1.5 μm are present after 3 h of uptake (Fig. 9j,
Fig. 10b and Fig. 12). On the contrary, the uptake of LHRH-MNPs in
normal breast cells were present in significantly lower quantities and
smaller sizes (Fig. 9o). This observation suggests that there is a specific
interaction between LHRH conjugated nanoparticles and breast cancer
cells. Such receptor-ligand interaction explains the higher uptake of the
functionalized particles into breast cancer cells.

Finally, it is important to note that the analytical models assume
that the cell membrane is infinite. If we consider finite cell membranes,
the wrapping times will be larger than those predicted for infinite cell
membranes. Since for finite size cell membrane, when the particle ra-
dius exceeds Rmax=910 nm, the wrapping process cannot be com-
pleted due to the lack of receptors [70]. While for infinite size mem-
brane, there will always be receptors diffusing towards the binding area
to internalize particles. We have also idealized the wrapping time to be
the time between the onset of initial nanoparticle/cell membrane
contact and the onset of full engulfment of the nanoparticles. However,
under in-vivo conditions, the transport of the nanoparticles to the

Fig. 13. Nanoparticle cluster size distribution at 5min, 30min, 1 h and 3 h for (a) MNPs/MDA-MB-231 breast cancer cells; (b) LHRH-MNPs/ MDA-MB-231 breast cancer cells and (c)
LHRH-MNPs/MCF-10A normal breast cells. (d) The estimated uptake percentage (total cluster area over total cell area) between three NP/cell combinations at different uptake time.
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tumor sites should also be considered in addition to the receptor-
mediated endocytosis process explored in this paper. This is clearly
beyond the scope of the current work.

6. Conclusion

The entry of LHRH conjugated PEG-coated magnetite nanoparticles
into triple negative breast cancer cells and normal breast cells has been
studied using both thermodynamics and kinetics models, as well as in-
vitro experiments. The comparisons of the different nanoparticle/cell
combinations suggest that LHRH-MNPs enter preferentially into breast
cancer cells via receptor-mediated endocytosis pathway. The specific
interactions between LHRH receptors and ligands results in significant
LHRH-MNP uptake after 3 h of interactions with breast cancer cells. The
cluster size distribution and uptake efficacy show that the entry of
LHRH-MNPs into breast cancer cells depend on the highly efficient
receptors. The thermodynamics cluster model predicts that the cells can
take in nanoclusters with radii between 14 nm and 910 nm. Also, the
kinetics model predicts that the wrapping time for full encapsulation of
the nanoclusters into breast cancer cells is between 30 s and 3 h, for
clusters with radii between 50 nm and 900 nm. These predictions are in
good agreement with experimental observations. Thus, these results
suggest that LHRH-MNPs can be used for the specific targeting of TNBC
cells in breast cancer detection and treatment.
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