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uptake of SWCNT-FA was deciphered by tagging SWCNT-
FA with FITC and different endocytosis inhibitor.

Gene expression analysis using real-time PCR. Both KB and
A549 cells were treated with 0.5 pg/ml of either fDOX or
SWCNT-FA/DOX for 48 h followed by RNA isolation and
cDNA synthesis. Real-time PCR was performed against (A)
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genes. GAPDH was used as a housekeeping gene to calculate
relative gene expression of all the respective genes and
plotted as a histogram. *p < 0.05.

In vitro bioactivity assessment of SWCNT-FA, SWCNT-
FA/DOX, and DOX aqueous suspension and released
leachate from silk hydrogel in cell culture medium with or
without NIR light stimulation (indicated). The leachate was
obtained after 12 h, 36 h, 72 h, and 120 h, and A549 (A) and
KB (B) cells were treated for 48 h followed by MTT. The free
form of FOX and SWCNT-FA/DOX was also used as a
positive control for bioactivity assessment. All sample types
are marked between 1 to 9 in the figure.

Illustration of an overall approach for the anticancer drug
delivery.

(A) Current-voltage characteristic plot of Silk@SWCNT-FA
and silk hydrogels. (B, C) Short term (50 h) and long term (24
days) on command drug release data from Silk@SWCNT-
FA/DOX and Silk@fDOX with a total of five electric field
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representation is indicating 5 min turn ON cycle as a
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The time-temperature plot of Silk@SWCNT-FA hydrogels
exposed to NIR laser for (A) single 20 min ON/OFF cycle
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Mean + SD). Representative screenshot of supplementary
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with similar exposure. (E) Secondary structure change was
calculated by deconvolution of amide | peak from three
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(A) Representative western blots are depicting bands of
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study. The band intensity ratio of Bax and Bcl 2 (B) and
normalized band intensity of (C) caspase 8, caspase 3, PARP,
and (D) caspase 9 and caspase 12 were plotted as a histogram.
(E) TUNEL-assay images of the tumor to investigate
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untreated, (2) fDOX treated, (3) Silk@fDOX hydrogel
treated, and (4) Silk@SWCNT-FA/DOX without stimulation
(5) Silk@SWCNT-FA/DOX with NIR laser (6)
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stimulation. The significant difference between the band
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H&E images of the tumor and healthy tissue as labeled. The
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treated, (3) SiIlk@fDOX hydrogel treated, and (4)
Silk@SWCNT-FA/DOX without  stimulation 5)
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The B-mode and M-mode images of echocardiographic
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Introduction and Literature Review

1.1. Introduction
1.1.1. Cancer

Cancer is a disease in which abnormal cells keep dividing without control. It is a non-
communicable disease which has been recognized as the leading cause of deaths
worldwide. Incidents of cancer are growing, and the rate of mortality is rising. An
estimated 25% of deaths in the United States are due to cancer [1], where breast cancer
is contributing the most [2, 3]. As per World Health Organization (WHO) report, globally
reported new cases and deaths related to cancer would be 22 million and 13 million by
2030, and India will have 1.73 million new cases and 0.8 million cancer deaths,
according to the Indian Council of Medical Research (ICMR). The northeastern region
in India is reported as the highest cancer-prone zone, where Assam records the highest
number of cancer cases trailed by Meghalaya, Manipur, Mizoram, Nagaland, Arunachal
Pradesh, and Tripura. Oral cancer is the most common cancer in the world. India
accounts for 30-40% of oral cancer out of cancers at all other sites. However, the habit
of chewing tobacco adds the highest count (10%) of oral cancer from the Northeast

region [4-6].
1.1.2. Types of Cancer

Generally, cancer is classified as either benign or malignant. A benign tumor is not a life-
threatening solid mass of the tumor; However, malignant tumor multiplies rapidly and
invades other healthy tissues for its spreading [7]. Further, based on the type of cell
affected cancer can be divided into carcinoma, sarcoma, leukemia, and lymphoma.
Carcinoma is characterized by abnormal growth of epithelial cells that form inner or
outer linings of various tissue/organs. The cancer of lung, skin, ovary, pancreas, oral, and
gastric are some typical examples of carcinoma. Sarcoma is the cancer of the bone and
other soft tissues such as cartilage, blood vessels, etc. Leukemia is the cancer of the
blood, and lymphoma affects lymphocytes in the lymph nodes.
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1.1.3. Treatment of Cancer

Cancer is a complex disease to treat. Many diseases such as typhoid, malaria, pneumonia,
tuberculosis arise due to various microbial attack that is different than the host human
cell type. Hence for curing such diseases, antibiotics are administered that specifically
target the microbes without affecting the host cells. In contrast, cancer arises due to the
aberration/mutation of the cells of our own body. Therefore, the selective killing of
cancer cells without affecting healthy cells is a difficult task. For cancer therapy, three

primary treatment options are available as follow —

Cancer is a complex disease to treat. Many diseases such as typhoid, malaria,
pneumonia, tuberculosis arise due to various microbial attack that is different than the
host human cell type. Hence for curing such diseases, antibiotics are administered that
specifically target the microbes without affecting the host cells. In contrast, cancer arises
due to the aberration/mutation of the cells of our own body. Therefore, the selective
killing of cancer cells without affecting healthy cells is a difficult task. For cancer

therapy, three primary treatment options are available as follow —
1.1.3.1. Surgery

In this method surgeon surgically remove the tumor along with the peripheral healthy
tissue to make sure no cancer cell left behind. However, some tumors can not be removed

due to their remote location or irregular shape/size.
1.1.3.2. Radiotherapy

In this method, a tumor is exposed to a high dose of radiation to kill or slow down the
growth of cancer cells for its shrinkage. However, it also damages the surrounding

healthy tissues, which causes various side effects on the patient.
1.1.3.3. Chemotherapy

Chemotherapy is the most fundamental treatment option as it is prescribed to each cancer
patient at some stage of their therapy [8, 9]. When tumor size is more prominent and
difficult to remove by surgery than chemotherapy is used to shrink the tumor size; also,
post-surgery, chemotherapy helps to avoid further cancer relapse. However, delivering

chemo drugs through a systemic route causes various undesired side effects such as
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vomiting, infertility, hair loss, anemia, fatigue, weakness, loss of appetite, fertility issues,

etc.
1.1.4. Routes of cancer chemotherapy

Various routes for delivering drug molecules to treat cancer are listed in Table 1.1, along
with their advantages and disadvantages. However, a brief discussion of the same is as

follow —
1.1.4.1. Oral route

The oral route is the most popular route for administering the drug. The drug passes
through the gastrointestinal tract to reach systemic circulation for effect. The drug is
placed in the mouth and swallowed. This route gives tablets, capsules, and various liquids

preparations.
1.1.4.2. Intravenous route

This is a parenteral route of administration in which drug is injected directly into veins

for rapid action.
1.1.4.3. Intramuscular route

Drugs are injected into the deeper layer to tissue into muscles. Once the drug reaches to
muscles, it absorbed into the blood.

1.1.4.4. Intraperitoneal route

This is a systemic route of drug delivery where the substances are injected into the

peritoneum body cavity.
1.1.4.5. Subcutaneous route

This is a localized route of drug delivery in which the drug is injected into the fatty layer
beneath the skin after crossing the cutaneous layer. It is absorbed into the blood. The

drug in this route doesn’t follow the first-pass metabolism.
1.1.4.6. Intraarterial route

The drug is administered into the artery.
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1.1.4.7. Inhalation
In the process, the substances are administered through the air into the lungs.

Table 1.1. Various routes of anticancer drug administration for cancer chemotherapy.

Broad Drug Delivered Type Of  Advantage Disadvantag Ref.

Classificati Cancer e
on Treated
Oral Indolinone Thyroid,  Suitable for Compromise [10]
derivatives, Green  Prostate, self- d by irritant  [11]
tea catechins Colorectal, medication, effects/presen [12]
extract, Breast, Easy to ce of food, [13]
Capecitabine, Pancreatic, take, Enzymes [14]
Thalidomide with Multiple Cheap, actionmay  [15]
dexamethasone, myeloma,  Acceptable limit [16]
Curcumin, Colon, by most  effectiveness, [17]
Idarubicin, Testicular, people, The  Effectslow [18]
Exemestane, SCH Ovarian, flexibility for [19]
66336, 5- Endometrial of timeand emergencies, [20]
Fluorouracil, and small flexibility  odynophagia, [21]
Etoposide, PNU- cell lung of drug nausea, and
159548, cancer. exposure vomiting
Temozolomide,
Medroxyprogester

one acetate
(MPA), STI 571

(imatinib)

Intravenous Daunorubicin, acute Precise, Relatively  [22]
injection Doxorubicin, leukemias,  accurate & high cost, [14]
Bortezomib, Multiple Rapid The skill [23]
Abraxane, myeloma,  action, The needed for  [24]
fluorouracil Mantle cell large the [25]
(fu)/leucovorin, lymphoma, volume of administratio [26]
Cyclophosphamid ~ Metastatic the drug n, Riskof  [27]
e and cisplatin, breast, can be extravasation [28]
PNU-159548, Colorectal, administere [19]
Amifostine, testicular d, Avoid [29]
Cisplatin, Ovarian, the first- [30]

Oxaliplatin head and pass

neck cancer metabolism
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Intra- 4-Hydroxy- Metastatic Bypass Irritation at ~ [31]
muscular androstenedione,  breast, and  gastrointesti site of [15]
injection Fulvestrant, non-small- nal tract, injection, [32]
recombinant 7- cell lung Depot, and Skilled [33]
interferon (rIFN- cancer slow- person [34]
7), Epidermal release required,
growth factor- preparation Painful,
based cancer s can be Nerve
vaccine, given, damage
recombinant Good
baculovirus absorption
containing human
CEA
Intra- liposomal siRNA, Ovarian, Useful for  Painful, Risk  [35]
peritoneal  Cyclophosphamid  Peritoneal peritoneal  of peritonitis  [36]
injection e, Doxorubicin,  appendiceal,  dialysis, [37]
Mitomycin, mesothelio ~ The most [38]
Cisplatin, ma, preferred [30]
Cytosine Colorectal, route in
arabinoside, 1L4- Gastric, laboratory
Pseudomonas Pancreatic animals
exotoxin, and Hepatic
Oxaliplatin, cancer
Irinotecan with 5-
fluorouracil,
Carboplatin,
Docetaxel,
Adriamycin
Sub- Amifostine (WR-  Head and  Absorption Drugscan  [29]
cutaneous 2721), neck cancer, isslowbut  causelocal [39]
injection Bortezomib Multiple complete, tissue
myeloma Bypass damage,
gastrointesti
nal tract,
Produce
local effects
Intra- drug-eluting Liver cancer Maximize [40]
arterial microspheres/bea drug
injection ds (DEB) loaded concentrati
with doxorubicin on at the
site
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Inhalation 14Ctagged Lung Rapid Pain does not  [41]

doxorubicin, cancer, absorption, occur

Interleukin-2 (IL- renal cell Avoid gut  because the

2) cancer and enzymes, injection is

melanoma Limits not given,
systemic Need

absorption  specialized

drug delivery

system

1.1.5. Nanocarriers for anticancer drug delivery

For cancer therapy, various potential chemotherapeutics have been explored, as shown

in Table 1.1 above; however, their inability to discriminate between healthy and

cancerous tissue, loss of action in blood serum, and burst release limits their use.

Additionally, their delivery is also an issue due to lack of solubility in water. Using

nanocarrier for drug delivery is advantageous as it showed promising results in reducing

the side effects of the anticancer drug by actively targeting it precisely into the tumor.

Nanocarriers are having a diameter size range of 1 to 1000 nm. The nanoparticles

improve the anticancer drug therapeutic index by enhancing its uptake and localization

in the target tumor site. Few examples of highly explored nanocarriers are listed in Table

1.2 along with the column for the anticancer drug they carried and cancer treated as

follow —
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Table 1.2. A list of various nanocarriers carrying anticancer agents for cancer treatment.

Nano- Drug delivered Type of cancer Advantage Ref.
carriers treated
Prodrugs Capecitabine, cutaneous T cell Control release of  [42]
Pracinostat Lymphoma the incorporated  [43]
(SB939), HDACi  (CTCL), peripheral  drug, Higher oral
Zolinza T cell lymphoma bioavailability,
(Vorinostat/ (PTCL prevent drug from
Suberoylanilide digestive
hydroxamic acid degradation,
[SAHA]), Increase
Romidepsin absorption of
(FK228) poorly soluble
drugs, Stability &
tunability
Dendrimers Doxorubicin, Metastatic stomach Enhance [43]
Doxorubicin, cancer absorption of the  [44]
platinum-based drug, enhance
drugs, Vinblastin, permeability of
Vincristine, co-administered
Topotecan, drug, Alter
Paclitaxel gastrointestinal
barrier
Micelles Paclitaxel, Metastatic or Act as a vehicle  [44]
Doxorubicin, recurrent solid for poorly water-
Platinum-based tumors, pancreatic, soluble drugs
drugs, gastric, bile duct &
Camptothecin, colonic cancers
Tamoxifen,
Epirubicin
Liposomes Annamycin, Solid tumors, renal Protect the [44]
Lurtotecan, cell carcinoma, entrapped drug [43]
Topotecan, mesothelioma, from digestive [45]
Paclitaxel, 5- ovarian and acute

fluorouracil (5-FU)
and methotrexate

lymphoblastic
leukemia, Ovarian

(MTX), cancer, Ovarian
Doxorubicin cancer and Kaposi's
sarcoma
9
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Carbon Methotrexate, Leukemia, Colon  Ultra-high surface [46]
nanotubes Taxoid, cancer, Squamous area, Cross [47]
Doxorubicin, carcinoma, cellular barriers
Cisplatin, Nasopharyngeal
Paclitaxel epidermoid

carcinoma etc,
Cervical carcinoma,
Breast cancer

However, nanocarriers may induce the undesired immune response, and due to
their systemic route of delivery, drug localization at the tumor site is insufficient. These
limitations of current therapy motivated researchers to look into an alternate “localized”

way for delivering drugs.[48, 49]

10
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1.2. Review of Literature
1.2.1. Hydrogels for localized drug delivery

Cancer is a chronic disease which requires a long term of interaction with chemo drug
for the efficacious therapeutic effects. Therefore, the local route of delivery could be a
potential way of treating cancer. Wherein, the anticancer drug could be carried by a slow
drug releasing reservoir while implanted near/intratumor site. Hydrogels are one of the
preferred choices of drug reservoirs due to their injectable nature, which favors their
implantation in a minimally invasive way. Hydrogels are three-dimensional, cross-linked
networks of water-soluble polymers. Hydrogel, particularly those which are intended for
drug delivery or biomedical purpose, should be made of biocompatible and
biodegradable biomaterial. The polymeric biomaterials are classified as natural and
synthetic based on their origin. The natural biomaterials include agarose, alginate,
chitosan, gelatin, fibrin, silk fibroin, and hyaluronic acid. However, synthetic
biomaterials include poly (DL-lactic-co-glycolic acid) (PLGA), poly(2-hydroxyethyl
methacrylate) (P-HEMA), Poly(hydroxypropyl methacrylate), Poly(Acrylamide),
Poly(Methacrylamide) and Derivatives, Poly(Vinyl alcohol), Polyelectrolyte complexes,
Poly (N-Vinyl-2-Pyrrolidone) etc. [50-52]

Post local implantation, the drug release from the hydrogel can be triggered and
controlled by either endogenous stimuli such as pH, redox condition, enzymes, or
exogenous stimuli such as electric field, magnetic field, near-infrared laser, ultrasound
or their multiple combinations. Such materials that respond to environmental change are
known as “smart biomaterial.” It is exceptional to have all the smart properties in a single
material. Therefore, the nanocomposite materials development approach is getting
attention, wherein two materials with different properties are mixed to form a newer

material having features of both of its constituents.[53, 54]
1.2.2. Silk fibroin

Silk fibroin is a natural protein polymer and has been utilized as a textile material from
ancient times. Silk fibroin protein obtained from mulberry Bombyx mori cocoon has been
extensively studied for biomedical applications due to its intrinsic properties like
biocompatibility, high tensile strength, flexibility, water vapor permeability, tissue
compatibility, high oxygen permeability, amenability to multiple processing formats and
tunable biodegradation rates. Silk protein extracted from non-mulberry family e.g., tasar

11
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(Antheraea mylitta), temperate oak tasar (Antheraea pernyi), muga (Antheraea assama),
and eri (Philosamia ricini) has come into focus only recently. Studies have also revealed
the comparative moisture regain ability and biocompatibility in terms of cell attachment,
proliferation, migration and differentiation of different varieties of silk. In this context,
various mulberry and non-mulberry based silk, due to their unique bio-physicochemical
attributes, hold immense potential for the fabrication of injectable hydrogels. Aqueous
solutions of silk fibroin undergo self-assembly giving rise to the formation of § sheets,
which results in hydrogel formation. It is also possible to fine-tune the release kinetics

by controlling the secondary structure of silk fibroin.[55-57]
1.2.3. Silk fibroin for delivery of bioactive molecules

SF, a well-characterized structure, with predominant hydrophobic block copolymer
forms stimuli-responsive self-assembly in aqueous solution. Self-assembly of SF is
highly controllable [58]. External stimuli such as fibroin concentration, pH, ionic
strength, shear stress, and temperature of the solution increase its 3-sheet content and
form permanent intermicellar and interglobular crosslinks. The silk material format
available to be used as DDS is mainly composed of -sheets, B-turns, helices, and random
coils [59]. External stimuli can be used to regulate the cross-linked network of SF
scaffolds which is directly correlated with the controlled release of drug molecules
through facilitated diffusion [60]. Proteolytic enzymes predominantly secreted in the
body cleaves SF protein at several cleavage sites and release soluble amino acid or
peptide fragments along with drug [61]. Therefore, by controlling the degradation pattern
of silk structure, drug release Kinetics can be regulated. The degradation profile of SF
depends on several critical factors including (i) the site of implantation, (ii) concentration
of SF, (iii) crystallinity of SF matrices, (iv) type of protease enzymes at the implantation
site and (v) the animal model [62]. The conformation of the SF matrices can be directly
tuned to control the release rate of the drug at the implantation site. For example, higher
the B-sheet content, concentration, crystallinity of the SF matrices and lower the porosity
of the SF matrices reduce the degradation rate, thus lowering the release profile of the
drug [62, 63]. Due to these intrinsic characteristics, SF has been used in various formats
like silk scaffolds in delivery of bioactive molecules with loading quantity and release

profile are presented in Table 1.3.
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Table 1.3. Various formats of implantable silk scaffolds in bioactive molecules delivery

with release profile pattern.

Format Delivered bioactive  Release profile Application Ref
molecule
Porous Bone morphogenetic ~ Sustained release  Bone formation and  [64,
Scaffolds protein-2 (BMP-2) for 21 days repair 65]
Antibody (IgG) and  Sustained release  Prevention of HIV ~ [66]
protein (5P12- for 31 days
RANTES)
Cisplatin Sustained release Localized [67]
for 30 days neuroblastoma
treatment
Horseradish NA Enzyme [68]
peroxidase (HRP) stabilization
BSA and FITC-Inulin Tunable and Dual drug delivery  [69]
loaded on calcium sustained release system
alginate beads for 35 days
Gentamycin loaded  Sustained release Drug delivery [70]
on calcium alginate for 30 days
beads
Aspirin Sustained release  Treatment of in vivo [71]
(70 %) for 14 Calvarial Defects
days
PDGF-B and BMP-7  Sustained release ~ Bone regeneration  [72,
releasing for 21 days 73]
recombinant
adenovirus
Insulin-like growth  Linear correlation Induction of [74]

factor-1 (IGF-1)

TH-2370_136106016
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Vascular endothelial ~ Sustained release ~ Bone regeneration  [75]
growth factor for 28 days
(VEGF)
Basic fibroblast Sustained release  Tissue regeneration [76]
growth factor (bFGF) for 24 h
Films HRP Enzymes Stabilization of [77]
Glucose oxidase entrapped for 10 Enzymes
(GOx) from months at 37 °C
Aspergillus niger
Lipase from Candida
rugosa
VEGF 25% release for 4 For rapid [78]
days vascularization
Ocular drug delivery NA Transparent (>99  [79]
systems %) films
Doxorubicin (Dox)  Sustained release  Deciphering silk-  [80]
and vincristine for 30 days drug molecule
interaction
mechanism
Anaplastic lymphoma Sustained release Focal therapy of  [81]
kinase (ALK) for 30 days neuroblastoma
inhibitors such as
crizotinib and Dox
Ciprofloxacin Sustained release Wound healing [82]
for 50 h
Dox 45% release for Cancer treatment  [83]
72 h
Tetracycline Release based on  Antimicrobial drug [84]

hydrochloride
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Azoalbumin, Controlled Regulated drug [85]
rifampicin and indigo  release for 5 days delivery
carmine
Nanofibers Titanocene dichloride Sustained release Breast cancer [86]
(85 %) for 6 days treatment
VEGF Sustained release ~ Angiogenesisand  [87]
bladder
reconstruction
Curcumin (CM) Sustained release Implantable and [88,
for 2 weeks controllable DDS  89]
for cancer treatment
Tamoxifen (TAM)  Sustained release Breast cancer [90]
for 22 days therapy
Ceftazidime (CTZ2) Controlled To prevent [91]
release for 6 h infections for

wound dressing

Silver (AG) 65% release for 6 Antibacterial [92]
h activity
Dexamethasone Prolonged release Inhibition of [93]
for 192 h apoptosis and

inflammatory
damage in

endothelial cells

Sterilization is a prime concern for any material to be used in drug delivery. B.
mori SF possesses extraordinary mechanical strength and high thermal stability that helps
to retain the structural stability during standard sterilization methods like autoclave
without any degradation or change in properties [94]. Whereas, synthetic polymers such
as PLGA or other natural polymers like collagen fails to retain structural stability.
Aforesaid freedom to choose sterilization method makes silk a desirable matrix for
sustained drug delivery [94]. Several research works have reported the cytocompatibility

of the silk matrices using numerous cells types like fibroblast, keratinocytes, hepatocytes,

15
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osteoblast, epithelial, endothelial, glial, stem cells and many more [55, 95, 96]. . In vivo
implantation of different silk formats for DDS was also demonstrated. It is noted here,
that reason behind some immunogenic response from SF is due to the presence of
processing impurities (sericin) or contaminants like silkworm excretory products or dust
[97]. Various formats of injectable silk scaffolds in delivery of bioactive molecules with

loading quantity and release profile are presented in Table 1.4.

Table 1.4. Various formats of injectable silk scaffolds in bioactive molecules delivery

with release profile pattern.

Form Fabrication methoi  Delivered Release Application Ref
at bioactive profile
molecule
Hydro Mulberry/non- Dox Triggered Near infrared [55]
gels  mulberry silk fibroi release for  light dependent
blended with carbor 14 days on demand
nanotube drug release
system
Sonication induced miR-675 stem  Sustained Prevention of
gelation cell derived release for  aging induced
exosomes 36 days vascular

dysfunction

Sulfonic acid Cationic Sustained Promoting [98]
modified silk chemokine  release for 5 stem/progenitor
hydrogel CXCL12 weeks cell
mobilization
Temperature induce  Diclofenac Sustained  Controlled drug  [99]
gelation sodium release for delivery
35h devices
Vortex induced Graphene Triggered Drug release  [100]
gelation oxide, Dox release for system based
21 days on near infrared
induction
Chitosan/SF/glycerc  Platelet- Sustained  For stimulating [101]
phosphate blends derived release for  DNA synthesis
growth factor- 28 days in Balb/c 3T3
BB (PDGF- fibroblasts and
BB) cell migration
16
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Silk/PEG blends BMP-2, Cumulative Bone [102,
dexamethason  release for regeneration 103]
e 60 days and to treat
inner ear
diseases
Temperature induce Dox pH Localized [104]
gelation responsive breast cancer
drug release treatment
for 8 weeks
Sonication induced anti-VEGF Sustained For the [105]
gelation (bevacizumab)  release for treatment of
90 days Age-related
macular
degeneration
(AMD)
SF/PVA/PEG blend  Aspirin, Sustained Drug release  [106]
Indomethacin  release for model
15 days
Micro Self-assembly of SF FITC-Dextra pH Tunable drug [58]
/ Nano triggered release system
sphere release based on
external stimuli
lon induced SF Lysozyme, pH Controlled drug  [61,
nanoparticles dox, triggered  delivery system 107,
ibuprofen, release for from non- 108]
14 days mulberry silk
Vortex induced silk Polyethylenim NA Targeted gene  [109]
nanospheres ine , DNA delivery for
treating cancer
Ethanol precipitatio BMP-2, BMP-  Controlled Tissue [110]
9 or BMP-14  release for engineering
14 days
Acetone Gentamicin  Release for Showed [111]
precipitation 12 h antibacterial
activity and
supports
adhesion,
proliferation
and
differentiation
of osteoblasts
17
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Solvent diffusion  Blue dextran Sustained Controlled [59]
method 2000 release for release based
48 h on ethanol
Encapsulation  Yeast cell wall ~ Sustained Core—shell [112]
polysaccharid  release for biopolymer
e loaded with 20 days based drug
carvedilol delivery system

Traditional silk hydrogels usually possess inferior mechanical properties as well
as lack multi-functionalities. Nano-sized particles/fillers, both inorganic and organic
materials such as liposomes, dendrimers, polymeric micelles, carbon nanotubes, solid
lipid nanoparticles, magnetic nanoparticles, silk fibroin nanoparticles have unique
chemical, physical, and biological functions. They have been extensively studied for
their efficient targeting and controlled drug release behavior for the treatment of cancer.
The type of nanoparticle incorporated regulates the kind of stimuli that can be used to
release the drug under the desired conditions, enhance the delivery in different parts of
the body, allows the transport of hydrophobic drugs, or is responsible for multi stimuli-
response behavior. Further, the functionalization of nanoparticles could deliver the
incorporated drug to and nearby target cancer cells. Targeted delivery systems could
deliver the drug with an effective dose to reduce systemic toxicity. Molecular targeting
such as active or passive targeting can be accomplished for hydrogel nanoparticles for
target site delivery of anticancer drugs. Nanocomposite hydrogels, which combine the
advantages of both nano-fillers and hydrogel matrices, may result in improved
mechanical and biological properties and find their potential applications in biomedical
field.[55, 56, 113]

1.2.4. Nanocomposite smart hydrogels for stimuli triggered drug release

Nanotechnology has opened up new horizons in developing new modalities for delivery
of therapeutic agents into targeted regions by having more efficient and high
performance nanocarriers through which localized delivery is achievable [114, 115]. In
this regard, designing nanosystems possessing multiple functionalities with great
abilities has attracted the attention in developing DDSs. Smart materials having the
capability to respond to various stimulus is becoming an important category of advance

materials giving rise to stimuli responsive DDSs [114].
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The triggering of drug release can be attained by local biological stimuli (e.g. pH,
redox, enzymes) or by external sources (e.g. light/electromagnetic fields, focused
ultrasound)[116]. Among these, multistimuli responsive DDSs have gained more
attention due to their three dimensional (3D) hydrophilic polymer porous network that
can be loaded with drug in considerable amount[117]. Drug diffusion into off- targeted
regions is one of the major issue in DDSs. To overcome this, magnetic hollow porous
carbon nanocarriers with pH, glutathione, and NIR triple-responsive property were
fabricated. Also, multidrug resistance produced by chemotherapy was dealt by utilizing
photo thermal conversion property of carbon and iron- oxide (Fe304). Tumor growth was
effectively inhibited by efficient accumulation of nanoparticle at the tumor site with
minimal side effects, as confirmed by in vivo studies[118]. Another liposomal system
based on magnetic hyperthermia, photodynamic therapy and chemotherapy
simultaneously enclosed by anticancer drug Doxorubicin enclosed in magnetic
nanoparticles was reported. In vitro studies revealed that combined therapy almost

completely eliminated the cancer cells[119].

The use of alternating magnetic field (AMF) to develop a non- invasive and
localized heating by converting magnetic energy into local heat, has become very
promising therapeutic modality in recent years. AMF have been preferred over other
radiation methods, as it allows deeper penetration in the body with a less harmful
ionization effect[116]. Light has been utilized in applications of intelligent targeted
DDSs due to its ease of production, noninvasive nature and controllable intensity that
can provide good control over the treatment process. However, all light activated systems
suffer from limited light penetration into the tissue. Therefore, to have a better treatment
plan internal stimulus can be combined with light activation leading to dual or
multiresponsive smart DDSs[114]. Similarly, dual pH and thermo responsive DDSs are
being extensively studied that are characterized by minimal toxicity, improved
therapeutic efficacy and reduced exposure to normal cells[115]. Table 1.5 shows the list

of various smart materials for stimuli triggered drug release.
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Table 1.5. Various stimuli for triggering drug release from smart biomaterials.

Stimuli Material used Drug delivered Area Ref
targeted
pH & thermal poly(N- Doxorubicin Cervical [117]
responsive isopropylacrylamide- cancer

co-itaconic anhydride)
[P(NIPAAM-co-1A)],

poly(ethylene glycol)
(PEG), and
Fe304 nanoparticles
Enzymatic nanoparticles coated MTX Breast cancer [120]
(proteinase with glycine (F-Gly
K) NPs)

Ultrasound Calcined magnetic MTX) Colon and [121]
and static nanoparticle hepatocellula
magnetic r carcinoma

field
temperature- Nanoparticle embedded silibinin, SLB NIH/3T3 [122]
sensitive in PEG-PLA fibroblast
) polymeric composite cells
laser light

drug release
Thermo/ gold (Au)-coated Doxorubicin esophageal  [123]

chemotherap  implantable nanoturf cancer model

y via near-

infrared
(NIR)
exposure
pH- and near- polypyrrole (PPy) paclitaxel Breast and [124]
infrared coated paclitaxel colon cancer
(NIR)- (PTX)-loaded
responsive polycaprolactone
(PCL) (PCL-PTX) mat
Heat stimulus methyl- carboxyfluorescei FaDu human  [125]
terminated polyethylen n (CF) epithelial
e glycol N- carcinoma
Hydroxysuccinimide cell line

ester (PEG-NHS)
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1.2.5. Carbon nanotubes nanocomposites for drug delivery

CNTs are getting extra attention due to their potential advantages over other extensively
studied metal nanoparticles (Figure 1.1A). The high aspect ratio of CNTs allows them
to carry a heavy amount of drug molecules along with the ligand for ligand-target
interaction. Besides, extremely low weight favors its cellular uptake, provides stability
to the drug for its longer circulation time, enhance bioavailability and apt biodistribution
[126-128]. SWNTs have extensively been investigated for their potential delivery of
nucleic acid [129], protein [104], and drug molecules [130, 131]. Easy surface
modifications of CNTs allow the conjugation of ligands for ligand-target interaction.
Scientists have also reported the efficient tumor-targeted drug delivery using
functionalized CNTs both in vitro and in vivo [132]. CNTs have also been explored for
its photothermal property. Photothermal therapy involves the conversion of light energy
into heat energy to Kill the cancer cell. Near-infrared (NIR) light with a wavelength range
from 650 to 1350 nm can penetrate deeply into biological tissue without its absorption.
These nanoparticles, like CNTs, get heated when illuminated with NIR light.
Interestingly, scientists have shown that CNTs destroy the solid malignant tumor due to
excessive heat generated by continuous NIR irradiation. They have also reported the

efficiency in terms of minimal side effects and non-recurrence of tumors [133, 134].

Although CNTSs have been proved as an efficient carrier of the drug, however,
they still have not passed the clinical trials. Since CNTs directly enter into the body it is
essential to understand their interactions with biological tissue, did they initiate any
cellular signaling pathway, how long they will stay in circulation, whether they are
biodegradable, what are their byproducts, and if they are causing any toxicity; these
clinical aspects remain unresolved limiting CNTs application in medicine. There is a
controversy about the degradation of CNTs and their toxicity. A recent study has thrown
light on CNT's feasibility to be enzymatically degraded by neutrophils and macrophages.
The study also suggested that biodegradation of CNTs could be determinant of their
inflammatory response [135]. CNTs have also been used as the substrate for the neuronal
cell growth [136] and osteoblast cell [137] where surface charge and texture of CNTs
determine the growth [138]. However, several reports suggested that dose and time-
dependent exposure of CNTs to mice may cause adverse effects on the lungs [139],
spleen [140], and liver [141]. CNTs also cause oxidative stress and affect embryonic
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growth [142]. In summary, the toxicity of CNTs is dependent on the size, length,
diameter, and whether they are functionalized or not.
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Figure 1.1. (A) Biological application of CNTs (a) electrochemical sensor based on
CNT, (b) CNT in thermal imaging in vivo (c) mice tumor therapy using CNT [143], (B)
Intratumor injection of DOX/CNT-Gel nanocomposites into tumor mice model for
photothermal therapy [144] and (C) Time-dependent tumor reduction observed through
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micro PET-CT scanning of mice post DOX/CNT-Gel delivery, illustrating the efficiency
of chemo-photothermal treatment [144].

Scientists are now focused on how the toxicity and solubility issue of CNTs can
be solved. Here incorporation of CNTs into a polymer for drug delivery could be
advantageous. As polymer coating onto CNTSs reduces their toxicity. The integration of
CNTs into the hydrogel can be achieved by covalent or non-covalent interaction or their
homogenous stabilization in the polymer chains of hydrogel matrix [145, 146].
Homenick et al., incorporated poly(ethyleneimine) (PEI) functionalized SWNTs or
pristine SWNTSs into collagen hydrogel and tested Young’s modulus. It was observed
that PEI-SWNT dramatically enhances the mechanical properties of collagen hydrogels
as compared to pristine SWNTs. CNTs functionalized with pyrene modified p-
cyclodextrin (Py-B-CD) is a water-soluble form which has been incorporated into gel via

the host-guest interaction [146].

A very common issue in utilizing CNTs is their degradation by the immune
system post-administration into the blood. To prolong their circulation time in blood,
PEG-based functionalization is advisable. PEG is a synthetic, biocompatible, and non-
immunogenic polymer. It encases around the CNTs to form nanocomposites and low
down the immunogenicity and prevent its nonspecific phagocytosis by RES so that to
increase their half-life in the blood. The authors have also detected the presence of
PEGylated CNTs inside the liver and spleen macrophage for 4 months with great
compatibility [147]. Intracellular tracking of FITC labeled PEGylated nanocomposite of
CNT also confirms that it can pass through the nuclear membrane in an energy-
independent manner [148]. Interestingly, CNTs did not affect the nuclear organization
and its structure as well as cell cycle and growth kinetics for up to 5 days. Moreover, it
was observed that CNTs intake and excretion are bidirectional reversible processes, i.e.,
if removed from the culture media, CNTs come out from the nucleus into the cytoplasm
and then excreted out from the cells [148]. Scientists have also coated folic acid-
terminated PEG (PEG-FA) on SWNTs in a facile non-covalent method followed by
DOX to target cancer cells [149]. CNTs functionalized with chitosan were incorporated
to poly(acrylamide-co-acrylic acid) hydrogels, and in vitro toxicity was assessed on
intestinal cells [150]. In a similar approach, a crosslinker 2,4,6-Tris(p-formylphenoxy)-
1,3,5-triazine (TRIPOD) has been used to form a chitosan-MWNTs nanocomposite
hydrogel. The developed nanocomposite hydrogel was mechanically more robust with
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enhanced stability. They also inhibited the burst release of drug initially and followed by
slow and sustained release (at different pH conditions) compared to control chitosan
hydrogel. Authors have also suggested that drug release can be tuneable by varying
MWNTs concentration into chitosan hydrogel [151]. Gelatin-CNT hybrid
nanocomposite films have been used to deliver anionic drugs and drug release studies
were performed at variable temperature and voltage. Likewise, stimuli responsive drug

release has also been observed in polymer/CNT nanocomposites [152].

The photo-thermal property of CNT can be utilized by its accumulation into the tumor.
Intravenous delivery of CNTSs causes its systemic distribution and lowers the chance of
its gathering to the tumor. Therefore, scientists are trying to use polymeric hydrogel
systems, which can hold the CNT and could be directly injected intratumorally as shown
in Figure 1.1B. The strategy above is expected to have enhanced NIR triggered
photothermal therapy [153]. Co-delivery of anticancer drugs loaded on to CNT-polymer
nanocomposite has been tried, and subsequently, drug release triggered by photothermal
effect has been reported. This may ensure better results due to chemo and photothermal
therapy together (Figure 1.1C) [144, 154, 155].
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MOTIVATION AND OBJECTIVES OF THE PRESENT
INVESTIGATION

Among various cancer treatment options, chemotherapy remains the most common.
Chemotherapy is often challenged by severe cytotoxic side effects, fluctuating blood
concentrations, and limited drug assesses to cancer regions. These limitations of the
traditional anticancer drugs are their side effects caused during and after the treatment.
The current need of an injectable hydrogel system that could on-demand release the
anticancer drug post its implantation in a minimally invasive way locally at
near/intratumor site, motivated us to conduct the present study. Nanocarriers have unique
properties and have been extensively studied in drug delivery applications.
Nanocomposite hydrogels, which combine the advantages of both nano-fillers and
hydrogel matrices, may result in improved mechanical and biological properties in the
biomedical field. The origin of the present research work and the salient motivating

factors are as follows::

1. The current conventional chemotherapy with multiple cycles of systemic
administration has high systemic toxicity and low bioavailability in the hypoxic
and necrotic zone of cancer, leading to low efficacy and higher recurrence. This
motivated us to develop a novel minimal invasive injectable hydrogel system
loaded with drugs that can be injected in the core of solid cancer under image
guidance. We are hopeful that such a system may have higher efficacy, lower
systemic toxicity, and may reduce the need for hospitalization of patients for
repeated cycles of chemotherapy.

2. In drug delivery, despite numerous applications, there are no current systems
available for controllable, sustained, and targeted drug delivery via fully
degradable implants. Recently, injectable hydrogels that are formed in situ after
injection have been receiving much attention for treating these problems.
Currently available hydrogels face issues related to cost, allergic responses, poor
tunability, and complicated manufacturing processes. In the context of the afore-

stated issues, we intend to fabricate an injectable model system for drug delivery
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that would be instrumental in elucidating a novel, facile, green and fast strategy
based on the unique material properties of polymeric bioresource, i.e., silk.

3. Silk is an FDA approved natural biopolymer which has been shown tremendous
biomedical application. Further, silk is a naturally degradable biopolymer having
no harmful effects on the environment. The biomedical prospects of the endemic
silk varieties of North East India, e.g., A. assama, the golden yellow fiber of
Assam has received geographical indication status. Due to our
Institute/laboratory location (Assam), we have direct access to this underexplored
silk variety for manufacturing processes. The abundant silk protein availability
and facile hydrogel fabrication methods further motivated us to work on this
project.

4. Inour lab, we developed a green method of silk hydrogel preparation, which does
not require the use of any harsh chemicals or external stimuli such as vortex,
sonication, heat, and pH to form the hydrogel. Interestingly, mulberry (B. mori)
and non-mulberry (A. assama) silk protein blending induced the rapid formation
of robust hydrogel within a few minutes. The blending method also provides
feasibility to incorporate the drug(s) loaded nanocarrier for injectable
nanocomposite hydrogel formation. The formed hydrogels can also be sterilized
by autoclave, which brings another advantage to this system and motivates us to
explore it further.

5. Although silk fibroin protein-polymer has numerous excellent properties, it is
nonconductive and nonresponsive to external stimuli, which burst release all it's
content. The flexibility to mix nanocarriers with silk polymer blend motivated us
to develop new nanocomposite smart materials with superior drug-releasing
properties.

6. The silk fibroin nanoparticles have been extensively studied all around the globe
in delivering various hydrophilic/hydrophobic/charged anticancer drugs. In one
of our approaches, we aim to embed the silk fibroin nanoparticles in the silk
hydrogel to assess its sustained drug delivery efficacy.

7. Single-walled carbon nanotubes (SWCNT) offer many advantages individually
for drug delivery applications. Their surface can be modified for target cancer
cell-specific drug delivery. Additionally, SWCNTs exhibited electrical
conductivity and NIR radiation-induced photothermal property. Motivated from
these features, in our second approach, we aim to embed SWCNT in silk hydrogel
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to explore the superior externally addressable properties of nanocomposite
hydrogel for localized, targeted drug delivery.

8. In an extensive literature survey, we did not find any 3D cell culture system
available to study the interaction between injectable hydrogels and cancer cells
in vitro for its functionality assessment. This gap further opened the scope for us
to design a silk-based scaffold prototype that can support the growth of the cancer
cells and provide a space for the injectable hydrogels at the same time to study

the long term interaction between cells and the hydrogel.

In light of the enormous scope of exploring various nanocarriers loaded anticancer drugs
in association with silk biomaterials, we would like to develop smart hydrogels as
vehicles for localized, cancer-targeted externally addressable drug delivery applications.

We analyzed our different hypothetical strategies through the following objectives:

Objectives:

1. B. mori silk fibroin nanoparticle (BMNP) impregnated injectable silk hydrogel
for sustained delivery of cisplatin and its in vitro functionality assessment in 3D

cultured stomach cancer cell model.

2. Single-walled carbon nanotube (SWCNT) impregnated injectable silk hydrogel
for folic acid receptor overexpressing oral cancer cell-targeted doxorubicin

delivery.

3. Assessment of photo electro-active minimally invasive injectable silk hydrogel
in in vivo breast tumor mice model for spatiotemporal controlled release and

tumor therapy..
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Bombyx mori Silk Fibroin Nanoparticle (BMNP)
Impregnated Injectable Silk Hydrogel for Sustained
Delivery of Cisplatin and its In Vitro Functionality
Assessment in 3D Cultured Stomach Cancer Cell
Model

This Chapter discusses the preparation of silk-based nanohybrid hydrogel system and
scaffolds to fill up the current gap in evaluating the soft injectable hydrogels in vitro for
sustained drug delivery applications.

Injectable Silk

‘\'Hydrogel

.........

FESEM Image of h e "I Fluorescent Image
Porous Silk Scaffold of Live/Dead

Stomacfl Cxafrlﬁicer Cell
Seeded Scaffold

The work embodied in this chapter is published in a peer-reviewed journal as follow:
Ankit Gangrade and Biman B. Mandal. “Development of 3D Porous Silk Scaffold for
In Vitro Evaluation of Injectable Hydrogels Potential in Preventing Stomach Cancer
Growth and Recurrence” ACS Biomaterials Science & Engineering 5, (2020) 6, 11,
6195-6206. (IF — 4.152).
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ABSTRACT

Localized cancer chemotherapy through injectable hydrogels is a next-generation
advanced substitute for the currently operative systemic route of drug administration.
Recently, several hydrogels have been developed for prospective drug delivery
applications; however, no in vitro disease model is available to evaluate its long term
bioactivity in real-time. In this regard, we have designed a porous silk scaffold that
provides a single platform to accommodate both soft hydrogel and cancer cells together.
The stomach cancer (AGS) cells were seeded in the periphery of the silk scaffold, where
they sit in the pores and form 3-dimensional (3D) spheroids. Further, the anticancer drug
cisplatin loaded nanocomposite injectable silk hydrogel was filled in the central cavity
of the scaffold to evaluate its 11-day extended bioactivity. In an attempt to model cancer
recurrence, the AGS cells were reseeded on the second day of treatment. Our data
revealed that the shelf life and cytotoxic effects of cisplatin, which was explicitly
releasing out from the nanocomposite silk hydrogel, was considerably enhanced. Hence,
the reseeded AGS cells did not survive further on the scaffold, which also indicates its
ability to inhibit the cancer relapse. Conclusively, the current work showed a possible
way to evaluate the long term efficacy and bioactivity of injectable hydrogel system in

vitro for sustained drug delivery application.
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2.1. Introduction

Cancer is a chronic disease that requires sustained/prolonged exposure to anticancer
drugs for sound therapeutic effects.[156] The current gold standard cancer chemotherapy
procedure involves the administration of anticancer drugs directly into the veins, which
distributes these highly cytotoxic drugs all over the body and produce various undesired
side effects.[157] Also, maintaining a steady blood plasma level of medications through
the conventional/intravenous drug delivery method is a painful and challenging process.
Due to insufficient accumulation of drugs at the tumor site, the probability of
postoperative cancer relapse is also high. “Localized” near/intratumor drug delivery
methods, however, have been introduced recently and is now emerging as an alternative
methodology of currently in effect systemic intravenous drug delivery method.[158, 159]
Wherein, a depot/reservoir is required to restrict the drug locoregionally at the diseased
site that could prevent cancer recurrence and inhibit its diffusion to the nearby healthy

tissues as well.

Based on the method of implantation, depots could be divided into two
categories; first, surgically implantable scaffolds that include films, sponges, microchips,
microneedles, electrospun mats etc. and second, minimally invasive injectable systems
that include hydrogels.[55, 160-164] Hydrogels are three-dimensional structures that
hold more than 95% of water, and therefore have properties of both solids and liquids.
They are the preferred choice of depot due to their high drug loading efficiency and
injectable nature, which permits its local implantation in a minimally invasive way.[156]
Hydrogels made up of various natural (collagen, gelatin, chitosan, silk fibroin, fibrin) or
synthetic [poly lactic-co-glycolic acid (PLGA), Polyvinyl alcohol (PVA), Polyethylene
glycol (PEG)] polymeric materials have been extensively studied and reviewed for their

advantages/disadvantage in drug delivery application.[156]

Silk fibroin (SF) is a natural protein-polymer available abundantly all over the
world and has been used as a textile material for our ancient times. They are susceptible
to various proteases for their biodegradation and produce biocompatible, nontoxic,
resorbable, amino acids as a by-product, which sought the researcher’s attention to utilize
it as a biomaterial in tissue engineering, and drug delivery applications.[160, 164, 165]
Further, the SF protein can be processed into various formats such as porous scaffolds,

films, nanoparticles, microneedles, and hydrogels based on the desired health care
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applications.[55, 162, 165, 166] The mechanical strength and biodegradation rate of the
silk made scaffolds are also tunable and can be controlled by their final wt%
concentration.[55] Different methods such as vortex, sonication, change in pH, freeze-
thaw cycles, and blending have been explored to induce the sol to gel transition of
aqueous SF solution.[3, 55, 161, 167, 168] At low wt%, SF protein form soft and
injectable hydrogels suitable for drug delivery applications; however, they have the
drawback of frequent content release due to the loose crosslinking.[55] The
nanocomposite hydrogel formation by inserting cargos carrying nano vehicles into the
hydrogel matrix displayed the sustained payload release for a prolonged time
duration.[55, 165] Such nanocomposite hydrogels have shown superior properties than
both of its counterpart. Besides, silk has also supported the growth of numerous types of
cells on its surfaces such as chondrocytes,[169] osteocytes,[170] adipocytes,[169] stem
cells,[170] pancreatic cells,[171] hepatocytes,[96] cardiomyocytes,[172] cancer
cells,[173] etc., for various tissue engineering, 3D disease modeling, and drug screening

applications.

Conventionally, the screening of anticancer drugs begins with a two dimensional
(2D) cell culture technique.[174] Wherein cancer cells are grown as a monolayer over
the plastic surface and treated with test compounds for their cytotoxicity measurement.
However, it is not necessary that these drugs should show similar anticancer effects in
vivo, as shown in the 2D cell culture system, which is due to the complex
microenvironment and three-dimensional (3D) arrangement of cancer cells in the tumor.
Therefore, culturing cancer cells in 3D as a spheroid or over hydrogels/scaffolds is
introduced to assess the cytotoxicity of the anticancer drugs before its testing into
animals.[175-177] 3D cell culture also bridges the gap between 2D monolayer and in
vivo tumor microenvironment. Additionally, with 3D culture techniques, actual human
diseased cells could be grown for testing, which would best recapitulate the disease to
yield results with high predictive values for clinical outcomes. Also, the drawbacks of
the conventional mouse model, such as their high cost and associated ethical

considerations, could be by-passed.

However, to our knowledge, there has been no model/design is available, which
can be used to directly assess the functionality of drug molecules releasing from the
depots in real-time. Currently, two in vitro methods are available to evaluate the
functionality of drug molecule releasing from the depot; first, by incubating drug depot
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into a separate vessel with cell culture media and use this media to treat the cancer cells
cultured separately in either 2D monolayer or 3D scaffold.[55, 158, 178] Second, by
using transwell plates, in which the drug depot is placed on the top of transwell, and cells
are cultured in the bottom as a 2D monolayer.[161] Both these in vitro assessment
techniques provide limited information due to no direct cell to depot interaction. Also,
the incubation of soft hydrogels directly into aqueous media solubilizes its content and

may give false information.

In present work, we have designed a cylinder-shaped porous silk scaffold with one end
open and one end closed. The open-end design of these scaffolds form a cavity/space;
wherein, the anticancer drug-carrying soft hydrogel could be injected, and in the
periphery, cancer cells could be grown as 3D spheroids. Here, we propose that such a
model could predict the long term functional activity of sustainably releasing anticancer
drug molecules in real-time and may yield data that is close to the experimental animal

studies.
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2.2. Materials and methods

2.2.1. Isolation of SF protein from Bombyx mori (BM) cocoon and Antheraea assama
(AA) silkworm glands

BM SF protein aqueous solution was isolated from the cocoon as described
previously.[55] Briefly, the chopped pieces of BM cocoon were boiled for 15 minin 0.02
M Na>COz to remove the sericin from silk fibers. The obtained silk fibers were dried and
solubilized into 9.3 M LiBr solution. The working SF aqueous solution was collected

post three days dialysis against Mili-Q water.

The AA SF protein aqueous solution was isolated directly from worm glands
instead of the cocoon. The AA SF was squeezed from the gland manually in distilled
water using forceps and dissolved in 1% sodium dodecyl sulfate (SDS) solution. The

working AA SF solution was collected post four h dialysis against Mili-Q water.
2.2.2. Preparation and characterization of BM nanoparticle (BMNP)

BM SF nanoparticle (BMNP) was prepared using the desolvation method as previously
done with modification.[179] 1.2 wt% BM SF solution was injected into 20 ml
continuously stirring acetone through a syringe to form BMNP. The formed BMNP was
aqueously suspended after acetone evaporation, and collected in supernatant post
centrifugation at 8000g for 8 min. The aqueous BMNP was processed by lyophilization
and obtained as the powder for further studies. The concentration of BMNP was

determined by Bradford assay using BSA standard plot.

The characterization of BMNP was done using field emission transmission
electron microscopy (FETEM), field emission scanning electron microscopy (FESEM),
and dynamic light scattering. For the characterization, lyophilized BMNP was dispersed
into water. A drop of approximately 10 pug/ml BMNP was dried over coverslip, and
placed on the top of carbon tape. Successively, the coverslip was coated with gold before
FESEM analysis. For FETEM analysis, BMNP dispersed in water air-dried over the
carbon grid. Size distribution and zeta potential were determined using Malvern
Zetasizer ZS90. For size distribution, 1 ml of BMNP water suspension was filled into a
cuvette, and three measurements were performed where each measurement included 11
runs. For zeta potential 1 ml BMNP sample was added into U-shape cuvette, and three

measurements were performed where each measurement was a result of 20 runs.
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2.2.3. Preparation and rheological characterization of BMNP loaded

nanocomposite silk hydrogel

Silk hydrogel was prepared by blending SF proteins isolated from BM cocoon and AA
silkworm glands. For the preparation of hydrogel working stock of BM and AA SF
solutions were blended in a 1:1 wt% ratio to make up to the final 2 wt% silk hydrogel.
While blending two SF solutions, the aqueous suspension of BMNP was mixed at 25,

50, and 100 pg concentration to form the crosslinker free nanocomposite silk hydrogel.

The nanocomposite hydrogel formation was rheologically characterized using the
Anton Parr MCR302 rheometer. For gelation time measurement, the blend of
BM:AA:BMNP at 1:1:X wt% ratio was placed under the 1 mm gap of the parallel plate
of the rheometer (where X is the variable concentration of BMNP). The parameters like
shear strain (y, 0.001%), angular frequency (o, 20 rad/s), and temperature (T, 37 °C)
were kept constant. The storage modulus (G”) and loss modulus (G”) values were
recorded with increasing time and plotted to determine the gelation time. For the
amplitude sweep determination, shear strain from 0.01 to 100 % was applied over the
hydrogel/nanocomposite hydrogel, and angular frequency was kept constant at 3 rad/s.
The obtained G’ and G values were plotted against shear strain. The frequency sweep
was performed by applying variable angular frequency in the range from 1 to 100 rad/s
and keeping shear strain constant at 10 %. We determined 10 % shear strain value under
the linear viscoelastic region through amplitude sweep, hence it was selected and kept
constant to conduct the frequency sweep test. The obtained G’ and G” values were then
plotted against angular frequency. From the frequency sweep experiment, loss factor (tan
d) and complex viscosity were also calculated, and both were plotted against angular
frequency. The thixotropy study of hydrogel was done by applying low shear strain (10
%) and high shear strain (100 %) repeatedly for 3 times by keeping the angular frequency

constant at 10 rad/s. The obtained G’ and G” values were then plotted against time.

2.2.4. Preparation of BMNP-cisplatin conjugate and Silk@BMNP-cisplatin
nanocomposite hydrogel

1 mg lyophilized BMNP was suspended into 1 ml water or a buffer of pH 4, 7.4, and 9.1.
Cisplatin 3 mg/ml stock solution was then mixed with 1 mg/ml water/buffer suspended
BMNP and incubated overnight at room temperature with shaking. The BMNP-cisplatin
conjugate was separated by centrifugation as pellet, and free cisplatin was measured by
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a colorimetric method in the supernatant to determine the cisplatin loading capacity over
BMNP in a different pH buffer solution.

BMNP-cisplatin (100 pg BMNP-170 ug cisplatin) conjugates without removing
the unbound cisplatin were prepared at pH 9.1 buffer and blended with BM and AA at
1:1 wt% ratio to form Silk@BMNP-cisplatin nanocomposite hydrogel. The equivalent
amount of cisplatin was blended directly with BM and AA at 1:1 wt% ratio to form

Silk@cisplatin hydrogel as a control.

2.2.5. In vitro drug release studies from Silk@cisplatin and Silk@BMNP-cisplatin
hydrogel

The cisplatin drug release study from Silk@BMNP-cisplatin nanocomposite hydrogel
and Silk@cisplatin hydrogel was carried out in three different buffers of pH 4, 7.4, and
9.1. The incubation buffer was collected at prefixed timepoint until 21 days study and
replaced every time with a new buffer, respectively. The free cisplatin released was
calculated by the colorimetric O-phenylene-diamine (OPDA) method by taking
absorbance at 706 nm wavelength using Tecan Infinite Pro, Switzerland, multi-plate
reader. The study was conducted in triplicates and plotted as percentage cumulative drug

release vs. time.
2.2.6. Fabrication of tubular silk scaffold

The tubular scaffolds with one open end were prepared using the blended solution of BM
and AA silk proteins in the optimized wt% ratio of 2:1, respectively. Manually in the
bottom of a 96 well plate, small pieces of wooden toothpicks were pasted. BM and AA
were blended in a separate vessel, and 300 pl of blend solution was added to each well.
The plate was immediately frozen at -80° C and lyophilized. The lyophilized scaffolds
were then separated from the well plate and incubated overnight in 70% ethanol at 4° C.
Post ethanol crosslinking the wooden toothpicks were removed gently from each
scaffold, and these one end open silk scaffolds were replaced into 70% ethanol until

further use.

For the FESEM study, the lyophilized silk scaffolds were fixed over the stub
through carbon tape and then images were captured using FESEM to determine the

surface morphology and porosity.
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2.2.7. Invitro 3D culture of stomach cancer cell (AGS) on tubular silk scaffold

The tubular silk scaffolds were washed 3-4 times with water to remove the ethanol
content. For sterilization, scaffolds were autoclaved and conditioned overnight in
complete media before seeding the cancer cells. Pre- calculated number of AGS stomach
cancer cells were seeded onto the periphery of the scaffolds and allowed to
adhere/infiltrate into the pores of the scaffold by gently adding the cell culture media.
The culture media was replaced by fresh media every alternate day, and these conditions
were followed for further functional studies. The histology was performed to confirm the
cell infiltration in the porous scaffold. Cell-seeded scaffolds were cryosectioned at a
thickness of 15 um using Cryostat, Leica. The sections were collected on a glass slide
for Haematoxylin and eosin (H & E) staining to determine the cell distribution inside the
scaffolds. Live/dead assay was carried out to check the viability of the silk scaffolds
cultured cells. The live/dead solution containing 1 pl of calcein-AM and 4 pl of ethidium
homodimer-1 was prepared in 2 ml PBS.[180] The cultured scaffolds were carefully
washed twice with sterile PBS, followed by the addition of 300 pl of live/dead solution.
The scaffolds were then incubated at 37° C for 25 - 30 min. After the incubation period,
the live/dead solution was discarded, and the images of the scaffold were captured using

the fluorescence microscope (EVOS XL digital microscope).

2.2.8. Efficiency assessment of different anticancer therapeutic formulation

(nanocomposite hydrogel) on 3D cultured AGS cells

Cell proliferation and cytotoxicity for AGS cells were analyzed by quantifying the
reduction of Alamar blue dye at specified timepoints. 5000 stomach cancer cells per
scaffold were seeded after conditioning of the scaffolds in cell culture media. Briefly, the
cultured media was taken out, and Alamar dye (diluted 1:10 in complete DMEM
medium) was added to the culture followed by incubation at 37 °C and 5% CO2 for 3 h.
After the incubation period, the used dye was pipette out in a well plate, and absorbance
was taken at 570 nm and 600 nm using a microplate reader for calculating the dye
reduction by the live cells. % reduction of Alamar blue was calculated as per the

manufacturer's instruction.

The study was continued for 21 days, initially, without any drug treatment,
Alamar readings were taken for 8 days at specified time points. On the 9" day of the

study, cell-seeded scaffolds were segregated into five groups. Group 1 was untreated
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control. Group 2, 3, 4, and 5 were treated with Silk@cisplatin hydrogel, Silk@BMNP-
cisplatin nanocomposite hydrogel, free cisplatin, and free BMNP-cisplatin, respectively.
All the treatment groups received an equal 335 pg/ml cisplatin dose. The nanocomposite
silk hydrogel was injected into the central cavity of the silk scaffold using a syringe. The
scaffolds were then dispersed in media and incubated at the standard conditions. After
two days of treatment, i.e., on 11" day (short term), Alamar reading was recorded,
followed by reseeding of the same AGS cells to recapitulate the recurrence of tumor,
which is the major aspect in cancer treatment and Alamar reading was further taken at
15" day. The study continued for 21 days (long term) to assess the effect of treatment
given on 9" day. Later, a table was plotted for the percentage cells population increased

or decreased from treatment day (9" day) using the following formula —

Percentage cell population change [(final Alamar unit — initial Alamar unit)/final Alamar
unit] x 100

Where initial Alamar unit data was obtained from treatment day (day 9), and the

final Alamar unit was derived from day 11, day 15, and day 21.

2.2.9. Gene expression analysis

The gene expression analysis of cell-seeded scaffolds was performed as previously
done.[170] The cell-seeded scaffolds treated with Silk@cisplatin hydrogel and BMNP-
Silk@cisplatin nanocomposite hydrogel were collected at 2" day and 6" day of
treatment along with untreated control. The scaffolds were disintegrated in Tri reagent
(Sigma, USA) to isolate the ribonucleic acid (RNA). 1 ug RNA was reverse-transcribed
(RT) into cDNA using a high capacity RT kit (Applied Biosystem, USA). The specific
apoptosis gene markers were amplified using power SYBR green PCR master mix
(Applied Biosystems, USA) in a real-time PCR machine (Applied Biosystems 7500,
Thermo Fisher Scientific, USA). The nucleotide sequences of individual forward and
reverse primers used are listed in Table 2.1. The relative gene expression was calculated
with reference to endogenous housekeeping control beta-actin (B-actin) using -ACT
method as follow —

R = 2 ~(CTwon - CTewom) where R is relative gene expression, and GOI is the gene of

interest.
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Table 2.1 — List of primers used for gene expression analysis using real-time PCR.

No  Short name Primers Accession
number
1 hBax (F) CCTGTGCACCAAGGTGCCGG NM 001291431.1
AACT
hBax (R) CCACCCTGGTCTTGGATCCA
GCCC
2 hBcl 2 (F) TTGTGGCCTTCTTTGAGTTCG NM 000657.2
GTG
hBcl 2 (R) GGTGCCGGTTCAGGTACTCA
GTCA
3 hBcl-xL (F) GGAGTCAGTTTAGTGATGTG NM 001322240.1
GAAGAG
hBcl-xL (R) CATCTCCGATTCAGTCCCTT
CT
4 hCaspase-8 (F) CTGCTGGGGATGGCCACTGT NM 001080125.1
G
hCaspase-8 (R) TCGCCTCGAGGACATCGCTC
TC

2.2.10. Statistical analysis

All the statistical analyses were done using OriginPro 8.5 software. The one-way

Analysis of Variance (ANOVA) test was performed on triplicate raw data at a 0.001

significance level, and the significant difference is marked in the figures with the

asterisk (*) wherever applicable.
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2.3. Results
2.3.1. Preparation and characterization of BMNP

The spherical shape of lyophilized BMNP aqueous suspension was spotted in the
FETEM and FESEM image, as shown in Figure 2.1A & 2.1B and Figure 2.1C,
respectively. The size of dried BMNP was approximately 10 nm without any
aggregation. However, the actual size of BMNP after water dispersion was determined
by DLS as 63.13 + 12.02 nm with a very low PDI of 0.270 + 0.031, indicating its
monodisperse distribution (Figure 2.1D). Approximately five times, the difference in the
size obtained by FETEM and DLS is noticeable. FETEM determines the actual size of
nanoparticle in its dried state. Whereas, DLS measured the hydration sphere diameter
and therefore showed a larger particle size than actual. BMNP is a protein nanoparticle
that carries various hydrophilic functional groups on its surface. These surface groups
help in the formation of hydrogen/non-covalent bonds with water, which ultimately leads
to an increase in the hydrodynamic size of the nanoparticle. Additionally, protein
nanoparticles also get swell up due to their hydration. The zeta potential of BMNP was
recorded as -31.4 + 0.351, which represents a very high negative charge present on its
surface that plays a crucial role in its stability and monodispersity (Figure 2.1E). Due to
high negative zeta potential, BMNP repels each other and less likely to form an
aggregation. The small-sized, highly stabile BMNP nanocarriers could, therefore, be

employed as a preferred candidate for therapeutics delivery applications.
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Figure 2.1. B. mori nanoparticles (BMNP) prepared by acetone desolvation method and
characterized by (A) FETEM at low magnification and (B) high magnification. (C)
FESEM at 40K X magnification. (D) Size distribution and (E) zeta potential in water
solvent system.

2.3.2. Preparation and characterization of BMNP embedded silk hydrogel

BMNP was embedded into BM/AA blended silk hydrogel. The BM and AA SF were
blended in a ratio of 1:1 (wt% : wt%) along with BMNP at different concentrations.
BMNP incorporation into silk hydrogel drastically decreases the gelation time. A mixture
of 1:1 wt%, BM and AA took 22.5 min to gel when blended alone without BMNP, which
was due to low wt% (2%) of SF. Increasing the final wt% of silk hydrogel also increases
the strength of the hydrogel and makes it stiffer, which is difficult to inject.

Interestingly, the addition of 25, 50, and 100 pg of BMNP reduced the gelation
time in a concentration-dependent manner to 20.5, 18, and 13 min, respectively. BM and
AA on blending reassemble to form secondary B-pleated sheet structures due to the
differences in their hydrophobicity and structural composition, which results in the
formation of a hydrogel. Both BMNP and hydrogel were prepared from the SF solution
having similar amino acid compositions. Therefore, the B-pleated sheet of BMNP might
provoke further reassembly within the BM/AA blend, which quickly triggers the gelation
and reduce the gelation time (Figure 2.2A). The amplitude sweep illustrated more or less
similar yield points for all the gel, which attributed no additive effect of BMNP on the
strength of the nanocomposite hydrogel (Figure 2.2B). Keeping shear strain constant at
10 % frequency sweep was performed for all the gels. The integrity of all the hydrogels
was consistent until the frequency of 70 rad/s; however, a further increase in the rate
disintegrated the hydrogels, which is attributed by a sudden drop in storage modulus
shown in Figure 2.2C. Loss factor less than one for all gels described its viscoelastic
nature. However, the addition of BMNP enhances the viscous property of the gel (Figure
2.2D). Viscosity plot showed the shear thinning of all the gels, which is described by a
decrease in the viscosity with the increase in shear strain (Figure 2.2E). Due to the shear-
thinning property, the silk hydrogel could be easily injected at the site of disease, where
it may act as a depot for the sustained release of the drug. Thixotropy of all the gels also
remained unaltered post-BMNP addition. For the thixotropy, the shear strain was first

set under the LVE region, which then changed to the above LVE region. This cycle was
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repeated three times, and hydrogel disintegration and recovery were attributed by the

high and low storage modulus, respectively (Figure 2.2F).

A s & B

—m— —O—Non loaded hydrogel 8. 25

& G
—0— Non loaded hydrogel —8— —C— Non loaded hydrogel
=

~O~—25 ug BMNP loaded hydrogel

g
g

—8— —0—25 ug BMNP loaded hydrogel

~{>~100 ug BMNP loaded hydrogel

100 ug BMNP loaded hydrogel & 100 ug BMNP loaded hydrogel

10000~
|-~ —O— 25 ug BMNP loaded hydrogel
100000 —A— ~A—50 ug BMNP loaded hydrogel |~~~ 50 ug BMNP loaded hydrogel |~~~/ 50 ug BMNP loaded hydrogel
000

1000

Modulus (Pa)
Modulus (Pa)
Modulus (Pa)
5

I.J l.0 1'5 Z’U 2’5 2‘0 -;U 6‘0 d.‘ 160

Time (min) Shear strain (%)
E F oo o
_,—8— Non loaded hydrogel 1000+ 1000 —8— —O—Non loaded hydrogel
|—@— 25 ug BMNP loaded hydrogel m —@— ~O— 25 ug BMNP loaded hydrogel
|~ 50 ug BMNP loaded hydrogel © =~ —{\— 50 ug BMNP loaded hydrogel
100 ug BMNP loaded hydrogel o & 100 ug BMNP loaded hydrogel
= = 1004
c 2 = /b
s @ o
= 8 L 100
=
S & 204 S o
1] > S .
& b —=— Non loaded hydrogel 3 R XK
s < |- Nontoaded hydro ge \ KBS Raceecs £ }
] E‘ 11 —e— 25 ug BMNP Icaded hydrogel % = Ao XI\M\, \lwrl
3 ° —A— 50 ug BMNP loaded hydrogel k1 10 Sy e Leices]
o 100 ug BMNP loaded hydrogel b Y
r 0.1 v ) —T T T T 7T
1 10 100 1 10 100 0 1 2 3 4 5 6 7 8 9 10
Angular frequency (rad/s) Angular frequency (rad/s) Time (min)

Figure 2.2. Rheological characterization of 25, 50, and 100 pg BMNP embedded in 2
wt% silk hydrogel (1:1; BM:AA). (A) Gelation time, (B) amplitude sweep (C) frequency
sweep, (D) loss factor, (E) viscosity, and (F) thixotropy.

2.3.3. Determination of cisplatin loading capacity of BMNP

The loading of cisplatin to BMNP was determined by the colorimetric OPDA method.
Various concentrations of cisplatin from 0 to 100 pg/ml were subjected to the standard
protocol and presented in Figure 2.3A the absorbance scan plot. A characteristic
absorption maximum at 706 nm wavelength was chosen to plot a straight line standard

plot showing as an inset in Figure 2.3A.

To 1 mg/ml BMNP 3 mg/ml cisplatin was mixed initially in water and buffers of
pH 4, 7.4, and 9.1. All the tubes were incubated for 48 h with continuous mixing on
rotospin and then centrifuged to calculate the loading efficiency. We observed
approximately 20, 10, 18, and 40% loading of cisplatin to water, pH 4, 7.4, and 9.1 buffer,
respectively (Figure 2.3B). Therefore, due to the significantly high cisplatin loading

efficiency, pH 9.1 buffer was selected for further experiments.

The FTIR spectra of pure cisplatin powder, lyophilized BMNP, and BMNP-
cisplatin powder showed in Figure 2.3C. Cisplatin showed strong absorption bands at
1300 cm ™t and 805 cm ™1, which represented symmetric amine bending and the stretching
vibration peaks of —Cl, respectively.[181] However, both BMNP and cisplatin showed
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strong absorption bands at 1500/1535 cm™ and 1632 cm™! indicated the asymmetric
amine bending. BMNP showed absorption bands at 1358 cm™, which were characteristic
absorption peaks of carboxyl groups in silk fibroin. The FTIR spectra of BMNP-cisplatin
illustrated the intensity of the stretching vibration peaks of —Cl in cisplatin at 805 cm™
decreased, indicating that the coordinate bond between —Pt and —Cl had fractured in the
process of combining the cisplatin and BMNP. Besides, the stretching vibration of the
carboxyl groups of BMNP at 1358 cm™ disappeared, demonstrating that the carboxyl
groups were binding Pt from cisplatin. The loading process of cisplatin onto BMNP was
achieved via a ligand exchange reaction of Pt from the chloride to the carboxyl groups
in the BMNP. In corroboration with our observation Qu et al. has also reported the

coordination linkage between the silk nanoparticles and cisplatin previously.[182]

The BMNP-cisplatin conjugate was blended with BM and AA SF solution to
form Silk@BMNP-cisplatin nanocomposite hydrogel, with injectable properties, as
shown in Figure 2.3D. The EDX analysis also confirmed the presence of Pt in the
nanocomposite silk hydrogel (Figure 2.3E). The other prominent elemental peaks of
carbon, oxygen, nitrogen, chlorine, sodium, potassium, and sulfur in EDX analysis is due

to the salt/carbon tape used in the processing of the sample.
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Figure 2.3. (A) Absorbance scan plot of cisplatin using O-phenylenediamine diamine
(OPDA) colorimetric method. The inset is showing a cisplatin standard plot at 706 nm
wavelength. (B) % cisplatin loading to BMNP in water and buffers of pH 4, 7.4, and 91.
(C) FTIR spectra of cisplatin, BMNP-cisplatin, and BMNP lyophilized powder. (D)
Representative injectable Silk@BMNP-cisplatin nanocomposite hydrogel and (E) its
EDX elemental analysis. *p < 0.001.

2.3.4. In vitro drug release studies from Silk@cisplatin and Silk@BMNP-cisplatin

nanocomposite hydrogel

The Silk@cisplatin hydrogel (Figure 2.4A) and Silk@BMNP-cisplatin nanocomposite
hydrogel (Figure 2.4B) were incubated in different pH buffer (4, 7.4, and 9.1) system
for the comparison of drug release efficiency. The cisplatin release from both the silk
hydrogel was pH-dependent. The release at pH 7.4 and 9.1 was approximately 30 to 45%
in 21 days for both the hydrogels, which attributes the electrostatically linked or surface
adsorbed cisplatin release. However, at low pH buffer (pH 4) burst release of cisplatin
from Silk@cisplatin hydrogel was recorded compared to sustained release from
Silk@BMNP-cisplatin nanocomposite silk hydrogel. The initial burst release observed
in Figure 2.4A at acidic pH 4 showed approximately 60% of the drug release within one
day, followed by no further release until seven days. However, sustained and slow release
was recorded in Figure 2.4B at acidic pH 4, with a total of 80% drug in 21 days. Due to
BMNP, the nanocomposite hydrogel held the cisplatin for a longer duration and released

it slowly on hydrolysis at lower pH.
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Figure 2.4. In vitro pH-dependent drug release study by incubating (A) Silk@cisplatin
hydrogel and (B) Silk@BMNP-cisplatin nanocomposite hydrogel, at different pH (4, 7.4
and 9.1) buffer. *p < 0.001.
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2.3.5. Invitro 3D culture of stomach cancer AGS cell on the periphery of porous silk
scaffold

The key obstacle in the screening of anticancer drugs is a complex tumor
microenvironment. Here, the silk 3D scaffold was designed to support the cell growth in
the periphery to provide a tumor environment, as shown in Figure 2.5A, and space in
the center to hold the hydrogel for in vitro drug delivery/screening applications. The
diameter of the tubular silk scaffold was 6 mm, where the ~2x3 mm central cavity was
surrounded by a ~4x6 mm periphery, as depicted in Figure 2.5B. FESEM analysis
revealed the porous and interconnected interior structure of the scaffold (Figure 2.5C).
The average pore size is approximately 200 to 400 um, which is sufficient for cells to
infiltrate and propagate in a 3D environment. The histological H&E stained images in
Figure 2.5D confirmed the presence of AGS cells all around the pores of silk scaffolds.
The low magnification image in (Figure 2.5Di) indicated the cancer cell even
distribution; however, high magnification (Figure 2.5Dii) image revealed the formation
of several spheroids or tumoroids like structures. The pores of the scaffold provided
space for the cancer cells to infiltrate and form aggregates, which later took the shape of
the spheroid. Such an environment, which contain several tumoroid like structure, makes

an ideal condition for screening the efficiency of anticancer drug.

Live/ dead assay was carried out to examine the viability of stomach cancer cells
seeded over silk scaffolds. The scaffolds were treated with a mixture of 4 uM calcein
AM and 2 pM ethidium homodimer-1 dye. Live cells emit green fluorescence (Aex/em
~ 495/515 nm) due to the uptake of calcein-AM only by metabolically active cells. In
contrast, dead cells emit red fluorescence (Aex/em ~ 495/635 nm) due to the
internalization and binding of ethidium homodimer-1 to nucleic acids only by the
damaged/dead cells.[180] A fluorescent microscope captured the significantly high
numbers of green fluorescent live granular spheroid like structures in Figure 2.5Ei and
Figure 2.5Eiv, as compared to the negligible red fluorescent dead cells in Figure 2.5Eii
and Figure 2.5Ev, indicating the biocompatibility and cell growth supporting capability
of the silk scaffold. The red fluorescence observed in Figure 2.5Eii and Figure 2.5Ev
could be due to the silk autofluorescence, as shown in Figure A2.1. The merged image
Figure 2.5Eiii and Figure 2.5Evi further confirmed the silk autofluorescence and alive

spheroids of cancer cells.
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1000 pm
.I.-.._

Figure 2.5. A pictorial representation (A) and working model (B) of porous tubular silk
scaffold with one end open. (C) The FESEM image of the silk scaffold showing its
porosity. (D) H&E stained transverse section of stomach cancer AGS cell-seeded
scaffold at (i) 4X and (ii) 40X magnification. (E) Live (left green), dead (middle red),
and merged (right) images of the cell-seeded scaffold at 4X (top panel) and 40X (Bottom
panel) magnification by calcein-AM and ethidium homodimer dye. The 4X images (top
panel) shown here are the composite of several pictures captured at the same excitation
exposure using a fluorescence microscope to cover the entire scaffold.
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2.3.6. Assessment of nanocomposite hydrogel on 3D cultured AGS cancer cells

Stomach cancer AGS cells were seeded onto tubular silk scaffold and allowed to grow
to assess the efficacy/functionality of the cisplatin molecule in the long term, that is
releasing from the nanocomposite silk hydrogels. The experimental scheme is depicted
in Figure 2.6A. Three Alamar readings, on days 2, 4, and 9 were taken before the
treatment to assure the equal cell seeding/growth rate in all the scaffolds. On day 9, the
scaffolds were divided into five groups with n=3. Group 1 was untreated control; group
2 was treated with Silk@cisplatin hydrogel; group 3 with Silk@BMNP-cisplatin
nanocomposite hydrogel; group 4 with an equivalent amount of free cisplatin solution;
and group 5 with BMNP-cisplatin suspension containing equivalent cisplatin dose.

Initially, until day 9, a similar growth rate was recorded from all the scaffolds.
However, a sudden drop in the Alamar units values on day 11, represented the cell growth
inhibition of all the four treated groups in contrast to the untreated group (Figure 2.6B).
To further continue the experiment, the scaffolds of treatment groups were reseeded with
AGS cells, and Alamar readings were recorded until day 21. The Alamar units of all the
treatment groups were increased except group 3, which was treated with Silk@BMNP-
cisplatin nanocomposite hydrogel. The positive/negative percentage cell population was
calculated from the Alamar unit of treatment day and presented in Table 2.2. On day 11,
the untreated group showed positive 13.8 £ 3.7 % cell proliferation compared to all the
treated groups that showed a 30 to 50 % cell growth inhibition. The AGS cell reseeding
caused the cells to grow further on the scaffold, and all the groups showed consistent
positive 20 to 35 % cell proliferation from day 15 to day 21 in contrast to group 3 treated
scaffold that showed steady 4 to 5 % cell growth inhibition. The BMNP-cisplatin loaded
silk nanocomposite hydrogel did not allow the cells to grow further due to sustained
release and cytotoxic functionality of cisplatin. However, post reseeding the increase in
the cell population of group 2 treated scaffold at day 15 indicated that cisplatin might be
burst released or stopped releasing from the hydrogel. Later, until 21 days saturation
phase was observed in all the scaffolds, which might be due to the unavailability of space
in the scaffold. However, the long term (from day 9 to day 21) effect of treatment was
observed in BMNP-cisplatin nanocomposite silk hydrogel, which indicated that this way,

stomach cancer cell growth could be inhibited for effective therapy.
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Figure 2.6. (A) A pictorial representation showing an experimental scheme followed for
functionality assessment of injectable silk hydrogel over AGS cells cultured on 3D silk
scaffold. The experiment started with (i) cell seeding followed by (ii) treatment with
injectable hydrogel in the center of the tubular scaffold and (iii) reseeding of cells. Cell
proliferation was assessed at indicated time points using Alamar blue reagent. (B) the
calculated normalized Alamar units were plotted against time.
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Table 2.2. Percentage determination of short term (day 11) and long term (day21) effect
of respective treatment groups from the day of treatment (day 9). (+) and (-) indicates the

percentage proliferation and inhibition of cell viability with respect to treatment day.

Silk@BMNP-
cisplatin
hydrogel

Silk@cisplatin

Untreated hydrogel

cisplatin cisplatin

Free Free BMNP-

+ SD SD + SD + SD + SD

Average (%) |Average (%) + |Average (%) [Average (%) [Average (%)

Short term therapy
followed by cell+13.8+3.7 [-53.0+13.2 [30.1+3.8 |43.3+7.4 [-41.4+93
reseeding (day 11)

Mimicking cancer
recurrence (day 15)

Long term therapy
(day 21)

+27.7+111 (+359+11 [48+52 +299+06 [+20.1+5.1

+249+48 [+172+33 [43+91 +30.1+05 [+10.0+7.0

2.3.7. Gene expression analysis

The AGS cell death in response to cisplatin releasing from the hydrogel was assessed by
gene expression analysis. Bax, Bcl-2, Bcl-xl, and Casp-8 gene markers expression was
determined using their respective primers; the sequences of those were obtained from
previously published articles.[55] The untreated control sample showed a basal level of
expression for all the genes tested with no significant change between the samples
collected on the 2" day and 6" day of the experiment, which indicates the healthy growth
of cancer cells cultured on untreated scaffold until six days (Figure 2.7). Bax is a pro-
apoptotic marker which significantly overexpressed in both Silk@cisplatin, and
Silk@BMNP-cisplatin hydrogels treated scaffolds suggesting a probable apoptotic
induced pathway for cell death. However, the Bax expression was markedly higher in
Silk@BMNP-cisplatin nanocomposite hydrogel treated samples compared to both
Silk@cisplatin hydrogel treated and untreated samples indicating its higher cytotoxicity
(Figure 2.7A). Bcl-2 and Bcl-xI are anti-apoptotic gene marker which showed an
enhanced level of expression in both the treated groups compared to untreated Which
may be due to some initial resistance induced by cancer cells against the cisplatin. On

treatment with BMNP- Silk@cisplatin hydrogels, no change was recorded in the
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expression of Bcl-2; however, with Silk@cisplatin hydrogel treatment, Bcl-2 expression
was increased further at 6 day compared to 2" day. This may be due to the absence or
insufficient cisplatin available to Silk@cisplatin hydrogel treated scaffolds until 6" day
to cause the cell cytotoxicity (Figure 2.7B). The expression level of Bcl-xI showed a
significant reduction at 6™ day compared to 2" day in both the treatment suggesting the
progression of apoptosis (Figure 2.7C). Caspase-8 is a marker protein of apoptosis
pathway which expression significantly enhanced in Silk@BMNP-cisplatin hydrogels
treated scaffolds from 2" day to 6™ day (Figure 2.7D). In summary, the gene expression
analysis suggesting the long term sustained functionality of cisplatin releasing from

Silk@BMNP-cisplatin nanocomposite hydrogel for the induction of the apoptosis

pathway.
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Figure 2.7. Relative gene expression of (A) Bax, (B) Bcl-2, (C) Bcl-xl, and (D) Caspase-
8 through real-time PCR for the samples collected on 2" day and 6™ day of
Silk@cisplatin hydrogel and Silk@BMNP-cisplatin nhanocomposite hydrogel treatment
and compared with untreated samples. *p < 0.001.
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2.4. Discussion

Nanocomposite biomaterials are preferred over their counterpart due to synergistic
enhancement in the properties of pure polymers on the addition of metal/nonmetal
nanoparticles.[165] The nanocomposite hydrogels have extensively shown their
applications in tissue engineering, biosensors development, electronics, water treatment,
and drug delivery. Cisplatin is a gold standard FDA approved anticancer drug prescribed
to the patient as the first line of treatment against epithelial malignancies, including
stomach cancer. The cisplatin mediates apoptosis pathways in cancer cells by damaging
DNA and inducing oxidative stress for tumor inhibition.[183] However, systemic
delivery also causes apoptosis in healthy renal tubular cells, auditory sensory cells, and
optic nerve cells, which arise nephrotoxicity, ototoxicity, and optic neuropathy, like side
effects in patients. Additionally, tumors also develop resistance against cisplatin due to
insufficient drug supply, reduction in its accumulation at the tumor site, quick repair of
the cisplatin-induced anomaly, and upregulation of anti-apoptosis factors.[183, 184]
Recently, many efforts have been made towards target-specific delivery of cisplatin to
reduce its side effects.[185, 186] In the present work, we used silk as a base material to
prepare nanoparticles, hydrogels, and porous scaffolds. All these components were
characterized extensively. The nanocomposite silk hydrogel exhibit sustained cisplatin
release and could be a potential candidate for localized drug delivery. The scaffold was
specifically designed to support the growth of cancer cells spheroids in 3D for the long-
term efficacy/functionality assessment of injectable hydrogel systems. The biological
assays were conducted to investigate the cell growth/death on the scaffolds with/without
the hydrogel treatment.

Our prepared BMNP showed a highly regular spherical shape and monodisperse
distribution in the agueous phase. The SF nanoparticles have been extensively studied
all around the globe in terms of their preparation and applications in delivering various
hydrophilic/hydrophobic/charged anticancer drugs[160, 163, 166, 182] SF protein
consists of different hydrophilic/hydrophobic and charged amino acids that, by
hydrophobic/electrostatic interactions, bind to different types of cationic/anionic
anticancer drugs and release them on various endogenous cues such as pH, protease
degradation, water hydrolysis etc.[165, 166] The binding of cisplatin with BMNP was
due to the combined effects of electrostatic interactions and coordination linkages.[182]
The high loading of cisplatin to BMNP at pH 9.1 attributes the electrostatic interaction
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between cisplatin and negatively charged BMNP. However, FTIR data also suggest the
formation of coordination linkage between the COOH group of BMNP and Pt of
cisplatin.

The BMNP-cisplatin embedded silk hydrogel released the cisplatin sustainably
as compared to the burst release by cisplatin alone embedded silk hydrogel at low pH,
which is described by a pH-responsive behavior of SF polymer.[55, 161] The low pH
induces the reassembly of silk hydrogel, which allows the penetration of water into its
matrix for water hydrolysis dependent cisplatin release. The Silk@cisplatin hydrogel
contains free cisplatin, which released immediately due to water hydrolysis; however,
Silk@BMNP-cisplatin nanocomposite hydrogel contains the BMNP as a barrier for
cisplatin release and release it in three phases. In the first phase, the burst release of free
cisplatin occurred. In the second phase, electrostatically bound cisplatin was released,
and finally, the coordination linked cisplatin was released at the end. Contribution of all
the interactions resulted in sustained cisplatin release until 21 days from Silk@BMNP-

cisplatin nanocomposite hydrogel.

Various methods for the fabrication of SF hydrogel has been reported
previously.[168] The 3 wt% SF hydrogel is considered as the standard concentration for
drug delivery applications as increasing the concentration of SF protein also increases
the strength of the hydrogel, which might be difficult to inject. Also, the small pore size
and low rate of degradation of high wt% silk hydrogel affect the release rate of the drug.
In the present work, we have blended two different varieties of SF protein in equal wt%
to form the 2 wt% hydrogel without using any crosslinker/toxic chemical. The difference
in the amino acid composition induces the gelation in the blend as described in details
previously.[55, 167] However, as confirmed by rheology data, the 1:1 wt% (BM:AA)
silk blend took ~23 min to gel at 37 °C, which is a long incubation time. The addition of
BMNP in this blend drastically reduced the gelation time in a concentration-dependent
manner without affecting its strength/viscosity/shear thinning property. The rheology
data further suggested the silk hydrogel is viscoelastic and has shear-thinning properties,
which explained its injectability. Hydrogels usually experience high pressure while
extruded out through a needle. Such high pressure may lead to a loss in the hydrogel
network integrity. However, our thixotropy data indicating that silk hydrogel regained
its structural integrity as soon as the high pressure was released. Therefore, the silk
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hydrogel once injected could take up the vessels shape and release its content for the

purpose.

Screening drugs in a 2D culture dishes does not warrant the close interpretation
of drug toxicity in vivo due to the complex tumor microenvironment. 3D tumor models
have emerged as the cheapest alternative of experimental animal disease models.[176,
187] The growth and infiltration of AGS stomach cancer cells on our designed porous
silk scaffold (Figure 2.5) showed the evidence of its biocompatibility. Due to the large
pores of the scaffold, AGS cells grown in the form of spheroids, which dictate it as an
excellent model for anticancer drug screening/testing. Researchers have demonstrated
various methods where hanging drop, microwell, and suspension are usual to produce
spheroids for drug screening applications.[175, 188] However, the spheroid formation
by these methods are mostly governed by passive aggregation of multiple cells and,
therefore, tends to attach loosely. In the present work, the formation of masses of
spheroids in the pores of the silk scaffold could be a result of single-cell multiplication,
which should have more close similarities to in vivo tumoroids concerning intercellular
crosstalk and cell to extracellular matrix interaction. Wang et al. have also shown
comparable prostate cancer spheroid formation in the chitosan-alginate scaffold for

targeted gene delivery.[177]

The application of injectable hydrogel system for the treatment of chronic diseases such
as arthritis, cancer, skin wounds, etc., have been recognized all around the globe.[3, 156,
164, 189] However, the current in vitro cell culture models lacks the ability to
accommodate both the hydrogel and cells together.[55, 158, 178] As shown in Figure
2.6 the silk scaffold has encompassed both injectable nanocomposite hydrogel in the
central cavity and stomach cancer spheroids around its periphery space. Also, cisplatin
activity was preserved by the nanocomposite hydrogel, as we recorded its persistent
action in 12 days (from day 9 to day 21) treatment period. Further, in our current
approach, we tried to mimic cancer recurrence. The development of in vivo cancer
recurrence model is difficult and painful for the animals, wherein a layer of the tumor
surrounding the skin is left voluntarily to construct the postoperative cancer recurrence
model. Recently many reports have shown the ability of anticancer drug-loaded
injectable hydrogel for the prevention of cancer recurrence in such small animals
models.[190-193] Seib et el has used a transwell plate wherein the authors have reseeded
the cancer cells in 2D to mimic the cancer relapse.[194] However, no 3D in vitro model
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is available yet to study the same. In this regard, we reseeded the AGS stomach cancer
cells post-treatment, when the growth of pre-seeded cancer cells was inhibited. The toxic
effects of Silk@BMNP-cisplatin nanocomposite hydrogel further inhibited the recurring
growth of reseeded AGS cells, in contrast to other treatment groups where AGS cells
proliferated well. The gPCR data in Figure 2.7 further confirmed the apoptosis induced

toxicity, referring to the regular activity of the released cisplatin drug.
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2.5. Significant findings

The significant findings from this chapter are as follow —

1. We have successfully fabricated a porous silk scaffold that accommodated both

tumoroids and hydrogels together for the bioactive molecule functional study.

2. Thesilk fibroin nanoparticles of 10 to 50 nm diameter were successfully prepared

and conjugated with anticancer drug cisplatin.

3. The sustained cisplatin release through Silk@BMNP-cisplatin nanocomposite

hydrogel makes it superior to the burst releasing Silk@cisplatin hydrogel.

4. The nanocomposite silk hydrogel has also enhanced the shelf life of the loaded
cisplatin as specified by 11 days in vitro experiment. The nanocomposite
hydrogel had shown the growth inhibition of stomach cancer spheroids due to

long term toxicity and functionality of released cisplatin drugs.

5. The nanocomposite hydrogel effectively prevented the growth of reseeded cancer

cells and revealed its ability to inhibit the recurrence.

6. The preliminary data generated by such a model may further extend in
determining the effective number and frequency of hydrogel doses for future

animal studies.

Hence, we propose that the system used in the current study has the potential to fill up
the current gap in evaluating the soft injectable hydrogels in vitro for sustained drug

delivery applications.
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Single-Walled Carbon Nanotube (SWCNT)
Impregnated Injectable Silk Hydrogel for Folic Acid
Receptor Overexpressing Oral Cancer Cell-Targeted

Doxorubicin Delivery

This chapter explores the development of extenally addressable nanocomposite hydrogel
and extensively assessed in vitro as a potential candidate for targeted and localized

cancer therapy.
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The work embodied in this chapter is published in a peer-reviewed journal as follow:

Ankit Gangrade and Biman B. Mandal. “Injectable Carbon Nanotube Impregnated Silk
Based Multifunctional Hydrogel for Localized Targeted and On-Demand Anticancer
Drug Delivery.” ACS Biomaterials Science & Engineering 5, no. 5 (2019): 2365-2381.
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ABSTRACT

The major limitation of traditional method of anticancer drug delivery includes its
systemic distribution and frequent administration intravenously. To address these issues,
in our present approach, we have fabricated a nano hybrid silk hydrogel system for
localized, targeted and on demand delivery of anticancer drugs. The hybrid system
contains a blend of two varieties of silk protein and doxorubicin (DOX) loaded folic acid
functionalized single-walled carbon nanotubes (SWCNT-FA/DOX). Owing to the
single-walled carbon nanotubes (SWCNT) incorporation, the mechanical strength of
hybrid silk hydrogel composite enhanced significantly. A slow and sustained DOX
release was recorded over a 14-day study. The amount of DOX released was determined
by concentration of SWCNT-FA/DOX payload, rate of silk degradation, pH of the
released medium and incubation temperature. The intermittent exposure of near-infrared
light to the hybrid gel system stimulated on demand DOX release. The in vitro studies
demonstrated the active targeting of SWCNT-FA/DOX to folic acid receptor-positive
(FR™®) cancer cells. The silk hydrogel being viscoelastic in nature is easily injectable to
the targeted site. Hence, the developed silk hybrid gel system may allow its near or intra-
tumoral implantation, where it may act as a depot for anticancer drug-loaded
nanoparticles. The sustained, targeted and external stimuli dependent DOX release at
localized tumour site is expected to reduce its systemic side effects and showed an
efficient way to treat the cancer.
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3.1. Introduction

The incidence and mortality rate associated to cancer is increasing worldwide [195].
Chemotherapy is a major and most fundamental therapeutic approach for cancer
treatment. Researcher have developed several potent anticancer drugs until date and
continued to develop new ones. However, hydrophobic nature of drug molecules,
inability to discriminate between normal and cancer cells, fluctuating plasma level,
development of drug resistance by cancer cells and loss of activity in blood circulation
limits the use of these drugs in cancer treatment. Alternatively, in recent times, efforts
have been made towards the development of new and efficient strategy to deliver these
potent drug molecules straight to the tumour to reduce the cytotoxic effects [104, 194,
196, 197]. In such approaches, nanotechnology, which employs the non-reactive inert
nano-sized carrier to ferry and deliver anticancer drugs at target site exhibited promising
results [198]. However, its multiple dosages are required due to a systemic distribution
which requires frequent patient visits. Hence, the idea of using injectable hydrogel is
introduced to further improve the cancer therapy [199]. The hydrogel is a 3D network of
polymer consisting of more than 95% of water and may be used as a reservoir for the
drug at the tumour site. The sustained release of drug from hydrogel helps in retaining
these active molecules at the tumour site thus enhancing its effeciency in cancer
therapy[199].

Silk fibroin (SF) is a natural protein polymer biomaterial having innate properties
like biocompatibility, high tensile strength, flexibility, water vapour permeability, tissue
compatibility, high oxygen permeability, amenability to multiple processing formats and
tunable biodegradation rates [200]. It is pertinent to note that silk obtained from Bombyx
mori (BM), a member of the Bombycidae (domesticated, mulberry silk) family has been
extensively studied for biomedical applications. However, silk extracted from other
sources including members of the family Saturniidae (wild, non-mulberry silk) e.g.,
Antheraea mylitta, Antheraea pernyi, Antheraea assama (AA), and Philosamia ricini
have come into focus only recently [201, 202]. Studies have also revealed the
comparative moisture regain ability and biocompatibility in terms of cell attachment,
proliferation, migration and differentiation within different varieties of silk [200]. In this
context, various mulberry and non-mulberry based silk, due to their unique bio-physico-
chemical attributes hold immense potential for fabrication of injectable hydrogels [197,
203, 204].
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SF forms hydrogel post application of various stresses such as change in pH,
vortexing, sonication, electrical current stimulation etc.[104, 197, 205-208]. By virtue of
these external stimuli, the major a-helix structure of aqueous silk solution reassembles
into the B-sheet structure to form hydrogel network [206]. These properties make it
suitable for drug delivery and tissue engineering applications. The release kinetics of the
drug from the hydrogel is dependent on the payload amount, crystallinity and degree of
crosslinking. These parameters are tunable by varying the concentration of SF and degree
of stimulus [197, 204]. The controlled and sustained release of anticancer drugs [104,
194], monoclonal antibody [207], anti-inflammatory drugs [103, 209] and growth factors

[208] from silk hydrogel have also been demonstrated.

Targeted drug delivery (TDD) for cancer therapeutics is an approach which
utilizes the principle of identification of cancer cells based on their cell-specific marker
overexpression such as receptors and their abnormal behaviour for delivering drug
molecule. The overexpression of folic acid receptor by many cancer cells has been
extensively studied [210]. It is a 38 kDa glycosylphosphatidylinositol-anchored protein
and has been considered as a potent target for a tumour specific drug delivery [211]. FR
has a very high affinity (Kq < 1 nM) to folic acid (FA). FA is a vitamin required for
normal metabolism of all cells. However, the requirement of FA in fast dividing
cancerous cells is higher because of their over-consumption and fast metabolic rate. To
satisfy the extra need of FA, cancer cells overexpress the FR and uptake the FA via
receptor-mediated endocytosis [210, 211].

Several nanoscale drug delivery vehicles have been evaluated till date [198]. In
this regard, carbon nanotubes (CNT) are getting attention due to their potential
advantages over other extensively studied metal nanoparticles. This includes a high
length to width aspect ratio to carry a heavy dosage of drug molecules along with the
ligand for ligand-target interaction. Its extremely low weight favour the easy cellular
uptake, provide stability to the drug for its longer circulation time, enhanced
bioavailability and apt biodistribution [127, 131, 212]. CNTs have extensively been
investigated in free and composite form (mixed with some polymer) for their potential
to deliver nucleic acid, protein and drug molecules for anticancer therapy [113]. Near
infrared light (NIR) (700 nm to 1000 nm) can penetrate the biological tissue hence
attracted tremendous attention from researchers to apply it as a stimulus for drug
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delivery. CNTs also exhibited photothermal cancer therapy by producing heat and
triggering on-demand drug release by absorbing NIR radiation [213].

The CNTs have been extensively employed as a nanofiller of different plymer
matrix such as chitosan, gelatin, poly ethylene glycol (PEG), polyvinyl alcohol (PVA)
etc., to form nanocomposite hydrogel. The addition of CNTSs to these polymer matrix
showed the enhanced mechanical, electrical and thermal properties of their
nanocomposite form [214]. The pulsatile drug release profile was obtained in response
to electric field application to CNT-polymethylacrylic acid hybrid hydrogel [215].
Whereas, Zhou, Liu et al. presented NIR light responsive CNT loaded thermosensitive
hydrogel for chemo photo thermal therapy [144]. Therefore, nanocomposite smart

materials exhibits outstanding applications in drug delivery applications [214].

As stated, both silk and CNT offer many advantages individually for drug
delivery applications. However, there has been no report available which deals with
SWCNT and silk hydrogel combination for localized targeted on-demand drug delivery.
In the present work, we have investigated to utilize the individual properties of both to
form a conductive, NIR light responsive nanocomposite silk hydrogel. Extensive in vitro
cell culture study was performed to confer the specific toxicity on FR™ cancer cells by
DOX-loaded FA functionalized SWCNT. Silk nanocomposite hydrogels were
characterized through rheology. Further, DOX and SWCNT release from the hybrid
hydrogel was monitored in presence of protease, pH, temperature and NIR laser

stimulation.
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3.2. Materials and methods
3.2.1. Materials

Carboxylic acid functionalized single-walled carbon nanotubes (COOH-SWCNT) was
procured from Nanoshel Pvt. Ltd., USA. 1-(3-Dimethylamino propyl)-3-ethyl
carbodiimide hydrochloride (EDC) from Himedia, India. 2,2'-(ethylenedioxy)-bis-
(ethylamine) (EDEA), folic acid (FA), Methylthiazolyldiphenyl-tetrazolium bromide
(MTT), doxorubicin (DOX), Propidium iodide (PI), protease XIV from streptomyces
griseus and Lactate dehydrogenase (LDH) release assay kit from Sigma, Aldrich, USA.
Nitric acid (HNOz3) and Sulphuric acid (H2SOs) from Merck, India.

3.2.2. Preparation of SWCNT-FA/DOX

Dispersion of COOH-SWCNT into the water was performed with the modification of
previously published protocol[216]. Briefly, COOH-SWCNT were probe sonicated (5 s
on/ 5 s off cycle, 34 % amplitude) in the mixture of H.SO4 and HNO3 in 3:1 (v/v) ratio
for 30 min. Acid was removed by centrifugation at 40,000 g for 1 h, washed and COOH-
SWCNT were re-dispersed in sodium phosphate buffer pH 5.5 by 15 min sonication.
COOH-SWCNT were amine functionalized by using one-step EDC crosslinking.
COOH-SWCNT:EDC:EDEA weight ratio was maintained to 1:3:3 at pH 5.5 for 4 h with
continuous mixing on rotospin (Tarson Pvt. Ltd., India). The resultant NH>-SWCNT
were then collected by centrifugation at 40,000 g for 1 h followed by its washing with
pH 5.5 buffer. Similarly, folic acid dissolved in 0.5 N NaOH was cross-linked to NH-
SWCNT by EDC. NH2-SWCNT:EDC:FA were mixed in a ratio of 1:3:3 at pH 5.5 for 4
h with continuous mixing on rotospin. The resultant SWCNT-FA was collected by
centrifugation at 40,000 g for 1 h followed by its washing and re-suspension in sodium
carbonate buffer pH 9.1. Further, DOX was added to SWCNT-FA in aratio of 1:3 (w/w).
Free DOX (fDOX) remained unadsorbed and was removed by centrifugation at 40,000
g for 1 h followed by washing until supernatant becomes colourless. The loading

efficiency was calculated using following formula —
% DOX loading efficiency = 100 X [(Wteed box —W+ree Dox)/Weed Dox]

Where, Wreed pox = weight of total DOX added, Wiree pox = weight of fDOX remained in
the supernatant after centrifugation (Figure A3.1).
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3.2.3. Physical characterization of prepared SWCNT-FA/DOX

Field emission scanning electron microscope (FESEM) and Field emission
transmission electron microscope (FETEM). Approximately 100 pl of COOH-
SWCNT (100 pg/ml) dispersed in pH 7.4 buffer was spread over the coverslip and air-
dried overnight. The coverslip fixed on stub through carbon tape was followed by gold
sputtering and then images were captured using FESEM (Zeiss, Sigma). Approximate
length and diameter of COOH-SWCNT were estimated using ImageJ software (Wayne
Rasband, National Institute of Health, USA) (100 SWCNT were measured). For FETEM
10 pl of COOH-SWCNT (100 pg/ml) was dried over carbon grid and images were
captured using FETEM, Jeol, Japan.

Dynamic light scattering (DLS). Polydispersity Index (PDI), hydrodynamic radius and
zeta potential of all the synthesized construct at 10 pug/ml concentration was measured
using Malvern Zetasizer Nano, UK. COOH-SWCNT dispersed in PBS pH 5.5, pH 7.4
and sodium carbonate buffer pH 9.1. Whereas, NH,-SWCNT, SWCNT-FA and
SWCNT-FA/DOX dispersed in PBS pH 7.4. Size and zeta potential were measured at

90° angle light scattering for 3 measurements of automatically calculated time.

Fourier transform infrared (FTIR) spectroscopy. The infrared spectra of all the
construct formed at different steps were recorded using FTIR (Perkin Elmer BX).
Samples were mixed with KBr to form a pellet and scanned from the frequency range of
400 to 4000 cm* and averaged over 4 runs. Data was represented in the region of interest

between 800 to 1800 cm™ in results section.

UV-visible spectroscopy. UV-visible spectroscopy of all the samples was carried out in
Varian Cary 100 spectrophotometer (Agilent Technologies, USA). fFA (25 pg/ml),
fDOX, SWCNT and SWCNT-DOX (50 pug/ml), SWCNT-FA and SWCNT-FA/DOX (10
png/ml) were scanned from 200 nm to 600 nm wavelength to plot absorption spectra.
SWCNT-FA and SWCNT-FA/DOX were diluted due to high loading of DOX and folic
acid modification. Standard plot for SWCNT concentration determination was plotted at
808 nm (Figure A3.2).
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3.2.4. Extraction of silk fibroin (SF) protein from Bombyx mori (BM) cocoons and

Antheraea assama (AA) silkworm glands

The method for isolation of SF protein was described elsewhere[217]. In brief, mulberry
BM cocoons were chopped into small pieces. To remove sericin, cocoon pieces were
degummed into boiling 0.02 M Na>COs and obtained silk fibres were washed with
distilled water and dried overnight. Silk fibres were then dissolved in 9.3 M LiBr and
dialyzed against milli-Q water for 3 days to remove LiBr. Whereas, nonmulberry AA
silkworm glands were isolated from fully-grown fifth-instar mature larvae. The silk
protein was isolated from these glands and dissolved in 1% (W/V) SDS followed by its
dialysis against milli-Q water for 4 hr. SF protein concentration in terms of percentage

was determined by the gravimetric method.

3.2.5. Preparation of injectable Silk@SWCNT-FA/DOX nanocomposite and
Silk@fDOX hydrogel

Injectable silk hydrogel was prepared by blending mulberry (BM) and nonmulberry (AA)
SF protein. The final protein weight percent in hydrogels was maintained by BM to AA
weight % ratio. 3% Injectable silk hydrogel was prepared by blending BM and AA in
1.5:1.5 (1.5 wt% BM blended with 1.5 wt% AA), 2:1 (2 wt% BM blended with 1 wt%
AA) and 1:2 (1 wt% BM blended with 2 wt% AA) weight % ratio, however, for 4% they
were blended in 3:1 (3 wt% BM blended with 1 wt% AA) ratio. The predetermined
concentration of DOX and SWCNT-FA/DOX were incorporated during the blending of

two silk proteins.
3.2.6. Rheological studies

Gelation time. BM and AA silk solution in 1:2 weight % ratio along with SWCNT-FA
was mixed, and the blended solution was placed on the rheological platform under the
parallel plate at 1 mm gap distance. At constant shear strain (0.2%), angular frequency
() (10 rad/s), and temperature (37 °C), the measurement was performed for 20 min
using Anton Parr MCR302 rheometer. The obtained storage modulus (G’) and loss

modulus (G”) was plotted against time to calculate the gelation point.

Amplitude sweep. Shear strain from 0.01 to 100 % was applied over the 1:2 (BM:AA)
nonloaded, 100 pg SWCNT-FA/DOX, and 100 pug fDOX loaded silk hydrogel by

keeping the angular frequency constant at 1 rad/s. The obtained G’ and G” was then
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plotted against percentage shear strain and used to calculate linear viscoelastic (LVE)

region and yield point for all gels.

Frequency sweep. Angular frequency from 0.1 to 100 rad/s was applied over the
different hydrogels with their respective LVER shear strain. The obtained G’, G” and
complex viscosity was plotted against angular frequency. The obtained loss factor and
complex viscosity were also plotted against angular frequency.

Thixotropy. The hydrogels were subjected to low shear strain (LVE region) and high

shear strain (above yield point) for multiple times to assess the recoverability of prepared
gel.

3.2.7. Swellability and degradation of the hydrogel

Injectable silk hydrogel prepared by blending of different weight % ratio of BM and AA
were placed in a PBS buffer (pH 7.4). The swelling was calculated by weighing the
hydrogel before and after the placement of hydrogel in PBS buffer. For the degradation
study 2 U/ml protease was added to PBS (pH 7.4) and every 3" day, PBS was removed
and hydrogel weight was measured. The % of hydrogel degraded was calculated using

the following formula[217] —
% mass degraded = [(Wi — Wt)/Wi] x 100

Where Wt is the weight of hydrogel at a given interval, and Wi is the initial
weight of the hydrogel.

3.2.8. Release studies

DOX release from SWCNT-FA/DOX. DOX release from SWCNT-FA/DOX was
observed at various combinations of incubation temperature (37 °C and 45 °C) and pH
(7.4 and 4.5) of the medium over time. The release was also determined post-NIR light
irradiation. The SWCNT-FA/DOX suspension was centrifuged at 40,0009 for 1h after
pre-decided time point, and the supernatant containing fDOX was replaced with fresh
buffer. The fDOX release was calculated from the collected supernatant by DOX
fluorescence standard plot (excitation 480 nm, emission 560 nm), as shown in Figure
A3.3.
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SWCNT-FA/DOX release from hybrid silk hydrogel. 100 pl hybrid silk hydrogel
containing predetermined concentration (50, 100, 150, and 200 pg) of SWCNT-FA/DOX
per gel were prepared in Eppendorf tubes. These gels were placed in a PBS pH 7.4
containing 1 U/ml of protease. The release of SWCNT-FA/DOX due to hydrogel

degradation was observed by DOX characteristic fluorescence detection.

Two sets of 100 pl hybrid hydrogel containing 100 pg SWCNT-FA/DOX were
placed in PBS pH 7.4 and pH 4.5 buffer. One set was then incubated at 37 °C and another
at 45 °C temperature incubator. 200 pl of PBS was collected at a predetermined time
point for SWCNT-FA/DOX release. The DOX fluorescence was measured by excitation
at 480 nm, and emission was collected at 560 nm using Tecan Infinite Pro, Switzerland.

The response of SWCNT-FA/DOX and nanocomposite hydrogel to NIR laser
was also measured. Pig skin was sourced from local abattoir, which was further cleaned
and sterilized overnight. Silk@fDOX hydrogels and Silk@SWCNT-FA/DOX
nanocomposite hydrogels were prepared in Eppendorf tube and immersed into PBS pH
7.4. The nanocomposite hydrogel was covered with pig skin from the top and NIR laser
of 500 mW output power, and 808 nm wavelength was shined through the pig skin. DOX

release was then measured by fluorescence detection, as mentioned earlier.
3.2.9. In vitro studies
3.2.9.1. Cell culture

Folic acid receptor-positive (FR™¢) Oral cancer cell line KB and Folic acid receptor-
negative (FR™®) lung cancer cell line A549 were procured from NCCS, Pune, and
cultured in high glucose DMEM (Invitrogen, USA) in 5% CO; incubator and 37 °C
temperature. All the experiments were performed in folic acid deficient high glucose
DMEM (Himedia, India).

3.2.9.2. Cell viability assay

MTT is a yellow color compound, which reduced by active mitochondrial dehydrogenase
enzyme to form purple color formazan, which further solubilized in dimethyl sulfoxide
(DMSQO) and absorbance was recorded at 570 nm. The absorbance is directly
proportional to the number of viable cells. Approximately 10* cells were seeded into each
well of 96 well plates. After 24 h of seeding cells were treated with SWCNT-FA, fDOX
and SWCNT-FA/DOX for 24 h, however, untreated cells were used as a control. Post-
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treatment 10 pl of MTT (from 5 mg/ml stock) was added to each well and incubated at
37 °C for 3 h. Formed purple color formazan was then re-suspended in 100 pl of DMSO
and absorbance was taken at 570 nm wavelength in the Multiplate reader (Tecan Infinite
Pro, Switzerland).

3.2.9.3. Reactive oxygen species (ROS) measurement

2 x 10° Cells were seeded in 6 well plate and treated with 0.5 pg/ml SWCNT-FA/DOX
and fDOX. Post 48 h of treatment cells were incubated with 10 uM dichloro-dihydro-
fluorescein-diacetate (DCFH-DA) for 1 h at 37 °C followed by its trypsinization and
analysis through BD FACS Calibur (BD Biosciences, USA).

3.2.9.4. Lactate dehydrogenase activity assay

To determine the cellular damage LDH assay was performed. LDH is an oxidoreductase
enzyme, which released out from cell due to cellular damage. 10* cells (both KB and
A549) were seeded in each well of 96 well plate and allowed to adhere for 24 h followed
by treatment with 0.5 pg/ml of fDOX and SWCNT-FA/DOX for 48 h. post-treatment 50
pl of supernatant was collected for LDH release assay. LDH assay was performed as per

manufacturer protocol (Sigma Aldrich, USA).
3.2.9.5. Cell apoptosis assay

Cell apoptosis was determined using Alexa Fluor 488 annexin V/sytox red (Invitrogen)
dead cell apoptosis kit as per the manufacturer protocol (catalog no-V13241). Sytox red
(catalog no-S34859) was used in place of propidium iodide (PI) to avoid DOX-PI
fluorescence spillover. The data acquisition was carried out using BD Accuri C6 Plus

flow cytometer and represented as a dot plot.
3.2.9.6. Cell cycle analysis

The cell cycle was analyzed through PI. Cells (KB and A549) seeded in 6 well plates
were treated with 0.5 pg/ml of fDOX and SWCNT-FA/DOX for 6 h, 24 h, 48 h, 72 h,
and 96 h. Post-time-dependent treatment cells were trypsinized, centrifuged, and fixed
in 70% chilled ethanol. After fixation overnight at -20 °C, ethanol was removed by
centrifugation at 1500 rpm for 5 min, and the cell pellet was washed with PBS twice. To

avoid non-specific binding of Pl to RNA, 50 pug/ml of RNase treatment was given at 37
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°C for 1 h. 10 pg/ml of Pl was then added with gentle pipetting and cell cycle was
analysed through BD FACS Calibur (BD Biosciences, USA).

3.2.9.7. SWCNT-FA Specific uptake assay

To track SWCNT-FA inside the cell, the construct was tagged with FITC. SWCNT-
FA:FITC ratio was maintained to 1:3 (w/w), and the mixture wrapped with aluminum
foil was kept on rotospin for 4 h at room temperature. Sodium carbonate pH 9.1 buffer
was used for the reaction. Finally, SWCNT-FA/FITC conjugate was recovered as a pellet
after centrifugation at 40,0009 for 1 h. Remaining free FITC was decanted, followed by
a 3-4 round of washing (till the supernatant become colorless).

2 x 10° cells (both KB and A549) were seeded in each well of the 6-well plate.
Cells were cultured in high glucose DMEM without FA to stimulate the overexpression
of folic acid receptor. Post 24 h of seeding, the cells were treated with 5 pg SWCNT-
FA/FITC for 2 h followed by washing with PBS pH 7.4. The cell nucleus after treatment
was stained with Hoechst-33342 (Sigma Aldrich, USA) for 2 min, and images were
captured with a fluorescence microscope (EVOS XL Digital microscope). The pathway
for the uptake of SWCNT-FA was deciphered by preventing the endocytosis pathway
using NaNs, cytochalasin, and nystatin. To further confirm the FR-based SWCNT-FA
uptake 2 mM free FA (fFA) treatment was given pre SWCNT-FA/FITC treatment.

3.2.9.8. Gene expression studies

Both KB and A549 cells were treated in 6 well plates similar to our previous experiment.
RNA was isolated manually using Tri-reagent (Sigma Aldrich, USA). Briefly, 250 ul of
TRI-reagent was directly spread over tissue culture plate followed by pipetting and
transferred it into the Eppendorf tube. Cell debris was removed by centrifugation at
13000 rpm for 15 min, and the supernatant was transferred into another tube. 25 ul of
chloroform was added by vortex and tubes incubated at RT for 1 h. Due to phase
separation, three layers were formed by centrifugation. The top layer contains RNA, the
middle layer contains DNA, and the bottom layer contains proteins. Gently the top layer
was collected in the new tube. An equal volume of ice-chilled isopropanol was added,
followed by the vortex. RNA precipitates were observed after 4 h of incubation at -20
°C. Centrifugation at 13,000 rpm for 20 min formed the pellet. The RNA pellet was
washed with ice-cold 70% DNase RNase free ethanol. Finally, RNA pellets were
dissolved in 20 pl water and preserved at -20 °C [218] for further use.
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1 ug of RNA was used for the synthesis of cDNA using Applied Biosystems

cDNA synthesis kit following manufacturer protocol. Synthesized cDNA was further

diluted 10 times for real-time PCR analysis. Primers used for real-time PCR are given in

Table 3.1.

Table 3.1 — List of primers used for gene expression analysis using real-time PCR.

Short name Primers Accession number
hFas Receptor (F) TGAAGGACATGGCTTAGAAGTG NM 001320619.1
hFas Receptor (R) GGTGCAAGGGTCACAGTGTT

hCaspase-8 (F)
hCaspase-8 (R)
hP53 (F)
hP53 (R)
hBcl 2 (F)
hBcl 2 (R)
hBax (F)
hBax (R)
hApaf-1 (F)
hApaf-1(R)
hCyt-c (F)
hCyt-c (R)
hFA Receptor (F)
hFA Receptor (R)

CTGCTGGGGATGGCCACTGTG
TCGCCTCGAGGACATCGCTCTC
GCCCAACAACACCAGCTCCT
CCTGGGCATCCTTGAGTTCC
TTGTGGCCTTCTTTGAGTTCGGTG
GGTGCCGGTTCAGGTACTCAGTCA
CCTGTGCACCAAGGTGCCGGAACT
CCACCCTGGTCTTGGATCCAGCCC
TGGAATGGCAGGCTGTGGGA
TGCACTCCCCCTGGGAAACA
ATGGTCTCTTTGGGCGGAAG
GGCAGTGGCCAATTATTACTCA
GGACAGACATGGCTCAGCG
TGTGGTGCTTGGCGTTCATG

NM_001080125.1

NM_001126115.1

NM_000657.2

NM_001291431.1

NM_013229.2

NM_018947.5

NM_016725.2

3.2.9.9. In vitro functional bioactivity assessment of Silk@SWCNT-FA/DOX

nanocomposite hydrogel

100 pl silk hydrogel loaded with either 100 pg SWCNT-FA/DOX or fDOX or 33 ug
SWCNT-FA (equivalent to SWCNT-FA concentration in SWCNT-FA/DOX). Each
hydrogel (n=3) was incubated in 2 mI DMEM cell culture media supplemented with 10%

FBS and 1 % antibiotic. For in vitro cytotoxicity, A549 and Kb cell were culture in a 96

well plate separately and all hydrogels were incubated in a 37 °C incubator separately.

The hydrogels were exposed to NIR light at a predefined interval (8 h before leachate
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collection) for 15 min under the sterile condition. The leachate (media containing
SWCNT-FA/DOX or fDOX or SWCNT-FA released from silk hydrogel) was collected
at 12 h, 36 h, 72 h and 120 h. The media of both A549 and KB cells were replaced with
the leachate and 0.5 pg/ml concentration of free form of SWCNT-FA/DOX and fDOX.
Cells were maintained in CO2 incubator for 48 h and percentage cell viability was

assessed using MTT afterward as described previously.
3.2.10. Statistical analysis

All the experiments were performed in triplicate (n = 3) and results were expressed as a
mean + standard deviation. One-way analysis of variance (ANOVA) and Turkey’s test
was performed to statistically analyse the data and to check for any significant difference
among sampling groups (OriginPro 8.0 software). Statistically, significance among the
groups was then represented as *p < 0.05 unless otherwise mentioned in the figure
legends.
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3.3. Results
3.3.1. Preparation and physical characterization of SWCNT-FA/DOX

The dispersion of SWCNT into the water was obtained by its pre exposure to the mixture
of acid followed by ultrasonication. As presented in Table 3.2 the hydrodynamic radius
of COOH-SWCNT varies with pH. The hydrodynamic radius of COOH-SWCNT was
lowest in alkaline pH 9.1, with a highly negative zeta potential of -31.2 £ 0.65 which
prevent the formation of any aggregation and represent its stability. However, at low pH
hydrodynamic radius increased with less negative zeta potential (-16.9 = 0.71). The
Smaller polydispersity index (PDI) of 0.29 + 0.04 confirmed the even distribution of
COOH-SWCNT. The COOH group present over the surface of SWCNT was replaced
by primary amine group using EDC crosslinking. Structurally EDEA is a linear polymer
with a primary amine group at its both ends. At pH 5.5 EDC reacts with COOH group of
SWCNT to form an unstable complex which further replaced by EDEA amine group to
form an amide bond and leaves free primary amine group on to SWCNT (NH2-SWCNT)
surface. The less negative zeta potential of -12 + 0.68 and reduced hydrodynamic size of
666.1 = 23.98 nm of NH2-SWCNT confirms the reaction. Similarly, COOH functional
group of FA activated with EDC and cross-linked to NH>-SWCNT to form SWCNT-FA
had a negative surface charge of -21.4 + 0.65 and 447.6 + 5.03 nm hydrodynamic size.
However, 0.33 + 0.05 PDI of SWCNT-FA signifies its stability and even distribution.

One of the principal advantages of using SWCNT is its ability to accommodate
the high amount of drug. SWCNT due to tube-like structure and high negative surface
charge encapsulates the cationic drug DOX into the cavity as well as adsorb it onto the
surface. Combining all the factors together like molecular structures, electrostatic
interactions and Vander wall forces three times weight by weight DOX was loaded onto
SWCNT-FA (i.e. each microgram of SWCNT carried approximately 3 pug of DOX).
Hence the hydrodynamic size of DOX-loaded SWCNT-FA was further increased to 777
+ 23.73 nm and zeta potential moved towards neutral to -3.96 + 0.386 with PDI of 0.505
+0.035.
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Table 3.2 — Hydrodynamic radius, polydispersity index and zeta potential of differently

modified SWCNTSs through DLS.

Sample name Size (nm) PDI Zeta Potential
COOH-SWCNT, pH 9.1 723.2+9.27 0.32+0.02 -31.2 £ 0.65
COOH-SWCNT, pH 7.4 1675 + 63.51 0.34+0.01 -23.3+1.39
COOH-SWCNT, pH 5.5 1198 + 72.34 0.29 +0.04 -16.9+0.71

NH2-SWCNT, pH 5.5 666.1 + 23.98 0.34 +0.02 -12 + 0.68
SWCNT-FA 447.6 £5.03 0.33+0.05 -21.4 £ 0.65
SWCNT-FA/DOX 777 £ 23.73 0.50 £ 0.03 -3.9+0.38

In agreement with our DLS data FETEM image also confirm the SWCNT
dispersion as shown in Figure 3.1A Observed average length and diameter of SWCNT
calculated from FESEM image was 914.73 + 409.83 nm and 46.05 + 14.43 nm
respectively (Figure A3.4). UV-visible spectra in Figure 3.1B also confirms the
presence of different characteristic absorbance peak. FA absorbance spectra gave a
characteristic strong peak at 250 nm and 360 nm [219]. COOH-SWCNT, however, have
no absorbance maxima (A max) but when it was functionalized with FA to form SWCNT-
FA, FA characteristic peaks were detected. The Amax Of DOX was observed at 480 nm,
which appeared in SWCNT-FA/DOX as well as SWCNT/DOX. However, the

absorbance peak at 480 nm was very small due to the hindrance caused by SWCNT.

The modification of SWCNT with functional groups was analysed using FTIR
Figure 3.1C. Carboxylate functional group characteristic peak at 1583 cm™ and 1384
cmt, C=0 stretch at 1225 cm™ and OH out of plane bending at 871 cm™ was observed
in COOH-SWCNT but disappeared when it was modified to NH.-SWCNT. However,
characteristic amide functional group at 1651 cm™ and primary amine C=N stretch at
1085 cm™ appeared in NH2-SWCNT and SWCNT-FA spectra. A very weak COOH
shoulder peak was also observed in SWCNT-FA, which might be coming from unreacted
COOH group of FA. A strong COOH group specific peaks again appeared in SWCNT-
FA/DOX spectra due to the presence of adsorbed DOX onto SWCNT-FA surface [220].
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Figure 3.1. (A) FETEM image of SWCNT and physical characterization of SWCNT-
FA/DOX preparation through (B) UV-Visible spectroscopy and (C) FTIR.

3.3.2. Preparation and characterization of injectable SWOCNT loaded

nanocomposite silk hydrogel

We have used two variants of the silk (BM and AA) for the preparation of injectable
hydrogel. The hydrogel formation was observed soon after their blending. BM and AA
were blended in different combinations to ultimately form 3% and 4% hydrogel. The
hydrogel didn’t show any significant swelling even after 72 h of incubation in PBS
(Supplementary Figure A3.5). All hydrogels combinations were further subjected to
protease degradation. Hydrogels showed slow degradation profile Figure 3.2A. A
significant difference was observed in the degradation rate of 3% and 4% hydrogel.
However 1:2 hydrogel (1 weight percent BM blended with 2 weight percent AA) has
shown higher degradation than other combination of the hydrogels. At higher percentage,
the degree of crosslinking between two silk is higher making it more compact with small
pore size and therefore less vulnerable to degradation due to lesser enzyme e penetration.

The degradation of the hydrogel is considered as an essential phenomena for the release
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of the embedded nanoparticle-loaded drug. On this basis, 1:2 ratio hydrogel has been

selected for our further studies.

The gelation point study Figure 3.2B indicated BM and AA having higher loss
modulus (G”) than storage modulus (G’) immediately after blending. However, at
approximately 11.5 min the G’ intersected G” and dominated. Hence, 11.5 min was
considered as a gelation time point for 1:2 weight % ratio of BM:AA blended hydrogel.
However, the addition of SWCNT further delayed the gelation time in a concentration-
dependent manner. During the blending, SWCNT was embedded nicely into silk
hydrogel (Figure A3.6). Blending of 50, 100 and 200 ug SWCNT with BM and AA
delayed the gelation by approximately 0.5, 2.5 and 3.5 min respectively. The storage
modulus of non loaded hydrogel reached to approximately 1000 Pa which didn’t change
with fDOX incorporation, however, SWCNT-FA/DOX incorporation doubled its
strength with a storage modulus of approximately 2000 Pa Figure 3.2C. This range of
storage modulus indicates the viscoelastic nature of formed gel. The yield point obtained
for non loaded, 100 pg fDOX and 100 pg SWCNT-FA/DOX-loaded hydrogel was 1.4
%, 1 % and 0.6 % respectively. SWCNT-FA/DOX may be interfering during the
reassembly of SF to form a gel. This may be the cause of delay in gelation point as well
as a reduction in yield stress point. However, due to the very firm interaction between
SF and SWCNT, the strength of the gel increased. Further frequency sweep at these
respective yield points confirmed the increased stability and solid network structure of
SWCNT-FA/DOX-loaded hydrogel compared to non loaded hydrogel Figure 3.2D.
Figure A3.7 indicated that tan delta of non loaded hydrogel was decreasing further after
applying frequency beyond 10 rad/s. However, it remained consistent for Silk@fDOX
hydrogel and Silk@SWCNT-FA/DOX nanocomposite hydrogel. The tan delta is an
indicator of gel behaviour during the frequency sweep. The non loaded hydrogel
therefore at higher frequency experienced gel to sol transition however hybrid hydrogel
maintained its gel-like property throughout.

The viscosity of gel decreased with increasing angular frequency which dictates
its shear thinning property and allows its injectability in a minimally invasive way Figure
3.2E. The thixotropy test in Figure 3.2F indicated the recoverability of hydrogel after
applying high shear stress. At low shear stress the G’>G” indicated the solid gel structure,
however, a sudden increase in shear stress caused G”>G’ indicated its fluid-like
behaviour. As the stress from hydrogel was released it regained its solid gel structure
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with same G’>G” Figure 3.2F. This indicates that post-injection gel will maintain its
structure and other properties. The representative image of 1:2 blended injectable silk
hydrogel is presented in Figure 3.2G. The Silk@fDOX hydrogel and Silk@SWCNT-
FA/DOX nanocomposite hydrogel representative images are also presented in Figure
3.2H.
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Figure 3.2. Preparation and characterization of injectable silk hydrogel through (A)
degradation profile, (B) gelation time point, (C) amplitude sweep, (D) frequency sweep,
(E) shear thinning, (F) thixotropy, (G) Injectable hydrogel, and (H) representative
images of (1) Silk@SWCNT-FA/DOX nanocomposite hydrogel, (1) Silkk@fDOX hydrogel
and (1) silk hydrogel.

3.3.3. Release studies

The free SWCNT-FA/DOX showed pH and temperature-dependent release Figure 3.3A.
At physiological pH 7.4 interaction between DOX and SWCNT-FA was very strong due
to the ©-  interaction and therefore, very little DOX was release at 37 °C. However, at
45 °C, significantly higher (approximately 15%) DOX release was observed after 100 h.
Similarly, at acidic pH 4.5 and 37 °C, 20% DOX was released, which further increased
to 40% at 45 °C Figure 3.3A. The temperature of SWCNT-FA increases due to SWCNTSs

heat conductive properties, and therefore it gets actuated to release the DOX in the
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medium. Hence, the DOX release from SWCNT-FA is regulated by both pH and
temperature Figure 3.3A.
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Figure 3.3. DOX release from SWCNT-FA/DOX suspension and nanocomposite silk
hydrogel. (A) The pH and temperature-dependent release of DOX from aqueously
suspended SWCNT-FA/DOX, (B) degradation basis concentration-dependent release of
SWCNT-FA/DOX from 1:2 blended silk hydrogel in the presence of 1 U/ml protease, (C)
pH and temperature-dependent release of SWCNT-FA/DOX (100 pg/gel) from 1:2
blended nanocomposite silk hydrogel, and (D) NIR light-responsive DOX release from
SWCNT-FA/DOX suspension and its nanocomposite silk hydrogel at pH 7.4.

BM and AA blended in 1:2 ratio along with 50, 100, 150, and 200 pug of SWCNT-
FA/DOX per gel and subjected to 2 U/ml protease for the degradation Figure 3.3B. In
all the cases, the release was approximately 30-40% with respect to the amount of
SWCNT-FA/DOX loading after 14 days. The amount of SWCNT-FA/DOX release was
17.5, 38, 42, and 62 g for their respective loading (50 to 200 ug/gel) Figure 3.3B. The
drug release was also constant till 14 days, which indicated that the rate of SWCNT-
FA/DOX release was dependent on silk matrix degradation, and the desired release
amount can be tuned by amount of loading Figure 3.3B. Further, we exposed 100 ug
Silk@SWCNT-FA/DOX nanocomposite hydrogel to combinations of different pH and
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temperature similar to Figure 3.3A, where, free SWCNT-FA/DOX was used. The initial
burst release of approximately 7 and 10 % of SWCNT-FA/DOX was observed at both
physiological pH 7.4 and acidic pH 4.5 incubated at physiological temperature 37 °C and
high temperature 45 °C, respectively Figure 3.3C. The observed initial burst release was
due to the diffusion of drug molecules present on the surface of the hydrogel. After the
initial burst release, we did not see any significant release of SWCNT-FA/DOX at
physiological temperature and pH (37 °C, pH 7.4). However, at physiological pH and
higher temperature (pH 7.4, 45 °C) the release was sustained and reached to 14%.
Similarly, Sustained-release (13%) of SWCNT-FA/DOX was also observed at low pH
and physiological temperature (pH 4.5, 37 °C). These data indicated that individually
both pH and temperature-induced the release of SWCNT-FA/DOX. However, the
combination of both low pH and high temperature synergistically increased the release
to 20% Figure 3.3C. The DOX release from hydrogel was higher in the presence of
protease Figure 3.3B then low pH and high-temperature condition Figure 3.3C.
Therefore degradation of hydrogel might be majorly responsible for DOX release,
whereas pH and temperature could be a good stimulator for its faster release. SWCNT-
FA/DOX, both in aqueous suspension and in nanocomposite form, showed the
intermittent release pattern of DOX post-NIR laser illumination. As shown, the DOX
release from SWCNT-FA/DOX Figure 3.3A and hybrid nanocomposite silk hydrogel
Figure 3.3C was very poor at physiological pH and temperature (pH 7.4, 37 °C). Hence,
a sudden DOX release observed post-NIR illumination in Figure 3.3D indicated the

photothermal response of the formulation compared to control Silk@fDOX hydrogel.
3.3.4. In vitro cell cytotoxicity studies

Cell viability in the presence of SWCNT-FA, fDOX, and SWCNT-FA/DOX was
assessed through MTT after 48 h treatment. Both KB and A549 cells were exposed to
functionalized SWCNT-FA. At lower concentrations, SWCNT-FA was not cytotoxic for
both the cells Figure 3.4Al). It was observed that fDOX was equally cytotoxic to both
KB and A549 cells, and experimentally obtained lethal dose LD50 was around 0.75
pug/ml Figure 3.4All. However, DOX-loaded SWCNT-FA showed FR dependent
toxicity Figure 3.4Alll. The cytotoxicity of SWCNT-FA/DOX at all the concentrations
was significantly different for KB and A549 cells. LD50 values for KB cells remained
the same, whereas it was increased to 10 times, that is 5 pg/ml for A549 cells. fDOX
caused a significant increase in reactive oxygen species (ROS) formation, as revealed by
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DCF fluorescence measured using a flow cytometer. DCFH-DA, a non-fluorescent dye
becomes fluorescent in the presence of ROS. A very little change in the ROS level of
A549 cells was detected in the presence of 0.5 pg/ml of both fDOX and SWCNT-
FA/DOX after 48 h Figure 3.4BI1. However, the Intracellular ROS level of KB cells was

found to be increased in Figure 3.4BII.

LDH release is an indicator of cytotoxicity induction through necrosis or
apoptosis. Figure 3.4C represents that fDOX stimulated the LDH release from both KB
and A549 cells. However, SWCNT-FA/DOX caused significant LDH release only from
KB cells. This may be due to less DOX availability to A549 cells and enhanced DOX
availability to KB cells, respectively.

The Targeted delivery of DOX into FR positive cells was also confirmed by the
induction of apoptosis. In Figure 3.4D and 3.4E lower left, lower right, upper left, and
upper right panel of quadrant represent intact live, early apoptotic, late apoptotic and
dead cells, respectively. The 93.9% and 62.6% of live intact cells in untreated group of
Ab549 and KB cells were reduced to 21.9% and 39.1% due to fDOX treatment and 78.0%
and 47.1% due to SWCNT-FA/DOX treatment respectively. This indicates that
approximately 72% and 23.5% of A549 and KB cells have been moved into some phase
of apoptosis due to fDOX treatment. However, due to SWCNT-FA/DOX treatment, the
percentage A549 and KB cells moved into apoptosis was 15.9% and 15.5%, respectively.
This data explains that the toxicity of DOX has reduced to 4.5 times for A549 (FR™)
cells; however, it remained the same for KB (FR*"®) cells due to the following targeting
strategy. Figure 3.4EI111 also represented the even distribution of KB cells from early to
late apoptosis to dead cells similar to fDOX treated cell Figure 3.4EIl1, which is not the
case for A549 cells. In A549 cells Figure 3.4DI11 very few cells were found in the early
and late apoptotic phase, which may indicate the change in the pathway of DOX toxicity
compared to fDOX treatment Figure 3.4DlII.

The cell cycle assessment was performed to understand the state of both the cells
post-free and targeted drug treatment. Both fDOX and SWCNT-FA/DOX arrested the
cells in G2/M phase Figure 3.4F and 3.4G. fDOX treatment to A549 Figure 3.4FI and
KB Figure 3.4Gl cells caused S-phase arrest after 6 h, which subsequently over time
moved to G2/M phase and sub G1 phase. Almost all the cells were arrested in G2/M
phase after 48 h, and after that, the cells were moving into sub-G1 phase, and by 96 h all
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the cells were either in G2/M phase or sub-G1 phase. The increment in the percentage of
the sub-G1 cell population is an indicator of DNA damage caused by fDOX [221].
However, SWCNT-FA/DOX caused similar effects. Due to the slow and sustained
release of DOX, ~95% of cells were arrested in G2/M phase without the appearance of

the sub-G1 phase throughout.
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Figure 3.4. A549 and KB cells were treated with (1) SWCNT-FA (11) fDOX and (l11)
SWCNT-FA/DOX at a given concentration for 48 h, and cell viability was assessed
through MTT (A). Both A549 and KB cells were further treated with 0.5 pg/ml of fDOX
and SWCNT-FA/DOX for 48 h followed by ROS (Bl & BIl) and LDH release (C). The
apoptosis was assessed using Annexin V-Sytox red for A549 (D) and KB (E) for
untreated (1), fDOX treated (I1), and SWCNT-FA/DOX treated (I11). A549 (F) and KB
(G) cells were treated with 0.5 pg/ml of fDOX (I) and SWCNT-FA/DOX (II) for
predetermined time point, and Cell cycle was performed using Pl. % of the cell
population in sub-G1, G1, S, and G2 phases were represented as a respective bar plot.
(Significance among the sample groups were represented as *p < 0.05, however, #p <
0.05 is represented as a significant difference between the sample and untreated group).
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3.3.5. Specific uptake and uptake mechanism of SWCNT-FA/DOX

fDOX was up taken equally by both KB and A549 cells; however, SWCNT-FA/DOX
was up taken specifically by KB cells Figure 3.5A and not by A549 cells Figure 3.5B.
Morphologically, the size of both cell types was found increased due to fDOX treatment
Figure 3.5A and 3.5B(e-h), which may be an indicator of necrosis [221, 222]. However,
change in morphology was not observed with the exposure of SWCNT-FA/DOX. Flow
cytometry analysis further confirmed that 80% of fDOX was uptaken by KB cells within
4 h of treatment, and almost all the cells had fDOX after 8 h Figure 3.5CI. However,
due to slow, sustained, and pH-dependent release of DOX from SWCNT-FA/DOX, only
10% of cells were loaded within 4 h, which slowly increased to 40% in 24 h and to 100%
by 72 h. In contrast, the uptake of SWCNT-FA/DOX by A549 cells was negligible as
compared to fDOX Figure 3.5CII.

The receptor-dependent endocytotic uptake of SWCNT-FA/DOX was
determined by pre-treatment of KB cells Figure 3.5D with different endocytosis
inhibitor. In untreated KB cells, SWCNT-FA labeled with FITC was internalized within
2 h of treatment. However, the 30 min pre-treatment of KB cells with NaN3, cytochalasin
B, nystatin, and free folic acid (fFA) before SWCNT-FA/FITC treatment prevented its
uptake. These inhibitors inhibit the various pathways of endocytosis. Such as clathrin or
caveolin mediated uptake was inhibited by nystatin, the energy-dependent endocytotic
pathway was inhibited by sodium azide, and macropinocytosis pathway was inhibited by
cytochalasin B. Further fFA pre-treatment saturated all the freely available FR, which
later prevent the uptake of SWCNT-FA/FITC.
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Figure 3.5. (A) KB cells and (B) A549 cells were treated with fDOX (e, f, g, h) or
SWCNT-FA/DOX (i, j, k, I) for 48 h and fluorescence images were taken in a fluorescence
microscope. DOX fluorescence (a, e, i) was taken in RFP filter, Hoechst (b, f, j) was
applied for 5 min to stain the nucleus. (c, g, k) are the transmittance images and (d, h, I)
are the merged images. (C) Percentage DOX cellular uptake by (I) KB and (1I) A549
cells were quantified using flow cytometer at indicated time point. (D) Pathway for the
cellular uptake of SWCNT-FA was deciphered by tagging SWCNT-FA with FITC and
different endocytosis inhibitor.
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3.3.6. Gene expression studies

Gene expression level of KB and A549 cells comprehensively assessed using real-time
PCR. Figure 3.6A depicts the FR expression level only in KB cells and not in A549 cell.
The treatment of fDOX and SWCNT-FA/DOX was given in DMEM without FA media,
which further significantly enhance the FR expression level exclusively in KB cells. No
significant changes in Bcl-2 expression levels were observed in A549 cells exposed to
fDOX or SWCNT-FA/DOX. In contrast, a significant reduction in Bcl-2 expression was
observed in KB cells exposed to SWCNT-FA/DOX Figure 3.6B. fDOX caused a
significant increase in the expression level of Bax Figure 3.6C and Cyt-c Figure 3.6D
in both KB and A549 cells. In contrast, the level of Bax and Cyt-c was significantly less
in A549 cells while significantly higher in KB cells post-SWCNT-FA/DOX treatment.
fDOX did not change the expression level of Apaf-1 either in KB or A549 cells Figure
3.6E; however, SWCNT-FA/DOX caused opposite effects in these two cells. The Apaf-
1 expression level was significantly decreased in A549 cells while significantly increased
in KB cells. The expression level of Caspase-8 Figure 3.6F and p53 Figure 3.6H was
significantly enhanced due to exposure of fDOX in both KB and A549 cells. SWCNT-
FA/DOX did not alter the expression of Caspase-8; however, a significant increase in
p53 expression level was observed. fDOX also induced the Fas receptor expression in
both KB and A549 cells. SWCNT-FA/DOX did not alter its expression in KB cells while
enhanced its level in A549 cells Figure 3.6G. In general, our gene expression data
suggested that SWCNT-FA/DOX specifically induced apoptosis in FR*¢ KB cells
through different mechanisms then the apoptosis induced by fDOX in both KB and A549
cell. The cytotoxicity of DOX was attenuated for A549 cells and enhanced for KB cells
while it was delivered through targeted vehicle SWCNT-FA.
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Figure 3.6. Gene expression analysis using real-time PCR. Both KB and A549 cells were
treated with 0.5 pg/ml of either fDOX or SWCNT-FA/DOX for 48 h followed by RNA
isolation and cDNA synthesis. Real-time PCR was performed against (A) folic acid
receptor (FR) gene, (B) Bcl-2, (C) Bax, (D) Cyt-c, (E) Apaf-1, (F) Caspase-8, and (G)
FAS receptor and (H) P53 genes. GAPDH was used as a housekeeping gene to calculate
relative gene expression of all the respective genes and plotted as a histogram. *p <
0.05.

3.3.7. In vitro functional bioactivity assessment of nanocomposite silk hydrogel

Both A549 Figure 3.7A and KB Figure 3.7B cells were treated with SWCNT-FA
suspension, SWCNT-FA/DOX suspension, fDOX suspension, and their silk hydrogel
embedded form with and without NIR light stimulation. The Silk@SWCNT-FA
hydrogel, without NIR light (2) and with NIR light exposure (3) was used as a
biocompatibility control. We observed that in both the treatment (2, 3) 100% cell (A549
and KB) were normal until 120 h study. Both the cells were treated with 0.5 pg/ml of
fDOX (4) and Silk@fDOX hydrogel leachate (5) for all the time points. We recorded
50% cell viability in both A549 and KB cells treated with fDOX; however, Silk@fDOX
hydrogel leachate showed approximately 30%, 70%, 85%, and 90% cell viability for the
12 h, 36 h, 72 h, and 120 h leachate, respectively. Both the cells were also treated with
0.5 pg/ml SWCNT-FA/DOX (6) and its suspension exposed to NIR light (7).
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Approximately, 80% A549 cell Figure 3.7A and 50% KB cells Figure 3.7B were viable
after 48 h treatment of SWCNT-FA/DOX. However, 60% A549 cells and 40% KB cells
were viable after 48 h treatment of NIR light exposed free SWCNT-FA/DOX. The A549
cell treated with the leachate of Silk@SWCNT-FA/DOX nanocomposite hydrogel
without (8) and with (9) NIR light stimulation showed approximately 80% and 70%
viability, respectively. The NIR light exposure caused DOX release due to which
relatively higher toxicity was observed in (9) compared to (8). However, KB cells
treatment with the leachate of Silk@SWCNT-FA/DOX nanocomposite hydrogel without
NIR light stimulation (8) showed approximately 43%, 55%, 84% and 85% viability after
12 h, 36 h, 72 h and 120 h, respectively. This increase in cell viability with time might
be due to the slow release of SWCNT-FA/DOX in the medium. However, NIR light
exposure to SiIlk@SWCNT-FA/DOX nanocomposite hydrogel (9) showed
approximately 20 to 30% cell viability at all the time points, which indicated NIR
dependent SWCNT-FA/DOX release and its associated efficacy.
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Figure 3.7. In vitro bioactivity assessment of SWCNT-FA, SWCNT-FA/DOX, and DOX
aqueous suspension and released leachate from silk hydrogel in cell culture medium with
or without NIR light stimulation (indicated). The leachate was obtained after 12 h, 36 h,
72 h, and 120 h, and A549 (A) and KB (B) cells were treated for 48 h followed by MTT.
The free form of FOX and SWCNT-FA/DOX was also used as a positive control for

bioactivity assessment. All sample types are marked between 1 to 9 in the figure.
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3.4. Discussion

Several anticancer drugs have been discovered and approved by food and drug
administration (FDA) to treat cancer. DOX is one of the potential cytotoxic antibiotics,
which is frequently used for the treatment of a series of cancers. However, DOX, similar
to other anticancer drugs, lack the ability to distinguish between normal and cancer cells;
therefore, subsequent to the DOX therapy, cancer patients undergo several detrimental
side effects. The continuous administration of DOX majorly causes a non-specific action,
which includes thickening of the veins walls [223], cardiotoxicity, and depressed
immune system, which makes the patient more susceptible to other microbial infection
[223]. Nanotechnology has provided the platform for targeted delivery of these drugs
with the enhanced anti-tumor activity and low side effects [198]. However, the systemic
mode of delivery through the intravenous route distributes the drug carrier all over the
body. In present work, we first fabricated FA functionalized SWCNT for DOX delivery
to enhance its bioavailability for targeted cells in addition to attenuation of its side effects
in the non-targeted cell. Later, we incorporated this SWCNT-FA/DOX to silk hydrogel
for its localized intratumoral delivery to accumulate the drug at the desired site for a
longer duration. During the process, we have also explored the SWCNT property to
absorb the NIR light for on-demand drug delivery from Silk@SWCNT hybrid hydrogel.

The major challenge of using SWCNT for drug delivery applications is its even
dispersion in an aqueous or organic solvent. SWCNT has a very high tendency to form
aggregates. But pH of solvent, functionalization of SWCNT, and use of some detergent
followed by physical treatment (sonication) are known to disperse the SWCNT [224].
Following this, we exposed the SWCNT to acid (H2SO4:HNO3), which oxidized the
SWCNT surface and form COOH-SWCNT. COOH functional group attachment then
helps SWCNT to improve their biocompatibility [225, 226] and dispersion in agueous
buffer. PDI obtained through DLS presented in Table 3.2 showed the stability of COOH-
SWCNT in all the buffers. At higher pH (9.1) COOH-SWCNT lose their proton and
carried a high negative surface charge. Due to the presence of higher negative surface
charge SWCNT-COO™ tend to repel each other and therefore does not form the
aggregation or precipitation. Size is one of the major factor responsible for cytotoxicity
related to SWCNT. Few groups claim the greater toxicity of large CNT in contrary to
that few reported small SWCNT are more toxic [226, 227]. However, large CNT were
recommended for targeted drug delivery applications [212, 228]. COOH-SWCNT in
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lower pH did not lose the proton and therefore carry less negative zeta potential and
larger hydrodynamic radius. Further, due to mechanical treatment (sonication), SWCNT
was broken, and therefore the hydrodynamic size of NH>-SWCNT and SWCNT-FA
reduced successively [229]. FETEM image Figure 3.1A again affirm the size and
distribution of SWCNT into the buffer. The formation of SWCNT to SWCNT-FA/DOX
was confirmed at each step using FTIR and UV-visible spectroscopy. Post-acid treatment
recorded FTIR spectra have shown the characteristic COOH peaks in COOH-SWCNT.
The COOH functional group is then used for the covalent attachment of other functional
group as well as responsible for hydrophilicity of SWCNT. For covalent crosslinking,
we have used one step EDC crosslinking. EDC Activates free COOH group and forms
an unstable intermediate, which then replaces with a primary amine group to form
covalent crosslinking [230]. Covalent attachment of primary amine functional group
covered the COOH specific peak; however, NH2 functional group characteristic peak
was displayed in Figure 3.1C. Similarly, the free COOH group of FA was activated with
EDC to crosslink with the free NH2 group available on SWCNT surface. In UV-visible
spectroscopy, we have seen FA characteristic peaks [219], which were not recorded in
COOH-SWCNT but observed in SWCNT-FA Figure 3.1B. DOX Amax Observed in
SWCNT-FA/DOX also confirmed the non-covalent adsorption of DOX onto SWCNT-
FA/DOX.

The Advantage of using SWCNT is its high surface area and aspect ratio for the
accommodation of a high amount of drug molecules. Zeta potential plays an important
role in SWCNT to DOX interaction. The negative zeta potential of SWCNT-FA and
positive zeta potential of cationic anticancer drug DOX along with molecular structure
favors the electrostatic interaction and ©-n interaction between DOX and SWCNT for
the high loading efficiency [231]. SWCNT also has great potential to encapsulate DOX
into its cavity [232]. Altogether high surface area, high aspect ratio, and favorable
electrostatic interaction allowed us to obtain approximately three times the weight of
DOX loading over SWCNT-FA in the ratio of 3:1 (w/w).

Silk is a protein-based natural biomaterial. SF protein isolated from BM and AA
differs in their structure and function. SF reassembles itself from all aqueous alpha-
helical structure to the hydrogel beta-sheet. However, due to structural variation, both
the protein forms hydrogel with different strengths and takes a long time to gel. Various
stresses such as sonication, vortex, temperature, pH, etc., accelerate the gelation of SF;
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however, low mechanical strength and burst drug release limit their use. In present work,
we have observed the quick gelation of SF by blending BM and AA in different ratios.
Due to the differences in the hydrophobicity of both the proteins, blending caused the
formation of hydrogel within 15 min Figure 3.2. The formation of hydrogel did not
require any hazardous chemical or cross-linker, and the formed hydrogel is degradable
Figure 3.2A. Both SF (BM and AA) individually did not form the hydrogel when
exposed to the same strain and frequency parameter in the rheometer or visually Figure
A3.8). The degradability is dependent on the concentration and beta-sheet content of the
hydrogel. The release of drug molecules entrapped into the gel is mostly degradation
dependent. Therefore, the drug release from silk hydrogel can be tuned by varying
concentrations of SF. We observed faster degradation of 1:2 hydrogel. This might be due
to the presence of a high percentage of glutamic acid and aspartic acid in the protein
sequence of AA silk compared to BM silk. AA silk contains 5.5% glutamic acid
compared to 1% in BM silk [233]. The protease X1V enzyme used for degradation study
specifically hydrolyzes the peptide bond on the carboxyl side of glutamic or aspartic acid
and therefore cleave AA more than BM. The rheology data of formed hydrogel suggested
its quick gelation, viscoelastic nature, and shear thinning property, which allows its easy

injectability and structural recovery post-injection.

The silk hydrogel, however, presented inferior mechanical property and lack
multiple functionalities. The addition of SWCNT to the silk hydrogel improved its
mechanical strength as well as administered pH, thermal and photoresponsive properties
to the gel. As it can be seen from Figure 3.3A the DOX release from SWCNT is pH and
temperature-dependent [232]. In an acidic pH NH2 group of DOX gets protonated, which
increases the hydrophilicity of DOX and decreases the n-n interaction between DOX and
SWCNT-FA, which favored its release. pH-dependent release of the anticancer drug is
always desirable due to the slightly acidic environment of a tumor, which is a result of
high metabolic activity and peripherally localized lysosome in a cancer cell [234]. In
addition, FR -mediated uptake of SWCNT-FA/DOX fuses with the lysosome (pH 4 —
5.5), which further supports the DOX release into the cancer cell. Similarly, high
temperature also weakens the hydrogen bonding and electrostatic interaction between
SWCNT-FA and DOX to induce its release.

We have observed slow and sustained release of SWCNT-FA/DOX in hydrogel
loaded system compared to a gel-free system. Figure 3.3A is a 100 h DOX release study
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from free SWCNT-FA/DOX incubated in a combination of different pH buffer at various
temperatures. However, Figure 3.3C is a 14 days study of DOX release from
Silk@SWCNT-FA/DOX nanocomposite hydrogel. In the gel-free system Figure 3.3A,
we observed 40% DOX release in 100 h in contrast to gel loaded system Figure 3.3C,
where only 20% DOX got released after 14 days.

Furthermore, in Figure 3.3D we have compared DOX release from the gel-free
SWCNT-FA/DOX, and gel loaded SWCNT-FA/DOX. We have conducted this
experiment by exposing these systems to near-infrared (NIR) light at a predefined time
interval. For this experiment, we have incubated both the formulation in pH 7.4 at 37 °C.
These conditions have shown the least release of DOX, such as approximately 5% in gel-
free system Figure 3.3A and approximately 7% in gel loaded system Figure 3.3C.
However, due to NIR light stimulation, Figure 3.3D SWCNT get heated and released
the drug intermittently to approximately 15% in 120 h. The gel loaded with fDOX in
Figure 3.3D was also incubated under similar conditions and stimulated with NIR light
at a similar time point; however, we did not observe the intermittent release here. In
summary, we observed NIR light dependent on-demand release of DOX from
Silk@SWCNT-FA/DOX nanocomposite hydrogel, which is due to the photo-thermal
properties of SWCNT. Silk here provides biocompatibility and matrix to hold the same.

The degradation dependent drug (SWCNT-FA/DOX) release from silk hydrogel
in the presence of a proteolytic enzyme is presented in Figure 3.3B. We observed 40%
SWCNT-FA/DOX release Figure 3.3B, which is correlated to ~20% degradation of
hydrogel Figure 3.2A in 14 days of study. This may be attributed to the high wt% loading
of DOX to SWCNT-FA (3:1); hence, the amount of DOX release might also have an

association with the degradation of hydrogel.

Cytotoxicity associated with exposure of SWCNTSs to cells has always remained
controversial [235]. The cytotoxic impact of SWCNT is independent of its cellular
uptake [236]. Compared to pristine SWCNT, functionalized SWCNTSs are non-cytotoxic
even at high doses [225]. Due to the high loading efficiency of SWCNT (as discussed
previously) and small LD50 of DOX we used SWCNT at a very low concentration
(within the safe range) throughout our study. Our MTT data also indicated that SWCNT
was not cytotoxic, and fDOX was highly toxic for both KB and A549 cells. The use of
SWCNT-FA/DOX reduced the cytotoxic effects of DOX over A549 (FR™) cells and
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caused a targeted cytotoxic effect in KB (FR™¢) cells. This result is in agreement with
our DOX release data and specific uptake data. Due to high metabolic rate, cancer cells
have slightly lower intracellular pH, therefore when SWCNT-FA/DOX is specifically up
taken by KB cells, the DOX is released intracellularly for targeted cytotoxic effects. The
bioavailability of the drug is also increased for targeted cells and decreased for non-

targeted cells.

The cellular uptake of SWCNT by many cells has been shown previously [236].
In the present study, two cell lines KB and A549 [237] were chosen based on their
presence and absence of FR, respectively. SWCNT-FA labeled with FITC were tracked
only in FR™¢ KB cells. Blocking of FR through fFA also stopped SWCNT-FA uptake,
which confirmed the entry of SWCNT-FA via receptors mediated endocytosis Figure
3.5. Studies revealed that the dimension of SWCNT determined the fate of its cellular
uptake. The uptake of short CNT has been shown via energy independent diffusion
mechanism, whereas large CNT was uptaken via energy-dependent endocytosis [228].
Our results support the previous findings for the specific uptake of FA-conjugated
nanocarrier by the cells which overexpress FR. Silk fibroin [238], sericin [239] iron oxide
[237], hollow silica [240], and several other nanoparticles have been conjugated to FA
and exhibited specificity towards FR. DOX targeted delivery through SWCNT-FA into
KB cells was further confirmed using fluorescence microscopy (Figure 3.5). In
agreement with our MTT data, we found that both KB, and A549 cells were equally
sensitive to fDOX. The guantitative estimation of fDOX uptake suggested that all the
cells were loaded with fDOX within 72 h. However, due to the absence of FR, SWCNT-
FA/DOX were not uptaken by these cells and only 30% of cells were loaded with DOX

after 72 h of treatment.

Comprehensively, we have seen the gradual increase in the sub-G1 population of
both A549 Figure 3.4FI and KB Figure 3.4GlI cells post-treatment of fDOX, which
shows that fDOX has identical cytotoxic effects on these two cells. The cell population
of the sub-G1 phase is considered as apoptotic cell bodies [241]. DNA fragmentation is
a prime characteristic feature of apoptosis. During the process of ethanol fixation, these
fragments of DNA leaked out from the permeabilized cell membrane, and therefore
population with reduced DNA content (sub-G1) appeared before the G1 phase [242].
However, the use of SWCNT-FA/DOX reduced the potential cytotoxic effects of DOX,
especially for A549 cells (FR™®), and gradually caused the G2/M phase cell cycle arrest

93
TH-2370_136106016



Discussion Chapter 3

in KB cells (FR™®) which subsequently lead these cells to death. In agreement to
previously published reports, our data also support the DOX-induced increase in

oxidative stress and ROS generation [243] to induce apoptosis [244].

The two major forms of cellular death are apoptosis and necrosis. DOX has been
shown to induce both apoptosis [245] and necrosis [221] based on the cell type, amount
of dose given, and the time of exposure. Real-time PCR analysis was used to assess the
changes in the level of gene expression. Although, the expression level of FR on KB
[246] and A549 [247] cell surface is well known. However, we have further checked for
the FR expression level in both the cells using real-time PCR Figure 3.6A. Untreated
(NT) KB cells had a significantly higher expression level of FR compared to untreated
A549 cells. Cells were cultured prior to treatment with fDOX and SWCNT-FA/DOX
into high glucose DMEM without FA, which further caused the enhance in the
expression level of FR. Due to the absence of FA in the medium the requirement of FA
by KB cells increased which resulted into FR over expression. SWCNT-FA/DOX
treatment further significantly increased the FR expression in KB cells compared to
fDOX treatment which may be due to the presence of FA in SWCNT-FA/DOX.

The decreased level of Bcl-2 and increased level of Bax is an indicator of
apoptotic induction [248]. The expression level of anti-apoptotic gene Bcl-2 was
decreased significantly in KB Figure 3.6B cells when exposed to SWCNT-FA/DOX;
however, the expression level of pro-apoptotic gene Bax Figure 3.6C was significantly
increased. SWCNT-FA/DOX is targeted to KB cells; therefore, DOX is available enough
to induce an increase in Bax expression level. In contrast, due to less and discontinuous
supply of DOX to A549 cells treated with SWCNT-FA/DOX Bax expression level
lowered. Similar to previously published reports, we also found the fDOX induced
increase in the expression level of Bax [244]. However, we did not see the change in the
Bcl-2 expression level in either KB or A549 cells.

The pro-apoptotic Bax forms the channel in the mitochondrial membrane for
cytochrome ¢ (Cyt-c) release from mitochondria to cytosol; however, Bcl-2 inhibits the
formation of these channels. The low expression level of Bcl-2 and high level of Bax,
therefore, favour the Cyt-c release, which is an indicator of apoptosis. Similar to Bax

expression level, Cyt-c expression level was also high for both A549 and KB cells, but
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this expression level was reduced for A549 cells in the presence of SWCNT-FA/DOX
due to less availability of DOX Figure 3.6D.

Apoptotic protease activating factor 1(Apaf-1) is a pro-apoptotic protein like a
Bax. Apaf-1 binds to Cyt-c and procaspase-9 to form the apoptosome complex, which
then activates and recruits other cell killing caspases [249]. DOX treatment to KB cells
causes an increase in Apaf-1 transcript level [250]. However, the opposite effect was
observed for A549 cells Figure 3.6E, but similar to Bax transcript level downregulation
indicated the anti-apoptotic activity, i.e., A549 cells were recovering and not going into
apoptosis [251]. This may be due to the discontinuous supply of DOX into A549 cells in
contrast to KB cells, which receive a continuous supply of intracellular pH-responsive
slow and sustained release of DOX from SWCNT-FA/DOX.

The two apoptotic pathway intrinsic and extrinsic is known for the induction of
apoptosis [252]. Caspases belong to cysteine protease family and divided into initiator
(caspase-8 and caspase-9) and effector (caspase-3 and caspase-7) caspases. Caspase-8
and caspase-9 are activated via the extrinsic and intrinsic pathways, respectively [248].
We have seen in our results that caspase-8 was activated in both KB and A549 cells after
fDOX treatment. However, its expression level remained normal with the treatment of
SWCNT-FA/DOX Figure 3.6F. This confirmed that fDOX also follow the extrinsic
pathway to induce apoptosis which was not the same for SWCNT-FA/DOX. The reason
behind this may be the reduced potential cytotoxic effects of DOX in conjugated form.
Because fDOX specifically induced extrinsic apoptotic pathway in both KB and A549
cells, due to conjugated form, SWCNT-FA/DOX did not show the same response.

The extrinsic pathway initiate when the death ligand bind to the death receptor
(Fas Receptor). Fas receptor then recruit initiator caspase-8 mediated pathway as
discussed above [253]. The fDOX induced Fas receptor expression is regulated by p53
and leads to apoptosis. Evidence suggested that Fas receptor gene promoter activates by
p53, which accumulated due to DOX treatment [254]. In our observation, we have seen
the increased expression level of Fas receptor in both KB, and A549 cells post fDOX
treatment, which indicates the fDOX mediated extrinsic pathway (Figure 3.6G). In
contrast, SWCNT-FA/DOX did not change Fas receptor expression level in KB cell and

did not follow the extrinsic apoptotic pathway.
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p53 is a tumor suppressor protein. Several reports suggested that DOX-induced
apoptosis is mediated through p53 dependent pathway [254-256]. Similarly, we have
observed the increased expression level of p53 in both KB and A549 cells treated with
fDOX Figure 3.6H. However, Only in KB cells and not in A549 cells, SWCNT-
FA/DOX caused the increase in the expression level of p53, which again confirmed the
targeted delivery of DOX into FR™¢ KB cells.

Free SWCNT-FA also showed the biocompatibility in Figure 4(1A) similar to its
leachate form in Figure 3.7A & B. The biocompatibility of SWCNT was always
questionable; however, its amalgamation with silk made it a more biocompatible
nanocomposite material. Cell viability data (Figure 3.7) correlated with release data
(Figure 3.3), indicated initial high cytotoxicity in 12 h leachate due to burst release of
DOX (5) followed by slow DOX release and increase in cell viability. We further found
that both A549 and KB cells were equally sensitive to fDOX and its leachate form. Due
to NIR light exposure to SiIlk@SWCNT-FA/DOX nanocomposite hydrogel (9), some
DOX also released into the medium, which caused 20% higher toxicity into both A549
and KB cells than non-NIR, stimulated (8). This also indicated that KB cells (FR*"¢)
showed more cytotoxicity compared to A549 cells (FR-ve) towards SWCNT-FA/DOX
released from hydrogel and also confirmed its similar functional bioactivity.

The goal of localized anticancer drug delivery is to accumulate the drug at the
tumor site and enable its targeted delivery to reduce the unwanted toxic side effects.
Figure 3.8 represents an overall approach for the same. Injectable nanocomposite silk
hydrogel was prepared by blending SWCNT-FA/DOX with BM and AA silk fibroin
protein. The silk hydrogel act here as a depot for an anticancer drug. SWCNT-FA/DOX
makes the gel responsive to external stimuli such as NIR light. Low pH of tumor
environment and NIR light stimulation induce the release of SWCNT-FA/DOX, which
is endocytosed by FR*V€ cancer cells to induce the apoptosis pathway.
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Figure 3.8. Illustration of an overall approach for anticancer drug delivery.
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3.5. Significant findings

The salient findings of this chapter are as follow —

1.

The SWCNT was successfully modified with FA and loaded with a high dose of
anticancer drug DOX to form SWCNT-FA/DOX. Further, this nano-drug carrier
was embedded in silk hydrogel to develop Silk@SWCNT-FA/DOX
nanocomposite hydrogel.

The folic acid receptor target cell-specific cytotoxicity was conferred due to
SWCNT-FA modification.

The combination of low pH and high-temperature favors the triggering of DOX
release from the nanocomposite hydrogel.

Innately, silk hydrogel is non-responsive to temperature and NIR laser. However,
due to the SWCNT incorporation, multifunctional properties were achieved in
the nanocomposite silk hydrogel.

The intermittent exposure to NIR light has enabled the on-demand release of

functionally bioactive DOX molecules.

Overall, the present approach demonstrated the silk-based on-demand external stimuli

dependent drug delivery platform for cancer treatment.
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Chapter 4

Assessment of Photo Electro-Active Minimally
Invasive Injectable Silk Hydrogel in In Vivo Breast
Tumor Mice Model for Spatiotemporal Controlled

Release and Tumor Therapy

This chapter is a follow up in vivo functional study of our formulation that is developed
in Chapter 3. The hydrogel was injected locally near to the mice breast tumor and the

drug release was triggered on-demand from externally applied NIR laser and electric

field.
NIR Laser Electric Photothermal and electrical stimulation
release chemo therapeutics from
hydrogel for apoptosis inducticn in
tumor cells
Injectable
Hydrogel
On-demand

drug release

Tumor Suppression

The work embodied in this chapter is published in a peer-reviewed journal as follow:
Ankit Gangrade, Basveshwar Gawali, Jadi Praveen Kumar, VGM Naidu and Biman
B. Mandal. “Photo-Electro Active Nanocomposite Silk Hydrogel for Spatiotemporal
Controlled Release of Chemotherapeutics: An In Vivo Approach toward Suppressing
Solid Tumor Growth.” ACS Applied Materials & Interfaces 12, 2020, 27905-27916.

/7
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ABSTRACT

Conventional systemic chemotherapeutic regimens suffer from challenges such as non-
specificity, shorter half-life, clearance of drugs and dose-limiting toxicity. Localized
delivery of chemotherapeutic drugs through non-invasive spatiotemporally controllable
stimuli-responsive drug delivery systems could overcome these drawbacks while
utilizing drugs approved for cancer treatment. In this regard, we developed photo-electro
active nanocomposite silk-based drug delivery systems (DDS) exhibiting, on-demand
drug release in vivo. A functionally modified single-walled carbon nanotube loaded with
doxorubicin was embedded within cross-linker free silk hydrogel. The resultant
nanocomposite silk hydrogel showed electrical field responsiveness and near-infrared
(NIR) laser-induced hyperthermal effect. The remote application of these stimuli in
tandem or independent manner led to the increased thermal and electrical conductivity
of nanocomposite hydrogel, which effectively triggered the intermittent on-demand drug
release. In a proof-of-concept in vivo tumor regression study, the nanocomposite
hydrogel was administered in a minimally invasive way at the periphery of the tumor by
covering most of it. During the 21-day study, drastic tumor regression was recorded upon
regular stimulation of nanocomposite hydrogel with simultaneous or individual external
application of an electric field and NIR laser. Tumor cell death marker expression
analysis uncovered the induction of apoptosis in tumor cells leading to its shrinkage.
Heart ultrasound and histology revealed no cardiotoxicity associated with localized DOX
treatment. To our knowledge, this is also the first report to show the simultaneous
application of electric field and NIR laser in vivo for localized tumor therapy, and our

results suggested that such strategy might have high clinical translational potential.
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4.1. Introduction

Cancer is a group of diseases that have been recognized as the major causes of deaths all
around the globe, of which solid tumors contribute significantly.[5] Chemotherapy is the
first line of cancer treatment in which conventionally anticancer drugs are infused in the
veins with the aim to reach and accumulate into the tumor for its growth inhibition and
regression. However, the hypoxic presence, limited diffusion constraints and complex
microenvironment of solid tumor obstruct drug penetration at its cytotoxic concentration
that results into quiescence drug resistance development rather than just treatment
failure.[257] Additionally, the systemic distribution of toxic drug molecules is also
associated with healthy tissue toxicity and off-target accumulation, contributing to poor
therapeutic efficacy.[258] This has prompted researchers to develop new delivery
materials and alternative administration routes for the advancement of the current
chemotherapeutic strategy.[153, 259-261] The concept of ‘localized drug delivery’ has
gained momentum recently, for the treatment of chronic diseases such as cancer, which
requires long term interaction with therapeutic molecules for its desired action and
effects.[262, 263] Local drug administration through some kind of depot is therefore
expected to keep its effects in the vicinity of diseased areas. ‘Hydrogels’ due to their soft
injectable nature are preferred to be used as a depot for local drug delivery, which allows
their implantation directly at the solid tumor site without a major surgery.[48, 264] The
precise delivery of therapeutic molecules to the solid tumor site improves its therapeutic
effect and reduces its biodistribution to the healthy tissues, thereby minimizing its toxic
side effects.[48] However, it still remains a challenging task to control the release
kinetics of biomolecules from the hydrogel. The large pore size and high water content
of hydrogels often promote the release of the entrapped biomolecules rapidly. Due to
such burst release behavior, the bioavailability of drug molecules at the local site remains
for a short duration, which is usually not enough to suppress the cancer. Therefore, to
enhance the efficacy of chemotherapy, we need a drug delivery system (DDS) which can
release its content in a sustained way for a longer duration. However, conventional
hydrogels lack multifunctionality in terms of responsiveness towards the surrounding
environment, which further eliminates any control over the therapeutics release kinetics

limiting their practical application.

Stimuli-responsive “smart biomaterials” are capable of overcoming the hurdles

of conventional biomaterials described above, and therefore they are evolving as the most

103
TH-2370_136106016



Introduction Chapter 4

promising materials for different biomedical applications, including drug delivery.[53,
260, 264, 265] The hydrogel system designed by stimuli-responsive biomaterials could
sense the specific cues in their surrounding environment and trigger the changes in their
internal equilibrium, which further drive the drug release and yield on-demand
therapeutic effects. Stimuli to which the system reacts could be intrinsic, extrinsic, or the
combination of both. The materials that respond precisely to the endogenous stimulus
such as pH,[55, 104, 194] temperature,[55] enzyme,[55, 266] redox conditions,[267]
hypoxia,[268] providing the intrinsic cues to trigger the drug release. These intrinsic cues
are generally the characteristics of a specific tissue, for example, an acidic condition in
the stomach, or a particular disease such as low pH, and reductive microenvironment of
the tumor. In contrast, materials which respond to the exogenous stimulus that are
typically absent in the living system include magnetic field,[269] electric field,[260]
sound,[270] and light[55] providing the extrinsic cues to drive the drug release. Such
extrinsic cues can, therefore, be used to remotely stimulate the material from outside in
four dimensions with spatial and temporal control. The combined effects of these
external cues could further fine-tune the drug release, however, in this regard, very few
attempts have been made by researchers with in vivo applications. For example, Deng,
Lin, et al. (2016), has showed synergic effects of magnetic field and NIR laser for tumor
regression [271]. Taking cues from these early iterations of stimuli-responsive DDS, we
take forward this notion to design a composite material that is responsive to multiple

stimuli.

The present work is a follow-up in vivo study of our previously published
work,[55] wherein we have prepared and characterized a multi-stimuli-responsive
nanocomposite silk hydrogel system. The single-walled carbon nanotube (SWCNT)
decorated with folic acid (FA) and loaded with anticancer drug doxorubicin (DOX)
abbreviated as SWCNT-FA/DOX, served as a drug reservoir for pH, temperature, and
near-infrared (NIR) laser triggered release. In contrast to biological tissue, the SWCNTSs
have been reported for their strong absorption in NIR region.[55, 272] Additionally, NIR
laser penetrates deep into the tissue and provides non-invasive high spatiotemporal
regulation.[153, 259, 264] Therefore SWCNTs have been widely studied alone or in
combinations with various polymers for NIR laser-induced photothermal, photodynamic
cancer chemotherapy as well as in photoimaging applications.[113, 144, 273, 274] The
application of electric field responsive DDS in vivo was first demonstrated by Ge, Jun,
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et al. (2011), wherein, they have suspended polypyrrole derived electrically conductive
nanoparticles into a thermosensitive hydrogel for electric field triggered drug
release.[260] Nevertheless, CNTs are also a good conductor of electric current and have
been reported as an electro responsive polymeric (not silk) implants for pulsatile drug

delivery in vivo by Servant, Ania, et al. (2013), but not for tumor therapy.[215]

We incorporated these SWCNT-FA/DOX into the blend of two different varieties
(mulberry and non-mulberry) of silk fibroin protein to form crosslinker free
nanocomposite silk hydrogel abbreviated as Silk@SWCNT-FA/DOX hydrogel. With
our pilot in vitro study,[55], we showed that silk fibroin polymer, which is nonresponsive
to extrinsic cues, exhibited NIR laser-responsive on-demand therapeutic releasing
behavior post addition of SWCNT cargo. These results motivated us to further assess the
photothermal and electroconductive activity of Silk@SWCNT-FA/DOX nanocomposite
hydrogel in vivo to suppress tumor growth. Due to viscoelastic property, this hydrogel
could be implanted through a syringe in a minimally invasive way directly at the tumor
site. The application of 808 nm NIR laser or a small electric field or both in combination
induce the release of the drug from the SWCNT-FA reservoir and diffuse to the local
tumor. To our knowledge, this is also the first in vivo report to show the combined effect

of the NIR laser and electric field for cancer chemotherapy in DDS application.
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4.2. Materials and methods

4.2.1. Silk@SWCNT-FA/DOX nanocomposite hydrogel preparation

The preparation and detailed characterization of Silk@SWCNT-FA/DOX
nanocomposite hydrogel were done as described in our previous study.[55] In brief, the
SWCNT was EDC crosslinked with folic acid to form SWCNT-FA. Later three-part
DOX was loaded on 1 part SWCNT-FA (3:1; w/w) to form SWCNT-FA/DOX. The
DOX was mixed with SWCNT-FA in a pH 9.1 buffer at room temperature on rotospin
overnight. The DOX adsorption on the SWCNT-FA surface/cavity was majorly due to
7- 7 stacking and electrostatic interactions. The physical characterization was done using
fourier transform infrared spectroscopy (FTIR), field emission transmission electron
microscopy (FETEM), field emission scanning electron microscopy (FESEM), and UV-
visible spectroscopy at each step of preparation. Silk hydrogel was prepared by blending
two different varieties of silk fibroin protein, which was isolated from different sources,
i.e. mulberry Bombyx mori silkworm cocoon and non-mulberry Antheraea assama
silkworm gland. 1 mg/ml SWCNT-FA/DOX was mixed into these two silk fibroin
proteins, which were blended at 1:1 wt% ratio. The blend was initially a solution which
at 37 °C undergoes sol-gel transition resulting into Silk@SWCNT-FA/DOX
nanocomposite hydrogel. The nanocomposite hydrogel was rheologically characterized
well, and these data have been reported previously [55].

4.2.2. Electrical conductivity test of Silk@SWCNT-FA/DOX nanocomposite
hydrogel

The current-voltage (I-V) characteristics of the silk hydrogel and Silk@SWCNT-FA
were recorded using a two probe I-V measurement set up using Keithley 2450 source
meter. I-V measurements were performed by applying a DC voltage sweep from 0 to £10
V, and measuring the resulting current (n=3). All the I-V measurements were carried out
at room temperature (~300K). The surface resistance R is determined from the inverse
of the slope of the 1-V characteristics.[275]

4.2.3. Recording of electric field triggered DOX release

A 100 pl Silk@SWCNT-FA/DOX nanocomposite hydrogel and silk hydrogel, both
containing 100 pg DOX, were placed in PBS (pH 7.4) flanked by two platinum wires.
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For the release study, a pulse voltage of 1 V at 1 MHz frequency was applied over these
hydrogels through a functional generator (Tektronix AFG1022). The hydrogels were
stimulated for five times at predecided time points in a 21 days release study. The PBS
was collected and replaced with fresh PBS every time to determine the DOX

concentration using a fluorescence standard plot as done previously.[55]
4.2.4. Recording of NIR laser-induced hyperthermia effect

The Silk@SWCNT-FA nanocomposite hydrogel or silk hydrogel was exposed to 0.5 W
output power, focusable 808 nm NIR laser for long 20 min and short 5 min ON/OFF
cycle. A digital thermal probe was placed in these hydrogels to record the temperature.
The change in temperature (8T) was calculated by subtracting the final temperature from
the initial temperature. The FTIR spectra at the frequency range from 400 to 4000 cm*
were recorded for the hydrogels before and after NIR laser exposure. The amide | peak
from 1600 to 1700 cm was then deconvoluted to determine any significant change in
secondary structure. The NIR laser-induced drug release from the nanocomposite

hydrogel has also been reported previously.[55]
4.2.5. In vivo tumor studies

The animal studies were conducted through the standard procedure with the approval of
the Institutional Animal Ethics Committee of NIPER Guwahati (NIPS/NIPER/PC/2018-
03-09). 6-8 weeks old female BALB/c mice with an average of 20-25 g body weight
were acquired from Palamour biosciences, Hyderabad, India. Temperature (24 £ 1°C),
humidity (55 £ 5%) and light/dark cycle (12-hour) of the animal house were maintained
throughout the study. Free access to food and water was allowed. The animals were
acclimatized for at least 14 days before the initiation of the experiment and were observed

for any sign of disease.

Mice breast cancer (4T1) cell line was cultured in RPMI media containing 10%
FBS and 1% antibiotic. To develop a tumor, female BALB/c mice were subcutaneously
injected with a specific number of 4T1 cells directly into the 4" mammary fat pad. Tumor
growth was measured using the Small Animal Imaging system, Fujifilm Visual Sonics,
Singapore Model: Vevo LAZR X 3100. The isoflurane at 4% was used to induce the
anesthesia in the animals and was maintained at 2% during the procedure. Postanesthesia,

the animal, was placed over the animal platform. Essential parameters like
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electrocardiogram (ECG), respiration rate, body temperature, and heart rate were
recorded throughout the imaging. The MX400 ultrasound transducer used was with
abdominal kidney as preset. The data was recorded for each animal in B-mode
(Brightness) and 3D mode on day 0, day 7, day 14, and day 21. The ultrasound 3D video
data from the imaging system (Vevo LAZR X 3100) was then imported in the dedicated
Vevo lab 3.1.1 software for analysis. The software created the digital slices of 0.1 mm
step size from the 3D video of the tumor. On each slice, the tumor area was marked
manually, and the software then calculated the final 3D tumor volume (mm?) on finishing
the task. Further, the relative change in tumor volume from day 0 was then calculated by
subtracting the final day (0, 7, 14, 21 day) tumor volume to initial day 0 tumor volume
and divided by initial day 0 tumor volume. Further, the relative change in tumor volume
was plotted against time.

The treatment was started when the tumor size reached 100 mm?. The tumor-
bearing mice were segregated into seven groups with n=4 in each group. Animals of the
group (1) were untreated, (2) were treated with free DOX (fDOX), (3) were treated with
Silk@DOX hydrogel, and (4) to (7) were treated with Silk@SWCNT-FA/DOX. On the
treatment day, animals of the group (2) were administered intraperitoneally with fDOX,
whereas animals of the group (3) to (7) were locally (near tumor) administered with
above-said hydrogels. For the treatment, three injections of 50 pl hydrogel, each
containing 50 pg DOX (from group 3 to 7), were introduced at all around the periphery
of the tumor. Group (2) was treated with equivalent 150 pg fDOX (~6 mg/kg body
weight) intraperitoneally. Group (3) and (4) did not receive any external stimulation;
however, group (5), (6), and (7) were externally stimulated every alternate day from the
second day of treatment. For external stimulation the animals were anesthetized with
isoflurane as mentioned previously. The locally implanted hydrogels of animals of the
group (5) were irradiated with NIR laser at 808 nm (0.2 W/cm?) for 5 min. Similarly, an
electric field of 1 V, 1 MHz was applied onto the tumor area of group (6) animals for 5
min. For electric field stimulation the tumor area, where the nanocomposite hydrogel
implanted, was completely covered with generous amount of conductive gel. Both
electrode tips were placed at certain distance in direct contact with conductive gel and
electric pulse was applied through DC power source (Tektronix AFG1022). Group (7)
animals, however, have received both NIR laser and electric field stimulation together

for 5 min. Every seventh day the tumor volume and body weight was recorded. Animals
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were euthanized on 21% day, and tumor, heart, liver, kidney, and spleen were collected
and immediately frozen in liquid N2 until further analysis. Tumors of all the animals were
weighed and plotted accordingly. The scheme of the study and external NIR laser and
electric field adjustment is presented in Figure A4.1.

4.2.6. Histology

For histology, 10 um thick slices of tumor, heart, liver, kidney, and spleen were sectioned
using cryo microtome (Leica CM 1860 UV). Sections were fixed with chilled acetone
for 10 min and air-dried overnight. Hematoxylin and eosin (H & E) staining was
performed as previously described.[95] The images were captured using a bright-field

microscope (Evos life technology, USA) and compared in each group.
4.2.7. TUNEL assay

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
HRP-DAB assay kit (ab206386) was procured from Abcam, USA. The test was
performed on the cryosectioned slides as per the manufacturer protocol, and images were

captured using a bright-field microscope (Evos life technology, USA).
4.2.8. Western blot assay

Tumor tissue was chopped in small pieces and lysed with RIPA lysis buffer as previously
done.[276] In brief, lysed tumor tissue was centrifuged, and protein was collected in a
fresh eppendorf tube. Protein concentration was determined using Bradford assay (Sigma
USA). Approximately 30 pg protein was loaded in sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS PAGE). The protein was transferred to
Immobilon-P PVDF membrane (Merck Millipore, USA) using western blot apparatus
(Biorad). Blots were blocked with 5% bovine serum albumin (BSA) followed by primary
test/housekeeping antibody incubation. B-Actin was used as a housekeeping antibody
against anti-Bax, anti-Bcl 2, anti-Caspase 3, anti-Caspase 8, anti-Caspase 12, anti-
Caspase 9, and anti-PARP test antibodies. The blots were developed by the ECL kit
(Biorad, USA), and images were captured using Biorad ChemiDoc digital imager. The
band intensity was calculated using ImageJ software. First, the band intensity of the test

protein was normalized to the band intensity of the housekeeping protein. Subsequently,
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the normalized values of treated groups were further normalized with the untreated group

to determine the relative up/down-regulation of the test protein.
4.2.9. Echocardiography of heart

To assess the cardiac function, Visual Sonics Vevo Laser X 3100 system was used. Mice
were anesthetized as for the ECG measurements and positioned supine on a heated
surface (37 °C) to maintain stable body temperature during the experiment.
Echocardiography was performed with a 1-cm gel standoff in a left lateral position. A
linear transducer in 13-MHz mode was used to obtain high-resolution B mode and M-
mode measurements. The echo images were digitized from videotape and measurements
performed using a digital image analysis package (Vevolab). Cardiac output, fractional
shortening, ejection fraction were calculated from B mode whereas LV mass, systolic
volume, diastolic volume, LV wall thickness, LV mass corrected, left ventricular
posterior wall thickness systoli (LVAW;s), LVAW,;d (diastolic), left ventricular
posterior wall thickness systolic (L\VPW:s), LVPW:d (diastolic) were measured for each

animal from the M-mode image.
4.2.10. Statistical Analysis

All the statistics were performed using OriginPro 8.5 software. The raw data of
experimental replicates were used to perform the one-way analysis of variance
(ANOVA) test by selecting the Turkeys method at a different significance level. In the
figure legend where the test was performed, the level of significance was indicated as *P
< X, where X is the value of significance level at which data showed a significant

difference.
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4.3. Results

4.3.1. Electric field conductivity of SIlk@SWCNT-FA/DOX hydrogel triggers the
drug release

The room temperature current-voltage (I-V) characteristics of the silk hydrogel and
Silk@SWCNT-FA are shown in Figure 4.1A. The data recorded for Silk@SWCNT-FA
(solid line) in the voltage range -10 V to +10 V depicts non-linear behavior showing
quite symmetric upon reversal of the voltage direction indicating possible Ohmic
conduction and space charge limited conduction (SPLC). The pure silk hydrogel did not
show any current with the change in voltage, indicating its electrically non-conducting
behavior due to the absence of SWCNT. The surface resistance of Silk@SWCNT-FA
was determined to be 18.1 + 8 KQ. The results demonstrated the electroactivity of
Silk@SWCNT-FA, which makes it a suitable candidate/carrier for electrically

stimulated drug release application.

The electric field triggered drug release capabilities of the Silk@SWCNT-
FA/DOX, and Silk@fDOX hydrogel was investigated for 24 days. These hydrogels were
placed in PBS pH 7.4, and a voltage of 1 V was applied through the platinum wire for 5
min immediately at 30" min of incubation (Figure 4.1B). This first (1) stimulation
triggered approximately 3% and 0.5% of initially loaded DOX release into PBS from
Silk@SWCNT-FA/DOX and Silk@fDOX hydrogels, respectively. The PBS was
replaced with fresh solution every time. The cumulative DOX release was continuously
recorded in stimulation off cycle until the drug release saturated/slowed. The saturation
reached in 5 h with a 16% release recorded from Silk@SWCNT-FA/DOX as compared
to only 3.4% from Silk@fDOX. The second (2) stimulation was applied in the fifth hour,
and the DOX release concentration until the saturation, which was recorded at 10" h. In
this five hour interval time, the cumulative release reached 32% and 7% for their
respective hydrogels, which is specifically double in a given interval of time, as described
above. The third (3) stimulation was given at 101" h, and the DOX release was measured
until 30" h. In this 20 h interval, only 11% and 3% DOX was released with a cumulative
of 43% and 10%, respectively. The release rate at third stimulation was low as compared
to the first and second stimulation that may be due to the initial high payload of our
nanocarrier. At third (3) stimulation the Silk@SWCNT-FA/DOX depot was already
emptied 32%, containing only 68% of initially loaded drug to release further. The release
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study was continued for 21 days, with a total five times voltage application, which
induced approximately 75% and 22% DOX release from Silk@SWCNT-FA/DOX and
Silk@fDOX hydrogels, respectively (Figure 4.1C). This significant difference in the
amount of drug release indicated that the electrically conductive Silk@SWCNT-
FA/DOX hydrogel has superior properties over Silk@fDOX hydrogels. This also
represents that the on command drug release from Silk@SWCNT-FA/DOX hydrogel
could be roughly controlled by the strength/duration of the electric field and initial drug
payload of hydrogels.

To explain the electric field triggered drug release from conductive
Silk@SWCNT-FA/DOX nanocomposite hydrogel, we proposed a theory as represented
in Figure 4.1D based on our results. A single 5 min electric field stimulation is found to
be capable of releasing drugs for more than 5 h. The hydrogels were placed in a PBS
solution, which is composed of ions. Also, the cationic drug DOX and anionic
nanocarrier SWCNT-FA are bounded by electrostatic interaction.[55] On the application
of the electric field, The charged ions in the environment move forcibly in and against
the direction of the current. The electrically conductive SWCNT might also try to align
itself in the course of flow by actuation process. Together SWCNT actuation and ions
movement in the hydrogel matrix are enough to create the pores in it, which further
permits the incubation buffer solvent to access the DOX for its consistent release even
after the removal of the electric field.
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Figure 4.1. (A) Current-voltage characteristic plot of Silk@SWCNT-FA and silk
hydrogels. (B, C) Short term (50 h) and long term (24 days) on command drug release
data from Silk@SWCNT-FA/DOX and Silk@fDOX with a total of five electric field
stimulation, where 1,2, 3, 4 and 5 indicate the stimulation intervals (as mentioned in the
results section). (D) A graphical representation is indicating 5 min turn ON cycle as a
stimulator of drug release for long term off cycle.

4.3.2. NIR laser induces hyperthermia in Silk@SWCNT-FA hydrogel and triggers the

drug release

The photothermal performance of Silk@SWCNT-FA hydrogel was investigated by
exposing it to NIR laser of 0.5 W output power and 808 nm wavelength as previously
done.[55] On exposure, the hydrogel gets heated rapidly, and approximately 7 °C
temperature rise was recorded in the first 5 min. However, we continued to expose the
hydrogel with the NIR laser for 20 min to record the saturation point and maximum
temperature (Tmax). We found that in the rest 15 min of exposure, only 4 °C temperature
was increased, showing an overall increase of approximately 10 °C upon irradiation for
20 min. A rapid drop in hydrogel temperature was observed immediately after turning
off the NIR laser, and in 20 min, it had cooled down to its original initial temperature
(Figure 4.2A). From here, we concluded that Silk@SWCNT-FA hydrogel responds very
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quickly to NIR laser, and no further significant rise in temperature was observed after 5
min exposure. Based on this, NIR laser was turned on and off every 5 min in a series of
5 cycles and the change in temperature was recorded (Figure 4.2B). In each cycle, we
recorded 6 to 7 °C rise in temperature from its initial temperature. The 5 min cooling
phase of each cycle from 1% to 3" cycle added 1 °C as the initial base temperature for the
next cycle. However, this rise got saturated after 3™ cycle. Therefore, we observed a

maximum of 10 °C rise in temperature after the 5" cycle, similar to a single 20 min cycle.

Here, we show the effect of NIR irradiation on silk hydrogels. 300 pl of
Silk@SWCNT-FA and silk hydrogels without SWCNT-FA were exposed to NIR laser
from the top, set up at a distance of ~10 cm. The representative images of these respective
hydrogels are presented in Figure 4.2C and Figure 4.2D. The Silk@SWCNT-FA
hydrogel drastically shrunk in 40 min. However, silk hydrogel without SWCNT-FA did
not respond to NIR laser after getting exposed for the same period. The FTIR spectra
were recorded for both the hydrogels before and after 40 min exposure of NIR laser
(Figure A4.2 A). A broad peak of water at 3200-3300 cm™ was observed in both silk
and Silk@SWCNT-FA hydrogels before the NIR laser exposure. The water
characteristic peak was still present in silk hydrogel; however, it was absent in
Silk@SWCNT-FA hydrogel after the NIR laser exposure. The water content of this
hydrogel was 98%, and it all dried up in 40 min NIR laser exposure. This indicates that
Silk@SWCNT-FA hydrogel could produce enough heat, which may evaporate the water
from hydrogel and cause its shrinkage. Also, the generated heat is sufficiently high to
ablate the local deadly cancer cells through the photothermal effect. The NIR laser has
also induced changes in the secondary structure of silk, which is calculated by the
deconvolution of amide I peak from 1600 to 1700 cm™, as represented in Figure 4.2E
and Figure A4.2 B. The silk hydrogel, which has more of alpha-helical secondary
structure upconverts into the loop after NIR laser exposure. However, in SIIk@SWCNT-

FA hydrogels, the NIR laser exposure induces more beta-sheet structure.

In our previous endeavors, we have shown the release of DOX from
Silk@SWCNT-FA/DOX hydrogel post-NIR laser exposure.[55] A representative
graphics presented in Figure 4.2F to explain it based on our observation. The incidence
of NIR laser on hydrogel placed in PBS generates the heat that shrinks it by inducing the

changes in internal structure. Due to this shrinkage, the drug squeezed out from the
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hydrogel and supported its release. It is concluded that the drug release from
Silk@SWCNT-FA/DOX hydrogel could be controlled by drug loading amount and time
of NIR laser exposure.
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Figure 4.2. The time-temperature plot of Silk@SWCNT-FA hydrogels exposed to NIR
laser for (A) single 20 min ON/OFF cycle and (B) series of five cycles with 5 min turn
on and off (n=3, Mean = SD). Representative screenshot of supplementary video-1
showing (C) Silk@SWCNT-FA hydrogels shrinkage on NIR laser exposure and
compared with (D) silk hydrogel with similar exposure. (E) Secondary structure change
was calculated by deconvolution of amide | peak from three independent FTIR spectra
(n=3, Mean % SD) for silk hydrogel and Silk@SWCNT-FA hydrogels before and after
NIR laser exposure. (F) A graphical representation of exposing Silk@SWCNT-FA
hydrogels with NIR laser to stimulate the drug release.

4.3.3. In vivo tumor regression study

The anti-cancer efficacy of Silk@SWCNT-FA/DOX was evaluated in 4T1 tumor-bearing
female Balb/c mice. The animals were segregated randomly into seven groups: (1)
untreated, (2) fDOX treated, (3) Silk@fDOX hydrogel treated, and (4) to (7)
Silk@SWCNT-FA/DOX nanocomposite hydrogel treated. Group (4) was without
external stimulation, (5) was stimulated with NIR laser, (6) was stimulated with an
electric field, and (7) was stimulated with both NIR laser and electric field. Groups (5)
to (7) were exposed to their respective stimulations every alternate day. The animals were
treated twice during the 21-day study; the first treatment was given on day 0 followed by

the second dose on day 10. Figure 4.3A representing ultrasound images of tumor
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recorded every 7" day from treatment day (day 0) to sacrifice day (day 21), and tumor
volume was calculated using dedicated software. The normal respiration rate and
electrocardiogram (ECG) peaks recorded during the tumor imaging. Also, 37 °C body
temperature was recorded throughout the study, indicating consistent supervision of
healthy animals habitat. The noticeable change in tumor size from day 0 to day 21 of all
the treatment group animals is represented in Figure A4.3. Further, actual tumor volume
change was calculated by normalizing the tumor volume of 7, 14 and 21 days to tumor
volume of 0 day (Figure 4.3B). The tumor growth of untreated group (1), intravenously
fDOX treated group (2), and localized Silk@SWCNT-FA/DOX treated group (4) was
exponentially increased. However, the tumor growth of localized Silk@fDOX treated
group (2) was inhibited effectively. Interestingly, we observed significant tumor
regression in localized Silk@SWCNT-FA/DOX treated group (5), (6), and (7), which
received external stimulation of NIR laser, electric field, and both together, respectively.
The tumors from all the animals were collected and arranged in a group-wise, depicting
shrinkage in tumors of the group (5), (6) and (7) (Figure 4.3C). An apparent difference
in tumor weight was recorded which is corroborated with tumor volume data (Figure
4.3D). Tumors of the group (5), (6), and (7) were less than 0.5 g in weight as compared
to ~3 g of untreated group (1), which is ~6 times more than that of the treated groups.
However, no considerable change in the animal's body weight was recorded during the
study, which rules out any systemic toxicity or the possibility of other infectious diseases

that might happen during the study (Figure 4.3E).
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Figure 4.3. (A) Representative ultrasound images of tumors of all groups were recorded
every 7th day until 21 days. (B) The tumor volume was normalized from day O and
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relative tumor growth or regression was plotted till day 21. Animals were sacrificed on
day 21, and (C) excised tumors were arranged group-wise for visual comparison. (D)
Representing harvested tumors weight and (E) body weight of tumor-bearing mice
during the study. The representative treatment group are (1) untreated, (2) fDOX treated,
(3) Silk@fDOX hydrogel treated, and (4) Silk@SWCNT-FA/DOX without stimulation (5)
Silk@SWCNT-FA/DOX with NIR laser (6) Silk@SWCNT-FA/DOX with electric field
and (7) Silk@SWCNT-FA/DOX with both NIR and electric field stimulation. The
significant difference between the relative tumor volumes/weight of the treatment groups
data acquired at day 21 was compared to the respective untreated control group (1) at
a significance level of 0.01 and 0.005, which represented as *p < 0.01 & **p < 0.005
(n=4), respectively.

The western blotting was performed over tumor samples, and the expression level
of different apoptosis-related protein markers was evaluated. Bax to Bcl-2 ratio in cells
is one of the major indicators of cell survival/apoptosis.[277, 278] Their bands on
western blot (Figure 4.4A) depicts the change in their expression level due to the
treatment. In the untreated tumor sample, Bax protein expression is low as compared to
Bcl-2, which is opposite in the case of group (3), (6), and (7). Therefore their ratio, as
plotted in Figure 4.4B, represents the survival state. The Bax to Bcl-2 ratio of group (1),
(4) and (5) was less than one, as compared to group (2), (3), (6) and (7). The remarkably
high expression of Bax and downregulation of Bcl-2 is associated with mitochondria-
mediated apoptosis.[277, 278] Caspase-3 is a member of the cysteine-aspartic protease
family, which plays a central role in initiating a cascade of apoptosis. The active form of
this protease contains two subunits, one large and one small.[277] We observed high
expression of the large subunit in untreated group (1) as compared to any other group;
however, the small cleaved subunit expression level was increased in group (4), (6), and
(7) (Figure 4.4A & 4.4C). The enhanced expression of cleaved subunit attested to the
activation of caspase 3 dimers for the initiation of apoptosis. The activated caspase 3 is
known to induce the cleavage of PARP.[279] The enhanced cleaved PARP fragment was
also detected in the group (6) and (7). PARP in its active form, functions as a nick sensor
towards the DNA damage repair. Its cleavage by caspase 3 inactivates its function, which
leads cells into apoptosis.[279] The caspase 8 expression level was more or less constant
in all the groups (Figure 4.4A & 4.4C). Caspase 12 expression was increased in group
(4), (5), (6) and (7). Cleaved caspase 12 is a key protein of endoplasmic reticulum stress-
mediated apoptosis.[280] Cleaved caspase 12 bands were explicitly observed in the
group (7), which is the precursor for the cleavage and activation of other caspases such
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as caspase 9 for the induction of the apoptosis. Further, cleaved caspase 9 expression was
also enhanced in group (4), (6) and (7) (Figure 4.4A & 4.4D). Caspase 9 induced the

cleavage of caspase 3 for apoptosis induction.[280]

TUNEL assay was conducted to recognize the apoptotic nuclei in the
cryosectioned slices of the tumor. At the end of the assay, the insoluble brown color
substrate is formed at the site of DNA fragmentation, which is a characteristic of
apoptosis. The counterstain with methyl green assists in the evaluation of the morphology
of healthy/apoptotic cells. Figure 4.4E depicts no apoptotic nuclei in group (1) and group
(4). However, very few cells of the group (2) and (3) showed apoptotic cells. In group
(5), (6), and (7), almost all the cells are showing brown color complex, wherein the
apoptotic nuclei of group (7) were very distinct as compared to group (5) and (6) which
are looking disintegrated. This indicates that group (7) tumors are undergoing apoptosis

and group (5) and (6) are going through both necrosis and apoptosis.
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Figure 4.4. (A) Representative western blots are depicting bands of specified apoptosis
protein markers in all the seven groups of study. The band intensity ratio of Bax and Bcl
2 (B) and normalized band intensity of (C) caspase 8, caspase 3, PARP, and (D) caspase
9 and caspase 12 were plotted as a histogram. (E) TUNEL-assay images of the tumor to
investigate apoptosis. The representative treatment groups are (1) untreated, (2) fDOX
treated, (3) Silk@fDOX hydrogel treated, and (4) Silk@SWCNT-FA/DOX without
stimulation (5) Silk@SWCNT-FA/DOX with NIR laser (6) Silk@SWCNT-FA/DOX with
electric field and (7) Silk@SWCNT-FA/DOX with both NIR and electric field stimulation.
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The significant difference between the band intensities of treatment groups was
compared to the untreated control group (1) at a significance level of 0.001 and
represented as *p < 0.001 (n=3).

The histological sections of the tumor, heart, liver, kidney, and spleen stained
with H&E are shown in the figure. The tumor H&E images are supporting TUNEL assay
data. The cell and nucleus morphology looks intact in the group (1) and (4). Disintegrated
nucleus and enlarge cell morphology indicated necrosis in the group (2), (3), (5) and (6).
However, cell shrinkage and nucleus blebbing of group (7) indicated apoptosis (Figure
4.5). The histology of heart, liver, kidney, and spleen looks healthy, and no considerable

changes/toxicities among the various treatment groups are observed.

Treatment Groups

Spleen Kidney Liver Heart Tumor

Figure 4.5. H&E images of the tumor and healthy tissue as labeled. The representative
treatment group are (1) untreated, (2) fDOX treated, (3) Silk@fDOX hydrogel treated,
and (4) Silk@SWCNT-FA/DOX without stimulation (5) Silk@SWCNT-FA/DOX with
NIR laser (6) Silk@SWCNT-FA/DOX with electric field and (7) Silk@SWCNT-FA/DOX
with both NIR and electric field stimulation.

The cancer chemotherapy with DOX has been well reported to be associated with
cardiotoxicities.[281] The cardiac function was analyzed non invasively using
echocardiography was performed at the beginning (day 0) and the last day (day 21) of
the treatment to determine any sign of cardiotoxicity. We observed no significant
difference in the cardiac parameters from day O to day 21 as shown in Figure 4.6. The

parameters like heart rate (310-840 beats per minutes), cardiac output (20-35 mL/min),
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stroke volume (40-70 uL), ejection fraction (55-85 %), fractional shortening (30-50 %),
LVPW;d, LVPW;s, LVAW;d, and LVAW:;s (0.5 to 1.5 mm) were found to be within the
normal range as reported for healthy mice in MKT02620 imaging guides, FUJIFILM
VisualSonics Inc, Netherland.[282] Our echocardiographic data is also corroborated with
the heart histology H&E image (Figure 4.5) showing no cardiotoxicity among the
treatment groups. This might be due to little dose (total 300 pug) of DOX injected at the
systemic (group 2) or localized (group 3 to 7) site for the therapy.
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B-Mode M-Mode
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Figure 4.6. The B-mode and M-mode images of echocardiographic measurements in
mice. The representative treatment group are (1) untreated, (2) fDOX treated, (3)
Silk@fDOX hydrogel treated, and (4) Silk@SWCNT-FA/DOX without stimulation (5)
Silk@SWCNT-FA/DOX with NIR laser (6) Silk@SWCNT-FA/DOX with electric field
and (7) Silk@SWCNT-FA/DOX with both NIR and electric field stimulation.
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4.4. Discussion

Silk is a resorbable, natural protein-polymer that responds to pH change and are
susceptible to proteases for sustained drug release. Its biocompatibility and flexibility to
mold into various formats aids in to make silk a preferred choice of biomaterial for
various biomedical applications. The localized site-specific delivery of bioactive
molecules through various formats, including hydrogel, nanoparticles, films, or scaffolds
are documented by researchers extensively.[56, 103, 104, 194, 197, 262, 263, 283]
Tumor regression studies using silk hydrogel loaded with anticancer drug DOX
conducted by Kaplan group showed promising results.[104, 194] However, silk in its
native form is electrically non-conductivity material, which also does not respond to NIR
laser. Taken this into account, we employed the concept of nanotechnology and polymer
sciences and came up with a nanocomposite hydrogel system that has the properties of
both the polymer (silk) and nanocarrier. In this regard, the addition of CNTSs into various
other polymers such as gelatin, chitosan, polyethylene glycol, etc. has been shown
previously for either electrical or NIR light-responsive drug release and tissue
engineering applications.[113, 261, 284] However, difficulty in processing flexibility/
feasibility, the use of toxic chemical crosslinker, low mechanical strength, and high cost
are few limitations of these polymers. Silk, on the other hand, has all these properties
and is easily sourced. They are biodegradable, immunocompatible and produce nontoxic
resorbable amino acids as degradation products. In our previous work,[55] we have
introduced SWCNT in crosslinker free silk hydrogel and presented its NIR laser
responsive behavior in vitro for targeted cell cytotoxicity. In continuation from here, the
Silk@SWCNT-FA hydrogel was explored further for its electric field triggered drug-
releasing behavior. Followed by this in vivo tumor regression, “proof of concept” study
was conducted by individual and simultaneous application of NIR laser and electric field.
To our knowledge, this is the first report to show such in vivo study where two external

stimuli were applied together for efficient tumor therapy.

In our previous endeavors,[55] we have shown the specific targeting and
internalization of SWCNT-FA into folic acid receptor-positive cancer cells. 4T1 breast
solid tumor has been reported to overexpress the folic acid receptors,[285], which makes
it a suitable animal tumor model to test our Silk@SWCNT-FA/DOX hydrogel system
for proof of concept study. The systemically delivered fDOX (group 2) could not reach
and maintain the anticancer drug dose at tumor site due to the complex
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microenvironment; therefore, it could not resist tumor growth. In such a scenario, the
localized therapy could be advantageous.[262] The solid tumor prolonged exposure to
adjacently available hydrogel encapsulating anti-cancer drugs weakens it and provides a
high chance to cure this chronic disease. In this regard, Silk@SWCNT-FA/DOX
hydrogel was administered near to the tumor (group 4 to 7) and exposed to the external
stimulus (group 5 to 7). We observed significant tumor shrinkage on the application of
808 nm NIR laser (group 5), 1.0 V electric field (group 6), and both together (group 7).
The 1.0 V of DC voltage is very mild to be applied and electrodes should not get heated
in 5 min treatment, which may also rule out any damage caused to the nearby tissue
where electrodes were placed. Previously, researchers have also tried 1.0 to 10 V of
voltage on subcutaneously implanted electro responsive hydrogels and ensure the safety
of the procedure.[215, 260] Similarly, NIR laser irradiation at a power of 0.2 W/cm?, 808
nm wavelength is under the range (0.1 to 0.3 W/cm?), which has been tried in vivo
previously for stimulating various subcutaneously or near/intratumorally injected photo
thermoresponsive hydrogels.[55, 144, 264, 274]

The Silk@SWCNT-FA/DOX implanted locally near to the tumor and exposed
individually by NIR laser (group 5, n=4) or electric field (group 6, n=4) endorses its
anticancer effect in situ and induces both necrosis and apoptosis in deadly solid tumor
cells. However, their simultaneous application (group 7) synergistically induced
apoptosis. The NIR laser penetrated deep into the tissue to be reached and absorbed by
the locally implanted Silk@SWCNT-FA/DOX hydrogel for the production of a
significantly high amount of heat. This photothermal effect would rearrange the silk
matrix in situ for triggering the release of SWCNT-FA/DOX as shown in our in vitro
data (Figure 4.2). The released SWCNT-FA/DOX was internalized by folic acid
receptor-positive 4T1 breast tumor cells as we have explained in our previously
published in vitro data to induce cell death by apoptosis.[55] Due to the localized
hyperthermia, tumor cells also get too feeble to stand against the chemotherapy, and this
might also inhibit the drug resistance development by the tumor. The application of the
electric field (group 6) encourages the interaction between cationic drug DOX and
anionic nanocarrier SWCNT-FA due to electrically induced charge polarization effect.
The removal of the electric field, however, reduces those electrostatic interactions and
drug percolates into the tumor to show its anticancer activity. The electric field
application has also been demonstrated to enhance the permeability of cell membranes
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to ions and macromolecules; the phenomena is well known as electrochemotherapy.[286]
We hypothesized that on the application of electric field the tumor cell permeability also
increases, which supports the internalization of released drug molecules and nanocarrier
for their cytotoxic effects. Further, the simultaneous application of NIR laser and the
electric field (group 7), was more effective as it permeabilizes the tumor for infiltration
of SWCNT-FA/DOX deep into it. Once inside, the NIR laser illumination produces heat
and induce DOX release for a higher therapeutic index. Therefore, the simultaneous
application of the NIR laser and electric field has a synergistic effect of inhibiting tumor
growth.

The external stimulation played a key role here for the therapy because the control
group (4), which also received Silk@SWCNT-FA/DOX hydrogel treatment at its tumor
site, showed exponential growth similar to the untreated group (1), as the drug molecule
loaded on nano vehicle entrapped inside the silk matrix and could not be released for the
therapeutic effect. Usually, the nanocarrier embedding is suggested to inhibit the burst
release of drug molecules from various polymeric hydrogels. However, sustained DOX
release for tumor growth inhibition from the silk hydrogel is reported.[104, 194] We also
observed tumor growth inhibition in Silk@fDOX treated group (3); however, the
insertion of SWCNT allowed us to control the rate of drug release on demand which
drastically enhanced its therapeutic effects compared to the former as well as caused the

significant tumor regression.

SWCNTs also acts as photosensitizer agent which on the exposure of NIR laser
produce the reactive oxygen species (ROS) along with hyperthermia for photodynamic
(PDT) and photothermal (PTT) tumor therapy.[272, 287] The locally generated ROS
potentially induce necrosis or apoptosis in tumor tissue for its destruction. Therefore,
theoretically, ROS might also play some specific roles in the shrinkage of tumors

observed during externally regulated treatment.

The biosafety associated with CNT applications in vivo has always been a topic
of debate. De Menezes et al., in a recent review, has compiled literature in the field and
showed that CNT biocompatibility could be enhanced by chemical modification, target
specific delivery to reduce non-specific localization and nanocomposite formation.[288]
In our present approach, we have followed all these three strategies. The SWCNT was
oxidized and chemically modified with folic acid. Due to the folic acid, the SWCNT-FA
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was explicitly targeted to folic acid receptor overexpressing cancer cells, which reduced
its non-specific localization. Further, the SWCNT-FA/DOX embedding in the silk
fibroin hydrogel matrix formed its nanocomposites. We have shown the biocompatibility
of SWCNT-FA previously in vitro for oral cancer cell line (KB) and lung cancer cell line
(A549).[55] Many research groups have also demonstrated the mechanism of CNT
enzymatic degradation by neutrophil and macrophages cells.[289-291] Furthermore, in
the present manuscript, evidence from H&E images of tissues like heart, liver, kidney,
and spleen in Figure 4.5 did not show any signs of CNT mediated cytotoxicity in vivo.

fDOX is a clinically approved anticancer drug having strong antitumor effects; however,
at either higher dose or with multiple injections. In our study, all the animals were treated
twice during the 21-day study, with an equivalent dose of 6 mg per kg body weight (~150
pg) DOX either intraperitoneally (group 2) or locally (group 3 to 7) near to the tumor.
The exponential tumor growth of group (2) animals was due to the intraperitoneal low-
dose injection that delivered the drug systemically. However, the same amount of locally
administered drugs significantly inhibited the tumor growth in groups 3, 5, 6, and 7. Our
investigations, therefore, suggest that the local drug delivery vehicles are the advanced
cancer therapeutic options that can reduce drug doses with fewer injections cycle, which

further ensures the pain-free and patient-friendly treatment procedure.
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4.5. Significant findings
The salient findings from this chapter are as follow —

1. The Silk@SWCNT-FA/DOX nanocomposite hydrogel system was successfully
implanted near to the mice breast tumor through a syringe in a minimally invasive

way.

2. The nanocomposite silk hydrogel showed electrical conductivity and NIR laser-
induced hyperthermia properties. Also, the heat generation from nanocomposite
hydrogel is high enough to destroy the tumor, suggesting the localized

photothermal effect coupled with chemotherapy.

3. The drug release from the implanted nanocomposite hydrogel was controlled
from the outside by noninvasive electric field and NIR laser application.

4. The simultaneous application of NIR laser and electric voltage pulse showed

improved tumor suppression effect.

5. The Dose and Frequency of injections required for the treatment were reduced
due to local therapy. The low frequency of injections makes it a pain-free patient-

friendly procedure.

6. The localized treatment accumulates the chemo drug molecules to the tumor site
and reduces the side effects to nearby healthy tissues, as revealed by
electrocardiogram and H&E images. Therefore, we did not observe any DOX

related cardiac/systemic toxicity during the procedure.
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As shown in Figure S1 below, the current thesis dealt with the fabrication of two types
of injectable nanocomposite silk hydrogel system (I & II). Both the systems were
developed by blending mulberry (B. mori) and nonmulberry (A. assama) aqueous silk
fibroin protein along with either BMNP for an injectable system I, as described in
Chapter 2 or SWCNT for injectable system 1l as described in Chapter 3 & 4. The type
of embedded nanocarrier dictated the unique properties of these systems. The injectable
system | was assessed for its long term functionality in vitro by culturing stomach cancer
cells in specially designed scaffolds. However, the injectable system Il was developed to
target and precisely deliver the anticancer drug in folic acid receptors overexpressing
cancer cells. The target-specific drug delivery ‘proof of concept’ study was first
conducted in vitro in an oral cancer cell line (Chapter 3), which further extended and
validated into in vivo breast tumor regression study (Chapter 4).

From the thesis, it is concluded that the developed injectable system is highly
flexible and can be used to deliver a range of anticancer drugs. The proposed system has
shown higher efficacy in treating cancer with lower systemic toxicity. Also, if translated,
this technology may reduce the repeated cycles of chemotherapy and the need for patient
hospitalization.
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Figure S1. lllustration showing the graphical summary and conclusion of the thesis.
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The injectable system developed here is a flexible system that can be modified
according to the requirement. Many nanoparticles and anticancer drugs could be
integrated into the matrix to explore its efficacy in the future. Figure S2 below is showing
a prospective future application of the injectable silk hydrogel. The hydrogel could find
its applications in soft tissue engineering like cartilage, liver, and heart tissue
regeneration, where various growth factors delivery is needed. Additionally, various
other chronic diseases such as diabetes, arthritis, and Parkinson's, which require
sustained interaction with the drug, can be treated with bioactive molecule delivery. The
small animal study indicated the superior antitumor potential of our developed injectable
nanocomposite hydrogel system and made it ready for future clinical trials. We highly
believe that if translated our technology, has the potential to save humanity from the
clutches of cancers.
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Figure S2. lllustration of prospective future applications of injectable hydrogel system.
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APPENDIX

1000 pm

Figure A2.1. Representative composite images showing green (left), red (middle) and
merged (right) autofluorescence of silk scaffold. The top and bottom panel images were
captured at low (4X) and high (40X) magnifications, respectively, using fluorescence

microscope.
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Figure A3.1. Representation of FA functionalization of SWCNT and its loading with
DOX.
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Figure A3.2. (A) Absorbance scan at variable wavelength and (B) standard plot at 808
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Figure A3.3. Dox standard plot by (A) absorbance at 480 nm and (B) fluorescence by
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Figure A3.4. Representation image of aqueous dispersed SWCNT (A) and its FESEM
(B).
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Figure A3.5. Swelling of different ratio hydrogel into PBS till 72 h.
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Figure A3.6. Representative FESEM image of SWCNT embedded silk hydrogel.
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Figure A3.7. Loss factor plot of SWCNT-FA/DOX, fDOX and non-loaded silk hydrogel.
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Figure A3.8. BM and AA did not form the gel over time when exposed to 0.2% shear
strain and 10 rad/s angular frequency in rheometer.
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Application of external stimulus
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Figure A4.1. (A) Breast cancer tumor was developed in Balb/c mice by directly injecting
mice 4T1 breast cancer cell line in the fourth mammary fat pad. The tumor regression
study started when the tumor volume reached 100 mm?® and is considered as day O.
Tumour was continuously observed for 21 days, and ultrasound images were captured
at days 0, 7, 14 and 21. Intratumor injection of Silk@fDOX to Group 3 animals and
Silk@SWCNT-FA/DOX to Group 4, 5, 6 and 7 animals was administered twice at day 0
and day 10 during the study. NIR light and electrical voltage were externally applied
both individually and simultaneously at each alternate day. Animals were sacrificed at
day 21, and tumors, along with other tissues, were collected for further analysis. External
setup of NIR laser (B) functional generator (C) for electrical stimulus applied alone on
(D) and together with NIR laser in (E).
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Figure A4.2. (A) FTIR spectra from 400 cm™ to 4000 cm™ of silk and hydrogel with and
without NIR laser exposure. (B) Representative deconvoluted amide | peaks of (i) silk
hydrogel without NIR, (ii) with NIR, and (iii) Silk@SWCNT-FA nanocomposite hydrogel
without NIR, (iv) with NIR laser exposure showing the secondary structure.
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Figure A4.3. The representative animals of all the groups were arranged, and picture
was taken at the beginning (day 0) and end (day 21) of the experiment.
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