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A B S T R A C T

Chemotherapy is one of the major approaches for the treatment of metastatic lung cancer. However, systemic
chemotherapy is limited by poor therapeutic efficiency and severe toxic side effects, due to the extremely low
delivery efficacy and non-specificity of anticancer drugs. Herein, we report a sericin microparticles enveloped
with metal-organic networks as a pulmonary delivery system for treating lung metastasis of breast cancer in an
animal model. The sericin microparticles (SMPs) were prepared using water in oil (w/o) emulsification method.
After doxorubicin (DOX) loading, tannic acid (TA)/ferric irons (Fe3+) based metal organic networks (MON)
were coated on the particles to obtain DOX-loaded microparticles (DOX@SMPs-MON). The SMPs-MON with
good biocompatibility could effectively encapsulate DOX and sustainably unload cargos in a pH-dependent
manner. The DOX-loaded microparticles could be uptaken by 4T1 cells, and effectively kill the cancer cells. In
vivo, DOX@SMPs-MON was deposited in the lungs and remained for over 5 days after pulmonary administra-
tion. In contrast to conventional DOX treatment that did not show significantly inhibitory effects on lung me-
tastatic tumor, DOX@SMPs-MON markedly decreased the number and size of metastatic nodules in lungs, and
the lung weight and appearance were similar to those of healthy mice. In summary, the sericin microparticles
with MON wrapping might be a promising pulmonary delivery system for treating lung metastatic cancer.

1. Introduction

Lung cancer, a highly invasive and fatal disease, is one of the
leading causes of cancer-related deaths worldwide [1], and notably,
over 70% of lung-cancer deaths are caused by metastatic lung cancers
[2,3]. For treating metastatic lung cancers, chemotherapy is a major
approach to control symptoms and to prolong patient survival [4,5].
Intravenous administration of chemotherapeutic agents is the mainstay
of chemotherapy. However, systemic administration of anticancer

drugs lacks targeting capability, causing an ineffective drug accumu-
lation at tumorous sites and undesirable distributions in normal organs,
thus leading to poor therapy efficacy and severe systemic toxicity [6].

Pulmonary administration is a promising approach to directly de-
liver drugs to lungs locally [7–10]. Compared with systemic therapy,
pulmonary delivery offers great advantages for treating lung cancers,
including (1) facilitating drug accumulation at lungs [10–13], (2) lim-
iting the systemic distribution of anticancer drugs to avoid associated
toxic side-effects, and (3) decreasing patients’ pain due to non-invasive
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needle-free treatment [14,15]. Moreover, the local delivery route in-
creases drug retention in lungs with prolonged half-life and improved
drug concentration; thus a lower dose of drug is therapeutically suffi-
cient, which would help reduce side effects [14].

Conventional chemotherapeutic agents via pulmonary administra-
tion are rapidly cleared from lungs, which need to dose frequently to
reach high concentration in terms of treating lung cancer cells, thus
often inevitably increasing the risk of pulmonary toxicity [16]. To cir-
cumvent this drawback of conventional drugs, microparticles (MPs)
based pulmonary drug delivery systems have emerged [17]. Such a
delivery approach is thought to enhance drug accumulation and re-
tention in lungs, sustain drug release, and decrease dosing frequency,
thus improving therapy outcomes [18]. A variety of microparticles have
been fabricated as pulmonary delivery systems for treating lung cancers
using synthetic or natural polymers, such as polylactic-co-glycolic acid
(PLGA) [19–21], polylactic acid (PLA) [22], alginate [23], and hya-
luronic acid (HA) [24]. However, some properties of these micro-
particles are not ideal for pulmonary drug delivery: the degradation
products of PLGA and PLA are reported to cause serious inflammatory
responses [25,26]; and burst drug release often occurs at the initial
release stage from these microparticles [27]. Thus, it is highly desired
to generate a microparticles-based pulmonary drug delivery system
capable of on-demand release of drugs for treating lung cancers.

Sericin is a natural protein extracted from silkworm cocoons. Due to
its good biocompatibility, biodegradability, low-immunogenicity and
natural cell adhesion [28,29], sericin has been widely used to develop
tissue engineering scaffolds or nanocarriers for drug delivery [30–35],
as well as the silk fibroin [36,37]. Hence, we proposed to prepare a
pulmonary delivery system composed of (1) sericin microparticles
(SMPs) as the core carrier, that can effectively encapsulate anticancer
drug, and (2) tannic acid (TA) and ferric irons (Fe3+) based metal-or-
ganic networks (MON) coating on SMPs (Scheme 1). Three main de-
signing features for this metal-organic networks enveloped sericin mi-
croparticles system includes: (1) the system is fabricated by
biocompatible materials, including sericin (a biocompatible and de-
gradable protein) [38], TA (a natural polyphenol from green tea) [39]
and ferric irons (an ion exist in human body) [40]; (2) MON is simply

coated on SMPs in a layer-by-layer manner, which could easily control
the drug release rate by adjusting the coating cycles; (3) TA-Fe3+ MON
is stable on neutral and alkaline conditions and gradually degrades in
acidic environment [41], which could prevent the drug premature
leakage in normal tissues while effectively unload cargos in response to
the acidic tumor and intracellular-microenvironments.

According to the above design rationales, we prepared a sericin-
based microparticles (~4.6 μm) by water in oil (w/o) single emulsion
method, and further coated the particles with TA-Fe3+ MON (SMPs-
MON) (Scheme 1). The SMPs-MON exhibited great biocompatibility,
effectively encapsulated doxorubicin (DOX, an anticancer drug), and
sustainably released DOX in a pH-dependent manner. The DOX-loaded
SMPs-MON (DOX@SMPs-MON) spread throughout the lungs and
stayed more than 5 days after intratracheal administration. In the 4T1
metastatic tumor bearing mice, DOX@SMPs-MON markedly reduced
the number of metastasis foci and decreased the size of nodules, and did
not induce systemic toxicity. Thus, the SMPs-MON might serve as a
promising pulmonary delivery system for treating lung metastatic
cancer.

2. Materials and methods

2.1. Materials

Silkworm cocoons (Haoyue) were kindly provided by the
Sericultural Research Institute, China Academy of Agriculture Science
(Zhenjiang, Jiangsu, China). Sodium carbonate (Na2CO3) were pur-
chased from Sinopharm Chemical Reagent Co, Ltd. (China).
Doxorubicin hydrochloride (DOX) was provided by Meilun Biology
Technology Co. Ltd (Dalian, China). Cellulose dialysis membranes
(MWCO: 3500 Da) were purchased from Spectrum Laboratory, Inc.
(Rancho DomingueZ, CA). Tannic acid (TA) and ferric chloride (FeCl3·6
H2O) were obtained from Energy Chemical (China).

2.2. Extraction of silk sericin

Silk sericin was isolated from silkworm cocoons (Haoyue) by

Scheme 1. Preparation and DOX loading of sericin-based microparticles with TA-Fe3+ metal-organic networks (DOX@SMPs-MON), and the intratracheal delivery to
lung metastatic cancer.
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alkaline degumming method as previously described [42]. Briefly, co-
coons (0.5 g) were cut into pieces and boiled in Na2CO3 solution
(0.02 M, 30 mL) for 1 h. Silk fibroin was removed by centrifuging at
3500 rpm for 8 min, and the supernatants were collected and dialyzed
(MWCO: 3500 Da) against distill water for 48 h. Then the solutions
were lyophilized to obtain silk sericin.

2.3. Synthesis of sericin microparticles (SMPs)

Sericin microparticles (SMPs) were prepared using water-in-oil (w/
o) single emulsion method. Typically, sericin aqueous solution (10%
wt, 1 mL) was added dropwise into corn oil (10 mL) containing Tween
20 (0.2 mL). Then, it was homogenized (800 rpm, 15 min) to obtain an
emulsion. Subsequently, glutaraldehyde (25%, 0.1 mL) was added to
the emulsion as a crosslinking agent and the mixture was stirred con-
tinuously for 2 h. The resulting emulsion was suspended in acetone
(300 mL) and stirred gently for 40 min to allow complete solidify.
Finally, the microparticles were collected by centrifugation, washed
with acetone, and dried under vacuum.

2.4. Doxorubicin (DOX) loading and metal-organic networks (MON)
coating

To encapsulate DOX in SMPs, doxorubicin hydrochloride (DOX,
10 mg) were dissolved in PBS (pH 8.5, 10 mL), SMPs (50 mg) were then
suspended in the DOX solution and stirred at dark for 24 h. The DOX-
loaded particles (DOX@SMPs) were washed with water for three times,
and then were collected by centrifugation and lyophilization. To de-
termine the DOX loading efficiency, the supernatant was collected and
the unloaded DOX was measured using a UV–Vis spectrophotometer.

The MON coating was performed as previously described [41].
Briefly, DOX@SMPs (5 mg) were suspended in distill water (0.5 ml), the
dispersion was vigorously mixed for 15 s after individual addition of
FeCl3·6 H2O solution (2.5 μL, 10 mg/mL) and tannic acid (2.5 μL,
40 mg/mL). The molar ratio of ferric iron to tannic acid is 1.58:1. Then,
Tris buffer (20 mM, pH 8.0, 0.5 mL) were added immediately into the
solution followed by ultrasonic dispersion for 5 min. The microparticles
were washed, collected and stored in fridge (−20 °C) for further use.
The microparticles with different coating cycles of TA-Fe3+ coordina-
tion networks were obtained by repeating above steps.

2.5. Characterization

The microscope and fluorescence images of SMPs were observed
using a fluorescence microscope (Olympus, Japan), and the size dis-
tribution of SMPs were statistically obtained. The surface morphologies
of SMPs and SMPs-MON were explored by scanning electron micro-
scopy (JSM-5610LV, Japan) and transmission electron microscopy
(Hitachi-HT7700, Japan). The zeta potentials of SMPs and SMPs-MON
were measured by Zetasizer Nano-ZS 3600 (Malvern, UK). The sec-
ondary structures of SMPs and SMPs-MON were recorded by FTIR
spectroscopy (Nicolet iS10 spectrometer, Thermo Fisher). The photo-
luminescent property of SMPs and SMPs-MON were measured using a
RF-6000 PC fluoro spectrophotometer. The Fe contents of SMPs-MON
were characterized using ICP-AES (iCAP 7000 Series ICP Spectrometer).

2.6. Hemolysis assay

The hemolysis activities of microparticles were examined according
to previous work [43]. Red blood cells (RBCs, 900 μL, 2% in PBS) were
mixed with microparticle suspensions (100 μL, in PBS). The mixtures
were incubated in 37 °C for 4 h, then centrifuged at 9000 rpm for
10 min. The absorption of supernatant was measured using Thermo-
scientific NanoDrop 2000 Spectrophotometer at 545 nm. TritonX-100
(1%, v/v) and PBS were served as positive and negative controls, re-
spectively.

2.7. In vitro drug release behaviors

The DOX-loaded microparticles (DOX@SMPs and DOX@SMPs-
MON, 1 mg) were dispersed in the buffers (2 mL) with different pH
values (acetate buffer, pH 5.0; PBS, pH 6.5 or pH 7.4), respectively. The
mixtures were violently shaken at 37 °C. At different time intervals (0,
3, 6, 12, 24, 48, 72 h), the supernatant was collected to measure the
released DOX, and fresh buffers were replenished.

The pH-responsiveness of SMPs-MON was also studied in the buffers
with different pH values (5.0, 6.5 and 7.4). Briefly, SMPs-MON (2 mg)
were dispersed in the buffers (4 mL) and incubated with shaking at
37 °C. At different time intervals (12, 24 and 48 h), the microparticles
were collected and characterized by ICP-AES to study the Fe contents.

2.8. Cell culture and animals

Murine mammary carcinoma cells (4T1) were cultured in Roswell
Park Memorial Institute (RPMI) 1640 media containing FBS (10%) in an
incubator of 5% CO2 and at 37 °C. Murine macrophage-like cells (RAW
264.7) and human embryonic kidney cells (293T) were cultured in
Dulbecco's Modified Eagle's Medium (DMEM) containing FBS (10%) in
an incubator of 5% CO2 and at 37 °C.

Female BALB/c mice (4–6 weeks, 18–20 g) were obtained from SPF
(Beijing) biotechnology co., LTD, and raised in specific pathogen free
housing conditions. All the animal studies were approved by the animal
care and use committee of Huazhong University of Science and
Technology (Wuhan, China), and deferred to the protocols approved by
the ethics committee of Tongji Medical College, Huazhong University of
Science and Technology (Wuhan, China).

2.9. In vitro immunotoxicity assay

RAW264.7 cells were seeded on 8 mm2 glass coverslips in a 12-well
plate at the density of 10000 cells/well in DMEM with 10% FBS, and
cultured for 24 h. The media were replaced with fresh media containing
sericin, SMPs, SMPs-MON (200 μg/mL) or lipopolysaccharide (1 μg/
mL, LPS). After incubating for 24 h, the cells were washed with PBS for
three times and fixed with 4% paraformaldehyde. Then, the cells were
stained successively with FITC-phalloidim for 25 min and Hoechst
33342 for 15 min. The coverslips were taken out and the cells were
observed by a Nikon Ti–U microscope equipped with a CSU-X1 spinning
disk confocal unit (Yokogawa) and an EM-CCD camera (iXon+; Andor).
The cells treated with PBS were set as the negative control. The green
fluorescence intensity was randomly selected from over 200 cells and
quantified by Image J software.

The total mRNA of the RAW264.7 cells receiving different treat-
ments was extracted using Trizol reagent and then conversed to cDNA
according to the manufacturer's directions. Then, the qRT-PCR was
performed on ABI StepOne Plus Detector System using SYBR Green
qPCR Master Mix successively (Vazyme Biotech, China). The relative
mRNA levels were normalized using GAPDH. The primers are listed in
Table S1.

2.10. In vitro cellular uptake

The cellular uptake behavior of DOX@SMP-MON was evaluated
using confocal laser scanning microscope (CLSM) and flow cytometry.
4T1 cells were seeded in a 12-well plate at the density of 8000 cells/
well and incubated for 24 h. Then, the cells were incubated in the
media containing free DOX, DOX@SMPs or DOX@SMPs-MON (3 μg/
mL of DOX) for 4 or 6 h. For CLSM imaging, the cells were washed with
cold PBS for three times, fixed with 4% paraformaldehyde, stained with
Hoechst 33342, and then observed by CLSM. For flow cytometry, the
cells were washed with PBS, trypsinized, and collected by centrifuga-
tion, and then analyzed by flow cytometry (BD LSRFortessa X-20).
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2.11. Cytotoxicity assay in vitro

4T1 cells were cultured in 96-well plates at the density of
8000 cells/well, and incubated for 24 h. The media were replaced with
fresh media containing free DOX, DOX@SMPs or DOX@SMPs-MON.
After incubation for 24 or 48 h, the media were replaced with fresh
media (200 μL) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tet-
razolium bromide reagent (MTT) (5 mg/mL in PBS, 20 μL). After 4-h
incubation, the solutions were replaced with DMSO to dissolve the
formazan crystals. The absorbance was measured at 490 nm (OD value)
by a microplate reader (Infinite F50, Tecan, Switzerland). The cell
viability was calculated as: cell viability (%) = (ODsample-ODblank)/
(ODcontrol-ODblank) ×100%.

2.12. Lung deposition of DOX@SMPs-MON

Female BALB/c mice were anesthetized, free DOX solution or
DOX@SMPs-MON suspension (50 μL, 5 mg/kg of DOX) were directly
injected into the trachea using an intravenous catheter (22G). To re-
cognized the lung deposition, mice administrated with free DOX or
DOX@SMPs-MON were sacrificed at 1, 3, 5 and 10 days post-admin-
istration and the lung tissues were visualized using In-Vivo FX PRO
(Bruker, GER) at excitation and emission wavelengths of 530 and
600 nm, respectively.

2.13. In vivo antitumor activity on lung metastatic tumors

To establish the 4T1 metastatic tumor model, female BALB/c mice

Fig. 1. Characterizations of microparticles. (A, B) The microscopic (A) and fluorescence microscopic (B) images of SMPs. Scale bars, 20 μm. (C, D) SEM images of
SMPs (C) and SMPs-MON (D). Scale bars, 1 μm. (E, F) TEM images of SMPs (E) and SMPs-MON (F). Scale bars, 1 μm. (G) Zeta potentials of SMPs before and after TA-
Fe3+ networks coating. (H) FTIR of Sericin, SMPs and SMPs-MON. (I–K) The emission spectra of Sericin (I), SMPs (J) and SMPs-MON (K).
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Fig. 2. Biocompatibility of microparticles. (A–B) Cytotoxicity of SMPs and SMPs-MON in 4T1 cells (A) and 293T cells (B) with 48 h incubation. (C–D) The hemolytic
activity of SMPs (C) and SMPs-MON (D). (E) The confocal images of RAW264.7 cells treated with LPS, Sericin, SMPs and SMPs-MON for 24 h, respectively. Scale bars,
20 μm. (F) Quantitative analysis of the green fluorescence area (F-actin) per cell receiving different treatments. (G, H) The relative mRNA levels of TNF-α (G) and IL-
1β (H) in RAW264.7 cells receiving different treatments.
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were intravenously injected with 3 × 105 4T1 cells (100 μL) through
tail vein (day 0). To test the anti-tumor efficacy, DOX@SMPs-MON or
free DOX (5 mg/kg of DOX) were administered into the trachea of mice
on day 7. Mice were sacrificed on day 21, the lung tissues and major
organs were isolated. The weight of lung tissues and the number of
metastatic pulmonary nodules were measured. In addition, the lung
tissues were fixed with 4% paraformaldehyde, embedded with paraffin,
sectioned, and stained with hematoxylin-eosin (H&E). The number of
metastatic foci and the size of nodules in the H&E images were calcu-
lated using Image-Pro Plus (version 6.0, Media Cybernetics, Inc., MD,
USA).

2.14. Biochemical analysis

Female BALB/c mice were divided into three groups (n = 3), and
intratracheal administrated with PBS, free DOX and DOX@SMPs-MON
(5 mg/kg of DOX), respectively. After 7 days, mice were sacrificed and
the blood samples were collected. The sera were obtained by cen-
trifugation (3500 rpm, 10 min) and analyzed by biochemical assay.
Creatine kinase (CK) and lactate dehydrogenase (LDH) were measured
to reflect cardiac function. Aspartate aminotransferase (AST) and ala-
nine aminotransferase (ALT) were tested to reflect liver function. Blood
urea nitrogen (BUN) and blood uric acid (UA) were measured to reflect
renal function. Moreover, the major organs were obtained, fixed and
stained.

2.15. Statistical analysis

Statistical analysis was performed using Student's t-test. All data
were presented as mean ± standard deviation (SD). Statistical sig-
nificances were conducted as follow: *p < 0.05, **p < 0.01,
***p < 0.001, N.S., not significant.

3. Results

3.1. Preparation and characterization of SMPs-MON

The metal-organic networks enveloped sericin microparticles were
simply synthesized via two steps: (1) the sericin microparticles (termed
as SMPs) were synthesized by the method of water in oil (w/o) single
emulsion using glutaraldehyde as a crosslinker; (2) doxorubicin (DOX),
an anticancer drug, was loaded into the SMPs, and then the particles
were capped with coordination networks, which were formed by tannic
acid (TA, a green tea extractive) and ferric irons (Fe3+). The DOX-
loaded microparticles were named as DOX@SMPs-MON (Scheme 1),
whereas the microparticles without DOX were referred to as SMPs-
MON.

The SMPs possessed a spherical shape with an average diameter of
4.6 ± 1.2 μm (Fig. 1A, Fig. S1). Due to the intrinsic photoluminescent
properties of sericin, SMPs exhibited strong green fluorescence
(Fig. 1B), confirming the constituents and spherical shapes of micro-
particles. The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images also showed the spherical shape of
SMPs with a smooth surface (Fig. 1C and E). To control drug release
behaviors of microparticles, the TA-Fe3+ based metal-organic networks
(MON) were coated on the surface of microparticles after drug loading.
The color of the microparticles became darker and the Fe contents in-
creased as the cycles of coating increased, indicating that MON is
successfully wrapped on the microparticles and the coating thickness is
easily controlled by coating cycles (Fig. S2). The SMPs with 2 cycles of
MON coating were termed as SMPs-MON, and investigated in further
study. As shown in SEM and TEM images, MON coating did not alter the
shape of microparticles (Fig. 1D and F), but markedly changed the
surface and slightly affected the zeta-potential of particles (−20 mV to
−30 mV) (Fig. 1G). The element mapping exhibited the new signal of
Fe element in SMPs-MON, confirming the MON coating (Fig. S3). While

the coating film formed on SMPs was not homogenous, likely due to the
stepwise feeding procedures and fast coordination process, which might
be optimized by employing a syringe pump to control the feeding
process. FTIR analysis indicates that the crosslinking and MON coating
did not change the secondary structure of sericin (Fig. 1H). Then, we
examined the photoluminescence properties of sericin-based micro-
particles. SMPs also exhibited fluorescence as well as sericin, while the
fluorescence intensity was decreased by crosslinking (Fig. 1I and J).
After coating with MON, the fluorescence of SMPs-MON was sig-
nificantly weakened, likely because of the quenching effect derived
from the TA-Fe3+ coordination coating (Fig. 1K).

3.2. In vitro biocompatibility of SMPs-MON

Good biocompatibility is crucial for an ideal drug carrier in bio-
medical applications [44]. The cytotoxicity of SMPs and SMPs-MON
were tested in 4T1 and 293T cells. After incubation for 48 h with these
microparticles, the viability of cells was higher than 90% at the con-
centration of 400 μg/mL (Fig. 2A and B), indicating the good cyto-
compatibility of sericin-based microparticles. Moreover, SMPs and
SMPs-MON exhibited extremely low hemolytic activity even at the
concentration of 200 μg/mL (Fig. 2C, D and Fig. S4), suggesting their
good hemo-compatibility.

Further, the immunotoxicity of SMPs and SMPs-MON was studied in
murine macrophage-like cells (RAW264.7), which are sensitive to in-
flammatory agents by generating F-actin-rich filopodia and filaments
[45,46]. The lipopolysaccharides (LPS) treatment activated
RAW264.7 cells, causing significantly polarization with abundant filo-
podia and membrane spreading. In sharp contrast, SMPs and SMPs-
MON treatments did not change the cellular morphology, similar to the
cells treated with PBS (Fig. 2E and F). Consistently, SMPs and SMPs-
MON did not increase mRNA levels of TNF-α and IL-1β, two key in-
flammatory cytokines indicating the activation of macrophages (Fig. 2G
and H). Taken together, these results indicate that SMPs and SMPs-
MON have good biocompatibility in vitro.

3.3. In vitro pH-responsive drug release kinetics

Doxorubicin (DOX) as a model anticancer drug was loaded into the
microparticles. The drug encapsulation efficiency (EE) and loading
content (LC) in DOX@SMPs were 74.35% and 15.86%, respectively.
After MON coating, few of DOX molecules (0.45%) were leaked from
the microparticles, the loading content slightly decreased to be 15.70%
in DOX@SMPs-MON. To investigate the pH-responsive drug release
behaviors of DOX and encapsulation effects of MON, the DOX-loaded
microparticles were incubated in buffers with different pH values, re-
sembling blood and normal tissues (pH 7.4), tumor microenvironment
(pH 6.5), and intracellular lysosomes (pH 5.0). The DOX release rate
from DOX@SMPs was dependent on the pH values, as the cumulative
release amount of DOX reached 86.3% at pH 5.0 within 72 h, which is
significantly higher than that at pH 7.4 (37.2%), likely because that
acidic conditions decreased the electrostatic interactions between SMPs
and DOX, and increased the hydrophilic property of DOX (Fig. 3A).
Notably, MON significantly decreased the release rates of DOX at all the
pH conditions (Fig. 3B), and the decreasing degree is highly correlative
with the coating cycles of MON on microparticles (Figs. S5A–C), in-
dicating that MON coating effectively facilitates controlling drug re-
lease and sustaining DOX release. Moreover, the DOX release rates at
acidic conditions were higher than that at neutral condition, likely
because of MON disassembly by protonation of hydroxyl groups on TA
(Fig. S5D) [41].

3.4. In vitro cellular uptake

To explore cellular uptake efficiency of DOX-loaded microparticles,
murine breast cancer cells (4T1) were exposed to DOX@SMPs or DOX@
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Fig. 3. Cumulative release of DOX from DOX-loaded microparticles in vitro. (A–B) The release of DOX from DOX@SMPs (A) and DOX@SMPs-MON (B) in the buffers
with different pH values (pH 5.0, pH 6.5 and pH 7.4).

Fig. 4. Intracellular uptake of DOX@SMPs-MON. (A) The confocal images of 4T1 cells treated with free DOX, DOX@SMPs and DOX@SMPs-MON (5 μg/mL of DOX)
for 4 h and 6 h. Scale bars, 20 μm. (B) Flow cytometry analysis of 4T1 cells treated with free DOX and DOX@SMPs-MON (5 μg/mL of DOX) for 4 h and 6 h.
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SMPs-MON for 4 or 6 h, and then were analyzed using confocal and
flow cytometry. Obviously, the microparticles delivered DOX into
tumor cells, and the internalization amount increased with prolonged
incubation time (Fig. 4A and B). Unlike the free DOX that mainly lo-
cated in the cell nuclei, the DOX fluorescence were observed in both of
cytoplasm and nuclei in the cells exposed to DOX@SMPs or DOX@
SMPs-MON for 4 h. The MON coating did not significantly affect the
cellular uptake efficacy of the DOX-loaded microparticles (Fig. 4A and
B). Of note, more DOX fluorescence could be observed in cell nuclei
after longer incubation (6 h) (Fig. 4A), suggesting that DOX is released
intracellularly and enters nuclei, causing cytotoxicity.

3.5. In vitro antitumor activity of DOX@SMPs-MON

The antitumor effects of DOX@SMPs-MON were studied in 4T1
cells. The viability of cells exposed to DOX-based formulations was
reduced in a dose dependent manner (Fig. 5A and B). Free DOX ex-
hibited stronger antitumor effects than DOX-loaded microparticles
against 4T1 cells in vitro, due to effective cellular internalization and
nuclear accumulation of free DOX (Fig. 4A). Under 24 h incubation, the
cytotoxicity of DOX@SMPs-MON was weaker than that of DOX@SMPs,
it is likely because TA-Fe3+ based MON capping decreased DOX release
rates.

3.6. Lung deposition of DOX@SMPs-MON

To investigate the distribution of DOX-based formulations in vivo,
free DOX and DOX@SMPs-MON were administrated directly into tra-
chea of BALB/c mice through an intravenous catheter (Fig. S6), while
free DOX administrated by intravenous injection was used as a control.
Lung deposition images were observed over 10 days after administra-
tion by detecting DOX fluorescence that reflected DOX's distribution
and retention in lungs (Fig. 6A and Fig. S7). The DOX accumulation
efficacy in lungs was extremely low by intravenous injection of free
DOX. Although free DOX could accumulate in lungs through in-
tratracheal administration, the deposited DOX in lungs was cleared
quickly within 3 days. In contrast, DOX@SMPs-MON was localized
throughout lungs with strong DOX fluorescence and stayed more than 5
days (Fig. 6A and B), indicating that DOX@SMPs-MON effectively ac-
cumulates in lungs and chronically releases DOX.

3.7. In vivo antitumor effects and systemic toxicity of DOX@SMPs-MON

To assess the antitumor activity of DOX@SMPs-MON against lung

metastatic cancer, we utilized 4T1 metastatic tumor bearing BALB/c
mice as a preclinical animal model [47]. After receiving 4T1 cells (0.3
million) via intravenous injection for 1 week, the mice were treated
with PBS, free DOX and DOX@SMPs-MON (5 mg/kg of DOX, 1 time) by
intratracheal administration, respectively. At day 21, the mice were
sacrificed and lung tissues were isolated (Fig. 7A). Compared with the
lungs isolated from the mice receiving PBS treatment, free DOX did not

Fig. 5. In vitro antitumor effects of DOX@SMPs-MON. Cytotoxicity evaluations of DOX, DOX@SMPs and DOX@SMPs-MON incubating with 4T1 cells for 24 h (A) and
48 h (B).

Fig. 6. Lung deposition of DOX@SMPs-MON in vivo. (A) Monitoring of the lung
deposition of free DOX and DOX@SMPs-MON in BALB/c mice using IVIS
imaging system. Scale bars, 1 cm. (B) The fluorescence intensity of DOX in lung
tissues after administration.
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significantly decrease lung weight and reduce the number of metastasis
foci in lungs. In sharp contrast, DOX@SMPs-MON markedly decreased
the lung metastasis nodules by 71% compared to PBS treatment, 3.2-
fold more effective than free DOX treatment (Fig. 7B and C). Moreover,

the lungs isolated from the mice receiving DOX@SMPs-MON exhibited
similar appearances to those in the untreated mice, and the lung weight
was also close to the untreated group. Further, the analysis on lung
tissues stained with hematoxylin-eosin (H&E) showed that DOX@SMPs-

Fig. 7. In vivo antitumor effects in lung metastatic 4T1 tumors. (A) The photographs of representative lung tissues isolated from the mice receiving treatments. Scale
bars, 1 cm. (B) The average weight of lung tissues isolated from the mice. (C) The number of metastatic lung cancer from the mice. (D) H&E histological staining of
lung tissues isolated from the mice receiving treatments. Scale bars, 200 μm. (E–F) Quantification analysis of number (E) and area (F) of metastatic foci in the H&E
staining of lung tissues.
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MON not only reduced the number of metastatic foci, but also de-
creased the size of nodules (Fig. 7D–F), indicating that DOX@SMPs-
MON effectively suppressed lung metastasis.

Remarkably, SMPs-MON suppressed the toxic side effects of DOX, as
indicated by (1) DOX@SMPs-MON did not significantly alter the body
weight of tumor-bearing mice (Fig. S8); (2) free DOX induced cardiac
tissue damages by causing hemolysis and infiltration of inflammatory
cells (Fig. S9), while these histopathological alterations were not ob-
served in the major organs of the mice receiving DOX@SMPs-MON; and
(3) DOX@SMPs-MON did not impair the functions of major organs
(including heart, liver and kidney), but free DOX did (Table S2). All
these results suggest that SMPs-MON is an effective and safe pulmonary
system for treating metastatic lung cancer in a mouse tumor model.

4. Discussion

Lung, an important organ for breathing, is one of the most frequent
targets for cancer metastasis from other tissues or organs [48]. Che-
motherapy is the major approach for treating lung cancers, while the
systemic administration of chemotherapeutic agents is usually limited
by low delivery efficiency and undesirable systemic toxicity [4,49].
Herein, we proposed a pulmonary drug release system based on natural
protein for treating metastatic lung cancer. This system is capable of
delivering drugs to lung tumors directly, achieving effective retention
and sustained drug release in lungs, and suppressing tumor growth with
reduced systemic toxicity.

Sericin, a natural protein extracted from silk cocoons, is a versatile
biomaterial for drug delivery and tissue engineering due to its excellent
bioactivities, including biodegradability, biocompatibility, low-im-
munogenicity and natural cell adhesion [28,29]. Using a water-in-oil
single emulsification method, we have prepared sericin-based micro-
particles (SMPs) with the average diameter of 4.6 μm. The particles
have several advantages as a pulmonary drug delivery system: (1) the
SMPs were composed of sericin, thus exhibiting great biocompatibility
(Fig. 2); (2) the SMPs effectively encapsulated DOX with an satisfying
loading content (15.86%) and high encapsulation efficiency (74.35%);
(3) the suitable size of SMPs may help the loaded drugs to be deposited
in alveoli and bypass vigorous clearance of alveolar macrophages,
leading to effective retention in lungs [50,51]. In addition, we wrapped
the microparticles with TA-Fe3+ based metal-organic networks (MON)
layer by layer to control the drug release rate (Fig. 3). The MON coating
was pH sensitive, which keeps them stable in neutral and alkaline
conditions, but degrades in acidic environment (Fig. S5D) [52,53].
Thus, the SMPs-MON could prevent premature leakage in normal tissue
(under neutral condition), and release cargos in metastasis nodules and
cancer cells (under acidic conditions).

The mice in anesthetized state cannot inhale spontaneously micro-
particles, and the delivery efficiency of nebulization in an inhalation
chamber instrument was low and could hardly be controlled [54]. Thus,
we directly delivered DOX@SMPs-MON into bronchial airways by in-
tratracheal instillation. One day after administration, DOX@SMPs-MON
spread throughout the lungs and stably stayed over 5 days, much longer
than free DOX treatment (Fig. 6), likely because of bypassing macro-
phages and sustained DOX release from the microparticle system.

We further tested the antitumor activity of DOX@SMPs-MON in the
metastatic lung tumor based on the 4T1 breast cancer. In vitro, SMPs-
MON transported DOX into 4T1 cells (Fig. 4), and effectively killed the
cancer cells (Fig. 5). In animal experiments, DOX@SMPs-MON mark-
edly reduced the number of metastasis foci and decreased the size of
nodules. Remarkably, the appearances and weights of lungs isolated
from the mice receiving DOX@SMPs-MON were quite similar with
those of the healthy mice (Fig. 7). In contrast, free DOX did not suppress
metastasis tumor, but induced systemic toxicity by damaging the
functions of major organs in the animal model.

Our work demonstrates that the sericin microparticles with MON
coating (SMPs-MON) may serve as a promising pulmonary drug

delivery system, featured by good biocompatibility, controlled drug
release capability, and great antitumor activity. Given the versatile
properties of metal-organic networks, SMPs-MON could be easily post-
modified with catechol-terminated targeting ligands and functional
groups via self-assembly [41], which may further optimize the sericin-
based system by targeting lung metastasis nodules and combination
therapies in future.

5. Conclusion

We have designed and fabricated sericin microparticles with TA-
Fe3+ based coordination film (SMPs-MON) as an effective pulmonary
delivery system for treating lung metastatic cancer. The SMPs-MON
possesses good biocompatibility, and exhibits high drug encapsulation
and sustained drug release property, and thus can serve as a suitable
drug carrier for pulmonary delivery. In particular, DOX loaded particles
(DOX@SMPs-MON) could deposit and spread in the lungs of BALB/c
mice after intratracheal administration and remain locally released over
5 days. In 4T1 metastatic tumor bearing mice, DOX@SMPs-MON sig-
nificantly reduced lung metastasis nodules and decreased their size, and
did not damage the functions of major organs of the recipient animal
models. Thus, SMPs-MON might serve as a promising delivery system
for treating metastatic lung cancers via pulmonary administration.
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