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Effective breast cancer therapy 
based on palmitic acid-loaded 
plga nanoparticles

Chapter 5Chapter 5

This chapter was adapted from “He, Y.; de Araújo Júnior, R.F.; Cavalcante, 
R.S.; Yu, Z.; Schomann, T.; Gu, Z.; Eich, C.; Cruz, L.J. Biomaterials 
Advances 2023, 145”.
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Abstract 

While recent advancements in breast cancer treatment have shown promise, 
systemic application of most drugs often leads to significant side effects. 
Doxorubicin (DOX), currently a frontline chemotherapeutic agent for breast cancer, 
lacks specificity for tumor cells and frequently results in drug resistance. Recent 
studies have highlighted the potential of certain fatty acids (FAs) in inhibiting 
tumorigenesis. Palmitic acid (PA), a saturated FA, has demonstrated anti-
tumor effects across various cancer types and can repolarize M2 macrophages 
towards the anti-tumorigenic M1 phenotype. However, PA's limited solubility and 
cellular permeability pose challenges for in vivo applications. To overcome these 
limitations, here, we encapsulated PA into a poly (D,L-lactic co-glycolic acid) (PLGA) 
nanoparticle (NP) platform, alone and in combination with DOX, to explore PA’s 
potential as mono or combinational breast cancer therapy. Our results showed 
that PLGA-PA-DOX NPs and PLGA-PA NPs significantly reduced the viability and 
migratory capacity of breast cancer cells in vitro. In vivo studies using a murine 
model of mammary tumors demonstrated that PLGA-PA-NPs were as effective in 
reducing primary tumor growth and metastasis as NPs loaded with DOX, PA and 
DOX, or free DOX. At the molecular level, PLGA-PA NPs reduced the expression 
of genes associated with multi-drug resistance and inhibition of apoptosis, and 
induced apoptosis via a caspase-3-independent pathway in breast cancer cells. In 
addition, immunohistochemical analysis of residual tumors showed a reduction in 
M2 macrophage content and infiltration of leukocytes after treatment of PLGA-PA 
NPs and PLGA-PA-DOX NPs, suggesting immunomodulatory properties of PA in 
the tumor microenvironment. In conclusion, the use of PA alone or in combination 
with DOX may represent a promising novel strategy for the treatment of breast 
cancer.
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1 Introduction

The threat to women's health posed by malignant breast cancer cannot be 
overstated. Due to different molecular subtypes, risk factors, clinical behaviors, 
and treatment responses, its heterogeneous nature represents a major obstacle 
to therapeutical success. Although chemotherapy and radiotherapy can improve 
the overall survival rate of breast cancer patients, these therapies are associated 
with serious side effects and drug resistance [1]. Therefore, there is an urgent 
need to design novel treatment strategies to overcome disease progression and 
prevent relapse. The tumor microenvironment (TME) plays a critical role in tumor 
occurrence, progression, metastasis and the development of drug resistance [2].

In the TME, tumor-associated macrophages (TAMs) mainly undergo M2-type 
polarization, causing an immunosuppressive response and promoting tumor growth 
and metastasis [3]. Numerous studies have shown that M2-type macrophages can 
be reprogrammed towards the M1-type, which display anti-tumor properties [4-
7]. Inhibition of tumor-promoting M2-type macrophages or modulation of the TAM 
phenotype have shown promising results in the treatment of cancer [3].

Fatty acids (FA) represent essential building blocks of cell membranes and 
signaling pathways and play a crucial role in the modulation of cellular activities, 
such as energy storage, cell differentiation and apoptosis [8,9]. In contrast to 
healthy cells, cancer cells display an altered lipid metabolism [10]. Indeed, a range 
of malignant processes, including cell proliferation, migration and development of 
drug resistance, are linked to increased biosynthesis, oxidation and accumulation 
of FAs [11]. Both endogenous lipogenesis and extracellular lipids play a role in 
breast cancer development and progression [12], and several genes involved in 
lipid biosynthesis and adipocyte formation are simultaneously upregulated in breast 
tumors [13]. Increased FA synthase expression has been reported in HER2+ breast 
cancer [14]. Moreover, the mammary glands are rich in adipocytes, which can pass 
on stored lipids to breast cancer cells [11,15]. Next to breast cancer cells, also 
TAMs display upregulated lipid biosynthesis pathways, leading to an increased 
cellular lipid content, which contributes to their pro-tumoral functions [16]. 

Modulation of the lipid landscape by targeting the lipid metabolism of the breast 
cancer TME or by application of exogenous FAs has proven effective in overcoming 
drug resistance and metastasis [17]. Several FAs were reported to alter the viability 
and function of cancer cells and to regulate TAM generation, polarization and 
function in the TME. For example, C6-ceramide has been shown to improve the 
efficacy of immunotherapy in hepatocellular carcinoma by reducing the number of 
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TAMs and increasing the anti-tumor immune response [18]. Thus, modulating the 
lipid landscape in the TME could be an effective anti-tumor therapy.

Palmitic acid (PA), a saturated FA found in animal and vegetable oils, has been 
shown to display anti-tumor activity in a variety of tumor types, including colorectal, 
liver, prostate and breast cancer [19-24]. In a study by Zhu et al., PA was shown 
to have tumoricidal effects by inhibiting the PI3K/Akt pathway causing cell cycle 
arrest and inhibition of cancer cell migration and invasion [24]. We and others 
have recently reported a potent role for exogenously applied PA in decreasing 4T1 
breast cancer tumorigenicity by inhibiting cell viability, migration and proliferation 
[20,25]. In addition, PA has been shown to display immunomodulatory properties. 
For example, PA was described as activator of toll-like receptor (TLR) 4 and caused 
an inflammatory responses in obese patients [26]. Di-palmitic acid-conjugated to a 
TLR agonist could effectively deplete M2 TAMs and induced an anti-tumor immune 
response in a model of cervical cancer [27]. Similarly, Tsai et al. demonstrated 
that PA induced a pro-inflammatory response in mouse macrophages [28]. Next 
to tumoricidal effects, we demonstrated that PA could promote the conversion 
of M2-type into the M1-type macrophages [19,20]. Thus, PA combines multiple 
advantageous properties that could be exploited for cancer therapy. However, 
the poor water solubility and cellular impermeability of PA severely limit its use in 
clinical practice.

Herein, we report a treatment strategy based on PA to elicit breast cancer cell 
apoptosis and anti-tumor immunity. To overcome the limitations of PA for in vivo 
use, we developed a polymeric PLGA-nanoparticle (NP) platform incorporating PA 
for mono therapy or in combination with the chemotherapeutic agent doxorubicin 
(DOX). While DOX easily traverses biological membranes, it displays multiple 
disadvantages, such as its poor tumor selectivity, susceptibility to drug resistance 
and serious side effects when administered systemically, including cardiotoxicity, 
nephrotoxicity, and neurotoxicity [29,30]. When encapsulated into the core of NPs, 
less severe side effects were reported, compared to systemically applied free DOX 
[30]. In addition, drug delivery via NPs can effectively improve drug stability, protect 
the drug from premature degradation and facilitate the cellular drug uptake [29,30]. 
Poly (lactic acid-glycolic acid copolymer) (PLGA) has been widely used as delivery 
system for various anticancer drugs because of its good biocompatibility, non-
toxicity, biodegradability and sustained release profile [29,31].

Here, we systematically characterized the physicochemical properties of PLGA-PA, 
PLGA-DOX and PLGA-PA-DOX NPs, including size distribution, surface charge, 
as well as drug release kinetics. The therapeutic effect of the NPs was assessed in 
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vitro and in vivo in the murine triple-negative breast cancer model 4T1. In addition, 
we analyzed the effect of the different NP formulations on M2 TAMs in vitro and 
in situ in the TME of murine breast tumors. To our knowledge, this is the first 
therapeutic approach combining PA and DOX in a PLGA-NP platform. Together, 
our results showed an effective reduction in breast tumor growth and metastasis 
upon treatment with PLGA-PA-DOX and PLGA-PA NPs. Further analysis revealed 
the concurrent reduction of M2 TAMs in the breast cancer TME and an increase in 
infiltrating lymphocytes upon treatment with PLGA-PA NPs (Graphical abstract).

2 Materials and Methods

2.1 Materials and reagents

PLGA polymer (D, L-lactide/glycolide molar ratio of 50:50, M = 17,000 g/mol) 
was purchased from Carbion PURAC (Amsterdam, the Netherlands). Polyvinyl 
alcohol (PVA) (M = 13,000−23,000 g/mol, 87−89% hydrolyzed) and chloroform 
(CHCL3, M = 119.38 g/mol) were provided by Sigma-Aldrich (Merck, Darmstadt, 
Germany). SV Total RNA Isolation System and CellTiter 96 (R) AQueous MTS 
Reagent Powder were obtained from Promega (Madison, WI, USA). SnakeSkin™ 
Dialysis 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, Dulbecco's Modified Eagle's Medium (DMEM), trypsin, 
penicillin-streptomycin (10,000 U/mL), TRIzol, anti-caspase-3 (clone 74T2), DAPI 
(4',6-Diamidino-2-Phenylindole, Dilactate), Alexa Fluor™ 488 Phalloidin and fetal 
bovine serum (FBS) were obtained from Thermo Scientific™ (Waltham, MA, USA). 
PA (molecular weight = 256.42 g/mol) was provided by Sigma-Aldrich (Darmstadt, 
Germany). Anti-mouse CD163-PerCP-eFluor™ 710 (Clone TNKUPJ), anti-mouse 
CD68-FITC (clone FA-11), and anti-mouse CD86-FITC (clone GL1) were provided 
by eBioscience (San Diego, CA, USA). PA lissamine rhodamine ( [16-N- (lissamine 
rhodamine ß sulfonyl)amino] palmitic acid) was obtained from Avanti (Alabama, 
USA). Diaminobenzidine and hematoxylin were purchased from DAKO (Santa 
Clara, CA, USA). 1,1’-Dioctadecyl-3,3,3‘,3’-tetramethyl indo dicarbocyanine (DiD), 
dimethyl sulfoxide (DMSO) and anti-CXCL-12 (clone 79018) were acquired from 
Invitrogen (Thermo Scientific™, Waltham, Massachusetts, USA). Anti-MMP-2 (clone 
B84) and anti-NF-κB (clone F-6) was provided by Santa Cruz Biotechnology (Dallas, 
TX, USA). Biotinylated pan-specific universal secondary antibody and streptavidin/
HRP conjugated antibody were purchased from Vector Labs (Vicbio Biotechnology 
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Co., Ltd, Beijing, China). Recombinant mouse IL-4, lipopolysaccharide (LPS), and 
Interferon gamma (IFN-γ) were provided by PeproTech (Rocky Hill, NJ, USA). 
Doxorubicin hydrochloride (DOX, molecular weight:579.98 g/mol, 98.0−102.0% 
(HPLC)) was provided by Euroasia Co., Ltd. (Delhi, India). 

2.2 Preparation of PLGA NPs

DOX and/or PA-loaded PLGA NPs were synthesized using a double emulsion 
solvent evaporation method, as described in the literature [32,33]. Briefly, 10 mg 
DOX was dissolved in 1 mL ultrapure deionized water. Secondly, 150 μL DiD 
vibrant dye solution (0.5 mg/mL in chloroform), 25 mg PA, and 50 mg PLGA were 
dissolved in 3 mL chloroform, and then magnetically stirred for 3 min at room 
temperature (RT). Next, the aqueous solution of DOX was added dropwise to 3 mL 
of chloroform containing PLGA and PA. Next, a sonicator (250 watts; Sonifier 250; 
Branson Ultrasonics, Danbury, CT, USA) was used to emulsify the solution for 75 
sec to obtain a water-in-oil (W1/O) primary emulsion. Subsequently, the primary 
emulsion was emulsified into 20 mL of 5% polyvinyl alcohol (PVA,w/v) in an ice 
bath using a sonicator to obtain a double emulsion which is water-in-oil-in-water (W1/
O/W2). Next, the double emulsion was transferred to 15 mL of 2% aqueous PVA (w/
v) and stirred on a magnetic stirrer for 4 h to evaporate the chloroform evaporated 
completely. Then, the NPs were collected by ultracentrifugation (14,000 ×g for 35 
min) and subsequently washed 3 times with ultra-pure deionized water to remove 
free drugs. Finally, the NPs were freeze-dried for 4 days and stored in a −20°C 
refrigerator until further use.

2.3 Characterization of NPs

The size and zeta potential (surface charge) of the different NP formulations were 
assessed by means of the dynamic light scattering (DLS) method. In short, 1 
mg of NP powder was dissolved in 1 mL of ultrapure water, from which 10 µL of 
this solution was transferred to 990 µL of water and mixed thoroughly. The 1 mL 
mixed solution was transferred to a cuvette containing 1 mL of water, followed by a 
measurement with the Zetasizer (NANO-ZS, Malvern Ltd., UK).

2.4 Particle surface and morphology

The shape and surface morphology of the NPs were visualized and analyzed 
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by JEOL 2010F transmission electron microscopy (TEM, NFFA, Trieste, ITALY). 
In short, 1 mg of freeze-dried NPs was dissolved in 1 mL of ultrapure water and 
sonicated in a sonicator for 2 min to mix it well. Then, 20 µL of the NP solution was 
added onto a Formvar-coated copper grid. Subsequently, 2.3% uranyl acetate was 
used to negatively stain the NPs for 1 min. The grid was air-dried and the sample 
was analyzed by transmission electron microscopy (Tecnai 12 Biotwin) (FEI, the 
Netherlands) at a voltage of 120 kV.

 As mentioned elsewhere [30,34], the encapsulation efficacy of DOX into PLGA NPs 
was assessed by a SpectraMax® iD3 Multi-Mode Microplate Readers (Molecular 
Devices, Silicon Valley, CA, USA). Briefly, 1 mg of freeze-dried DOX-loaded NPs 
were dissolved in 0.4 mL of DMSO. Acetic acid was added to compensate for the 
basicity of this solvent. Aliquots of the dissolved PLGA NPs were transferred to 
a 96-well plate in 100 μL/wells. Then, the absorbance of the drug was evaluated 
at 480 nm absorption wavelength by a SpectraMax® iD3 Multi-Mode Microplate 
Reader. Similarly, the encapsulation efficacy of PA was determined indirectly by 
encapsulating fluorescence-labeled PA-rhodamine. The absorbance of the PA-
rhodamine was evaluated at 580 nm absorption wavelength by a Microplate 
Reader. This experiment used a calibration curve obtained from a dilution (0−500 
μg/mL) of PA-rhodamine and DOX (0−1 mg/mL) to calculate the concentration of 
PA and DOX from the measured fluorescence intensity values. The percentage 
of DOX and/or PA-rhodamine loading and encapsulation efficiency in NPs was 
calculated by the following formula:

Encapsulation rate (%) =                                                                                     × 100%
amount of drug released from lyophilized PLGA NPs

amount of drug originally used to prepare NPs 

Drug loading (%) =                                                                 × 100%
amount of drug found in lyophilized NPs 

amount of lyophilized NPs

2.6 UPLC-MS/MS

In addition, the encapsulation efficacy of PA inside the PLGA NPs was determined 
by ultraperformance liquid chromatography-tandem mass spectrometry (UPLS-
MS, Milford, MA, USA). Briefly, a sample of 0.5 mg/mL PA was prepared, and after 
the sample had dissolved sufficiently, 40 μL sample was dispersed into 500 μL of 
methanol and treated in an ultrasonicator for 10 min, centrifuged (3,000 ×g for 15 
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min) and aliquoted. Next, the solution of PA standards was prepared in methanol 
and used as a calibration curve to prepare 8 concentration levels ranging from 
3.125 to 400 μg/mL. The mobile phase included acetonitrile/water (60:40, v/v; 
solvent A) and isopropanol/acetonitrile solution of ammonium acetate (90:10, v/
v; solvent B). 0.4 mL per min was set as the flow rate, the injector temperature 
was 4°C, the injection volume was set at 5 μL, the spray voltage was 4 kV, and six 
consecutive assays were performed for each sample to stabilize the repeatability of 
the instrument.

2.7 In vitro drug release studies

To determine the in vitro drug release, 2 mg of PLGA NPs encapsulating DOX 
and/or PA-rhodamine were dissolved in pH 7.4, pH 6.5, and pH 5.0 PBS and 
placed in a dialysis tube (3.5 kDa MWCO). Then the dialysis tube was placed in a 
tube containing 25 mL of PBS. The dialysis tube filled with NPs was continuously 
stirred in a shaker incubator at 150 rpm and 36.5°C. The content of DOX and 
PA in the PBS was measured at 480 nm and 580nm by a SpectraMax M3 Multi-
Mode Microplate Reader (Molecular Devices, Silicon Valley, CA, USA) photo 
spectrometer at predetermined time intervals. Each drug release experiment was 
performed in triplicate and repeated three times.

2.8 Stability of NPs

A NP stability study was conducted for 7 days, as previously described [35]. In 
short, 2 mg of PLGA-DOX NPs and PLGA-PA-DOX NPs were dissolved in 10 mL 
of DMEM containing 50% FCS or 10% FCS and kept in a shaker at 100 rpm and 
36.5°C. A 1 mL sample was removed from the NP solution each day for 7 days and 
the size and zeta potential of the samples were evaluated by DLS.

2.9 Cell culture

The 4T1 (ATCC No. CRL-2539™) and RAW 264.7 (ATCC No. TIB-71™) cell 
lines were obtained from ATCC, and they were cultured in DMEM containing 1% 
penicillin-streptomycin (p/s) and 10% FBS. Both of these cell lines were maintained 
in a 37°C incubator with 95% relative humidity (RH) and 5% CO2. The cells were 
passaged (at a ratio of 1:10) when the cells reached a density of about 80–90%. 
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2.10 In vitro cytotoxicity test

The anti-tumor activity of the NPs on 4T1 breast cancer cells was assessed by 
MTS assay. This colorimetric method assesses the viability of cells by measuring 
the ability of dehydrogenase present in live cells to produce formazan at 490 nm. 
4T1 cells (1 × 104 cells/well) were seeded in a 96-well plate and cultured in a 37°C 
and 5% CO2 incubator for 24 h. Afterward, the old medium was replaced with a 
medium supplemented with NPs or free DOX. After 48 h, the cells were treated with 
MTS reagent, incubated at a 37°C incubator for 1.5 h, and the absorbance was 
evaluated by absorption spectrophotometry at 490 nm absorption wavelength with 
a SpectraMax M3 Multi-Mode Microplate Reader.

2.11 Cell apoptosis assay

In order to detect whether NPs can cause apoptosis or necrosis of breast cancer 
cells, we used Annexin-V-FITC and 7AAD staining. In short, 4T1 cells (1 × 105 cells/
well) were seeded in a 24-well plate. When the growth density of the cells reached 
80–95%, the cells were treated with 25 μg/mL of different NP formulations. After 
48 h of incubation, the cells were detached with trypsin. According to the protocol’s 
instructions, the 4T1 cells were stained with Annexin-V-FITC (to identify apoptotic 
cells) and 7AAD (to stain necrotic cells), and analyzed by a BD FACS II flow 
cytometer (BD Biosciences, NJ, USA).

2.12 Analysis of the cellular NP uptake by immunofluorescence microscopy

Immunofluorescence microscopy was used to visualize the cellular uptake of 
NPs after 1, 4, 24, and 48 h of incubation. In short, 4T1 cells were seeded onto a 
cover glass in a 24-well plate (3 × 104 cells/well) and incubated in with 80 μg/mL 
NPs in serum-free (SF) medium at 37°C and 5% CO2 incubator for the indicated 
time points. After incubation, 4T1 cells were fixed with 1% paraformaldehyde 
(PFA) for 20 min. Subsequently, 4T1 cells were washed 2 times in PBS, followed 
by permeabilization with 0.1% Triton-X-100 (Sigma-Aldrich, Merck, Darmstadt, 
Germany) in PBS at RT for 10 min and two washing steps in PBS. Actin was 
stained with phalloidin-FITC (green) at 37°C for 40 min, and the nucleus was 
stained with DAPI (blue) at RT for 15 min. Fluorescence images were obtained 
with the immunofluorescence microscope imaging system (Leica AF6000, Leica 
Microsystems CMS GmbH, Mannheim, Germany).

Yuanyuan He 17 × 24cm.indd   177Yuanyuan He 17 × 24cm.indd   177 2024/5/14   14:28:482024/5/14   14:28:48



178

2.13 Analysis of the cellular NP uptake of by flow cytometry

The internalization of NPs in 4T1 cells was analyzed by flow cytometry. To this end, 
4T1 cells (7 × 104 cells per well) in a 24-well plate were cultured in the presence 
of PLGA-PA NPs, PLGA-DOX NPs, PLGA NPs or PLGA-PA-DOX NPs at 37°C 
for 1, 4, 8, 12, 24, and 48 h. After incubation, the cells were detached with trypsin. 
Subsequently, the cells were centrifuged, washed once in PBS, and resuspended 
in FACS buffer (PBS, 0.1% NaN3,1% BSA). The cellular uptake of the different 
NP formulations was evaluated by flow cytometry. The data was analyzed using 
FlowJo™ v10.7.1 software (BD Biosciences).

2.14 Analysis of the intracellular NP localization by confocal microscopy

4T1 cells (4 × 104 cells per well) were seeded on sterile cover glasses. After 24 h, 
the cells were treated with 80 μg/mL NPs for 1, 4, 24 and 48 h, followed by three 
washing steps in PBS. Subsequently, 4T1 cells were fixed with 4% PFA at RT for 
15 min. After fixation, the cells were washed 3 times with PBS, and permeabilized 
with 0.1% Triton-X 100 /PBS at RT for 10 min. Finally, the actin cytoskeleton was 
stained with phalloidin and the nuclei with DAPI. After several washing steps in 
PBS, the cover glasses were sealed in mounting medium and the samples were 
analyzed with a Confocal Laser Scanning Microscope (CLSM, Leica TCS SP8). 
The Leica Application Suite X software were used to analyze the images. 

When lysosomes were additionally stained with LysoTracker™ Deep Red 
(excitation/emission of 647/668 nm) to analyze the colocalization of NPs/PA with 
lysosomes, the following protocol was used: 4T1 cells (5 × 103 cells per well) were 
seeded in a 24-well plate containing a cover glass (Φ 13 mm, VWR International 
B.V., Amsterdam, the Netherlands). After incubation at 37°C for 24 h, the culture 
medium was removed and 4T1 cells were treated with culture medium containing 
80 μg/mL PLGA-PA NPs and incubated for 1, 4, 8, 24 and 48 h. After incubation, 
cells were washed 5 times and then LysoTracker™ Deep Red diluted in culture 
medium was added and cells were incubated at 37°C for 50 min. Subsequently, 
the cells were fixed with 4% PFA at RT for 15 min. Actin skeleton and nuclei were 
further stained as described above.

2.15 Polarization of RAW 264.7 cells towards M2 macrophages

The effect of PA-containing NPs on M2 macrophages was examined by flow 
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cytometry. Briefly, RAW 264.7 cells were seeded into 24-well plates at a 
concentration of 8 × 104 cells/well and incubated for 24 h. Then, the medium was 
supplemented with 20 ng/mL IL-4 for 24 h. M2-polarized TAMs were then incubated 
with SF medium supplemented with IL-4 for 48 h.

To assess the effect of PA-containing NPs on M2-type macrophages, RAW 264.7 
cells were cultured in medium supplemented with 20 ng/mL IL-4 for 24 h followed 
by incubation with SF medium containing 25 μg/mL PLGA-PA NPs and IL-4 for 48 h, 
as described above.

2.16 Wound healing assay

To explore the effect of NP treatment on the invasive potential of 4T1, we performed 
a wound healing assay during 48 h of NP incubation. 4T1 cells were seeded (3 × 
104 cells/150 μL/well) in an incucyte® Clearview 96-well plate (Essen BioScience, 
Ltd., Newark, UK) and incubated in a 37°C, 5% CO2 incubator for 24 h. When the 
cell density reached 95–100% confluence, IncuCyte® Cell Migration Kit was used 
to create a “wound” in a petri dish and the cells were further cultured with serum-
free medium containing 10 μg/mL mitomycin for 1.5 h to inhibit 4T1 cell proliferation. 
Subsequently, 4T1 cancer cells were treated with serum-free medium containing 
NPs at a concentration of 5 μg/mL. Wound healing images were collected every 2 h, 
and the IncuCyte® live-cell analysis system (Essen BioScience, Ltd., Newark, UK) 
was used to analyze the wound healing rate.

2.17 Animals

All animal procedures were approved by the Laboratory Animal Management 
Committee and Ethics Committee of Federal University of Rio Grande Norte 
(No. 063/2016) and strictly followed the updated ARRIVE guidelines [36]. BALB/
c mice (female, 7–9 weeks-old, weight 22–26 g) were provided by Keizo Asami 
Immunopathology Laboratory (LIKA; Recife, PE, Brazil). Mice were kept in an 
air-conditioned room at 21–22°C, 56% relative humidity, specific pathogen-free 
conditions, and a 12-h light/dark (LD) cycle. A group of five mice was housed in 
a cage and mice had free access to food and water. These mice were randomly 
grouped (n = 6) and kept in different cages. After the mice were adapted to the 
environment for 1 week, the animal experiment was started.
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2.18 Orthotopic tumor model

BALB/c mice were anesthetized with a combination of xylazine and ketamine, and 
4T1 cells (1 × 106 cells in 100 μL DMEM without FBS) were injected into the lower 
part of the fourth left breast of the mouse. The mice were randomly divided into six 
groups, each group containing 6 mice, and treatment was started when the tumor 
volume reached 30 mm3. The following groups were evaluated: untreated group 
(sterile saline; negative control group), DOX group (5 mg/kg; positive control), 
PLGA NPs group, PLGA-PA NPs group, PLGA-DOX NPs group and PLGA-PA-
DOX NPs group. Mice were injected intratumorally with NPs or 5 mg free DOX. The 
number of NPs injected in the PLGA-PA-DOX NPs and PLGA-DOX NPs groups 
were adjusted to match the DOX content in the free DOX group. The number of 
NPs injected in the PLGA NPs and PLGA-PA NPs groups were adjusted to the 
number injected in the PLGA-PA-DOX NP group. The treatment was repeated three 
times (every 5 days). On day 18, the mice were sacrificed by cervical dislocation. 
The tumor, blood, liver and lungs were collected for histopathology and biochemical 
analysis.

2.19 Hematology analysis

Using EDTA-K2 (1 mg/mL) as a blood anticoagulant, 50 µL of fresh blood was 
collected from tail vein puncture on days 7 and 14 after the first treatment, and 
the hematology analyzers were used to perform standard techniques. Red blood 
cells and white blood cells were counted by a blood cell counter. Hemoglobin was 
quantified by RT-qPCR and hematocrit was measured by a hematology analyzer 
(UniCel® DxH 800, Beckman Coulter, Inc. CA, USA). The blood samples of all 
experimental animals (n = 4–6) were evaluated in triplicate.

2.20 Histology and immunohistochemistry

The tumors and organs of BALB/c mice were collected for immunohistochemical 
examination. In short, the mice were sacrificed on day 18 day after tumor 
inoculation, and the tumor, liver, and lung of the mice were fixed, paraffin-
embedded, and sectioned by autopsy. Sections were incubated with anti-caspase-3, 
anti-Mmp2, anti-Cxcl12, and anti-NF-κB primary antibodies overnight at 4°C. 
Biotinylated pan-specific antibody was used as the universal secondary antibody, 
followed by incubation with streptavidin/HRP conjugated and diaminobenzidine 
for colorimetric staining. Sections were double-stained with hematoxylin and eosin 
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(H&E) and imaged using a Nikon E200 LED light microscope (Microscope Central, 
PA, USA) and digital camera (Moticam, San Antonio, TX, USA). Immunoreactivity 
was analyzed by assessing the ratio of positively stained cells and the intensity 
of immunofluorescent staining, as described by Charafe-Jauffret et al. [37]. The 
results were evaluated independently by two non-operators. Three tissue sections 
were assessed for each antibody.

Histopathological changes in the tumor are assessed according to the Histological 
Alteration Index (HAI). They are divided into 3 stages. stage I, where there is 
no impairment of organ function; stage II I, where there is severe impairment of 
organ function affecting normal function; and stage III, where there is very severe 
and irreversible impairment of organ function. The HAI value for each group of 
animals was calculated using the formula HAI = 1 × ΣI + 10 × ΣII + 100 × ΣIII 
[38,39]. Where I, II and III correspond to the number of changes in each stage, 
the results are divided into 4 categories. 0−15% = normal tissue or mild necrosis 
with mildly infiltrated lymphocytes; 15−25% = lymphocytes with mild to moderate 
tissue necrosis or infiltration; 25−50% = lymphocytes with moderate to severe 
tissue necrosis or infiltration; 50−100% = lymphocytes with severe tissue necrosis 
or severe infiltration. All sections were scored and the data in each category (I-III) 
were displayed as percentages of all analyzed sections within each treatment 
group. 

2.21 RT-qPCR

Gene expression analysis was performed on in situ tumors from BALB/c mice. Total 
RNA from in situ tumors was extracted using TRIzol™ Reagent and purified using 
the SV Total RNA Isolation System according to the manufacturer’s instructions. 
The 2-ΔΔCt method was used to analyze the breast tumor-associated gene expres-
sion data and β-actin was considered as a housekeeping gene. Data are presented 
in triplicate. The primer sequences were as follows: β-actin F: 5'-AGGCCAACCT-
GTAAAAGATG-3', R: 5'-TGTGGTACGAGAGGCATAC-3'; Nfκb F: 5'-CCGTCT-
GTCTGCTCTCTCT-3', R: 5'-CGTAGGGATCATCGTCTGCC -3'; Apaf-1 F: 5′-TTC-
CAGTGGCAAGGACACAG-3′, R: 5′-CCACTCTCCACAGGGACAAC-3′; Mdr1 F: 
5′-TCAGCAACAGCAGTCTGGAG-3′; R: 5′-ACTATGAGCACACCAGCACC-3′; 
Birc5 (Survivin) F: 5′-AGAACAAAATTGCAAAGGAGACCA-3′, R: 5′-GGCATGT-
CACTCAGGTCCAA-3′; Mmp2 F: 5′-AACGGTCGGGAATACAGCAG-3′, R: 5′-GTA-
AACAAGGCTTCATGGGGG-3′; Cxcl12 F: 5′-TCAGCCTGAGCTACAGATGC-3′, R: 
5′-CTTTAGCTTCGGGTCAATGC-3′.
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2.22 Statistical analysis

Unless otherwise stated, data obtained from all experiments are expressed as 
the mean ± SD (standard deviation) of 3−5 independent repeated experiments. 
The data were statistically significant using unpaired, Mann-Whitney U test, two-
way analysis of variance (ANOVA), and Student's t-test in GraphPad Prism 8.1.1 
software (GraphPad Software, San Diego, CA, USA). In all analyses, a p-value ≤ 
0.05 is considered an indicator of statistical significance and is expressed as: * p ≤ 
0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

3 Results

3.1 Physicochemical characterization of NPs

In this study, we synthesized PLGA NPs encapsulating DOX, PA and the fluorescent 
probe DiD according to the double emulsion solvent evaporation method (W1/O/
W2; Fig. 1A). First, we assessed the morphological characteristics of PLGA NPs 
containing PA, DOX, or the combination of DOX and PA, by TEM. PLGA-DOX NPs 
and PLGA-PA-DOX NPs were spherical with a smooth surface, similar to blank 
PLGA NPs (Fig. 1B). The particle size, zeta potential and polydispersity index 
(PDI) of the NPs were further characterized by DLS. As shown in Table 1, the 
average particle size of PLGA NPs, PLGA-PA NPs, PLGA-DOX NPs and PLGA-
PA-DOX NPs was 160.2 ± 10.9 nm, 157.8 ± 9.5 nm, 140.7 ± 11.5 nm and 144.9 ± 
5.8 nm, respectively. The surface charge was negative and the PDI values showed 
a uniform size distribution for all NP formulations (Table 1, Fig. 1C). Our results 
show that the physicochemical properties of the PLGA NP formulations were not 
altered by encapsulating PA, DOX or PA and DOX. To confirm the successful co-
encapsulation of all compounds, we prepared PLGA NPs containing DOX, PA-
rhodamine and DiD. As all these compounds were fluorescent (DOX: excitation 480 
nm, emission 560−620 nm; PA-rhodamine: excitation 560 nm, emission 570 nm; 
and DiD: excitation 633 nm, emission 665 nm), PLGA-PA-rhodamine-DOX NPs 
were imaged by confocal microscopy to confirm the successful encapsulation of all 
three compounds into a single PLGA NP (Fig. S1).

Next, we determined the release profile of DOX and PA from PLGA NPs under 
different pH conditions. To this end, PLGA-PA-DOX NPs were dissolved in PBS 
(pH 5.0 and 7.4) and incubated under constant agitation at 37°C for 30 days. 
Under a physiological pH of 7.4, 60% of the encapsulated DOX and 35% of the PA-
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rhodamine were rapidly released within the first 48 h (Fig. 1D, F). This was followed 
by a period of sustained release, which reached a plateau at approximately day 
4 and lasted until the end of the analysis. After 30 d, 62% of DOX and 50% of PA 
were released from the NPs (Fig. 1E, G). Moreover, our results showed that DOX 
and PA followed different release behaviors from PLGA-PA-DOX NPs at different 
pH conditions. With a drop in pH from 7.4 to 5.0, the release of DOX significantly 
increased to 93.6 ± 4.5% (Fig. 1D) within the first 48 h and 100.3 ± 3.9% after 30 d 
(Fig. 1E). Similar results were obtained for PA. At pH 5.0, 53.1% of PA was released 
within the first 48 h and 72.78 ± 2.9% after 30 d (Fig. 1F-G). In contrast to DOX, the 
release of PA was slower and incomplete. In summary, our results showed that PA 
and DOX were successfully released from PLGA-PA-DOX NPs already within the 
first 48 h, and that the release of DOX and PA was fastest at low pH.

Next, the stability PLGA-PA-DOX NPs were tested in a medium containing 10% 
FBS and 50% FBS for 7 days, respectively. DLS and zeta potential measurements 
did not show significant changes in size and surface charge over 7 days (Fig. 1H-
I). These results demonstrate that the NPs were stable in the presence of serum, 
similar to the physiological condition in the bloodstream.
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Figure 1. Physicochemical properties of PLGA NPs. (A) Schematic illustration 
of the preparation of PLGA-PA-DOX NPs. (B) TEM images of blank PLGA NPs, 
PLGA-PA NPs, PLGA-DOX NPs and PLGA-PA-DOX NPs. Scale bar = 100 nm. 
(C) Representative DLS measurements of the different PLGA NP formulations. 
Quantification of the cumulative DOX release (%) from PLGA-PA-DOX NPs over 
(D) 48 h and (E) 30 d, measured in PBS at pH 5.0 and 7.4. Quantification of the 
cumulative PA release (%) from PLGA-PA-DOX NPs after (F) 48 h and (G) 30 d 
in PBS at pH 5.0 and 7.4. Stability assessment of PLGA-PA-DOX NPs over 7 d in 
PBS containing 10% and 50% FBS. Measurement of (H) size and (I) zeta potential. 
The data is presented as the mean ± SD, n = 3. * p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 
0,0001.

Table 1. Summary of NP particle size, zeta potential, PDI, and drug-loading efficacy 
of the different PLGA NP formulations

Formulation Particle size
 (nm)

Zeta Potential
 (mV) PDI Drug loading

 (%)-PA
Drug loading
 (%)-DOX

PLGA NPs 160.2 ± 10.9 -9.7 ± 3.5 0.11 ± 0.03  -  -

PLGA-PA NPs 157.8 ± 9.5 -10.9 ± 2.4 0.12 ± 0.03 48.1 ± 1.5  -

PLGA-DOX NPs 140.7 ± 11.5 -8.9 ± 2.2 0.259 ± 0.08  - 9.5 ± 0.1

PLGA-PA-DOX NPs 144.9 ± 5.8 -10.1 ± 2.6 0.147 ± 0.02 50.9 ± 1.7 11.5 ± 0.2

Supplementary Figure 1. PLGA-PA-DOX NPs imaged by CLSM. PLGA-PA-DOX 
NPs were dissolved in water and then evenly coated onto glass cover slips. DOX, 
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red; PA-rhodamine, magenta; DiD, yellow. Scale bars upper panel = 50 μm, scale 
bars lower panel = 1 μm.

3.2 Time-dependent increase of PLGA-PA-DOX NP uptake by 4T1 breast 
cancer cells

The ability of tumor cells to take up NPs is linked to the efficacy of the nano drugs 
[40]. Therefore, we assessed the uptake behavior of PLGA-DOX NPs and PLGA-
PA-DOX NPs in 4T1 cells by CLSM and flow cytometry. First, flow cytometry 
was used to quantitatively track the cellular uptake behavior of PLGA-DOX NPs 
and PLGA-PA-DOX NPs by 4T1 cells at different time points (1, 4, 24, and 48 h; 
Fig. 2A−B). The uptake of free DOX, PLGA-DOX NPs and PLGA-PA-DOX NPs 
(containing equal amounts of DOX) by 4T1 cells increased progressively with 
increasing incubation time. After 1 h and 4 h of incubation, the uptake of free DOX 
was higher than PLGA-DOX NPs and PLGA-PA-DOX NPs. However, at later time 
points (24 h and 48 h), there was no significant difference between free DOX and 
DOX-encapsulating NPs (Fig. 2A−B). These results are consistent with our release 
kinetics study, showing that approximately 60% of DOX was released within the 
first 48 h at physiological pH of 7.4. Next, cellular inspection by CLSM allowed 
visualization of the intracellular routing of free DOX, blank PLGA NPs, PLGA-
DOX NPs and PLGA-PA-DOX NPs in 4T1 cells. With increasing incubation time, 
free DOX rapidly accumulated in the nucleus of 4T1 cells (Fig. 2C), while control 
(DiD-labeled) PLGA NPs showed a gradual increase in NP accumulation in the 
cytoplasm (Fig. 2D). When co-encapsulated, analysis of the intracellular distribution 
of DOX showed that, with increasing incubation time, DOX was released from 
the DiD-containing NPs and accumulated in the nucleus, while a fraction of non-
released DOX remained in the NPs (Fig. 2E). NP uptake, intracellular distribution 
and release of DOX were not altered when PA was co-encapsulated into the NPs 
(Fig. 2F).
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Figure 2. Uptake and intracellular routing of DOX and PLGA NPs. (A) 
Representative flow cytometric plots of 4T1 cells incubated with free DOX, PLGA-
DOX NPs and PLGA-PA-DOX NPs for 1, 4, 24 and 48 h at 37°C. The amount 
of intracellular DOX was determined by flow cytometry. (B) Quantification of the 
percentage of DOX-positive 4T1 cells. The intracellular uptake and distribution of 
(C) DOX, (D) PLGA-DiD NPs, (E) PLGA-DOX-DiD NPs and (F) PLGA-PA-DOX-
DiD NPs were further analyzed by CLSM using a 100 × oil immersion objective. 
The nucleus was labeled with DAPI (blue) and the actin skeleton was labeled with 
phalloidin (green). DiD, yellow; DOX, red. Scale bar are indicated. All p-values were 
generated using Student’s t-test. * p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001.
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3.3 PLGA-PA and PLGA-PA-DOX reduce 4T1 cell viability and induce 
apoptosis

The effect of the different PLGA NP formulations on the viability of 4T1 breast 
cancer cells were shown in Fig. 3. First, we determined the inhibitory value 50 (IC50) 
of the free agents by MTS assay. We found that 10.54 μg/mL of free DOX and 66.86 
μg/mL of PA resulted in a 50% reduction in metabolic activity of 4T1 (Fig. 3A-B). 
Next, we assessed the cytotoxic effect of blank (control) PLGA NPs as well as NPs 
loaded with DOX, PA and DOX and PA together on 4T1 cells (Fig. 3C-F). The IC50 
of blank PLGA NPs was determined as 20.261 mg/mL, indicating that blank PLGA 
NPs were only toxic at high concentrations. The inhibitory dose of PLGA-PA NPs 
was (214 μg/mL; Fig. 3D). As for the drug-loaded NPs, already 7.6 μg/mL of PLGA-
DOX NPs and 7.5 μg/mL of PLGA-PA-DOX NPs reduced 4T1 cell viability by 50% 
(Fig. 3E-F). To directly compare the effect of encapsulated DOX with free DOX, we 
treated the cells with equal amounts of encapsulated DOX and control NPs (Fig. 
3G). At 65.4 μg/mL of PLGA-DOX NPs (equivalent to 7.5 μg/mL free DOX), the 
viability of 4T1 cells was reduced by 44.4%. At the same NP concentration, PLGA-
PA NPs significantly reduced the viability of 4T1 cells by 35.8% (Fig. 3G). When 
4T1 cells were treated with an equal concentration of NPs containing both DOX 
and PA, the metabolic activity was further reduced by 70%, indicating an additive 
effect of co-delivered PA and DOX. We then quantified the necrosis/apoptosis rate 
of 4T1 cells after free DOX and PA treatment by Annexin V/7AAD staining and flow 
cytometry (Fig. 3H). Based on the results of the cell viability assay, we treated 4T1 
cells with DOX at concentrations of 2.88 μg/mL and 7.52 μg/mL and PA at 12.75 
μg/mL and 32.70 μg/mL, respectively. and quantified early (annexin V+, 7-AAD-) 
and late apoptosis (annexin V+, 7-AAD+) in 4T1 cells. As shown in Figure 3H, after 
24 h incubation, approximately 28.72% and 34.46% of cells in the DOX-treated 
groups underwent apoptosis; whereas approximately 18.69% and 20.17% of cells 
in the PA-treated groups underwent apoptosis, respectively. After 48 h incubation, 
apoptosis rate increased to 35.65% and 58.1% in the DOX-treated group; while the 
percentage of Annexin V-positive cells increased to 20.39% and 32.98% in the PA-
treated groups, respectively.

To determine whether the reduction in metabolic activity in response to different 
PLGA NP formulations containing DOX and PA was indeed due to a reduction in 
cellular viability, we quantified the necrosis/apoptosis rate of 4T1 cells after NP 
treatment by Annexin V/7AAD staining and flow cytometry (Fig. 3I). Early (Annexin 
V+, 7-AAD-) and late apoptosis (Annexin V+, 7-AAD+) of 4T1 cells were quantified 
after treatment with 25 μg/mL of PLGA NPs, PLGA-PA NPs, PLGA-DOX NPs and 
PLGA-PA-DOX NPs for 24 h and 48 h. As shown in Figure 3I, the viability of 4T1 
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cells was above 90% even after prolonged treatment time with blank PLGA NPs, 
indicating that PLGA NPs were not significantly cytotoxic to 4T1 cells (p > 0.05). 
In contrast, treatment with PLGA-PA NPs, PLGA-DOX NPs and PLGA-PA-DOX 
NPs led to an increase in the percentages of Annexin V positive cells after 24 h 
(17.41%, 35.3% and 27.54%, respectively) and 48 h (19.3%, 42.38% and 53.6%, 
respectively) (Fig. 3I). After 48 h, an additive effect of PA and DOX on the apoptosis 
rate could be observed, indicating that co-encapsulated PA and DOX could 
increase the therapeutic effect. In summary, our results show that PLGA-PA NPs 
and PLGA-PA-DOX induced apoptosis in 4T1 cells, and co-delivery of DOX and PA 
by PLGA NPs further reduced the viability of 4T1 breast cancer cells. Furthermore, 
by comparing the free DOX and PA treated groups with the NPs treated groups, 
we found that the probability of late apoptosis and necrosis in free DOX and PA 
induced cells was significantly higher than that in the NPs treated group. This is 
also side evidence that NPs effectively delayed the toxicity of free DOX and PA to 
cells.
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Figure 3. Comparison of the effect of free and encapsulated PA and DOX on the 
viability of 4T1 cells measured by MTS assay. IC50 of (A) free DOX, (B) free PA, 
and different formulations of PLGA NPs (C-F) on 4T1 cells. (G) To directly compare 
the effect of encapsulated DOX and PA to free compounds, the concentration of 
NPs was adjusted to match the concentration of free DOX and PA. 4T1 cells were 
treated with 65.4 μg/mL of NPs (equivalent to 7.5214 μg/mL free DOX and 32.7 
μg/mL free PA) or control NPs. Cell viability was measured by MTS assay. (H-
I) Annexin V/7AAD labeling to determine apoptosis rate in 4T1 cells treated with 
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free DOX and PA and NPs for 24 h and 48 h. Data were analyzed using a one-way 
ANOVA with post-hoc Bonferroni correction; * p ≤ 0.05, **** p ≤ 0.0001. The data 
represent the mean ± SEM of five independent experiments.

3.4 Intracellular release kinetics and routing of PA

Next, we analyzed the intracellular routing and release of PA from PLGA-PA NPs. 
To this end, we prepared PLGA NPs, which encapsulated DiD and PA-rhodamine, 
and incubated 4T1 cells with PLGA-PA-rhodamine NPs for 1, 4, 12, 24 and 48 h. 
Subsequently, we analyzed the intracellular release of PA-rhodamine by CLSM. 
In line with the results presented in Figure 3, PLGA-PA NPs accumulated in the 
cytoplasm over time (Fig. 4A). Quantification of the fluorescence intensity of 
PA-rhodamine showed that PA-rhodamine could gradually be detected in the 
cytoplasm as the incubation time increased (Fig. 4B). NPs enter cells via endocytic 
vesicles, which then fuse with prelysosomes and mature into lysosomes. An 
important prerequisite for intracellular drug delivery is that NPs efficiently escape 
the endosomal/lysosomal pathway into the cytoplasm. To explore the intracellular 
routing of PLGA-PA-rhodamine NPs and colocalization with lysosomes, 4T1 cells 
were treated with NPs, co-labeled with LysoTracker and analyzed by CLSM (Fig. 
4C). To this end, 4T1 cells were incubated with 100 μg PLGA-PA-rhodamine 
NPs (containing 48.1 μg PA) for 0, 4, 24 and 48 h and subsequently labeled with 
LysoTracker. In line with the flow cytometry data, 4T1 cells gradually took up 
NPs over time (Fig. 4A). Visual inspection revealed that, 4 h after NP uptake, PA-
rhodamine could be detected inside of 4T1 cells, and a fraction of the rhodamine 
signal colocalized with lysosomes. At later time points the amount of intracellular 
PA-rhodamine increased, but the colocalization with lysomes decreased. 
Quantification of the Mander’s overlap coefficient of the PA-rhodamne signal from 
the NPs and LysoTracker confirmed a signficantly higher colocalization of PA-
rhodamine after 4 h, compared to 12, 24 and 48 h (Fig. 4D).
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Figure 4. Uptake and intracellular distribution of PA in 4T1 cells. (A) Representative 
CLSM images of 4T1 cells incubated with PLGA-PA-rhodamine NPs for 1, 4, 12, 24 
and 48 h. DAPI, blue; Phalloidin, green; PA-rhodamine, magenta. (B) The average 
fluorescence intensity of the PA-rhodamine signal was quantified by ImageJ. (C) 
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Representative CLSM images of 4T1 cells incubated with PLGA-PA-rhodamine 
NPs for 1, 4, 12, 24 and 48 h and co-stained with LysoTracker. DAPI, blue; 
Phalloidin, green; PA-rhodamine, magenta; LysoTracker, yellow. (D) Colocalization 
between PA-rhodamine and LysoTracker as determined by the Mander’s 
colocalization coefficient using ImageJ. Results are representative of multiple cells 
in one independent experiment. All p-values were generated using Student’s t-test. 
** p ≤ 0.01, *** p ≤ 0.001.

3.5 PLGA-PA NPs induce reprogramming of TAMs

To assess whether PLGA-PA NPs could induce repolarization of M2 macrophages 
towards the anti-tumorigenic M1 type, similar as reported for free PA [19,20], RAW 
246.7 cells were differentiated towards M2 macrophages, and the expression of M2 
and M1 macrophage markers was assessed by flow cytometry after NP uptake (Fig. 
5A-C). CD163 is one of the common M2 markers, while CD68 and CD86 are highly 
expressed on M1 macrophages [41,42]. As shown in Figure 5A, the expression 
of CD163 greatly reduced in M2 differentiated RAW 246.7 cells upon treatment 
with PLGA-PA NPs, compared to the group treated with control NPs as well as 
untreated cells (Fig. 5A). Similarly, the expression of CD68 and CD86 increased 
upon treatment with PLGA-PA NPs, compared to the control group and untreated 
M2-differeniated cells (Fig. 5B-C). In line with flow cytometry plots, analysis of 
the geometric mean showed a significant decrease of CD163 expression and 
concomitant increase in CD68 and CD86 signal, compared to control groups (Fig. 
5D-F). In summary, our results confirm that, similar to free PA, encapsulated PA 
could partially reverse the M2 phenotype in M2-differeniated RAW 246.7 cells 
towards the anti-tumorigenic M1 type.
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Figure 5. PLGA-PA NPs promote repolarization of M2 macrophages. RAW 
264.7 cells were differentiated towards the M2 type by addition of IL-4 to the 
culture medium, and treated with control PLGA-NPs or PLGA-PA NPs for 48 h. 
Representative flow cytometry plots of M2 differentiated RAW 264.7 cells stained 
for the M2 marker (A) CD163, and the M1 markers (B) CD68 and (C) CD86. 
Analysis and quantification of the geometric mean of the (D) CD163, (E) CD68, 
and (F) CD86 signals. The p-values are for the experimental group compared 
to M2 (RAW 264.7 cells + IL-4). All data are mean ± SD of three independent 
experiments, * p ≤ 0.05, ** p ≤ 0.01 by a Student’s t-test.

3.6 PA inhibits 4T1 cell migration and invasion in vitro

To explore the effect of PA-containing NPs on 4T1 cell migration and invasion, we 
performed a wound healing assay (Fig. S2). To this end, the cells were incubated 
with different PLGA NP formulations for the 48 h duration of the assay (Fig. S2A). 
The wound healing rates showed that after 12 h, a reduction in wound healing 
rate in the PLGA-PA NP-treated group became apparent, compared to the control 
PLGA NP-treated and untreated 4T1 cells (Fig. S2A). At endpoint, we observed 
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in the untreated and control PLGA NP-treated 4T1 cells a wound healing rate of 
86.49% and 73.36%, respectively, whereas the relative wound density was only 
43.28% in the PLGA-PA NP-treated group and 31.33% in the PLGA-PA-DOX NP-
treated group (Fig. S2B). In addition, we determined the effect of PLGA-PA NPs 
on the growth and proliferation of 4T1 cells in vitro in a colony formation assay 
(Fig. S2C-D). The results showed that the PA-loaded NPs significantly inhibited the 
number and size of 4T1 colonies, indicating that PA inhibited the proliferation of 4T1 
cells. Importantly, as shown in our MTS results, the PLGA-PA NP concentrations 
used in the wound healing and colony assays did not induce cellular toxicity 
(Fig. 2D), thus, the reduction in 4T1 invasive properties, colony numbers and 
size could not be attributed to adverse cytotoxic effects of PA. These results are 
consistent with our previous study on the effect of free PA and 4T1 cell invasion 
[20], demonstrating the ability of PA-loaded NPs to significantly inhibit the invasive 
properties of 4T1 cells in vitro.
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Supplementary Figure 2. PLGA-PA NPs inhibit the migration and invasion of 
4T1 cells. (A) The wound healing assay was performed in the presence of 20 μg/
mL of PLGA-NPs for 48 h, or in untreated control cells, to determine the invasive 
properties of 4T1 cells. (B) The images of the wound area were recorded with the 
Incucyte system, and the relative wound healing rates were calculated after 0, 4, 
12, 24 and 48 h. (C) Representative image of 4T1 colonies treated with 5 μg/mL 
of PLGA-NPs or untreated cells, stained with Giemsa solution. (D) Quantification 
of the mean cell colony number. Data are means ± SD of three independent 
experiments. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 compared to 
control.
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3.7 PLGA-PA NPs inhibit breast tumor growth in vivo

Next, the anti-tumor efficacy of PLGA-PA NPs was assessed in an orthotopic 
murine breast cancer model. On day 1, 1 × 106 4T1 cells were inoculated into 
the fourth mammary pad of the mice. The first injection of NPs was administered 
intratumorally on day 3, and repeated every 5 days for a total of 15 days, and the 
experiment was terminated on day 18 (Fig. 6A). As shown in Fig. 6B−C, tumor 
growth was significantly inhibited in the experimental groups treated with free 
DOX, PLGA-DOX NPs, PLGA-PA NPs and PLGA-PA-DOX NPs, compared to the 
saline-injected control group. The tumor growth curves showed that PLGA NPs 
containing PA and/or DOX had a similar effect to free DOX. Free DOX reduced the 
tumor volume to 62.4 mm3, while tumor volumes of the untreated and PLGA NP-
treated groups were 370.032 mm3 and 205.258 mm3, respectively. In the PLGA-
PA NP and PLGA-PA-DOX NP-treated groups, the tumor volume was reduced to 
34.712 mm3 and 27.657mm3, respectively. Comparing the free DOX and PLGA-
DOX NPs treatment groups, little difference was found in terms of tumor volume 
(p > 0.05), indicating that both conditions were equally efficient. There was no 
significant difference between the control groups injected with saline or blank PLGA 
NPs. Similar, the results of the tumor weight measurements at endpoint showed 
a significant reduction in tumor weight in the DOX-, PLGA-DOX NP-, PLGA-PA 
NP- and PLGA-PA-DOX NP-treated groups, compared to the saline-treated group 
(Fig. 6D). In addition, we found significant differences between the PLGA-PA NP- 
and PLGA-PA-DOX NP-treated groups, compared to blank PLGA NPs and to the 
free DOX group (Fig. 6D). These data suggest that PLGA NPs containing PA as 
single modality had a similar anti-tumor effect as DOX-containing NPs (Fig. 6C). At 
endpoint, we also determined the blood leukocyte count of the mice to investigate 
whether the treatment had any detrimental effect on the immune system (Fig. 6E). 
Our results showed a significantly lower number of leukocytes in the DOX-treated 
groups, when compared to the control groups treated with saline and blank PLGA 
NPs. This is a common side effect of chemotherapeutic treatments. Interestingly, 
the reduction in leukocyte count in the PLGA-PA NP-treated group was less 
pronounced than after DOX treatment, despite similar treatment efficacies. This 
might suggest that PA applied alone has less profound systemic side effects than 
DOX.
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Figure 6. In vivo experiments in BALB/c mice bearing 4T1 breast tumors. (A) 
Experimental timeline: 1 × 106 4T1 cancer cells were implanted at the mammary 
site (day 0) and mice were treated with saline, free DOX, blank PLGA NPs or 
PLGA NPs loaded with DOX and/or PA by intertumoral injection of NPs for 15 
days (6 mice per group) on days 3, 8, and 13 of the experiment, respectively. 
(B) Photographs of tumors taken from mice carrying 4T1 tumors at the endpoint 
(day 18). (C) Growth curves of in situ mammary tumors in BALB/c mice showing 
reduction in tumor volume after treatment with PLGA-PA NPs and DOX-loaded 
PLGA-PA NPs as well as free DOX. (D) Mean weight of tumors at the endpoint (n = 
6). (E) Blood leukocytes count of mice treated with different NP formulations. Data 
represent mean ± SEM; ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 by a Student’s 
t-test.

3.8 PLGA-PA NPs inhibit breast cancer metastasis

The 4T1 breast cancer cell line has been reported to be poorly immunogenic 
and highly susceptible to spread to distant organs, which is associated with a 
high degree of metastatic properties [43]. Therefore, the effect of the different 
NP formulations on 4T1 tumor metastasis was evaluated in vivo. To this end, we 
performed a histological study of the liver and lung of all mice, and scored the 
sections according to the presence of metastasis. In all experimental groups, we 
could see that the tumor cells infiltrated the liver (arrows, Fig. 7A). In contrast to the 
control groups (saline and PLGA NPs), the number of metastatic niches and tumor 
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areas appeared to be smaller in the groups treated with free DOX as well as PLGA 
NPs containing DOX and/or PA (Fig. 7A, C), ** p ≤ 0.01, *** p ≤ 0.001). Next, we 
compared the number of metastatic niches in the lung tissue of the mice in each 
group and found that the experimental groups treated with DOX or PLGA NPs 
containing DOX and/or PA, had significantly fewer metastases in the lung than in 
the control groups (Fig. 7B, C, *** p ≤ 0.001). Our results indicate that free DOX as 
well as PLGA NPs containing DOX and/or PA significantly inhibited the formation of 
metastasis in the liver and the lung.

Figure 7. Evaluation of metastatic ecological niches in the lung and liver of mice. 
Tumor cell migration to secondary sites was observed in the (A) liver and (B) lung. 
Arrows indicate the presence of metastatic niches. (C) Metastatic niches in the 
liver and lung were assessed semi-quantitatively. Immunostaining images were 
magnified 400×. All data are expressed as the mean ± SD of six independent 
values (n = 6) for each group. ** p ≤ 0.01, *** p ≤ 0.001. scale bars of 100× = 100 
μm, scale bars of 400× = 25 μm.
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3.9 Gene and protein expression profiles in TME

To assess the effect of the different PLGA NP formulations on the breast TME, 
with respect to apoptosis, cell survival, drug resistance and immune regulation, we 
performed immunohistochemistry (IHC) and RT-qPCR analysis of the tumors at 
the endpoint. As shown in Figure 8A, pro-apoptotic protein caspase-3 protein was 
significantly upregulated after treatment with free DOX, as well as PLGA-DOX NPs 
and PLGA-PA-DOX NPs (** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001), indicating the 
induction of apoptosis in response to DOX. Interestingly, the expression of pro-
apoptotic protein caspase-3 in the PLGA-PA-DOX NP group (H-score: 160.33 ± 
30.44) was 1.84-fold higher (* p ≤ 0.05) than in the free DOX group (H-score: 87 
± 6.08) and 1.23-fold higher than in the PLGA-DOX NP group (H-score: 130.83 
± 16.00; Fig. 8B), suggesting an additive effect of PA and DOX in inducing tumor 
cell apoptosis. In addition, RT-qPCR results showed that the expression of the 
apoptosis-related genes Fadd and Apaf-1 was significantly upregulated upon 
treatment with free DOX, PLGA-DOX NPs and PLGA-PA-DOX NPs (* p ≤ 0.05, 
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001), and PLGA-PA NPs alone were able 
to induce upregulation of Apaf-1 (Fig. 8C-D). In addition, the expression of the 
apoptosis inhibitor Birc5 (also known as Survivin) was significantly reduced in 
response to PLGA-DOX NPs, PLGA-PA NPs, and PLGA-PA-DOX NPs (** p ≤ 
0.01, *** p ≤ 0.001, **** p ≤ 0.0001; Fig. 8E). Interestingly, the drug resistance gene 
multidrug resistance 1 (Mdr1) was significantly reduced in response to PLGA-
DOX NPs, PLGA-PA NPs, and PLGA-PA-DOX NPs (** p ≤ 0.01, *** p ≤ 0.001, **** 
p ≤ 0.0001), indicating that delivery of PA alone can reduce Mdr1 expression (Fig. 
8F). Interestingly, when free DOX was applied, the expression of drug resistance 
gene Mdr1 was significantly increased, but this effect could not be seen when DOX 
was encapsulated inside of PLGA NPs, suggesting that encapsulation prevents 
the development of drug resistance. In summary, our results show that PLGA-
PA NPs alone increased the expression Apaf-1, but not caspase-3, and reduced 
the expression of the cell survival gene Birc5 and drug resistance gene Mdr1, 
suggesting a powerful role of PA in the modulation of the breast TME. Importantly, 
our data showed that, when combined, DOX and PA could act in concert in further 
increasing tumor cell apoptosis and in reducing drug resistance.
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Figure 8. Assessment of cell death, survival and drug resistance in the TME 
after NP treatment. (A) Immunostaining and (B) scoring of caspase-3 signal. 
Immunostaining images were magnified 100×. The score of each image was 
analyzed, and the data was summarized into a histogram. Scale bar is indicated. 
mRNA expression of (C) Fadd, (D) Apaf-1, (E) Birc5 and (F) Mdr-1 in tumors after 
NP treatment relative to β-actin. All data are expressed as mean ± SD, * p ≤ 0.05, 
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

Next, we assessed the expression of Nfκb1, matrix metalloproteinase 2 (Mmp2) 
and C-X-C motif chemokine 12 (Cxcl12) in the TME by IHC and RT-qPCR analysis. 
As shown in Figure 9, the expression of the transcription factor Nfκb1 and the 
metalloproteinase Mmp2, which promote cancer invasion and angiogenesis, and 
the Cxcl12 gene, which promotes the proliferation, survival, and invasion of cancer 
cells, were significantly downregulated in the TME in response to treatment with 
free DOX, PLGA-DOX NPs and PLGA-PA-DOX NPs, compared to the control 
groups (Fig. 9A–D). Interestingly, PLGA-PA NPs alone also downregulated the 
expression of Nfκb1, while it did not affect Cxcl12 expression. Furthermore, RT-
qPCR results showed that the expression of invasion and metastasis-related genes 
Mmp2 and Cxcl12 were significantly down-regulated (* p ≤ 0.05, ** p ≤0.01) after 
treatment with free DOX, PLGA-DOX NPs and PLGA-PA-DOX NPs (Fig. 9E–F), 
in agreement with the IHC data. In contrast, PLGA-PA NPs alone were able to 
downregulate Mmp2 without affecting Cxcl12 expression (Fig. 9E–F). In addition, 
we examined the effect of NPs on Mmp2 and Cxcl12 expression at the cellular 
level by RT-qPCR. The results showed that the expression of both invasion- and 
metastasis-related genes Mmp2 and Cxcl12 were significantly down-regulated after 
treatment with free DOX, free PA, PLGA-DOX NPs, PLGA-PA NPs and PLGA-PA-
DOX NPs (Supplementary Fig. 3A–B). In summary, these results highlight that, 
at the molecular level, the reduction in breast tumor growth and metastasis upon 
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treatment with PA and DOX are mediated via different signaling pathways. When 
DOX and PA are combined, both pathways were affected simultaneously.

Figure 9. Assessment of intracellular signaling pathways involved in cancer 
invasion, angiogenesis and proliferation in the TME. (A) Nfkb, Mmp2 and Cxcl12 
immunostainings were performed on tumor sections from mice at endpoint. (B-
D) Semi-quantitative scoring of Nfkb, Mmp2 and Cxcl12 signals in tumor sections 
at endpoint. mRNA expression of (E) Mmp2 and (F) Cxcl12 in tumors after NP 
treatment relative to β-actin. All data are expressed as mean ± SD, * p ≤ 0.05, ** p 
≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

Yuanyuan He 17 × 24cm.indd   202Yuanyuan He 17 × 24cm.indd   202 2024/5/14   14:29:002024/5/14   14:29:00



 5

203

Supplementary Figure 3. Assessment of intracellular signalling pathways involved 
in invasion, angiogenesis and proliferation of 4T1 cells. 4T1 cells were treated with 
65.4 μg/mL of NPs (equivalent to 7.5214 μg/mL free DOX and 32.7 μg/mL free PA), 
control NPs, free DOX (7.5214 μg/mL) and free PA (32.7 μg/mL). The mRNA 
expression of Mmp2 (A) and Cxcl12 (B) in 4T1 cells relative to β-actin after 48 h 
incubation. All data are expressed as mean ± SD, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 
0.0001.

Finally, the immunomodulatory effect of the different PLGA-NP-formulation on the 
TME and in particular TAMs was assessed by IHC. We found that compared to 
the control groups (saline and PLGA NPs), the expression of the M2 TAM marker 
CD163 was downregulated in the groups treated with free DOX, PLGA-DOX NPs, 
PLGA-PA NPs, and PLGA-PA-DOX NPs. However, the effect was most prominent 
in the DOX-treated groups (Fig. S4A and C). Similarly, the expression of the M1 
macrophage marker CD68 was highly upregulated upon treatment with DOX and 
PLGA DOX NPs, and (to a lesser but significant extent) PLGA-PA-DOX NPs (Fig. 
S4B and D).
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Supplementary Figure 4. Reduction of the immunosuppressive TME after 
treatment. 4T1 breast tumor tissues isolated from mice treated with saline, free 
DOX or different PLGA NP formulations were stained for TAM markers. (A) 
Representative images of CD163- and CD68-stained tumor sections. Scale bar is 
indicated. Semi-quantitative scoring of (B) CD163 and (C) CD68 signals in tumor 
sections at endpoint. The score of each image was analyzed and plotted as a 
histogram. All data are expressed as mean ± SD, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 
0.001, **** p ≤ 0.0001.

3.10 PLGA-PA NPs induce lymphocyte infiltration in breast tumors

To further analyze the effect of PA on 4T1 breast tumor architecture, we carefully 
inspected H&E-stained sections of untreated, free DOX- and NP-treated tumors. 
Visual inspection of the tumor sections confirmed the presence of morphological 
characteristics indicative of neoplastic cells, tumor necrosis and lymphocyte 
infiltration in all treatment groups (Supplementary Fig. 5). Overall, we found a 
denser network of tumor cells in the saline- and PLGA-NP-treated control groups, 
compared to the groups treated with free DOX, PLGA-DOX NPs, PLGA-PA NPs 
and PLGA-DOX-PA NPs, suggesting disintegration of the TME as a result of 
advanced necrosis in response to treatment (Fig. 10A).
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Supplementary Figure 5. Representative images of H&E-stained mammary 
tumors of mice treated with saline, free DOX, PLGA-DOX NPs, PLGA-PA NPs and 
PLGA-PA-DOX NPs, showing morphological characteristics of neoplastic cells 
(black arrow), lymphocyte infiltrates (red dashed circle) and areas of tumor necrosis 
(yellow arrow). Scale bars are indicated.
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To quantify these changes, the occurrence of areas of necrotic cells and infiltrating 
lymphocytes within each section were scored as < 15%, 15−25%, 25−50%, 
> 50% of the total section area (Fig. 10). Tumor necrosis and in particular the 
presence of necrotic foci, is often associated with aggressive tumor development 
and metastasis and is thought to be an important indication of poor prognosis 
in breast cancer [44]. Our results demonstrated that 50% of the tumor sections 
of untreated mice as well as mice treated with either control PLGA NPs, PLGA-
DOX NPs or PLGA-PA-DOX NPs showed the presence of large areas of necrotic 
cells, while treatment with PLGA-PA NPs led to a significant reduction in necrosis 
(Fig. 10A, B). In addition, visual inspection showed an increase in lymphocyte 
infiltration in the PA-treated groups (Fig. 10A, C). The presence of tumor-infiltrating 
lymphocytes predicts increased survival, which has been associated with an anti-
tumor immune response and improved prognosis in breast cancer [45]. Analysis 
of tumor-infiltrating lymphocytes demonstrated that 80−90% of untreated tumors, 
or tumors treated with either control PLGA NPs, PLGA-DOX NPs or free DOX 
had a lymphocyte content of less than 25%. This was significantly increased in 
PLGA-PA-DOX NP-treated tumors, with 50% of tumors sections showing 25−50% 
of infiltrating lymphocytes. When the mice were treated with PLGA-PA NPs, 80% 
of the sections showed a lymphocyte content of more than 50%. In addition, in 
PLGA-PA NP- and PLGA-PA-DOX NP-treated tumors we observed a preferential 
localization of lymphocytes in necrotic tumor areas, while we did not observe this 
in the other treatment groups. These results suggest that, in contrast to free and 
encapsulated DOX, PA in form of PLGA-PA NPs and PLGA-PA-DOX NPs displays 
immunomodulatory properties by increasing the presence of lymphocytes in the 
tumor.
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Figure 10. (A) Representative images of H&E-stained mammary tumor sections 
of mice treated with saline, free DOX, PLGA-DOX NPs, PLGA-PA NPs or PLGA-
PA-DOX NPs. (B) The percentage of necrotic areas, quantified in H&E-stained 
tumor sections. (C) The percentage of lymphocytic infiltration, quantified in H&E-
stained tumor sections. Nuclei (blue-purple), and extracellular matrix and cytoplasm 
(pink). Scale bars are indicated. Black arrows indicate neoplastic cells; yellow 
arrows indicate areas of extensive necrosis; red dashed circles indicate areas with 
lymphocytic infiltration. Data are expressed as percentages ± SD, * p ≤ 0.05, ** p ≤ 
0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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4 Discussion

It is well known that chemotherapeutic agents, such as DOX, display anti-tumor 
effects and significantly reduce tumor size in breast cancer models [46-50]. 
However, the risk of drug resistance, disease reoccurrence and a broad spectrum 
of adverse side effects remain a major concern. To overcome these limitations, 
researchers seek to find novel drug combinations for the treatment of breast cancer. 
To the best of our knowledge, we here describe a novel approach combining PA 
and DOX in a PLGA-based NP platform. The anti-tumor effects of PLGA-PA NPs 
and PLGA-PA-DOX NPs were validated in vitro and in vivo in an orthotopic murine 
breast cancer model. Our results showed that NPs loaded with PA, as well as 
PA and DOX, effectively inhibited breast tumor growth and metastasis. Strikingly, 
the therapeutic effect of PLGA-PA NPs was similar to PLGA-DOX NPs, PLGA-
PA-DOX NPs and free DOX. Moreover, in addition to the effects of PLGA-DOX 
NPs and free DOX, PA-containing NPs increased the number of tumor-infiltrating 
lymphocytes, indicative of an anti-tumor immune response. Thus, PLGA-PA NPs, 
as monotherapy or in combination with DOX, potentially represent a promising 
novel nanoformulation for breast cancer therapy (Scheme 1).

Yuanyuan He 17 × 24cm.indd   208Yuanyuan He 17 × 24cm.indd   208 2024/5/14   14:29:042024/5/14   14:29:04



 5

209

Scheme 1. Schematic illustration of the therapeutic actions of PLGA-PA and PLGA-
PA DOX NPs on 4T1 breast cancer cells in vitro and in vivo.

To encapsulate PA and/or DOX together into PLGA NPs, we used a double 
emulsion-solvent-evaporation method, which has been shown to improve drug 
delivery in vivo and to reduce drug side effects [51,52]. Encapsulated DOX followed 
the typical release profile from NPs with an initial burst followed by a period of 
sustained release [53,54]. In contrast to DOX, the release of PA was incomplete 
and slower, but sustained for a prolonged period. We speculate that due the 
lipophilic nature of the saturated FA, PA was maintained for longer time in the 
hydrophobic core of the PLGA NPs. Our microscopy study confirmed the release 
profiles of PA and DOX after cellular uptake of PLGA-PA NPs and PLGA-DOX 
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NPs. Initially, the intracellular concentrations of DOX and PA were low, in contrast 
to free DOX, which readily diffused via the membrane to the nucleus [30,55]. The 
difference between free and encapsulated DOX was due to the initial slow NP 
uptake, which then increased over time. With increasing NP uptake, encapsulated 
DOX was readily released intracellularly. In contrast to DOX, the intracellular 
release of PA was slower and PA accumulated in the cytoplasm, indicating that 
DOX and PA exert their actions via different kinetics and subcellular compartments. 

In line with our previous study using free PA [20], PLGA-PA NPs significantly 
inhibited the invasive and proliferative properties of 4T1 cells in vitro. Our in vivo 
results demonstrated that PA inhibited tumor growth with the same efficacy as 
free DOX and PLGA-DOX NPs. Our findings were consistent with other studies 
reporting inhibition of tumor growth after treatment with free PA in colorectal, liver, 
prostate and breast cancer cells [19-24]. Similar to our approach, Feng et al. 
recently used PA-modified human serum albumin NPs loaded with pirarubicin to 
effectively deliver PA to murine breast tumors and M2 macrophages in vivo. In line 
with our results, the authors reported inhibition of breast cancer growth and almost 
no remaining metastasis after treatment with PA-modified albumin NPs [25]. This 
underlines the potential of PA as novel agent for the effective treatment of breast 
cancer. However, the underlying molecular actions of PA remain largely elusive. A 
study by Baumann et al. showed that PA activated the endoplasmic reticulum stress 
response in breast cancer cells, leading to cell cycle delay and inhibition of tumor 
growth [56]. Generally, there are two main sources of FAs for mammalian cells, 
exogenously-derived (dietary) and endogenously synthesized FAs. The membrane 
composition is altered in a variety of cancers, due to epigenetic changes that affect 
the cellular FA synthesis [57,58]. This has been linked to changes in cancer cell 
membrane fluidity and the development of drug resistance. One hypothesis is that 
exogenously applied FAs can insert into the membrane of cancer cells and reverse 
membrane fluidity and/or cellular functions [59], or act as membrane disrupting 
agent that induce cytotoxicity. Another hypothesis is that exogenously applied FAs 
incorporate into more complex lipids, as shown for PA in cancer cells [60]. Our 
microscopy data has shown that intracellular delivered PA-rhodamine accumulated 
in the cytoplasm within the first 48 h after NP uptake, suggesting that encapsulated 
PA exerts its cytotoxic effect towards cancer cells via intracellular pathways rather 
than by incorporating into the plasma membrane.

While PLGA-PA NPs and PLGA-DOX NPs both reduced tumor growth and 
metastasis in vivo, molecular analysis of the tumors after treatment with PLGA-
PA NPs and PLGA-PA-DOX indicated that PA and DOX act via different molecular 
pathways. Free DOX, PLGA-DOX NPs and PLGA-PA-DOX NPs significantly 
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promoted the expression of several apoptosis-related genes in cancer cells. PLGA-
PA NPs promoted apoptosis via a caspase-3-independent pathway, and effectively 
induced the expression of Apaf-1 and downregulated Birc5 (Survivin) expression. In 
line with these findings, previous results demonstrated that PA promoted apoptosis 
by inducing a G1 phase block in the cell cycle [24,61]. 

Furthermore, our results showed that treatment of 4T1 cells with free DOX 
increased the expression of Mdr1, in accordance with the notion that DOX leads to 
the development of drug resistance [62,63]. In contrast to free DOX, PLGA-DOX 
NPs did not upregulate Mdr1 expression, illustrating that drug resistance could be 
effectively suppressed by nano-delivery systems, as shown also by other groups 
[30,64,65]. Similar to our results, it has previously been shown that DOX conjugated 
to PA significantly inhibited tumor growth and suppressed Mdr1 expression [66]. 

While our in vitro results indicated an additive effect when PA and DOX were co-
encapsulated, PLGA-PA-DOX NPs did not further reduce breast cancer growth 
and invasion in vivo, when compared to PLGA DOX NPs and PLGA-PA NPs 
alone. However, at the molecular level, combinational treatment with PA and DOX 
further increased apoptosis and reduced drug resistance. On the other hand, the 
presence of DOX also seemed to counteract the effect of PA. For example, PLGA-
PA NPs induced infiltration of lymphocytes into the breast TME in vivo, but this 
was significantly reduced when DOX was co-encapsulated, albeit, the levels were 
higher than in the PLGA-DOX-NP and the control groups. The presence of tumor-
infiltrating lymphocytes in the TME is a favorable prognostic factor and therapeutic 
predictor [67,68]. Tumor tissues with > 50% lymphocyte infiltration have the best 
therapeutic outcome when treated clinically [69]. Thus, our findings support the 
notion that PA regulates the pro-inflammatory response and T-cell function [70]. 
For example, PA induced an inflammatory response in T cells by modulating the 
STAT5-PI3K/Akt pathway [71], and a PA-rich diet promoted increased lymphocyte 
proliferation in rats [72]. We speculate that the reduction in tumor-infiltrating 
lymphocytes, when DOX was co-encapsulated, might have been caused by 
the global cytotoxic actions of DOX on cellular subsets in the TME. Notably, our 
in vitro results also demonstrated that PLGA-PA NPs promoted the reversal of 
M2 macrophages to M1 macrophages, which is in agreement with our previous 
researches [19,20]. In vivo, PLGA-PA NPs and PLGA-PA-DOX NPs significantly 
reduced the expression of CD163, but only PLGA-PA-DOX NPs concomitantly 
increased the expression of CD68 in the TME. However, similar significant 
increases in CD68 were observed in the free DOX and PLGA-DOX NP groups. 
Thus, whether PA reduced the expression of CD163 by repolarization of existing 
TAMs, despite of in vitro results pointing in that direction, cannot be concluded with 
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certainty. In mouse mammary tumors, chemotherapy has been reported to deplete 
immunosuppressive (M2-like) TAMs and to recruit large numbers of macrophages 
[73]. Newly infiltrating macrophages greatly contributed to breast cancer drug 
resistance and relapse after chemotherapy [74]. Moreover, when macrophages 
were treated with tumor-debris of DOX-resistant tumor cells in vitro, this favored 
the expression of CD68 on TAMs [75]. Therefore, while CD68 is regarded as a M1 
marker in vitro [76], its expression and prognostic value in cancer patients remains 
controversial. Triple negative breast cancer with a large number of infiltrating 
CD68-positive TAMs had a high risk of distant metastasis, poor prognosis, low 
rates of disease-free and overall survival [77]. Based on our data, we speculate 
that the reduction of CD163 and increase of CD68 expression in the DOX-treated 
groups might be a result of the chemotherapy. In addition, the lack of increase 
in CD68 expression after PA treatment might indicate that PLGA-PA NPs did not 
lead to recruitment of new macrophages (CD68+) to the TME. In summary, while 
PA seems to reduce the expression of CD163 in the TME, additional research is 
needed to understand whether PA repolarizes TAMs, in particular in combination 
with DOX.

While PA was effective in treating 4T1 breast cancer, it is important to remark 
that also tumorigenic effects of PA have been reported, such as in gastric and 
pancreatic cancer cells, melanoma and oral carcinomas, where PA significantly 
promoted metastasis and the invasion potential of cancer cells [78-80]. Also, a 
link between FA consumption and the onset of breast cancer in obesity has been 
reported. For example, cellular adaptation to obesity was governed by PA, which 
led to enhanced tumor formation ability in murine breast cancer cells by inducing 
epigenetic changes [81]. Likely, these contradictory results reflect the highly 
heterogenous nature of breast cancer, which is driven by genetic and epigenetic 
modifications, as well as by the influence of a heterogenous TME. Indeed, Rizzo 
et al. demonstrated that different breast cancer cell lines exhibited different 
sensitivities to the lipid environment [82]. PA was able to remodel the endoplasmic 
reticulum membrane and to reduce cell viability of MDA-MB-231 cells, while MCF7 
cells were not affected under the same conditions. Metabolic heterogeneity in 
subtypes of breast cancer has also been observed among patient biopsies [83], 
and cell lines representing different human breast cancer subtypes [84]. Thus, 
further studies are needed to elucidate why PA is powerful in treating 4T1 triple 
negative breast cancer, while promoting tumor growth and metastasis in other 
subtypes of cancer. An important prerequisite for the clinical application of PA in 
breast cancer treatment is the identification of patient populations that would benefit 
from the immunomodulatory properties of PA.
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