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A B S T R A C T   

Functionally-enabled delivery systems for aggressive lung metastases from breast cancer have been broadly 
examined, and the simultaneous inhibition of metastasis while fighting tumors persists as a provocative concern. 
We propose a valid strategy for delivering natural drugs-Honokiol (Hol) to achieve eradication of breast cancer 
cells and inhibition of pulmonary metastasis. A non-toxic degradable pH-sensitive polymer-PBAE for encapsu
lated Hol, and the outer layer was wrapped with Folate-DSPE-PEG2000 (FA/PBAE/Hol-NPs), which have 
strengthened stability, prolonged in vivo circulation time and efficiently targets tumor sites. FA/PBAE/Hol-NPs 
displayed dampening the capability of migration and invasion, elevated 4T1 uptake and boosted apoptosis. 
What’s more, 4T1 breast cancer model mice exhibited marked anti-tumor (Inhibition rate of 62.8 %) and lung 
metastasis suppression (Inhibition rate of 84.3 %). In parallel, histological immunofluorescence and immuno
histochemical assays demonstrate higher apoptosis levels and repression of matrix metalloproteinase expression 
in mice, all of which are instrumental in inhibiting lung metastasis. Taken together, FA/PBAE/Hol-NPs can as an 
efficacious intravenous drug delivery system for the curative treatment of metastatic breast cancer.   

1. Introduction 

Breast cancer is the most morbid malignancy in females, and the 
overwhelming clinical consensus is that majority of breast cancer sur
vivors do not survive in situ breast cancer, rather they die from tumor 
metastasis [1–3]. About 2/3 of these breast cancer patients have un
dergone pulmonary metastasis at the onset of death [4,5]. Accordingly, 
when treating primary tumors, the prevention of tumor metastasis at the 
simultaneous time ought to be a priority. To tackle these challenging 
issues, there have been numerous endeavors to formulate nano drug 
delivery systems, such as liposomes and micelles for loading chemo
therapeutic drugs [6–8]. However, conventional chemotherapeutic 
drugs have severe side effects and limited therapeutic effect on tumor 
metastasis [9]. Therefore, it is imperative to select a natural anticancer 
drug with low cost, low side effects, and easy access to accurately deliver 

into tumor tissues by appropriately nano delivery system to accomplish 
the dual effects of efficient elimination of primary tumor and suppres
sion of metastasis. Chinese herb-Honokiol (Hol) is a biphenol naturally 
occurring chemical compound separated out from the bark and leaves of 
Magnolia officinalis, its efficacy on several chronic diseases has also 
been broadly well-studied (gastrointestinal disorders, cough, anxiety, 
antithrombotic, and antidepressant, etc.) [10–12]. Prospectively, in 
recently years scientists have proven its anti-tumor effectiveness to
wards breast cancer, lung cancer, and skin and liver cancers [13]. Hol is 
capable of suppressing tumor invasion and metastasis by inhibition of 
MMPs, NF-kB, EGFR, PI3K/AKT/mTOR and Ras/ERK pathways [14,15]. 
Yet, distressingly, the aqueous dissolution and inferior biological 
availability of Hol restrict its usage in the clinical therapy of cancer. How 
to devise a novel strategy to conquer the deficiency of Hol is critically 
important. 
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It is known that the pH in tumor tissues and endosomes (pH 6.0− 5.0) 
is considerably more acidic in comparison to the physiological (pH 7.4) 
[16]. The physics of pH-responsive nanocarriers, like swelling/con
traction and dissociation and clustering of particles, is responsive to 
variations in environmental pH [17]. Consequently, the employment of 
acid-sensitive nanodrug delivery systems is intended to foster 
tumor-specific drug delivery. A host of polymeric nanodrug delivery 
systems comprising acid-responsive chemical bonds or functional 
groups have been conceived to boost tumor therapeutic efficacy tar
geting the slightly acidic environment of tumor tissues and subcellular 
organelles within cells [18–20]. Among pH-sensitive polymers, poly 
(β-amino) ester (PBAE) is widely utilized as a biodegradable and low 
cytotoxic agent in anti-cancer drug delivery systems. It is protonated at 
endosomal pH and encourages the escape of encapsulated drugs via a 
“proton sponge” effect [21–23]. 

Several ligands targeting tumor cell-specific receptors have been 
conjugated to the surface of NPs to deliver them into the cell through 
receptor-mediated endocytosis [24]. Of these, folic acid (FA) is a tar
geting agent that has displayed immense potential in targeted drug de
livery systems due to its high binding to the folate receptor (FR), which 
has been proven to be overexpressed in a broad range of human tumors, 
including breast cancer, whereas poorly expressed in normal healthy 
tissues [25]. Once introduced into the physiological environment, 
nanoparticles (NPs) are instantly wrapped by proteins, resulting in a 
so-called protein corona with effect on targeting [26,27]. Therefore, it is 
necessary to select the appropriate target head, particle size as well as 
PEG length. Certainly, the targeting ability as well as the therapeutic 
efficacy of FA were well reflected in this study. 

In this investigation, lipid-polymer hybrid nanoparticles (LPHNs) 
with pH-sensitive property were conceived to simultaneous curb breast 
cancer cell development and metastasis, using PBAE, as the core, and the 
hydrophobic drug Hol, was encapsulated by hydrophobic interaction. 
FA target head modification of LPHNs in binding to the receptor over
expressed on 4T1 breast cancer cells FR (Scheme 1). Hol-loaded LPHNs 
were initially formulated for characterization, and then the cellular 
uptake, endo/lysosomal escape, and cytotoxic effects of Hol-loaded 
LPHNs were evaluated. Subsequently, since not much research has 
been done on Hol and in conjunction with the cytotoxicity of the drug- 
loaded formulation designed, three concentrations were designed to 
investigate the inhibition of tumor cell migration and invasion by Hol- 
loaded LPHNs was addressed in vitro. Lastly, its biodistribution in tis
sues, in vivo antitumor potency, and ability to arrest tumor metastasis 
were estimated on a 4T1 breast tumor model. In summary, research has 
identified that FA/PBAE/Hol-NPs can improve the solubility of Hol and 
control the release of drugs on demand, which provides a new chemo
therapy prescription for Hol against breast cancer and lung metastasis. 

2. Experimental part 

2.1. Reagents & procedures 

Annexin V-FITC apoptosis detection kit, Honokiol and Lyso- 
Tracker™ Red were procured from Dalian Meilun Pharmaceutical 
Technology Co., Ltd. (Dalian, China). TDP, HDD and Coumarine-6 (C6) 
were acquired from Aladdin Reagent Co., Ltd. (Shanghai, China). MTT 
and Hoechst 33342 were kindly submitted by Sigma-Aldrich (St. Louis, 

Scheme 1. Abstract concept graphic of FA/PBAE/Hol-NPs can inhibit tumor and metastasis by effectively delivering Hol in vivo. (A) The drug release was due to the 
change of solubility caused by protonation of amino group in PBAE at pH < 6.5; (B) Preparation of FA/PBAE/Hol-NPs; (C) FA/PBAE/Hol-NPs exhibited the effect of 
anticancer and inhibiting lung metastasis. 
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MO). DiR was made available by AAT Bioquest Inc (Sunnyvale, CA). All 
the phospholipids have been sourced from Advanced Vehicle Technol
ogy Pharmaceutical Co., Ltd. (Shanghai, China). 

2.2. Cells and animals 

4T1 breast cancer cells were available from the German DMSZ cell 
stock. Healthy female BALB/c mice (5–6 weeks old) were sourced from 
the Experimental Animal Center of Shenyang Pharmaceutical University 
(Shenyang, China). Animal studies were done in adherence to the 
guidelines of the Laboratory Animal Center and were authorized by the 
Animal Ethics Committee of Shenyang Pharmaceutical University with 
ethical permission No. SYPU-IACUCC2020-11-20-106. 

2.3. PBAE synthesis and properties 

The details of the synthesis of PBAE were by Michael addition re
action. Determination of the base dissociation constant (pKb) of PBAE by 
titration with acid-base potentiometric method [28]. Simply, PBAE was 
solubilized in diluted water with a concentration of 1 mg/mL (a little 
methanol to assist dissolution). The pH was regulated to approximately 
3.0 with HCl solution. The solutions were subsequently titrated with 0.1 
M NaOH in 50 μL-100 μL of increments. Among them, the blank control 
group was normal saline of pH = 3.0, and the rest was proceeded as 
above. The pH titration curve was plotted in terms of the pH value of the 
solution. 

2.4. Hol-loaded LPHNs preparation work 

The Hol-loaded NPs were elaborated by a single emulsion (O/W) 
solvent evolution technique. 10 mg PBAE and 3 mg Hol were solubilized 
in 1 mL CHCl3, and 3.3 mg SPC, 3 mg DSPE-PEG2000 and FA-DSPE- 
PEG2000 (w/w:9/1) were mixed into 6 mL of aqueous phase (4% 
ethanol), and the organic phase was gradually incorporated into the 
aqueous phase through a vortex mixer within 60 s, further vortexed for 
60 s. Thereafter, the probe was ultrasonicated in an iced bath (power 
300 w, operation 3 s, intermittent operation 2 s, 95 cycles) and the 
organic solvent was eliminated by rotary evaporation under decreased 
pressure, when no bubbles occurred in the flask, it was rotated for 20 
min to fully eliminate the organic solution to yield a light blue suspen
sion of emulsion lipid polymer mixed nanoparticles.C6 or DiR-loaded 
LPHNs were manufactured in a manner analogous to that mentioned 
above. The uncoated Hol of LPHNs were removed by Sephadex G-50 
micro-column-centrifugation method. The final Hol-loaded NPs were 
kept in a freezer at 2–8 ℃. 

The HPLC was applied to evaluate the concentration of Hol. The 
separation was performed on a COSMOSIL column (250 mm × 4.6 mm, 
5 μm) at 25 ℃ with a mobile phase of 75:25 v/v mixture of acetonitrile 
and 0.2 % formic acid water at a flow rate of 1 mL/min. The encapsu
lation efficiency (EE%) and drug loading capacity (DL%) of Hol-loaded 
NPs were quantified employing by Sephadex G-50 micro-column- 
centrifugation method. DL% and EE% were obtained using Eqs. (1) 
and (2). 

EE% =
Wen

Wt
× 100% (1)  

DL% =
Wen

Wt + Wl + Wp
× 100% (2) 

Among them, where Wen is the actual measured amount of encap
sulated drug, Wt is the gross drug delivery of Hol-loaded NPs, Wl is the 
aggregate mass of polymer, and Wp is the sum of Hol-loaded LPHNs 
incorporated with phospholipids. 

2.5. The size, zeta potential and morphology profiles of LPHNs 

The sizes and zeta potentials of LPHNs were registered employing a 
dynamic light scattering (DLS) zeta-sizer (Malvern Instruments, Mal
vern, UK). The morphology was visualized by staining FA/PBAE-NPs 
and PBAE-NPs with phosphotungstic acid solution (0.2 %, w/v), fol
lowed by transmission electron microscopy (TEM). To assess the sta
bility of LPHNs, the particle size was estimated by DLS. 

2.6. Superficial charge transition and pH responsiveness of LPHNs 

The variation in size and zeta potential of blank LPHNs was ascribed 
to pH values viewed by DLS at 25 ◦C: 1 mL of sample was placed in 
incubation with 5 mL of PBS at varying pH values (7.4 and 5.5) to gauge 
the particle size, and the zeta potential of blank LPHNs was observed 
with PBS at varied pH values (pH = 2–10). 

2.7. In vitro profile of the release of Hol-loaded LPHNs 

The in vitro release properties of Hol-loaded LPHNs were evaluated 
employing a dialysis membrane method. PBS (pH 7.4, pH 6.8 and pH 
5.5) and 0.2 % (w/v) Tween-80 were opted as the release medium. 
Briefly, 1.0 mL (100 mg/mL) of the Hol-loaded nanoparticle solution 
was disposed into a MWCO = 3500 dialysis pouch. The dialysis bag was 
shifted to a bottle containing 20 mL of release medium of varying pH and 
stirred at 37 ± 0.2 ◦C and 100 rpm. After taking out 1 mL of release 
medium at a scheduled time and joining the identical amount of blank 
medium. All samples were performed three times at each pH. 

2.8. Solid-state properties 

In an attempt to elucidate the existence form of Hol in LPHNs, blank 
carriers, the physical mixture of free Hol and blank LPHNs (PM), drug 
carriers and free drugs were subjected by XRD (MiniFlex 600, Rigaku, 
Japan), DSC (DSC2500, Mettler Toledo, Switzerland) and FTIR (Spectru 
m 1000, PerkinElmer, USA). 

2.8.1. X-ray powder diffraction (XRD) 
The crystal architectures of all samples were inspected and optimized 

using X-ray diffraction. The scope of measurement was 3–50◦ for each 
sample. Appropriate processing parameters were: step angle 0.02◦, 
generator electric current 30 mA, generator tensor 40 kV, and scanning 
speed 4◦/min. 

2.8.2. Differential scanning calorimetry (DSC) 
The thermo properties of all samples were investigated in a DSC 

apparatus. Samples of 2− 5 mg were deposited in a hermetically sealing 
aluminum tray and thereafter heated from 40 ◦C to 110 ◦C taking a 10 
◦C/min heating ratio in a N2 atmosphere. 

2.8.3. Fourier transform infrared spectroscopy (FTIR) 
The FT-IR were utilized to carry out the analyses of the chemical 

structures of all samples within a 400− 4000 cm− 1 scan interval. 

2.9. Uptake and delivery of Hol-loaded NPs in vitro 

2.9.1. Cellular uptake 
To observe the pH-responsive cellular uptake of Hol-loaded NPs, 4T1 

cells were individually seeded for 24 h on microscope slides in a 6-well 
plate with a density of 3.0 × 104 cells/well and incubated for 12 h in a 
humidified atmosphere of 5% CO2 at 37 ◦C. The cells were administered 
with C6-loaded NPs at a concentration of 40 μg/mL. After incubation for 
2 or 6 h, the cells were rinsed with cold PBS, and then fixed with 4% 
paraformaldehyde for 10 min. Cell nuclei were stained with Hoechst 
33258 (1 μg/mL, 25 min). At last, the cells were immobilized on glass 
slides and visualized with laser scanning confocal microscopy (CLSM, 
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ZEISS710, Germany). Folate receptor-mediated endocytosis was exam
ined by assaying the effect of free FA on the intake of FA/PBAE-NPs. 4T1 
cells were processed with 1 mM free FA to block folate receptor conju
gation for 1 h, and subsequently cells thereafter subjected to C6-FA/ 
PBAE-NPs. 

To ascertain the intracellular delivery efficiency of the drug deliv
ering system, the intracellular allocation and trafficking of C6-loaded 
NPs was also evaluated by CLSM. Lysosomes were colored with Lyso- 
Tracker Red and nuclei were dyed as described above. 

2.9.2. Flow cytometry with in vitro quantitative intake 
To quantitatively examine the in vitro cellular uptake of Hol in 

diverse agents by tumor cells, 4T1 cells were seeded on 6-well plates 
with an intensity of 3 × 104 cell per well and cultured for 24 h. Cells 
were subsequently processed with C6-loaded NPs, and the fluorescence 
intensity of C6 was detected by flow cytometry analysis (FC500, Beck
man Coulter, USA) following 2 h and 4 h. 

2.10. In vitro cytotoxicity studies and apoptotic rate 

The cytotoxicity of the Hol-loaded LPHNs was judged via MTT assay. 
4T1 cells in 96-well panels were cultivated with 1 × 104 cells/well of 
medium. Overnight cultivation, the cells were treated with free Hol, FA/ 
PBAE/Hol-NPs and PBAE/Hol-NPs at designed concentrations. Cells 
were incubated for 24 h and then incubated with MTT (5 mg/mL in PBS) 
for another 4 h at 37 ◦C. Subsequently, the supernatant was eliminated 
and the blue formazan crystals solubilized with DMSO (150 μL). Using a 
microplate reader, the absorbance of each well was taken at 570 nm. 

Apoptosis was detectable employing AVPI and flow cytometry. 
Briefly, 4T1 cells were treated with free Hol, PBAE/Hol-NPs and FA/ 
PBAE/Hol-NPs (Hol equivalent at a level of 2.5 μg/mL) for 24 h dur
ing the logarithmic growth phase by inoculation in 6-well plates, 3 × 105 

/well. Use untreated cells as a negative control. Add Binding buffer 
working solution to settle the cells when resuspended, then add 5 μL 
Annexin V-FITC and PI, mix gently, incubate at room condition without 
light for 15 min. Eventually detect the apoptotic cells by flow cytometry. 

2.11. Transwell migration and Wound-healing migration assay 

Chambers (8 μm pore size, Corning, 3422) are being employed to 
appraise the capability of LPHNs in restraining cell invasion [9]. 4T1 
breast cancer cells (4 × 105 cells/mL) were suspension in 200 μL of 
RPMI-1640 with 1% FBS were incorporated into the upper chamber, 
RPMI-1640 (500 μL) with 10 % FBS was added to the lower chamber. 
Drugs were granted in the upper and lower chambers independently. 
Free Hol, PBAE/Hol-NPs, FA/PBAE/Hol-NPs (Hol concentrations of 
0.075 μg/mL, 0.15 μg/mL and 0.3 μg/mL were set in each group, 
correspondingly), and a blank control group (fresh RPMI-1640 with 1% 
FBS) was maintained (n = 3). The cells at the bottom edge of the culture 
chamber were colored in crystal violet and pictured in the microscope 
for 24 h after cultivation. The upper side of the staining chamber was 
then lightly rinsed to removal of residual cells and the chamber air-dried 
and laundered with 33 % acetic acid (w/v), lastly the optical density 
(OD) at 570 nm of the eluate was taken. The upper and bottom cells of 
the control set the meaningful OD value to 100 %. The cell migration 
rate (%) was counted as below. 

Cell migration (%) =
ODtest

ODcontrol
× 100% (3) 

To conduct wound healing analysis, 4T1 cells were inserted in 24- 
well panels and incubated at a density of 3 × 105/well for 24 h. Sub
sequently, various Hol formulations were added into the wells. Upon 
incubation for 0, 12 and 24 h, the cells were visualized under an upside- 
down flourescent microscope (Olympus, IX-71), and the results recorded 
and processed with Image J. 

2.12. Transwell invasion assay 

Regarding the invasion assay, the cells were handled in the following 
manner as in the migration assay. In additional, 20 μL of Matrigel (0.5 
mg/mL, diluted with serum-free RPMI1640 medium) was incorporated 
into Transwell chambers (the above-mentioned operation shall be per
formed under ice bath terms), and diluted substrate gels were then 
cultured in a 37 ◦C, 5% CO2 cell incubator for 1 h. Likewise, the cell 
invasion rate (%) was determined as follows. 

Cell invasion (%) =
ODtest

ODcontrol
× 100% (4)  

2.13. In vivo biodistribution of DiR-loaded LPHNs 

Tumor patterns were set up by the subcutaneous injection of 1 × 105 

4T1 cells into the right side of Balb/c mice. 7 days later, Balb/c mouse- 
raw mice with a tumor volume of approximately 200 mm3 were given 
FA/PBAE/DiR-NPs, PBAE/DiR-NPs, or free DiR (equivalent to a dosage 
of 0.5 mg/kg DiR) intravenously. The mice underwent visual imaging 
optically for various times while being anesthetized with IVIS imaging 
system (FX PRO, Carestream Health, Toronto, Canada). Hereafter, mice 
were slain 24 h after injection, major organs (spleen, heart, lung, kidney, 
liver) and tumors extracted for fluorescence images. 

2.14. In vivo anti-cancer efficacy 

4T1 tumor-bearing mice were reconstituted as described in the 
protocol above. When tumor growth was monitored up to 200 mm3, the 
mice were divided at random into 4 groups (n = 5): normal Saline, free 
Hol group, PBAE/Hol-NPs group and FA/PBAE/Hol-NPs group, where 
the equivalent dose of Hol was at 15 mg/kg every two days for five 
treatments in total. The tumor volume and body weight of the mice were 
then monitored at intervals of one day. The tumor volume and inhibition 
rate (IR) of the mice were further assessed using formulas (5) and (6). 

V =
(length) × (width)2

2
(5)  

IR =

(

1-
Wt

Wc

)

× 100% (6)  

Where wt and wc were the average tumor weights of the test and control 
groups. 

2.15. In vivo therapy effect of lung metastasis 

4T1 cells were inoculated into the tail vein of Balb/c mice (female, 
6–8 weeks old, 15− 20 g), and the experimental metastasis model was 
established with 1 × 105 cells per mouse. Mice were then randomized 
into 4 groups (n = 5) after 7 days, and the administration regimen was 
the same as “2.14”. The lungs were taken after 21 days implantation. 

2.16. Histological studies 

For the acquired lungs, metastatic nodules were enumerated to 
gauge the anti-metastatic treatment efficacy of respective groups. In the 
case of tumors and major organs including heart, liver, spleen, lung and 
kidney, fixed sections would be prepared and stained with hematoxylin- 
eosin (H&E). Due to high expression of two matrix metalloproteinases, 
MMP-2 and MMP-9, in breast cancer metastasis is intimately related, 
fluorescent staining of lungs was conducted also with MMP-2 and MMP- 
9 antibodies. TUNEL of tumors was also observed for apoptosis in all 
groups. 
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2.17. Statistical analysis 

For all trials, all tests were performed at least 3 times. Data were 
displayed as mean ± standard deviation (SD). Outcomes were presented 
using a Student’s t-test and a multiple-group one-way ANOVA. The 
discrepancy was statistically meaningful and was established as *p ≤
0.05. 

3. Results and discussion 

3.1. Synthesis and characterization of PBAE 

The one-pot synthesis of amphiphilic copolymers by Michael addi
tions has distinct merits in terms of gentle reaction conditions and 
convenience in inducing diverse functionality groups and ligands [29]. 
The synthetic route of PBAE was elucidated entirely in Fig. S1, which 
was optimized by 1H NMR Fig. S2. 

The pKb value of the polymer, namely the inflection point, was 
calculated from the derivative value of the titration curve by acid-base 
titration experiments. As illustrated in Fig. 1A, the pKb value of PBAE 
was computed to be 6.5 which is close to the pH value of lysosome. 

3.2. Physicochemical characterization of LPHNs 

The hydrodynamic dimensions of PBAE/Hol-NPs and FA/PBAE/Hol- 
NPs were 105.3 ± 3.2 nm and 116.4 ± 5.1 nm (Fig. 1B, C), consistent 
with those in the TEM plots (Fig. 1E, F). And the zeta potential was - 6.8 
± 2.6 mV and - 8.9 ± 3.7 mV (Fig. 1D). The DL% and EE% of FA/PBAE/ 
Hol-NPs were 10.9 ± 1.4 % and 75.2 ± 3.8 % (Table 1). DLS measure
ments at varying time points in PBS (pH 7.4) (Fig. S3) or FBS (10 %) 
indicated promising stabilities of FA/PBAE/Hol-NPs (Fig. S4). 

3.3. Surface charge transition and pH reactivity 

The Zeta potential of FA/PBAE-NPs reversed from + 20.4 mV to - 
23.4 mV as the surrounding pH changed from 4 to 10 after incubation 
for 1 h (Fig. 1G). In addition, with the decrease of the surrounding pH 
value, the positive charge of FA/PBAE-NPs further increases. Fig. 1H 
shows that as time progressed, FA/PBAE-NPs shows a constant average 
size of 91.3 nm at pH 7.4. When the surrounding pH decreased to 5.5, 
FA/PBAE-NPs had a distinct swelling, and with the extension of culture 
time, the swelling became more pronounced, and there was a multi-peak 
phenomenon in distribution. In conclusion, the charge reversal and 
particle size change of FA/PBAE-NPs are mainly caused by PBAE tertiary 
amine matrization (Fig. S5), and its pKb is negatively charged FA/PBAE- 
NPs under to physiological terms are more stabilized in the circulating 
blood and have fewer non-specific interactions for serum proteins. 

3.4. In vitro releasing profiles 

A variety of pH were adopted to imitate natural biological organisms 
and tumor microenvironment conditions. In vitro Hol release profiles 
from Hol-loaded LPHNs were illustrated in Fig. 1I, FA/PBAE/Hol-NPs 

Fig. 1. (A) PBAE titration curves; (B-F) Particle size distributions, appearance, schematic diagrams, Zeta potential and TEM images of PBAE/Hol-NPs and FA/PBAE/ 
Hol-NPs; (G) Zeta potential and (H) Particle size change of the blank LPHNs by DLS after incubation at different pH and TEM images of blank LPHNs incubated at pH 
7.4 (left) and 5.5 (right) for 6 h (scale bar 200 nm); (I) In vitro Hol release profiling of FA/PBAE/Hol-NPs from diverse pH values; (J-L) XRD images, DSC plot and 
FTIR spectra of the samples (a) the Hol-loaded LPHNs; (b) the physical mixture of Hol and blank LPHNs; (c) the blank LPHNs; (d) the free Hol. 

Table 1 
Characterization of PBAE/Hol-NPs and FA/PBAE/Hol-NPs.  

Sample (n =
3) 

Size(nm) Zeta potential 
(mV) 

PDI EE (%) DL (%) 

PBAE/Hol- 
NPs 

105.3 ±
3.2 

− 6.8 ± 2.6 0.24 ±
0.01 

78.1 ±
2.5 

11.4 ±
2.6 

FA/PBAE/ 
Hol-NPs 

116.4 ±
5.1 

− 8.9 ± 3.7 0.21 ±
0.02 

75.2 ±
3.8 

10.9 ±
1.4  
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had a release of only 42.7 % Hol in pH 7.4 and 52.1 % Hol in pH 6.8 after 
8 h. Additionally, a noticeably and dramatically higher pH release was in 
the case of pH 5.5 and the release count hit 92.6 % in 8 h. The release of 
this pH-sensitive FA/PBAE/Hol-NPs will enhance the internalization of 

the drug and effectively inhibit the proliferation of cancer cells, due to 
the on-demand release of Hol in different physiological environments. 

Fig. 2. (A) Convergent microscopic images of C6-loaded LPHNs after 2 h and 6 h (The scale bar is 50 μm); (B) Analysis of the fluorescence intensity via flow 
cytometry; (C) CLSM pictures of C6-FA/PBAE-NPs from 4T1 cells upon 1 h and 6 h incubation. Lyso Tracker™ Red (Red) for staining lysosomes was employed. The 
scale bar is 20 μm. 

Fig. 3. 4T1 in vitro cellular toxicities and cell apoptosis assessment. (A) Cell viability of Hol preparations. (B) IC50 values (C) Flow cytometry analysis for the 
apoptosis of Hol preparations. (D) Quantification analysis of apoptotic/necrotic cell populations. *p ＜ 0.05, ***p ＜ 0.001. 
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3.5. Physicochemical properties characterization of FA/PBAE/Hol-NPs 

In Fig. 1J, the XRD patterns of the free Hol (d curve) displayed 
intensive peaks at 2θ of 6.98◦, 17.66◦ and 22.24◦, and lots of tiny peaks 
were in the range of within the range of 3◦-50◦. The classic crystalline 
peak of Hol is nevertheless seen within the model of PM (b curve), 
despite the diminished intensity. Yet, not visible in the Hol-loaded 
LPHNs (a curve). 

In Fig. 1K, free Hol has a marked thermal absorbtion peak at 87.94 ◦C 
(d curve), represents the Hol melting point. In the DSC diagram of Hol- 
loaded LPHNs (a curve), no sharp peak was detected at 87.94 ◦C. 

In Fig. 1L, the FTIR spectra of free Hol (d curve), the 3306 cm− 1 peak 
is dedicated to the − OH vibration and the 1637 cm− 1 peak is attributed 
to the alkene CC–– vibration. The intensive belt at 1498 cm− 1 falls into 
the CC–– aromatic group of stretches. For the blank LPHNs (c curve), the 
peak at 1738 cm-1 was attributed to the C––O stretching vibration of the 
ester, and the peak at 1273 cm-1 and 1095 cm-1was ascribed to the C–O 
stretching vibration of the carboxyl. However, from the spectrum of the 
Hol-loaded LPHNs (a curve), all absorption peaks of Hol almost 

disappear. Only observed the C––C aromatic stretched bands of Hol, 
which went up from 1498 cm− 1 into 1514 cm− 1. Combined with XRD, 
DSC and FTIR, we can directly find that Hol exists in LPHNs in the form 
of partial or amorphous, which is helpful to facilitate the dissolution and 
bioavailability to the drug. 

3.6. In vitro cellular uptake and distribution of Hol-loaded NPs 

In Fig. 2A, after incubation of 4 h, the cellular uptake of C6-LPHNs 
was temporally dependent obviously. The uptake of C6-FA/PBAE-NPs 
was the strongest at all time points, which was benefited from the 
effective endocytosis mediated by FA. Furthermore, competitive inhi
bition of free FA incubation inhibited the uptake of C6-FA/PBAE-NPs, 
providing further support that FA-modified LPHNs may facilitate 
intracellular uptake by FR-α mediated endocytosis. 

Results of the quantitative flow cytometry analysis, indicated that 
cells incubated with C6-FA/PBAE-NPs exhibited a higher uptake than 
C6-PBAE-NPs and C6 solution (Figs. 2B, S6). In a further, the uptake of 
C6-FA/PBAE-NPs was markedly decreased when FA were saturated. 

Fig. 4. Inhibitory properties of Hol-loaded LPHNs on the migratory and invasive capabilities of 4T1 cells in vitro. Typical images of (A) Invasion (B) Transwell 
migration and (C) Wound healing migration assessments. Quantitative profiling of (D) Invasion (E) Transwell migration test. (F) Wound healing. *p < 0.05, **p <
0.01. The scale bar is 100 μm. 
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This is in accordance with the confocal results. Moreover, the fluores
cence of C6-LPHNs gradually increased with time. 

To detect the intracellular transit of drug-laden NPs, the intracellular 
administration efficiency of C6-LPHNs was captured by CLSM. In 
Fig. 2C, the yellow fluorescence of C6-PBAE-NPs and C6-FA/PBAE-NPs 
was intense upon incubation time of 1 h, which meant that the majority 
of C6-loaded NPs were colocalized with endo/lysosomes. Yellow fluo
rescence diminished and green fluorescence dispersed outward with the 
extension of the cultivation period to 6 h. Combined with the cellular 
uptake results above, it was indicated that endo/lysosomal escape of C6- 
PBAE-NPs and C6-FA/PBAE-NPs occurred, enabling effective and 
speedy drug discharge, which was probably resulted from the proton
ation of PBAE by the cells under endo/lysosomal acidic conditions 
following uptake. 

3.7. In vitro cytotoxicity studies and apoptotic rate 

Cellular toxicity evaluated by MTT detection of 4T1 cells. When 
PBAE concentration is 200 μg/mL, the cell survival rate of the blank 
vector is still more than 75 % (Fig. S7). Hol formulations including both 
free Hol and Hol-loaded LPHNs exhibited strong cytotoxicity in a 
concentration-dependent manner. The IC50 of free Hol, PBAE/Hol-NPs 
and FA/PBAE/Hol-NPs were 7.08 μg/mL, 3.75 μg/mL and 2.07 μg/mL 
(Fig. 3A-B). The Hol loaded LPHNs showed stronger cytotoxicity than 
free Hol, which may be due to the increased internalization of NPs with 
positive charge in the tumor microenvironment, and then into the cell 
caused by tertiary amine protonation of PBAE, the drug quickly escaped 
from the lysosome. In addition, 4T1 cells showed that the preparation 
with FA target had the strongest cytotoxicity because of overexpressed 
FR-α on the surface. 

Apoptosis is a procedural cell death in multicellular organisms and 
an influential tactic for managing cancer prognosis. The apoptotic cell 
percentages (Q2 + Q3) were 5.15 %, 29.16 %, 51.38 % and 64.43 % for 
Control, free Hol, PBAE/Hol-NPs and FA/PBAE/Hol-NPs, separately 
(Fig. 3C-D). The findings of apoptosis were in line with cytotoxicity, 
suggesting that FA/PBAE/Hol-NPs had the most capability to evoke 
apoptosis in 4T1 cells. 

3.8. 4T1 cell invasion assignment 

Tumor metastases are processes in which the extracellular matrix of 
a tumor is destroyed and then invades the vessels, involving at least both 
invasion and migration phases [30]. Cell invasion is a prerequisite for 
initiating tumor metastasis. Firstly, it is notable to ensure that the choice 
of drug concentration should ensure that the cell survival rate is higher 
than 80 %. Then, combined with the results of cytotoxicity test, three 
concentrations of low (0.075 μg/mL), medium (0.15 μg/mL), high (0.3 
μg/mL) were selected to investigate the ability of cell invasion and 
migration, which is expected to be more in-depth investigation and the 
ability of magnolol drug-loaded preparation to inhibit breast cancer 

metastasis, and provide more valuable reference for future research. 
The invasive ability of 4T1 cells passing through Matrigel gel was 

markedly after treatment with different drug concentrations (Fig. 4D). 
Excitingly, when the drug concentration decreased to 0.075 μg/mL (75 
ng/mL), compared with free Hol (77.4 %) and PBAE/Hol-NPs (63.3 %), 
the anti-invasion ability of FA/PBAE/Hol-NPs was greatly increased, 
about 47.9 %, indicating that FA/PBAE/Hol-NPs can well inhibit cell 
invasion at even very lower drug concentrations. This superiority was 
reinforced by a fluorescent microscopic picture of cells passed across the 
stroma coating and attached to the lower side of the membranes 
(Fig. 4A). All the results showed that FA/PBAE/Hol-NPs alone signifi
cantly inhibited the invasion of the 4T1 cells (Fig. 4B). 

3.9. 4T1 cell migration assessment 

Aiming to qualitatively and quantitatively study whether Hol-loaded 
LPHNs can inhibit the migration of 4T1 cells, the same concentrations 
were selected to investigate migration ability. The inhibitory impact of 
the application group against 4T1 cell migration was also found in a 
concentrate-dependent mode (Fig. 4E). Concordant with the invasion 
results, there was a remarkable difference in the inhibitory effect of 
varying concentrations of Hol-LPHNs on the migration of 4T1 cells. The 
same image of cells dyed in crystal violet across the membrane and 
adhering to the bottom of the membrane also shows above messages 
(Fig. 4B). The results of wound healing experiment further confirmed 
the inhibitory effect of drug-loaded preparation on the migration of 4T1 
cells (Fig. 4C, F). Taken together, cell migration and scratch healing 
assays suggest that FA/PBAE/Hol-NPs can be used to prevent migration 
of breast cancer cells. 

3.10. In vivo bio-distribution research 

A difference in the targeting capacity of DiR-labeled LPHNs were 
appraised by fluorescence imaging and in vivo histological distribution 
(DiR was used as a fluorescence dye). As illustrated by Fig. 5A, among 
the free DiR group, hepatic fluorescence increasing with time, reaching a 
peak at 8 h and then declining at a slow pace. The fluorescence intensity 
of tumor tissue in PBAE/DiR-NPs group and FA/PBAE/DiR-NPs group 
increased steadily after 2 h–12 h, while FA/PBAE/DiR-NPs group was 
the strongest in the overall trial. Ex vivo fluorescence imagery of the 
resected tumor reinforced the findings derived from in vivo imagery 
(Fig. 5B). The above results intuitively show that drug-loaded NPs with 
FA and good serum stability can an extend the cycle period and, even 
importantly, that pH-induced charge reversal can enhance the uptake in 
tumor tissues after accumulated. 

3.11. In vivo anticancer efficacy 

Two models, BALB/c mouse subcutaneous ectopic tumor and a pul
monary metastatic breast cancer model, have been constructed to 

Fig. 5. In situ tracking of DiR-labeled LPHNs to breast 4T1 tumor. (A) In vivo fluorescence images; (B) In vitro fluorescence imaging of autopsied tumors and organ at 
24 h post-injection. 
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evaluation the antitumor and anti-metastatic effects of FA/PBAE/Hol- 
NPs. Different preparations were administered via tail vein every 2 
days for a total of 5 treatments to investigate their anti-tumor properties 
(Fig. 6A). Free Hol displayed the mildest tumor growth inhibition (IR =
24.4 %), while chemotherapy with PBAE/Hol-NPs (IR = 46.7 %) 
revealed a medium degree of tumor growth inhibition. Remarkably, FA/ 
PBAE/Hol-NPs presented the most intense tumor suppressive thera
peutic efficacy (IR = 62.8 %), with near complete inhibition of tumor 
growth within 15 days of medical treatment. At the termination of the 
experiment, the rats were expended and the primary organs and tumors 
were autopsied. The outcomes of tumor mass as well as tumor sup
pression rate gave additional validation of the remarkable therapeutic 
effect of FA/PBAE/Hol-NPs compared to other treatments (Fig. 6B, C). 
Equally important, systemic toxicity needs to be evaluated for safety, 
even though the drug delivery system offers even if the delivery system 
has a promising therapeutic profile. Regarding security ratings, none of 
the therapy groups were identified as having noticeable body mass loss 
(Fig. 6D). 

Recent studies have revealed that the usage of Hol as a monodrug 
demands a higher dose (=50 mg/kg) to exert remarkable activity against 
cancer in metastatic breast cancer [31]. Nevertheless, in this present 
work, encapsulation of Hol into FA/PBAE-lipid polymer hybrid nano
particles led to a pronounced enhancement of the therapeutic effect of 
Hol in vivo uniformly in spite of a low dosage (15 mg/kg), which was 
corroborated by a favorable tumor volumetric and mass suppression. 

3.12. In vivo assessment of metastasis resistance 

The curative efficacy of FA/PBAE/Hol-NPs was proven in a pulmo
nary metastasis pattern of breast cancer. Following treatment with 
varying therapies, organ lungs were gathered from the respective groups 
and examined for well-established lung metastases. As illustrated in 
Fig. 6E, there were approximately 54 lesions on the lungs (Saline group), 
whereas all remaining treatments revealed a reduction in lung metas
tases. Metastases in the FA/PBAE/Hol-NPs group were noticeably infe
rior to those in the Saline group (84.3 %), the free Hol group (46.1 %) 

Fig. 6. (A) A schematic diagram showing the design of experiments for FA/PBAE/Hol-NPs to suppress tumor and metastasis in the lung is illustrated. In vivo anti- 
neoplastic efficiencies and toxicity profiles of mice bearing 4T1 tumors trained with Hol-loaded-NPs. (B) Variation in tumor volume, (C) Mass changes of resected 
tumors, (D) Net weight loss of mice; In vivo evaluating the anti-cancer effectiveness of a pulmonary metastatic breast cancer phantom. (E) Numbers of lung metastatic 
lesions. (F) Photographs and (G) H&E staining in pulmonary metastases sites. The scale bar is 200 μm. (n = 5, error bars for ± SD). 
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and PBAE/Hol-NPs group (69.2 %). Both whole lung observation and HE 
staining examination showed negligible lung metastasis in the FA/ 
PBAE/Hol-NPs treated group of mice (Fig. 6F, G), which may be 
explained by the increased uptake at the target site and effective drug 
release. As such, FA/PBAE/Hol-NPs could be serve as an excellent nano 
platform, which is likely owing to the highly dispersible, limited size and 
poor devascularization of nano-targeted chemotherapy agents and 
accessible to metastatic tumor sites. 

3.13. Histology studies 

H&E staining indicated no visible lesions in the major organs of all 
groups, confirming a well-established biocompatibility (Fig. S8). In the 
same vein, the findings (Fig. 7A, B) strongly showing numerous 
apoptotic areas in tumors of FA/PBAE/Hol-NPs group, further justifying 
its excellent in vivo antitumor efficacy and diminished whole-body 
toxicity. Notably, both MMP-2 and MMP-9 have been implicated in 
lung metastasis in breast cancer [2,32], which could degrade type IV 
collagen in the basement membrane, facilitating tumor cell prolifera
tion, disrupting the basement membrane barrier and adding to tumor 
cell metastasis. Consequently, FA/PBAE/Hol-NPs can seemingly block 
MMPs pathway by repression the exposure of two metastasis-related 
matrix metalloproteinases (Fig. 7C, D). 

4. Conclusion 

A pH-responsive lipid polymer hybrid nanoparticle, in which Hol 
was encapsulated, was fabricated for accurate delivery of agents for the 
diagnosis and treatment of breast cancer and lung metastases. After i.v., 
the Hol-loaded LPHNs amassed at the tumor region. By provoking the 
protonation of tertiary amines in the tumor microenvironment, the 
rupture of LPHNs enables the targeting of its cargo for vehicle transport 
and controllable release of drugs. Also, in comparing with PBAE/Hol- 
NPs, FA/PBAE/Hol-NPs had marked endocytic uptake efficacy, cell 

toxicity and pre-apoptotic in the presence of FR-α mediated endocytosis. 
Excitingly, FA/PBAE/Hol-NPs treatment not only elicited an effective 
tumor suppression effect, but also repressed the MMPs pathway linked 
to metastasis, thus fostered pulmonary metastasis. Moreover, it also 
possessed promising biocompatible between major organs. As such, FA/ 
PBAE/Hol-NPs are likely to hold substantial potential to combat primary 
breast cancer as well as lung metastasis. 
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