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Silk fibroin (SF) is well known for its excellent biocompatible properties facilitating its application in the field
of biomedical engineering through different biomaterial fabrications in the recent era. Here in this study,
novel nanoparticles from non-mulberry SF of Antheraea assamensis were fabricated, characterized and
evaluated for its applicability as nanocarrier. Fabricated nanoparticles were initially compared with
prevailing SF nanoparticles from Bombyx mori. Fabricated A. assamensis silk fibroin nanoparticles (AA-
SFNps) were found to be lesser in size (80—-300 nm in diameter) than B. mori silk fibroin nanoparticles
(BM-SFNps) (120-500 nm in diameter). When checked for stability, AA-SFNps were found to be more
stable than BM-SFNps in biological media. FTIR and XRD studies revealed persistence of structural
properties even after fabrication. TGA and DSC studies showed AA-SFNps to be thermally more stable
than BM-SFNps without any cytotoxicity (MTT assay). On loading with model drug Doxorubicin
hydrochloride (DOX), AA-SFNps exhibited an encapsulation efficiency of 94.47% with 11.81% loading of
the anticancer drug. Cumulative release study revealed highest percentage release of DOX (42.1 + 0.4%)
at pH 5.2 on day 7 in comparison to pH 7.4 and 8.0. Sustained release profile of the DOX loaded AA-
SFNps (AA-SFNps-DOX) was clearly reflected and it was found to be highly cytotoxic against triple
negative MDA-MB-231 cells in comparison to free DOX at different time points. Overall, this study
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Introduction

Nanocarriers play a vital role as an effective delivery system for
a therapeutic drug by enhancing the efficiency of the drug
through controlled delivery thereby reducing the problems
associated with dose-dependent toxicity and encouraging the
sustained release of the drug to the target site."* Silk proteins
provide an efficient platform in this field due to their non-
cytotoxic, = biocompatible,  biodegradable @ and  non-
immunogenic properties.>® Silk nanocarriers have been used
as a biomedicine in combination with a specific drug.>'®
Mulberry SF from B. mori was widely explored in this regard.
Nanoparticles which were fabricated using mulberry SF from B.
mori and loaded with different drugs like platinum(iv) prodrug,
5-fluorouracil, curcumin, paclitaxel, methotrexate, floxuridine
and doxorubicin etc. for successful carrier-based delivery
systems were extensively reported (Table 1).>****7
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showed the efficacy of the AA-SFNps as a nanocarrier for future drug delivery applications.

The non-mulberry silk fibroin nanoparticles (SFNps) from
Antheraea mylitta and Antheraea pernyi have been explored as
nanocarriers for effective delivery system.'®* Non-mulberry SF
is advantageous over mulberry SF because of the presence of
inherent tripeptide sequence Arg-Gly-Asp (RGD) that favours
better cell attachment and proliferation through intrinsic
binding protein.>® Presence of this motif in the SF of such
species makes it a good candidate for biomedical applications.
A. mylitta SFNps loaded with folate and vascular endothelial
growth factor (VEGF) have shown its potency for anticancer
activity and in growth factor delivery system.'®* A. pernyi SFNps
loaded with insulin and ibuprofen exhibited their effectiveness
as promising materials in sustain release of the loaded
drugs.?**?

Non-mulberry SF from A. assamensis have been showing
potential biological activity for tissue regeneration.***® A. assa-
mensis silk fibroin (AA-SF) is reported to exhibit enhanced
thermal and mechanical stability in comparison to all other
available species of SF, which encourages the use of such
proteins for future biomedical applications.>**” Moreover, AA-
SF microparticles which were fabricated by using wet-milling
and spray drying technique have been reported to be showing
better cell viability with a sustained drug release profile.”

In the present study, non-mulberry AA-SFNps were fabri-
cated and explored for its possible applicability to be used as

This journal is © The Royal Society of Chemistry 2020
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Table 1 Silk fibroin based nanocarriers for drug delivery systems
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Category of silk  Species
fibroin name Drug used/studied using Targeted against/cell line used during the study Reference
Mulberry B. mori  5-Fluorouracil, curcumin Murine breast cancer cells (4T1) 2
Doxorubicin Human cervical carcinoma cells (HeLa) 11
Curcumin Breast cancer cell lines MCF-7 (Her2—), MDA-MB-453 (Her2+) 12
Doxorubicin Human breast adenocarcinoma cell line (MCF-7), multidrug 3
resistant (MCF-7/ADR)
Paclitaxel Human gastric cancer cell lines BGC-823 and SGC-7901 13
Floxuridine Human cervical carcinoma cells (HeLa) 4
Methotrexate Human breast cancer cell line (MDA-MB-231) 14
Doxorubicin Human breast cancer cell line (MCF-7) 15
Platinum(wv) Human breast adenocarcinoma cell line (MCF-7, MDA-MB- 16
231)
Human breast cancer cell line (SK-BR-3)
Doxorubicin Human cervical carcinoma cells (HeLa) 17
Non-mulberry  A. mylitta Doxorubicin Human breast adenocarcinoma cell line (MDA-MB-231) 18
Vascular endothelial growth factor Murine squamous carcinoma cell line (SCC7) 19
A. pernyi  Doxorubicin hydrochloride Human hepatocarcinoma cells (HepG2) 20
Doxorubicin hydrochloride, ibuprofen Murine fibroblast cell line (L-929) 21
and ibuprofen-Na
Insulin No cell line used 22
A Doxorubicin Human breast adenocarcinoma cell line (MDA-MB-231) Present
assamensis study

a candidate for future drug delivery applications using DOX as
a model drug. DOX is one of the most effective anthracycline
drugs used for the treatment of different types of cancers.” In
spite of its potentials, the drug has limited clinical applications
because of its serious side effects arising due to dose-dependent
toxicity.*® Fabricated nanoparticles were initially characterized
with dynamic light scattering (DLS), transmission electron
microscopy (TEM), fourier transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD) studies. Thermal properties
were evaluated using thermo gravimetric analysis (TGA) and
differential scanning calorimetric (DSC) assay followed by
stability measurements using biological media. Initial charac-
terization has been compared with BM-SFNps fabricated under
similar conditions in order to arrive at a completely non-toxic,
structurally and morphologically sound candidate. Thereafter,
the nanoparticles were tested for their drug loading, release and
cytotoxicity study in a dose-dependent manner. This study
would provide an overall idea about the possible application of
AA-SFNps for tissue engineering and as a nanocarrier for future
drug delivery applications.

Experimental section
Materials and methods

Matured fifth instar larvae from non-mulberry silkworm A.
assamensis and cocoons of mulberry silkworm B. mori were
collected from sericulture farm of Mongoldoi District, Assam,
India. Acetone was used as a desolvating agent and purchased
from Merck, lithium bromide (LiBr) was purchased from
HIMEDIA. Cut piece of dialysis tubing cellulose membrane
(MWCO 12 kDa) and cell culture grade chemical MTT were
purchased from Sigma. DMEM, fetal bovine serum (FBS),

This journal is © The Royal Society of Chemistry 2020

Trypsin-EDTA and Penicillin-Streptomycin antibiotics (10 000
IU ml ') were purchased from Gibco (Invitrogen, USA). DOX
was purchased from Sigma Aldrich. All other tissue culture
plates and flasks were purchased from Tarsons (India) for the
present study.

Extraction of SF

SF was extracted from the matured 5" instar larvae of non-
mulberry silkworm A. assamensis using previously reported
method.®" Briefly, silk glands from the matured larvae were
dissected out and washed with Milli-Q water. The glands were
then squeezed slowly to extract the core hydrophobic fibroin
followed by gentle washing in order to remove the traces of
hydrophilic sericin. The extracted fibroin protein was purified
by dissolving in aqueous solutions of 1% (w/v) sodium dodecyl
sulfate (SDS) which was further dialyzed extensively against
Milli-Q water using dialysis membrane with molecular weight
cut-off (MWCO) 12 kDa in order to remove SDS from the solu-
tion. The concentration of the fibroin solution was determined
by gravimetric analysis. A final concentration of 2% (w/v) solu-
tion was used for further analysis.

Mulberry B. mori SF solution was prepared by following
earlier reported method with slight modifications.*** In short,
the cut pieces of cocoons were degummed in 0.02 M Na,CO;
solution by boiling for 1 h and washed 2-3 times with distilled
water to remove the Na,CO; molecules and sericin from the
fibre. Degummed fibres were then dried overnight at 37 °C and
further purification was carried out by dissolving the fibre at
60 °C in 9.3 M LiBr solution for 1 h. The dissolved SF solution
was dialyzed against Milli-Q water with dialysis membrane
MWCO 12 kDa for 3 days with regular change of water at
different intervals. A final concentration of (2% w/v) was used

RSC Adv, 2020, 10, 9070-9078 | 9071
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for further analysis of the study with concentration determined
as similar as above.

Fabrication of SFNps

SFNps from A. assamensis and B. mori were prepared at room
temperature using desolvation process.***° In brief, an easy and
single step desolvation was used to fabricate the nanoparticles
by adding 10 ml of the regenerated SF (2% w/v) solution drop-
wise (25 pl per drop) to 10 ml acetone solution thereby making
a final proportion of 1 : 1 in continuous stirring mode for 15-20
minutes. Addition of acetone results in decreasing solubility of
the protein leading to precipitation in the form of nano-
particles.’” These precipitates were harvested by 3-4 times
centrifugation at 12 000 rpm for 15 min at 4 °C to remove
acetone completely from the SFNps solution. The purified
SFNps were re-suspended in Milli-Q water and sonicated for 15
minutes in order to get an evenly dispersed solution. The
homogenised SFNps solution was then kept at —20 °C overnight
and lyophilized for 8 hours. The final SFNps powder thus ob-
tained were kept at room temperature and used for further
analysis.

Characterization of SFNps

Average particle size and surface zeta potential of the SFNps
were determined using dynamic light scattering (DLS) Zetasizer
Nano ZS, 90 (Malvern, UK) instrument. In brief, a solution of
0.1 mg ml~* of SFNps was prepared in Milli-Q water and soni-
cated for 30 min at 30% amplitude with a pulse rate of 5 min ON
and OFF resulting in an equi-dispersed solution. This uniformly
dispersed solution was used for particle size and surface zeta
potential determination. Samples were repeated in triplicates (n
= 3) and average particle size was measured as the mean
diameter of the SFNps.

Morphological pattern of the AA-SFNps was studied by using
TEM. 20 pl of SFNps solution (0.1 mg ml~"') was used on carbon-
coated electron microscopy grids. The samples were air dried in
dust free environment and observed under JEOL JEM-2100 TEM
with an acceleration voltage of 200 kv.

Stability of the AA-SFNps in distilled water and incomplete
DMEM media was measured by determining the particle size
and surface zeta potential of the nanoparticles. For this, 0.1 pg
ml ™" of the AA-SFNps was dissolved uniformly in the solvents
and incubated at 37 °C. The change in the particle size was
monitored using DLS Zetasizer in two different time points (day
1 and day 10 respectively) and the data were compared with BM-
SFNps under similar conditions. Experiments were repeated in
triplicates (n = 3) for the accuracy of the results.

Evaluation of structural and thermal properties

Structural characterization of the nanoparticles was done using
FTIR and XRD. For FTIR, particles were analysed using Fron-
tier™ IR/NIR FTIR (Perkin Elmer) spectrophotometer within
the spectral region from 500-4000 cm ' with a resolution of
4 cm™ "' and 32 scans per spectra. Persistence of the structural
properties i.e. presence of amide I, amide II and amide III bonds
was checked which is crucial for retaining the biological
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properties of the SFNps. Amorphous and crystalline nature of
the SFNps were measured by using XRD. X-ray diffraction
facility (PANalytical, X'PertPRO PW3040/60) instrument was
used with CuKa radiation (A = 1.54 A) having a 26 range within
angles 5-40° with a voltage of 40 kV and 40 mA current.

Thermal stability of the AA-SFNps was determined by using
Perkin Elmer, DSC 6000 (USA) instrument under a dry nitrogen
gas flow of 50 ml min~". The samples were heated at 5 °C min™*
from 30 to 400 °C. The percentage weight loss of the SFNps was
determined by TGA, using a TGA 4000 (Perkin Elmer, USA)
system. Samples were heated from 30 to 800 °C with a gradual
increase of 2 °C min~" under inert nitrogen atmosphere. In all
the above cases, a comparative study was done with BM-SFNps
under similar conditions.

Biocompatibility of the SFNps

In vitro biocompatibilities of the AA-SFNps were checked using
MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide) assay. L-929 (mouse fibroblast) cells purchased from
the National Centre for Cell Sciences (NCCS), Pune, India, were
cultured in DMEM media, supplemented with 10% FBS, 1% IU
ml " streptomycin-penicillin antibiotic solution and incubated
at 37 °C in a humidified atmosphere containing 5% CO,. Cells
were used in order to obtain the optimum cell proliferation rate
and morphology for the study. ~1 x 10* cells were seeded in each
well of 96 well plates and were incubated for 24 h under
humidified atmosphere as stated above. After incubation, cells
were replaced with fresh media containing SFNps of varying
concentrations i.e. 100, 200 and 300 pg ml~ " and kept for another
24 h. Biocompatibility of the SFNps was determined by adding
200 pl of MTT solution (5 mg ml™" of PBS at pH 7.4) and incu-
bated for 4 h. After 4 h, solutions were removed and 200 pl of
dimethyl sulfoxide (DMSO) was added to each well to solubilise
the formazan crystals. The absorbance was taken at 540 nm using
Thermo Scientific, Varioskan Flash 1510 spectrophotometer. The
relative percentage viability of the cells was calculated consid-
ering TCP as 100%. The data were compared with BM-SFNps and
after getting satisfactory results AA-SFNps were further evaluated
for drug loading, release and cytotoxicity studies.

Fabrication of DOX-loaded SFNps

5 mg of AA-SFNps (equi-dispersed) in 10 ml distilled water was
mixed with 0.625 mg of DOX (dissolved in 10 ml of water) to
make a final volume 20 ml solution. The mixture was left in dark
for an adsorption period of 20 h at room temperature under
continuous stirring mode. The particle solution was then dia-
lysed against water for about 8 hours using MWCO 12 kDa
dialysis membrane to release any unbound drug. The drug-
loaded nanoparticles were then centrifuged at 12 000 rpm for
10 min. The solution was washed three times to remove any
unbound particles. The purified DOX-loaded nanoparticles
were then lyophilised and the powder obtained was used for
further study. Drug loading was confirmed using FTIR and DLS
study (ESIT). For better drug loading and encapsulation effi-
ciency, AA-SFNps : DOX proportions were optimized initially
with different concentrations. Drug quantification was done

This journal is © The Royal Society of Chemistry 2020
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using a standard calibration curve for DOX. Drug loading and
encapsulation efficiency was calculated using the formula

weight of DOX in SFNps
weight of SFNps

Drug loading(%) = x 100% (1)

weight of DOX in SFNps
weight of total DOX taken

x 100% )

Encapsulation efficiency(%) =

Release study

Release study of DOX-loaded in AA-SFNps was performed at
three pH concentrations (pH 5.2, 7.4 and 8). For each pH values,
1 mg of DOX-loaded nanoparticles was dispersed in 1 ml of PBS
and the suspension was placed in a dialysis tube (MWCO 12
kDa) and immersed into 2 ml PBS at 37 °C in a constant shaker
for 7 days. Measurements were taken at predetermined time
intervals (6 h, 12 h, day 1, day 3, day 5 and day 7 respectively)
and amount of DOX released was calculated by taking UV
absorption measurements at 480 nm wavelength using Thermo
Scientific Varioskan Flash 1510 instrument. Each time an equal
volume of PBS was added back into the system to maintain the
experimental conditions unchanged. All measurements were
performed in triplicates and the percentage release (R) was
calculated using the formula

amount of drug released into the medium

- - 100%
amount of drug loaded into particles % ’

(3)

R(w/w)% =

Cytotoxicity study of DOX-loaded nanoparticles

In vitro cytotoxicity study of free DOX and DOX-loaded nano-
particles (AA-SFNps) at various concentrations was studied
using MTT assay. Human breast adenocarcinoma cells (MDA-
MB-231) were purchased from the NCCS, Pune, India and
grown on DMEM media, in a standard humidified atmosphere
as stated above. Around 5 x 10° cells were seeded in the
required wells of three different 96 well plates and kept over-
night. After 24 h, media was changed with incomplete DMEM
and following a 2 h interval, drug was added and each plate was
kept for three different time intervals i.e. 24 h, 48 h and 72 h
respectively under the same conditions. After specified time
intervals, 200 pl of 5 mg ml~" (in PBS, pH 7.4) of MTT was added
to each well and incubated for 4 hours. After incubation, the
plate was centrifuged at 3000 rpm for 10 min and the media was
discarded and 100 pl of 100% DMSO was added into each well.
The plate was incubated in a shaker for 30 min followed by
absorbance taken at 540 nm using Thermo Scientific Varioskan
Flash 1510 spectrophotometer. The relative percentage viability
of the cells was calculated as follows considering TCP (Tissue
Culture Plate, cells grown without sample) as 100%.

A
Relative percentage(%) viability = & x 100% (4)

[A]e

This journal is © The Royal Society of Chemistry 2020
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where [A]s is the absorbance of the corresponding sample and
[A]c is the absorbance of the control without sample. IC5, values
of both free DOX and AA-SFNps-DOX at each time point was
calculated from the graph equation generated after plotting the
percentage inhibition against each concentration of the free
drug and drug loaded nano-particles respectively (n = 4). The
percentage inhibition was calculated using the formula

[A]c

e =[ls 100y, (5)

Percentage inhibition(%) = e

where, [A]c is the absorbance of the control without sample and
[A]s is the absorbance of the corresponding sample.

Cell morphology study of DOX-loaded nanoparticles

Morphology of the cells at each time point was observed using
LEICA DMI3000 B inverted microscope. MDA-MB-231 cells were
seeded at a very low concentration i.e. 3000 cells per well in
three different 24 well plates in DMEM media, supplemented
with 10% FBS, 1% IU per ml Streptomycin-Penicillin antibiotic
solution incubated at 37 °C in a humidified atmosphere con-
taining 5% CO,. After 24 h, media was replaced with incomplete
DMEM. After 2 h interval, a drug concentration of 1 pg ml~" of
free DOX and AA-SFNps-DOX was added to each corresponding
well of the plates and kept for three different time intervals i.e.
24 h, 48 h and 72 h respectively under the same conditions. In
order to observe the relative effect of free drug and AA-SFNPs-
DOX on MDA-MB-231 cell morphology, at each time point
imaging was done using phase contrast mode (n = 5) and the
comparative effect was evaluated.

Statistical analysis

All data were expressed as mean + SD or mean =+ standard error
of mean (SEM) for n = 3 samples unless specified. Results were
analyzed using one way ANOVA and students T-test, *p = 0.05
was considered to be statistically significant whereas **p < 0.01
and ***p =< 0.001 was considered as highly significant. Data
were interpreted using statistical software OriginPro 8 (Origin-
lab Corporation, USA).

Results and discussion

In the present study, non-mulberry SFNps from A. assamensis
were fabricated for the first time using single step acetone des-
olvation procedure (Fig. 1).' The fabricated SFNps were obtained
with a percentage yield of 85 + 5%. The addition desolvating
agent like acetone reduces the solubility of the protein. This
reduction occurs because of conformational change resulting in
precipitation of silk protein. Fibroin nanoparticles from A. assa-
mensis were initially compared with BM-SFNps. All the samples
from both the species were collected randomly for fibroin
extraction. Liquid silk fibroin extracted from non-mulberry silk-
worm species have shown potential biological activities.”* BM-
SFNps are well reported for its potentiality as nanocarrier
under different delivery systems.>*'"” Both types of nano-
particles were evaluated for its particle size, morphology,
stability, persistence of structural properties, thermal stability

RSC Adv, 2020, 10, 9070-9078 | 9073
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and cytocompatibility in order to compare the potentiality of AA-
SFNps to be used as biomaterial for future tissue engineering
applications. Further, this novel nanoparticle was studied for
nanocarrier mediated drug delivery systems. For this, AA-SFNPs
were loaded with model drug DOX and analyzed for subse-
quent drug release, cytotoxicity profile and effect on morphology
of human breast adenocarcinoma cells (MDA-MB-231).

Size, surface zeta potential, morphology and stability of the
SFNps

The size of the SFNps was analyzed using DLS. The fabricated
AA-SFNps had shown an average size range of around 185.5 +
4.5 nm in diameter with a polydispersity index (PDI) of 0.249 +
0.04 when measured in deionized water with 0.1 mg ml™"
concentration (Table 2)."® The average size range displayed by
BM-SFNps was found to be around 256 + 7.2 nm in diameter
which is slightly larger than AA-SFNps with a PDI of 0.467 £ 0.06
as determined by the light scattering particle analyzer. The
average surface zeta potential of the AA-SFNps and BM-SFNps
was exhibited as —27.1 £ 0.69 mV and —18.5 £ 2.5 mV
respectively. Lower the surface zeta potential, more stable is the
particle in colloidal solution.” The negative surface charge
helps in increasing the rate of internalization thereby interact-
ing with the positively charged cell surface. This encourages
carrier based delivery systems for delivery of the drug into the
target site.*® The size distribution intensity as revealed by DLS
and TEM showed a similar trend for both the nanoparticles
(Fig. 2A and B). The result supports the size range displayed by
other non-mulberry species like A. mylitta and A. pernyi in
earlier reports thereby it justifies the comparable properties of
the protein particles and hence strengthen its possibility to be
used in drug delivery system.>*>>

The morphology of the fabricated SFNps was assessed using
TEM. Results showed a nearly spherical morphology for both
AA-SFNps and BM-SFNps (Fig. 2B). The surface of the fabricated
AA-SFNps exhibited a clear smooth morphological pattern in
comparison to the BM-SFNps with a rough surface as displayed

\
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Fig.1 Scheme representing fabrication of AA-SFNps from matured 5%
instar larvae using acetone desolvation procedure.
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Table2 Average particle size, surface zeta potential and polydispersity
index of A. assamensis and B. mori SFNps (n = 3)

Polydispersity
Sample name Particle size (nm) Zeta potential (mV) index (PDI)
A. assamensis  185.5 + 4.5 —27.1 £ 0.69 0.249 £ 0.04
B. mori 256 £ 7.2 —18.5 + 2.5 0.467 £ 0.06

under TEM. The size of the nanoparticles revealed a variable
range from (80-300) nm for AA-SFNps whereas BM-SFNps
showed a wide size range between (120-500) nm in diameter.
Mono-dispersed distributions of the particles were observed for

A)

Size Distribution by Intensity
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£ j20 @
0 + Lo
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B. mori size (d.nm)

Nanoparticle size (nm)

Day1 Day10
Distilled Water

Day1 Day 10
DMEM media

Fig. 2 (A) Size distribution intensity of AA-SFNps and BM-SFNps as
revealed by DLS measurements (B) TEM images showing ultra-struc-
ture of fabricated AA-SFNps (80-300 nm in diameter) [1,3] with
smooth surface and BM-SFNps (120-500 nm) [2, 4] with compara-
tively rough surface morphology and (C) stability of the nanoparticles
at two different time points, n = 3, * represents significant statistical
difference p = 0.05.
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both AA-SFNps and BM-SFNps. The size range depicted by other
non-mulberry SFNps in previous reports have shown similar
ranges.”>?

The stability of the nanoparticles was measured in distilled
water and DMEM media with 10% FBS at two different time
intervals (day 1 and day 10) (Fig. 2C). The particles in distilled
water of AA-SF did not show any statistical difference in both the
day points in comparison with BM-SFNps which showed little
increase in size (p < 0.05). Both AA-SFNps and BM-SFNps showed
a gradual increase in size in cell culture media but the statistical
difference was found to be much higher in case of BM-SFNps (p <
0.001) in comparison to AA-SFNps (p < 0.01). This increase in size
is possibly because of adherence of the serum protein onto the
surface of the nanoparticles.' Overall, AA-SFNps showed greater
stability compared to BM-SFNps. Nanoparticles from B. mori, A.
mylitta and A. pernyi in earlier reports exhibited potential stability
in different biological media which have promoted their utility in
different delivery systems.”** Better stability of AA-SFNps in
biological media represents potentiality of the nanoparticles to
be used as bionanomaterials.

Structural and thermal characterization

Structural conformation of the fabricated nanoparticles was
evaluated using FTIR spectroscopy. In AA-SFNps, amide I
vibration (C=O stretching) band was represented at 1623 cm ™'
and amide II (secondary N-H bending), III (C-N and N-H
functionalities) bands were represented at 1520 cm™ " and
1232 ecm™ " respectively (Fig. 3A). AA-SF has been reported to be
exhibit characteristics bands at 1620 cm™*, 1518 cm™ ' and
1234 cm ™" for amide I, II and III respectively.>® Since region
from 1700-1600 cm ™" are representative of amide I and regions
from 1540-1520 cm " and 1300-1220 cm ™" are significant for
amide II and III respectively, AA-SFNps reveal the persistence of
its structural properties even after fabrication which is crucial
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Fig. 3 (A) FTIR analysis of (a) AA-SFNps and (b) BM-SFNps showing
amide |, amide Il and amide Il bonds (B) XRD data showing silk | and silk
Il structure. (C) DSC and (D) TGA curves of AA-SFNps and BM-SFNps
representing degradation peak and percentage weight loss
respectively.
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for maintaining biological properties by the particles in any
form.?**® BM-SFNps showed characteristics bands at 1620 cm ™,
1515 cm *and 1228 cm ™! for amide I, amide IT and an amide III
band respectively which also retains required structural char-
acteristics as justified from previous reports.>**°

The crystalline structure of the nanoparticles was further
analyzed using XRD. Two major peaks were observed for AA-SFNps
at 16.7 and 20.2 respectively which represent B-sheet crystalline
structure (silk IT) and formation of B-sheet secondary conformation
and one minor peak at 23.78 that shows a transition from amor-
phous to crystalline nature (Fig. 3B).>** Overall, these structural
features provide more stability to the protein nanoparticles. BM-
SFNps showed one broad peak at 20.3 that signifies for B-sheet
crystalline structure and one minor peak at 24.08. The results are
in agreement with earlier reports on A. mylitta, A. pernyi, A. assa-
mensis and B. mori SF in other pure and fabricated forms.*****

Thermal properties of SFNps were evaluated using DSC and
TGA analysis. DSC results of AA-SFNps displayed first endo-
thermic peak at 116.48 °C and a final degradation peak at about
362.15 °C (Fig. 3C). The data supports recent work carried out
on A. assamensis SF microparticles as well as earlier reports on A.
assamensis SF.>**® These peaks are representative for loss of
moisture and decomposition of the protein molecules. BM-
SFNps showed first endothermic peak for moisture loss at
129.54 °C whereas final decomposition peak for B. mori was
found to be at a lower temperature than AA-SFNps i.e. 296.75 °C
which shows similar comparative pattern as revealed with A.
assamensis microparticles.”® Results exhibited higher thermal
stability of the AA-SFNps than BM-SFNps representing greater
chemical stability of the non-mulberry AA-SFNps.

TGA results of the fabricated SFNps showed a similar trend.
The first percentage weight loss for AA-SFNps was found to be at
around 267.6 °C that signifies for disruption of the side chain and
second final weight loss resulting in degradation of the protein
molecule was observed at 385.4 °C (Fig. 3D). BM-SFNps showed
initial breakdown at 246.3 °C and a final degradation at around
334.1 °C. Results clearly reveal greater stability of the AA-SFNps.
Data highly supports previous reports on AA-SF and BM-SF.>*?>%®

Biocompatibility of the SFNps

The biocompatibility of the SFNps was studied using MTT
assay. To act as a potent nanocarrier, it is very important to

A B
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Fig. 4 (A) Cytotoxicity profile of the AA-SFNps and BM-SFNps.n = 3, *
represents significant statistical difference at p < 0.05 (B) drug release
profile of DOX from AA-SFNps-DOX under different pH conditions (pH
5.2, 7.4 and 8.0 respectively) at 37 °C for a period of 7 days.
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analyse the cytotoxicity profile so that nanoparticles are
compatible with the in vivo environment. Various factors like
size, surface zeta potential, morphology of the nanoparticles etc.
play a crucial role in cellular uptake and proper interaction with
the cell surface.” Viability of L-929 cells was studied with
different concentrations of AA-SFNps and BM-SFNps (100, 200,
and 300 pg ml™ ). The results showed significantly higher cell
viability in all the concentrations of AA-SFNps (p > 0.01) in
comparison to BM-SFNps after 24 h of incubation (Fig. 4A).
Cells were viable at higher concentrations (i.e. 300 pg ml™")
indicating the non-cytotoxic nature of the SENps. At 100 ug m1™*
concentration, cells displayed viability more than TCP (cells
grown without any sample, control).*® This enhanced cell
proliferation in AA-SFNps might be due to the presence of cell
binding motifs-RGD in the non-mulberry SF protein which
provides a better environment for cell attachment and prolif-
eration.” The data are in agreement with previous results on
a recent study.**® Overall, AA-SFNps satisfy basic criteria to be
used as an effective candidate for tissue engineering. In order to
study its applicability in drug delivery, AA-SFNps were further
evaluated for its drug loading, release study and toxicity profile
with anticancer model drug doxorubicin.

Drug loading and encapsulation efficiency

Drug loading of pharmaceutical agents in particles is a key
parameter to evaluate the therapeutic efficacy of carriers."”
Positively charged DOX binds with negatively charged protein
nanoparticles through electrostatic interaction.** AA-SFNps
showed best loading concentration of DOX in the proportion

I free DOX
I AA-SFNps-DOX

60

40

20

Relative percentage (%) viability

0
S S SO SV U
Qf_,\}g\r\\}%\f,‘)g\m‘)g\ Qy,\}q\\\}?g,\}‘)\fb\“b\ Qf,‘}@\‘}g\?,\@\m\p\
24 h 48 h 72 h

Fig. 5 Cytotoxicity in MDA-MB-231 cell line in terms of relative
percentage viability exhibited by free DOX and AA-SFNps-DOX with
different concentrations and at different time points, (n = 4). Here, ***
represents for each concentration, within a single time point both free
DOX and AA-SFNps-DOX are highly significant (p = 0.001), (a and b)
represent at same concentration between 24 hour vs. 48 hour and 24
hour vs. 72 hour respectively, values are highly significant (p = 0.001)
indicating sustained release of the drug.
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1:1/8. AA-SFNps showed an encapsulation efficiency of 94.47%
with 11.81% loading of the model drug. Drug loading was
confirmed using FTIR and DLS study. The size of the AA-SFNps-
DOX as revealed by DLS was found to be increasing from 190 +
6.1 nm to 248.03 £ 7.54 nm (Table S1t). The overall surface zeta
potential has displayed decreasing value from —28.1 £+ 3.4 mV
to —17.8 + 2.83 indicating loading of the positively charged
DOX onto its surface thereby reducing the surface zeta poten-
tial. This is due to the amino groups of DOX neutralizing the
carboxyl group of SF. FTIR results of AA-SFNps-DOX revealed
the formation of a new band at 1368 cm ™" and shifting of amide
II band from 1516 cm™ "' to 1522 cm™* (Fig. S17). Variation in
structural peaks in AA-SFNps-DOX is clearly visible in compar-
ison to pure DOX and AA-SFNps spectra indicating an interac-
tion between the functional groups.*

In vitro release of DOX-loaded AA-SFNps

DOX was loaded electro-statically with AA-SFNps through
a charge to charge interaction. DOX being positively charged
molecule interacts with negatively charged SFNps through ionic
bond forming AA-SFNps-DOX complex. Release of DOX from AA-
SFNps-DOX complex showed pH dependence. Cumulative
release of DOX at pH 5.2 showed highest percentage release of
42.1 £ 0.4% at day 7 whereas it was found to be 29.16 & 0.81%
and 26.58 + 1.07% for pH 7.4 and 8.0 respectively (Fig. 4B).
Cancer cells grow more favourably under acidic conditions, thus
release of anticancer drugs under acidic conditions from nano-
carrier encourages and reveals its effectiveness with the drug
delivery system.*” Moreover, AA-SFNps displayed a sustained
release profile of DOX with time. Free DOX (control) showed
initial burst release of about 70.57 £+ 1.4% at 6 hours whereas
only 18.34 + 1.4% of DOX from AA-SFNps-DOX complex was
released at the same period of time at pH 5.2. AA-SFNps particles
showed a more sustained release of DOX after day 3 and at day 5
(~2%) and 7 (~1%) respectively. Results clearly reveal controlled
release of the drug and their possibilities in reducing dose-
dependent toxicity through sustain release and thereby
enhancing the delivery of the drug in the target site.>* Overall,
fabricated AA-SFNps show its potentiality to be used as a suitable
candidate for future drug delivery systems.

Cytotoxicity of AA-SFNps-DOX

In vitro cytotoxicity profile of the drug loaded nanoparticles
revealed higher cytotoxicity towards MDA-MB-231 cell line in
comparison to the free drug (DOX) in all the time points (Fig. 5).
This highly significant difference in relative percentage viability (p
= 0.001) was probably because of the rapid internalization of the

Table 3 1Cso (ug ml™Y) calculated from the cytotoxicity study of free
DOX and AA-SFNps-DOX

Time (in hours) 24 h 48 h 72 h
Free DOX 3.225 £+ 0.60 1.577 £ 0.22 1.422 £ 0.47
AA-SFNps-DOX 1.422 £0.14 0.487 £ 0.03 0.472 £ 0.03

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Representative microscopic images showing cell morphology of MDA-MB-231 cells after AA-SFNps-DOX (A, D and G) and free DOX
treatment (B, E and H) at 24 h, 48 h and 72 hours respectively. Cells grown without any sample was taken as control (TCP), (C, F and I). A drug
concentration of 1 ug ml~? for both free DOX and DOX loaded nanoparticles were used for treatment in each time points for the present study.

nanocarrier mediated DOX particles (AA-SFNps-DOX) by the
cancer cells.* With increase in incubation time of AA-SFNps-DOX
particles from 24 h to 48 h, there was a rapid decrease in
percentage of viable MDA-MB-231 cells from ~53% to ~16% at 0.5
ug ml ™" of the drug-loaded nanoparticles. A similar relative trend
was observed for all the concentrations with increasing incubation
time from 24 h to 48 h and likewise with 24 h and 72 h of the AA-
SFNPs-DOX indicating sustained release of the drug with time.
Such observed behaviour might encourage the role of the nano-
carrier in reducing the problems associated with dose-dependent
toxicity of the DOX molecule and thereby favouring in delivery of
the drug to the proper target site."* ICs, values of AA-SFNps-DOX
at each time point was found to be approximately three times
lesser than the free DOX molecule indicating potentiality of the
drug to be used as nanocarrier in drug delivery systems (Table 3).

Cell morphology study

The efficacy of the drug-loaded nanoparticles was evaluated by
observing the morphological changes in MDA-MB-231 cells
after treatment with a fixed concentration (1 pg ml~ ") of DOX
for both free DOX and AA-SFNPs-DOX at three different time
points (i.e. 24 h, 48 h and 72 hours). At 24 h, the morphology of
the normal cells in control wells (TCP) was found to be spindle
in shape with proper spreading, whereas the wells with free
DOX showed fewer dead cells along with normally spread cells
when compared to TCP (Fig. 6). This percentage was found to be
even much higher when wells containing AA-SFNps-DOX were

This journal is © The Royal Society of Chemistry 2020

observed. The number of dead cells was around 40% in AA-
SFNPs-DOX at 24 hours. With increase in time points (at 48 h
and 72 h), the sensitivity of the AA-SFNPs-DOX towards MDA-
MB-231 cell line was found to be prominently higher leading
to more cell death in comparison to the free DOX. This increase
in cytotoxicity with the same concentration of the drug in AA-
SFNPs-DOX might be attributed to the rapid internalization by
the cells resulting in proper delivery of the drug to the target site
and hence cell death.>?

Conclusions

The need for exploration of SF from different species in order to
fabricate potential materials with enhanced properties has
always been of utmost demand in the recent era of biomedical
engineering.*” This is the first report of preparing AA-SFNps
using simple desolvation method and evaluation of potenti-
ality to be used in the field of tissue engineering and drug
delivery. Non-mulberry SF is known for presence of RGD
sequence favorable for cell attachment and proliferation which
is a key requirement to be used as biomaterials.*® Smooth,
stable nanoparticles with a size range varying from 80-300 nm
in diameter were formed which showed sustained release of
model drug DOX with highest % release at acidic pH 5.2.
Moreover, DOX loaded A. assamensis nanoparticles are found to
be more effective to killing MDA-MB-231 cells in comparison to
the free drug indicating its contribution towards target centric
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drug delivery. Overall, this study will provide an insight to the
potentiality of the A. assamensis SF nanoparticles to be used for
future drug delivery and tissue engineering applications.
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