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Purpose: Owing to the lack of effective biomarkers, triple-negative breast cancer (TNBC) has the worst prognosis among all subtypes
of breast cancer. Meanwhile, tremendous progress has been made to identify biomarkers for TNBC. However, limited number of
biomarkers still restrain the specifically targeting outcomes against TNBC. Here, to solve the obstacle, we designed and synthesized
a new type of biocompatible nanoparticles to amplify the targeting effects for TNBC theranostics.

Methods: To identify the biomarker of TNBC, the expression of intercellular adhesion molecule-1 (ICAM1) was assessed by real-time
polymerase chain reaction and western blot among all subtypes of breast cancer and normal breast epithelium. Then, vesicular nanoparticles
based on poly(ethylene glycol)-poly(e-caprolactone) copolymers were prepared by the double emulsion method and modified with anti-ICAM1
antibodies through click chemistry to conjugate with related antigens on TNBC cell membranes and then loaded with magnetic resonance
imaging (MRI) contrast agent gadolinium and chemotherapeutic drug doxorubicin. The targeting capability, diagnostic and therapeutic efficacy
of this nanoparticle were validated through cell-based and tumor model-based experiments.

Results: ICAM1 was expressed significantly higher on TNBC than on other subtypes of breast cancer and normal breast epithelium in
both mRNA and protein level. Theranostic nanoparticle modified with anti-ICAM1 was proved to be able to specifically target to
TNBC in vitro experiments. Such theranostic nanoparticle also displayed enhanced diagnostic and therapeutic efficacy by specifically
targeting capability and extending circulation time in tumor models. The biocompatibility and biosafety of this nanoparticle was also
confirmed in vitro and in vivo.

Conclusion: Overall, this new nanoparticle has been demonstrated with effective therapeutic outcomes against TNBC, providing
a promising theranostic approach for MRI-guided therapy of TNBC.
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Introduction

Breast cancer is the most common newly diagnosed cancer and ranks in the top five leading causes of cancer-related
death in Chinese women.'” Triple-negative breast cancer (TNBC), which is negative for estrogen receptor (ER),
progesterone receptor (PR) and without human epidermal growth factor receptor 2 (HER2) overexpression, accounts
for 10-20% of all types of breast cancer.” In comparison with other subtypes of breast cancer, TNBC has the highest
mortality and is the most difficult to treat with systemic therapy.* The risk of recurrence and death within five years after
diagnosis is significantly higher in patients with TNBC than those with other subtypes of breast cancer.” Therefore, early
diagnosis and effective treatment is important for the improvement of the prognosis in TNBC.
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Currently, chemotherapy has been the only viable systemic treatment option for TNBC since it lacks targeted treatment.®
Among various chemotherapeutic drugs for cancer therapy, one of the most used is doxorubicin (DOX).*” It belongs to the
anthracycline class and is able to interact with DNA base pairs to produce a range of cytotoxic effects.” Because its free form
shows high toxicity to most major organs, especially to cardiac tissue, liposomal formulation of DOX, known as Doxil, was
invented to avoid serious side effects.”® However, Doxil’s therapeutic efficacy is still limited because it relies on passive
accumulation at tumor sites through enhanced permeability and retention (EPR) effect. Therefore, efforts have been devoting to
develop carriers which can increase therapeutic efficacy while decrease systemic toxicity through active accumulation.

Intercellular adhesion molecule 1 (ICAM1) is an Ig-like transmembrane glycoprotein expressed on many cell types, including
endothelial cells, leukocytes and cancer cells.” Previous studies have linked increased ICAMI to airway inflammation.'®"!
Furthermore, ICAM1 plays an important role in the proliferation and invasion of breast cancer cell.'” The expression of ICAM1
was also demonstrated to be associated with a more aggressive tumor phenotype in breast cancer.'® In addition, several studies
have proved that ICAM1 was expressed significantly higher on TNBC than on other types of breast cancer and was used for
targeted imaging or therapy for TNBC.'*'® Thus, ICAM1 may serve as a potential marker for TNBC.

Nowadays, various theranostic nanoparticles have also been developed,'”° yet there is no approved theranostic
nanoparticles for TNBC.?® Therefore, we aimed to design a new theranostic nanoparticle specific for TNBC with
biocompatible materials. Briefly speaking, magnetic resonance imaging (MRI) contrast agent gadolinium and DOX
were loaded within poly(ethylene glycol)-poly(e-caprolactone) copolymers (PEG-PCL)-based nanoparticles which
were modified with anti-ICAMI1 antibodies on the surface. The gadolinium-based contrast agents, approved for
intravenous use for MRI since the late 1980s, are well tolerated and widely used in a majority of patients.”’” PEG has
the properties of biocompatibility, hydrophilicity, low toxicity and is used in various fields of medical research.”®*’
PCL has been proved to be successfully used in medical and tissue engineering.’* >*> PEG-PCL-based nanoparticles
have been considered as promising drug deliver tools characterized by high biocompatibility, biodegradability, and
long-circulating properties.®* In this study, we demonstrated that this biocompatible nanoparticle displayed enhanced
diagnostic and therapeutic efficacy by specifically targeting to TNBC and extending circulation time, thus indicating
its potential to be an effective theranostic nanoparticle for the management of TNBC.

Materials and Methods

Materials

HOOC-PEG(2k)-PCL(12k) and HOOC-PEG(2k)-PCL(12k)-FITC were purchased from Chongqing Yusi Pharmaceutical
Technology Co. (China). Cy5.5 hydrazide (non-sulfonated) was purchased from APExBIO Technology (USA). DOX-HCI
was purchased from Dalian Meilun Biotechnology Co. (China). Gadopentetate dimeglumine (Gd) was purchased from Beijing
Beilu Pharmaceutical Co. (China). Human breast cancer cell lines (MCF7, BT-474, SK-BR-3, and MDA-MB-231) and human
non-neoplastic mammary epithelial cell line (MCF10A) were purchased from American Type Culture Collection (Manassas, VA,
USA). Anti-icam1 (EPR4776) antibody was purchased from Abcam.

Nanoparticle Preparation

Gd-DOX@PEG/PCL nanoparticles were prepared by the double emulsion (W/O/W) method. Briefly, 20 mg of HOOC-PEG-
PCL was dissolved in 1 mL of methylene chloride and then 0.2 mL of deionized water (containing DOX and Gd) was added. The
mixture was transferred into a centrifuge tube and emulsified by sonication at 40% amplitude for 4 min. Obtained emulsion was
quickly added to 2 mL of 2% polyvinyl alcohol (PVA) and emulsified for a second time by sonication at 40% amplitude for 5
min. Then, the emulsion was then slowly dropped into 10 mL of 0.6% PVA and stirred overnight. Unencapsulated DOX and Gd
were removed by dialysis (MWCO:10K) against deionized water for 2 days.

Nanoparticle Modification with Anti-ICAMI| Antibody
1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC) (0.5 mg) was added into a mixture of Gd-DOX@PEG/PCL
nanoparticles (2 mg/mL) and anti-ICAMI antibodies (40 pg/mL), and the reaction was carried out at 4 °C overnight.
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After removing the unconjugated antibody by centrifugation, the antibody-conjugated nanoparticles (Anti-Gd-DOX
@PEG/PCL) were stored in PBS (pH 7.4) at 4 °C before use.

Preparation of Other Nanoparticles

Nanoparticles marked with FITC (Gd-Dox@PEG/PCL-FITC and Anti-Gd-Dox@PEG/PCL-FITC) were prepared as the
same method as above except for replacing HOOC-PEG-PCL with HOOC-PEG-PCL-FITC and used for assessment with
fluorescence microscope and flow cytometry. For in vivo biodistribution experiments, cy5.5-marked nanoparticles (Gd-
Dox@PEG/PCL-cy5.5 and Anti-Gd-Dox@PEG/PCL-cy5.5) were prepared by slowly dropping DMSO-solved cy5.5
hydrazide into prepared Gd-Dox@PEG/PCL and Anti-Gd-Dox@PEG/PCL nanoparticles, respectively, with molar ratio
of 1:1 and stirring at 37 °C water bath in dark for 24 h. Then, unencapsulated cy5.5 hydrazide was removed by dialysis
(MWCO:3.5K) against deionized water for 2 days. Blank nanoparticles (PEG/PCL) without adding DOX and Gd were
also prepared to analysis the biocompatibility of the materials.

Characterization of Nanoparticles

The morphology of nanoparticles was assessed with the transmission electron microscope (TEM) (TEM H-800, Hitachi,
Japan). Briefly, a small drop of nanoparticle suspension was added to the carbon film and left over night. Then, a drop of
1% (W/V) phosphor-tungstic acid was added onto the film containing the nanoparticle sample and left for 1-2 min before
observation. The size and z-potential of nanoparticles were measured with dynamic light scattering (DLS) (Zetasizer,
Malvern, UK). Calibration of DOX and Gd was made to quantify the concentration of DOX and Gd in the nanoparticles,
respectively (Supplementary Figure S1 and the following section). After dialysis, the drug loading content (DLC) and
drug loading efficiency (DLE) for DOX and Gd were measured, respectively, using the following formulas:

weight of drug encapsulated in nanoparticles .,

DLC(%)=
(%) weight of nanoparticles

weight of drug encapsulated in nanoparticles

DLE(%)= % 100%

weight of drug in feed

In vitro Drug Release

The DOX release was monitored as following. Nanoparticle dispersion (3.00 mL) was dialyzed (MWCO:1K) against tris
buffer (80.0 mL) in a beaker (100 mL) at 37 °C and a constant stirring rate of 250 rpm. 2.00 mL samples were withdrawn at
various time intervals and analyzed by fluorescence spectroscopy (SpectraMax iD5, Molecular Devices, Shanghai) to measure
the DOX concentration at 490 nm and then put back into the beaker after measurement. Calibration of DOX mentioned above
was used for quantification. The cumulative DOX release was calculated according to the following formula:

M
Cumulative DOX release(%)= ﬁt x 100%

0

In which M; (ug) is the total amount of DOX released from nanoparticles at time t, and M, (pg) is the amount of DOX
initially loaded into the nanoparticles.

In vitro MRI

Gd solution (in PBS) with different concentrations were prepared and scanned using a 3.0 T MR scanner (Philips ingenia
cs 3.0 T) equipped with a wrist coil. The longitudinal relaxation times (T1) were measured using T1 mapping sequence.
The calibration of Gd was derived from the proportional correlation between the concentrations of Gd and their
longitudinal relaxivity (rl) (r1=1/T1) (Supplementary Figure S1). To measure the MRI capability of nanoparticles,

T1WIs of nanoparticle solutions with different concentrations were also acquired using the same MRI scanner. The TIWI
and T1 mapping were acquired with the following parameters: TIWI, FOV 200 x 160 x 18 mm, slice thickness 3 mm,
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slice gap 0 mm, TE = 13 ms, TR = 500 ms, matrix 1024 x 500 x 396; T1-mapping, FOV 200 x 162.5 x 6 mm, slice
thickness 3 mm, slice gap 0 mm, TE = 3.4 ms, TR = 1.60 ms, matrix 384 x 168 x 139.

Cell Culture

Breast cancer cells were cultured in DMEM (MCF7, SK-BR-3 and MDA-MB-231) or RPMI-1640 (BT-474) (GIBCO)
medium with 10% fetal bovine serum (GIBCO) and 1% penicillin-streptomycin (GIBCO). MCF10A cells were cultured in
MEBM (Lonza/Clonetics) medium with all recommended supplements (Lonza/Clonetics), 10% fetal bovine serum and 1%
penicillin-streptomycin. Cells were maintained at 37 °C in a humidified incubator with 5% CO, and passaged twice a week.

Western Blot

Cells were lysed in radioimmunoprecipitation buffer (Boster Biological Technology) supplemented with protease inhibitor
mixture (Boster Biological Technology) on ice. Cell lysates were cleared by centrifugation at 12,000 rpm for 10 min and loading
(30 pg) was normalized according to BCA relative protein quantification (Boster Biological Technology). Proteins were
separated using 10% SDS-PAGE under reducing conditions and blotted onto nitrocellulose membranes. After electrophoresis,
the membranes were blocked with 5% non-fat dry milk in PBS for 1 h and incubated overnight with the following primary
antibodies at 4 °C: 1:1000 anti-B-actin (Sigma-Aldrich); 1:1000 anti-icam1 (EPR4776) (Abcam). Blots were then washed on
a shaker and probed with respective HRP-conjugated secondary antibodies (goat anti-mouse IgG, goat anti-rabbit IgG, Jackson
ImmunoResearch). Bands were visualized using chemiluminescence (Amersham Imager 600, GE). Densitometric analysis was
performed using ImagelJ software (National Institutes of Health, Bethesda, MD).

Real-Time Quantitative Polymerase Chain Reaction (qQPCR)

For qPCR of all cellular mRNAs, total RNA was isolated with Trizol (Invitrogen). Total RNA (0.5 pg) was reverse
transcribed to generate cDNA using PrimeScript RT Reagent Kit (TaKaRa Bio) and qPCR was performed using the TB
Green Premix Ex Taq II (TaKaRa Bio) with the indicated primer for the real-time PCR detection system (ABI 7900HT Fast,
USA). The oligonucleotide primers used here were as follows: ICAM1 forward 5’-TGCAAGAAGATAGCCAACCAAT-3’
and reverse 5’-GTACACGGTGAGGAAGGTTTTA-3’, B-actin forward 5'-CTCCATCCTGGCCTCGCTGT-3" and reverse
5'-GCTGTCACCTTCACCGTTCC-3'.

Fluorescence Microscope Assessment

MDA-MB-231, MCF7, BT-474, SK-BR-3, and MCF10A cells (5 x 104) were plated in 35 mm glass bottom dish with 1 mL
medium and incubated overnight at 37 °C. After medium was removed, cells were fixed with 4% formaldehyde at room
temperature for 15 min. Afterwards, cells were rinsed with PBS 3 times and blocked with 5% BSA at room temperature for
60 min. After removal of BSA, cells were incubated overnight with 1:1000 anti-icam1 (EPR4776) (Abcam) at 4 °C. Then,
cells were rinsed with PBS 3 times and incubated with 1:1000 cy3 anti-rabbit IgG (Jackson ImmunoResearch) at room
temperature at dark place for 60 min. After rinsing with PBS 3 times, cells were incubated with DAPI (1:1000) for 15 min in
dark place to stain the cell nuclei. Unconjugated DAPI was washed with PBS 3 times. Finally, cells were soaked in PBS and
observed and photographed using a laser scanning confocal microscope (CarlZeiss LSM900, Germany).

For targeting experiments, MDA-MB-231 and MCF7 cells (5 x 10*) were plated in 24-well plates with 1 mL medium
overnight at 37 °C. Afterwards, old medium was replaced with fresh medium containing 5 pg/mL (equivalent to DOX) of
DOX, Gd-Dox@PEG/PCL-FITC or Anti-Gd-Dox@PEG/PCL-FITC and cells were incubated for scheduled time (3 h, 6
h). After washing with PBS for 3 times, cells were fixed with 4% formaldehyde at room temperature for 20 min. Then,
DAPI was used to stain the cell nuclei. Finally, cells were soaked in PBS and observed and photographed using an
inverted fluorescence microscope (Eclipse Ti2, Intensilight C-HGFI, Nikon, Japan).

Flow Cytometry

MDA-MB-231 cells (5 x 10%) were plated in 24-well plates with 1 mL medium and incubated overnight at 37 °C.
Afterwards, old medium was replaced with fresh medium containing 5 pg/mL (equivalent to DOX) DOX, Gd-Dox
@PEG/PCL-FITC or Anti-Gd-Dox@PEG/PCL-FITC and cells were incubated for scheduled time (3 h, 6 h). After

5608 "o International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Chen et al

washing with PBS for 3 times, cells were detached with 0.05% Trypsin-EDTA (GIBCO), washed twice with PBS and
immediately analyzed with flow cytometer (BD LSRFortessa X-20, BD) to quantify the proportion of cells positive for
FITC by gating with FITC channel. All flow cytometry data were analyzed using FlowJo (version 10).

Cytotoxicity Assay

Cell viability were estimated using the conventional colorimetric MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide) assay (Beyotime Biotechnology). In brief, 2.5 x 10> MDA-MB-231 cells per well were seeded in
96-well plates and cultured at 37 °C in the incubator overnight. Then, cells were treated with DOX, Gd-Dox@PEG/PCL
or Anti-Gd-Dox@PEG/PCL of different concentrations (equivalent to DOX (pug/mL): 0.0064, 0.032, 0.16, 0.8, 4, 20).
After treatment for 48 h, 20 uL MTT (5 mg/mL in PBS) were added to each well followed by 4 h incubation at 37 °C to
enable live cells to produce crystalline formazan. After carefully removal of the supernatant of each well, 100 uL. DMSO
(Dimethyl sulfoxide) (Beyotime Biotechnology) per well was added. Then, plates were shaken with intermediate speed
for 10 min to dissolve the crystalline. Absorbance was measured at 490 nm using a fluorescence spectroscopy
(SpectraMax iD5, Molecular Devices, Shanghai). Values were normalized to untreated controls with media controls
subtracted. For MCF7 cells, 2.5 x 10° cells were seeded in 96-well plates and cultured at 37 °C in the incubator
overnight. Then, cells were treated with DOX, Gd-Dox@PEG/PCL or Anti-Gd-Dox@PEG/PCL of different concentra-
tions (equivalent to DOX (pg/mL): 0.0032, 0.016, 0.08, 0.4, 2, 10) for 48 h. For biocompatibility assessment, cells’
viability was tested after MDA-MB-231 cells and MCF7 cells incubated with blank PEG/PCL nanoparticles of different
concentrations (0.5, 5, 50, and 500 pg/mL) for 48 h.

Tumor-Bearing Mouse Model Establishment

Animal studies were performed according to the protocols approved by the Institutional Animal Care and Use
Committees of Shanghai Tenth People’s Hospital (SHDSYY-2021-Y0829) and followed the Guideline for ethical review
of animal welfare (GB/T 35892-2018). Female Balb/C nu/nu mice with 20 g were obtained from the Shanghai Lab.
Animal Research Center (Shanghai, China). The TNBC model was established by subcutaneously injecting 5 x 10°
MDA-MB-231 cells into the flank of nude mice. Tumors generally formed in 1 to 2 weeks. Then, tumor growth was
monitored daily using caliper, and the volume was calculated with the following formula: volume = length x width* /2

In vivo Biodistribution

For In vivo biodistribution experiments, tumors were allowed to develop for 2 to 3 weeks until they were at least
200 mm® in volume. Tumor-bearing mice were randomized into 2 groups (n = 3 for each group). They were
intravenously injected with 0.1 mmol/kg (equivalent to Gd) of Gd-Dox@PEG/PCL -cy5.5 (group 1) or Anti-Gd-Dox
@PEG/PCL -cy5.5 (group 2) via tail vein. At 1, 2, 4, and 24 h after the injection, tumor-bearing mice were anaesthetized
at a vaporizer and in vivo fluorescence imaging was performed using an in-vivo optical imager (InVivo Smart-LF,
VIEWORKS Co., KOREA). At 24 h after injection, mice were euthanized, and ex vivo fluorescence images of various
organs (heart, liver, lung, kidney, and spleen) and excised tumors were acquired using in vivo optical imager. All of the
fluorescence images were adjusted to optimal threshold for displaying tumors.

In vivo MRI

For in vivo MRI, MRI scan was performed using a 3.0 T MR scanner (Philips ingenia cs 3.0 T) equipped with a 3.0 T 8 Ch
Mouse Coil (CG-MUC45-H300-AP, Shanghai Chenguang Medical Technology, China). Tumors were allowed to develop for 2
to 3 weeks until they were at least 200 mm? in volume. Tumor-bearing mice were randomized into three groups (n = 3 for each
group). Before scanning, tumor-bearing mice were anaesthetized by intraperitoneal injection of 1% pentobarbital solution at
dosage of 50 mg/kg. Non-contrast sagittal non-fat suppressive T2WI and transversal fat suppressive T1WI were acquired before
intravenous injection of any drugs. Afterwards, mice were intravenously injected with 0.1 mmol/kg (equivalent to Gd) of Gd
(group 1), Gd-Dox@PEG/PCL-cy5.5 (group 2) or Anti-Gd-Dox@PEG/PCL-cy5.5 (group 3) via tail vein, and transversal fat
suppressive T1WI was acquired at 5 min, 1, 2, 4, 6, and 24 h after injection. The acquisition parameters were as follows: non-
contrast, T1WI-TSE-transverse-fs, FOV: 80 x 80 x 10.5 mm, slice thickness 0.6 mm, slice gap 0.3 mm, TE = 18 ms, TR = 500
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ms, matrix 512 x 268 x 226; T2WI-TSE-sagittal, FOV: 80 x 100 x 19 mm, slice thickness 3 mm, slice gap 1 mm, TE = shortest,
TR = 1500 ms, matrix 400 % 160 x 149; TIWI-TSE-transverse+C-fs, FOV: 80 x 80 x 10.5 mm, slice thickness 0.6 mm, slice gap
0.3 mm, TE = 18 ms, TR = 500 ms, matrix 512 x 268 x 226. The contrast-noise ratios (CNRs) of tumors on TWII at different
time points were calculated and compared among different groups. The CNR was calculated with the following formula:
CNR=(SI1-SIn)/SDnoises in Which SIt denotes the signal intensity of tumor, SIy; denotes the signal intensity of ipsilateral hind
limb muscle. Images with tumor of the largest section were selected to measure signal intensity via region of interest (ROI). The
ROI of tumor was circular and covered the region of homogeneous enhancement with area larger than 4 mm?, and corresponding
STy was measured in the same image with the same ROI size.

In vivo Therapeutic Efficacy Experiment

For in vivo therapeutic efficacy experiments, tumors were allowed to develop for 1 to 2 weeks until they reached
100 mm® in volume. Tumor-bearing mice were randomly divided into 4 groups (n = 5 for each group) and were
treated with DOX (group 1), Gd-Dox@PEG/PCL (group 2), and Anti-Gd-Dox@PEG/PCL (group 3), respectively, at
a dosage of 2 mg/kg (equivalent to DOX) every 3 days. All treatments were performed intravenously via tail vein
injection in ~100 pL volume. Additional group of mice (group 4) intravenously injected equivalent volume of saline
were set as untreated control. Tumor growth was monitored every other day using caliper. The body weights were
also measured every other day. Fifteen days after treatment, the whole blood was collected and analyzed for routine
blood parameters and serum biochemical parameters. After euthanasia, tumors were excised and analyzed for
apoptosis and proliferation using TUNEL and Ki-67 staining, respectively. Various organs (heart, liver, lung, kidney,
and spleen) were collected and analyzed for systemic toxicity using HE staining.

Statistics

All of the experimental data were obtained in triplicate and presented as means + SD unless otherwise mentioned. One-
way analysis of variance (ANOVA) with Bonferroni post hoc tests was used to analyze statistical variance when making
multiple comparisons. All statistical analysis was performed using GraphPad Prism software (version §).

Results and Discussion
Confirmation the Target of TNBC

In order to confirm the expression of ICAMI1 in TNBC, we tested the expression of ICAM1 among different subtypes of breast
cancer and normal breast epithelium. The result showed that the mRNA of ICAM1 was expressed significantly higher on MDA-
MB-231 cells (TNBC) than on other types of breast cancer cells (luminal A type: MCF7, luminal B type: BT-474, HER2+ type:
SK-BR-3) and normal breast epithelium (MCF10A) (Figure 1A). The protein expression level of a molecule may be different
from its mRNA level after translation and subsequent modification. Therefore, we also compared the protein expression of
ICAM1 among these cells. The results showed that the ICAM1 protein was also expressed significantly higher on MDA-MB-231
cells than on other types of breast cancer cells and normal breast epithelium (Figure 1B). In comparison with cytoplastic antigen,
cell surface antigen will facilitate binding of exogenous antibody to antigen since the antibody does not need to approach antigen
through transcytosis. Thus, the subcellular localization of ICAM1 protein is important for the specific targeting and accumulation
of our nanotheranostic particle at tumor site because the binding of ligand to ICAMI1 protein is the strategy we designed.
Immunofluorescence experiments displayed that ICAM1 was expressed mainly on cell surface (Figure 1C). Besides, the results
demonstrated again that ICAM1 was expressed higher on MDA-MB-231 cells. Based on our results and previous studies,
ICAMI1 was selected as the target of TNBC in this study.

Characterization of Targeting Theranostic Nanoparticles

After double emulsion, we yielded hydrophilic nanoparticles with Gd and DOX loading within their hydrophilic inner
core named Gd-Dox@PEG/PCL. The target products named Anti-Gd-Dox@PEG/PCL nanoparticles were obtained by
modification with anti-ICAM1 antibodies on the surface of Gd-Dox@PEG/PCL. DLS analysis showed the hydrodynamic
size of Anti-Gd-Dox@PEG/PCL to be 279.7 = 7.6 nm and z-potential to be —24.7 = 0.9 mV (Figure 2A and B). The
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Figure | The expression of ICAMI on normal breast epithelium and different types of breast cancer cells. (A) Real-time quantitative PCR, (B) Western-blot, (C)
Immunofluorescence. *p < 0.05, **p < 0.01, ***p < 0.0001, in comparison with MDA-MB-231. Experiments were replicated three times.

hydrophilic surface of these nanoparticles makes them blood compatible and suitable for intravenous route of adminis-
tration. The size of Anti-Gd-Dox@PEG/PCL nanoparticles is larger than most of other nanoparticles based on PEG/
PCL.* However, size will not be a barrier for these nanoparticles to extravasate through leaky tumor vascular since the
fenestrations in most tumor vasculature range in size from 380 to 780 nm.>* The negative surface charge can reduce the
adsorption of serum proteins, thus resulting in longer circulation time.*>*® The TEM image showed that Anti-Gd-Dox
@PEG/PCL nanoparticles displayed membrane structure and irregular shape (Figure 2C).

DOX released from the nanoparticles is pH-dependent. At pH 6.0, 76.5% DOX was released after 24 h, and the release
percentage continued to increase to 81.3% after 48 h. However, at pH7.4 the release percentage was only 42.3% after 24 h and
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Figure 2 Characterization of Anti-Gd-Dox@PEG/PCL. (A) The hydrodynamic size distribution, (B) The zeta-potential distribution, (C) Transmission electron microscope
image, (D) The release profile of DOX in tris buffer; (E) TIWI images of different concentrations.

45.2% after 48 h (Figure 2D). This pH sensitivity facilitates the release of DOX from the nanoparticles in acidic tumor
microenvironment®’ while reduces unfavored leakage of DOX from the nanoparticles at undesired place in the body.

In order to test the T1 contrast ability, TIWI images of Anti-Gd-Dox@PEG/PCL nanoparticles in aqueous solutions
with various concentrations were acquired. The result showed that TIWI images of Anti-Gd-Dox@PEG/PCL solutions
became observably brighter as the concentration of Anti-Gd-Dox@PEG /PCL increased, suggesting its excellent T1
contrast ability (Figure 2E). The quantification of DOX and Gd were calculated from the calibrations of DOX and Gd,
respectively (Supplementary Figure S1). The DLE and DLC for DOX were 13.23% and 1.75%, and for Gd 28.80% and
67.54%, respectively. The loading efficacy of DOX in our study is relatively low compared with other studies.**~*° This

may be attributed to the concurrently loading both DOX and Gd within a nanoparticle for the theranostic purpose as well
as the synthesis methods. However, the ability of active targeting and extended circulation time of these nanoparticles
will lower required drug loading.

In vitro Targeting Capability of Anti-Gd-Dox@PEG/PCL Nanoparticles

In order to determine whether Anti-Gd-Dox@PEG/PCL nanoparticles can specifically target to TNBC, MDA-MB-231 and
MCF?7 cells were incubated with Anti-Gd-Dox@PEG/PCL-FITC, Gd-Dox@PEG/PCL-FITC and DOX, respectively. The
results showed that MDA-MB-231 cells absorbed more Anti-Gd-Dox@PEG/PCL-FITC nanoparticles than Gd-Dox@PEG/
PCL-FITC nanoparticles after 3 h treatment. Besides, the difference of absorption increased as the incubation time extended to 6
h (Figure 3A). The analysis of flow cytometry quantitatively displayed the above difference: the percentage of FITC positive
MDA-MB-231 cells was 3.98% + 1.21% in Anti-Gd-Dox@PEG/PCL-FITC treated group and 0.96% + 0.18% in Gd-Dox
@PEG/PCL-FITC treated group after 3 h incubation (p = 0.005), and the percentage increased to 21.57% =+ 2.96% in Anti-Gd-
Dox@PEG/PCL-FITC treated group but was almost unchanged in Gd-Dox@PEG/PCL-FITC treated group (1.64% + 0.25%)
(p <0.001 in comparison with Anti-Gd-Dox@PEG/PCL-FITC treated group) as the incubation time extended to 6 h (Figure 3B
and C). In contrast, the absorption of Anti-Gd-Dox@PEG/PCL-FITC nanoparticles or Gd-Dox@PEG/PCL-FITC nanoparticles
was barely observed in MCF7 cells even though the incubation time was extended to 6 h (Supplementary Figure S2). The above
results indicated that the Anti-Gd-Dox@PEG/PCL nanoparticles we synthesized could specifically target to TNBC via binding to
ICAM1, which was higher in TNBC than in other types of breast cancer and normal breast epithelium.
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Figure 3 In vitro targeting capacity of Anti-Gd-Dox@PEG/PCL nanoparticles. (A) Fluorescence microscope images of MDA-MB-231 cells treated with Anti-Gd-Dox@PEG/
PCL-FITC, Gd-Dox@PEG/PCL-FITC and DOX for 3 h and 6 h, respectively, (B) Flow cytometry analysis of FITC positive MDA-MB-231 cells, gating with FITC channel,
numbers represent the percentage of FITC positive cells, (C) The comparison of percentages of FITC positive MDA-MB-231 cells in Anti-Gd-Dox@PEG/PCL-FITC, Gd-Dox
@PEG/PCL-FITC and DOX treated groups in different time. **p < 0.01, **p < 0.0001. Experiments were replicated 3 times.

Cytotoxicity of Anti-Gd-Dox@PEG/PCL Nanoparticles

In order to determine the cytotoxicity of Anti-Gd-Dox@PEG/PCL nanoparticles, viability of different cells after incubation with
various nanoparticles for 48 h was tested by traditional MTT assay. Firstly, blank PEG/PCL nanoparticles with different
concentrations were incubated with MDA-MB-231 cells and MCF7 cells to investigate their biocompatibility. The results
showed that blank PEG/PCL nanoparticles had little cytotoxicity to these cells even at concentration up to 500 pg/mL
(Figure 4A), indicating good biocompatibility of the carriers. Then, the cytotoxicity to MDA-MB-231 cells was compared
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Figure 4 Cytotoxicity of Anti-Gd-Dox@PEG/PCL nanoparticles. (A) Cell viability of MDA-MB-231 cells and MCF7 cells after incubation with blank PEG/PCL nanoparticles
for 48 h, (B) Cell viability of MDA-MB-231 cells after incubation with Anti-Gd-Dox@PEG/PCL, Gd-Dox@PEG/PCL and DOX for 48 h, (C) IC50s for Anti-Gd-Dox@PEG/
PCL, Gd-Dox@PEG/PCL and DOX in MDA-MB-231 cells, (D) IC50s for Anti-Gd-Dox@PEG/PCL, Gd-Dox@PEG/PCL and DOX in MCF7 cells, (E) Cell viability of MCF7
cells after incubation with Anti-Gd-Dox@PEG/PCL, Gd-Dox@PEG/PCL and DOX for 48 h. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001, ns p > 0.05, in comparison
with Anti-Gd-DOX@PEG/PCL in B. Experiments were replicated 3 times.

among Anti-Gd-Dox@PEG/PCL nanoparticles, Gd-Dox@PEG/PCL nanoparticles and DOX. The results showed that Anti-Gd-
Dox@PEG/PCL nanoparticles were more effective in inhibiting the proliferation of MDA-MB-231 cells than Gd-Dox@PEG/
PCL nanoparticles or DOX, with its half maximal inhibitory concentration (IC50) (0.29 + 0.06 pg/mL) significantly lower than
that of Gd-Dox@PEG/PCL nanoparticles (0.67 + 0.02 pg/mL, p <0.0001) or DOX (0.57 + 0.03 pg/mL, p <0.001) (Figure 4B
and C). To verify the specifical inhibition of Anti-Gd-Dox@PEG/PCL nanoparticles to TNBC, MCF7 cells were also treated
with Anti-Gd-Dox@PEG/PCL nanoparticles, Gd-Dox@PEG/PCL nanoparticles and DOX, respectively. Comparable cytotoxi-
city to MCF7 cell was observed for Anti-Gd-Dox@PEG/PCL nanoparticles, Gd-Dox@PEG/PCL nanoparticles and DOX, with
their IC50s to be 0.67 + 0.09 pg/mL, 0.91 £ 0.19 pg/mL and 0.59 £ 0.14 pg/mL (p = 0.080), respectively (Figure 4D and E).
These results indicated that the cytotoxicity of Anti-Gd-Dox@PEG/PCL nanoparticles to TNBC was significantly enhanced by
specifically targeting to ICAMI.

In vivo Biodistribution of Anti-Gd-Dox@PEG/PCL Nanoparticles

As is well known, the biodistribution of a nanomaterial is important for its application in medical imaging or therapy. In order to
investigate the biodistribution of Anti-Gd-Dox@PEG/PCL nanoparticles in vivo, MDA-MB-231 tumor-bearing nude mice were
injected with Anti-Gd-Dox@PEG/PCL-cy5.5 and Gd-Dox@PEG/PCL-cy5.5 nanoparticles, respectively, through the tail vein.
Then, the in vivo cy5.5 fluorescence images were acquired using an in vivo imaging system at 1, 2, 4, and 24 h after injection. As
expected, effective accumulation of nanoparticles at tumor sites could be seen (Figure 5SA) and possibly attributed to the EPR

5614 "o International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Chen et al

A 1H 2H 4H 24H Gd-Dox@PEG/PCL  Anti-Gd-Dox@PEG/PCL

3

a Spleen

o Liver

w

o

9 Heart

o

=] Kidney

bl

o Lung
Tumor

D Gd-DTPA

4 Gd-DOX@PEG/PCL
=¥ Anti-Gd-DOX@PEG/PCL

4
, ¥

Anti-Gd-Dox@PEG/PCL

CNR

C

T T T T T T T
0 SMIN IH 2H 4H 6H 24H
Time

Gd-DTPA

g
P
Ay
5
2
3
o

Figure 5 In vivo biodistribution and in vivo T| contrast of Anti-Gd-Dox@PEG/PCL nanoparticles. (A) In vivo cy5.5 fluorescence images of MDA-MB-231 tumor-bearing
mice after injection with Anti-Gd-Dox@PEG/PCL-cy5.5 and Gd-Dox@PEG/PCL-cy5.5 nanoparticles respectively through the tail vein, (B) Ex vivo cy5.5 fluorescence
images of heart, liver, lung, kidney, spleen, and tumor 24 h after injection, (C) In vivo MRI TIWI of MDA-MB-231| tumor-bearing mice, (D) Contrast-noise ratios (CNRs) of
tumors on TIWI, (E) Comparison of peaks of CNRs. *p < 0.05, **p < 0.01, ns p > 0.05, n = 3 for each group. Red circle: region of interest (tumor).

effect in solid tumors with tortuous and leaky vasculatures. Furthermore, accumulation of nanoparticles continuously increased
within 2 h after injection (Figure 5A). Excitingly, the accumulation of Anti-Gd-Dox@PEG/PCL-cy5.5 nanoparticles at tumor
sites was more efficient than that of Gd-Dox@PEG/PCL-cy5.5 nanoparticles (Figure 5A), indicating that the specific targeting
capability of the former could enhance the tumor uptake. In addition, the images showed that metabolism of nanoparticles
occurred mainly in liver and kidney, especially in liver (Figure 5A). Ex vivo images of major organs and tumors 24 h after
injection further confirmed the specific targeting capability of Anti-Gd-Dox@PEG/PCL-cy5.5 nanoparticles to tumors and
metabolism of nanoparticles in liver (Figure 5B). Therefore, the prolonged circulation time and specific targeting capability of
Anti-Gd-Dox@PEG/PCL-cy5.5 nanoparticles make them a favorable particle for in vivo imaging and therapy of TNBC.

In vivo TI Contrast of Anti-Gd-Dox@PEG/PCL Nanoparticles

Anti-Gd-Dox@PEG/PCL nanoparticles displayed excellent T1 contrast ability in vitro. Herein, the in vivo T1 contrast capability
of them was assessed. The CNRs of tumors were measured after injection of Anti-Gd-Dox@PEG/PCL nanoparticles, Gd-Dox
@PEG/PCL nanoparticles and traditional Gd-DTPA via tail vein. In mice injected with Gd-DTPA, CNRs of tumors started to
increase soon after injection (5 min) due to the accumulation of contrast agents through EPR effect, so as in mice injected with
Anti-Gd-Dox@PEG/PCL nanoparticles and Gd-Dox@PEG/PCL nanopatrticles (Figure 5C and D). However, the CNRs con-
tinuously increased to peak at 2 h after injection in mice injected with Anti-Gd-Dox@PEG/PCL nanoparticles and Gd-Dox
@PEG/PCL nanoparticles, while the CNRs in mice injected with traditional Gd-DTPA reached its peak at merely 1 h after
injection (Figure SC and D). This indicated that the circulation time of nanoparticles was extended by PEG/PCL-based carriers,
as demonstrated in previous studies,®* so that they obtained more opportunity to accumulate in tumor. Furthermore, the peak
CNR of Anti-Gd-Dox@PEG/PCL nanoparticles (3.79 + 0.21) was significantly higher than that of Gd-Dox@PEG/PCL
nanoparticles (3.21 + 0.08, p = 0.011) or Gd-DTPA (3.05 + 0.17, p = 0.003) (Figure 5E), indicating enhanced accumulation
of Anti-Gd-Dox@PEG/PCL nanoparticles at tumor site via specifical targeting capability.
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In vivo Therapeutic Efficacy of Anti-Gd-Dox@PEG/PCL Nanoparticles

In order to verify the in vivo tumor therapeutic efficacy of Anti-Gd-Dox@PEG/PCL nanoparticles, MDA-MB-231 tumor-bearing
mice were intravenously treated with Anti-Gd-Dox@PEG/PCL nanoparticles, Gd-Dox@PEG/PCL nanoparticles and DOX,
respectively, at a dosage equivalent to DOX of 2 mg/kg every 3 days for 2 weeks. In comparison with untreated control group,
significant inhibition of tumor growth was observed in all 3 treated groups (all p < 0.001) during the treatment (Figure 6A-C).
Furthermore, the tumor growth inhibition was more obvious in mice treated with Anti-Gd-Dox@PEG/PCL nanoparticles
(p = 0.004) and Gd-Dox@PEG/PCL nanoparticles (p = 0.022) than in those treated with traditional chemotherapeutical drug
DOX (Figure 6A). Tumor inhibition by Anti-Gd-Dox@PEG/PCL nanoparticles was slightly more effective than by Gd-Dox
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Figure 6 In vivo therapeutic efficacy of Anti-Gd-Dox@PEG/PCL nanoparticles. (A) Volume of tumors during treatment, (B) Tumor weights at the end of treatment, (C)
Tumors excised at the end of treatment, (D) Ki-67 and TUNEL staining of tumors, (E) Body weight of mice during treatment, (F) HE staining of major organs including heart,
liver, spleen, lung, and kidney. *p < 0.05, **p < 0.01, **p < 0.001, **¥p < 0.0001, in comparison with Anti-Gd-DOX@PEG/PCL in B. N = 5 for each group.
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@PEG/PCL nanoparticles. Although the volume difference between the 2 groups was not significant (202.87 £ 33.19 mm® vs
256.83 +26.08 mm>, p=0.851) possibly due to measurement error (Figure 6A), the tumor weight was significantly lower in Anti-
Gd-Dox@PEG/PCL treated group (0.15 + 0.02 g) than in Gd-Dox@PEG/PCL treated group (0.26 + 0.04 g, p = 0.014)
(Figure 6B). The above results indicated that the extended circulation time by PEG/PCL-based carriers may play the major
role in tumor therapeutic efficacy. At the end of treatment, mice were sacrificed and tumors were excised to analyze the
proliferation and apoptosis via Ki-67 and TUNEL staining. The results showed that the proliferation of tumor cells decreased
in mice from treated groups, especially in mice treated with Anti-Gd-Dox@PEG/PCL nanoparticles, displayed as less brown-
staining tumor cells on Ki-67 staining (Figure 6D). On the contrary, the apoptosis of tumor cells increased most obviously in mice
treated with Anti-Gd-Dox@PEG/PCL nanoparticles, displayed as most red-staining tumor cells on TUNEL staining (Figure 6D).
The above results demonstrated that Anti-Gd-Dox@PEG/PCL nanoparticles had increased tumor therapeutic efficacy in
comparison with traditional chemotherapeutic drug DOX due to specifical targeting capability and extended circulation time
resulted from PEG/PCL-based carriers. Nanoparticles based on PEG/PCL have been shown to significantly reduce protein
adsorption, thus minimizing the immune response and toxicity.***> Consistently, the body weight of mice in all groups remained
stable during treatment (Figure 6E), and there was no significant damage to major organs such as heart, liver, spleen, kidney, and
lung after treatment (Figure 6F) and no inflammation and abnormal liver and kidney function (Supplementary Figure S3),
demonstrating the biosafety of Anti-Gd-Dox@PEG/PCL nanoparticles for in vivo application.

Conclusions

We have developed a new nanoparticle based on Anti-Gd-Dox@PEG/PCL nanoparticles with PEG/PCL-based carriers
loading with Gd and DOX for simultaneous specific MRI and therapy of TNBC. The Anti-Gd-Dox@PEG/PCL nanoparticles
were prepared via simple synthesis by emulsification of PEG/PCL with mixture of DOX and Gd and subsequent modification
with anti-ICAM1. These nanoparticles could actively accumulate in TNBC tumor sites due to their prolonged circulation time
as well as the specific targeting capability. Overall, this study developed a new nanoparticle for MRI and chemotherapy of
TNBC, providing a promising theranostic approach for MRI-guided therapy of TNBC.
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