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Purpose: The use of nanocarriers to improve the delivery and efficacy of antimetastatic 
agents is less explored when compared to cytotoxic agents. This study reports the entrapment 
of an antimetastatic Signal Transducer and Activator of Transcription 3 (STAT3) dimeriza-
tion blocker, Stattic (S) into a chitosan-coated-poly(lactic-co-glycolic acid) (C-PLGA) nano-
carrier and the improvement on the drug’s physicochemical, in vitro and in vivo 
antimetastatic properties post entrapment.
Methods: In vitro, physicochemical properties of the Stattic-entrapped C-PLGA nanoparticles 
(S@C-PLGA) and Stattic-entrapped PLGA nanoparticles (S@PLGA, control) in terms of size, 
zeta potential, polydispersity index, drug loading, entrapment efficiency, Stattic release in 
different medium and cytotoxicity were firstly evaluated. The in vitro antimigration properties 
of the nanoparticles on breast cancer cell lines were then studied by Scratch assay and 
Transwell assay. Study on the in vivo antitumor efficacy and antimetastatic properties of 
S@C-PLGA compared to Stattic were then performed on 4T1 tumor bearing mice.
Results: The S@C-PLGA nanoparticles (141.8 ± 2.3 nm) was hemocompatible and exhib-
ited low Stattic release (12%) in plasma. S@C-PLGA also exhibited enhanced in vitro anti- 
cell migration potency (by >10-fold in MDA-MB-231 and 5-fold in 4T1 cells) and in vivo 
tumor growth suppression (by 33.6%) in 4T1 murine metastatic mammary tumor bearing 
mice when compared to that of the Stattic-treated group. Interestingly, the number of lung 
and liver metastatic foci was found to reduce by 50% and 56.6%, respectively, and the 
average size of the lung metastatic foci was reduced by 75.4% in 4T1 tumor-bearing mice 
treated with S@C-PLGA compared to Stattic-treated group (p < 0.001).
Conclusion: These findings suggest the usage of C-PLGA nanocarrier to improve the 
delivery and efficacy of antimetastatic agents, such as Stattic, in cancer therapy.
Keywords: nanocarrier, STAT3 protein, breast cancer, metastasis, chitosan-coating

Introduction
Tumor metastasis contributes significantly to cancer deaths, and effective delivery 
of antimetastatic agents to the tumor may assist in suppressing the progression of 
the disease.1 Although nanocarriers have been frequently reported to improve the 
delivery and anticancer efficacy of cytotoxic agents,2–6 relatively few investigations 
of a similar nature have been made on the nano-delivery of antimetastatic agents.

The Signal Transducer and Activator of Transcription 3 (STAT3) signaling pathway 
has been identified as a key contributor to the development of metastatic traits in tumors, 
and STAT3 inhibitors have been developed as a potential lead for antimetastasis.7,8 

Among these STAT3 inhibitors, Stattic, a small molecular inhibitor, was reported to 
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selectively inhibit phosphorylation, activation, dimerization, 
and nuclear translocation of STAT3.9,10 Stattic specifically 
targets the SH2 domain of the STAT3 protein, but not other 
STAT proteins, and hence it produces improved pharmacolo-
gical selectivity.7,11 Stattic inhibition of STAT3 signaling has 
been reported to induce apoptosis in STAT3-dependent cancer 
cells (eg, MDA-MB-231 and MDA-MB-435S) and reduce 
tumor size in murine breast cancer (HC-11).10,12 However, 
a relatively high concentration of Stattic (up to 20 µM) is 
required to suppress STAT3 activity in cancer cells in vitro.7,11 

The low in vitro potency and poor water solubility of Stattic 
have impeded its clinical use for antimetastasis.

Entrapment of drugs into biocompatible nanocarriers 
may increase their apparent solubility and stability in the 
blood, prevent premature clearance by the reticuloendothe-
lial system, prolong their circulation time, and reduce non- 
selective drug toxicity.4,13,14 The aberrant traits of mature 
tumor tissues, such as leaky vasculature and poor lymphatic 
drainage, may promote the accumulation of nanocarrier- 
drug complexes through the enhanced permeability and 
retention (EPR) effect.15,16 In our earlier studies, chitosan 

coating on the surfaces of photosensitizer-loaded PLGA 
nanoparticles (NPs) reduced the burst and premature release 
of drugs and decreased the macrophage uptake of NPs. 
Additionally, these chitosan-coated PLGA-photosensitizer 
NPs also exhibited elevated in vitro cancer cell uptake and 
phototoxicity, as well as in vivo reduction in reticuloen-
dothelial tissue uptake, enhanced tumor accumulation, and 
antitumor efficacy compared with uncoated PLGA- 
photosensitizer NPs.17 Thus, we entrapped Stattic in 
a chitosan-coated poly (lactic-co-glycolic acid) [C-PLGA] 
nanocarrier and investigated the improvements to its in vitro 
and in vivo antitumor and antimetastatic activities and effi-
cacies for potential applications in cancer therapy.

Materials and Methods
Materials
Poly(D, L-lactic-co-glycolic-acid) [50:50, MW 38,000– 
54,000], poly (vinyl alcohol) [PVA, MW 30,000–70,000] 
and 3-(4, 5-dimethylthiazol-2-yl-2, 5-diphenyl tetrazolium 
bromide (MTT) were procured from Sigma-Aldrich 
(St. Louis, MO, USA). Stattic was purchased from 
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MedChem Express (> 98% purity, Monmouth Junction, 
NJ, USA). Chitosan powder with a molecular weight of 
25 kDa was supplied by the Department of Chemistry, 
University of Malaya, Malaysia.18 Chemicals such as 
hydrochloric acid, acetonitrile, ethyl acetate, dichloro-
methane, and ethanol were purchased from Merck 
(Darmstadt, Hesse, Germany). 4T1 and MDA-MB-231 
cells were purchased from ATCC (Manassas, VA, USA), 
Dulbecco’s modified Eagle medium (DMEM), Roswell 
Park Memorial Institute (RPMI) 1640 medium, fetal 
bovine serum (FBS), trypsin, and penicillin-streptomycin 
were acquired from Gibco® (Grand Island, NY, USA).

Methods
Preparation of PLGA, S@PLGA, and S@C-PLGA 
NPs
Both blank PLGA and S@PLGA NPs were prepared via 
nanoprecipitation methods, as previously described with 
minor modifications.19 Briefly, 12 mg Stattic and 60 mg 
PLGA were mixed in acetonitrile and added dropwise to 
a solution containing 1% w/v of surfactant, poly (vinyl 
alcohol), to lower the surface tension of nanoparticle surfaces 
and prevent particle agglomeration, as illustrated in 
Scheme 1, followed by stirring overnight after homogeniza-
tion and sonication. The resulting mixture was then centri-
fuged at 2700 × g for 30 min, followed by ultracentrifugation 
at 102,000 × g at 4 °C for 30 min to obtain S@PLGA NPs 
(Optima LE-80K, Beckman Coulter, Brea, CA, USA). The 
pellet was resuspended in deionized water and lyophilized. 
The lyophilized nanoparticles were weighed and stored at 
4 °C until further use. The blank PLGA NPs were prepared in 
the same way as described above without the addition of 
Stattic. For the preparation of S@C-PLGA, S@PLGA NPs 
were added to a chitosan solution (2%w/v), stirred overnight, 
and kept at 4 °C until use.

Characterization of Blank PLGA, S@PLGA, and 
S@C-PLGA
The particle size, zeta potential, and polydispersity 
index (PDI) of blank PLGA, S@PLGA, and 

S@C-PLGA NPs were measured using a Malvern 
Zetasizer Nano S90 (Malvern Instruments Ltd., UK). 
The samples were prepared by diluting the nanoparticle 
dispersion in deionized water and sonicating for 30 
s before measurement. The size and zeta potential of 
the nanoparticles with different concentrations of 
Stattic loaded were also measured after incubation in 
cell culture medium for 24 h.

For transmission electron microscope (TEM) sam-
ple preparation, the diluted sample was dropped onto 
a copper grid, stained with 0.25% uranyl acid replace-
ment (UAR) solution for 60 s, and allowed to dry. The 
morphology of the particles was observed using a Carl 
Zeiss Libra 120 PLUS TEM (Oberkochen, Germany) at 
120 kV.

Loading and Entrapment Efficiency of Stattic
To evaluate the percentage of loading and entrapment effi-
ciency of Stattic in the NPs, 1 mg of lyophilized S@PLGA 
NPs was dissolved in 1 mL of acetonitrile for extraction. The 
solution was incubated at room temperature overnight, fol-
lowed by centrifugation at 9300 × g for 10 min. The weight of 
Stattic in the NPs was determined by first measuring the 
absorbance of the supernatant (1 mL) at 318.5 nm using an 
ultraviolet–visible (UV–Vis) spectrophotometer (Perkin- 
Elmer, Waltham, MA, USA). Thereafter, the concentration 
of Stattic in the supernatant was determined using a Stattic 
concentration standard curve (built by measuring the absor-
bance of acetonitrile solutions containing escalating concen-
trations of Stattic; Figure S1). Based on the concentration 
value obtained, the weight of Stattic in NPs (1 mg) was 
calculated.

The loading and entrapment efficiencies were then 
estimated using Equations (1) and (2), respectively:

Stattic loading %w=wð Þ ¼
weight of Stattic in NPs

MNP
� 100

(1) 

Scheme 1 The synthesis of S@PLGA and S@C-PLGA NPs.
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Stattic entrapment
efficiency %ð Þ

¼
weight of Stattic in NPs

Mt
� 100

(2) 

where MNP is the weight of lyophilized NPs used for 
Stattic loading estimation (1 mg, dissolved in 1 mL acet-
onitrile), Mt is the weight of Stattic used during the pre-
paration of a batch of NP.

Stattic Releasing Profile in Phosphate Buffer Saline 
and Plasma
The in vitro release of Stattic in phosphate buffer solution 
(PBS) at pH 7.4 and pH 4.8, and in human plasma was 
assessed based on previously described protocols17,20 with 
modifications. S@PLGA NPs and S@C-PLGA NPs con-
taining an equivalent amount of Stattic (50 μg/mL) were 
suspended in PBS or plasma (25 mL). The solution was 
then aliquoted into multiple centrifuge tubes and placed on 
a Thermo shaker at 37 °C and agitated at 200 rpm. 
A tube was removed from the shaker at different time 
points (0, 0.5, 1, 2, 4, 8, 12, 24, and 48 h) and centrifuged 
at 9300 × g for 10 min. The absorbance of the supernatant 
was recorded at 318.5 nm using a UV-Vis spectrophot-
ometer to quantify the amount of released Stattic. The 
percentage of Stattic release in PBS or plasma was calcu-
lated using Equation (3) as follows:

Stattic
Released %ð Þ

¼

Concentration of Stattic in
PBS or plasma

Initial concentration
of Stattic

� 100 (3) 

Scratch Assay
Scratch assay was performed based on a previously pub-
lished protocol to evaluate cell migration.21 Briefly, 
a density of 100,000 cells per well of breast cancer cell 
lines (4T1 and MDA-MB-231) were seeded in 24-well 
plates and incubated overnight to reach confluency. 
A pipette tip (10 µL) was used to make a straight scratch 
on each well. The media was then removed and washed 
twice with PBS before treatment with different concentra-
tions of Stattic, S@PLGA NPs, and S@C-PLGA NPs. The 
cells were observed under an inverted microscope (Nikon 
Eclipse Ti, Nikon Corp., Minato, Tokyo, Japan) for 24 h, 
and the images were captured at 10× magnification. The 
rate of migration was determined from the slope of the 
percentage migration over the time plot.

Transwell Assay
Transwell assay (migration) was performed according to 
a previously described protocol22 with minor modifica-
tions. Briefly, the cells (250,000 cells/well) were seeded 
in the upper chamber of the cell insert in serum-free 
medium with an 8 μm pore size. Different concentrations 
of the samples were added to the upper chamber. Media 
containing 10% FBS were added to the lower chamber to 
create a chemoattractant gradient. The plates were incu-
bated for 12 h. At the end of the incubation, the medium 
was removed from the cell insert and washed twice with 
PBS. The cells were fixed in a formalin solution (3.7% 
formaldehyde) for 2 min. The solution was removed and 
the cells were washed twice with PBS. Methanol was 
added to the insert for 20 min to permeabilize the cells. 
The cells were then stained with 0.5% crystal violet for 
15 min. The excess crystal violet stain was removed by 
washing with PBS, and non-migrated cells in the upper 
chamber were scraped off using a cotton swab. Images of 
the cells were captured using an inverted microscope, and 
the number of migrated cells was calculated using the 
ImageJ software.22

In vitro Cytotoxicity
To determine the cytotoxicity of Stattic, S@PLGA, and 
S@C-PLGA NPs on murine breast cancer cells (4T1), 
3-(4, 5 dimethylthiazol-2-yl-2, 5-diphenyl tetrazolium 
bromide (MTT) assay was performed as described by 
Mosmann (1983). Briefly, 100 μL of cells at a density 
of 10,000 cells per well in 96 well plates were seeded 
and incubated overnight at 37 °C and 5% CO2 in 
a CO2 incubator to allow cell attachment. Cells were 
treated with different concentrations of Stattic, 
S@PLGA, and S@C-PLGA NPs and further incubated 
for 24 h. After incubation, MTT reagent was added to 
the wells and incubated for 4 h in the dark. 
Subsequently, the medium was aspirated and 100 μL 
of dimethyl sulfoxide (DMSO) was added to dissolve 
the purple formazan crystals. Formazan accumulation 
showed mitochondrial activity in the viable cells. The 
percentage of cell viability was calculated based on 
Equation (4) using the absorbance values obtained at 
570 nm:

Percentage of

cell viability %ð Þ ¼
Absorbancecontrol � Absorbancesample

Absorbancecontrol
� 100

(4) 
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In vivo Studies
Female immunocompetent wild-type BALB/c mice (body 
weight of 18–20 g; 8–10 weeks old) were supplied by and 
maintained in the Animal Experimental Unit, Faculty of 
Medicine, University of Malaya for in vivo studies. The 
mice were kept in a controlled environment with a 12-h 
light-dark cycle and free access to food and water. All 
animal experiments were carried out following the proto-
cols and ethics approved by the Faculty of Medicine 
Institutional Animal Care and Use Committee of the 
University of Malaya (FOM IACUC; Ethics Reference 
no. 2020-210206/PHAR/R/SSF).

In vivo Toxicity Profiles of Stattic and S@C-PLGA 
NPs
Stattic and S@C-PLGA NPs were administered intrave-
nously (via tail vein) to the mice at a dosage of 12 or 
24 mg Stattic equivalent/kg. Stattic and S@C-PLGA NPs 
were prepared in saline solution. The 21-day toxicity 
observations (Berlin’s test) were carried out by monitoring 
and recording symptoms, including behavioral changes, 
ruffled fur, inactivity, and loss of body weight.17

In vivo Antitumor Efficacy Studies in 4T1 
Tumor-Bearing Mice
The 4T1 tumor model was previously reported as an optimal 
experimental animal model for the study of mammary tumor 
metastasis, as the tumor growth and metastatic spread fea-
tures of the 4T1 tumor in BALB/c mice closely mimic those 
observed in human metastatic breast cancer.23 Hence, in this 
study, 4T1 tumors were induced in female BALB/c mice 
according to a previously described method.17 The 4T1 
murine breast cancer cells (5×105 cells suspended in 
0.1 mL of RPMI medium) were injected into the mammary 
fat pads of BALB/c mice after their fur was shaved. When 
the tumor reached an average volume of 70 mm3, the mice 
were intravenously injected via the tail vein with saline, 
Stattic, and S@C-PLGA at 24 mg Stattic equivalent/kg on 
0th, 3rd, 6th, and 9th days. All the samples were prepared in 
saline to achieve an injection volume of 0.2 mL. The weight 

of the mice was recorded daily. Tumor volumes were also 
measured daily using a caliper and calculated according to 
Equation (5) as follows:

Tumor volume mm3� �
¼

L�W2

2
(5) 

where L is the longest dimension and W is the shortest 
dimension.24,25 The area under the curve (AUC) for each 
group was determined using GraphPad Prism 8.3.0. For 
ethical reasons, the tumor volume was not allowed to 
exceed 1000 mm3 throughout the study.

Histopathology Examination
The major organs of the mice were harvested after 14 days 
of treatment and preserved in 4% neutral-buffered forma-
lin solution prior to tissue processing and staining. 
Sections of paraffin-embedded tissues were prepared and 
stained with hematoxylin and eosin. The slides were then 
viewed under a light microscope with a 40× objective 
(Nikon Eclipse E200, Nikon Corp., Minato, Tokyo, 
Japan), and the number of metastatic foci was counted; 
the area of metastatic foci for every slide was measured 
using the Image J software (NIH, Maryland, USA).

Statistical Analysis
The experiments were carried out in triplicate, and the 
results are expressed as mean ± standard deviation (SD). 
Analysis of variance (ANOVA) for statistical differences 
between the groups was analyzed using GraphPad Prism 
8.3.0 (GraphPad Software, San Diego, USA). Statistical 
significance was set at p < 0.05.

Results and Discussion
Physicochemical Characteristics and 
Biocompatibility of Nanoparticles
S@PLGA and S@C-PLGA NPs were prepared at a yield 
of 86.3% ± 2.2% and 87.1% ± 1.2%, respectively, which 
was similar to the blank PLGA NPs (85.8% ± 2.4%) 
(Table 1). Stattic loading was approximately 12% and the 

Table 1 Characterization of Nanoparticles in Deionized Water

Nanoparticles Size (nm) PDI Zeta Potential (mV) Yield (%) Loading Capacity (%) Entrapment Efficiency (%)

Blank PLGA 122.3 ± 3.6 0.18 ± 0.01 −16.6 ± 2.2 85.8 ± 2.4 NA NA

S@PLGA 133.9 ± 2.1 0.19 ± 0.01 −1.9 ± 0.3 86.3 ± 2.2 12.1 ± 1.9 50.3 ± 2.0

S@C-PLGA 141.8 ± 2.3 0.19 ± 0.01 4.1 ± 0.6 87.1 ± 1.2 12.4 ± 2.8 54.2 ± 3.5

Note: Data represent mean ± SD from three independent experiments. 
Abbreviations: NA, not applicable; PDI, polydispersity index.
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entrapment efficiencies in PLGA and C-PLGA NPs were 
50% and 54%, respectively.

The average diameter of S@PLGA NPs increased by 
5.9% (from 133.9 ± 2.1 to 141.8 ± 2.3 nm) upon coating 
with chitosan, as determined by dynamic light scattering 
(DLS). TEM images showed that the blank PLGA, 
S@PLGA, and S@C-PLGA NPs (Figure 1A–C) were sphe-
rical with diameters ranging between 70 and 110 nm 
(Figure 1D). The chitosan coating on S@C-PLGA NPs is 
shown in Figure 1C (inset). The average diameter of the NPs 
determined using TEM is generally less than the values 
determined by DLS because DLS measures NPs’ hydrody-
namic size, which includes the hydration layer.26,27 Both 
S@PLGA and S@C-PLGA NPs have average sizes < 150 
nm, which are optimal for systemic administration and EPR 
effect-based accumulation in mature solid tumors.28 The zeta 
potential of S@PLGA NPs changed from −1.9 ± 0.3 to +4.1 
± 0.6 mV post chitosan coating, as summarized in Table 1, 

presumably owing to the protonation of chitosan amines. The 
near-neutral zeta potential value may be able to minimize 
opsonization by van der Waals and ionic interactions.17 

However, the chitosan coating did not significantly affect 
the PDI, yield, Stattic loading capacity, or entrapment 
efficiency.

All of the NPs synthesized (PLGA, S@PLGA, or 
S@C-PLGA) did not induce red blood cell aggregation 
(Figure S2) and caused < 5% hemolysis at the highest 
concentration tested (200 µM NPs; Figure S3), indicating 
good hemocompatibility.29

Stattic Releasing Profile in PBS and Plasma
Stattic entrapped in the C-PLGA NPs compared with non- 
coated PLGA NPs exhibited more favorable stability and 
lower drug release profiles in both PBS and plasma 
(Figure 2A and B). The maximum Stattic released from 
the S@C-PLGA in PBS at pH 7.4 (0.5%) and 4.8 (4.6%) 

Figure 1 Evaluation of nanoparticles in term of size. Transmission electron micrographs of blank PLGA NPs (A), S@PLGA NPs (B) and S@C-PLGA NPs (C). Insets show 
a single particle denoted by arrow. (D) The normalized size distributions of nanoparticles obtained from the analysis of TEM images (n=100) that were quantified using 
ImageJ software version 2.0.
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was lower than that from the S@PLGA (6.8% at pH 7.4, 
10.7% at pH 4.8) (Figure 2B). This suggests that chitosan 
coating reduced the release of Stattic from the nanocarrier 
and maintained the stability of S@C-PLGA in PBS.30

In plasma at pH 7.4, both S@C-PLGA NPs and 
S@PLGA NPs exhibited similar drug release patterns, 
where ~12% of Stattic was released rapidly within 
2 h. This indicated rapid diffusion of Stattic from the 
polymeric matrix to the plasma protein, likely owing to 
affinity of Stattic towards albumin molecules.31 A similar 
observation has been reported previously, where Stattic 
entrapped within a synthetic polymeric micellar carrier 
(P71D3)32 was rapidly released when the drug-carrier- 
complexes were incubated in an albumin solution.33 The 
Stattic burst release from S@C-PLGA NPs in this study 
was considerably low (< 15%), suggesting the suitability 
of C-PLGA NPs as the delivery vehicles for Stattic and 
antimetastatic drugs with a similar chemical structure.

Effects of Stattic, S@C-PLGA, and 
S@PLGA on Cytotoxicity and Cell 
Migration
The cytotoxicity of Stattic, S@PLGA, and S@C-PLGA 
towards 4T1 breast cancer cell lines was assessed by the 
MTT assay (Figure S4). Stattic entrapped in PLGA and 
C-PLGA NPs exhibited higher cytotoxicity in metastatic 

4T1 cells, with IC50 44% and 45% lower than Stattic, 
respectively. The observed cytotoxicity was likely ascribed 
to the inhibition of STAT3 signaling that led to apoptosis 
of STAT3-dependent cancer cells through cleavage of cas-
pase-3 poly (ADP-ribose) and polymerase (PARP).9,10 The 
enhancement of cytotoxicity of Stattic entrapped in nano-
carriers may be due to endocytosis, which allows more 
Stattic to be taken up into the cells.34,35 We have pre-
viously demonstrated that BODIPY entrapped in PLGA 
and C-PLGA NPs were taken up into 4T1 cells via 
endocytosis.17

Cancer cell migration is an essential hallmark of can-
cer metastasis.36 In this study, the changes in the antimi-
gration properties of Stattic before and after its 
entrapment into the C-PLGA NPs (ie, Stattic vs 
S@C-PLGA) were assessed using human metastatic 
MDA-MB-231 cells and murine metastatic 4T1 
cells.20,37 Stattic entrapped in the C-PLGA nanocarrier 
exhibited better in vitro antimigration effects than 
S@PLGA and Stattic, whereby S@C-PLGA at 1 µM 
Stattic equivalent concentration suppressed the migration 
of MDA-MB-231 (Figure 3A) and 4T1 (Figure 3B) cells 
by 65.1% and 47.3%, respectively (Figure 3C). In con-
trast, similar levels of antimigration effects were only 
achieved when MDA-MB and 4T1 cells were exposed to 
> 10 and 5 µM Stattic (Figure S5), respectively, which 
were > 10- and 5-fold higher than that of S@C-PLGA 

Figure 2 Stattic released in PBS and plasma. Cumulative percentage of Stattic released from S@PLGA NPs and S@C-PLGA NPs in different solution at 0–48 h (A) 
and 0–2 h (B). Data represent mean ± SEM from three independent experiments; ****Indicate p < 0.0001, as assessed by two-way ANOVA with Tukey’s post-hoc test.
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NPs. The findings on the lower in vitro potency of Stattic 
were consistent with those reported by Han et al, where 
a high concentration (10 μM) of Stattic was required to 

downregulate the expression of metastasis signaling pro-
teins such as c-Myc and survivin. Meanwhile, the 
observed increase in antimigration potency is likely due 

Figure 3 In vitro anti-migration properties of Stattic, S@PLGA and S@C-PLGA NPs in Scratch Assay. Microscopic images of the Scratch Assay on MDA-MB-231 (A) and 
4T1 (B) at different time points. (C) The normalized migration rate of MDA-MB-231 and 4T1 cells after being treated with Stattic, S@PLGA and S@C-PLGA NPs at 1 µM 
Stattic equivalent concentration for 24 h. Data represent mean ± SEM from three independent experiments; ** and ****Indicate p < 0.01, 0.0001, respectively, as assessed by 
two-way ANOVA with Tukey’s post-hoc test.
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to the increase in cellular uptake of S@C-PLGA relative 
to S@PLGA and Stattic, as corroborated by our earlier 
work on chitosan-coated PLGA-BODIPY.17 The 
increased cellular uptake of S@C-PLGA may also con-
tribute to the mucoadhesive behavior of chitosan, which is 
able to increase penetration through the mucus layer.38 

Similar trends of cell migration inhibition were observed 
in the transwell assay, whereby the S@C-PLGA exhibited 
better antimigration activity than Stattic and non-coated 
S@PLGA at 1 µM Stattic equivalent concentration 
(Figure 4).

In our previous work, C-PLGA NPs loaded with 
BODIPY exhibited better in vivo tumor-targeting 

selectivity and reduced accumulation in RES tissue and 
non-tumorous organs, as well as reduced protein adsorp-
tion and macrophage uptake compared with uncoated 
PLGA NPs.17 Since S@C-PLGA was shown to have 
a better in vitro antimigration effect and better drug release 
profile in this study, only the S@C-PLGA NPs were sub-
jected to in vivo antitumor and antimetastatic effects.

Preliminary in vivo Study
In vivo Toxicity Profiling
Stattic and S@C-PLGA NPs were administered to mice 
via the tail vein at doses of up to 24 mg Stattic or 
Stattic equivalent (S@C-PLGA)/kg (200 mg/kg of 

Figure 4 In vitro anti-migration properties of Stattic, S@PLGA and S@C-PLGA NPs in transwell assay. Microscopic images of the transwell migration assay in MDA-MB-231 
and 4T1 after treated with 1 μM of Stattic, S@PLGA NPs and S@C-PLGA NPs. The percentage of migrated cells relative to control were quantified using ImageJ software 
version 2.0. Data represent mean ± SEM from three independent experiments; ** and ****Indicate p < 0.01, 0.0001, respectively, as assessed by two-way ANOVA with 
Tukey’s post-hoc test.
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S@C-PLGA). The mice were then monitored for 14 
days for weight loss, death, and signs of toxicity such 
as inactivity, ruffled fur, and behavioral changes, accord-
ing to the specifications of the Berlin test for in vivo 
toxicity assessment.17 No death, significant changes in 
body weight (Figure 5A), organ histology (Figure S6), 
or other signs of toxicity were observed in mice receiv-
ing Stattic or S@C-PLGA NPs at the highest Stattic/ 
Stattic equivalent dose tested.

In vivo Tumor Growth Attenuation Study
BALB/c mice bearing 4T1 mammary tumors approxi-
mately 70 mm3 in size were treated with four consecutive 
doses (on days 0, 3, 6, and 9) of S@C-PLGA NPs (24 mg 
Stattic equivalent/kg), Stattic (24 mg/kg), and normal sal-
ine (negative control group). The antitumor effects (tumor 
growth suppression) and antimetastatic effects (histologi-
cal assessments) were assessed.

Multiple intravenous administration of Stattic reduced 
the area under the curve (AUC) by 31.6% as compared 
with the saline control (p < 0.01, one-way ANOVA, 
Dunnett’s test; Figure 5B). It has been reported that acti-
vation of STAT3 induces M2 macrophage polarization, 
which promotes tumor growth and angiogenesis.39,40 As 
Stattic inhibits STAT3 activation, M2 polarization is likely 
to decrease in Stattic treated mice, thereby suppressing 
tumor growth.41,42

On the other hand, a higher degree of tumor growth 
suppression was observed in mice that received multiple 
doses of S@C-PLGA NPs (24 mg Stattic equivalent /kg) 

with a 54.6% reduction in AUC compared with the saline 
group (p < 0.0001). The tumor growth suppression effect 
of Stattic entrapped within C-PLGA was enhanced by 
33.6%, based on AUC, when compared with that of the 
Stattic only (p < 0.01). The enhanced tumor growth sup-
pression efficacy of S@C-PLGA could be ascribed to the 
higher passive accumulation of nanocarriers in tumors 
through the EPR effect, as corroborated by our previous 
study, where chitosan-coated PLGA NPs prolonged the 
accumulation of photosensitizer in tumors.17

Although Stattic’s tumor growth suppression efficacy 
was enhanced by entrapment into the C-PLGA nanocar-
riers, complete tumor suppression was not achieved. This 
result was consistent with a previous study, where incom-
plete tumor suppression was observed in Stattic-treated 
mice.43 Stattic is commonly used as an antimetastatic 
agent or sensitizer for radio- and chemotherapy.7,9,43,44 

More importantly, the observation of improved tumor 
growth suppression efficacy in mice receiving 
S@C-PLGA has indicated an increased accumulation of 
Stattic in the primary tumor, which is crucial for the 
exertion of Stattic’s antimetastatic effects.

In vivo Antimetastatic Effect of S@C-PLGA NPs
The in vivo antimetastatic effect of S@C-PLGA was 
investigated by assessing the histology (H&E staining) of 
the major organs (liver, lung, kidney, heart, and lymph 
nodes) harvested from the healthy mice (Figure 6A) and 
4T1 tumor-bearing mice at the end of the multiple-dose 
treatment studies (Figure 6B–D). The number of 

Figure 5 (A) In vivo toxicity profiling and antitumor efficacy study of Stattic and S@C-PLGA NPs. In vivo toxicity profile of Stattic and S@C-PLGA NPs in 4T1 tumor- 
bearing mice. Data represents the mean body weights ± SEM (n = 3) for each group. (B) In vivo antitumor efficacy of Stattic and S@C-PLGA NPs in 4T1 tumor-bearing mice. 
S@C-PLGA NPs (24 mg Stattic eqv./kg) showed greater suppression in 4T1 tumor growth compared to Stattic (24 mg/kg) and saline. The day of treatment was indicated as 
black arrows. Data represents the mean tumor volume ± SEM (n = 4) for each group; ** and **** indicate p < 0.01, 0.0001, respectively, as assessed by one-way ANOVA 
with Dunnett’s post-hoc test.
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metastatic foci found on the prepared tissue slides was 
counted (Figure 6E and F), and the area of metastatic 
foci was measured using the Image J software 
(Figure 6G and H).

Large pulmonary metastatic foci (9 ± 2 foci, average 
foci area at 0.076 ± 0.005 mm2; Figure 6B and E), and 
multiple liver micrometastases (82 ± 3 foci; Figure 6B and 
F) were found in tumor-bearing mice that received normal 

Figure 6 In vivo antimetastatic effects of S@C-PLGA NPs. Histopathological analysis and quantification of metastatic foci for lung, liver, and lymph node of untreated control 
mice (A) and 4T1 tumor-bearing mice treated with multiple doses of saline (B), Stattic (24 mg/kg) (C) and S@C-PLGA NPs (24 mg Stattic eqv./kg) (D). No metastatic foci 
were observed in heart, kidney and spleen. Quantification of number of metastatic foci found in lung (E) and liver (F) by observing 5 and 8 images in lung and liver, 
respectively, for each mouse in all the treatment groups. Average sizes of metastatic foci found in lung (G) and liver (H) for each treatment group. Data represent the mean 
number of metastatic foci ± SEM (n=4); *, **, *** and ****Indicate p <0.05, 0.01, 0.001 and 0.0001, respectively as assessed by One-way ANOVA with Dunnett’s post-hoc test. 
Yellow arrows indicate metastatic foci.
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saline. Both pulmonary and hepatic metastases are com-
monly found in 4T1 orthotropic mammary tumor metastasis 
models.45 Stattic-treated 4T1 tumor-bearing mice exhibited 
a mild antimetastatic effect. The numbers of metastatic foci 
in the lungs (6 ± 1 foci) and livers (53 ± 7 foci) were 
reduced by 33.3% and 35.4% (p < 0.01), respectively, 
compared with saline-treated mice (one-way ANOVA fol-
lowed by Dunnett’s test). The average size of the pulmonary 
metastatic foci of Stattic-treated mice was also reduced by 
19.7% (average foci area at 0.061 ± 0.009 mm2) compared 
with the saline-treated group. No significant change was 
noted in the size of the liver metastatic foci compared 
with the saline control group (Figure 6G and H).

Interestingly, entrapment of Stattic into the C-PLGA 
nanocarrier (S@C-PLGA) significantly enhanced its anti-
metastatic effect in 4T1 tumor-bearing mice. Greater reduc-
tions in the numbers of metastatic foci in the lungs (3 ± 1 
foci) and livers (23 ± 2 foci) were observed (66.7% and 
72.0% reduction, p < 0.05 and p < 0.0001, respectively) in 
the S@C-PLGA-treated 4T1 tumor-bearing mice compared 
with the saline control. These values were 50.0% and 
56.6% lower than the average foci count found in the 
lungs and livers of Stattic-treated 4T1 tumor-bearing mice. 
S@C-PLGA treatment inhibited the formation of large pul-
monary metastases in mice, whereby the sizes of pulmonary 
metastatic foci (average foci area at 0.015 ± 0.003 mm2) 
were reduced significantly (by 80.3% and 75.4%, respec-
tively) compared with those in mice receiving saline and 
Stattic (p < 0.0001 and p < 0.001; Figure 6D and G). 
A lower degree of metastasis to the lymph node was also 
seen in S@C-PLGA-treated mice than in Stattic-treated 
mice. The improved in vivo metastasis suppression by 
S@C-PLGA may be attributed to the increase in its accu-
mulation in the mouse primary tumor and potentially in the 
newly formed metastatic foci with high angiogenesis 
activity,46 as reflected by the tumor growth delay following 
S@C-PLGA treatment and the reduction in the number and 
size of newly formed metastatic foci.17,20,47

Extending the progression-free survival period of cancer 
patients has become a primary aim for cancer therapy and 
palliative care, and a requirement for new drug approvals in 
oncology by the US Food and Drug Administration 
(FDA).48 Although antimetastatic agents may extend the 
progression-free survival period in patients with metastatic 
disease, adverse effects have been correlated to the random 
drug dissemination and use that is limited to a “dosed until 
unacceptable toxicity” basis in clinical settings.49,50 

Nanocarriers have been frequently used to reduce random 

drug dissemination in the body and to improve tumor- 
targeted delivery of cytotoxic drugs.51 In contrast, studies 
in the nano-delivery of small molecular antimetastatic drugs 
are relatively few.52 In view of the recent uptrend in using 
small molecular antimetastatic agents for the extension of 
progression-free survival period and improvement of survi-
val outcomes of cancer patients, further research on the 
nano-delivery of small molecular antimetastatic drugs for 
toxicity reduction and efficacy enhancement may become 
increasingly important. The current study has illustrated the 
use of C-PLGA nanocarriers to improve the in vitro and 
in vivo antimetastatic activity of Stattic and hence may be 
a potential adjunctive antimetastatic agent for cancer 
therapy.

Conclusions
This study demonstrates the improvement in the antimi-
gration potency of Stattic upon its entrapment into the 
C-PLGA nanocarrier. S@C-PLGA showed a predominant 
effect as an antimetastatic agent in vivo. Although the 4T1 
tumor was not completely suppressed by the Stattic 
entrapped within C-PLGA owing to the antimetastatic 
(not cytotoxic) nature of Stattic, the in vivo metastasis of 
4T1 cells was effectively suppressed, as demonstrated by 
the reduction in the numbers of metastatic foci in the lungs 
(50.0%) and livers (56.6%), as well as in the size (75.4%) 
of the lung metastatic foci of mice that received 
S@C-PLGA when compared with that of mice that 
received Stattic. These results suggest the potential of 
employing nanocarriers to improve the delivery and effi-
cacy of small molecular antimetastatic drugs.
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