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ABSTRACT
Breast cancer is one of the most common types of cancer in female patients with high morbidity and
mortality. Multi-drug chemotherapy has significant advantages in the treatment of malignant tumors,
especially in reducing drug toxicity, increasing drug sensitivity and reducing drug resistance. The
objective of this research is to fabricate lipid nanoemulsions (LNs) for the co-delivery of PTX and doco-
sahexaenoic acid (DHA) with folic acid (FA) decorating (PTX/DHA-FA-LNs), and investigate the anti-
tumor activity of the PTX/DHA-FA-LNs against breast cancer both in vitro and in vivo. PTX/DHA-FA-LNs
showed a steady release of PTX and DHA from the drug delivery system (DDS) without any burst
effect. Furthermore, the PTX/DHA-FA-LNs exhibited a dose-dependent cytotoxicity and a higher rate of
apoptosis as compared with the other groups in MCF-7 cells. The cellular uptake study revealed that
this LNs were more readily uptaken by MCF-7 cells and M2 macrophages in vitro. Additionally, the tar-
geted effect of PTX/DHA-FA-LNs was aided by FA receptor-mediated endocytosis, and its cytotoxicity
was proportional to the cellular uptake efficiency. The anti-tumor efficiency results showed that PTX/
DHA-FA-LNs significant inhibited tumor volume growth, prolonged survival time, and reduced toxicity
when compared with the other groups. These results indicated that DHA increases the sensitivity of
tumor cells and tumor-associated macrophages (ATM2) to PTX, and synergistic effects of folate modifi-
cation in breast cancer treatment, thus PTX/DHA-FA-LNs may be a promising nanocarrier for breast
cancer treatment.

ARTICLE HISTORY
Received 28 October 2021
Revised 6 December 2021
Accepted 6 December 2021

KEYWORDS
Paclitaxel (PTX);
docosahexaenoic acid
(DHA); folic acid (FA); lipid
nanoemulsions (LNs); breast
cancer; multi-drug
chemotherapy

1. Introduction

Breast cancer is a common type of cancers in women, with
high morbidity and mortality (Siegel et al., 2020; Sung et al.,
2021). Some recent studies reported that the breast cancer
rates tends to be younger (Gohler et al., 2017; Cardoso et al.,
2019; Siegel et al., 2020). Chemotherapy is still a common
treatment strategy for breast cancer in clinical. However, the
side effects caused by chemotherapy, such as the toxicity to
normal tissues, are the main factors that limit its clinical
application (Ponde et al., 2019). Additionally, it is become a
serious concern of the development of drug resistance with
chemotherapeutics (Wu et al., 2014). To meet these chal-
lenges such as improving its efficacy and bio-safety in the
treatment of breast cancer, it is urgently required to develop
a suitable drug delivery system (DDS) for the effective deliv-
ery of the anti-cancer drugs to the tumor tissue.

Paclitaxel (PTX) is extracted from the bark and wood of
Pacific Yew and is widely used in the treatment of various

types of tumors in clinical, such as breast, pancreatic, cer-
vical, ovarian, and other cancer (Untch et al., 2016; Gawde
et al., 2018). However, it is hamper PTX clinical efficacy for its
several limitations (Franco et al., 2019). For example, PTX is
not sensitive to tumor tissues while have adverse side effects
on normal tissues, including cardiovascular toxicity, gastro-
intestinal side effects, lung toxicity, and bone marrow sup-
pression (Tang et al., 2020). In addition, the another problem
of PTX is the poor water solubility which limits its practical
clinical application (Yao et al., 2017). To against the side
effects and reverse the resistance of PTX, the design of PTX-
based nanocarriers can improve the selectivity and stability
of the drug in the tumor microenvironment (Yao et al., 2017;
Tang et al., 2020). The PTX-based nanocarriers can also pre-
vent its degradation, alter biodistribution, and enhance phar-
macokinetic profile ultimately reducing its accumulation and
toxicity in the normal tissue (Shen et al., 2012; Khalifa et al.,
2019). In addition, nanocarriers can concentrate on tumor
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tissues via the effect of permeability and retention (EPR), and
ultimately lead to superior clinical efficacy (Park et al., 2019).

Recently, some studies have reported that PTX and appro-
priate adjuvants were co-encapsulated in nanocarriers to
enhance the anti-tumor activity of PTX and reduce toxicity
(Khalifa et al., 2019; Qin et al., 2020). DHA, which was known
as an omega-3 polyunsaturated fatty acid, has been proved
to enhance the cytotoxic activity of several anti-tumor drugs,
especially by producing oxidative damage and increasing the
sensitivity of cancer cells (Maheo et al., 2005; Siddiqui et al.,
2011; Fabian et al., 2015). DHA can inhibit cell metabolism in
a dose-dependent manner, and inhibit the proliferation and
growth of breast cancer in vivo and in vitro (Mouradian et al.,
2015; Rescigno et al., 2016). In addition, DHA exerted a car-
diovascular protective effect when combined with PTX
(Adkins & Kelley, 2010; Serini et al., 2017). Hence, we pro-
posed that the co-delivery of PTX and DHA in lipid nanoe-
mulsions (LNs) could be an effective strategy to fight breast
cancer for the passive tissue targeting, the protective of
adverse effects and the ability to sensitize cancer cells.

In recent decades, nanotechnology is an upcoming and
rapidly expanding field, which affects our lives tremendously
in different fields, especially in medicine (Yu et al., 2021;
Zheng et al., 2021). Some studies have been devoted to the
preparation of targeted DDS to provide selective and sensi-
tive transportation of highly cytotoxic anti-cancer. Tumor
penetration is important for effectively tumor targeting DDS
(Hu et al., 2021). These DDS could improve pharmacokinetic
and increase therapeutic efficiency of anti-cancer agents
while decreasing normal tissue toxicity (Oroojalian et al.,
2018; Ren et al., 2021). To fabricate the DDS for cancer treat-
ment, a number of ligands were attached to the nanocarriers
to enhance the targeting of drugs to cancer cells, such as
endothelial growth factors (EGFs), carbohydrates, amino acids,
aptamers, as well as folic acid (FA) (Levy-Nissenbaum et al.,
2008; Alibolandi et al., 2015; Kumari et al., 2016). FA, also
called vitamin B6, is a water-soluble vitamin that plays an
essential role in cellular growth and proliferation, especially
during the period of the fetus. On the other hand, folate

receptors are highly expressed on the surface of cancer cells.
Therefore, FA could be a potent ligand of nanocarriers
because of its high affinity to its receptor (Alibolandi et al.,
2017; Muhamad et al., 2018; Jin et al., 2020).

Herein, we fabricated the assembly of LNs with FA co-
modified loading PTX and DHA (PTX/DHA-FA-LNs) (Figure 1).
In vitro studies were performed to verify the synergistic
effects, cytotoxicity, apoptosis, and cellular uptake of this LNs
in MCF-7 cells. Then, the anti-cancer activity and preliminary
toxicity of the PTX/DHA-FA-LNs were evaluated in MCF-7
cells xenografted BALB/c nude mouse.

2. Materials and methods

2.1. Materials

PTX (CAS: 33069-62-4) was purchased from Kangnuo
Chemical Co., LTD (Xi’an, China). Docosahexaenoic acid
(DHA) as triglyceride was obtained from Croda Inc. (Edison,
NJ). DSPE-PEG2000-FA (CAS: 1236288-25-7) was obtained
from Ponsure Biopharma Co., Ltd. (Shanghai, China).
Cholesterol (CHOL) (CAS: 57-88-5) and egg phosphatidylcho-
line (EPC) (CAS: 97281-44-2) were purchased from Sinopharm
Chemical Reagent (Shanghai, China). Soybean oil (CAS: 8001-
22-7) was purchased from Beiya Medical Oil Co., Ltd. (Tieling,
China). Dulbecco’s modified Eagle’s medium (DMEM), penicil-
lin/streptomycin solution, and fetal bovine serum (FBS) were
obtained from Gibco BRL (Grand Island, NY). The water used
in this experiment was deionized water.

2.2. Cell lines and animals

MCF-7 cells and RAW 264.7 cells were purchased from the
Chinese Academy of Sciences (Shanghai, China) and grown
with DMEM medium containing 10% FBS and 1% (v/v) peni-
cillin/streptomycin and incubated in a humidified incubator
with 5% CO2 at 37 �C.

BALB/c nude female mice of 3–4 weeks were obtained
from Animal Center of Anhui Medical University (Hefei,

Figure 1. Co-delivery of PTX and DHA by targeting lipid nanoemulsions for breast cancer therapy.
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China). All mice were fed following the directions of the
China Council on Animal Care. All experimental protocols
described in this study were approved by the Ethics
Committee of Anhui Medical University.

2.3. Preparation of PTX/DHA-LNs and PTX/DHA-FA-LNs

In brief, a mixed solution was formed by PTX, DHA, EPC,
CHOL, with DSPE-PEG2000-FA dissolved in 6mL chloroform,
and then the organic solvent was removed by rotary evapor-
ation at 45 �C, forming a thin film on the round bottom flask.
The vacuum was retained for 0.5 hour to ensure complete
removal of any solvent. Then added an appropriate amount
of water to the lipid film for hydration at 37 �C. After that,
PTX/DHA-FA-LNs were obtained by using a microfluidizer. At
the same time, the PTX/DHA-LNs without DSPE-PEG2000-FA,
were also prepared by the above methods.

2.4. Characterization of PTX/DHA-LNs and PTX/DHA-
FA-LNs

The particle size and zeta position (ZP) of the PTX/DHA-LNs
and PTX/DHA-FA-LNs were measured by Zetasizer Nano-ZS90
(Malvern Instruments, Malvern, UK). All data were obtained in
triplicate. The morphology of the LNs was measured using
transmission electron microscope (TEM) with negative stain-
ing method. Briefly, the LNs were diluted in ultrapure water
50-times before the analyses and placed on a Formvar-copper
grid. Then the grid was stained with 2% (w/v) aqueous uranyl
acetate, dried at room temperature overnight and then
observed using a TEM (Tecnai G2-12, 120 kV, FEI,
Hillsboro, OR).

2.5. Determination of entrapment efficiency (EE) and
drug loading (DL)

The LNs solution were diluted with 70% (v/v) ethanol. The
PTX concentration was measured by using UV–vis spectro-
photometer (Jasco V-750, Tokyo, Japan) at a wavelength of
227 nm at a PTX concentration range of 1–50 lg/mL. EE and
DL of PTX loaded LNs were calculated by using the following
equations:

EE ð%Þ ¼ amount of PTX in LNs=amount of PTX fedð Þ
� 100

DL ð%Þ ¼ ðamount of PTX in LNs=amount of PTX loaded LNsÞ � 100

2.6. In vitro PTX release

The PTX release study from PTX/DHA-FA-LNs was performed
using the dynamic dialysis method in vitro. The standard of
PTX was dissolved in ethanol and castor oil to being a control
solution. Meanwhile, PTX/DHA-FA-LNs and PTX/DHA-LNs were
dissolved in 2mL deionized water and filled into dialysis bags
with molecular weight of 3.5 kDa. The dialysis bags were placed
into two centrifugal tube respectively which contain 40mL PBS

with Tween-80 (0.5%, w/w) and incubate at 37 �C with mild
waggle (100 rpm) subsequently. Then, 3mL of incubation
medium was collected at a fixed time and the same volume of
freshly preheated medium was added (0.5 h, 1h, 2h, 4 h, 6 h,
8 h, 10h, 24h, 36h, 48h, and 80h). Last, the collected medium
was centrifuged at 4 �C and 13,000 rpm for 30min. The super-
natant was then collected and was analyzed by HPLC.

2.7. Cell viability assay

Cell viability assay of PTX, PTXþDHA, PTX/DHA-LNs, and
PTX/DHA-FA-LNs against MCF-7 cell line was assessed by
MTT assay in vitro. For MTT assay, briefly, 100 lL of cell sus-
pension with a density of 1� 104 cells/well was seeded and
cultivated for 24 h in a 96-well plate. Then, the cells were
incubated for 48 h with the treatment of different formula-
tions. Thereafter, the MTT assay was performed according to
the reagent manufacturer’s instructions. The absorbance of
each place was measured by microplate reader (Multiskan
EX, Thermo Scientific, Waltham, MA) at 490 nm.

2.8. Apoptosis assay by flow cytometry

Apoptosis experiment was performed with Annexin V-FITC and
propidium iodide (PI) double staining method by flow cytome-
try experiment. MCF-7 cells were seeded in a 24-well plate at
2.5� 105 each plate and cultured for 24h. Then, the cells were
added with PTX, PTX/DHA, PTX/DHA-LNs, and PTX/DHA-FA-LNs
for 72h. After co-incubation, the cells were washed twice with
PBS, trypsinized, and then tested using apoptosis detection kit
I following the manufacturer’s protocol. Then, apoptosis was
analyzed by using FACS Calibur (Becton Dickinson, San Diego,
CA) under flow cytometry. The experiments were performed in
duplicate and the results were analyzed using FlowJo software
(Becton Dickinson, San Diego, CA).

2.9. Cellular uptake by confocal microscopy and
regulation of macrophage polarization in vitro

To evaluate cellular uptake of the LNs, hydrophobic fluorescent
dye, DiD was loaded instead of the PTX. MCF-7 cells and M2
macrophages (RAW 264.7 were stimulated with IL-4 (20ng/mL)
for 12h) were seeded into 24-well plates at a density of
1.0� 104 per well and cultured in 500lL medium for 24h
before the experiment. Then, the medium was discarded and
the cells were treated with DiD, DiDþDHA, DiD/DHA-LNs, and
DiD/DHA-FA-LNs for 0.5h and 2h. After co-incubation, the cells
were washed three times with cold PBS, fixed with 10% for-
maldehyde solution for 20minutes, and then washed three
times with PBS again, and stained nuclear DNA with 0.1lg/mL
DAPI. Then the confocal plate was analyzed with LSM780 con-
focal laser scanning microscope (Zeiss, Oberkochen, Germany).

RAW264.7 cells were transformed into M1-type macrophages
(M2) under stimulation with LPS- and IFN-c, which served as a
positive control. We divided the cells into five groups: PBS
group, PTX group, PTXþDHA group, PTX/DHA-LNs group, PTX/
DHA-FA-LNs, and M2-type macrophages (IL-4-stimulated RAW
264.7 cells) incubated for 3h. M1 and M2 macrophages were

DRUG DELIVERY 77



labeled with CD86 antibody and CD206 antibody, respectively.
The ability of M1 macrophages to transform into M2 macro-
phages was investigated by laser confocal microscopy.

2.10. In vivo anti-tumor activity of PTX/DHA-FA-LNs

To evaluate the efficacy of the synthesized nanoemulsion,
BALB/c nude mice transplanted with MCF-7 cells were used
as breast cancer model. The ectopic tumor mice (weight of
18–20 g) model was established by subcutaneously injecting
80lL of MCF-7 cells suspension containing 5� 105 cells into
the right flank of the mice. After 15 days inoculation and
tumor volume reached about 100mm3, mice were then
treated with PTX/DHA-FA-LNs, PTX/DHA-LNs, PTX-FA-LNs,
PTX-LNs, PTXþDHA, and PTX by injecting via tail vein (six
mice per group). A single dose of saline injection was used
as a negative control. Systemic toxicity was assessed by
monitoring tumor volumes, mice weight change during
30 days post-injections and survival rate during 100 days.
The tumor volume calculation formula is as follows:

Tumor volume ¼ 0:5� length�width� height:

2.11. Safety evaluation

All mice were sacrificed and heart, liver, spleen, lung, and
kidney samples were collected and processed for histological
analysis. Samples of tissue (approximately 100mg) were fixed
for one day with 4% formalin, then dehydrated and
embedded in paraffin. The tissues were also stained with
hematoxylin and eosin (H&E). The image acquisition and

analysis system were obtained by using an inverted fluores-
cence microscope.

2.12. Statistical analysis

All data were expressed as mean± standard deviation (SD).
Statistical comparisons were evaluated by the analysis of
variance between two groups, and means comparisons were
performed by Student’s t-test. All statistical analysis were
shown using GraphPad Prism software (La Jolla, CA).

3. Results

3.1. MTT assay to screen the optimal concentration
ratio of PTX and DHA

Viabilities of MCF-7 cells after treatments with PTX, PTX with
DHA (1:1), and PTX with DHA (1:5) were evaluated by MTT
assay. As demonstrated in Figure 2(A–C), when PTX was
combined with DHA (1:1 and 1:5) compared to PTX treat-
ment alone, a slight decrease was observed in cell viability.
To clarify the possible synergy between PTX and DHA,
the data were analyzed with CalcuSyn software (Figure 2(D)).
The result indicated that PTX combined with DHA (1:5) had
the best synergy to MCF-7 cells (IC50¼0.1352 lg/mL) in
seven days. In this experimental study, we chose PTX and
DHA at a ratio of 1:5 in the following experiments.

3.2. Characterization of PTX/DHA-LNs and PTX/DHA-
FA-LNs

In this study, two different of LNs loaded with PTX/DHA
were developed. Table 1 shows the mean size, PDI, DL and

Figure 2. (A–C) Cell toxicity of PTX and DHA in different concentration ratios to MCF-7 cells. (D) The IC50 of PTX and DHA in different ratios over time. Data were
represented as mean ± SD (n¼ 3).
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EE of PTX/DHA-LNs and PTX/DHA-FA-LNs. The mean particle
size and PDI of the PTX/DHA-LNs and PTX/DHA-FA-LNs were
157.7 ± 4.2 nm, 0.271 ± 0.009 and 186.6 ± 4.9 nm, 0.255 ± 0.011,

respectively. The two nanoemulsion showed a uniformly size
distribution with PDI < 0.3, indicating narrow size dispersion
(Figure 3(A,B)). There is no significant difference between

Table 1. Characterization of PTX/DHA-LNs and PTX/DHA-FA-LNs.

Particle size (nm± SD) PDI ± SD

DL (%±SD) EE (%±SD)

PTX DHA PTX DHA

PTX/DHA-LNs 157.7 ± 4.2 0.271 ± 0.009 4.8 ± 0.17 24.5 ± 0.44 97.3 ± 4.9 90.7 ± 5.3
PTX/DHA-FA-LNs 186.6 ± 4.9 0.255 ± 0.011 5.2 ± 0.23 26.1 ± 0.56 96.2 ± 5.1 92.3 ± 6.2

PDI: polydispersity index; DL: drug loading; EE: encapsulation efficiency.
Data were represented as mean ± SD (n¼ 3).

Figure 3. In vitro stability of PTX/DHA-LNs and PTX/DHA-FA-LNs. (A, B) The changes of the particle size and PDI of LNs in PBS over time. (C, D) The changes of the
particle size and PDI of LNs in serum over time. Scale bar represents 200 nm.
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PTX/DHA-LNs and PTX/DHA-FA-LNs in diameters.
Additionally, there is also no significant difference between
PTX/DHA-LNs and PTX/DHA-FA-LNs in DL and EE (p> .05).

3.3. The stability of these LNs in vitro

The stability of the prepared PTX/DHA-LNs and PTX/DHA-FA-
LNs was evaluated in PBS and serum to investigate the effect
of LNs aggregation and size changes (Figure 3(C–F)). The
obtained results indicated that both the PTX/DHA-LNs and
PTX/DHA-FA-LNs systems were stable both in PBS and serum
during 24 h incubation. In addition, the prepared PTX/DHA-
FA-LNs showed larger particle size and PDI both in PBS and
serum in comparison with PTX/DHA-LNs, which could be
attributed to the LNs with FA co-modified leads to increased
particle size and PDI.

3.4. In vitro drug cumulation release

Drug release was measured in phosphate buffer (Figure 4) to
simulate in vivo conditions. The results showed that drug
release is controllable and continuous, and there is no burst
effect. In this regard, PTX/DHA-FA-LNs group drug cumula-
tion release assay showed that 100% of the drug was
released within 48 hours. Release profiles of PTX from PTX/
DHA-FA-LNs and PTX/DHA-LNs systems showed no signifi-
cant differences (p> .05).

3.5. Cytotoxicity

To elucidate the efficacy of prepared LN in transportation of
PTX into the cells, MTT assay was performed in MCF-7 cell
lines. As shown in Figure 5, the result indicated that both PTX/
DHA-FA-LNs and PTX/DHA-LNs showed greater cytotoxicity
compared to PTX and PTXþDHA solution in MCF-7 cells after
24h treatment. Moreover, PTX/DHA-FA-LNs (IC50¼0.391 mg/mL)
showed higher inhibitory effect compared to PTX/DHA-LNs
(IC50¼0.536 mg/mL). These results indicated that DHA and FA
can enhance the cytotoxicity of PTX to tumor cells.

3.6. Cellular uptake in MCF-7cells

To clarify the cellular uptake efficiency in MCF-7 cells of PTX/
DHA-LNs and PTX/DHA-FA-LNs, DiD was used instead of PTX
which is a near-infrared fluorescence probe. DiD-loaded
nanoemulsion such as DiD/DHA-LNs and DiD/DHA-FA-LNs
was synthesized following the method as described in
section ‘Materials and methods’. The cellular uptake of DiD,
DiD/DHA, DiD/DHA-LNs, and DiD/DHA-FA-LNs in MCF-7 cells
is represented in Figure 6. The MCF-7 cells were incubated
with DiD, DiD/DHA, DiD/DHA-LNs, and DiD/DHA-FA-LNs for
0.5 h and 2 h. According to the results, both DiD/DHA-FA-LNs
(228.3 ± 5.6 in 0.5 h and 283.8 ± 6.1 in 2 h) and DiD/DHA-LNs
(158.1 ± 7.2 in 0.5 h and 195.5 ± 9.3 in 2 h) showed time-
dependent enhancement in fluorescence intensity in MCF-7
cells (Figure 6(A)). Besides, cells treated with DiD/DHA-FA-LNs
(228.3 ± 5.6 in 0.5 h and 283.8 ± 6.1 in 2 h) showed intense
fluorescent intensity as compared to the other groups,

indicating that PTX and DHA loaded with FA decorated in LN
were more easily uptake in MCF-7 cells (Figure 6(B)).

3.7. Cell apoptosis

The cell apoptosis assay was carried out in MCF-7 cells using
flow cytometry and the results are showed in Figure 7(A,B).
The group of PTX/DHA-FA-LNs exhibited higher apoptosis
rate (89.23%±5.66%) as compared to the group of PTX/DHA-
LNs (59.77%±3.56%, p<.01), PTX-LNs (47.17%±2.88%, p< .01),
and PTX alone (40.54%±3.58%, p< .01). The PTX/DHA-LNs
group also showed a significant difference as compared to
the PTX/DHA and PTX alone groups (p< .01). The results
indicated that the significant cytotoxicity of PTX/DHA-FA-LNs
to MCF-7 cells may be through the apoptosis pathway. The
cell apoptosis results showed that there was no significant
difference between the PTX/DHA group and the PTX alone
group (p> .05).

3.8. Cellular uptake in M2 macrophage cells and
regulation of macrophage polarization in vitro

It was verified that the immune system can constantly check
and remove cancer cells, to prevent and inhibit the develop-
ment of cancer (Wang et al., 2019). M2 macrophages were
chosen in the cellular uptake efficiency experiment of PTX/

Figure 4. In vitro drug release profiles of PTX from PTXþDHA, PTX/DHA-LNs,
and PTX/DHA-FA-LNs.

Figure 5. In vitro cell viability of PTX, PTXþDHA, PTX/DHA-LNs, and PTX/DHA-
FA-LNs in MCF-7 cells after 24 h of incubation.
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DHA-FA-LNs, which is a crucial immune cell type in the
tumor microenvironment. According to results, both PTX/
DHA-FA-LNs (350.1 ± 8.6 in 0.5 h and 473.0 ± 8.7 in 2 h) and
PTX/DHA-LNs (321.2 ± 9.5 in 0.5 h and 321.2 ± 9.5 in 2 h)
showed the fluorescence signal in M2 macrophages
increased in a time-dependent manner. At all given time
points, PTX/DHA-FA-LNs (350.1 ± 8.6 in 0.5 h and 473.0 ± 8.7
in 2 h) exhibited significantly higher cellular uptake efficien-
cies as compared to PTX/DHA-LNs (p< .01) in M2 macro-
phages (Figure 8(A,B)). The results indicated that the
preparation of PTX/DHA-FA-LNs could be specifically
ingested by M2 macrophages, thereby may inhibit tumor
growth at the immune system.

Confocal laser scanning microscopy showed that the num-
ber of M2 macrophages in saline group was the highest
(Figure 9). In the given group, the number of M2

macrophages gradually decreased and the number of M1
macrophages gradually increased in PTX, PTXþDHA, and
PTX/DHA-LNs groups. M1 macrophages in the PTX/DHA-FA-
LNs group were similar to those in the positive group. In
vitro results confirmed that PTX/DHA-FA-LNs could promote
the transformation of M2 macrophages into M1 macro-
phages and delayed the progression of tumor.

3.9. Anti-tumor efficacy in vivo

The in vivo therapeutic effects of PTX and LNs were studied
in nude mice with transplanted tumors of MCF-7 cells. The
results exhibited that the tumor volume of mice grew rapidly
in the saline group (Figure 10(A,B)). Conversely, the groups
treated with treatment were showed slower tumor growth.
On the other hand, the mice treated with PTX/DHA-LNs and

Figure 6. (B) Representative confocal laser scanning microscopy images of MCF-7 cells after incubation with PTX/DHA-FA-LNs and PTX/DHA-LNs for 0.5 h and 2 h.
DAPI stains for cell nuclei (blue); DiD represents PTX (green). Scale bar represents 30 mm. (A) Cell uptake efficiency in MCF-7 was quantified by FACS analysis. Data
represent means ± SD (n¼ 3) (��p< .01).
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PTX/DHA-FA-LNs exhibited significantly higher tumor growth
inhibitory effects, treated with PTX/DHA-FA-LNs showed the
best tumor growth inhibition, indicating that co-loaded DHA
and FA decorated can synergistically enhance the anti-tumor
activity of PTX nanoemulsions (Figure 10(B)). The mice sur-
vival curves are shown in Figure 10(C). The administration of
PTX/DHA-FA-LNs significantly prolonged the survival time of
nude mice as comparison to the other groups (100 days,

p< .05), suggesting the potential clinical application of the
PTX/DHA-FA-LNs.

3.10. Safety evaluation

During the treatment, no abnormalities in diet and behavior
of nude mice in all groups were found, indicating that no

Figure 7. (A) Cell apoptosis and necrosis were analyzed by flow cytometry using annexin V-FITC in combination with PI in MCF-7 cells. (B) The quantification of
apoptotic and necrotic cell percentages after treatment with different formulations in MCF-7 cells (��p< .01).
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serious adverse reactions occurred by the treatments of PTX/
DHA-FA-LNs. The body weights of the mice were recorded
every other day as shown in Figure 11(A). The results
showed that there was no significant difference in the body
weight of the nude mice in all groups at the beginning.
In the treatment group, a continuous decline in the weight
of the mice was observed, which could be caused by the
toxic effects of PTX. In addition, the result showed that the
administration of PTX/DHA-FA-LNs treatment effectively
inhibited the weight loss of mice.

H&E staining was performed on tissue sections including
heart, liver, spleen, lung, and kidney of mice to evaluate the
toxicity of PTX/DHA-FA-LNs in vivo. The results showed that
slight lesion in liver, spleen, and kidney was observed in all
treatment groups (Figure 11(B)). On the other hand, signifi-
cant pathological changes in the heart and lung tissues

appeared in the mice given PTX and PTX/DHA treatment
groups including balloon generation. As compared to the
group treated with PTX/DHA-FA-LNs and PTX/DHA-LNs, dis-
crete loss of striation was observed, and vacuoles and hya-
line degeneration were rare, indicating greater protection
against the heart and lung toxicity effects of PTX. Altogether,
the results indicated only mild heart and lung toxicity by
PTX/DHA-FA-LNs and PTX/DHA-LNs in vivo.

4. Discussion

Breast cancer has a high morbidity and mortality rate that
seriously threatens the health and lives of women through-
out the world (Ma et al., 2019). Chemotherapy, hormone
therapy, surgery, and radiation therapy are usually treatment
for breast cancer. However, chemotherapy is usually

Figure 8. (B) Representative confocal laser scanning microscopy images of M2 macrophage cells after incubation with DiD/DHA-FA-LNs and DiD/DHA-LNs for 0.5 h
and 2 h. DAPI stains for cell nuclei (blue); DiD represents PTX (green). Scale bar represents 30 mm. (B) Cell uptake efficiency in M2 macrophage was quantified by
FACS analysis. Data represent means ± SD (n¼ 3) (��p< .01).
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accompanied by high toxicity and has many side effects. In
addition, many studies have reported that tumor resistance
is another challenge for chemotherapy drugs. Recently, stud-
ies have proposed therapeutic treatment strategies that com-
bines two or more drugs for the treatment of breast cancer
and this treatment strategies are considered to have a better
efficacy, while reducing their side effects, enhancing the effi-
cacy, and improving targeting efficiency. However, these
treatment strategies often fails to achieve of the desired effi-
cacy due to the different pharmacokinetics, disparate release
behavior and problems with tissue targeting of the respect-
ive drugs (Yuan et al., 2008). In this study, nanocarriers can
co-encapsulate two or more drugs in DDS with a controlled
manner, and can target tumor tissues through the EPR effect

and ligand modified, showing significant superiority com-
pared with traditional combination therapy.

Recently, LNs have become a competitive DDS that can
optimally deliver drugs to tumor tissues in different routes
(such as parenteral, ocular, oral, and transdermal) (Chen
et al., 2010; Hazeldine et al., 2014; Cao et al., 2016; Sun et al.,
2016; Dehaini et al., 2017). LNs are oil-in-water nanocarriers
with a particle size range of 20–200 nm and it can encapsu-
late hydrophobic drugs in amphiphilic lipid core (Niu et al.,
2018). In this experiment, we encapsulated PTX and DHA in
LNs with FA decorating together, and evaluated the
anti-tumor effect of PTX/DHA-FA-LNs.

The characterization of PTX/DHA-LNs and PTX/DHA-FA-LNs
is shown in Table 1. The PTX/DHA-FA-LNs and PTX/DHA-LNs

Figure 9. Confocal laser scanning microscopy images of macrophages after treatment with PBS, PTX, PTXþDHA, PTX/DHA-LNs, and PTX/DHA-FA-LNs. Cell nuclei
were stained with DAPI (blue), CD86 fluorescence displayed in red and CD206 fluorescence displayed in green. Scale bar represents 20 lm. Data represent
mean ± SD (n¼ 3).
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had a suitable particle size of <200nm and PDI <0.3, indicat-
ing that LNs can passively target tumor tissues through the
EPR effect (Albanese et al., 2012). In addition, the correspond-
ing EE of PTX and DHA were 96.2% and 92.3%, respectively.
In our experiment, the LNs exhibited suitable water solubility
to satisfy the requirement of intravenous injection. Moreover,
release studies in vitro showed that these LNs were stable in
PBS and in serum, achieving the requirements of nanocarriers
(Figure 3). It was observed that PTX/DHA-FA-LNs and PTX/
DHA-LNs exhibited a stronger anti-tumor efficacy as com-
pared to the free PTX and PTX/DHA in vitro (Figure 5), which
might be because DHA and PTX are co-encapsulated with
PTX in LNs. DHA has been proven to enhance the cytotoxicity
of several anti-cancer drugs, especially the sensitivity to can-
cer cells and oxidative stress damage (Maheo et al., 2005;
Mussi et al., 2013). On the other hand, DHA has been shown
to effectively block the NF-jb signaling pathway leading to
tumor cell apoptosis (Wang et al., 2011). In our supplemen-
tary experiments, it was confirmed that the sensitivity and
toxicity of nanoemulsions to tumor cells and macrophages
are reduced without DHA (Figures S2 and S3). The folate
receptor is highly expressed on the surface of many tumor
cells, but is noticeably low in normal tissues (Assaraf et al.,
2014; Fasehee et al., 2016; Monteiro et al., 2020). Then, FA
seems to be the optimal ligand for DDS to target cancer cells.
Therefore, co-delivery of PTX and DHA by LNs with FA deco-
rating could exert stronger cytotoxicity to breast cancer cells
as compared to the PTX alone. In addition, the cell uptake
experiment showed that the fluorescence intensity of DiD/
DHA-FA-LNs (228.3± 5.6 in 0.5 h and 283.8 ± 6.1 in 2 h) in
MCF-7 cells was significantly higher than that in the DiD
group (82.3 ± 4.7 in 0.5 h and 101.4 ± 5.0 in 2 h), which con-
firmed the previous study (Figure 6).

Testing the anti-tumor activity of PTX/DHA-FA-LNs in vivo
is a prerequisite for potential clinical applications. Therefore,
we further studied the efficacy of PTX/DHA-FA-LNs in MCF-7

xenograft nude mice in vivo. In our research, the application
of PTX/DHA-FA-LNs significantly inhibited tumor growth and
prolonged the survival time of nude mice as compared to
other groups. This indicated that LNs can accumulate in
tumor tissues through the EPR effect, which enhances the
inhibitory effect of PTX on tumors. The intravenous injection
of PTX/DHA-FA-LNs can effectively restrain the weight loss of
mice compared with the continuous weight loss of the PTX
group during the treatment period, indicated that the
administration did not have serious side effects compared
with PTX group. Our results revealed that the administration
of PTX/DHA-FA-LNs exhibits better anti-tumor effect and low
toxicity than PTX in vivo (Cao et al., 2020).

Apoptosis plays an important role in the occurrence and
development of tumors (Wong, 2011; Mohammad et al.,
2015). Chemotherapy drugs can induce extensive apoptosis
of tumor cells by interfering with the growth, metabolism,
and proliferation. Therefore, inducing cell apoptosis can be
the most effective treatment to cancer. A flow cytometry
experiment was performed to clarify the cell apoptotic effect
of PTX/DHA-FA-LNs cells in vitro. Compared with other
groups, the administration of PTX/DHA-FA-LNs showed the
highest rate of apoptosis on MCF-7 cells, indicating that DHA
can enhance the apoptosis of PTX on tumor cells (Figure 7).
In supplementary experiments, the apoptosis rate of PTX-FA-
LNs (69.23%±4.70%) was significantly lower than that of PTX/
DHA-FA-LNs (89.23%±5.66%) (Figure S4). The reason is prob-
ably that DHA can block the NF-jb signaling pathway, and
DHA can also reverse the resistance of PTX (Zhang et al.,
2011; Mussi et al., 2014).

The anti-tumor efficacy of the prepared PTX/DHA-FA-LNs
was verified by both in vitro and in vivo experiments.
However, more rigorous experiments are required to study
the application of PTX/DHA-FA-LN in vivo. Moreover, it is
very meaningful to clarify the anti-tumor effect and the
mechanism of reversing PTX resistance of the administration

Figure 10. (A) In vivo therapeutic efficiency of a single-dose intravenous injection of different formulations to inhibit tumor growth in BALB/c mice bearing MCF-7
tumors (n¼ 3). (B) Average tumor volumes after treatment over the investigative period (n¼ 3). (C) The survival rate of mice in each group (��p< .01).

DRUG DELIVERY 85



DHA. Therefore, DDS designed with nanocarriers provides a
solid foundation and effective strategy for clinical treatment
of breast cancer.

5. Conclusions

LNs loading PTX and DHA with FA modified was successfully
prepared showing better targeting effect and DHA increases
the sensitivity of tumor cells and tumor-associated macro-
phages (ATM2) to PTX, and synergistic effects of folate modi-
fication in breast cancer treatment. Release experiment
exhibited a controlled PTX release from LNs in vitro. In vitro
cell analysis showed that co-delivery of PTX and DHA in FA-
LNs has synergistic effects against MCF-7 cells and enhance
cell apoptosis. In vivo studies have shown that this

formulation can significantly inhibit the growth of tumors,
but also reduce the mortality of mice, and reduce the weight
loss and the toxicity to the organs. In conclusion, these
results support the proposal that co-delivery of PTX and DHA
in FA-LNs is considered as a promising strategy for breast
cancer treatment.
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