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ABSTRACT: Triple-negative breast cancer (TNBC) presents significant challenges due to
its aggressive behavior and lack of targeted treatments. High-resolution imaging techniques
and targeted nanoparticles offer potential solutions for early detection and monitoring of
TNBC. In this study, we developed and characterized solid lipid nanoparticles (SLNs)
conjugated with a C-peptide derived from endostatin to target integrin αvβ3, overexpressed
in TNBC. These SLNs were loaded with superparamagnetic iron oxide nanoparticles
(SPIONs) for enhanced magnetic resonance imaging (MRI) and radiolabeled with
technetium-99m (99mTc) for single-photon emission computed tomography (SPECT),
enabling dual-modality imaging. Extensive characterization of the nanoparticles was
performed utilizing a variety of advanced techniques, including dynamic light scattering
(DLS), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), X-ray
diffraction (XRD), vibrating sample magnetometry (VSM), field-emission scanning electron
microscopy (FE-SEM), and atomic force microscopy (AFM). This comprehensive analysis
validated the successful synthesis and functionalization of the nanoparticles, along with their remarkable magnetic properties, while
also revealing their distinct spherical morphology, optimal size, uniform distribution, and colloidal stability. The conjugation of C-
peptide significantly enhanced the targeting efficiency in vitro, as evidenced by the MTT and receptor-binding assays in 4T1 cells
using flow cytometry and MRI. In vivo studies using a 4T1 murine model demonstrated that peptide-conjugated SLNs accumulated
in tumor tissues, providing superior contrast in MRI and enhanced tumor-specific localization in SPECT imaging. Biodistribution
analysis confirmed reduced off-target accumulation, particularly in the liver, compared to nontargeted formulations. Collectively, C-
peptide-conjugated SLNs provide a promising dual-modality imaging platform for TNBC, offering improved diagnostic accuracy and
tumor targeting.

1. INTRODUCTION
The diagnosis and management of breast cancer, particularly
triple-negative breast cancer (TNBC), have advanced signifi-
cantly with the development of enhanced imaging techniques
and targeted therapies. TNBC is an aggressive subtype
characterized by the absence of estrogen and progesterone
receptors and HER2 expression, making it unresponsive to
hormonal or HER2-targeted treatments, thus presenting
significant clinical challenges.1,2 Accurate diagnosis and early
detection are essential for determining appropriate treatment
strategies and improving patient outcomes.3−6

Traditional imaging methods such as mammography and
magnetic resonance imaging (MRI) are critical for breast
cancer detection, but they have limitations, particularly in
distinguishing aggressive tumors like TNBC.7 Recent advance-
ments in molecular imaging techniques, such as single-photon
emission computed tomography (SPECT) and MRI, have
enabled more detailed insights into tumor biology and
facilitated the development of theranostic nanoparticles.8−11

Solid lipid nanoparticles (SLNs) have emerged as a promising

platform for drug delivery and diagnostic imaging due to their
high bioavailability, biodegradability, and low toxicity.12 These
nanoparticles can encapsulate imaging agents, enabling them to
function as versatile tools for dual-modality imaging.13,14

Incorporating superparamagnetic iron oxide nanoparticles
(SPIONs) for MRI contrast and radiolabeling SLNs with
technetium-99m (99mTc) for SPECT enables simultaneous
high-resolution imaging and real-time biodistribution tracking,
addressing the key challenge of accurately targeting tumors in
vivo.15,16 Effective tumor targeting is particularly crucial in
TNBC, where rapid progression and metastasis limit the
treatment efficacy. Endostatin, an endogenous antiangiogenic
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protein, has shown significant potential for targeting integrins
such as αvβ3, which are overexpressed in both tumor and
endothelial cells, playing a key role in tumor progression and
angiogenesis.15,17−19

However, the clinical use of full-length endostatin is limited
by its instability, insolubility, and high production cost. To
address these challenges, we designed a C-peptide that mimics
the key functional regions of endostatin while enhancing the
stability and maintaining its antitumor properties. The C-
terminal segment of endostatin (residues 123−184) was
chosen for its ability to suppress cell proliferation, migration,
and tumor growth, showing effects similar to the full-length
protein.20 Previous research has identified several critical
regions, including residues 1−27, 6−49, 60−70, and 180−199,
being essential for endostatin’s antiangiogenic and antitumor
activities.20 In designing the C-peptide, we removed
nonessential regions that do not significantly contribute to
these effects. Specifically, we excluded the β-hairpin region
(residues 145−163) and the short β-strand (residues 172−
175), along with residues 175−184, which were deemed
nonfunctional. The final 30-amino acid sequence, 2HN-
SDPNGRRLTESYCETWRTEAPSSCHHAYIV-COOH, re-
tains the critical residues necessary for interacting with
integrins such as αvβ3, which are overexpressed in tumor
cells and are key targets for antiangiogenic therapy.17,20 This is
the first report of this specific C-peptide in ISI-indexed
journals, marking a contribution to the field. Additionally,
conjugating this peptide to nanoparticles not only improves its
serum stability and half-life but also enhances its targeting
effectiveness, making it highly suitable for therapeutic and
diagnostic applications.12

Nanoparticle conjugation with targeting peptides, such as
the C-peptide, is a promising strategy for improving diagnostic
accuracy and therapeutic targeting.21,22 In this study, we
developed and evaluated integrin-targeted SLNs conjugated
with this C-peptide for use in dual-modality imaging of TNBC.
SPIONs were incorporated into the SLNs to improve the MRI
contrast, while 99mTc was used for SPECT imaging, enabling
real-time monitoring of biodistribution and tumor targeting.23

The combination of MRI and SPECT offers complementary
imaging modalities, with MRI providing high-resolution
anatomical information and SPECT delivering quantitative
data on tissue distribution.
The present study aims to evaluate the physicochemical

properties, cytotoxicity, and in vivo imaging performance of
these peptide-functionalized nanoparticles in TNBC models.
By integrating molecular targeting with imaging techniques, we
seek to enhance the accuracy and effectiveness of TNBC
diagnosis, potentially improving treatment monitoring and
patient outcomes.

2. MATERIALS AND METHODS
2.1. Materials. In this study, several high-purity chemicals

and reagents were utilized to ensure the integrity and
reproducibility of results. Key materials included stearic acid
(98% purity, Sigma-Aldrich), and Precirol ATO 5 (Glyceryl
distearate, comprising esters of palmitic (C16) and stearic
(C18) acids, molecular formula C37H76O7, 99% purity, France,
Gattefosse) as the lipid components of of SLN. Additionally,
Poloxamer 407 (99% purity, Sigma-Aldrich, Germany), served
as a surfactant, and soybean lecithin (≥98% purity, Sigma-
Aldrich) was employed as a co-surfactant. For coupling
purposes, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide

hydrochloride (EDC·HCl, 98% purity, Sigma-Aldrich) and
N-hydroxysuccinimide (NHS, 95% purity, Sigma-Aldrich)
were employed. Iron(III) chloride hexahydrate (FeCl3·6H2O,
99% purity, Germany, Merck) and iron(II) chloride tetrahy-
drate (FeCl2·4H2O, 98% purity, Germany, Merck) were
selected as iron oxide precursors. Oleic acid (90% purity,
USA, Sigma-Aldrich) served for Fe3O4 coating. For cell culture,
RPMI-1640 medium, along with fetal bovine serum (FBS,
Gibco), trypsin−EDTA, and a penicillin−streptomycin
solution were sourced from Gibco. Anti-integrin αv antibodies
for targeting studies were of high purity (U.K., Abcam, lot
number: GR300208-7). Also, fluorescein (FITC)-conjugated
AffiniPure F(ab’)2 Fragment Donkey Anti-Rabbit IgG (H+L)
was acquired with high purity, suitable for in vitro research,
from Jackson ImmunoResearch Laboratories, code number:
711-096-152. Cell lines used in this research included
4T1MCT (4T1 murine mammary carcinoma cell line) and
MCF10 (human normal breast epithelial cell line). Both cell
lines were supplied by the Pasteur Institute in Tehran. Female
athymic BALB/c mice, aged 6−8 weeks and weighing between
20 and 25 g, were ordered from the Institute of Biochemistry
and Biophysics at the University of Tehran. Several solvents
and additional chemicals were critical to our experimental
procedures. Analytical-grade chloroform (99.8% purity),
absolute ethanol (99.9% purity), and Tween 20 were employed
alongside deionized water, purified using a Milli-Q system
(Millipore or equivalent). In peptide synthesis, reagents such
as Fmoc-protected amino acids, N,N-diisopropylethylamine
(DIEA), O-(6-chlorobenzotriazol-1-yl)-N,N,N’,N’-tetramethy-
luronium hexafluorophosphate (HCTU), N,N-dimethyl for-
mamide (DMF), dichloromethane (DCM), methanol, piper-
idine, and 2-chlorotrityl chloride (2-CTC) resin were procured
from Sigma-Aldrich. Additionally, potassium bromide (KBr)
was employed for FTIR analysis, sodium pertechnetate
(Na99mTcO4) and stannous chloride (SnCl2) for radiolabeling,
and acetonitrile and trifluoroacetic acid (TFA) for peptide
activity. All chemicals and reagents were utilized as received,
excluding specific treatment guidelines stated within our
methodology.
2.2. Preparation of Nanoparticles. To synthesize Fe3O4

magnetic nanoparticles, 0.580 mg of FeCl3·6H2O and 0.214
mg of FeCl2·4H2O were dissolved in deionized water and
mixed with a vortex mixer. After adding 1.7 mL of ammonia,
the mixture was sonicated at 100 W for 30 min and cleaned
with an external magnet until achieving a pH of 7.5. This
method was modified for enhanced practicality and effi-
ciency.24 To prepare for loading into SLNs, Fe3O4 nano-
particles were first coated with oleic acid. A mixture of 600 μL
of oleic acid and a Fe3O4 solution was heated at 90 °C for 20
min, promoting oleic acid attachment and causing the
nanoparticles to cluster and extract from water. After water
removal, the coated nanoparticles were dispersed in absolute
ethanol and dried at 65 °C25 (Figure S1).
Blank SLNs were synthesized using a hot homogenization

technique followed by ultrasonication. Initially, the lipid phase
was prepared by melting 90 mg of stearic acid and 20 mg of
Precirol at 80 °C, to which 10 μL of Tween 20 was added.
Concurrently, the aqueous phase was prepared by dispersing
70 mg of soybean lecithin in 3 mL of deionized water, followed
by sonication at 70 W for 10 min at 80 °C. Afterward, 80 mg of
Poloxamer 407 was incorporated into the lecithin dispersion
and stirred for 5 min at 80 °C. The aqueous phase was then
gradually added to the lipid phase at 80 °C using a
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homogenizer set to 12,000 rpm for 15 min. The resulting
mixture was sonicated for an additional 10 min at 70 W,
dispersed in 2 mL of distilled water, and sonicated for 15 min
at 4 °C. The solution was stored at 4 °C for 24 h to facilitate
SLN formation. The final mixture was centrifuged at 14,000
rpm for 20 min, and the resulting pellets were redispersed in
fresh deionized water. This procedure was adapted from
previous studies with modifications.26,27

Synthesis of OA-Fe3O4-loaded SLNs (SLN-OA-Fe3O4) was
done using hot homogenization and ultrasonication. The lipid
phase included 90 mg of stearic acid, 20 mg of Precirol, and 10
μL of Tween 20 melted at 80 °C. The aqueous phase was
prepared by sonicating 70 mg of soybean lecithin in 3 mL of
deionized water at 80 °C, then adding under stirring 80 mg of
Poloxamer, followed by dissolving 407.7 mg of OA-Fe3O4 in
0.5 mL of chloroform and sonicating at 50 W for 5 min. This
solution was combined with the lipid phase, and the aqueous
phase was added dropwise at 80 °C while homogenizing at
12,000 rpm for 30 min. The mixture underwent sonication at
70 W for 10 min, then it was dispersed in 2 mL of distilled
water and sonicated again for 15 min at 4 °C. After being left at
4 °C for 24 h, it was centrifuged at 14,000 rpm for 20 min, and
the pellets were redispersed in fresh deionized water26,28

(Figure S2).
The C-peptide (2HN-SDPNGRRLTESYCETWR-

TEAPSSCHHAYIV-COOH) was synthesized using standard
Fmoc solid-phase peptide synthesis on a 2-CTC resin with a
loading capacity of 1.0 mmol/g. Sequential coupling of Fmoc-
protected amino acids was performed with DIEA and HCTU
in anhydrous DMF, followed by washing with DMF, DCM,
and methanol. Fmoc groups were removed using a 20%
piperidine solution in DMF. The peptide was cleaved from the
resin using a TFA cleavage mixture. Purification involved RP-
HPLC on a C18 column with a gradient of acetonitrile and
water containing 0.1% TFA, achieving over 95% purity, as
confirmed by analytical RP-HPLC and molecular-weight
verification via electrospray ionization LC−MS. Additional
details regarding molecular modeling and LC−MS and HPLC
analyses are provided in the Supporting Information, Figures
S4−S6.
For the preparation of peptide-conjugated SLNs, the peptide

was covalently attached via its N-terminal group to the
carboxyl groups of lipids on the surface of SLNs, using EDC
and NHS as coupling agents. SLNs (10 mg/mL) were
dissolved in a phosphate buffer (pH 7.4) containing EDC
(15 mg/mL) and NHS (10 mg/mL) and mixed for 5 min. C-
peptide (1 mg/mL) was then added and incubated for 8 h at
room temperature while gently shaken at 80 rpm. Excess
unbound peptide and EDC−NHS were removed by
centrifugation at 14,000 rpm for 15 min (Figure S3).29

SLNs were radiolabeled with 99mTc using a direct labeling
technique, employing stannous chloride (SnCl2) as the
reducing agent. An acidic SnCl2 solution (300 μg/mL) was
prepared and mixed with 0.2 mL of Na99mTcO4 solution (5
mCi radioactivity) at room temperature for 5 min, adjusting
the pH to 6−7. Then, 3 mg of peptide-SLN-OA-Fe3O4 or
SLN-OA-Fe3O4 was added, and the mixture was vortexed and
stirred for 30 min. Radiochemical purity was evaluated by
centrifuging the mixture and measuring the radioactivity in
both the supernatant and precipitate. The precipitate was
dissolved in fresh buffer saline for use.30

2.3. In Vitro Physicochemical Characterization of
Nanoparticles. Dynamic light scattering (DLS) measured the

HD, polydispersity index (PDI), and ζ-potential of diluted
different nanoformulations. The size−time profile of different
formulations was measured using DLS. Following the synthesis
and drying of Fe3O4 and OA-Fe3O4 at 65 °C, the nanoparticles
were stored at room temperature. Their storage stability was
evaluated over a period of 30 days using DLS. Additionally,
SLN, SLN-OA-Fe3O4, and peptide-SLN-OA-Fe3O4 were
freeze-dried after synthesis and storage at −20 °C. The
stability of these formulations was also assessed through DLS
analysis. FTIR spectroscopy analyzed functional groups and
interactions in the nanocomplex by blending samples with KBr,
compressing them into pellets, and measuring spectra within
the range of 4000−400 cm−1. Thermal performance was
assessed using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). TGA scanned from 0 to
400 °C at 10 °C/min under nitrogen. DSC recorded
characteristic peaks and specific heat of melting endotherms
for 4 mg samples heated individually. The magnetic aspects of
Fe3O4, OA-Fe3O4, and SLN-OA-Fe3O4 were analyzed using a
vibrating sample magnetometer at room temperature, with
measurements conducted up to a magnetic field strength of 10
kOe.
X-ray diffraction (XRD) was used to analyze the crystal

structure and phase of nanoparticles, collecting data from 20−
100° (2θ). The particle sizes were estimated using the Scherrer
equation based on the XRD data. The formula used is as
follows

D
K
cos

=
(1)

where D is the particle size in nanometers, K is the Scherrer
constant (0.94), λ is the wavelength of X-ray radiation (1.5406
Å), θ is the corresponding Bragg’s diffraction angle, and β is
the full width at half-maximum (fwhm) in radians.
Field-emission scanning electron microscopy (FE-SEM) and

atomic force microscopy (AFM) analyzed the nanoparticle size
and morphology. The amount of OA-Fe3O4 incorporated into
SLN-OA-Fe3O4 was determined using Atomic absorption
spectroscopy (AAS). An in vitro magnetic resonance (MR)
imaging study was conducted using a Siemens Prisma 3.0 T
MR scanner. Various concentrations of SLN-OA-Fe3O4 were
prepared and mixed with 1% agarose in a 24-well plate, which
was placed in water. T2-weighted MR images were obtained
with parameters including a repetition time of 5000 ms, echo
times ranging from 20 to 320 ms, and a field of view (FOV) of
240 mm × 240 mm. The resulting T2-weighted MR phantom
images were quantified using ImageJ software.
2.4. Cell Culture Experiments. In vitro cytotoxicity was

evaluated using 4T1MCT and MCF10 normal cell lines in
RPMI-1640 medium supplemented with 10% fetal bovine
serum and 1% penicillin, maintained at 37 °C in a 5% CO2
atmosphere. The MTT assay was employed to assess
cytotoxicity across various treatments. Once the cells reached
90% confluency, they were detached using 700 μL of trypsin,
diluted with medium, and centrifuged at 1400 rpm for 5 min.
The supernatant was discarded, and the cell pellets were
resuspended in medium with 10% serum. Cells were then
seeded at a density of 10,000−15,000 cells per well in a 96-well
plate and incubated overnight. The following day, the medium
was replaced with fresh media containing different doses of C-
peptide, SLN, OA-Fe3O4, SLN-OA-Fe3O4, peptide-SLN-OA-
Fe3O4, or culture medium as a negative control for 24 h. MTT
powder (5 mg/mL) was added to each well, followed by a 4 h
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incubation at 37 °C. After removing the culture medium,
formazan crystals were dissolved in DMSO, and absorbance
was measured at 595 nm to calculate the IC50 value.
Cell viability was also determined using the trypan blue

exclusion assay on both 4T1 and MCF10 cells. The cells were
seeded in triplicate in cell culture plates at a density of 1 × 105
cells/well and allowed to adhere. After a 24 h adhesion period,
the cells were treated with varying concentrations of C-peptide,
SLNs, OA-Fe3O4, SLN-OA-Fe3O4, or peptide-SLN-OA-Fe3O4.
The cells treated with culture medium alone were considered
as the negative control. After a 24 h treatment period, the
culture medium was removed, and the cells were washed once
with PBS. The cells were then trypsinized, and the cell
suspension was mixed with trypan blue solution. The mixture
was incubated for 2−3 min at room temperature. The number
of viable (unstained) and nonviable (stained blue) cells were
counted using a hemocytometer under a light microscope.
Viability was calculated using the following formula

viability (%)
number of viable cells

total number of viable and nonviable cells
100

=

× (2)

The binding ability of peptide-bound nanoparticles to αv
integrin receptors was investigated using flow cytometry.
Initially, 4T1 cultured cells were collected, centrifuged, and
then resuspended in fresh medium supplemented with 10%
FBS. Each well of a 12-well plate was seeded with 300,000 cells
and treated with control (no treatment), peptide (70% of the
IC50 dose, 7 μg·mL−1), peptide-SLN-OA-Fe3O4 (at 30, 50 and
70% doses of IC50, corresponding to 2, 4, and 6 μg·mL−1,
respectively), and a constant dose of anti-integrin αv antibody
(400 ng·mL−1). After 3 h of incubation, an equal amount of
FITC-labeled secondary antibody (400 ng·mL−1) was added to
the mixture and allowed to interact with the cells for 1 h. The
cellular contents of each well were then centrifuged to remove
unbound probes and resuspended in fresh medium. The
interactions were analyzed using flow cytometry.21,22,31,32 The
binding ability of peptide-bound nanoparticles to αv integrin
receptors was investigated using MR imaging. 4T1 cultured
cells were harvested, centrifuged, and resuspended in fresh
medium with 10% FBS. Each well of a 24-well plate was filled
with 200,000 cells and subject to various treatments: the
control medium, SLN-OA-Fe3O4, and peptide-SLN-OA-
Fe3O4. The treatments were administered at a concentration
of 70% of IC50, specifically at 6 μg/mL. In additional assays,
cells were treated with peptide-SLN-OA-Fe3O4 and three
doses of anti-integrin αv antibody (100, 200, and 400 ng·
mL−1). After 4 h of incubation for nanoparticle−cell
interaction, the wells were centrifuged to remove unbound
probes and resuspended in fresh medium. T2-weighted MR
images were then acquired using a 3.0 T MR scanner to assess
the interactions.33 To achieve maximum cell viability and
optimal receptor binding, 70% concentration of the IC50 for
peptide-SLN-OA-Fe3O4 was utilized. The concentration of the
control antibodies was determined to be 400 ng/mL, based on
the preliminary testing. These experiments demonstrated that
this specific concentration was optimal for maximizing binding
to the αv integrin receptors, thereby ensuring the accuracy and
reliability of our experimental measurements.
2.5. In Vivo Experiments. Tumor targeting was evaluated

through in vivo MR Imaging. All procedures involving the
animals adhered to the ethical standards set by the University

of Tehran’s Ethics Committee for Animal Research, and
approval was granted by the Biomedical Research Ethics
Committee of the University of Guilan, under code number:
IR.GUILAN.REC.1401.010. In vivo T2-weighted MR imaging
was performed using a 3.0 T MR scanner on mice with 4T1
tumors implanted in their left legs, reaching a size of 300 mm3.
Mice were randomly assigned to two treatment groups: SLN-
OA-Fe3O4 (n = 3) and peptide-SLN-OA-Fe3O4 (n = 3).
Anesthesia was induced with ketamine and xylazine. Initially,
untreated mice underwent T2-weighted MR imaging as
controls. Following that, each treatment group received 100
μL of their respective nanoparticle solution (each solution
containing 1 mg·mL−1 Fe3O4) via tail vein injection, with
imaging conducted at 30, 60, and 180 min post-treatment.
To further assess tumor targeting, we conducted in vivo

SPECT Imaging. Nanoparticles labeled with 99mTc were
intravenously injected into 4T1 breast tumor-bearing BALB/
c mice for SPECT imaging (n = 3). The administered activity
was standardized to approximately 1.2 mCi (1.2 mL dose).
One hour postinjection, three-dimensional (3D) spectral
imaging was conducted to evaluate the in vivo biodistribution
of free 99mTc, comparing it with 99mTc-SLN-OA-Fe3O4 and
99mTc-peptide-SLN-OA-Fe3O4 nanoparticles.
2.6. Ex Vivo Studies. After MR imaging, a biodistribution

study was conducted to assess the accumulation of Fe3O4-
based nanoparticles in various tissues using Prussian blue
staining. Microscopy images were obtained with an inverted
fluorescence microscope. Following SPECT imaging, tissue
samples were harvested to measure their radioactivity uptake
using a dose calibrator. To calculate the blood clearance of the
99mTc -labeled SLNs, the following formula was utilized

L C
clearance

dose=
× (3)

where the term dose is defined as the amount of technetium
administered, L represents the dosing interval, and C indicates
the concentration of technetium in the plasma.
Additionally, an exponential decay model was used to

describe the activity of technetium over time

A A e t
0= (4)

where A is the end activity, A0 is the initial activity, e is a
mathematical constant approximately equal to 2.71828, and λ
is the decay constant, which indicates the rate of decay and is
calculated using the formula λ = 0.693/T1/2, where T1/2 is the
half-life of 99mTc (6 h) and t is the time elapsed since
administration.
Following the injection of SLN-Fe3O4 and peptide-SLN-

OA-Fe3O4 nanoparticles, 4T1MCT-bearing mice underwent
biosafety evaluation at 3 h postinjection. The mice, including
healthy controls, were ethically euthanized. Tissue samples
were harvested, fixed in 10% paraformaldehyde, and subjected
to H&E staining for histological examination.
2.7. Statistical Analysis. Data analysis, graph generation,

and statistical evaluation were conducted using Prism software
(version 8.0.2), and results are presented as mean ± SEM.
One-way ANOVA with Tukey’s post hoc test assessed
significant differences for one independent variable, while
two-way ANOVA was employed for testing two independent
variables. Statistical significance was established at a 95%
confidence level (P < 0.05). Image quantification utilized
ImageJ 1.52v software.
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3. RESULTS AND DISCUSSION

3.1. Characterization of Nanoparticles. The size,
morphology, and surface electrostatic properties of nano-
particles significantly influence their bodily clearance, tissue
distribution, and cellular uptake. Spherical nanoparticles below
500 nm enhance the internalization efficiency by effectively
attaching to cells and delivering a high drug payload.34 The

SLN size, surface charge, and uniformity were assessed using
DLS. The DLS results revealed the following mean sizes and
polydispersity indexes (PDIs) for various nanoparticles: Fe3O4
(67 nm, PDI: 0.3), OA-Fe3O4 (200 nm, PDI: 0.3), blank-SLN
(243 nm, PDI: 0.3), OA-Fe3O4−SLN (315 nm, PDI: 0.3), and
peptide-conjugated SLN-OA-Fe3O4 (347 nm, PDI: 0.3). PDI
values lower than 0.3 indicate a homogeneous particle size
distribution.35 ζ-Potential assesses nanoparticles’ surface

Figure 1. Characterization of nanoparticles. (a) ζ-Potential, mean size, and PDI of nanoparticles assessed using DLS; see Figures S2 and S3 for
details. (b) FTIR spectra (500−4000 cm−1) revealing functional groups in nanoparticles. (c) DSC analysis, demonstrating the thermal properties of
SLN and SLN-OA-Fe3O4. (d) TGA curves illustrating the thermal stability of the nanoparticles. (e) XRD analysis indicating the crystal structure
and phase purity of the nanoparticles. (f) Magnetic properties of the nanoparticles assessed by vibrating sample magnetometry (VSM).
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electrical properties and charge interactions with the medium.
In this study, the ζ-potential of Fe3O4 was measured at −7 mV,
which increased to −22 mV upon oleic acid coating, indicating
successful decoration with carboxylate groups. The ζ-potential
for blank-SLN was −22 mV, while that of SLN-OA-Fe3O4 was
−23 mV, showing no significant differences and confirming
that OA-Fe3O4 was well encapsulated in SLN without affecting
colloidal stability. When the peptide was conjugated to SLN-
OA-Fe3O4, the surface charge decreased to −12 ± 2 mV,
indicating amide coupling between the carboxylate groups on
SLN and the peptide’s amino terminus, which shielded some
carboxyl groups. The negative surface charge of nanoparticles
induces electrostatic repulsion, leading to physical stability
during storage and preventing aggregation36 (see Figures 1a,
S8, and S9 in the Supporting Information for additional data).
Previous studies show that negatively charged nanoparticles
improve anticancer drug delivery efficiency by reducing
clearance and enhancing blood compatibility through electro-
static repulsion.37 The uniform size distribution, stable surface
charge, and successful incorporation of OA-Fe3O4 and peptide
suggest that these nanoparticles are well suited for biomedical
applications. After a 1 month storage period of different
nanoformulations, the mean size of the nanoparticles was
evaluated using DLS. The measurements revealed that the size
of the nanoparticles remained largely unchanged from the
initial values. These results indicate that the nanoparticles
maintained their stability throughout the storage period
(Figure S10). In addition, after a 4 month storage period at
−20 °C, the mean size, PDI, and ζ-potential of peptide-SLN-
OA-Fe3O4 was evaluated with DLS. The measurements
revealed that the size and ζ-potential of the nanoparticles
remained largely unchanged from the initial values. These
results indicate that peptide-SLN-OA-Fe3O4 maintained their
stability throughout the storage period (data not shown).
The possible interactions among the components, bonding

patterns, and surface functionalization of the nanoparticles
were studied using FTIR spectroscopy (Figure 1b). The FTIR
spectra span from 475 to 4000 cm−1. In blank-SLN, key peaks
include 2920 and 2854 cm−1 (C−H stretching in −CH2
groups), 1710 cm−1 (C�O stretching), 1110 cm−1 (C−O−
C stretching), and 3400 cm−1 (O−H stretching).38,39 Fe3O4
shows a characteristic band at 544 cm−1 (Fe−O vibration).40

Fe3O4 coated with oleic acid (OA) is indicated by peaks at
2930 and 2850 cm−1 (CH3 stretching), and a shift of the C�
O peak from 1702 to 1650 cm−1 indicates the interaction with
Fe atoms.25 For peptide−SLN conjugates, characteristic peaks
are observed at 1645 cm−1 (amide C�O stretching) and 1511
cm−1 (N−H bending), confirming peptide conjugation.17

DSC measured the heat flow associated with thermal
transitions. The endothermic melting peaks of stearic acid
and precirol at 53 °C indicate that the lipid core in blank-SLN
and SLN-OA-Fe3O4 is in a solid state (Figure 1c).

Figure 1d presents the TGA profiles for four different
samples: Fe3O4, OA-Fe3O4, SLN, and SLN-OA-Fe3O4. The
iron oxide nanoparticles (Fe3O4) display remarkable thermal
stability with minimal weight loss (approximately 2%) up to
400 °C, likely due to the removal of adsorbed moisture.41 The
oleic acid-coated iron oxide (OA-Fe3O4) demonstrates a
moderate weight loss beginning around 200 °C, amounting to
approximately 15%, which can be attributed to the thermal
decomposition of the oleic acid layer.25,42 In contrast, SLN
exhibits a significant weight loss of approximately 70−80%
within the temperature range of 200−400 °C, correlating with
the thermal breakdown of lipid constituents, including Precirol,
lecithin, stearic acid, and Poloxamer 407. The SLN-OA-Fe3O4
sample shows a similar reduction in mass (75−80% weight
loss) within the same temperature range, confirming the
successful encapsulation and integration of oleic acid-coated
Fe3O4 within the SLN matrix.
The crystal structure and phase purity of the nanoparticles

were analyzed by XRD (Figure 1e). The Fe3O4 nanoparticles
exhibit distinct peaks at 30.1° (220), 35.5° (311), 43.1° (400),
53.4° (422), 57° (511), and 62.2° (440), aligning with the
Fe3O4 phase, as documented in the existing research.11,43 In
the OA-Fe3O4 pattern, these characteristic peaks were reduced,
confirming the presence of OA over Fe3O4.

10,44 After
encapsulating Fe3O4 in SLNs, the diffraction peaks became
noisier and diminished, indicating successful encapsulation.45

The sizes of the nanoparticles were evaluated using the
Scherrer equation based on the XRD data. For Fe3O4, the most
intense diffraction peak is located at 35.5° with a fwhm (β) of
0.002178 radians, resulting in a calculated particle size of
approximately 70 nm. For OA-Fe3O4, the most intense
diffraction peak is also observed at 35.5° with a fwhm of
0.000763 radians, yielding a calculated particle size of
approximately 200 nm. For SLN-OA-Fe3O4, the most intense
diffraction peak is located at 25° with a fwhm of 0.000444
radians, leading to an estimated particle size of approximately
320 nm. These calculated sizes are consistent with the results
obtained from DLS analysis, further validating our findings.
Having magnetic properties is a crucial parameter for an

MRI contrast agent.33,46 Therefore, the magnetic character-
istics of the synthesized nanoparticles were evaluated using a
VSM (Figure 1f). The saturation magnetization values were
approximately 56 emu/g for Fe3O4, around 55 emu/g for OA-
Fe3O4, and approximately 16 emu/g for SLNs containing OA-
Fe3O4, suggesting successful encapsulation of OA-Fe3O4. The
magnetic properties of Fe3O4, OA-Fe3O4, and SLN-OA-Fe3O4
in response to an external magnet are illustrated in Figure
S7a−d.
The morphology of the nanoparticles was investigated using

both AFM and FE-SEM techniques. Micrographs revealed
spherical and uniform-sized nanoparticles, suitable for drug
delivery. Morphological analysis showed that the conjugation

Figure 2. Morphological characterization of Nanoparticles. AFM images show spherical and homogeneous nanoparticles. Scale bar: 500 nm (n =
3).
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of peptide and entrapment OA-Fe3O4 did not alter the SLN
shape. The nanoparticle sizes matched with DLS measure-
ments (Figures 2 and S11).
3.2. In Vitro Cytotoxicity. The development of safe and

effective imaging tracers is crucial for advancing noninvasive
diagnostic techniques. The MTT assay was conducted on
4T1MCT cells to evaluate the cytotoxic effects of various
nanoparticle formulations after 24 h of treatment. The free C-
peptide demonstrated an IC50 value of 10.7 μg·mL−1, which
can be attributed to its intrinsic targeting properties and
antitumor effects (Figure 3a). In contrast, the blank-SLN, OA-
Fe3O4, and SLN-OA-Fe3O4 formulations demonstrated sig-
nificant biocompatibility, as they did not exhibit substantial
cytotoxicity at the highest concentrations tested (Figure 4b).
The treatments containing OA-Fe3O4 resulted in lower cell
viability compared to the treatments with SLNs alone.
However, when OA-Fe3O4 was incorporated into SLNs,
there was a notable improvement in cell viability. This
enhancement suggests that the inclusion of OA-Fe3O4 within
the SLN matrix is beneficial for mitigating the inherent toxicity
of OA-Fe3O4, potentially due to a controlled release
mechanism or improved cellular interactions. Interestingly,
when examining the peptide-SLN-OA-Fe3O4 formulation,
which incorporates 100 μg/mL OA-Fe3O4 and 8 μg/mL

conjugated C-peptide, a more pronounced impact on 4T1 cell
viability was observed, showing a 55% reduction (Figure 3b).
This suggests that while SLNs enhance the overall biocompat-
ibility and decrease the cytotoxicity of OA-Fe3O4, the addition
of the C-peptide alters the formulation’s interaction against the
integrin receptors on TNBC cells.
The MTT assay was also performed on MCF10 (human

normal breast epithelial cells) to assess the biocompatibility of
C-peptide and nanoparticles. All treatments exhibited consid-
erably lower cytotoxicity toward MCF10 normal cells
compared to tumor cells. Specifically, cell viability was
maintained at 89 and 80% for C-peptide and peptide-SLN-
OA-Fe3O4 formulations, respectively (Figure 3c,d).
Additionally, cell viability was assessed using the trypan blue

exclusion assay. As illustrated in Figure S12, the viability of
4T1 cancer cells was reduced to 34% when treated with the
highest concentration of peptide-SLN-OA-Fe3O4 nanopar-
ticles. In contrast, MCF10 cells retained a viability of 86%
under the same conditions. These findings are consistent with
the results obtained from the MTT assay, reinforcing the
selectivity of the peptide-SLN-OA-Fe3O4 formulation. There-
fore, the peptide-SLN-OA-Fe3O4 nanoparticles demonstrate an
ability to effectively distinguish between healthy and cancerous
tissues. This selectivity suggests a reduced risk of adverse side

Figure 3. Cell viability. (a) Viability of 4T1MCT cells treated with different concentrations of free peptide (0.5, 1, 2, 4, 6, 8, 10, 12, 14, and 16 μg·
mL−1) after 24 h. (b) Viability of 4T1MCT cells treated with SLN, OA-Fe3O4, SLN-OA-Fe3O4, and peptide-SLN-OA-Fe3O4 at different
concentrations over 24 h. (c) Viability of MCF10 normal cells treated with different concentrations of free peptide (0.5, 1, 2, 4, 6, 8, 10, 12, 14, and
16 μg·mL−1) after 24 h. (d) Viability of MCF10 normal cells treated with SLN, OA-Fe3O4, SLN-OA-Fe3O4, and peptide-SLN-OA-Fe3O4 at
different concentrations over 24 h. Cell viability was measured through the MTT assay, and data were analyzed with Prism 8 software (two-way
ANOVA, mean ± SEM, n = 3, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, or ns: not significant).
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Figure 4. Binding specificity studies. (a) Receptor-binding assays using flow cytometry. 4T1MCT cells were incubated with free peptide (7 μg·
mL−1) and peptide conjugated on SLN (peptide-SLN-OA-Fe3O4) at different concentrations (0, 2, 4, and 6 μg·mL−1). After adding the anti-
integrin αv antibody and FITC-conjugated secondary antibody, flow cytometric analysis was performed. (b) Quantitative analysis of the flow
cytometry assay using Prism 8 software (two-way ANOVA, mean ± SEM, n = 3, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, or ns: not
significant). (c) Evaluation of the targeting capability of peptide-SLN-OA-Fe3O4 using MRI. Harvested 4T1 cells were incubated with peptide-
SLN-OA-Fe3O4 and varying doses of anti-integrin αv antibody (X = 100 ng/mL). MR images show a decreased T2 signal in 4T1 cell phantoms by
increasing doses of the anti-integrin αv antibody. (d) Quantitative analysis was performed using ImageJ and Prism 8 software (two-way ANOVA,
mean ± SEM, n = 3, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, or ns: not significant).
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effects and enhances the potential safety of these nanoparticles
for targeted diagnostic applications.
Consistent with previous studies, breast tumor-targeting

peptides exhibit significant cytotoxic effects on 4T1 cancer
cells due to their selective binding to overexpressed receptors
while having a minimal impact on normal breast MCF10 cells.
This differential effect is crucial for achieving targeted
therapeutic outcomes without compromising the viability of
healthy tissues.15,47

3.3. Binding Specificity. To investigate the binding
specificity of peptide-SLN-OA-Fe3O4, its binding position

was investigated using flow cytometry. For this purpose,
control and peptide (at a concentration of 70% IC50, 7 μg·
mL−1), as well as peptide-SLN-OA-Fe3O4 in a gradient
concentration (30, 50, and 70% of IC50, corresponding to 2,
4, and 6 μg·mL−1, respectively), were treated with 4T1 cells.
The primary anti-integrin αv antibody (400 ng·mL−1) was also
added to the mixtures. Subsequently, after 3 h, a FITC-labeled
secondary antibody (400 ng·mL−1) was introduced, allowing 1
h for binding to the primary antibodies. Washing was
performed to remove any unbound probe. The fluorescence
intensity of the secondary antibody was then analyzed using

Figure 5. Binding and targeting efficacy through MR imaging. (a) Schematic figure of in vivo MR imaging protocols. (b) T2-weighted MR images
of increasing Fe3O4 concentration loading into SLN (μg·mL−1) (n = 3). (c) Contrast intensity of T2-weighted MR images quantified using ImageJ
software (n = 3). (d) In vivo MRI of 4T1MCT-bearing Balb-c mice. MR images were taken at various intervals following the tail vein injection of
SLN-OA-Fe3O4 and peptide-SLN-OA-Fe3O4 (n = 3).
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flow cytometry. As observed, in the absence of peptide
(control), the highest binding of the primary antibody to the
αv integrin receptors was noted, resulting in the greatest
fluorescence intensity from the secondary antibody. An
increase in the concentration of peptide-SLN-OA-Fe3O4
resulted in a decrease in the fluorescence intensity of the
secondary antibody, confirming the specificity of the peptide

for the αv integrin receptors. A concentration of 70% IC50 (in
free peptide and peptide-SLN-OA-Fe3O4) likely occupied most
available binding sites for the primary antibody, leading to an
absence of detectable fluorescence intensity (Figure 4a,b). To
gain a deeper understanding of the binding sites of the drug
delivery system, we conducted in vitro magnetic resonance
(MR) imaging studies on 4T1 cells that overexpress integrin

Figure 6. In vivo SPECT imaging. (a) Schematic of radiolabeling and in vivo SPECT imaging protocols. (b) 3D SPECT imaging of 4T1MCT-
bearing Balb/c mice showing that 99mTc-peptide-SLN-OA-Fe3O4 accumulated effectively in tumors compared to 99mTc-SLN-OA-Fe3O4. Free
99mTc exhibited a short half-life, rapidly excreting into the bladder. (c) Tissue distribution of free 99mTc, 99mTc-SLN-OA-Fe3O4, and 99mTc-peptide-
SLN-OA-Fe3O4 in treated mice measured by a dose calibrator after their sacrifice. The data were analyzed by two-way ANOVA using Prism
software (mean ± SEM, n = 3, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, or ns: not significant).
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αvβ3. MR imaging showed that peptide-SLN-OA-Fe3O4-
treated cells exhibited significantly enhanced signal contrast
compared to cells treated with nontargeted SLN-OA-Fe3O4,
confirming specific binding to the αvβ3 integrin receptors
(Figure 4c,d). Additionally, a higher concentration of anti-
integrin αv antibody reduced the binding of peptide-SLN-OA-
Fe3O4, as evidenced by a marked decrease in MR signal
intensity. This confirms the specificity of the peptide for αv

integrins and highlights its potential for precise targeting in
TNBC diagnostic applications. These results align with earlier
research, which also used competitive binding assays to verify
nanoparticle targeting.21,22,31−33,46

3.4. In Vivo MRI. Figure 3a illustrates the in vivo MR
imaging protocols. T2-weighted images revealed that SLNs
containing OA-Fe3O4 exhibit excellent superparamagnetic
properties, leading to concentration-dependent negative

Figure 7. Biodistribution study. (a) Prussian blue staining was performed on tumor and liver tissues from 4T1MCT-bearing BALB/c mice at 30,
60, and 180 min postinjection of SLN-OA-Fe3O4 and peptide-SLN-OA-Fe3O4; scale bar: 20 μm. Significant iron particle accumulation was
observed in the tumors of peptide-SLN-OA-Fe3O4-treated mice, increasing over time, while SLN-OA-Fe3O4-treated mice showed minimal uptake.
Additionally, the peptide formulation resulted in lower liver accumulation compared to SLN-OA-Fe3O4. (b) Microscopy analysis using ImageJ
quantified the iron particles, and data were analyzed with two-way ANOVA using Prism software (mean ± SEM, n = 3, ****P < 0.0001, ***P <
0.001, **P < 0.01, *P < 0.05, or ns: not significant).
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Figure 8. (a) Microscopic view of Prussian blue staining, scale bar: 20 μm. (b) Quantitative analysis of iron accumulation in the lung, kidney,
spleen, and heart of treated mice. Data were analyzed using two-way ANOVA using Prism software (mean ± SEM, n = 3, ****P < 0.0001, ***P <
0.001, **P < 0.01, *P < 0.05, or ns: not significant).
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contrast enhancement (Figure 5b,c). In vivo, T2-weighted
MRI was performed on 4T1 tumor-bearing Balb/c mice to
evaluate the tumor-targeting efficiency of the nanoparticles.
Mice treated with peptide-SLN-OA-Fe3O4 demonstrated a
time-dependent (30, 60, and 180 min) accumulation of the
nanoparticles in tumor tissues, leading to enhanced MRI
contrast. In comparison, mice treated with nontargeted SLN-
OA-Fe3O4 showed a more diffuse distribution, with greater
accumulation in off-target organs such as the liver. After 180
min postinjection, peptide-SLN-OA-Fe3O4 exhibited signifi-
cantly higher accumulation in tumor tissues, providing superior
contrast compared to nontargeted nanoparticles (Figure 5d).
These findings confirm that the peptide-functionalized nano-
particles offer enhanced tumor targeting, making them suitable
for diagnostic imaging of TNBC.
3.5. In Vivo SPECT Imaging. SPECT imaging was

conducted to obtain more detailed insights into the
distribution patterns of 99mTc-labeled nanoparticles, as shown

in Movies S1 (mice treated with free 99mTc), S2 (mice treated
with 99mTc-SLN-OA-Fe3O4), and S3 (mice treated with 99mTc-
peptide-SLN-OA-Fe3O4). Figure 6a illustrates the procedural
details for both radiolabeling and SPECT imaging conducted
in living organisms. At 1 h following the injection, the peptide-
SLN-OA-Fe3O4 formulation exhibited a notably greater
accumulation within tumor tissues in comparison with both
the free 99mTc and SLN-OA-Fe3O4 nanoparticles, which lacked
peptide conjugation. The free 99mTc was quickly eliminated
from the blood circulation and was found to accumulate
mainly in the bladder. Conversely, the SLN-OA-Fe3O4
nanoparticles were primarily found in the liver, with only
minimal accumulation observed in the tumor, which can be
attributed to a passive targeting mechanism. The formulation
that included the peptide demonstrated an increased buildup
specifically in tumor areas, which verified the high efficiency of
the C-peptide in targeting integrin αvβ3 receptors when
introduced to a living system, as evidenced in Figure 6b.

Figure 9. H&E staining of tissues from SLN-OA-Fe3O4- and peptide-SLN-OA-Fe3O4-treated mice for biosafety evaluation (n = 3); scale bar: 20
μm. This analysis assesses the histopathological effects and biocompatibility of the nanoparticle formulations.
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3.6. Biodistribution and Targeting Efficacy. The
biodistribution and targeting specificity of the nanoparticles
were assessed using Prussian blue staining and radioactivity
analysis. The results showed a significantly higher accumu-
lation of iron particles in the tumor tissues of mice treated with
peptide-SLN-OA-Fe3O4 compared to those treated with SLN-
OA-Fe3O4, with the difference becoming more pronounced
over time (Figure 7a). At 30 min postinjection, the mean
tumor iron accumulation was 30% ID/tissue for peptide-
functionalized nanoparticles, compared to only 2% ID/tissue
for the nontargeted nanoparticles. This difference grew at 60
min (39 vs 3% ID/tissue) and at 180 min (55 vs 5% ID/
tissue), indicating an 11-fold improvement in tumor targeting
efficiency for the peptide-coated formulation by the final time
point. In contrast, liver accumulation followed an opposite
trend. At 30 min, the mean iron particle levels in the liver were
27% ID/tissue for peptide-SLN-OA-Fe3O4 and 45% ID/tissue
for SLN-OA-Fe3O4. These levels decreased to 23 vs 33% ID/
tissue at 60 min and further dropped to 16.3 vs 31.6% ID/
tissue at 180 min. This progressive reduction in liver
sequestration for peptide-coated nanoparticles contrasts
sharply with the sustained hepatic retention observed for
nontargeted nanoparticles. Quantitative analysis confirmed
that the iron particle concentration in the tumors of peptide-
SLN-OA-Fe3O4-treated mice was significantly higher, demon-
strating effective tumor targeting and reduced liver accumu-
lation, thus minimizing hepatic sequestration (Figure 7b).
However, the biodistribution analysis also revealed substantial
accumulation of SLN-OA-Fe3O4 in the kidneys, as shown in
Figure 8a,b. At 180 min postinjection, the mean iron particle
accumulation in the kidneys was 14.3% ID/tissue for peptide-
SLN-OA-Fe3O4, compared to 28.6% ID/tissue for SLN-OA-
Fe3O4. While peptide-SLN-OA-Fe3O4 shows improved tumor
targeting and fewer off-target effects, significant retention of
SLN-OA-Fe3O4 in the kidneys raises important considerations
regarding potential filtration and clearance mechanisms. These
findings underscore the targeted delivery capabilities of
peptide-SLN-OA-Fe3O4 and highlight the need for further
evaluation of kidney accumulation in future therapeutic
studies. Additionally, quantitative biodistribution analysis
using a dose calibrator validated the SPECT imaging results,
confirming the superior tumor targeting of 99mTc-pPeptide-
SLN-OA-Fe3O4 in the tissues of treated mice (Figure 6c).
Prussian blue staining and SPECT imaging corroborated the
MRI findings, revealing significant iron particle accumulation
in tumors with reduced hepatic sequestration from peptide-
SLN-OA-Fe3O4 nanoparticles. The greater tumor uptake of
99mTc-peptide-SLN-OA-Fe3O4 compared to 99mTc-SLN-OA-
Fe3O4 further highlights the effectiveness and specificity of this
targeted delivery system. Based on calculations using eqs 2 and
3 in Section 2, the blood clearance rate of the 99mTc-labeled
solid lipid nanoparticles (SLNs) was determined to be 1 mCi/
h. As observed in the biodistribution analysis, the radioactivity
levels in blood samples taken from the mouse groups treated
with 99mTc-labeled SLNs were nearly undetectable after 1 h,
indicating that the nanoparticles had cleared from circulation.
The developed nanoparticles, which integrate SPIONs for

MRI contrast and 99mTc for SPECT imaging, provide a
comprehensive platform for monitoring the biodistribution and
confirming targeted delivery. This approach enhances the early
diagnosis, precise treatment, and real-time monitoring of
therapeutic efficacy in breast cancer. Optimizing nanoparticle
excretion pathways is crucial for minimizing liver accumulation

and maximizing targeting efficacy, ensuring safe elimination
after treatment.48

3.7. Biosafety. 4T1MCT-bearing mice treated with SLN-
Fe3O4 and peptide-SLN-OA-Fe3O4 nanoparticles underwent
biosafety evaluation. To this end, H&E staining was conducted
on tissue samples, including the lung, kidney, spleen, liver, and
heart tissues (Figure 9). The alveolar structure in the lung
tissue of both the SLN-OA-Fe3O4 and peptide-SLN-OA-Fe3O4
treated groups appears largely similar to that in the normal
lung tissue, with open air spaces and no obvious signs of
alveolar damage, inflammation, or thickening.49−52 In the
kidney, the renal corpuscles (glomeruli) and tubules show
typical morphology in all groups, with no apparent signs of
glomerular sclerosis, tubular damage, or interstitial inflamma-
tion.22,53 The spleen architecture, including the white pulp
(lymphoid follicles) and red pulp (sinusoids), appears
comparable between the treated and control groups, with no
observable changes in cellularity or signs of congestion.54 In
the liver, the hepatic lobules, central veins, and sinusoids
appear normal in the treated groups, with no evidence of
hepatocyte necrosis, steatosis (fatty changes), or inflammatory
cell infiltration.22,53 Examination of the heart reveals that the
cardiomyocytes display normal morphology with intact
striations and no apparent signs of cellular damage,
inflammation, or fibrosis in the treated groups.55 These
observations suggest that the SLN nanoparticle formulations,
both with and without peptide modification, exhibit a favorable
biosafety profile for in vivo diagnostic applications, as
evidenced by the absence of significant histopathological
abnormalities in major organs of treated mice compared to
normal controls.56,57

4. CONCLUSIONS
This study successfully demonstrates the innovative use of
integrin-targeted SLNs conjugated with a C-terminal peptide
derived from endostatin as a powerful tool for enhancing dual-
modality imaging of TNBC. The SLNs exhibited remarkable
stability, biocompatibility, and optimal magnetic properties,
enabling efficient accumulation in tumor sites through selective
targeting of integrin αvβ3. In vitro and in vivo evaluations
confirmed that peptide-conjugated SLNs significantly improve
imaging contrast and tumor localization compared to their
nontargeted counterparts, marking a substantial advancement
in the diagnostic capabilities for TNBC.
The implications of these findings are profound, as they

suggest that such targeted imaging agents could not only
facilitate earlier detection of TNBC but also inform treatment
strategies by providing real-time monitoring of therapeutic
efficacy. As we move forward, further optimization of these
nanoparticles is essential to enhance their excretion pathways,
ensuring minimal off-target effects and improved patient safety.
This work paves the way for future translational applications of
peptide-functionalized nanomedicines in cancer diagnosis and
treatment, highlighting a promising frontier in personalized
oncology. The integration of imaging techniques with targeted
therapy underscores a significant step toward overcoming the
challenges posed by aggressive cancer subtypes like TNBC,
ultimately striving for better patient outcomes and survival
rates.
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