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Abstract

Bombyx mori (B. mori) silk fibroin and sericin can act as a great candidate in delivering drugs or
other bioactive substances. Silica also has a great application in the field of drug delivery. To the
best of our knowledge, there has been no report on the design of a nanocomposite made of silk
protein and silica for drug delivery. Here, for the first time, we used B. mori silk fibroin (SF) and
sericin (SS), self-assembled into nanospheres and nanofibers in situ in the aqueous solution,
respectively, as a biotemplate to regulate the nucleation and self-assembly of silica for designing
anticancer drug delivery. SF and SS mediated the nucleation and assembly of silica into
monodispersed nanospheres (termed Si/SF) and nanofibers (termed Si/SS), respectively. The size
and topography of the silica assemblies were dependent on the concentration of SF or SS as well
as reaction conditions. Both Si/SF nanospheres and Si/SS nanofibers showed a high loading
capability and sustained release profile of an anticancer drug, doxorubicin (DOX), in vitro. Si/SF
nanospheres were found to be efficiently internalized in human cervical carcinoma (HeLa) cells
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and accumulate around the cell nuclei. Si/SS nanofibers could only adhere to the surface of the
cancer cells. This indicates that DOX-loaded Si/SF nanospheres and Si/SS nanofibers are more
Effective in cancer therapy than free DOX. Our results suggest that the self-assembled Si/SF
spheres and Si/SS nanofibers are potential Effective anticancer drug carriers.
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1. INTRODUCTION

Silica nanomaterials have been extensively applied in a large variety of fields, including
electronics, energy, catalysis, biology, and medicine due to their excellent electronic/
mechanical properties, high surface-to-volume ratios, improved multi-functionality, as well
as favorable biocompatibility.1~* Recently, increasing attention has been paid to silica
nanomaterials for biomedical applications, especially cancer therapy, because they can act as
an efficient drug carrier to transport and release drug owing to their high drug loading
capacity, biocompatibility, and easy modification.>~7 Usually, traditional anticancer drugs
such as doxorubicin (DOX) molecules are easily eliminated via renal clearance or
distributed in normal tissues. In contrast, silica nanomaterials can deliver anticancer drugs to
the tumor, resulting in increased therapeutic efficiency.8 For improving the performance of
silica nanomaterials in drug delivery, much effort has been made to design silica in the forms
of nanowires, nanofibers, or nanospheres with Different architectures such as hollow, bell-
ring, or rod-like structures.9-13

Silk fibroin (SF) and sericin (SS) derived from the Bombyx mori (B. mori) silkworm have
biocompatibility, controllable biodegradability, and excellent plasticity.1* Both SF and SS
can act as drug carriers by exhibiting high encapsulation efficacy and controllable drug
release kinetics.2>-17 In addition, the acidic amino acids included in the primary structure of
SF and SS can bind cations, which drives their self-assembly.18:19 Our previous studies have
used SF and SS as biotemplates to mediate the nucleation of hydroxyapatite crystals to
mimic natural biomineralization.29-21 Inspired by these findings, we hypothesized that SF
and SS could be used as templates to regulate the nucleation and self-assembly of silica to
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form silica/silk nanocomposites for drug delivery. To the best of our knowledge, there has
been no report on the design of a nanocomposite of silk protein and silica for drug delivery.

To test our hypothesis, we first extracted aqueous SF and SS from B. mori silkworm
cocoons. Since SF and SS have negative surface zeta potentials and abundant hydroxyl
groups, we anticipated that 3-aminopropyl triethoxysilane (APTES) could interact with SS
or SF through electrostatic attraction or hydrogen bonds, which in turn would trigger the
nucleation and growth of silica. In addition, we speculated that the topography of
biotemplates could determine the morphology of self-assembled silica and subsequent drug
delivery ability. Therefore, we chose SF in the form of nanospheres and SS in the form of
nanofibers as a biotemplate (Figure S1) because SF and SS tend to self-assemble into
nanosphere and nanofiber in aqueous solution, respectively. Hence, as illustrated in Figure 1,
APTES would be first assembled on the surface of SF nanospheres or SS nanofibers to
trigger the nucleation of silica. After the addition of tetraethylorthosilicate (TEOS), the main
precursor of silica, the resultant silica nuclei accelerated the hydrolysis of TEQS, leading to
further silica growth. Finally, silica nanospheres and silica nanofibers mediated by SF and
SS would be obtained, respectively. The drug loading and release of the resultant silica/SF
nanospheres (Si/SF) and silica/SS nanofibers (Si/SS) were tested using DOX as a model
anticancer drug. The cytotoxicity of Si/SF and Si/SS against human cervical carcinoma
(HeLa) cells was also compared.

2. MATERIALS AND METHODS

2.1. Materials

B. morisilkworm cocoons were purchased from the Zhejiang Academy of Sericulture,
China. 3-Aminopropyl triethoxysilane (APTES), tetraethylorthosilicate (TEOS), Rhodamine
B isothiocyanate (RITC), fluorescein isothiocyanate (FITC), paclitaxel (PTX), and DOX
were of analytical grade and purchased from Aladdin Reagents Co., Ltd. (China). Fetal
bovine serum (FBS) and 0.25% trypsin were purchased from Invitrogen. Dulbecco’s
modified Eagle’s medium (DMEM) and 1% penicillin—streptomycin were purchased from
Gibco. HeLa cells were purchased from the cell bank of Chinese Academy of Sciences.

2.2. Preparation of Aqueous SF and SS Solution

An aqueous SF solution was prepared according to the previously reported procedure.?2
Briefly, small pieces of B. mori cocoons were boiled for 30 min in an aqueous solution with
0.5 wt % Na,CO3 to degum the SS. The degumming course was repeated twice. Then the
degummed silk fiber was dissolved in 9.3 M LiBr solution. The solution was transferred into
a dialysis bag with a molecular cutoff at 8000-14 000 Da and dialyzed against deionized
water for 3 days to remove the residual salt ions. Deionized water was kept fresh during
dialysis. The dialysis solution was centrifuged at 8000 rpm for 10 min to remove impurities.
Finally, the supernatant was collected to form the aqueous SF solution. The concentration of
SF was adjusted to the value required by experiments.

Preparation of aqueous SS solution was performed by following the reported procedure.23
Specifically, B. mori cocoons were cut into small pieces, which were further washed with
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deionized water to remove impurities. The washed cocoon pieces were placed into a beaker,
to which 30-fold deionized water was then added. Subsequently, the beaker was heated in an
autoclave with a temperature of 120 °C for 30 min to extract SS. The aqueous SS solution
was generated by collecting the supernatant. After concentrated by using a rotary evaporator,
the aqueous SS solution was stored at 4 °C. The SS concentration was adjusted as needed
prior to use.

2.3. Silk Protein-Mediated Nucleation and Self-Assembly of Silica to Form Si/SF
Nanospheres and Si/SS Nanofibers

The nucleation and self-assembly of silica mediated by SF and SS were carried out by
following our earlier methods developed for other biotemplates.242° Briefly, 5 mL of SF or
SS solution with various concentrations (0.01, 0.1, 1, and 10 mg/mL) was precooled for 30
min in an ice—water bath. In the solution, SF or SS was self-assembled into nanospheres or
nanofibers, respectively. Then, APTES with Different volumes (1, 2, and 5 z1.) was
dropwise added into the aqueous SF or SS solution. After gently mixed on a vortex, the
reaction solution was kept in an ice—water bath for 5 min. After that, TEOS with Different
volumes (5, 10, and 20 £1) was added and agitated for 3 min. The mixture solution
remained in the ice—water bath for another 15 min. The resulting mixture was allowed to be
aged at room temperature for 24 h. After white floccules appeared, the reaction system was
centrifuged and washed with ethanol and deionized water twice each. Finally, clean
specimens were obtained after being freeze-dried.

2.4. Characterization of Si/SF Nanospheres and Si/SS Nanofibers

The morphologies of the assembled silica nanocomposites were characterized using
transmission electron microscopy (TEM, JEM-1200EX, JEOL) and scanning electron
microscopy (SEM, SU8010, Hitachi). The samples were first resuspended with deionized
water and then sonicated for 5 min to scatter the assembled silica composites. After being
diluted 10 times with water, 10 4L of solution was, respectively, dropped on a silica wafer
for SEM observation and on a copper grid for TEM observation. The samples were coated
with gold before SEM observation and imaging. Calcination of silica nanocomposites was
carried out at 550 °C for 2 h. The thermogravimetric analysis (TGA) of silica composites
was measured with a thermogravimetric analyzer (DTG-60A, Shimadzu, Japan). The
measurements were performed with a temperature ranging from 40 to 600 °C. The
secondary structures of silica composites were measured with a Fourier transform infrared
spectrometer (FTIR-8400S, Shimadzu, Japan). Before measurements, the samples were first
freeze-dried for 24 h. Then, 2 mg of dried samples was mixed with 200 mg of KBr and
pressed into discs. The measurements were performed with the wavenumber ranging from
400 to 4000 cm™L. The surface zeta potentials of silk protein solutions before and after
regulating the nucleation and self-assembly of silica were monitored and analyzed using a
Nano Particle Analyzer (Zetasizer, Malvern, UK). The morphology of fresh SF and SS was
characterized with atomic force microscopy (AFM, MultiMode, VEECO, U.S.A.) in tapping
mode. The appearance of assembled silica nanocomposites after storage for 7 days at room
temperature was recorded with a camera. The size and dispersibility of nanoparticles were
monitored and analyzed using a Nano Particle Analyzer (Zetasizer, Malvern, UK).
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2.5. Loading and Release of DOX by Si/SF Nanospheres and Si/SS Nanofibers in Vitro

To test the drug loading capability of silica—protein nanocomposites, we incubated Si/SF and
Si/SS with DOX at various concentrations in the mixing solution. Briefly, 1 mg of
lyophilized Si/SF or Si/SS was added into 2 mL of aqueous solution of DOX with a
concentration ranging from 0.05 through 0.1, 0.2, 0.3, and 0.4 to 0.5 mg/mL. The mass ratio
of DOX to Si/SF and Si/SS gradually increased. The mixtures were shaken in the dark for 24
h at room temperature. The products were collected by centrifugation at 6000 rpm for 5 min
and washed with deionized water three times. All of the supernatants were collected. The
amount of DOX in the supernatants was determined by measuring the absorbance at 490 nm
using a microplate reader. The loaded drug content was calculated by using the following
equation

drugloading (%)= w x 100%

where Wd represents the total weight of DOX used in the reaction; Wr is the weight of DOX
in the supernatant; and Ws is the total weight of Si/SF or Si/SS loaded with DOX.

To test DOX release, 2.5 mg of DOX-loaded Si/SF or Si/SS was added into 2 mL of
phosphate-buffered saline (PBS) solution (pH 7.4) and 2 mL of acetic acid—sodium acetate
(Ac—AcNa, pH 5.4) solution, respectively. At predetermined time points, 0.5 mL of buffer
solution was taken out, followed by adding 0.5 mL of fresh buffer solution to keep the
release system for continued drug release. The concentration of released DOX was measured
by a microplate reader. Finally, the cumulative release amounts of DOX were calculated, and
the release curves against time were drawn.

In addition, another anticancer drug, paclitaxel (PTX), was also used to test the loading
ability of silica nanocomposite carriers. PTX is a naturally occurring anticancer drug. It can
inhibit the mitosis and proliferation of tumor cells and in turn cause cell death.26:27 Different
from DOX, PTX is highly hydrophobic. We first dissolved 1 mg of PTX in 2 mL of
methanol. Then 1 mg of Si/SF and Si/SS were added into PTX solution, respectively, and
dispersed with an ultrasonic method. After the mixture was shaken for 24 h, the total
supernatants were collected by centrifugation and washed for a few times. The concentration
of PTX in the supernatant was determined by high-performance liquid chromatography
(HPLC) with UV detection at 227 nm.28 The loading efficiency of PTX in Si/SF and Si/SS
was calculated by the same method as DOX.

2.6. Cellular Uptake of Si/SF Nanospheres and Si/SS Nanofibers

For investigating cellular localization of silica composites, Si/SF and Si/SS were labeled
with fluorescein isothiocyanate (FITC) and rodamine B isothiocynate (RITC), respectively,
following the reported procedures.?%-31 We chose HeLa cells as model cancer cells to study
the cellular uptake of silica composites. The cells were cultured in DMEM and
supplemented with 10% FBS and 1% penicillin-streptomycin. According to the reported
procedure,32 HeL a cells were first seeded in a 24-well plate with coverslips at 5 x 104 cells/
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well to allow the cells to attach. After the cells were cultured for 24 h, the media were
removed, and the cells were replenished with 1 mL of DMEM-FBS containing FITC-labeled
Si/SF or RITC-labeled Si/SS (20 pg/mL). After incubation for 2 and 12 h, respectively, the
media was removed and washed with PBS 3 times. Finally, the coverslips were taken out
from 24-well plates and placed under a laser scanning confocal microscope (LSCM, ZEISS
LSM780). Furthermore, TEM images of HeLa cells after cultured with silica particles for 12
h were observed.

2.7. In Vitro Cytotoxicity of Si/SF and Si/SS

HeLa cells were seeded in a 96-well plate at a density of 1 x 10* cells/well and cultured in
5% CO, at 37 °C for 24 h. To test the cytotoxicity of the silica—protein nanocomposites,
Si/SF and Si/SS were added into each well with a concentration ranging from 0.1 through
0.2, 0.4, 0.8, to 1 mg/mL. In addition, the cell viability of Si/SF and Si/SS was determined
by using Cell Titer 96 Aqueous One Solution cell proliferation (MTS) assay according to the
manufacturer’s protocol (Promega). After being cultured for 24 h, fresh culture medium was
refreshed, and 20 yL of MTS was added to each well. After an additional incubation period
of 4 h, the absorbance of each well was determined at 490 nm. To assess the influence of the
drug release on HeLa cells, DOX-loaded Si/SF and DOX-loaded Si/SS having a DOX
concentration varying from 0.2 through 0.5, 1 to 2 pg/mL were added into each well seeded
with HeL a cells. Considering the sustained release of DOX, the concentration of DOX was
defined as the total amounts of DOX released from carriers at an acidic environment after 7
days. Free DOX was used as a control. After cultured for 1, 2, 3, and 5 days, the cell
viability of each well was determined with MTS assay.

2.8. Statistical Analysis

Data were presented as mean values + standard deviation (SD), 7= 3. Differences between
groups were considered statistically significant at p < 0.05 and highly significant at p< 0.01.

3. RESULTS AND DISCUSSION

3.1. Nucleation and Self-Assembly of Silica on Silk Proteins to Form Si/SF Nanospheres
and Si/SS Nano-fibers

This study aimed to utilize SF nanospheres and SS nanofibers (Figure S1) as biotemplates
for regulating the nucleation and self-assembly of silica to form Si/SF nano-spheres and
Si/SS nanofibers, respectively. We first determined a suitable concentration of SF and SS
that can trigger the nucleation of silica. We found that SF having a concentration from 0.1
mg/mL to 10 mg/mL can form nanospheres (Figure S1) and in turn induce the nucleation
and self-assembly of silica into nanospheres. As compared to the control, where the pure
silica spheres (Figure 2A) having a diameter at about 500 nm were formed in the absence of
SF, SF at the concentration of 0.1 mg/mL resulted in the nucleation and self-assembly of
silica into Si/SF composite nanospheres with a diameter of 100 nm (Figure 2B). The
diameter of Si/SF nanospheres decreased to 50 nm by increasing the concentration of SF to
1 mg/mL (Figure 2C). This is because an increase in the concentration of SF means more
templates involved in triggering the nucleation and self-assembly of silica into nanospheres.
Interestingly, when the concentration of SF increased to 10 mg/mL, the diameter of Si/SF
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spheres increased to 200 nm (Figure 2D), probably due to the hydrogen bonding interaction
between Si/SF and SF or the aggregation of SF nanospheres (Figure S1). In addition, the
presence of hollow cores in the calcined Si/SF nanospheres (Figure S2) proved that SF
nanospheres indeed act as a biotemplate to regulate the nucleation of silica surrounding
them. TGA analysis also indicated that the Si/SF nanocomposite was composed of silica and
SF, further proving that SF is present in the nanospheres (Figure S2). In the case of SS, the
concentration of 0.1 and 1 mg/mL could induce the SS-templated formation of Si/SS
nanofibers (Figure 2E,F). Especially, SS having a concentration of 0.1 mg/mL induced Si/SS
pearl necklace-like nanofibers. We believe that an array of separated silica nuclei was first
deposited on the surface of SS nanofibers, and the subsequent growth of silica nuclei on the
SS nanofibers continued until neighboring growing silica domains met each other.
Therefore, Figure 2 proved our hypothesis that self-assembled SF nanospheres and SS
nanofibers can regulate the nucleation and self-assembly of silica into the Si/SF nanospheres
and Si/SS nanofibers as illustrated in Figure 1.

Furthermore, FT-IR spectra (Figure S3) presented peaks at 1055 and 800 cm™1, which can be
assigned to the Si—O bond, and peaks at 1645 cm~1 and 1530 cm™1, which are contributed
by the amide | and amide Il of the silk protein (SF and SS), respectively. The FT-IR data
further confirmed the formation of Si/SF nanospheres and Si/SS nanofibers. The zeta
potential of SF, SS, and Si/SF nanospheres and Si/SS nanofibers and control (Figure S4)
supported that electrostatic attraction between SF or SS and silica plays an important role in
the nucleation of silica during the formation of Si/SF spheres and Si/SS nanofibers.
Furthermore, the resultant Si/SF nanospheres and Si/SS nanofibers exhibited positive zeta
potential, indicating that they can load the model anticancer drug, DOX, through
electrostatic attraction. In turn, the positive zeta potential prevented Si/SF nanospheres and
Si/SS nanofibers from being aggregated in the buffer solution. After the solutions were
stored at room temperature for 7 days, neither precipitation nor size and dispersibility
change were observed (Figure S5), proving that the aqueous solutions of Si/SF nanospheres
and Si/SS nanofibers are stable.

3.2. Effect of APTES and TEOS Concentration on the Morphology of Si/SF Nanospheres
and Si/SS Nanofibers

APTES and TEOS are key reagents involved in the synthesis of silica.32-3% Hence, we
investigated the impact of APTES and TEOS on the morphology of Si/SF nanospheres and
Si/SS nanofibers. In order to figure out whether TEOS could affect the nucleation and
assembly of silica, we used SF nanospheres as a model template. The concentration of SF
and the volume of APTES were fixed at 0.1 mg/mL and 5 z1, respectively, with the volume
of TEOS changed from 5 zL through 10 g to 20 L. As shown in Figure 3, the dimension
and distribution of Si/SF nanospheres were dependent on the volume of TEOS. At a
condition using 5 1 of TEQS, Si/SF nanospheres appeared inhomogeneous (Figure 3A).
When TEOS amount was increased to 10 /L, Si/SF nanospheres tended to be regular and
bear a rough surface and a diameter of about 150 nm (Figure 3B). However, when the TEOS
volume was increased to 20 gL, Si/SF nanospheres turned out to become irregular with the
appearance of dot-like particles covering the surface (Figure 3C). Thus, 10 /L of TEOS
might be an optimal condition for the synthesis of Si/SF nanospheres.
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The conditions of APTES were optimized by using SS as a testing template. Figure 4
indicated the morphology of Si/SS nanofibers by varying the volume of APTES from 1 /L,
2 4L, t05 4. The TEM images showed a hollow channel inside each Si/SS nanofiber,
which is the footprint of the SS nanofiber template. The silica nanoparticles are nucleated on
the SS templates and then assembled along the SS templates, forming Si/SS nanofibers
(Figure 4A—-C). When the volume of the APTES was 1 /1, Si/SS nanofibers were short and
discrete. By increasing the volume of APTES to 2 gL and 5 zL, Si/SS nanofibers tended to
become longer. In particular, 5 gL of APTES resulted in the formation of bigger silica
particles. SEM images (Figure 4D,E) further proved that longer nanofibers were formed
with silica particles assembled on the surface in the case of using an APTES volume of 2 /L
and 5 /L.

3.3. Drug Loading and Release of Si/SF Nanospheres and Si/SS Nanofibers

We selected the Si/SF nanospheres in Figure 2B and Si/SS nanofibers in Figure 4B as drug
carries for testing the drug loading and release because their diameters are less than 200 nm.
The drug loading efficiency gradually increased with the increase in the mass ratio of drugs
and carriers, similar to other reports.36-38 After the nanocomposites were mixed with DOX
for 24 h, the highest amount of drug loaded in the Si/SF and Si/SS reached 29% and 33%,
respectively (Figure 5A). Si/SF and Si/SS showed a similar drug loading capacity. This
loading efficiency was much higher than that for the reported drug delivery systems based
on silica nanoparticles (mostly less than 10%)3%42 and silk protein drug carriers.43:44
Furthermore, we found that the amount of hydrophobic drug, PTX, loaded in the Si/SF and
Si/SS reached 7.03 + 0.9% and 8.45 + 0.8%, respectively. The loading efficiency was also
higher than that for the conventional hydrophobic drug delivery agents.*>47 The results
indicated Si/SF nanospheres and Si/SS nanofibers can load either hydrophilic or
hydrophobic anticancer drugs. This might be attributed to the dual drug delivery abilities of
silk proteins and large surface area of nanocomposite silica spheres and fibers.

Furthermore, LSCM images showed Si/SF nanospheres and Si/SS nanofibers labeled with
FITC-emitted green fluorescence (Figure S6). After loading with DOX that has red
fluorescence, fluorescence was changed to be yellow, further proving that DOX can be
successfully loaded into Si/SF nanospheres and Si/SS nanofibers.

In addition, DOX release was tested in a buffered solution of two Different pH values (7.4
and 5.4). Figure 5 showed a burst release of DOX from Si/SF and Si/SS at the initial stage at
pH 5.4. In contrast, Si/SF nanospheres and Si/SS nanofibers showed a slow release sustained
at pH 7.4 up to 1 week. After 1 week, both Si/SF nanospheres and Si/SS nanofibers released
nearly 75% of loaded DOX at pH 5.4. However, they released only 20% of loaded DOX at
pH 7.4. We assumed that a condition of pH 5.4 induced the disruption of electrostatic
attraction between DOX and its carrier (Si/SF nanospheres or Si/SS nanofibers), which
further leads to the burst release of DOX. However, a condition of pH 7.4 did not favor such
disruption and thus resulted in a less Effective release. This means that Si/SF and Si/SS can
Effectively release drug in treating cancer because the tumor microenvironment is acidic
with a pH value close to 5.4. Interestingly, Si/SF spheres and Si/SS nanofibers demonstrated
a similar DOX release profile.
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3.4. Cellular Uptake of Si/SF Nanospheres and Si/SS Nanofibers

We used FITC-labeled Si/SF nanospheres and RITC-labeled Si/SS nanofibers to coculture
with HeLa cells for investigating the cell uptake and localization of drug carriers. As shown
in Figure 6, after the cells were cultured for 2 h, few Si/SF nanospheres entered the cells. By
a culture time of 12 h, most Si/SF spheres crossed the cell membrane and accumulated
around the cell nuclei. In contrast to Si/SF nanospheres, Si/SS nanofibers only gathered
outside the cells without the occurrence of cellular uptake. TEM images further proved that
only Si/SF spheres entered HelL a cells, as evidenced by the appearance of black particles and
pores inside the cells (Figure S7). Accumulation of the Si/SF nanospheres inside the HeLa
cells is similar to that reported for the silica nanospheres.*8 We assumed that the fibrous
structure of Si/SS nanofibers prevented them from penetrating the cell membrane. Therefore,
we supposed that Si/SF nanospheres could release DOX inside the cells, whereas Si/SS
nanofibers adhered to the cellular membrane due to interaction of their positive surface
charge.

3.5. In Vitro Cytotoxicity Assay

Prior to DOX loading, the cytotoxicity of Si/SF nanospheres and Si/SS nanofibers was
investigated. As shown in Figure S8, after incubated for 24 h, HeLa cells cocultured with the
Si/SF nanospheres and Si/SS nanofibers at a concentration of 1 mg/mL exhibited a viability
higher than 70% compared with the control. This indicated that the 1C50 of Si/SF
nanospheres and Si/SS nanofibers in HeLa cells is over 1 mg/mL, ensuring that the Si/SF
nanospheres and Si/SS nanofibers are biocompatible and thus suitable to serve as a drug
carrier.

After DOX was loaded, MTS assay was performed to evaluate whether DOX released from
the Si/SF nanospheres and Si/SS nanofibers could inhibit the growth of HeL a cells. As
shown in Figure 7, when the concentration of DOX loaded by Si/SF nanospheres and Si/SS
nanofibers is as high as 2 pg/mL, DOX-loaded Si/SF nanospheres and DOX-loaded Si/SS
nanofibers as well as free DOX control showed no significant Difference on the cell
viability. After the cells were cultured for 1 day, free DOX killed HeLa cells faster than
DOX-loaded Si/SF nanospheres and DOX-loaded Si/SS nanofibers due to the sustained
release of DOX from Si/SF nanospheres and Si/SS nanofibers. After the cells were cultured
for 2 days, most of the HelLa cells were killed, indicating that the concentration of 2 tg/mL
is the lethal dose for HelLa cells within a short time. When the concentration of DOX was
decreased to 1 and 0.5 pg/mL, respectively, DOX-loaded Si/SF nanospheres showed a faster
rate in inhibiting HeLa cells than free DOX and DOX-loaded Si/SS nanofibers after cultured
for 1 day. When the concentration of DOX was decreased to 0.2 tg/mL, there existed a
significant Difference in inhibiting HeLa cells between the control group (free DOX) and the
experimental groups (DOX-loaded Si/SF nanospheres and Si/SS nanofibers) at Different
culture time points (1, 2, and 3 days). The experiment groups showed a lower cell viability
than the control group, indicating that DOX loaded in Si/SF nanospheres and Si/SS
nanofibers can more efficiently kill HeLa cells than free DOX. This is because DOX-loaded
Si/SF nanospheres and Si/SS nanofibers can easily reach tumor cells due to the positively
charged surface, followed by sustained DOX release.
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4. CONCLUSIONS

In order to develop a new anticancer drug delivery system, this study successfully employed
self-assembled SF nanospheres and SS nanofibers as a biotemplate to regulate the nucleation
of self-assembly of silica. We found that SF and SS mediated the nucleation and assembly of
silica into monodispersed nanospheres and nanofibers, respectively. The size and topography
of silica assemblies were controlled by the concentration of SF or SS and reaction
conditions. FTIR and zeta potential analysis proved that the nucleation on the silk proteins
was induced by the hydrolysis of APTES, and the subsequent self-assembly of silica was
promoted by hydrogen bonding or electrostatic attraction between the silica and the silk
proteins. The resultant self-assembled Si/SF nanospheres and Si/SS nanofibers both showed
a high drug loading capability for hydrophilic DOX and hydrophobic PTX. Si/SF
nanospheres and Si/SS nanofibers presented a burst release of DOX at pH 5.4 but kept slow
release at pH 7.4 in vitro. Si/SF spheres could efficiently enter the cells and accumulated
around the cell nuclei, but Si/SS nanofibers only adhered to the surface of the cells.
Therefore, DOX-loaded Si/SF nanospheres and DOX-loaded Si/SS nanofibers have higher
cytotoxicity against HeL a cells than free DOX. Our work suggested that the nanocomposites
generated by silk protein mediated nucleation and self-assembly of silica are a promising
drug carrier in cancer therapy.
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Figure 1.
Proposed schematic describing the nucleation and self-assembly of silica into

nanocomposites regulated by self-assembled SF nanospheres and SS nanofibers. (A) APTES
was first added into SF (top) and SS (bottom) solution to form an array of tiny silica nuclei
on the surface of SF nanospheres (top) and SS nanofibers (bottom) assembled in the
solution, respectively. (B) TEOS was subsequently added into the corresponding solution,
and its hydrolysis resulted in the formation of silica on the silica nuclei to induce silica
growth on the SF nanospheres (top) and SS nanofibers (bottom). (C) With the addition of
more TEOS, continuous growth of silica on the SF nanospheres (top) and SS nanofibers
(bottom) gave rise to spherical (top) and fibrous (bottom) silica nanocomposites,
respectively.
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Figure2.
TEM images showing the nucleation and self-assembly of silica into nanocomposites

regulated by SF and SS with Different concentrations. (A-D) The concentration of SF was
setat (A) 0, (B) 0.1, (C) 1, and (D) 10 mg/mL. (E,F) The concentration of SS was set at (E)
0.1 and (F) 1 mg/mL. During the regulating course, the amounts of APTES and TEOS were
5 4l and 10 g4, respectively.
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Figure 3.
SEM images confirming the nucleation and self-assembly of silica into nanospheres

regulated by SF at various amounts of TEOS. The amount of TEOS was set at (A) 5, (B) 10,
and (C) 20 L. The concentration of SF and the amount of APTES were fixed on 0.1 mg/mL
and 5 /L, respectively.
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Figure 4.
TEM and SEM images showing the nucleation and assembly of silica into Si/SS nanofibers

regulated by SS at various amounts of APTES. (A-C) TEM images of Si/SS nanofibers
when the amount of APTES was set at (A) 1, (B) 2, and (C) 5 4. (D,E) Corresponding
SEM images of Si/SS nanofibers when the amount of APTES used was (D) 2 /L and (E) 5
4L. The concentration of SS and the amount of TEOS were fixed on 0.1 mg/mL and 10 /i,
respectively.
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Figure5.
In vitro DOX drug loading and release curves of Si/SF nanospheres and Si/SS nanofibers.

(A) Drug loading content in the Si/SF nanospheres and Si/SS nanofibers was varied when
the nanocomposites were treated with Different amounts of DOX (represented by the molar
ratio between DOX and Si). (B) Drug release profile of DOX-loaded Si/SF nanospheres and
Si/SS nanofibers under pH 5.4 and pH 7.4. (C) Magnified image of the dashed box region in
B.
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Figure®6.
LSCM images of Si/SF nanospheres and Si/SS nanofibers in HeLa cells at 37 °C under an

atmosphere of 5% CO,. HeLa cells were cocultured with Si/SF (A, B) and Si/SS (C, D) for
2 or 12 h, respectively. Si/SF nanospheres were labeled with FITC that was excited by 495
nm laser to emit green fluorescence, while Si/SS nanofibers were labeled with RITC that
was excited by 565 nm laser to emit red fluorescence.
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Figure7.
Cell viability of HeLa cells after treatment with free DOX, DOX-loaded Si/SF nanospheres

(Si/SF-DOX), and DOX-loaded Si/SS nanofibers (Si/SS-DOX) at varied DOX
concentrations and cultured 1, 2, 3, and 5 days. The concentration of DOX treatment was set
at (A) 2, (B) 1, (C) 0.5, and (D) 0.2 zg/mL.
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