&2 Universiteit
i Leiden
The Netherlands

Advancements in cancer imaging: receptor-targeted

approaches for enhanced precision and therapy guidance
Rezaei, S.

Citation

Rezaei, S. (2026, March 31). Advancements in cancer imaging: receptor-
targeted approaches for enhanced precision and therapy guidance. Retrieved
from https://hdl.handle.net/1887/4300445

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/4300445

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/4300445

Chapter 2

Erythrocyte-cancer hybrid membrane-coated
reduction-sensitive nanoparticles for enhancing
chemotherapy efficacy in breast cancer

Somayeh Rezaei, Raimundo Fernandes de Araujo Junior, Isadora Luisa Gomes da Silva,
Timo Schomann, Christina Eich, and Luis J. Cruz.

Biomaterials Advances.
2023 Aug;151:213456. 10.1016/j.bioadv.2023.213456

29



Abstract

Cell-membrane-coated biomimetic nanoparticles (NPs) have attracted great attention due to their
prolonged circulation time, immune escape mechanisms and homotypic targeting properties.
Biomimetic nanosystems from different types of cell -membranes (CMs) can perform increasingly
complex tasks in dynamic biological environments thanks to specific proteins and other properties
inherited from the source cells. Herein, we coated doxorubicin (DOX)-loaded reduction-sensitive
chitosan (CS) NPs with 4T1 cancer cell -membranes (CCMs), red blood cell -membranes (RBCMs) and
hybrid erythrocyte-cancer membranes (RBC-4T1CMs) to enhance the de- livery of DOX to breast
cancer cells. The physicochemical properties (size, zeta potential and morphology) of the resulting
RBC@DOX/CS-NPs, 4T1@DOX/CS-NPs and RBC-4T1@DOX/CS-NPs, as well as their cytotoxic effect
and cellular NP uptake in vitro were thoroughly characterized. The anti-cancer therapeutic efficacy of
the NPs was evaluated using the orthotopic 4T1 breast cancer model in vivo. The experimental results
showed that DOX/CS-NPs had a DOX-loading capacity of 71.76 + 0.87 %, and that coating of DOX/CS-
NPs with 4T1CM significantly increased the NP uptake and cytotoxic effect in breast cancer cells.
Interestingly, by optimizing the ratio of RBCMs:4T1CMs, it was possible to increase the homotypic
targeting properties towards breast cancer cells. Moreover, in vivo tumor studies showed that
compared to control DOX/CS-NPs and free DOX, both 4T1@DOX/ CS-NPs and RBC@DOX/CS-NPs
significantly inhibited tumor growth and metastasis. However, the effect of 4T1@DOX/CS-NPs was
more prominent. Moreover, CM-coating reduced the uptake of NPs by macrophages and led to rapid
clearance from the liver and lungs in vivo, compared to control NPs. Our results suggest that specific
self-recognition to source cells resulting in homotypic targeting increased the uptake and the cytotoxic
capacity of 4T1@DOX/CS-NPs by breast cancer cells in vitro and in vivo. In conclusion, tumor-disguised
CM-coated DOX/ CS-NPs exhibited tumor homotypic targeting and anti-cancer properties, and were
superior over targeting with RBC-CM or RBC-4T1 hybrid membranes, suggesting that the presence of
4T1-CM is critical for treatment outcome.
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Introduction

Breast cancer is one of the most lethal cancers and accounts for over 90 % of cancer-related deaths
in women. A major challenge for cancer therapy today is cancer metastasis, which occurs when cancer
cells separate from a primary tumor and travel to another part of the body by blood or the lymph
system [1, 2]. Chemotherapy still remains the standard method of treatment for breast cancer
patients who cannot undergo resection surgery [3, 4], but patients often face the side effects of anti-
cancer drugs due to non-selective uptake of those drugs by normal cells in healthy tissues.
Nanoparticles (NPs) have gained much attention for cancer therapy and diagnosis over the last
decades [5]. NP-encapsulated drugs can improve drug solubility, can cross the blood vessel wall, have
well adapted release kinetics, reduced side effects and increased therapeutic efficacy[6]. For cancer
treatment, the use of NP platforms has increased the potency of the traditional therapeutics [7].
Depending on the NPs’ physicochemical properties and surface coating, NPs that enter the blood
circulation often get covered by biomolecules which form a protein corona. This can lead to changes
in NP structure, function and dynamics, resulting in altered cellular recognition and uptake of the NPs
[8]. The binding strength of the NPs to the protein corona depends on the NPs’ physicochemical
properties, such as size, charge, shape and hydrophilicity [9]. A commonly used strategy to prevent
the formation of a protein corona and to increase the blood circulation time is surface modification
of the NP with polyethylenglycol (PEG) [9] In vitro and in vivo studies support the theory that the
conjugation of targeting motifs to the NP surface, including protein/peptides, folic acid, antibodies,
aptamers and polysaccharides, can enhance the selectivity of cellular uptake by cancer cells and/or
cytotoxicity [10]. Another form of targeted NPs, known as biomimetic NPs, can be obtained by
combining synthetic NPs (as core) with a biological mem- brane coating (as shell). Biologically relevant
surface moieties including adhesion proteins, antigens and membrane structures of source cells are
transferred onto the surface of a NP by translocating entire cell mem- branes [7, 11, 12]. Recently,
biomimetic NPs gained attention for therapeutic and imaging applications. In addition, cell
membrane-coated NPs retain the versatility and complexity of natural cell -membranes to perform
specific functions, in particular biointerfacing. Biomimetic NPs have shown target-homing abilities as
well as prolonged circulation times, immune escape abilities, homologous binding properties and
good biocompatibility, which are consistent with the properties of a cell membrane [13]. Currently,
most CM-based biomimetic NPs are pre- pared in three steps: i) membrane extraction from the source
cells, ii) preparation of core NPs and iii) merging of CMs and NPs to form a membrane shell around
the NP core [14]. Previous studies have shown that biomimetic NPs prevent the formation of a protein
corona and represent a promising approach for the fabricating of novel nano- medicines [15]. RBCMs
are one of multiple types of natural membranes, which can be coated onto NPs. However, they cannot
actively target cancer cells due to a lack of targeting molecules with tumor-tropism. Conversely, CCM-
derived vesicles, with inherited affinity ligands native to the source cancer cells, which can actively
target cancer cells, but are prone to recognition by immune cells due to the presence of tumor
antigens, and thus may not be stealthy enough to evade immune surveillance [14, 16, 17]. Biomimetic
nanosystems can perform increasingly complex tasks in dynamic biological environments when made
from different types of CMs that inherited proteins and other properties from different source cells
[18]. Compared to bare NPs, hybrid membrane-coated NPs, such as RBC-platelet (PLT)-CM NPs reduce
inflammation and prolong blood retention. These findings suggest that the fusion membrane-coating
strategy is an effective method to increase the accumulation of NPs in tumor cells [19]. Stimuli-
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responsive NPs, such as pH-sensitive and glutathione (GSH) responsive NPs, have received great
attention due to their ability to achieve on-demand drug release in the tumor microenvironment
(TME) [20]. Among the stimuli-responsive NPs, GSH-responsive NPs are of great interest because they
slowly release drugs in blood circulation, while they excellently release drugs into the cytoplasm of
cancer cells [21], where the concentration of GSH is higher than in normal tissue[22]. Chitosan (CS) is
a well-known aminopolysaccharide with favorable properties, such as biocompatibility,
biodegradability, low toxicity, high cationic charge and pH sensitivity, which made it widely used in
biomedical applications [22]. Herein, we report the development of DOX/CS-NPs coated with 4T1, RBC
and a combination of both CMs specifically for the intratumoral delivery of DOX to treat breast cancer.
As shown in Scheme 1, the plasma membrane derived from 4T1 cells and RBCs, with its multitude of
proteins, including homologous targeting proteins and immune escape proteins, bestows 4T1 and
RBCMs with mimicking properties to adhere to source cells. It has been shown that intramural
injection of PLT membrane-coated NPs exhibited prolonged retention at the tumor site and enhanced
cellular interaction in the TME [23]. Our in vivo data showed that, after intratumoral administration
in vivo, due to the homologous targeting ability of 4T1 tumor CMs, 4T1@DOX/CS-NPs could selectively
accumulate in the 4T1 TME, leading to a high local concentration of DOX. In addition, RBC@DOX/CS-
NPs could limit the NP up- take by macrophages. Both 4T1@DOX/CS-NPs and RBC@DOX/CS-NPs could
effectively suppress the tumor growth in situ compared to free DOX, while to DOX/CS-NPs were less
effective.
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Scheme 1. Schematic illustration of the targeting and coating of DOX/CS-NPs by RBCMs, 4T1CMs and
RBC-4TCMs for therapeutic purpose on 4T1 breast cancer.
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2. Material and methods
2.1. Materials and reagents

For the preparation of NPs, chitosan oligosaccharide (CSO), lipoic acid (LA), ethanol, 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were obtained from
Sigma- Aldrich (Zwijndrecht, the Netherlands). Doxorubicin hydrochloride (DOX.HCl) was obtained
from the Leiden University Medical Center Pharmacy, Leiden, the Netherlands. Cyanine5 carbocyclic
acid (Cy5) was purchased from Lumiprobe, Hannover, Germany. Fetal bovine serum (FBS) and cell
culture media were obtained from Gibco Laboratories (Thermo Scientific™, Waltham, Massachusetts,
USA). For cell culture, 4T1 (ATCC® CRL2539™) murine breast cancer cells, mouse macrophages RAW
264.7 (ATCC® TIB-71™; mouse mononuclear macrophages), MC38 (murine colon adenocarcinoma
cell), CT-26 (murine colorectal carcinoma cells) and 3T3 (embryonic mouse fibroblast) cells were used
in this study. They were purchased from the American Type Culture Collection (ATCC; Manassas,
Virginia, USA). 4T1 cells were cultured and maintained in the Roswell Park Memorial Institute (RPMI)
medium, supplemented with 10 % FBS and 100 U mL? of penicillin/ streptomycin (P/S). Other cell
lines, i.e., RAW 264.7, MC38, CT-26 and 3T3, were cultured in complete Dulbecco’s Modified Eagle
Medium (DMEM) containing 10 % FBS and 100 U mL? P/S. The cells were cultured in a humidified
incubator at 37 °C with 5 % CO,. Total RNA isolation system and CellTiter 96(R) AQueous MTS Reagent
Powder were purchased from Promega (Madison, WI, USA). SnakeSkin™ Dial- ysis Tubing (3.5 kDa
MWCO, 22 mm), high-capacity RNA-to-cDNA™ Kit, KaryoMAX™Giemsa Staining Solution, PowerUp™
SYBR™ Green Master Mix, LysoTracker™ Deep Red, trypsin, P/S (10,000 U mL?), and FBS were
purchased from Thermo Scientific™ (Waltham, MA, USA). Anti-mouse CD163-PerCP-eFluor™ 710
(Clone TNKUPJ), anti-mouse CD68-FITC (clone FA-11) and anti-mouse CD86-FITC (clone GL1) were
obtained from eBioscience (San Diego, CA, USA). Anti-NF-kB (clone F-6) was purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). TRIzol was purchased from Invitrogen (Thermo Scientific™,
Waltham, MA, USA). Biotinylated pan-specific universal secondary antibody and streptavidin/HRP-
conjugated antibody were purchased from Vector Labs (Vicbio Biotechnology Co., Ltd. Beijing, China).
Diaminobenzidine and hematoxylin were purchased from DAKO (Santa Clara, CA, USA). Hoechst
33342 and 3,3 -dioctadecyloxacarbocyanine, perchlorate (DiO) (Vybrant™ DiO Cell-Labeling Solution)
were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Preparation of reduction-sensitive DOX/CS-NPs

Chitosan Lipoic acid (CSLA) NPs were prepared as previously reported, but with some modifications
[21]. Briefly, 10 mg CSO was dissolved in deionized water and stirred at room temperature.
Subsequently, the solution was sonicated for 30 min (250 watts; Sonifier 250; Branson Ultrasonics,
Danbury, CT, USA). Afterwards, the CSO solution was adjusted to pH 5. LA was dissolved in ethanol
and added to the CSO solution. The reaction was kept at 45 °C for 12 h to synthesize CS-LA NPs. Next,
CS-LA NPs were collected and purified by means of dialysis. The DOX and Cy5-loaded CS-LA NPs were
synthesized using the same protocol by adding DOX and Cy5 [22]. The encapsulation efficiency (EE)
and loading capacity (LC) of DOX-loaded CS-NPs were determined by SpectraMax® iD3 Multi-Mode
Microplate Readers (Marshall Scientific, Hampton, NH, USA).

2.3. Characterization of DOX/CS-NPs
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The size and zeta potential of DOX/CS-NPs were measured by dynamic light scattering (DLS; Zetasizer,
NANO-ZS, Malvern Ltd., UK). Thereafter, the NPs were characterized by proton nuclear magnetic
resonance 'H NMR (Bruker, Bremen, Germany).

2.4. Preparation of RBCMs and 4T1CMs

To prepare RBCMs, peripheral blood of BALB/c mice was washed with 1x PBS and centrifuged at 800
xg to remove blood plasma. The RBC ghosts were obtained by treatment of RBCs with a hypotonic
buffer (Tris, MgCl2, KaCl, CaPO, with protease inhibitor) at 4 °C for 4 h. The RBCMs were obtained by
centrifugation at 21,000 g for 30 min [24, 25].The RBCMs were further washed with deionized water,
sonicated and finally stored at -80 °C until further use. In order to prepare the 4T1 CM-coated NPs,
4T1 cells were cultured in RPMI medium in T-175 cultures flasks. After the cells were grown to full
confluency, they were washed with PBS and harvested using a cell scraper. The 4T1 cells were
suspended in cold hypotonic buffer and further sonicated. The sample solution was centrifuged at
3200 xg at 4 °C for 5 min. Next, the supernatants were centrifuged at 21,000 xg for 45 min. Finally,
4T1 CMs were sonicated, dissolved in H,0 and stored at -80 °C until further use [1, 26, 27].

2.5. Generation and characterization of RBC-4T1 hybrid membranes, RBC-4T1@DOX/CS-NPs,
RBC@DOX/CS-NPs and 4T1@DOX/S-NPs

To obtain the RBC-4T1 hybrid membrane, RBCMs and 4T1CMs were fused using the sonication
method [28]. RBC-4T1 CMs were characterized by DLS and nanoparticle tracking analysis (NTA;
NanoSight® NS300, Malvern). DLS was used to determine the size and zeta potential, while NTA was
used to quantify the concentration of RBCMs and 4T1 CMs. RBCMs were added to 4T1 CMs at the
weight ratios of 1:1,1:2 and 1:3. Then, they were sonicated (130 W; 42 kHz) at 37 °C for 10 min to
obtain RBC-4T1 CMs [5, 29, 30]. The DOX/CS-NP solution in H,0 was added to a RBC-4T1 solution in
PBS at the weight ratios of 1:2:1 and sonicated (130 W; 42 kHz) at 37 °C for 10 min to obtain RBC-
4T1@DOX/CS-NPs. RBC@DOX/CS-NPs were also obtained and characterized by the same method at
the weight ratio of 2:1 CMs to DOX/CS- NPs.

2.6. Particle surface and morphology

The morphology and shape of all NPs were imaged and analyzed by transmission electron microscopy
(TEM) Briefly, before staining, carbon- coated grids (Formvar/Carbon on 200 Mesh Copper; AGS162;
Van Loenenlnstruments; Zaandam, the Netherlands) were glow-discharged using the Emitech K950X
Turbo Evaporator (Quorum Technologies; Ashford, UK) at 2 x 10" mbar and 20 mA for 1 min. Next, 3
uL of sample solution were applied on the freshly glow-discharged grid and allowed to adhere for 1
min. Afterwards, excess liquid was discarded by blotting onto a filter paper and 3 uL of 2 % uranyl
acetate in distilled water were applied to the grid for negative staining of the sample. After 1 min,
excess uranyl acetate was removed by blotting and the sample was air- dried for 10 min. Grids were
mounted on a room temperature holder and examined using a Tecnai 12 Twin (FEI Company;
Hillsboro, Oregon, USA) equipped with an OneView Camera Model 1095 (Gatan; Pleas- anton,
California, USA) at a voltage of 120 kV. Digital images were ac- quired and stored using Digital
Micrograph 3.4 (Gatan).

2.7. In vitro release of DOX-loaded CSLA-NPs
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The release profiles of DOX-loaded CS-NPs, RBC@DOX/CS-NPs, 4T1@DOX/CS-NPs and RBC-
4T1@DOX/CS-NPs were measured by the dialysis bag diffusion method at 37 °C in different release
media, including Phosphate Buffered Saline (PBS; pH 7.4), GSH (10 mM), PBS (pH 5.3), and GSH (10
mM) [21]. The dialysis tube (SERVAPOR®, MWCO 12000-14,000, Heidelberg, Germany) was used to
quantify the DOX release. Afterwards, the released DOX was evaluated by SpectraMax® iD3 Multi-
Mode Microplate Readers (Marshall Scientific, Hampton, NH, USA).

2.8. Membrane protein characterization
2.8.1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- PAGE)

4T1 CMs, AT1@DOX/CS-NPs, RBCMs, RBC@DOX/CS-NPs,RBC-4T1CMs and RBC-4T1@DOX/CS-NPs
with the loading buffer were heated at 95 °C for 15 min. Afterwards, 30 pL of the samples were loaded
into each well of a 10 % SDS-PAGE gel and then run at 100 V for 1 h.Next, the gel was stained with
Coomassie Blue for 10 min and then washed to visualize protein bands by ChemiDoc™ Touch Imaging
System (Bio-Rad, the Netherlands) [31].

2.8.2.Western blotting (WB)

After electrophoresis, the protein bands were transferred onto PVDF membrane (150 V, 60 min).
Then, the PVDF membrane was stained with primary antibodies followed by detection with
IRDyeR680CW:-labeled secondary antibody. Finally, the bands were visualized with the Li-Cor Odyssey
9120 Infrared Imaging System (Lincoln, NE, U.S.A) [32].

2.9. In vitro cellular studies
2.9.1. Cytotoxicity assays

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay was used to determine the cellular cytotoxicity of our formulations. Briefly, 4T1 cells were
seeded in 96-well plates (5.0 x 103 cells/well) and cultured at 37 °C for 24 h. Subsequently, 4T1 cells
were treated with free DOX, DOX/CS-NPs,4T1@DOX/CS-NPs, and RBC@DOX/CS-NPs for another 24
h. After- wards, the 4T1 cells were incubated with 100 pL of fresh medium containing 20 pL MTS
reagent in an incubator for 2 h. The cell viability was determined by measuring the absorbance at a
wavelength of 490 nm using a SpectraMax M3 Multi-Mode Microplate Reader (Molecular De- vices,
Silicon Valley, CA, USA).

2.9.2. In vitro cellular uptake and distribution of DOX-loaded NPs by confocal laser scanning
microscopy (CLSM)

5 x 103 cell 4T1 cells were seeded on microscope slides in a 24-well plate and were incubated for 24
h. Subsequently, the culture medium was replaced with medium containing DOX, DOX/CS-NPs,
4T1@DOX/ CS-NPs and RBC@DOX/CS-NPs with the final concentration of 10 pug/ mL DOX. After
incubation for 3 h, the cells were washed with PBS and fixed with 4 % paraformaldehyde (PFA) for 10
min. After staining the nuclei of cells with Hoechst 33342 for 15 min, the slides were imaged by a CLSM
Leica TCS SP8 (Leica Microsystems, Wetzlar, Germany).

2.9.3. Immune evasion detection
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Cells of the mouse macrophage cell line RAW 264.7 were seeded in 24-well plates (1 x 10* cells/well)
and cultured for 24 h. After incubation, the cells were cultured with DOX/CS-NPs,4T1@DOX/CS-NPs,
RBC@DOX/CS-NPs and RBC-4T1@DOX/CS-NPs (with the same con- centration of DOX: 10 ug/mL) for
3 h and 6 h. Then, the cells were washed with PBS and stained with Hoechst 33342 for 10 min. After-
wards, the cells were imaged by CLSM and analyzed using LAS X. To study the uptake of DOX/CS-
NPs,4T1@DOX/CS-NPs, RBC@DOX/CS- NPs and RBC-4T1@DOX/CS-NPs by RAW 264.7 cells (1 x 10*
cells/well) were seeded and cultured for 24 h. The day after, the cells were treated with NPs for 3 h
and 6 h. Subsequently, the cells were collected for flow cytometry (BD Biosciences, Franklin Lakes, NJ,
USA). experiment. The results were analyzed with the FlowJo™ v10.7.1 software (BD Biosciences).

2.9.4. Homotypic targeting study of 4T1 cells by CLSM and flow cytometry

To prove the in vitro homotypic targeting effects of 4T1@Cy5/CS- NPs on 4T1 qualitatively, CLSM was
used to investigate the intracellular uptake of 4T1@Cy5/CS-NPs by 4T1 cells. Therefore, 1 x 10* cells
(4T1, MC38, CT-26, RAW 264.7 and 3 T3) were seeded on microscope slides and incubated at 37 °C for
24 h. Then, the cells were incubated with 4T1@Cy5/CS-NPs (50 pg /ml) for 4 h. The cells were washed
with PBS and fixed with 4 % PFA. This was followed by nuclear staining with Hoechst 33342 for 10 min.
As a control, 4T1 cells were incubated with Cy5/CS-NPs at the same concentration for 4 h. Finally, the
intracellular uptake of 4T1@Cy5/CS-NPs and Cy5/CS-NPs were analyzed by a CLSM Leica TCS SP8. The
images were analyzed using LAS X (Leica Application Suite X) software. To detect the phagocytic
efficiency of 4T1@Cy5/ CS-NPs and DiD@PLGA-NPs (control NPs) in different cell types. Briefly, cells
(4T1, MC38, CT-26, RAW 264.7 and 3 T3) were seeded into 96-well plates at a density of 1 x 10*
cells/well for 24 h. Subsequently, the cells were incubated with 4T1@Cy5/CS-NPs and DiD@PLGA-NPs
for 1 and 4h. Untreated cells were used as a negative control. The cells were then washed with PBS
and digested with trypsin. Later, the fluorescence in- tensity of 4T1 cells was detected by means of
flow cytometry.

2.10. Animals

Female BALB/c mice [RRID:IMSRCRL:028] approximately 7-9 weeks old weighing between 21 and 28
g were used for the experimental orthotopic breast cancer model and toxicity studies. Animals were
purchased from the Keizo Asami Immunology Laboratory (LIKA; Recife, PE, Brazil) and treated
according to the ethical principles for animal experimentation. All animal procedures were approved
by the Laboratory Animal Management Committee and Ethics Committee of Federal University of Rio
Grande Norte (No. 063/2016). Mice were kept in an air-conditioned room at 21-22 °C, 50 % humidity,
specific pathogen-free conditions, and a 12-h light/dark cycle. A group of five mice were housed in a
cage. They had free access to food and water and were randomly grouped (n = 6) and kept in different
cages. After 1 week and adaption of the mice to the environment, the animal experiment was
commenced.

2.10.1. In vivo antitumor activity

In this experiment, 4T1 cells (1 x 10° cells/100 ul FBS-free DMEM) were inoculated below the fourth
left breast in BALB/c mice anesthetized with xylazine and ketamine (2:8). Then, the mice were
randomized into 6 groups with n = 6 animals each. Tumor growth was monitored every two days.
When the tumors reached 3 mm in diameter, the mice were treated peritumorally with sterile saline
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(negative control group), DOX (0.125 mg/Kg; positive control), DOX/CS-NPs (0.125 mg/ Kg),
RBC@DOX/CS-NPs (0.125 mg/Kg), 4T1@DOX/CS-NPs (0.125 mg/Kg) and RBC-AT1@DOX/CS-NPs
(0.125 mg/Kg). Every 5 days, treatments were repeated for a total of 3 times over 15 days. The animals
were anesthetized and killed by cervical dislocation on day 19. Subsequently, blood (from the heart
cavity), tumor, lungs and liver were collected for biochemical and histopathological analysis.

2.10.2. Biochemical and hematological analysis

After storage, standard hematological techniques were performed on EDTA-treated blood. Thus,
erythrocyte and leukocyte count as well as hemoglobin quantification and hematocrit test were
carried out. The blood of all animals in each group (n = 6) was analyzed in triplicate.

2.10.3. gRT-PCR

Partial orthotopic tumors from BALB/c mice were analyzed to ascertain the gene expression. The total
RNA orthotopic tumor was obtained with Invitrogen™ TRIzol™ reagent (Fisher Scientific, USA) and
purified with SV Total RNA Isolation System (Promega, USA) ac- cording to the manufacturer’s
instructions. Next, cDNA was synthesized using high-capacity RNA-to-cDNA™ kit (Applied Biosystems,
USA). PowerUp SYBR Green Master Mix (Applied Biosystems, USA) was used for real-time
amplification. In the (Supplementary Table 1), the forward and reverse primers sequences (Thermo
Fisher Scientific, USA) are listed. The experiments were performed in triplicate. Gene expression data
were normalized relative to the housekeeping gene B-actin using 2-AACt. All animals in each group (n
= 6) were analyzed in duplicate.

2.10.4. Histology and immunohistochemistry

For immunohistochemical analysis, the tumors and organs of BALB/c mice were collected. Briefly,
after deparaffinization, rehydration and antigen recovery, the tumor tissue sections were incubated
with anti-NF-kB, anti-CD163 and anti-CXCL12 at 4 °C overnight. As a secondary antibody, biotinylated
pan-specific universal antibody was used followed by incubation with HRP-conjugated streptavidin.
Next, diaminobenzidine (DAB; DAKO) was used to reveal the labeling. Sections were counterstained
with hematoxylin and analyzed under a Nikon E200 LED light microscope (Minato, Japan). According
to Charafe Jauffret [33] for immunoreactivity classification, the percentage of positively stained cells
and intensity of positive cells after immuno- staining was calculated. Immunohistochemical analyses
of tumor tissues were performed independently by two trained researchers. Blind data analysis was
applied for the scoring of the tumor tissues. For each antibody, three histological sections were
evaluated.

2.11. Statistical analysis

Analyses were performed using GraphPad Prism 8.1.1 software (GraphPad Software, San Diego, CA,
USA). All data are presented as mean + standard deviation (SD). All data were statistically analyzed
using student’s t-test, analysis of variance (ANOVA; nonparametric) with Bonferroni test, unpaired
and Mann-Whitney U test. Significance levels were defined as # (not significant, P > 0.05), *P < 0.05,
**p <0.01, ***P <0.001 and ****P < 0.0001.
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3. Results

3.1.Preparation and characterization of DOX/CS-NPs, 4T1@DOX/CS- NPs, RBC@DOX/CS-NPs and RBC-
4T1@DOX/CS-NPs

DOX/CS-NPs were synthesized as reduction-sensitive NPs for the treatment of 4T1 tumors. Various
reduction-sensitive polymeric NPs for targeted therapy of breast cancer, including the triple-negative
breast cancer cell line 4T1, have been reported [34]. To prepare the 4T1CM and RBCM-coated
DOX/CS-NPs, 4T1CMs and RBCMs were isolated using hypotonic lysis buffer and differential
ultracentrifugation. RBCMs and 4T1CMs were mixed for the generation of fusion membranes at a ratio
of 1:1, 1:2 and 1:3 and were quantified by NTA (Fig. S1)[5]. To further confirm the successful fusion of
4T1CMs and RBCMs, we labeled 4T1CMs with DiD (purple; Aex/Aem = 646/663 nm) and RBCMs with
DiO (green; Aex/Aem = 484/501 nm). A diluted sample of RBCMs and 4T1CMs was prepared and
imaged by CLSM and confirmed successful fusion (Fig. 1A). Our data confirmed the successful fusion
of RBC-4T1 membranes, and established that the ratio of 1:2 was optimal. Next, 4T1CMs, RBCMs and
RBC-4T1CMs were coated onto DOX/CS-NPs at a ratio of 2:1, 2:1 and fusion membranes at ratio of
1:1:1, 1:2:1 and 1:3:1 (Fig. 1B). The size of RBC-4T1 fusion membranes at a ratio of 1:3 was bigger than
at a ratio of 1:2 and 1:1. In addition, at a ratio of 1:1, the positive surface charge of DOX/CS-NPs was
not sufficiently decreased (Fig. S 2), suggesting incomplete coating of DOX/CS-NPs. TEM images
revealed that CM-coated DOX/CS-NPs were of spherical shape, which were composed of DOX/CS-NPs
as inner core and 4T1CMs, RBCMs and RBC-4T1CMs as the shell (Fig. 1C). In addition, the NPs were
characterized by DLS measurements. The DOX/CS-NPs showed an average hydrodynamic diameter of
278 £ 1.62 nm, polydispersity index (PDI) of 0.352 + 0.092 and a surface charge of +44 + 0.15 mV (Fig.
1D,E).Successful surface coating of DOX/CS-NPs with 4T1CMs and RBCMs was additionally confirmed
by an increase in particle size and a reduction in NP surface charge of 4T1CM-, RBCM- and 4T1-RBCM-
coated DOX/CS- NPs, as measured by DLS (Fig. 1D, E). To this end, for coating of DOX/CS-NPs with
RBC-4T1CMs optimized ratio was obtained at 1:2:1, indicating suitable size of NPs and sufficient
coating (Fig. 1B).The successful conjugation of LA to CSO was investigated by 'H NMR (Fig. 2A). As
reported in our previous study, the determined proton peaks of penta-heterocyclic structure of LA at
2.5-3.5 ppm in CS-LA NPs are a proof of LA conjunction [21]. The EE% and LD% of DOX in CS-NPs were
calculated to be 71.76 + 0.87 and 38.03 + 0.45, respectively. The release of DOX from DOX/CS-NPs,
RBC@ DOX/CS-NPs,4T1@ DOX/CS- NPs and RBC-4T1@ DOX/CS-NPs was studied at 37 °Ciin pH 7.4 and
pH 5.3, with and without addition of 10 mM GSH (Fig. 2B-E). The results showed that the addition of
10 mM GSH significantly induced (**** p 0.0001) the release of DOX from DOX/CS-NPs (Fig. 2B-E)
[21,22]. In addition, an acidic milieu (pH 5.3) significantly (**** p < 0.0001) increased the release of
DOX from DOX/CS-NPs (approximately 82 %,) after 24 h, compared to pH 7.4 (44 %). However, RBC@
DOX/CS-NPs and 4T1@ DOX/CS-NPs as well as RBC-4T1@ DOX/CS-NPs sustained DOX release profile
in pH 7.4 and pH 5.3, with and without 10 mM GSH (Fig. 2C, E) indicating the efficiency of exciting
coating and stability of membrane-coated NPs during the physiological states [3, 35]. The successful
transfer of membrane proteins is important for the exploitation of CMs for tumor targeting. In order
to determine the membrane proteins of 4T1CM-coated DOX/CS-NPs, we employed SDS-PAGE and WB
(Fig. 2D, E). SDS-PAGE of cell lysates of 4T1 cell, 4T1CM, 4T1@DOX/ CS-NPs, RBCMs, RBC@DOX/CS-
NPs, RBC-4T1CMs and RBC-4T1@DOX/CS-NPs demonstrated the successful transfer of proteins from
4T1CMs, RBCMs and RBC-4T1CMs onto the outer layer of DOX/CS- NPs (Fig. 2D, E). Next, we
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investigated the successful transfer of CM by WB labeling for the membrane protein CD47, which is
expressed by 4T1 tumor cells and is relevant for homotypic targeting and reduction of uptake by
macrophages [1, 14, 36]0ur results showed that CD47 was present in the lysates of 4T1 cells, 4T1CMs
and 4T1@DOX/CS-NPs, confirming the successful coating of DOX/CS-NPs with 4T1CMs.
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Fig. 1. Characterization of different NP formulations. A) CLSM images of DiD-labeled 4T1CMs (purple),
RBCMs-labeled DiO (green), and the merged images of 4T1CMs and RBCMs (scale bar = 5 um). B)
Schematic illustration showing the overview of the combinations of the 4T1CMs, RBCMs and DOX/CS-
NPs used for designing DOX/CS-NPs, 4T1@DOX/CS-NPs, RBC@DOX/CS-NPs and RBC-4T1@DOX/CS-
NPs. C) TEM images of I) DOX/CS-NPs, II) 4T1CM:s, Ill) 4T1@DOX/CS-NPs,IV) RBCMs, V) RBC@DOX/CS-
NP, VI) RBC-4T1 CMs and VII) RBC-4T1@DOX/CS-NPs. D, E) Particle sizeand zeta potential of DOX/CS-
NPs, 4T1@DOX/CS-NPs, RBC@DOX/CS-NPs and RBC-4T1@DOX/CS-NPs by DLS.

39



1 DOKICE-NPs, i 53,10 b G5H # RECEDONCS-Ps ph 5.3, 104 GSH
- DO pHa > RECEOOKCS NREpHS 3
> DOXCSHPS PHT 4 10 G5 B RECEOCKCE NP, oM 74,16 MMGSH
* DOXCHNPa N T.E 1997 RECADOXICS NS, pH T4

Cumuiative release (%)

Time ()

D # 4TIGDOXICE NP5 gH 5 3,10 w1 GSH E * RBCATIROONCS-NPpH 5310 mM GSH F

* TIADONCSAPaoH 53 * RECATIGDOXICS MPE.oH 5.3
W ATIEDOXNTS-NPS, pH 74,10 M GSH W REC4TI@OOXICS NP5, pH 74,10 mkd GSH ] n mn
® ATIGOCKCS NP, pH T4 ® REGATIGDONGEHPS, pH T4

250 — (S
150 — |-
100 —
75—

50 —

Cumulative release (%)

37—

25 —
1 (kDa)

M cour— . —

Fig. 2. A) *H NMR spectrum of DOX/CSLA-NPs in D,0. B, C, D,E) In vitro DOX release profile of DOX/CS-
NPs, RBC@ DOX/CS-NPs,4T1@ DOX/CS-NPs and RBC- 4T1@DOX/CS-NPs at pH 7.4 and pH 5.3, in the
presence and absence of 10 mM GSH. F) SDS-PAGE and WB analysis of 1) 4T1cell lysates, Il) 4T1CMs
and 1ll) 4T1@DOX/CS-NPs. G) SDS-PAGE of 1) RBCM, 1) RBC@DOX/CS-NPs, Ill) RBC-4T1CM and IlI1)
RBC-4T1@DOX/CS-NPs. H) Western blot analysis of 4T1 cell, 4T1CM, and 4T1@DOX/CS-NPs for
characteristic 4T1CM markers CD47. Data are represented as mean + SD; ** p <0.01, *** p < 0.001,
**%* p<0.0001.

3.2. Effective internalization and enhanced cytotoxicity of DOX/CS-NPs coated with 4T1CMs by 4T1
breast cancer cells

The cellular uptake of free DOX, DOX/CS-NPs, 4T1@DOX/CS-NPs, RBC@DOX/CS-NPs and RBC-
4T1@DOX/CS-NPs was determined by CLSM and flow cytometry. 4T1 cells were incubated with our
NP formulations for 4 h. Cellular NP uptake depends on many factors including NP size, PDI, surface
charge and surface modification [9]. CLSM data showed that the positively charged RBC@DOX/CS-NPs
and 4T1@DOX/ CS-NPs, as well as the negatively charged RBC-4T1@DOX/CS-NPs exhibited higher
uptake by 4T1 cells compared to DOX/CS-NPs and free DOX (*p < 0.05, ***p < 0.0001), and therefore
improved cellular uptake of DOX by NPs (Fig. 3A, B). Previous reports showed that free DOX diffused
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to the nuclei 2 to 8 h after uptake [37]. CLSM analysis revealed that, while free DOX localized to the
nucleus 4 h after incubation, the majority of NP-encapsulated DOX localized to the cytosol, in line with
our release kinetics data showing that only a fraction of DOX was released at this timepoint (Fig. 2B).
Both CLSM and flow cytometry data showed that uptake of NP-encapsulated DOX was overall higher
than uptake of free DOX (Fig. 3A,B). Flow cytometric analysis further revealed that between the
targeted NPs, uptake of 4T1@DOX/CS-NPs was highest (Fig. 3B). This increased uptake of 4T1CMs can
be attributed to the transfer of targeting proteins present on 4T1CMs, which mediate homotypic
targeting towards source cells. Cell viability assays of 4T1 cells incubated with free DOX and DOX/CS-
NPs revealed an ICso of 0.85 and 0.91 pug mL, respectively (Fig. 3C). However, when DOX/CS-NPs were
coated with 4T1CMs (4T1@DOX/CS-NPs), they displayed an ICso of 0.59 pg mL?, which is 1.5-fold
lower than that of non-targeted NPs (control). Thus, 4T1CM-coating led to higher cytotoxicity likely as
a result of increased cellular internalization of 4T1@DOX/CS- NPs by 4T1 cells, compared to DOX/CS-
NPs (Fig. 3C). Compared to 4T1@DOX/CS-NPs and DOX/CS-NPs, RBC@DOX/CS-NPs did not
significantly increase cellular uptake or reduced the ICso (Fig. 3C, D) [38]. The cytotoxicity of NPs
without DOX, CS-NPs, 4T1@CS-NPs, RBC@CS-NPs and RBC-4T1@CS-NPs, was studied in 4T1 and 3 T3
cells. None of the control NPs exhibited any significant cytotoxicity (Fig. 3E, F), showing that CS-NPs
possess good biocompatibility.

41



== DOX mm DOX/CS-NPs mm AT1@DOXCS-NPs

DOX

DOXICS-NPs:

2
g =
2 =
3
3 <
g é
¢
&
x
#
8
2
8
I
x
%
4]
=
=]
a
9
L
% DOX concentration{ug/mi)
B E 4T1 cells
o
- ATICM - RECM - CS5-NPs
40000 150 = 4TI@CS-NPs == RBCGCSLA-NPs RBCATI@CS-NPs
30000 TRITd w7l
1 1
% 100
& 20000
10000
o &
>
= o
% [ 10 2.0 40 8.0 16.0 320
F
> 3T3 cells
a 100
Q

Concentration (ug/mi)

Fig. 3. Internalization and cytotoxicity of the NPs formulations. A, B) Cellular uptake of 4T1 cells with
different samples after 4 h of incubation. DOX (red) and nuclei (blue) by means of CLSM and flow
cytometry (scale bar = 10 um). C, D) In vitro cytotoxicity of DOX, DOX/CS-NPs, 4T1@DOX/CS-NPs and
RBC@DOX/CS-NPs on 4T1 cells after 24 h. Data are represented as mean £ SD (n = 3). E, F) In vitro cell
viability of 4T1 cells and 3 T3 cells, respectively, after 24 h of incubation of 4T1CMs, RBCMs, without
DOX CS-NPs, 4T1@ CS-NPs, RBC@ CS NPs and RBC-4T1@ CS-NPs. Data are represented as mean * SD;
** 5 <0.01, *** p £0.001, **** p < 0.0001.
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3.3. Inhibition of macrophage-mediated NP uptake by CM-coating

Next, we studied the immune escape mechanism of DOX/CS-NPs, 4T1@DOX/CS-NPs, RBC@DOX/CS-
NPs and RBC-4T1@DOX/CS-NPs. Macrophages are responsible for the in vivo immune clearance of
NPs [39]. To investigate whether our NP formulations could escape macrophage-based clearance, we
cultured the macrophage RAW 264.7 cell line with DOX-loaded CS-NPs. Then, the cells were imaged
by CLSM after 3 and 6 h of incubation. The fluorescence images showed that RAW264.7 cells
incubated with DOX/CS-NPs had a the intensity of the red fluorescence was significantly higher than
that of RAW 264.7 cells incubated with CM-coated DOX/CS-NPs at 3 h and 6 h (Fig. 4A, B). The intensity
of 4T1CM, RBCM and RBC-4T1CM-coated DOX/CS-NPs was lower, thereby suggesting that 4T1CM,
RBC and RBC-4T1CM representing the shell of DOX/CS-NPs reduced the cellular uptake of DOX/CS-
NPs. To quantify the uptake data, flow cytometric analysis was per- formed (Fig. 4B). The intensity of
the red fluorescence of DOX/CS-NPs was about 1.3-, 1.3- and 1.2-fold higher than that of
4T1@DOX/CS- NPs, RBC@DOX/CS-NPs and RBC-4T1@DOX/CS-NPs groups, respectively (** p < 0.01,
*** p <0.001, **** p <0.0001). The data indicate that the presence of CD47 on CM-coated DOX/CS-
NPs could suppress the uptake of NPs by macrophages, which is in line with the literature [4, 40, 41].
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Fig. 4. Cellular uptake of different NP formulations. A) Intracellular uptake of DOX/CS-NPs,
4T1@DOX/CS-NPs, RBC@DOX/CS-NPs and RBC-4T@ DOX/CS-NPs in RAW 264.7 cells after 3 and 6 h
of incubation (scale bar = 20 um). The nucleus was stained with Hoechst 33342 (blue) and the NPs
were labeled with DOX (red). B) Intracellular fluorescence intensity of DOX measured by means of
flow cytometry after 3 and 6 h of incubation. Data are represented as mean = SD (n = 3); ** p<0.01,
#%% 5 < 0.001, **** p < 0.0001.

3.4. 4T1 cancer cell self-recognition by homotypic targeting

To investigate the homotypic targeting capacity of CM-coated Cy5@DOX/CS-NPs (Table S2),
DiD/PLGA-NPs (control NPs, Table S2), we incubated NP formulations with breast cancer cell line (4T1
cells) and the colorectal tumor cell lines (MC38 and CT-26 cells), as well as with non-tumorigenic cell
lines (3 T3 and RAW 264.7 cells) (Fig. 5A-C and Fig. S3), and analyzed the cellular uptake by CLSM and
flow cytometry. To this end, we used NPs encapsulated with the fluorescent dye Cy5. Both MC38 and
4T1 cells were treated with 4T1@Cy5/CS-NPs, MC38@Cy5/CS-NPs, CT26@Cy5/CS-NPs,
RAW@Cy5/CS-NPs and 3 T3@Cy5/CS-NPs. Flow cytometric analysis showed a higher Cy5 signal in 4T1
cells treated with 4T1@Cy5/CS-NPs compared to the CM-coated- Cy5/CS-NPs derived from MC38, CT-
26, RAW and 3T3 cells. The fluorescence intensity in the 4T1@Cy5/CS-NPs group was about 2.7-, 1.3-
, 2.1, 1.6- and 1.8-fold higher than in 4T1 cells treated with Cy5S@CS-NPs, MC38@Cy5/CS-NPs,
CT26@Cy5/CS-NPs, RAW@Cy5/CS-NPs and 3 T3@Cy5/CS-NPs, respectively. To confirm our flow
cytometry data, we incubated both MC38 and 4T1 cells with MC38@Cy5/CS-NPs, CT26@Cy5/CS-NPs,
RAW@Cy5/CS-NPs and 3T3@Cy5/CS-NPs for 4 h to analyze the uptake using CLSM. The images
showed that the fluorescence signal of 4T1@Cy5/CS-NPs (purple) was higher than in the other
samples (Fig. 5 A, B; # = not significant, P >0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).In
addition, uptake data of control NPs (DiD@PLGA-NPs) (Fig. S3) demonstrated the ability of
DiD@PLGA-NPs for homotypic targeting. Together, these results showed that the self-recognition
capability of membrane-coated NPs for homotypic targeting [29, 42].
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Fig. 5. Cellular uptake of different NP formulations. A) CLSM images and B) flow cytometric profiles of
4T1 and MC38 cells after 4 h of incubation with Cy5-loaded CS-NPs coated with CMs derived from five
different cell lines, i.e. 4aT1@CS-NPs, MC38@CS-NPs, CT-26 @CS-NPs, RAW@CS-NPs and 3 T3@CS-NPs
(scale bar =50 um). C) NTA analysis of 4T1, MC38, CT-26, RAW 264.7 and 3 T3 CMs. Data are
represented as mean * SD; # P > 0.05), *P < 0.05, **P <0.01, ***P <0.001 and ****P <0.0001.

3.5. Anti-tumor effect of NPs in vivo

The 4T1 orthotopic mammary tumor metastasis model was used to verify the in vivo anti-tumor
effects of all our NP formulations. To this end, mice were inoculated with 1 x 108 4T1 cells on day 1.
When the tumors reached a size of 3 mm in diameter, the mice were injected intratumorally with
saline, free DOX, DOX/CS-NPs, 4T1@DOX/CS-NPs, RBC@DOX/CS-NPs or RBC-4T1@DOX/CS-NPs at a
dose of 0.125 mg/kg™ (n = 6; Fig. 6A). The tumor growth was monitored over the course of 19 days
(Fig. 6B, C). The tumors of the saline group showed a rapid growth (Fig. 6B-C). All DOX-loaded CS-NPs
coated with either 4T1CMs or RBCMs, as well as free DOX and DOX/CS-NPs, significantly inhibited the
tumor growth, compared to the saline group (***P < 0.001; Fig. 6B). Interestingly, we observed a
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complete tumor regression in one mouse of the group treated with 4T1@DOX/CS-NPs (Fig. 6A). After
coating the DOX/CS-NPs with 4TCMs and RBCMs, the tumor growth was dramatically reduced by 95 %
and 90 %, respectively, compared to the saline group (***P < 0.001; Fig. 6C). As shown in Fig. 6D,
tumor weight was significantly reduced in the groups treated with free DOX, DOX/CS-NPs,
4T1@DOX/CS-NPs, RBC@DOX/CS-NPs and RBC-4T1@DOX/CS-NPs, compared to the saline control
group. The tumor weight curves illustrated that DOX/CS-NPs coated with RBC and 4T1CMs had a
similar effect on reducing tumor weight. Free DOX reduced the tumor weight to 120 mg, while tumor
weight of the groups treated with saline, DOX/CS-NPs and RBC-4T1@DOX/CS-NPs were 305.5 mg,
130.75mg and 127.1 mg, respectively. In the groups treated with RBC@DOX/CS-NPs and
4T1@DOX/CS-NPs, the tumor weight was reduced to 41.16 mg and 16.9 mg, respectively. The data of
the tumor volume at endpoint similarly illustrated a significant reduction in tumor volume in the
groups treated with DOX, DOX/CS-NPs, 4T1@DOX/CS-NPs, RBC@DOX/CS-NPs and RBC-4T1@DOX/CS-
NPs, compared to the saline group (Fig. 6C). The results suggest that 4T1CM-coated NPs induced
homotypic targeting, which enhanced the uptake efficiency of 4T1@DOX/CS-NPs in 4T1 source cells in
vivo and improved DOX accumulation [14]. In addition, due to the RBCM coating, RBC@DOX/CS-NPs
were less likely to be cleared by the immune system than uncoated NPs [43]. The blood leukocyte
count of the mice after treatment with NPs was measured to show whether the treatment had any
deleterious effect on the immune system (Fig. 6E). The data illustrated that the leukocyte counts in
the groups treated with DOX were significantly lower than those treated with the saline. However,
the reduction in leukocyte counts in the 4T1@DOX/CS-NP-treated group was less compared to DOX
treatment.
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Fig. 6. In vivo experiments in BALB/c mice bearing 4T1 breast tumors. A) Experimental timeline:
1 x 10° 4T1 cancer cells were implanted at the mammary site (day 0) and mice were treated with
saline, free DOX, DOX/CS-NPs, 4T1@DOX/CS-NPs, RBC@DOX/CS -NPs and RBC-4T1@DOX/CS-NPs by
peritumoral injection of NPs (5 mice per group) on day 3, 8, and 13. B) Photographs of tumors taken
from mice carrying 4T1 tumors at endpoint (day 18). C) Growth curves of in situ mammary tumors in
BALB/c mice showing reduction in tumor volume after treatment with free DOX, DOX/CS-NPs,
4T1@DOX/CS-NPs, RBC@DOX/CS-NPs and RBC-4T1@DOX/CS-NPs. D) Mean weight of tumors at
endpoint (n =5). E) Blood leukocytes counts of mice treated with different NP formulations. Data
represent mean = SEM; ** p £0.01, *** p <0.001, **** p <0.0001 by Student's t-test.
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3.6. Inhibition of breast cancer metastasis by NPs

4T1 cells have been shown to rapidly divide and spontaneously metastasize[44] ; they can spread into
the liver, lungs and lymph nodes [45]. In this study, after treatment of mice with DOX-loaded CS-NPs,
the presence of infiltrating tumor cells was histologically analyzed in the liver and lungs of 4T1 tumor-
bearing mice (Fig. 7A, B, arrowheads). Scoring of infiltrating tumor cells revealed that in all
experimental groups, tumor cells infiltrated the liver, except for groups treated with CS-NPs- and RBC-
4T1@DOX/CS-NPs. However, compared to the saline group, the number of metastatic niches was
reduced in mice treated with DOX, 4T1@DOX/CS-NPs and RBC@DOX/CS-NPs (*P < 0.05, **P < 0.01,
and ****p < 0.0001; Fig. 7A, C). In addition, we analyzed the number of niches in the lung tissue for
all treatment groups and observed no metastatic niches, except for mice treated with saline and
RBC@DOX/CS-NPs (****P < 0.0001; Fig. 7B, C). Our data demonstrate that lung and liver metastasis
was significantly decreased in all treatment groups in tumor-bearing mice, compared to the saline-
treated control group.
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Fig. 7. Evaluation of metastatic niches. The evaluation of tumor cell migration to secondary sites
observed in the (A) liver and (B) lungs. A) The arrowheads indicate the presence of metastatic. C)
Metastatic niches in the liver and lungs were semi-quantitatively scored according to the percentage
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of tumor cells in the tissue parenchyma. *p <0.05; **p<0.01, **** p<0.0001scale bars of
100x = 100 pum, scale bars of 400x = 25 um.

3.7. Gene and protein expression profile in tumor microenvironment

We carried out immunohistochemistry (IHC) and RT-qPCR analysis of sections of 4T1 breast tumors to
analyze different oncological parameters, including cell survival, immune regulation and drug
resistance. As shown in Fig. 8A, B, the expression of Nfkb1, which promotes angiogenesis and cancer
invasion was significantly downregulated after treatment with free DOX, 4T1@DOX/CS-NPs and RBC-
4T1@DOX/CS-NPs (*** p < 0.001, **** p < 0.0001). Previous studies showed that CXCL12 plays a role
in the development of metastasis and invasion of breast cancer [46]. Analysis of CXCL12 protein
expression showed that all treatments significantly downregulated CXCL12 in the TME
(**** p <0.0001). Interestingly, the downregulation of CXCL12 in the group treated with
4T1@DOX/CS-NPs (H-score: 12.67 * 2.5) was 8.8-fold higher (**** p < 0.0001) than in the free DOX
group (H-score: 112.5 + 7.5) and 1.20-fold higher than in the group treated with DOX/CS-NPs (H-score:
15 + 2; Fig. 8C). In addition, the immunomodulatory effect of the NPs on the TME was studied by IHC.
The data indicated that the expression of the M2 tumor-associated macrophage (TAM) marker CD163
was downregulated in all treatment groups. However, the downregulation effect was most prominent
in the mice treated with 4T1@DOX/CS-NPs (Fig. 8D).
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Fig. 8. Evaluation of Nfkb1, M2-TAMs (CD163) and metastatic factor (CXCL12) expression in the TME.
A) The isolated tumors from treated female BALB/c were analyzed by immunohistochemistry (IHC).
The immunohistological panels present images with 400x magnification. Images were scored and
values for B) NF-kB, C) CD163 and D) CXCL12 were plotted in the respective graph. All data are
presented as mean + SD of six independent values (n=6) per group with at least two replicates.
*p < 0.05, ¥*p < 0.01, ***p < 0.001, **** p < 0.0001; # = ns.

Two important hallmarks of cancer were evaluated through genetic expression: signaling pathways of
i) apoptosis (FAAD and APAF-1) and ii) immunosuppression (CD163 and CD8). The RT-qPCR data
showed that the treatment of tumor-bearing mice with free DOX, DOX/CS-NPs, RBC@DOX/CS-NPs
and RBC-4T1@DOX/CS-NPs significantly upregulated the expression of the apoptotic
gene Fadd (**p < 0.01,**** p <0.0001; Fig. 9A). In addition, the expression of Apaf-1was
upregulated in all treatment groups except for the free DOX group (Fig. 9B). Interestingly, the
expression of Birc5 (Survivin), which is an inhibitor of apoptosis [47] , was significantly reduced in the
mice treated with DOX/CS-NPs, 4T1@DOX/CS-NP and RBC-4T1@DOX/CS-NPs (**p < 0.01; Fig. 9C).
The immunomodulatory effect of the NP formulations was determined by analyzing the expression of
the Cd163, Cd68 and Cd8 genes in the TME. Our data indicated that 4T1@DOX/CS-NPs significantly
(*p<0.05, **p<0.01) reduced the expression ofCd163, and increased the expression
of Cd8 and CD68 (Fig. 9E-F), suggesting modulation of the TME towards a more pro-tumorigenic state
and infiltration of CD8 lymphocytes.
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Fig. 9. Evaluation of cell death and immune response in the TME. A-G) The isolated tumors from
previously treated female BALB/c analyzed for relative mRNA expression of A) Fadd, B) Apaf-1, C)

Survivin, D) CD8, E) CD163 and F) CD68 in tumors after NP treatment. All data are presented as
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mean + SD of six independent values (n=5) per group with at least two replicates. *p <0.05,
**p < 0.01, ***p < 0.001, **** p <0.0001, # = ns.

4, Discussion

Recently, CM-coated NPs have been developed to increase the efficacy of drug delivery systems [48].
CM-coated NPs preserve the antigens and structure of the natural CM, thus resulting in the transfer
of biological membrane properties [49]. In particular, the unique properties of biomimetic NPs
include immune escape, special molecular recognition, cellular targeting and prolonged circulation
time, which make them an attractive delivery system for biomedical applications [50]. To incorporate
these properties onto our NPs, we produced biomimetic NPs by using RBCMs and 4T1CMs as a shell.
For effective DOX release in 4T1 cells, we formulated DOX-loaded, reduction-sensitive CSLA-NPs as a
core. Our data suggest that RBCMs and 4T1CMs represent effective targeting moieties when used
alone to treat 4T1 breast cancer in agreement with previous studies [24, 51, 52] while fusion hybrid
CMs did not show beneficial targeting properties. This discrepancy could be due to an increase in size
of the resulting hybrid RBC-4T1@DOX/CS-NPs, compared to RBC@DOX/CS-NPs and 4T1@DOX/CS-
NPs, as a results of hybrid CM-coated NPs simultaneously carrying two membranes. For instance, Xu
et al. designed 4T1 CM-coated redox/pH dual-responsive NPs for 4T1 tumor chemotherapy [52]. They
were able to show that intravenous injection of NPs delivered sufficient DOX to 4T1 tumors and
inhibited tumor growth. Sun et al. used 4T1 CM-coated, DOX-loaded gold nanocages (AuNCs) for a
combinational chemo- and photothermal 4T1 metastatic breast cancer therapy, combining
hyperthermia-responsive and tumor-targeting capabilities[3]. In another study, Sun et al.
investigated the anti-tumor and anti-metastatic efficacy of 4T1 CM-coated, paclitaxel (PTX)-
loaded polymeric NPs on 4T1 primary nodules as well as metastatic nodules in the lung [1] .The
intravenous injection of a CCM-coated nanoplatform (TPZ@PCN@Mem) enabled effective PDT of 4T1
tumors. It is noteworthy that TPZ@PCN@Mem showed specific source cell targeting and immune
escape in vitro [53]. For phototheranostic agents, cancer-associated fibroblast membrane-coated NPs
were used to target cancer-associated fibroblasts in the TME. CM-coated NPs showed higher
accumulation in the tumor tissue than uncoated NPs and 4T1 CM-coated NPs [12]. To improve the
photothermal/chemotherapy of 4T1 tumors, Wang et al. coated RBC-derived membranes onto PLGA
NPs. Their study showed that RBCM-coating improved the blood circulation time, enabled immune
evasion and increased the accumulation of NPs at the tumor site [51]. In conclusion, many previous
studies on the design of biomimetic NPs using 4T1 CMs investigated the intravenous injection route in
vivo [2, 4, 54, 55]. In the present study, we intratumorally injected DOX/CS-NPs coated with RBCMs,
4T1CMs and RBC-4T1CMs into 4T1 tumor-bearing mice. Our results suggest the RBCMs and 4T1CMs
improved the interaction of NPs with 4T1 cells in TME [56, 571].

5. Conclusion

In the present study, we successfully synthesized 4T1 CM and RBCM-coated DOX/CS-NPs. In addition,
we were able to fuse RBCMs with 4T1 CMs to construct an erythrocyte-cancer hybrid membrane,
which was used to coat DOX/CS-NPs. After coating onto DOX/CS-NPs, the fused RBC-4T1 hybrid
membrane retained both RBCM and 4T1.CM proteins. As a result, 4T1-coated DOX/CS-NPs retained
their homotypic targeting propertiesin vitro. Moreover, RBCM-coated DOX/CS-NPs showed
properties to escape macrophages, likely due to the high expression of CD47, which is a particular
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biomarker of RBC cells [38]. All membrane-coated DOX/CS-NPs showed promising tumor-homing
abilities. We believe that our strategy for localized delivery of payloads could be easily applied for a
wide range of solid tumors by improving the immune responses in the TME. Thus, our approach could
represent a promising personalized therapy for patients in the clinic.
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Figure S3: (A, B) Bonding and (C, D) uptake profiles of 4T1 after 1h of incubation with Cy5-loaded CS-
NPs and DiD-loaded PLGA-Nps coated with CMs derived from five different cell lines (4T1, MC38, CT-
26, RAW and 3T3 cells).

Table S1: Mouse primers sequence, amplicon size, and annealing temperature used in this study.

Amplicon Annealing Access
Target 5> 3'Forward 5’ -> 3’ Reverse . .
size (pb) temperature (°C) number
. AGGCCAACCTGT TGTGGTACGAGA NM_00739
B-actin 107 50.94
AAAAGATG GGCATAC 35
GGGCCTGGTGTG GGTATTGCTGCA NM_21365
STAT3 564 54.79
AACTACTC GGTCGTTG 9.3
CGCCTAGTCCAA GAAGTGTCCCTTG NM_00129
CD-68 488 55.00 -
GGTCCAAG TCAGGCA 1058.1
GGATCTCCGGGA CGCCTGCCAGAC NM_00117
CD-163 878 54.97
TGCTTCTG GAATATCT 0395.1
AGAAGAAGAACG GCTCACAGATTCC NM_01017
FADD 101 55.04
CCTCGGTG TGGGCTT 5.6
TTCCAGTGGCAA CCACTCTCCACAG NM_00104
APAF-1 567 55.07 -
GGACACAG GGACAAC 2558.1
AGAACAAAATTG GGCATGTCACTCA NM_00968
SURVIVIN 138 54.76 -
CAAAGGAGACCA GGTCCAA 9.2
GCTCAGTCATCA ATCACAGGCGAA NM_00985
CD8 197 53.48
GCAACTCG GTCCAATC 7.1
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NPs Size (d.nm) PDI Zeta ( mW)
DiD/PLGA NPs 188.5+1.41 0.23 +0.012 -6.80.18
4T1@DiD/PLGA NPs 228.7+21.3 0.33 +0.077 -10.4 +0.2
MC38@DiD/PLGA NPs 209+ 0.33 0.33 +0.022 -11.6 +0.50
CT-26@DiD/PLGA NPs 216+ 9.19 0.36 +0.029 -16 +2.98
RAW@DiD/PLGA NPs 354+ 1.76 0.37 +0.003 -14.4 £2.05
3T3@DiD/PLGA NPs 249+ 14.2 0.37 +0.069 -14+2.6

Table S2: Size and zeta potential of membrane-coated DiD/PLGA-NPs by DLS

NPs Size (d.nm) PDI Zeta (mW)
DiD/PLGA NPs 188.5+1.41 0.23 +0.012 -6.80.18
4T1@DiD/PLGA NPs 228.7+21.3 0.33 +0.077 -10.4 +0.2
MC38@DiD/PLGA NPs 209+ 0.33 0.33 +0.022 -11.6 +0.50
CT-26@DiD/PLGA NPs 216+9.19 0.36 +0.029 -16 £2.98
RAW@DiD/PLGA NPs 354+ 1.76 0.37 +0.003 -14.4 £2.05
3T3@DiD/PLGA NPs 249+ 14.2 0.37 +0.069 -14+2.6

Table S3: Zeta potential of membrane coated-NPs by DLS.

NPs Zeta (mW)
Cy5/CS-NPs 39.6 +1.41
4T1@ Cy5/CS-NPs 30.6 +2.26
MC38@ Cy5/CS-NPs 31.6+1.20
CT-26@ Cy5/CS-NPs 33.1+1.27
RAW®@ Cy5/CS-NPs 33.0+0.90
3T3@ Cy5/CS-NPs 30.4 £0.65
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