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Silk proteins, such as silk sericin (SS) and silk fibroin (SF), have been shown to exhibit excellent biocompatibility,
biodegradability, and low immunogenicity as drug delivery carriers. SS possesses antioxidant and anticancer
adjuvant properties, whereas SF provides mechanical strength and structural stability, marking them as optimal
materials for drug delivery systems. In this study, 3 pm discoidal silk protein particles (DSPs) based on silk
sericin/silk fibroin (SS/SF) composites were developed for the loading of docetaxel (DTX). A comprehensive
analysis was conducted to assess the morphological characteristics, particle size, zeta potential, drug loading
content, and colloidal stability of the particles. In vitro studies utilizing human-derived non-small cell lung cancer
(A549) and mouse-derived squamous cell carcinoma (SCC7) cell lines revealed that DTX-SS/SF-DSPs exhibited
superior anticancer activity compared to both free DTX and DTX-SF-DSPs. In vivo biodistribution studies revealed
that DTX-SS/SF-DSPs effectively accumulated in the lungs, with minimal accumulation in non-target organs,
including the liver and kidneys. Anticancer efficacy evaluations showed a significant reduction in the number of
tumor nodules and improvement in survival rates. Furthermore, histopathological analysis confirmed reduced
inflammatory responses and the absence of major organ toxicity, demonstrating excellent biocompatibility. In
conclusion, SS/SF-DSPs are a promising drug delivery system that can improve the therapeutic efficacy of
anticancer drugs with minimal side effects, which can present a new paradigm in lung cancer treatment.

1. Introduction

Lung cancer is one of the most fatal cancers worldwide [1-4].
Approximately 85 % of lung cancer is categorized as non-small cell lung
cancer (NSCLC), and the remaining 15 % is small cell lung cancer
(SCLC). NSCLC can be further divided into adenocarcinoma (40 %),
squamous cell carcinoma (30 %), and large cell carcinoma (15 %) [5,6].
The treatment methods for NSCLC include surgery, chemotherapy,
immunotherapy, and radiation therapy. Among those, chemotherapy is
the main treatment for NSCLC, which is treated alone or in combination
with radiotherapy or immunotherapy [7-9]. However, chemothera-
peutic drugs have the disadvantage of lack of precision because they
nonspecifically affect both cancer cells and normal cells [10].

Docetaxel (DTX) is a widely used anticancer chemotherapy agent for
the treatment of lung cancer [11,12]. DTX inhibits cell division by sta-
bilizing microtubule formation and causes cell death by preventing the
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complete division of cancer cells. However, DTX can cause serious side
effects such as gastrointestinal symptoms (vomiting, nausea, diarrhea),
musculoskeletal pain, hematopoietic disorders, and hair loss [13,14]. To
reduce the adverse effects of chemotherapeutic drugs, various drug de-
livery systems have been exploited for cancer treatment [15]. Drug
delivery systems are technologies that deliver therapeutic molecules to
targeted body areas, either locally or systemically [16]. Drug delivery
systems can reduce the distribution of drugs to non-target tissues and
organs, thereby minimizing damage to normal tissues [17]. Addition-
ally, drug delivery systems not only enhance the stability and absorption
rate of drugs but also extend the duration of the presence of the drug in
the body [18]. However, up to 70 % of the nano-sized drug delivery
systems are isolated by Kupffer cells in the liver when administered in
vivo. Therefore, nano-sized particles are less likely to be delivered to the
lungs [19].

Recently, there has been a growing interest in the development of
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drug delivery systems made of materials derived from natural polymers.
Natural polymers are biodegradable, biocompatible, and non-toxic, so
drug delivery systems based on natural materials can be an effective
alternative in various medical fields, including cancer treatment [20].

Among natural polymers, silk protein (SP) produced by Bombyx mori
has been extensively studied in biomedicine, cosmetics, and structural
materials. In biomedicine, fibroin and sericin have been widely applied
in tissue engineering, wound healing, and drug delivery systems due to
their biocompatibility and low immunogenicity [20,21]. In cosmetics,
sericin is valued for its moisturizing, antioxidant, and anti-inflammatory
properties, contributing to skincare and anti-aging formulations [22].
Structurally, silk fibroin exhibits high mechanical strength and has been
processed into hydrogels, films, sponges, and fibers for use in biomedical
devices [23].

SP primarily comprises two structural proteins: silk fibroin (SF;
70-80 %) and silk sericin (SS; 20-30 %) [24]. SF exhibits excellent
mechanical properties, biocompatibility, controllable biodegradability,
and low immunogenicity [25-27]. SS acts as an adhesive connecting two
strands of SF and contains a large amount of the hydrophilic amino acids
serine and glycine [21,28]. Studies have been reported that SS induces a
mild inflammatory response, exhibits low antigenicity and immunoge-
nicity with anti-inflammatory properties [29]. SS has also shown anti-
cancer effects against various types of cancer cells by stimulating
apoptosis [30-32].

Recent studies have reported the development of silk fibroin nano-
particles (SFNs) with tunable size, dispersity, and surface chemistry for
improved anticancer drug delivery [33-35]. These nanoscale carriers
have shown enhanced tumor targeting and therapeutic efficacy through
precise formulation strategies. In contrast, our study introduces a
micron-scale discoidal silk platform designed for passive lung targeting
via capillary entrapment, offering distinct biodistribution and pharma-
cokinetic advantages over conventional SFNs.

In the present study, micro-sized silk sericin-silk fibroin-based dis-
coidal silk protein particles (SS/SF-DSPs) were developed as a drug
delivery system to improve the biocompatibility and efficacy of doce-
taxel. The docetaxel-loaded SS/SF-DSPs (DTX-SS/SF-DSPs) were char-
acterized concerning morphology, size, zeta potential, and colloidal
stability as well as their drug release profile. The toxicity and anticancer
effects of DTX-SS/SF-DSPs were also investigated in vitro on SCC7 or
A549 cells and in vivo lung metastasis mouse model. Results demon-
strated that the DTX-SS/SF-DSPs significantly enhanced the anticancer
properties of docetaxel with no signs of cytotoxicity.

2. Materials and methods
2.1. Reagents

All the materials were commercially available and used as received.
SS and SF were extracted from Bombyx mori silk. Polydimethylsiloxane
(PDMS; SYLGARD™ 184 Silicone Elastomer Kit) was purchased from
Dow Corning (Midland, Michigan, USA). Poly(vinyl alcohol) (PVA; 80 %
hydrolyzed, MW 9000-10,000 Da), dimethyl sulfoxide (DMSO), and
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA). Lithium bromide (LiBr), and doce-
taxel (DTX) were purchased from TCI (Tokyo, Japan). 1,1-Dioctadecyl-
3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) was purchased
from Cayman Chemicals (Ann Arbor, Michigan, USA). RPMI 1640 me-
dium, fetal bovine serum (FBS) were purchased from Gibco, Thermo
Fisher Scientific (Waltham, MA, USA). Antibiotic-Antimycotic (100X)
was purchased from GenDEPOT (Barker, TX, USA). The Ez-Cytox cell
viability assay kit was purchased from DoGenBio (Seoul, Korea). Human
lung adenocarcinoma A549 cells and squamous cell carcinoma SCC7
cells were obtained from the American Tissue Culture Collection
(ATCC).

Materials Today Bio 34 (2025) 102189
2.2. Extraction of silk sericin

Silk sericin (SS) was extracted from silk cocoons of Bombyx mori
silkworms using a previously described method with slight modification
[36]. Briefly, the silk cocoons were cut into small pieces and mixed with
deionized water (DW). The cocoon pieces were boiled at 100 °C for 30
min. After removing the supernatant impurities, the cocoon was heated
at 120 °C for 90 min to extract sericin. Then, the undissolved fibrous silk
fibroin and the dissolved sericin solution were separated using a nylon
membrane (pore size: 100 pm). The separated liquid SS was freeze-dried
in a freeze dryer for 3 days and stored in a refrigerator (Fig. S1).

2.3. Extraction of silk fibroin

Undissolved silk fibroin (SF) was spread on aluminum foil and dried
overnight in a fume hood. Subsequently, the dried SF was dissolved in a
4 mL solution of 9.3 M LiBr per 1 g at 60 °C for 4 h. The 9.3 M LiBr
solution was prepared using the following formula [23]:

Amount of LiBr = (86.85g / mol)(9.3mol / L)(1L / 1000ml)(X)

Subsequent to the complete dissolution of the SF, the solution
exhibited a translucent pumpkin color. Thereafter, the solution was
placed in dialysis tubing (MWCO: 10 kD) and dialyzed against 2 L of
distilled water while stirring for 3 days to remove LiBr [37]. Following
this step, the desalted SF was freeze-dried for 3 days and stored in a
refrigerator (Fig. S2).

2.4. Preparation of silk sericin/silk fibroin composites

The mixture of SS and SF was conducted at a ratio of 1:3 (w/w%),
which is consistent with the composition of natural silk, which consists
of 25 % SS and 75 % SF [38]. Freeze-dried SS (75 mg) and freeze-dried
SF (225 mg) were dissolved in 4 mL of distilled water and subsequently
mixed [39]. The resultant mixture was then subjected to a freeze-drying
process for 3 days, thereby yielding the SS/SF composite.

2.5. Fabrication of DTX-SS/SF-DSPs

Discoidal silk protein particles (DSPs) loaded with DTX using a SS/SF
composite (DTX-SS/SF-DSPs) were synthesized using a top-down fabri-
cation approach. A silicon template with discoidal patterns 3 pm in
diameter was prepared using electron beam lithography. A mixture of
PDMS and elastomer (10:1, w/w %) was poured onto the silicon tem-
plate and polymerized at 60 °C for 4 h to create a PDMS template. 48 g of
PVA was dissolved in 800 mL of distilled water and then stirred at 60 °C
for 2 h. The PVA solution was poured onto a polymerized PDMS tem-
plate. After drying for a day, a PVA template with the same pattern as
that of the silicon template was obtained.

The SS/SF composite was dissolved in 500 pL HFIP and heated at
60 °C for 24 h [40]. DTX was then added to the SS/SF solution and
uniformly loaded over the PVA template. Thereafter, the PVA template
was exposed to drying in a fume hood for 1 h, followed by immersion in
50 % (v/v) ethanol for 2 h. And then the PVA template was dissolved in
400 mL of distilled water for 2 h to obtain the microparticles. Undis-
solved PVAs and insoluble impurities were removed by nylon filters
(pore size: 100 pm). The particles were collected using a membrane filter
(pore size: 1.2 pm) under vacuum, effectively removing non-entrapped
DTX. The particles were dispersed in DW and then collected by centri-
fugation at 3630 g for 1.5 min. The collected particles were freeze-dried
and stored in a refrigerator.

2.6. Characterization and drug loading content
The particle size and zeta potential were measured using a Zetasizer

(Nano ZS90, Malvern Panalytical, Malvern, UK). The particle
morphology was observed using a scanning electron microscope (SEM)
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(JSM-7600F, JEOL Ltd., Tokyo, Japan) and a confocal microscope (Carl
Zeiss LSM710, Carl Zeiss AG, Oberkochen, Germany). The composition
of the synthesized SS-SF was determined by proton nuclear magnetic
resonance (NMR) spectroscopy.

To determine the drug loading content (LC%), DTX-SS/SF-DSPs were
prepared by using different concentrations of docetaxel (10, 20, 30, and
40 mg). After dissolving the DTX-SS/SF-DSPs in DMSO at a concentra-
tion of 1 mg/mlL, the quantity of docetaxel was determined by
measuring the absorbance at a wavelength of 255 nm using a Synergy
HTX multi-mode microplate reader (Biotek Instruments, Winooski, VT,
USA). The content of docetaxel loaded onto SS/SF-DSPs was calculated
based on the standard curve generated by measuring serial dilutions of
docetaxel.

The drug loading content (LC%) was calculated by dissolving DTX-
loaded particles in DMSO (1 mg/mL) and measuring the absorbance of
encapsulated docetaxel at 255 nm using a UV-vis microplate reader. A
standard curve of DTX in DMSO was used for quantification. Encapsu-
lation efficiency (EE%) was not measured in this study. All experiments
were conducted in quintuplicate (n = 5).

2.7. Invitro stability and drug release

The in vitro stability was assessed in phosphate-buffered saline (PBS)
at 37 °C with varying pH conditions (pH5.4, pH7.4).

The particles were dispersed at 0.2 mg/mL, and the average hydro-
dynamic diameter was measured using a Zetasizer at predetermined
time points over 10 days. The measured particle size at each time point
was normalized to the initial size at 0 h (set as 100 %) to evaluate
relative size changes.

The in vitro drug release profile was determined by using a dialysis
capsule (MWCO: 10 kDa) to separate the docetaxel from the particles. 1
mg of DTX-SS/SF-DSPs was dispersed in 1 mL of PBS (pH5.4 or pH7.4)
and transferred to a dialysis capsule, which was then reacted at a 37 °C.
The release medium is removed at predetermined time intervals, and the
drug concentration was determined using a microplate reader. All ex-
periments were performed in quintuplicate (n = 5).

2.8. Cell culture and in vitro cytotoxicity

A549 and SCC7 cells were cultured in RPMI 1640 supplemented with
10 % FBS and 1 % Antibiotic-Antimycotic. The cells were maintained at
37 °C in a humid atmosphere containing 5 % CO». The cytotoxicity of
DTX-SS/SF-DSPs was studied in A549 and SCC7 cells using the Ez-Cytox
assay. DTX-SF-DSPs, DTX-SS/SF-DSPs, and docetaxel were adjusted to
final concentrations of 0.03, 0.06, 0.13, 0.25, 0.5, and 1 mg/mL con-
centrations by diluting with the growth medium. After 24 h, 10 pL of EZ-
Cytox was added to each well, and the plates were incubated at 37 °C for
2 h. After incubation, plates were read at 450 nm using a multi-mode
reader. After 2 h, absorbance was measured at 450 nm using a micro-
plate reader. Cell viability at each concentration was calculated relative
to the untreated control group, which was set at 100 %. All cell viability
assays were performed in quintuplicate (n = 5).

2.9. Biodistribution

All animal housing and experimental procedures adhered to the
relevant guidelines and regulations of the Institutional Animal Care and
Use Committee of Yonsei University, Wonju (YWCI-202211-017-02).
Murine lung metastasis tumor models were prepared by intravenous
inoculation of 5 x 10° A549 and SCC7 cells into 5-week-old BALB/c
nude male mice.

Although SCC7 is a murine cell line commonly used in syngeneic
models with immunocompetent mice, BALB/c nude mice were used in
this study to enable consistent comparison with the A549 human
xenograft model and to minimize immunological variability. The feasi-
bility of SCC7 tumor formation in immunodeficient mice has also been
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demonstrated in previous studies [41,42].

To visualize the distribution of particles, we fabricated DSPs using
1,1-dioctadecyl-3,3,3,3"-tetramethylindotricarbocyanine iodide (DiR), a
fluorescent dye that can mimic the distribution of DTX [43].

One week after cell injection, free DiR, DiR-SF-DSPs, or DiR-SS/SF-
DSPs were injected through the tail vein. The mice were sacrificed at
2h, 24 h, or 72 h post-injection. The major organs and tissues, including
lung, liver, spleen, kidney, and heart samples were collected and imaged
using a FOBI imaging system (Cellgentek, South Korea). At each time
point, five mice per group were analyzed (n = 5).

Fluorescence was quantitated to analyze the distribution of DiR-SS/
SF-DSPs using NEO image software.

2.10. In vivo therapeutic efficacy and systemic safety evaluation

The in vivo antitumor efficacy evaluation was carried out in A549 and
SCC7 lung metastatic tumor models in BALB/c nude mice. A549 and
SCC7 lung metastatic tumor-bearing mice were randomly divided into 4
groups: (a) control, (b) free DTX, (c) DTX-SF-DSPs, (d) DTX-SS/SF-DSPs.
On day 7 after the tumor cell injection, mice were injected via the tail
vein with saline, free DTX, DTX-SF-DSPs, or DTX-SS/SF-DSPs every
three days for a total of 9 times. The dose of DTX was administered 30 pg
equal to the amount loaded on DTX-SF-DSPs and DTX-SS/SF-DSPs. After
34 days of A549 and SCC7 cell injection, the mice were sacrificed, and
the lungs and tumors were isolated. The number of metastatic nodules
on the lung surface was measured under a dissecting microscope. For
survival analysis, the mice were monitored daily up to day 30 after
tumor cell inoculation, and the survival rate was calculated using the
Kaplan-Meier method. Body weight was also monitored daily during the
treatment period as an indicator of systemic toxicity. Each treatment
group consisted of five mice (n = 5).

2.11. Histopathological analysis

Dissected organs were fixed with 4 % paraformaldehyde for 24 h and
then paraffin-embedded using standard procedures. Sections were cut at
5 pm, dewaxed using hydration and xylene, and stained with hema-
toxylin and eosin (H&E). The H&E-stained sections were observed under
an inverted microscope (Olympus, Tokyo, Japan).

2.12. Statistical analysis

All data were expressed as mean + standard deviation (SD). All ex-
periments were conducted in quintuplicate (n = 5). One-way analysis of
variance (ANOVA) or unpaired two-tailed Student’s t-tests were used to
establish statistical significance using SigmaPlot 12.0 (Systat Software,
Inc., Chicago, IL, USA). Differences were considered statistically sig-
nificant at *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001.

3. Results
3.1. Fabrication and characterization of DSPs

We synthesized the discoidal silk protein-based microparticles using
silk sericin and silk fibroin extracted from silk cocoons (Fig. 1A). SS was
extracted by treating cocoons with distilled water at high temperatures.

Based on previous studies using similar autoclave-based extraction
methods, the molecular weight of silk sericin was estimated to range
from 20 to 200 kDa, while that of regenerated SF was approximately
350 kDa [44,45].

This extraction method is simple and environmentally friendly,
requiring no chemical reagents such as acids, bases, or enzymes, which
is particularly important in this study as the biological activity of sericin
needs to be preserved [44,45].

SF can be prepared by the filtration of SS-extracted solution using a
nanofiber membrane. DTX-SS/SF-DSPs were synthesized via a top-down
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Fig. 1. Fabrication and morphological characterization of particles. (A) Schematic of the fabrication of docetaxel-loaded discoidal silk protein particles (DTX-DSPs).
Silk sericin (SS) and silk fibroin (SF) proteins were extracted from cocoons of Bombyx mori silk worms. DTX-SS/SF-DSPs were produced via a top-down template-
based fabrication technique, mixing DTX, SS, and SF in a single polymer paste. (B) 'H nuclear magnetic resonance spectra of silk sericin (SS), silk fibroin (SF), and SS/
SF composites, with all major peaks labeled according to their corresponding amino acid residues. Morphological characterization of discoidal silk protein particles
(DSPs). Scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) images of (C) SF-DSPs, (D) SS/SF-DSPs, (E) DTX-SF-DSPs, and (F) DTX-
SS/SF-DSPs. Scale bar: 2 pm. (G) Drug loading content of DTX-SF-DSPs and DTX-SS/SF-DSPs according to the quantity of docetaxel (DTX). Data are presented as
mean + SD (n = 5 per group). Statistical analysis was performed by Student’s t-test, *p < 0.05, **p < 0.01.

template-based fabrication method using SS/SF composites.

In the 'H NMR spectra, characteristic peaks corresponding to major
amino acid residues in silk proteins—including Ala-CHs (~1.2 ppm),
Val/Leu-CHs (~1.6 ppm), Asp/Glu-CHy (~2.6 ppm), Gly-CHy (~3.3
ppm), Ser-CH,0H (~3.8 ppm), Tyr-ArH (~6.9 ppm), and amide-NH
(~7.8 ppm)—were consistently observed in SS, SF, and SS/SF compos-
ite samples without significant chemical shift changes. These findings
suggest that the SS and SF components were physically blended without
forming new covalent bonds, indicating successful incorporation of both
proteins in the composite formulation [46-48].

The morphology and size of the DSPs were determined using SEM
and confocal microscopy.

During the initial fabrication trials, we found that particles composed
solely of SS (SS-DSPs and DTX-SS-DSPs) could not be stably produced.
Due to SS’s strong water solubility and insufficient structural stability,
the matrix disintegrated during the aqueous PVA removal step, making
it impossible to recover intact particles. For this reason, SS-only groups
were excluded from further experiments.

The SEM images showed that SF-DSPs, SS/SF-DSPs, DTX-SF-DSPs,
and DTX-SS/SF-DSPs exhibited discoidal morphology with a uniform
size (Fig. 1C-F). Average particle sizes of the DSPs are summarized in
Table 1. The average sizes of the SF-DSPs and SS/SF-DSPs were 2.74 +
0.07 pm and 2.77 + 0.09 pm, respectively. The particle sizes of DTX-SF-
DSPs and DTX-SS/SF-DSPs were not significantly changed after drug
loading, implying that the intrinsic size of the DSPs was not considerably
altered by the incorporation of DTX.

The size distribution of each particle group was further evaluated by
dynamic light scattering (DLS), which showed narrow and unimodal
intensity profiles consistent with the SEM-based measurements (Fig. S3).

DSPs were optimized with varying DTX loadings to maximize the
drug content. As shown in Fig. 1G, the drug loading of DSPs increased

Table 1

Size, {-potential, drug loading content, and PDI of DSPs. Particle size, zeta po-
tential, drug loading content, and polydispersity index (PDI) for SF-DSPs, SS/SF-
DSPs, DTX-SF-DSPs, and DTX-SS/SF DSPs. Data are expressed as mean + SD (n

= 5 per group).

Size (d.pm) {-Potential (mV) Loading content PDI
(%)
SF-DSPs 2.74 £0.07 —29.03 + 0.53 - 0.162
SS/SF-DSPs 2.77 £0.09  —25.37 + 0.55 - 0.105
DTX-SF-DSPs 2.80 £0.06  —33.80 +0.29 36.16 + 3.37 0.084
DTX-SS/SF- 2.83+0.09 —31.60 + 0.29 29.02 + 4.09 0.118
DSPs

linearly with increasing DTX concentration and reached the highest
loading capacity at the DTX concentration of 30 mg. The maximum drug
loading content for DTX-SF-DSPs was 36.16 =+ 3.37 %, and for DTX-SS/
SF-DSPs it reached 29.71 + 4.34 %.

All experiments using DTX-loaded DSPs were conducted using par-
ticles fabricated with 30 mg of DTX, which corresponded to the
formulation with the highest drug loading content.

Zeta potentials represent the repulsion between the particles in the
dispersion. Values in the range of —20 to —40 mV indicated significant
electrostatic repulsion between particles, which reduces aggregation
and increases colloidal stability [29,30]. The zeta potentials of SF-DSPs
and SS/SF-DSPs were —29.03 + 0.53 mV and —25.37 + 0.55 mV,
respectively (Table 1). The zeta potential of DTX-DSPs exhibited a shift
towards a negative charge in comparison to DSPs, attributable to the
hydroxyl group of DTX [49]. These data indicated that DSPs are
appropriate for the drug delivery purpose due to their high drug loading
efficiency and stable colloidal form.

A polydispersity index (PDI) value lower than 0.1 indicates a
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homogeneous size distribution of particles [50]. The PDI value of all
DSPs was approximately 0.1, indicating that the size distribution of DSPs
was narrow and uniform. PDI results were consistent with visual in-
spection of the CLSM image (Table 1).

3.2. In vitro stability and drug release

Polymer stability and drug release kinetics were evaluated at pH 5.4,
reflecting the pH of the tumor microenvironment, and pH 7.4, reflecting
the normal physiological environment of the lung [51].

The stability studies of DSPs showed that these particles reduced in
size in a time-dependent manner (Fig. 2A). After 10 days, the average
size of SF-DSPs decreased by 30 % at pH 7.4, whereas about 40 % of SS/
SF-DSPs shrank within the same period. Moreover, the particle size of
SF-DSPs was reduced by 50 %, and SS/SF-DSPs by 60 % at pH 5.4. There
was no significant difference in stability before and after loading the
DTX. This may be because the amino acid structure of SF becomes un-
stable in acidic environments [52].

At pH 5.4, 100 % release of DTX was observed on day 2 for SS/SF-
DSPs, whereas 100 % release was observed on day 7 for SF-DSPs
(Fig. 2B). At pH 7.4, SS-DSPs and SS/SF-DSPs exhibited relatively
slower drug release compared to acidic pH. SF consisted of a highly

(A)

pH5.4

Normalized
Average particle size (%)
Normalized
Average particle size (%)
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organized p-sheet structure that contributes to mechanical strength and
stability [53]. This structure of SF allowed it to remain stable under
physiological conditions such as pH 7.4. However, in a weakly acidic
environment such as pH 5.4, the hydrogen bonds and hydrophobic in-
teractions within the f-sheet structure are weakened, causing the pro-
tein matrix to partially unfold and decreasing the stability [54]. In
addition, SS/SF-DSPs prepared by mixing SS and SF would have further
promoted drug release by reducing stability in an acidic environment
due to the hydrophilic components of SS.

This rapid release behavior observed at pH 5.4, with complete drug
release within two days, corresponds closely with the degradation
pattern seen in Fig. 2A, where a significant reduction in SS/SF-DSPs
particle count was noted. This suggests that the matrix disintegration
induced by acidic pH is a key driver of enhanced drug diffusion. The
presence of sericin—known for its hydrophilic nature and susceptibility
to hydrolysis—likely played a major role in accelerating this process, as
compared to SF alone. Similar findings have been reported in other
sericin- and silk fibroin-based drug delivery systems, where rapid release
under acidic conditions was observed [55,56].

This property of silk proteins may prevent the early release of drugs
from DSPs by maintaining the stable structure of particles at neutral pH,
but in the microenvironment of tumors exhibiting acidity, the particles
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Fig. 2. pH-dependent stability and drug release profiles of discoidal silk protein particles (DSPs) over 10 d. (A) Normalized average particle size (%) of SF-DSPs, SS/
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will decompose and release the drugs.

3.3. In vitro cytotoxicity

The cellular viability of DSPs and DTX-DSPs was investigated using
A549 non-small cell lung cancer cells and SCC7 squamous cell carci-
noma cells. As shown in Fig. 3A, DSPs exhibited a dose-dependent
cytotoxic effect when incubated for 24 h at concentrations up to 1
mg/mL. The SS, SF, and Blank DSPs showed similar cytotoxicity in both
A549 and SCC7 cells. Interestingly, the SS exhibited higher cytotoxicity
than SF and SF-DSPs but showed similar toxicity to SS/SF-DSPs, indi-
cating that SS further increases the cytotoxicity of particles. Sericin has
shown anticancer properties by inducing sub-G1 phase cell cycle arrest
and upregulation of the apoptotic signaling pathway in diverse tumor
cells [31,57]. These findings suggest that sericin possesses prospective
therapeutic applications for cancer treatment.

Cytotoxicity evaluation of DTX showed that the mortality of A549
cells exceeded 50 % when the concentration of free DTX was around
0.13 mg/mL (Fig. 3B). After 24 h of treatment with DTX, the viability of
SCC?7 cells was reduced to 50 % at concentration of 0.03 mg/mL, indi-
cating that SCC7 cells were more sensitive to DTX than A549 cells.

This ICsp value (~0.13 mg/mL) for free docetaxel in SCC7 cells is
consistent with previous studies reporting comparable cytotoxicity
under similar experimental conditions. For instance, Oh et al. demon-
strated that SCC7 cells treated with free docetaxel for 24 h exhibited
viability patterns indicative of an ICs in the range of 0.1-0.15 mg/mL,
supporting the reliability of our findings under serum-containing con-
ditions [58].

An increase in the concentration of DTX-SF-DSPs and DTX-SS/SF-
DSPs led to a decrease in the viability of the A549 and SCC7 cells in a
concentration-dependent manner. This result suggests that the more
DTXs are delivered to the cells, the greater the cytotoxicity [30]. The
inhibition rate of DTX-SS/SF-DSPs on the cell viability was significantly
higher than that of the DTX-SF-DSPs. Cell viability assay results showed
that a 0.25 mg/mL concentration of DTX-SF-DSPs reduced A549 cell
viability to 70 % compared to the control, whereas DTX-SS/SF-DSPs
reduced cell viability to 40 % at the same concentration. In SCC7
cells, at a concentration of 0.5 mg/mL, DTX-SF-DSPs reduced cell
viability to 50 % compared to the control, but DTX-SS/SF-DSPs
decreased to 35 %, and DTX-SS/SF-DSPs showed similar cytotoxicity
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to DTX. These cytotoxicity results would have been influenced by the
drug release characteristics of particles because DTX-SS/SF-DSPs release
drugs faster than DTX-SF-DSPs.

3.4. Ex-vivo biodistribution of DSPs

To evaluate the extent to which the DSPs can deliver DTX into tu-
mors, the ex vivo distribution of DSPs in lungs and major organs was
analyzed after DiR or DiR-labeled DSPs were injected into the SCC7 or
A549-bearing mice. DiR was used instead of DTX because it can effec-
tively mimic the biodistribution of DTX formulations [59]. As shown in
Fig. 4, in mice that were injected with free DiR, significant fluorescence
intensity was observed in the liver but very low in the lung at all time
points. Nanoscale lipophilic DiR accumulates more in the liver than in
other organs due to the large amount of blood supplied to the liver, and
specialized cells such as Kupffer cells efficiently capture and maintain
nanoparticles [51].

Mice injected with DiR-SF-DSPs and DiR-SS/SF-DSPs had a higher
distribution of DSPs in the lungs compared to mice injected with free
DiR. The fluorescence intensity of DiR-SF-DSPs and DiR-SS/SF-DSPs
peaked in the lungs approximately 2 h after intravenous injection,
whereas DSPs content slowly decreased over time. These results suggest
that the particles accumulate quickly in the lungs within 2 h, reducing
their distribution to other organs, thus having the potential to minimize
adverse effects. The in vivo distribution of DSPs was similar between the
two metastatic NSCLC models.

3.5. In vivo therapeutic efficacy and systemic safety of DSPs in lung
metastasis models

The anticancer properties of DTX-SF-DSPs and DTX-SS/SF-DSPs were
evaluated in lung metastatic models of A549 and SCC7 cells. The mice
were randomly grouped and then intravenously injected with DTX-SF-
DSPs and DTX-SS/SF-DSPs or free DTX at an identical dose to DTX-
DSPs (Fig. 5A).

After DTX-DSPs treatment, the lungs of mice were harvested, pho-
tographed, and tumor nodules were calculated. The tumor nodules of
the saline-treated group indicated the successful establishment of an in
vivo lung metastatic model using A549 or SCC7 cells (Fig. 5B). Quanti-
tative analysis showed that the average number of SCC7 cell lung
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Concentration (mg/ml)

scc7
B Docetaxel
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Fig. 3. Invitro cytotoxicity of DTX-DSPs on A549 and SCC7 cancer cell lines over time. (A) Cytotoxicity of SS, SF, SF DSPs, and SS/SF DSPs on A549 cells and SCC7.

(B) Cytotoxicity of DTX and DTX-loaded DSPs. Data are presented as mean + SD (n = 5 per group). Statistically significant differences: *p < 0.05, **p < 0.01,

0.005, and ****p < 0.001.
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Fig. 4. Ex vivo biodistribution of discoidal silk protein particles (DSPs) in a lung metastatic model.

Ex vivo biodistribution of discoidal silk protein particles (DSPs) in a lung metastasis mouse model established by tail vein injection of (A) A549 and (B) SCC7 cells.
Representative fluorescence images and semi-quantitative fluorescence intensity for in vivo distribution of free DiR, DiR-SF-DSPs, and DiR-SS/SF-DSPs were examined
at 2 h, 24 h, and 72 h post-injection. Data are presented as the mean + SD (n = 5 per group).

nodules in mice treated with DTX-SF-DSPs (11 + 1 nodules) or DTX-SS/
SF-DSPs (6 + 1 nodules) was significantly lower compared with those
treated with saline (75 + 3 nodules) and even lower than in the DTX-
treated group (21 + 1 nodules) (Fig. 5C). Notably, the DTX-SS/SF-
DSPs treatment group had a 92 % reduction in the mean number of
SCC7 tumor nodules compared to the saline-treated group (p < 0.001).
In the A549 lung metastatic model, the average number of tumor nod-
ules was reduced by 85 % in the DTX-SS/SF-DSPs treatment group
compared with the saline-treated group (p < 0.001). In the A549 and
SCC7 lung metastasis models, the number of tumor nodules after

treatment with DTX-SF-DSPs and DTX-SS/SF-DSPs was similar, respec-
tively (Fig. 5C).

Next, we analyzed the survival rates to further evaluate the efficacy
of the DTX-DSPs in the A549 and SCC7 lung metastasis models. The
median survival of the SCC7 lung metastatic model was 12 days in the
saline-treated group (Fig. 5D). However, the median survival of mice
was increased by DTX treatment to 24 days and also by DTX-SF-DSPs
treatment to 27 days. In the DTX-SS/SF-DSPs treatment group, 50 %
of the mice survived to day 30. In the A549 lung metastatic model, the
survival rates of mice in the DTX-SF-DSPs and DTX-SS/SF-DSPs
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Fig. 5. In vivo therapeutic efficacy and systemic toxicity evaluation of DTX-DSPs in A549 and SCC7 lung metastatic models. (A) Schematic representation of the
experimental timeline from tumor inoculation to treatment application. (B) Representative images of metastatic lung nodules harvested from mice that received
saline or docetaxel (DTX) or DTX-SF-DSPs or DTX-SS/SF-DSPs. (C) Quantitative analysis of tumor nodules in the lungs of the murine model of lung metastases. (D)
Kaplan-Meier survival analysis for the A549 and SCC7 lung metastatic model treated with DTX-DSPs, with 30 days week follow up. (E) Body weight changes in A549
and SCC7 tumor-bearing mice monitored throughout the treatment period to assess systemic toxicity. Data are given as the mean + SD (n = 5 per group). Statistically

significant differences: *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001.

treatment groups were 50 % and 60 % at 30 days after treatment,
respectively. The survival curves in the DTX-DSPs treatment groups
showed that the A549 cell- and the SCC7 cell-induced model had
different survival rates. Human and mouse cells have different physio-
logical characteristics, which may affect the therapeutic efficacy of the
cancer drug [40]. A549 cells are derived from human non-small cell lung
cancer, whereas SCC7 cells are derived from mouse squamous cell car-
cinoma. Therefore, the treatment outcome may vary depending on the
specific type of cancer. In addition, body weight changes were moni-
tored throughout the treatment period as an indicator of systemic
toxicity (Fig. 5E). No significant body weight loss was observed in any
group, and mice treated with DTX-SS/SF-DSPs maintained the most
stable body weight, indicating good systemic tolerability of the

formulation.

3.6. In vivo toxicity of DSPs

The potential in vivo toxicity of the DTX-DSPs was evaluated by
monitoring body weight and histopathological evaluation of the major
organs. As shown in Fig. 5E, no significant body weight loss was
observed over the course of the treatment, indicating that DTX-DSPs
have low systemic toxicity under the given dosing regimen. Histopath-
ological analysis of major organs, including the lungs, liver, spleen,
kidneys, and heart, was performed to evaluate the tissue damage, in-
flammatory responses, and structural changes caused by the adminis-
tration of DTX-SF-DSPs and DTX-SS/SF-DSPs. Representative H&E
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staining images showing the tissue morphology and inflammatory
response of each experimental group are shown in Fig. 6. In the saline-
treated group, the alveolar space of the lung tissue decreased and in-
flammatory responses were observed. This result suggests that tissue
damage was caused by the growth or inflammation of cancer cells.
However, in the free DTX, DTX-SF-DSPs, and DTX-SS/SF-DSPs groups,
alveolar space was maintained similar to that of normal mice, and a
significant decrease in inflammation was observed when compared to
the saline-treated group. Preservation of alveolar space and reduced
inflammatory response in lung tissue are likely due to the combined
effects of slow degradation of SF and anti-inflammatory properties of SS.
No sign of toxicity was observed in the liver, spleen, kidney, and heart of
mice in DTX-DSPs treatment group. Similar results were observed in
both the A549 and SCC7 lung metastatic models, indicating that the
DSPs do not cause toxicity in the non-target organs.

4. Discussion

Chemotherapy drugs including cisplatin, carboplatin, paclitaxel,
docetaxel, gemcitabine, and vinorelbine are used as primary treatment
options for non-small cell lung cancer (NSCLC) [60,61]. However,
chemotherapy drugs can cause significant adverse effects. The adverse
effects often worsen when the drug is systemically distributed
throughout the body, so drugs should be delivered intensively only to
the target tumors. Drug delivery systems are being utilized as important
strategies to improve these problems. Recently, research on the devel-
opment of drug delivery systems using natural products has been
actively conducted, and silk proteins are especially attracting attention
for their biocompatibility, biodegradability, and low toxicity [22].
Docetaxel has been widely used as a first- and second-line treatment for
NSCLC, however owing to its systemic toxicity and short half-life in the
body, the efficiency and biocompatibility of DTX need to be improved
[62]. In the present study, we prepared micro-sized discoidal particles
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that were expected to achieve the lung-targeted delivery of DTX using
silk proteins composed of silk sericin and silk fibroin. We compared the
biocompatibility and therapeutic efficacy between SF-DSPs made from
silk fibroin with strong mechanical strength and SS/SF-DSPs made by
mixing SF with silk sericin having hydrophilicity and anticancer effects.

The successful formulation of SS/SF-DSPs was further supported by
'H NMR spectroscopy, which revealed that the characteristic peaks of
key amino acid residues—such as Ala, Val, Asp, Gly, Ser, and
Tyr—appeared consistently across SS, SF, and SS/SF composite samples.
The absence of significant chemical shift changes among them indicates
that the proteins were physically blended rather than chemically
modified. This implies that each protein component retained its intrinsic
properties within a stable and uniform composite matrix [46-48].

In drug release tests, SS/SF-DSPs released docetaxel faster than SF-
DSPs, and at acidic pH (pH 5.4), drugs were released faster than at
neutral pH (pH 7.4). In a neutral environment, the -sheet structure of SF
remained stable, allowing the drug to be slowly released, minimizing
toxicity to normal tissues.

In contrast, in an acidic environment, the destabilization of the silk
matrix was facilitated by the hydrophilic and acid-labile nature of SS,
while the p-sheet structure of SF was partially disrupted due to weak-
ened hydrogen bonding and hydrophobic interactions, rather than di-
sulfide bond cleavage [44,45].

This suggests that selective drug release can be induced in the acidic
microenvironment of tumor cells, thereby enhancing the therapeutic
efficacy of chemotherapy drugs.

Although the B-sheet content of silk fibroin is known to increase
under acidic conditions, the faster drug release observed at pH 5.4 may
be attributed to the higher solubility and acid-labile nature of sericin. In
addition, mildly acidic conditions can weaken hydrogen bonding and
promote hydrolytic cleavage within the silk matrix, which together may
destabilize the structure and enhance water penetration. These effects
likely outweigh the stabilizing influence of p-sheet formation, resulting
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Fig. 6. Histopathological evaluation of major organs following treatment with docetaxel-loaded discoidal silk particles (DTX-DSPs) in lung metastasis models.
Representative H&E-stained images of the lung, liver, spleen, kidney, and heart from (A) A549 and (B) SCC7 tumor-bearing mice after treatment with Saline,

Docetaxel, DTX-SF-DSPs, and DTX-SS/SF-DSPs. Scale bars: 100 pm.
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in accelerated release at low pH [63,64].

In the cytotoxicity evaluation, a similar decrease in cell viability was
observed in both human-derived A549 cells and mouse-derived SCC7
cells, which demonstrates the reliability and reproducibility of DSPs.

In cytotoxicity assays, DTX-SS/SF-DSPs showed greater cancer cell
killing than DTX-SF-DSPs or free DTX, suggesting that the incorporation
of sericin enhanced the therapeutic potency of the particles through
both physicochemical and biological mechanisms. The hydrophilic na-
ture of sericin facilitated faster drug release in the acidic tumor micro-
environment, as demonstrated by our pH-responsive release profile. This
accelerated release likely enhanced docetaxel bioavailability at the
tumor site and contributed to the improved cytotoxic outcomes.

Beyond drug delivery, sericin itself exhibited intrinsic anticancer
activity that synergized with the effect of docetaxel. Specifically, sericin
has been shown to elevate intracellular levels of reactive oxygen species
(ROS), leading to mitochondrial membrane depolarization, cytochrome
c release, and activation of the intrinsic apoptosis pathway through
caspase-3 and caspase-9. Sericin also regulates the expression of key
apoptotic proteins, upregulating pro-apoptotic Bax while down-
regulating anti-apoptotic Bcl-2. Furthermore, it induces cell cycle arrest
in the GO/G1 or S-phase by modulating cell cycle-related proteins and
inhibits cancer-associated signaling pathways such as PI3K/AKT/mTOR,
MAPK, and NF-kB [31,65,66]. These mechanisms suggest that sericin
not only functions as a structural matrix but actively contributes to
tumor suppression at the molecular level.

Given their ~3 pm size and discoidal geometry, SS/SF-DSPs are
unlikely to undergo internalization by non-phagocytic cancer cells.
Instead, these particles preferentially adhere to the tumor cell surface
and facilitate the localized release of docetaxel, enabling passive diffu-
sion of the free drug into cells to elicit cytotoxic effects. This proposed
mechanism is supported by our previous study employing DOX-loaded
discoidal microparticles, which exhibited potent antitumor efficacy in
the absence of cellular internalization, as well as earlier reports
demonstrating that discoidal particles tend to marginate and interact
with vascular walls rather than being endocytosed [67,68].

Notably, despite releasing only approximately 40 % of the loaded
docetaxel within 24 h at pH 5.4, DTX-SS/SF-DSPs achieved cytotoxicity
comparable to or greater than that of free DTX. This suggests that partial
yet sustained exposure of cancer cells to the drug—combined with the
intrinsic anticancer properties of sericin—was sufficient to induce strong
therapeutic effects. In this context, the spatial and temporal delivery
advantages of the microparticle system may outweigh the need for rapid
or complete release within a short time frame [68-70].

In addition to these cellular-level mechanisms, recent studies have
indicated that both docetaxel and sericin may influence oncogenic
pathways critically involved in lung cancer progression and tumori-
genesis. For instance, the PI3K/AKT/mTOR, MAPK, and NF-xB path-
ways regulate tumor initiation, proliferation, angiogenesis, and immune
evasion in NSCLC [70-72]. Previous reports have shown that DTX and
sericin can inhibit these pathways, suggesting that our DTX-SS/SF-DSPs
may suppress tumor development by modulating these molecular
signaling axes [71,73]. Based on these findings, we hypothesize that
DTX-DSPs not only induce direct cytotoxicity but also intervene in
molecular programs that drive tumor progression. To test this, we plan
to conduct mechanistic studies such as western blotting, qPCR, and
transcriptomic profiling to assess pathway inhibition in NSCLC cell lines
(e.g., A549, H460). These investigations will help clarify how DTX-DSPs
contribute to lung cancer suppression at a systems level.

Cell viability data showed that DTX-SS/SF-DSPs was more cytotoxic
than the DTX-SF-DSPs, which would have synergized the microtubule-
stabilizing effects of DTX and the anticancer effect of SS.

Biodistribution studies showed that fluorescent-loaded SS/SF-DSPs
rapidly accumulated in the lung tissue, with low accumulation rates in
non-target organs including liver and kidney. This is because the SS/SF-
DSPs have a discoid shape and are 3 pm in size, which promotes lateral
drift in the bloodstream, thereby increasing the accumulation efficiency
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in lung tissue [74].

In particular, discoidal particles around 3 pm in diameter are known
to be passively retained in the lungs due to their physical entrapment
within the narrow capillaries of the pulmonary circulation. Their size
and shape promote margination toward the vessel walls, leading to
enhanced accumulation in lung tissue following intravenous injection
[68]. Furthermore, non-spherical particles with diameters of 3 pm or
larger are phagocytosed less efficiently by hepatic Kupffer cells
compared to smaller or spherical particles, owing to their unfavorable
curvature for membrane wrapping and internalization [69]. In addition,
previous studies from our group have validated the safety and
lung-targeting efficacy of 3 pm discoidal particles following IV injection
in various disease models, including pulmonary fibrosis and lung
metastasis [42,67,74,75].

The anticancer efficacy and survival rate analysis revealed that the
treatment of DTX-SS/SF-DSPs significantly reduced the number of
metastatic tumor nodules and improved survival rate compared to free
DTX and DTX-SF DSPs in the SCC7 and A549 lung metastasis models.
Histopathological analysis revealed that the treatment of DTX-SS/SF-
DSPs decreased the inflammation and maintenance of lung tissue
structure compared to the saline-treated A549 and SCC7 lung metastasis
models. No signs of toxicity were observed in non-target organs, indi-
cating the excellent safety of DTX-DSPs. These results demonstrated that
DSPs improved bioavailability, concentration at target organ, and
therapeutic efficiency of docetaxel.

In the present study, we have shown that a micro-sized discoidal
drug delivery system made of silk protein exhibits great potential as
lung-targeted drug delivery system in the treatment of lung cancer. In
particular, this study has shown the potential of DSPs to alleviate side
effects and enhance the therapeutic efficacy of chemotherapeutic drugs
through high biocompatibility and pH-dependent drug release. In
addition, DSPs are expected to become a customized drug delivery
system that can be applied to the treatment of not only lung cancer but
also various lung diseases.
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