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Silk nanoparticles were prepared from silk fibroin solutions of domesticated Bombyx mori and tropical
tasar silkworm Antheraea mylitta and investigated in respect to its particle size, surface charge, stability
and morphology along with its cellular uptake and release of growth factors. The nanoparticles were sta-
ble, spherical, negatively charged, 150-170 nm in average diameter and exhibited mostly Silk II (3-sheet)
structure and did not impose any overt toxicity. Cellular uptake studies showed the accumulation of fluo-

rescence isothiocyanate conjugated silk nanoparticles in the cytosol of murine squamous cell carcinoma
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cells. In vitro VEGF release from the nanoparticles showed a significantly sustained release over 3 weeks,
signifying the potential application as a growth factor delivery system.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The promising significance of nanoparticles in the biomedical
fields and the severe needs of materials with biocompatibility,
biodegradability, and non-toxicity have propelled the efforts for
developing and optimizing new materials. Various types of poly-
meric nanoparticles like solid lipid particles (Muller et al., 2000),
micelles (Torchilin, 2004), liposomes (Cheema et al., 2007), and
dendrimers (Svenson and Tomalia, 2005) have been reported as
nanodelivery systems to encapsulate the drugs and other biotech-
nology products such as growth factors and genes (Azarmi et
al., 2006; Liu et al., 2007). Biodegradable nanoparticles can be
produced from natural or synthetic macromolecules like serum
albumin, gelatin, polycyanoacrylates, polylactic-co-glycolic acid,
and chitosan (Le et al., 1999; Chung et al., 2006; Kocbek et al., 2007;
Won and Kim, 2008). Protein based nanoparticles generally vary in
size from 50 to 300 nm (Azarmi et al., 2006) and they hold certain
advantages such as greater stability during storage, stability in vivo,
non-toxic, non-antigenic (Soppimath et al., 2002) and ease to scale
up during manufacture (Balthasar et al., 2005) over the other drug
delivery systems.
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Silk fibroin protein obtained from mulberry silkworms of
Bombyx mori is a protein based biomacromolecule composed of
5507 amino acid repeats consisting of repeated sequences of six
residues of (Gly-Ala-Gly-Ala-Gly-Ser), repeats. Biopolymer is a het-
erodimeric protein with a heavy chain (395 kDa) and a light chain
(25 kDa) which are linked by a single disulfide bond (Inoue et al.,
2000) at cys-172 of the L-chain and cys c-20 (twentieth residue
from c terminus) of H chain (Tanaka et al., 1999). The silk fibroin
protein of non-mulberry tropical tasar silkworm Antheraea mylitta
is a homodimeric protein of 395kDa and, with each monomer
approximately 197 kDa (Datta et al., 2001). The silk fibroin protein
is used as biomaterials in the form of films (Kundu et al., 2008a,b)
three-dimensional scaffolds (Nazarov et al., 2004), hydrogels (Kim
et al., 2004) electrospun fibers (Jin et al., 2002) and microspheres
(Wang et al., 2007). Recently, silk gland fibroin isolated from trop-
ical tasar silkworm A. mylitta has been utilized as a promising
biomaterial for tissue engineering (Mandal and Kundu, 2008). Silk
fibroin protein powder has been used as an additive to cosmetics,
food, and as biomaterials due to its excellent properties like mois-
ture absorption and considerate likeness to human skin (Xu et al.,
2006).

Studies on protein based nanoparticles as a vehicle for drug
delivery systems have centered mainly on the albumin and gelatin
nanoparticles (Kaul and Amiji, 2005; Kommareddy and Amiji, 2005;
Xu et al., 2006). Generally three different methods are utilized
for the fabrication of protein based nanoparticles namely, emul-
sion formation, coacervation or desolvation, water-in-oil emulsion
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(Weber et al., 2000). Like other natural proteins (Balthasar et al.,
2005; MaHam et al., 2009) fibroin has been exploited as a drug car-
rier system owing to its chemical and physical nature (Hofmann
et al., 2006; Uebersax et al., 2007). The influence of pH and tem-
perature on the phase behavior of fibroin in solution makes it
an interesting candidate for drug delivery applications (Liu et al.,
2009). The abundant functional groups offer the advantage of
incorporating more functionalities and modifications via chemical
derivatization.

This study reports the fabrication of silk protein fibroin spherical
nanoparticles from both mulberry and non-mulberry silk utilizing
dimethyl sulfoxide as desolvating agent. The investigation outlines
the formation of nanoparticles, their morphology, surface proper-
ties, conjugation with fluorescence isothiocyanate and the cellular
uptake of these nanoparticles by murine squamous cell carcinoma
as well as VEGF release from the nanoparticles to explore their use
as potential therapeutic drug delivery system.

2. Experimental
2.1. Materials and methods

Fresh cocoons of B. mori silkworm were collected from the Debra
Sericulture farm, West Midnapore, West Bengal and non-mulberry
5th instar mature live larvae of A. mylitta were collected from Jhar-
gram sericulture farm, Midnapore, India. Sodium dodecyl sulfate (J
T Baker, Phillipsburg, NJ, USA), dimethyl sulfoxide (Sigma-Aldrich),
lithium bromide (Sigma-Aldrich), cellulose tubing of cut off 12,000
(Pierce, USA), thiazolyl blue (MTT, Sigma, USA) Cell culture grade
chemicals such as Dulbecco’s modified Eagle’s medium (DMEM),
fetal calf serum, trypsin and penicillin, streptomycin antibiotics
(Gibco BRL, USA) and other chemicals purchased from Sigma or
Aldrich were used without further purification.

2.2. Preparation of silk fibroin solution from Bombyx mori cocoon

Silk fibroin protein was isolated from cocoons of B. mori fol-
lowing standard extraction procedure (Jin et al., 2005) with slight
modification. Briefly, cocoons were cut into small pieces, boiled
with 0.02 (M) Na,COs3 for 60 min and washed with milli-Q water
several times to remove sericin from the silk fibers and the
degummed fibers were then dried completely. The degummed
fibers were dissolved in 9.3 (M) LiBr at 60°C for 4 h. The regen-
erated silk fibroin solution was then dialyzed in cellulose tube
(12kDa, MWCO) against deionized water for 48h with sev-
eral changes to remove the residual lithium bromide. Fibroin
solution was then collected and the concentration was deter-
mined by weighing the remaining solid after drying the solution
at 60°C.

2.3. Isolation of silk fibroin protein solution from Antheraea
mylitta silk gland

Silk fibroin protein was isolated from the posterior silk glands of
mature 5th instar larvae of non-mulberry tropical tasar silkworm,
A. mylitta following the isolation procedure as reported earlier
(Mandal and Kundu, 2008). In brief, silk gland was placed in phos-
phate buffer (pH 7.4) for removal of sericin which binds the fibroin.
The glands were squeezed with fine forceps to separate fibroin from
gland membrane and extrude the protein. The silk fibroin isolated
from silk gland was either used immediately or was stored at —20°C
in eppendorf tubes till further use. The frozen silk gland protein
was thawed at room temperature and dissolved in 1% SDS (sodium
dodecyl sulfate) aqueous solution containing 10 mM Tris (pH 8.0)
and 5 mM EDTA at room temperature for 1 h. The regenerated silk
fibroin solution was dialyzed in a cellulose tube (12 kDa, MWCO)

against deionized water for 24 h with several changes to remove
residual SDS (Mandal and Kundu, 2008). Fibroin solution was then
collected and the concentration was determined by weighing the
remaining solid after drying the solution at 60°C similar to that
mentioned earlier.

2.4. Fabrication of silk fibroin protein nanoparticles

Desolvation technique were implemented for the prepara-
tion silk protein fibroin nanoparticles (Weber et al., 2000) using
dimethyl sulfoxide (DMSO) as desolvating agent. In brief, the fab-
rication process consisted of the following steps namely, protein
isolation, desolvation, centrifugation, purification, sonication, fil-
tration and lyophilization. To induce the desolvation process, 10 ml
of anhydrous DMSO was taken in a small glass bottle/container and
10 ml of regenerated silk fibroin solution (2%, w/v) was added drop
wise (50 pl/drop) at room temperature with constant stirring at a
very low rpm. After desolvation, the formations of the silk nanoag-
gregates (nanoparticles) were visible in the form of precipitates
produced at the bottom. Silk fibroin nanoaggregates (nanoparti-
cles) were then centrifuged twice at 23,500 x g for 10 min to collect
the precipitates. Silk fibroin precipitates were then further purified
with repeated centrifugation at 13,400 x g for 10 min in deionized
water. The purified nanoparticles pellet was then redispersed in
deionized water by sonication at 30% amplitude for 20 min (pulse
of 5min ON and 5 min OFF) to get the protein/silk nanoparticle
suspension in deionized water to remove the DMSO. The nanopar-
ticles were filtered through a 0.45 p.m syringe filter to remove dust
particles/contaminants. The filtered nanoparticle suspension was
lyophilized to get the freeze-dried nanoparticles and the resultant
nanoparticles are stored at 2-8°C.

2.5. Preparation of FITC labeled silk fibroin protein nanoparticles

Synthesis of FITC (fluorescein isothiocyanate) labeled fibroin
nanoparticles was based on the isothiocyanate group of the FITC
and the primary amino group of the silk fibroin (Zhao and Wu,
2006) Briefly, 100 mg of FITC in 10 ml of DMSO was slowly added
to 10 ml of 1 mg/ml silk fibroin nanoparticles suspension. The reac-
tion between the isothiocyanate group of FITC and the amino group
of the protein was allowed to proceed for 10 h in the dark at room
temperature. FITC labeled fibroin nanoparticles were then precip-
itated by raising the pH to 8-9 with 0.5M NaOH. To remove the
unconjugated FITC, the precipitate was subjected to repeated cycles
of washing and centrifugation (13,400 x g for 10 min) until no
fluorescence was detected in the supernatant (RF-5301 spectroflu-
orophotometer, Aexe 490 NM, Aep; 520nm). The FITC conjugated
nanoparticle was then dialyzed in a cellulose tube (12 kDa, MWCO)
for 3 days in the dark against 51 of distilled water, the water
replaced on a daily basis.

2.6. Nanopatrticle size and surface potential

Nanoparticle size and size distribution were determined by
laser light scattering with particle size analyzer (ELS-8000, Elec-
trophoretic Light scattering unit, Photal, Otsuka Electronics) at a
fixed angle of 90° at 25 °C. Briefly, the dried silk fibroin nanopar-
ticles were suspended in filtered deionized water and sonicated
(30% amplitude for 20 min, pulse of 5min ON and 5 min OFF) to
obtain uniform dispersion of the nanoparticles. The dispersity of
the particles is calculated by determining the polydispersity index.
The higher the polydispersity, larger is the polydispersity index and
hereby higher is the particle size variation. The data represent the
average values of five measurements with accumulation times of
300.The surface charge (zeta potential) of the nanoparticle was also
measured using the same equipment at 25°C (n=3) in deionized
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Table 1

Particle size, polydispersity index and surface charge of silk fibroin nanoparticles fabricated from regenerated fibroin protein solution obtained from Antheraea mylitta silk
gland and Bombyx mori cocoon fibroins. The nanoparticles are dispensed in water and in cell culture medium.

Nanoparticles fabricated from Dispersing medium

Diameter? (nm)

Polydispersity® Zeta potential® (mV)

A. mylitta Deionized water
A. mylitta DMEM¢ (10% FBS®)
B. mori Deionized water
B. mori DMEM (10% FBS)

157 £ 4 0.020 —26.15
168 £ 1 0.023 —-5.06
177 £3 0.027 —24.41
179 £2 0.028 -5.21

2 Average + standard deviation (n=5) and accumulation times =300.
b Average value.

¢ Average of three values are given in the table (n=3).

4 Dulbecco’s modified Eagle’s medium.

¢ Fetal bovine serum.

water and also in water containing 10% (v/v) fetal bovine serum
(FBS, Hyclone) at a pH around 7.

2.7. Stability of nanoparticles

The stability of the nanoparticles was determined by monitoring
their mean particle size in deionized water and fetal bovine serum
(FBS) containing deionized water using laser light scattering with
particle size analyzer at a fixed angle of 90° at 25 °C. After produc-
tion, the nanoparticles were incubated at 37 °Cin the incubator and
their sizes were determined after 1, 4, 24, 25, 48, 72, 96, and 168 h,
respectively.

2.8. Fourier Transform infrared spectroscopy (FT-IR)

The FT-IR spectra of the lyophilized silk fibroin nanoparticles
were obtained using PerkinElmer FT-IR spectrophotometer (Spec-
trum GX). The IR spectra in absorbance mode were obtained in the
spectral regions of 800-2000 cm~". The spectrum of each sample
was acquired by accumulation of 3 scans with a resolution of 4 cm.

2.9. X-ray diffraction (XRD)

Wide-angle XRD patterns of the silk protein fibroin nanoparti-
cles prepared from both B. mori and A. mylitta were measured by an
X-ray diffractometer (PANalytical, X'Pert PRO PW3040/60) using Cu
Ko radiation (A =1.54 A) in the 20 range of 100-400 at 40 kV, 30 mA.

2.10. High resolution transmission electron microscopy (HRTEM)

Information on the morphology of the silk fibroin nanoparticles
was obtained by using a transmission electron microscope. TEM
samples were prepared by dropping 20 pl of nanoparticles disper-
sionindeionized water on carbon coated electron microscopy grids.
The specimens were air dried in dust free condition before exam-
ination under JEOL JEM-2100 transmission electron microscope
(voltage applied: 200 kV).

Table 2

2.11. Cell culture

Murine fibroblasts cell line L929 (National Center for Cell Sci-
ences, NCCS, Pune) were chosen for cell culture studies, as these
fibroblasts were highly stable, fast growing and represent well
defined internal cytoskeleton components. The fibroblasts were
seeded onto a 24-well tissue culture plate at a density of 1 x 10%
cells per well for 24 h after which the growth medium was removed
and replaced with the medium containing silk protein fibroin
nanoparticles. For control experiments, medium without nanopar-
ticles was used. The medium used was 90% Dulbecco’s modified
Eagle’s medium (DMEM), 9.0% fetal calf serum (FBS) (Hyclone), 1.0%
200 mM L-glutamine, and 0.9 wt% 100 mM sodium pyruvate.

2.12. Cell viability/cytotoxicity studies

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) assay was used to measure the cell cytotoxicity.
The L929 murine fibroblast cells were plated at a density of 1 x 104
cells/well in 96-well plates at 37°C in 5% CO, atmosphere. After
24 h of culture, the medium in the well was replaced with fresh
medium containing nanoparticles of varying concentrations. Silk
protein fibroin nanoparticles prepared from non-mulberry tasar
silkworm A. myliita was used for determination of biocompatibility
of the silk nanoparticles. After 24h, 20 ul of MTT dye solution
(5mg/ml in phosphate buffer at pH 7.4, MTT Sigma) was added
to each well. After 4 h of incubation at 37°C and 5% CO, for expo-
nentially growing cells and 15 min for steady-state confluent cells,
the medium was removed and formazan crystals were solubilized
with 200 pl of DMSO and the solution was vigorously mixed to
dissolve the reacted dye. The absorbance of each well was read on
a microplate reader at 570 nm.

2.13. Flow cytometric analysis

L929 murine fibroblast cells were seeded at a density of 1 x 106
cells/well and incubated with silk protein fibroin nanoparticles
(100,250 and 500 p.g/ml) placed within the 6-well plates. The wells
without the nanoparticles were taken as the control. The seeded

Determination of stability of silk fibroin protein nanoparticles prepared with the silk protein isolated from A. mylitta using the particle size analyzer in deionized water and

serum containing media (n=5 and accumulation times=300).

Time Deionized water

Diameter (nm)

Polydispersity

Serum containing media

Diameter (nm) Polydispersity

1h 157 + 4 0.020

4h 155+ 4 0.024
24h 159 + 4 0.023
25h 159 + 4 0.023
48h 18353 0.022
72h 154 £ 2 0.022
96h 153 + 4 0.022

168h 185 2 3 0.021

168 £ 1 0.023
180 £ 3 0.025
190 £ 2 0.021
197 £5 0.019
168 = 1l 0.023
196 + 2 0.024
191 £2 0.020
192 £1 0.023
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cells were incubated for 24 h with/without nanoparticles. After the
desired incubation time, the cells were harvested by addition of
2ml of 0.25% trypsin-EDTA to the samples. They were then incu-
bated at 37°C in an incubator until all cells were detached from
the flask. The trypsinized cell suspension was neutralized with 5 ml
complete medium, followed by centrifugation at 201 x g for 10 min.
Cell pellet was suspended in cold PBS and centrifuged for 10 min at
1000 rpm. To the cell pellet 70% chilled ethanol was added in shak-
ing condition and incubated at 4 °C for 45 min followed by washing
with PBS twice. The cell pellet was resuspended in 200 I PBS con-
taining 0.1 mg/ml RNase and incubated for 30 min at 37°C. The
pellet was further washed in PBS. The samples were centrifuged and
resuspended in 0.5 ml PBS containing 20 .l of PI solution (1 mg/ml
PI). After another 30 min of incubation in the dark at 4 °C, the resul-
tant cell suspension was analyzed with a flow cytometer (FACS
Calibur, BD using Cell Quest Pro software) at 488 nm excitation
and a 560 nm band pass filter for red fluorescence of propidium
iodide.

2.14. Cellular uptake of the nanoparticles

Murine squamous cell carcinoma line (SCC7) was used for the
cell uptake studies. SCC7 cells were cultured in medium (RPMI
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Fig. 1. FT-IR spectra of silk fibroin protein nanoparticles of (a) Bombyx mori (SFNP
Bm) and (b) Antheraea mylitta (SFNP Am) using PerkinElmer FT-IR spectrophotome-
ter (scan range 800-2500cm1).
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Fig. 2. X-ray diffraction of silk fibroin protein nanoparticles of B. mori and A.
mylitta (SENP Bm, SFNP Am) using X-ray diffractometer (PANalytical, X’Pert PRO
PW3040/60) using Cu Ko radiation (A =1.54 A) in the 26 range of 10° to 40°.

1640; GIBCO 11875) containing 10% fetal bovine serum (GIBCO
16000-044), 2 mmol/l glutamine, and a mixture of 50 IU/ml peni-
cillin and 50 g/ml streptomycin (GIBCO 15140-122) at 37 °C with
5% CO, in a CO, incubator (NUAIRE). After initial passage in culture
petridish (100 mm x 20 mm, polystyrene treated, Corning Incorpo-
rated, Corning International) murine squamous cell carcinoma line
(SCC7) was grown to semi-confluence in medium containing 10%
serum, 2 mmol/l glutamine, and a mixture of 50 IU/ml penicillin and
50 g/ml streptomycin in 24-well tissue culture plates on corning
circular glass cover slips at 37 °C with 5% CO, atmosphere in a CO,
incubator. After filtration, the nanoparticle suspension (200 p.g/ml)
was incubated with cells at 37 °C, 5% CO, atmosphere for a period
of 30, 60, 120 and 360 min, respectively. After final wash with PBS,
the cells were fixed with 4% (v/v) paraformaldehyde in PBS for
30 min at room temperature and washed four times with sterile
PBS. Individual cover slips were then mounted with the cell side up
on clean glass slides with fluorescence free glycerol based mount-
ing medium and images were acquired with a confocal microscope
(Olympus FV1000).

2.15. In vitro vascular endothelial growth factor (VEGF) release

Silk protein fibroin nanoparticles prepared from non-mulberry
tasar silkworm A. myliita was used for the vascular endothelial
growth factor release from the nanoparticles. In brief, 200 I silk
protein fibroin nanoparticle suspensions (25 mg/ml) were mixed
with 10 1 PBS containing 100 ng of rhVEGF (PeproTech, USA) and
then incubated at 4°C overnight with gentle stirring. Then, VEGF-
loaded nanoparticle suspension was subsequently put into a 250 .l
dialysis membrane tube (MWCO 300K, Spectrum, USA) cover-
ing the open end of the tube. The tube was placed into 35ml
PBS with 2.0mM sodium azide and 0.01% (w/v) BSA, and incu-
bated at 37°C with gentle shaking. As the control, the system
without the silk nanoparticles containing 100 ng of VEGF was pre-
pared. At pre-determined time intervals, aliquots (300 wl) of the
release buffer were taken and stored at —70°C until they were
analyzed. To maintain a sink condition during the release exper-
iment, 300 .l of fresh buffer was added to the release buffer after
sampling, and the buffer was totally replaced with an equal vol-
ume of fresh buffer regularly. The released amount of total VEGF
was characterized using the Human VEGF ELISA kit (PeproTech,
USA).
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Fig. 3. Transmission electron microscopy images of silk fibroin nanoparticles prepared from A. mylitta (a), silk fibroin nanoparticles prepared from B. mori (b), a single silk
fibroin nanoparticles prepared from A. mylitta (c), and a single silk fibroin nanoparticles prepared from B. mori (d).

3. Results and discussion
3.1. Particle size, surface charge, and stability of the nanoparticles

Nanoparticles of silk fibroin were prepared by desolvation
method. The addition of desolvating agent reduces the available
water to keep the fibroin molecules in water, resulting in reduc-
tion of hydrated fibroin chains. At certain point, the hydration
becomes too low and silk fibroin protein precipitates in the form of
nanoparticles (Weber et al., 2000; Azarmi et al., 2006). After freeze
drying, a spongy mass was recovered with a yield of 80+ 5%. The
silk fibroin nanoparticles size determined by light scattering parti-
cle analyzer possess hydrodynamic diameter around 157 +4nm
(A. mylitta) with a polydispersity index of 0.020 compared to
177 + 3 nm (B. mori) with a polydispersity index of 0.027. The silk
fibroin nanoparticles were stable in cell culture medium contain-
ing 10% FBS (Table 1). The nanoparticles were found to show of
20nm increase in diameter while immersed in serum containing
medium possibly due to the adsorption of the serum proteins on to
the surface of the silk nanoparticles. The particle size plays a signif-
icant role in the cellular and tissue uptake of the nanoparticles and
in some cell lines only the sub-micron size particles are uptaken
efficiently instead of the larger size microparticles (Lorenz et al.,
2006).

The zeta potential is a concept used to describe the electroki-
netics properties of a colloidal particle under the influence of an
applied electric field (Azarmi et al., 2006). The presence of sur-
face charge on the nanoparticles can cause them to show a higher
absolute value of the zeta potential. The silk fibroin nanoparti-
cles possess zeta potential in the range of —24 to —26 mV. The
results suggest the presence of negative charges on the surface
of the nanoparticles. The zeta potential of the particles decreased
significantly to a lower value around —5mV in the presence of
serum (Table 1). This fact was explained by the shielding effect of
serum proteins present on the particle surface and compensating
for charge differences in deionized water and in serum containing
deionized water.

The electrostatic repulsion of the nanoparticles prevents the
polymer chains from uncontrolled agglomeration. After the for-
mation of the silk protein nanoparticles, the surface of the
nanoparticles possesses sufficient zeta potential to prevent further
agglomeration of the particles. The surface charge and adsorbed
molecules are possible issues affecting the size distributions of
nanoparticles in the solvent. The silk nanoparticles were found
to be stable in deionized water and also in cell culture medium
containing serum over a longer period (Table 2).

3.2. FT-IR analysis of the nanoparticles

Protein shows characteristics vibration bands between 1630
and 1650cm~! for amide I (C=0 stretching), 1540-1520cm~! for
amide II (secondary N-H bending) and 1270-1230cm™"! for amide
Il (C-N and N-H functionalities) in their FT-IR spectra. In addition,
the positions of these bands indicate the conformations of the pro-

150

50 100 200 250 300 400 500
SF NP Concentration{microgram/ml)

Fig.4. Cytotoxicity profile of silk protein fibroin nanoparticles after 24 h incubation
with murine L929 mouse fibroblast as determined by MTT assay. Percent viability
of fibroblast is expressed relative to the control cells (n=6).
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tein materials; 1650 cm~! (random coil) and 1630 cm~! (B-sheet)
for amide I, 1540 cm~! (random coil) and 1520 cm~! (B-sheet) for
amide I, and 1270 cm~!(3-sheet) and 1230 cm~! (random coil) for
amide III. The FT-IR spectra of the silk fibroin nanoparticles from
both mulberry and non-mulberry sources are shown in Fig. 1. The
original silk fiber and freeze-dried fibroin show typical B-sheet
and random coil structures, respectively (Tsukada et al., 1994). The
regenerated fibroin film from dialyzed fibroin solution shows a very
similar FT-IR spectrum to that of freeze-dried fibroin, also indicat-
ing random coil conformations (Gil et al., 2006; Um et al., 2001).
The chemical shift of the absorption bands to 1632cm~! (amide
1),1521 cm~! (amide II), 1233 cm~! (amide III) attributed to the B-
sheet structure in B. mori silk fibroin nanoparticles. The A. mylitta
nanoparticles showed chemical shift of the absorption bands to
1673 cm! (amide 1), 1517 cm~! (amide II) and 1234cm~! (amide
IlI) assigned to the 3-sheet structures similar to those of the silk
fibroin membranes after methanol treatment.

3.3. XRD measurement

XRD is generally used to study the crystalline structure of the
material. Three types of crystalline structures are proposed for silk.
The glandular state prior to crystallization is called the Silk I. Silk
Il is the spun silk state which consists of the (3-sheet secondary
structure and Silk Il (an air/water assembled interfacial silk) is
a helical structure (Kundu et al., 2008a,b). The main diffraction
peaks of Silk I are present at around 26 =12.2° and 28.2°, while Silk
II are present at about 26 =18.9° and 20.7°. Three distinct peaks
were found in the X-ray diffractograms in the regions between 10°
and 40°. Sharp peaks at 26 =20.16° denoting the Silk II conforma-
tion and at 26 =24.16° denoting the Silk I structure appeared in
the XRD pattern of the nanoparticles made from B. mori protein as

shown in Fig. 2. The XRD pattern of the nanoparticles made from
A. mylitta protein showed three distinct peaks at 26 =16.5°, 19.80°
(both peaks denoting the Silk I conformation), and 23.59° (denot-
ing the Silk I structure) signifying the conformational change from
random coil state to 3-sheet structure (Kweon et al., 2000; Mandal
and Kundu, 2008).

3.4. TEM measurements

The TEM observation of the silk fibroin nanoparticles derived
from liquid silk fibroin showed that they are spherical granules
without apparent aggregation or adhesion (Fig. 3). Also, it should
be noted that the particle size in TEM are relatively smaller than
the particle size measured using DLS. This is due to the reason
that, in DLS, the hydrodynamic size is measured and the parti-
cles are swollen, whereas, in electron microscopy studies, the hard
sphere diameter is seen. The particles are solid and there is no evi-
dence of them being hollow spheres (Liu et al., 2007). The fibroin
nanoparticles prepared from A. mylitta were smoother and mor-
phologically more spherical compared to the B. mori particles which
were coarser and were not spherical in shape.

3.5. Cytotoxicity and cell cycle assays

The MTT assay is a common method for evaluating biomate-
rial toxicity based on the mitochondrial activity, which influences
metabolic activity and cell viability (Mosmann, 1993; Gupta et al.,
2004). To determine the toxicity profile of the newly synthesized
silk protein fibroin nanoparticles, we conducted the standard MTT
cytotoxicity assay with L929 fibroblast cells (Fig. 4). Cells incu-
bated with silk protein fibroin nanoparticles at concentrations of
100 pg/ml remained almost 100% viable relative to control (equal
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Fig. 6. Cellular uptake of nanoparticles prepared from regenerated fibroin protein solution obtained from non-mulberry tropical tasar silk gland and mulberry cocoons by
murine squamous cell carcinoma cells (SCC7) after incubation for 30, 60, 120, and 360 min at 37 °C with 5% CO, atmosphere in a CO; incubator. (a) Detection of FITC labeled

nanoparticles under fluorescence and (b) under bright field. Scale bar =50 pwm.

to 100%). However, at 200 pg/ml, the cell viability decreases but no
further decrease in the cell viability was observed at higher con-
centrations (500 pg/ml). It is not clear what caused the apparent
decrease in the viability at concentrations above 200 pg/ml, but
since there is no dose dependent continuous decrease, it is hard to
say that the nanoparticles caused severe cytotoxicity.

Live cell studies of cellular DNA content and cell cycle distribu-
tion are useful to detect variations of growth patterns to monitor
apoptosis, to study tumor behavior and suppressor gene mecha-
nism. Cell cycle analysis describes the progression of a cell through
a cycle of division, a process resulting in cell growth and separa-
tion into two daughter cells. In Fig. 5, the gate cycle graphs are
plotted after 24 h incubation of nanoparticles within the culture of
1929 fibroblast cells. The gated percentage cells obtained in sub-
Go, Go/G1, S and G, /M are shown. In the case of Gy/G; phases, the
control culture showed approximately 33.52% cells compared to
40.96%, 50.84%, and 51.94% in the cases of 100, 250, and 500 j.g/ml
silk nanoparticles containing culture, respectively. In G, /M phases,
17.28% was obtained in the control compared to 16.34%, 16.78%,
and 25.30% in cultures containing 100, 250, and 500 p.g/ml silk pro-

tein fibroin nanoparticles. 19.33% of cells were observed in the S
phase of the control compared to 18.94%, 24.24%, and 10.72% in the
cases of the cultures containing 100, 250, and 500 p.g/ml silk pro-
tein fibroin nanoparticles, respectively. Therefore, the cells after
24 h culture with silk protein fibroin nanoparticles showed normal
cell cycle distribution without any visible signs of cell cycle arrest.
Overall, cytotoxicity and cell cycle assays indicated that silk fibroin
nanoparticles are relatively non-toxic to the cells.

3.6. Cellular uptake of the nanoparticles

Labeling the nanoparticles with FITC (fluorescence isothio-
cyanate) had no statistically significant effect on the particle size
and zeta potential (data not shown) of the silk nanoparticles.
Cellular uptake of fluorescent labeled nanoparticles was demon-
strated by confocal laser scanning microscopy (CLSM, Fig. 6) using
murine squamous cell carcinoma cells (SCC7). We chose this cell
line because of availability and its ability to form an adherent cell
monolayer. For the initial 30 min, the uptake of the nanoparticles
within the cells was minimal. After 1 h of incubation with the cells,
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Fig. 7. Cumulative VEGF release (n=3) at 37°C from the silk fibroin nanoparticles
obtained from tropical tasar silkworm, A. mylitta for the loading amount of 100 ng
VEGF/5 mg of nanoparticles (W), and the control (100 ng VEGF alone) without the
silk nanoparticles (O).

it was clearly visible that for both A. mylitta silk fibroin nanopar-
ticles and B. mori silk fibroin nanoparticles, localization occurred
in the perinuclear region. It is interesting to note that the cells
remained viable during the course of this study and as such these
silk nanoparticles did not confer any overt cytotoxicity (Guptaetal.,
2004).

The nanoparticles internalization process into the cells can be
considered as a binding (adsorbing) process followed by formation
of vesicle and then the formed nanoparticle-containing vesicles
are internalized by endocytosis (Foster et al., 2001; Osaka et al.,
2009). At the initial time points, we observed the nanoparticles
to be present mainly on the cell surface. Once the nanoparticles
were endocytosed, they were found primarily in the cytoplasm
around the nuclear membrane. We observed that a large fraction
of the incubated nanoparticles were internalized by the cells and
remained stable during vesicular transport in spite of their negative
surface. The actual mechanism of internalization of our nanoparti-
cles has yet to be determined.

3.7. Invitro VEGF release

VEGF release experiment was performed to evaluate the silk
fibroin nanoparticles from tropical tasar silkworm, A. mylitta were
used as potential therapeutic drug delivery system. VEGF was
selected as a model growth factor for the in vitro release study as
VEGF interacts with the net negatively charged silk fibroin nanopar-
ticles (the isoelectric point of VEGF is pH 8.5) (Ferrara et al., 1992).
Loading VEGF into the nanoparticles did not induce the aggregated
complex formation. After loading VEGF into the silk nanoparticles
by simple co-incubation at 4 °C, the total suspension solution was
put into the release device without further washing or any other
separation step. Thus, unbound, unloaded VEGF would have been
released as an initial burst. However, no noticeable initial burst
was observed at all. This implies an almost complete loading of
VEGF into the nanoparticles at least in the present loading con-
dition (100 ng of VEGF/5 mg of silk nanoparticles). The release of
VEGF from the nanoparticles showed an initial linear profile with-
out initial burst, releasing ~35% up to 5 days, followed by a more
sustained release (~1% per day) after that (Fig. 7). In contrast,
from the control system without the silk nanoparticles, VEGF was
released completely within 3 days with a burst of ~90% during day
1. The developed nanoparticles may provide a ubiquitous drug car-
rier for the protein delivery due to their physiochemical properties,
simple preparation methodologies and biocompatibility. Therefore,
the silk nanoparticles can be used as an efficient sustained release

system of VEGF, presumably based on the electrostatic interaction
between VEGF and the silk nanoparticles.

4. Conclusion

The silk protein nanoparticles were around 150-170 nm in aver-
age diameter with narrow size distribution, negatively charged and
stable in deionized water and serum containing culture medium.
The conformation change of the regenerated silk fibroin nanopar-
ticles were from the Silk I to Silk II structure as evident from the
FT-IR and XRD analysis of the nanoparticles. A. mylitta nanoparti-
cles were found to be finer and less coarse as compared to the B.
mori particles. The silk fibroin nanoparticles were relatively non-
toxic to the cells and showed normal cell cycle distribution without
any visible signs of cell cycle arrest. Bioimaging analysis showed
the accumulation of the silk nanoparticles by murine squamous
cell carcinoma cells and they were present in the cytoplasm of
the cells. The in vitro release of loaded VEGF in the nanoparticles
showed a sustained release of over 3 weeks without initial burst.
The silk fibroin protein possesses good biocompatibility, degrad-
ability and lot of active amino groups and tyrosine residues which
favors the bioconjugation with other active molecules, pharma-
ceuticals and growth factors. The present investigation indicates
the natural silk protein nanoparticles as carriers to deliver drugs
to the target cells. The very simplified fabrication procedure of
the silk fibroin nanoparticles may provide a novel tool to demon-
strate the implications of the particles in cancer diagnostics and
therapeutics.
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