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Synopsis	

	

Introduction		

Every	 year	 millions	 of	 people	 suffer	 from	 tissue/organ	 loss	 or	 failure.	

Tissue/organ	 transplantation	 or	 use	 of	 biodegradable	 implants	 are	 promising	

solutions	 for	 repair	 or	 replacement	 of	 tissues/organs.	 The	 drawback	 for	

transplantation	is	the	immunological	response	from	the	patient's	body.	This	can	

be	 overcome	 by	 tissue	 engineering	 (TE)	 and/or	 regeneration.	 	 TE	 applies	 the	

principles	of	engineering	and	life	sciences	towards	the	development	of	biological	

substitutes	that	help	to	restore	the	lost	tissues/organs.	In	tissue	engineering,	the	

major	challenges	have	been	the	development	of	extracellular	matrix	(ECM)	in	a	

way	that	it	can	act	as	a	scaffold	to	promote	new	tissue	regeneration.		

Bone	is	a	highly	vascularized	tissue	with	a	unique	capacity	to	heal	and	regenerate	

without	leaving	a	scar.	40%	of	women	and	13%	of	men	over	50	years	old	suffer	

with	 an	 osteoporotic	 fracture	 in	 their	 lifetime.	 Bone	 tissue	 engineering	 using	

natural	and	synthetic	bone	void	fillers	is	therefore	being	looked	at	as	a	promising	

strategy	for	bone	repair.		

Many	synthetic	and	natural	polymeric	scaffolds	are	currently	being	explored	for	

bone	 tissue	 engineering	 (BTE).	 Natural	 polymeric	 scaffolds	 are	 favored	 due	 to	

their	biocompatibility	and	versatility	in	supporting	various	biological	functions.	In	

the	past	two	decades,	Silk	Fibroin	(SF)	has	evolved	as	a	promising	biomaterial	for	

tissue	 engineering	 and	 biomedical	 implant	 applications.	 It	 is	 naturally	 derived,	

biocompatible,	 biodegradable	 material	 and	 has	 excellent	 thermo-mechanical	

properties.	SF	can	be	easily	chemically	modified	to	obtain	required	functionality	

and	can	be	processed	into	a	variety	of	different	forms	using	aqueous	processing	
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techniques.	Several	studies	have	successfully	demonstrated	use	of	SF	scaffolds	for	

vascular,	neural,	bone,	ligament,	cartilage,	skin,	intervertebral	disc,	heart,	ocular	

and	 spinal	 cord	 tissue	 regeneration.	 The	 silk	 from	 the	 B.mori	 silkworm,	 more	

commonly	known	as	mulberry	silkworm,	can	be	produced	with	controlled	quality	

in	large	commercial	quantities.	On	the	other	hand,	non-mulberry	silk	mostly	from	

A.mylitta	has	also	been	in	focus	for	bone	tissue	engineering	(BTE)	because	of	its	

hydrophilic	 nature,	 high	mechanical	 strength	 and	 the	 inherent	presence	of	 cell	

binding	motifs	(e.g.,	RGD).		

Different	 forms	of	SF	based	biomaterials	 for	BTE	includes	SF-film,	SF-hydrogels,	

SF-	microparticle	based	3D	scaffold	and	SF-sponges.	Thus,	it	is	an	objective	of	this	

thesis	to	further	enhance	the	strategies	for	use	of	SF	in	BTE	applications.		

2.	Statement	of	Problem		

The	primary	challenge	 in	BTE	 includes	development	of	 three-dimensional	 (3D)	

scaffolds,	 which	 can	 also	 promote	 cell	 adhesion,	 proliferation,	 differentiation,	

resulting	in	superior	healing	of	bone	defects.	Thus,	the	success	of	the	regenerative	

process	depends	on	the	understanding	of	the	interaction	between	the	cells	and	the	

biomaterials	used	for	scaffolds.	Several	biomaterials	have	been	reported	for	BTE	

but	none	of	them	match	the	performance	of	an	autograft.		

SF	is	mainly	produced	by	silkworms	of	the	order	Lepidoptera	and	different	

species	of	class	Arachnida	(spiders).	Silkworm	silks	are	 the	preferred	materials	

and	 they	 are	 classified	 into	 mulberry	 (domestic)	 and	 non-mulberry	 (wild)	

varieties.	 Mulberry	 silk	 of	 silkworm	 Bombyx	 mori	 (BM)	 has	 been	 extensively	

explored	 and	 used	 for	 centuries	 in	 textiles	 and	 also	 sutures.	 For	 the	 last	 few	

decades	 BM	 has	 been	 extensively	 explored	 for	 biomedical	 applications.	 In	 the	

mulberry	based	SF	scaffold	system,	in-spite	of	the	various	developments	there	is	

scope	 for	 further	 improvement	 in	 scaffold	 formulations.	Non-mulberry	 silk	 has	

established	 itself	 as	 a	 textile	 commodity.	 However,	 its	 transformation	 into	 a	
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biomaterial	 is	 a	 relatively	 new	 and	 exciting	 field	 as	 non-mulberry	 silk	 has	 an	

inherent	 RGD	 motif,	 which	 helps	 cell	 attachment,	 cell	 proliferation	 and	

differentiation.	However,	non-mulberry	silk	contains	higher	alanine	content	that	

results	in	a	material	with	highly	compacted	beta	sheets.	This	crystallinity	prevents	

dissolution	of	the	silk	into	any	conventional	solvents	and	hence	limits	the	ability	

to	 process	non-mulberry	 silk	 into	 various	 scaffolds.	 	 Therefore,	 the	majority	 of	

reported	literature	of	non-mulberry	silk	prefer	extraction	of	silk	directly	from	the	

silk	 gland	 of	 the	 non-mulberry	 silkworm.	 Processing	 from	 fibres/cocoons	 is	

challenging	and	also	suffers	with	poor	yield.		

Biocompatibility	of	a	biomaterial	is	also	assessed	by	studying	immune	responses	

generated	upon	the	interaction.	 	Innate	immunity	is	the	non-specific	 first	line	of	

defense	 and	 includes	 a	 variety	 of	 cellular	 and	 molecular	 components,	 which	

initiate	immune	recognition	and	respond	to	foreign	materials.	On	the	other	hand,	

adaptive	immunity	is	triggered	over	a	longer	time	period	and	responds	with	a	high	

degree	of	specificity	and	the	generation	of	memory.	However,	both	these	pathways	

are	 highly	 interconnected	 and	 these	 are	 the	 primary	 reasons	 why	 biomaterial	

transplant	rejection	is	a	major	concern	in	healthcare.	Hence	there	is	a	strong	need	

to	develop	strategies	to	prevent	attack	from	the	immune	system.			

As	 a	 general	 rule	 for	 tissue	 engineering,	 scaffolds	 should	 be	 fabricated	 from	

materials	 that	 do	 not	 have	 the	 potential	 to	 elicit	 immunological	 or	 clinically	

detectable	 primary	 or	 secondary	 foreign	 body	 reactions	 in	 parallel	 to	 the	

formation	of	new	tissue	in	vivo.		

Thus,	it	is	an	objective	of	this	thesis	to	develop	strategies	to	further	improve	the	

performance	of	silk	fibroin	based	biomaterials	in	bone	tissue	engineering.	It	is	also	

an	objective	to	develop	innovative	processing	protocols	to	prepare	non-mulberry	

silk	scaffolds.	Further,	various	in-vitro	and	in	vivo	studies	have	been	done	to	study	

the	immunological	potential	of	these	materials.		
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3.	Objectives		

This	thesis	aims	to	design	different	strategies	to	develop	and	modify	3D	silk	fibroin	

(both	mulberry	 and	 non-mulberry	 silk)	 based	 biomaterials	 towards	 new	 bone	

tissue	 regeneration.	 Newly	 developed	 biomaterial	 was	 fully	 characterized	

physically	and	chemically	by	using	various	techniques	like	SEM,	FTIR,	TGA,	contact	

angle,	etc.	The	mechanical	properties	of	the	scaffold	such	as	compression	modulus	

and	 Young’s	 modulus	 were	 also	 measured.	 Further,	 the	 in-vitro	 enzymatic	

degradation	of	 the	scaffolds	was	also	studied.	The	biologically	properties	of	 the	

scaffolds	 were	 evaluated	 by	 studying	 cell	 viability,	 cell	 proliferation	 and	 cell	

morphology.	Finally,	the	developed	scaffolds	were	assessed	for	their	potential	to	

differentiate	 primary	 cells	 or	 hMSCs	 into	 an	 osteogenic	 lineage	 (new	 bone	

formation	 cells)	 by	 measuring	 the	 differentiating	 markers	 (ALP,	 OCN,	 BMP-2,	

calcium	mineralization)	and	their	immunological	response	was	also	studied.	

Specific	strategies	are	mentioned	below.	

Strategy	 1	 Surface	 coating	with	 biopolymers	 on	 silk	 fibroin	 3D	microparticles	

based	scaffold	 	

Strategy	2	Incorporation	of	bio-ceramics	into	silk	fibroin	3D	microparticles	based	

scaffold	

Strategy	3	Novel	processability	of	non-mulberry	silk	 fiber:	electrospun	scaffold	

for	bone	tissue	regeneration	

Strategy	 4	 Development	 of	 mulberry	 and	 non-mulberry	 silk	 fibroin	 based	

injectable	cryogel	

4.	Methodology		

Strategy	1	 In-vitro	 study	of	novel	microparticle	based	 silk	 fibroin	 scaffold	

with	osteoblast-like	cells	for	load-	bearing	osteo-regenerative	applications	
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Silk	Fibroin	(SF)	is	today	considered	to	be	one	of	the	most	favorable	materials	for	

bone	 tissue	 engineering.	 SF	microparticle	 based	 3D	 scaffolds	 have	 appropriate	

pore	 size,	 pore	 interconnectivity	 and	 porosity,	 excellent	mechanical	 properties	

and	 tunable	 bioresorption,	while	 retaining	 the	 inherent	 biocompatibility	 of	 SF.	

These	properties	make	them	ideal	candidates	for	osteoregenerative	applications.	

This	work	reports	the	 in-vitro	cell	viability,	cell	adhesion	and	proliferation	with	

osetoblastic	differentiation	of	MG	63	osteoblast-like	cell	line	on	these	scaffolds.	In	

addition,	the	surface	of	these	scaffolds	was	also	modified	using	collagen	type	I	and	

chitosan	biopolymers.	The	results	show	that	although	the	SF	scaffold	does	support	

in-vitro	cell	attachment,	proliferation	and	differentiation,	this	performance	can	be	

further	enhanced	using	the	surface	coating	approach.	Also,	 the	ALP	activity	and	

bone	 mineralization	 was	 found	 to	 be	 particularly	 superior	 in	 the	 chitosan-

modified	scaffolds.	

 

	

Strategy	2	Silk	Fibroin	3D	Microparticle	Scaffolds	with	Bioactive	Ceramics:	

Chemical,	Mechanical,	and	Osteoregenerative	Characteristics	

Preparation	of	3D	scaffolds	for	bone	tissue	engineering	(BTE)	is	a	challenging	task	

as	 it	 requires	 appropriate	 pore	 size	 and	 porosities,	mechanical	 properties,	 and	
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controlled	bioerosion	rate.	This	study	demonstrates	the	fabrication	of	silk	fibroin	

(SF)	3D	microparticle	scaffolds	with	the	incorporation	of	hydroxyapatite	(HA)	and	

calcium	sulfate	(CaS)	as	bioceramics.		

Physicochemical	 characterization	 shows	 30%	 filler	 loading	 and	 40%	 optimum	

porosity	 with	 >100μm	 pore	 size	 for	 these	 filled/unfilled	 scaffolds.	

Nanoindentation	studies	show	improved	Young’s	modulus	at	microparticle	level	

with	the	incorporation	of	bioceramics.	SF-HA	scaffolds	showed	three-fold	increase	

in	Young’s	modulus,	whereas	SF-CaS	showed	two	fold	increase.	In-vitro	bioerosion	

study	 results	 in	 early	 bioerosion	 with	 SF-CaS	 scaffold,	 whereas	 prolonged	

bioerosion	with	SF-HA	scaffold.	In-vitro	osteoregenerative	potential	is	analyzed	by	

estimating	alkaline	phosphatase	(ALP),	bone	morphogenic	protein-2	(BMP-2),	and	

osteocalcin	 (OCN).	 SF-CaS	 supports	 early	 stage	 differentiation	 while	 SF-HA	

predominantly	supports	late	stage.	The	expression	of	TNF-α	suggests	a	reduced	

risk	 of	 immune	 rejection.	 This	 work,	 therefore,	 concludes	 that	 although	 SF	

supports	 bone	 tissue	 regeneration,	 the	 choice	 of	 bioceramic	 enhances	 the	

applicability	in	various	clinical	scenarios	by	providing	a	controlled	bioerosion	rate,	

tunable	speed	of	osteo-regeneration,	and	improved	load	bearing	capacities.	
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Strategy	 3	 Novel	 processability	 of	 non-mulberry	 silk	 fiber:	 electrospun	

scaffold	for	in-vitro	and	in-vivo	bone	tissue	regeneration	

The	dissolution	of	non-mulberry	silk	fiber	is	an	arduous	task	in	silk	fibroin-based	

tissue	engineering.	 In	this	study,	 to	address	this	challenge,	a	unique	protocol	to	

process	the	Antheraea	mylitta	(AM)	silk	fiber	was	developed.	The	protocol	enabled	

the	preparation	of	 a	 concentrated	 solution	by	 combining	 cryomilling	 technique	

and	 its	 dissolution	 in	 trifluoroacetic	 acid	 (TFA).	 Electrospinning	 technique	was	

used	 to	 prepare	 3D	 scaffolds	 from	 20	wt	%	 silk	 fibroin	 solution.	 As	 a	 control,	

Bombyx	mori	(BM)	silk	was	used.	The	secondary	structure,	solubility	and	surface	

morphology	of	both	AM	and	BM	were	physico-chemically	characterized.	Results	

after	 cryo-milling	 techniques	 revealed	 reduction	 in	 beta	 sheet	 content	 of	 silk	

fibroin,	 which	 helped	 to	 enhance	 solubility.	 Methanol	 vapor	 annealing	 further	

brings	 the	beta	 sheet	 content	 similar	 to	 its	original	 level	and	maintains	correct	

mechanical	strength	of	natural	silk	fiber.	In-vitro	L929	cell	growth	and	MG-63	cell	

adhesion	data	confirmed	the	enhanced	cell	attachment	and	growth	in	AM	scaffold	

as	compared	to	BM.	hMSCs	differentiation	into	osteogenic	lineage	was	evaluated	

in-vitro	by	measuring	the	expression	of	ALP,	BMP-2	and	OCN.	Results	from	the	in-

vitro	 study	 revealed	enhanced	osteogenic	markers	secretion	at	28th	day	 in	AM	

scaffold.	Finally,	osteogenic	potential	of	both	AM	and	BM	scaffold	were	evaluated	

by	4-week	implantation	study	in	rat	calvarial	defect.	Histological	evaluation	of	the	

sections	stained	with	H&E	and	masson	trichrome	supports	the	in-vitro	results	and	

showed	enhanced	osteogenic	potential	of	AM	scaffolds.		
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Strategy	4	Development	of	mulberry	and	non-mulberry	 silk	 fibroin	based	

injectable	cryogel	

This	 work	 demonstrates	 that	 chemical	 modification	 of	 silk	 fibroin	 with	 GMA	

(SFGMA)	 results	 in	 higher	 crosslinking	 sites	 on	 silk	 fibroin,	 which	 help	 to	

formulate	 injectable	 and	 highly	 compressible	 cryogels	 at	 subzero	 temperature	

with	 the	 initiator	 system	 of	 Tetramethylethylenediamine	 (TEMED)	 and	

Ammonium	 persulfate	 (APS).	 Addition	 of	 non-mulberry	 cryomilled	microfibers	

(NMS)	into	mulberry	silk	based	cryogel	further	enhanced	the	physical	properties	

and	biological	performance	of	these	cryogels.	The	SFGMA	cryogels	helped	hMSCs	

to	differentiate	into	osteogenic	lineage.	However,	addition	of	NMS	provides	RGD	

motif	 and	 enhances	 osteogenic	 differentiation.	 In-vitro	 primary	 dendritic	 cells	

activation	 studies	 (CD86+,	 CD137+	 and	 MHCII+	 cell	 markers)	 reveals	 that	 all	

SFGMA	and	modified	 cryogels	 are	 not	 pro-inflammatory	 and	 SFGMA	with	NMS	

showed	 anti-inflammatory	 effect.	 Overall,	 methacrylated	 silk	 fibroin	 based	

cryogels	would	be	a	good	candidate	for	bone	tissue	engineering	applications	and	

could	also	be	explored	for	soft	tissue	engineering	applications.	
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5.	Summary		

This	thesis	reports	the	different	strategies	to	improve	the	chemical,	physical	and	

biological	performance	of	3D	silk	 fibroin	based	biomaterial	 for	new	bone	tissue	

engineering	applications.	The	first	strategy	(1A)	shows	that	in-vitro	cell	behavior	

of	osteoblast-like	cells	(MG	63)	on	novel	SF	microparticle	scaffolds	for	applications	

in	 load-bearing	 osteo-regenerative	 applications	 can	 be	 improved	 by	 a	 simple	

coating	 method	 by	 using	 collagen	 type	 I	 and	 chitosan	 biopolymers.	 The	 next	

strategy,	 focussed	on	 enhancing	 the	mechanical	 properties	 of	 SF	micro-particle	

scaffolds	by	incorporating	bio-ceramics	viz	calcium	sulphate	and	hydroxyapatite.	

Mixing	these	ceramics	into	SF	provides	an	opportunity	to	tune	degradation	rate	of	

SF	and	also	control	the	rate	of	osteo-regeneration	process.	The	third	strategy	was	

focused	 on	 the	 non-mulberry	 silk	 fibroin	 (A.	 mylitta)	 processing	 technique	 to	

obtain	 a	 concentrated	 solution	 that	 was	 fabricated	 into	 a	 3D	 scaffold	 by	

electrospinning	technique.	Evaluation	of	osteogenic	potential	revealed	more	cell	

attachment,	 growth	 and	 differentiation	 of	 stem	 cell	 with	 non-mulberry	 silk	

scaffold		with	respect	to	mulberry	silk	based	scaffold	both	in-vitro	and	in-vivo	 in	

rat	calvarial	defect.	To	explore	the	advantage	of	both	mulberry	and	non-mulberry	

silk	 fibroin,	 we	 also	 developed	 injectable	 cryogels	 in	 the	 last	 strategy.	

Functionalization	 of	 mulberry	 silk	 with	 methacrylate	 helped	 in	 the	 cryo-

polymerization.	 Incorporation	 of	 non-mulberry	 silk	 and	 Acrl-PEG-RGD	

significantly	enhanced	mechanical	strength	and	osteogenic	potential	in-vitro.		In-

vitro	 activation	 study	with	BMDCs	 also	 confirmed	 the	biocompatibility	with	 all	
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developed	 cryogels	 while	 anti-inflammatory	 effect	 was	 observed	 with	

incorporation	of	non-mulberry	silk	and	Acrl-PEG-RGD.	

6.	Future	directions		

Recent	advances	in	the	development	of	scaffold	based	drug	delivery	systems	have	

been	viewed	as	potential	alternatives,	due	 to	sustained	drug	release	at	targeted	

sites.	Ideally,	augmentation	of	osteoporotic	fractures	with	osteoconductive	bone	

grafts	reduces	the	occurrence	of	secondary	fracture	by	releasing	the	incorporated	

drug	and	also	provides	a	scaffold	for	ingrowth	of	new	bone	at	the	bone	defected	

site.	 In	 the	 last	 two	decades,	 there	have	been	several	 reports	on	 the	use	of	 silk	

fibroin	 as	 a	 biomaterial	 generated	 for	 tissue	 engineering	 applications.	 The	

chemical	 and	 biological	 properties	 of	 silk	 fibroin	 provide	 an	 advantage	 to	

modulate	its	design	as	per	the	required	application.	

SF	 can	 be	 used	 as	 a	 vehicle	 for	 the	 delivery	 of	 alendronate	 drug.	 The	 unique	

mechanical	 property,	 non-cytotoxic	 nature,	 and	 ability	 of	 SF	 can	 support	 the	

differentiation	of	mesenchymal	stem	cells	along	the	osteogenic	lineage	and	help	in	

faster	 new	 bone	 formation	 and	 release	 of	 alendronate	 drug	 helps	 to	 treat	

osteoporosis.	 	 Thus,	 proposed	 SF-alendronate	 combination	 provides	 a	 dual	

advantage	as	a	treatment	for	osteoporosis	and	as	a	platform	for	new	bone	tissue	

regeneration.	
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Chapter	1 Introduction		

1.1 Introduction	
	

Every	 year	 millions	 of	 people	 suffer	 from	 tissue/organ	 loss	 or	 failure.	

Tissue/Organ	 transplantation	 is	 a	 promising	 solution	 for	 the	 repair	 or	

replacement	of	damaged	tissues/organs.1	The	drawback	of	transplantation	is	the	

immunological	response	from	the	patient’s	body.	This	can	be	overcome	by	tissue	

engineering	(TE)/regeneration.	TE	applies	the	principles	of	engineering	and	life	

sciences	 to	 develop	 biological	 substitutes	 that	 help	 restore	 the	 lost	

tissues/organs.2,3	Bone	is	the	prime	structural	tissue	in	the	body	and	has	a	load-

bearing	capacity.	The	bone	tissue	has	the	ability	to	regenerate	by	itself	and	minor	

bone	fractures	heal	with	minimum	external	intervention.	However,	a	reunion	of	

large	 bone	 defects	 needs	 external	 intervention.	 Bone	 graft	 substitutes	 are	

biomaterials	 that	 help	 in	 healing	 by	 recruiting	 native	 cells	 to	 form	 new	 bone	

tissue.4,5	This	process	requires	an	integration	of	chemical,	physical,	and	biological	

science	 and	 forms	 the	 basis	 of	 bone	 tissue	 engineering	 (BTE).6	 The	 primary	

challenge	in	BTE	includes	the	development	of	a	three-dimensional	(3D)	scaffold,	

which	is	not	only	biocompatible	but	also	promotes	cell	adhesion,	proliferation,	and	

differentiation	resulting	in	superior	healing	of	bone	defects.7,8	Thus,	the	success	of	

the	regenerative	process	depends	on	understanding	the	 interaction	of	cells	and	

biomaterials.	Several	natural	and	synthetic	biomaterials	have	been	reported	 for	

BTE.9,10	

More	recently,	silk	fibroin	(SF)	has	emerged	as	a	promising	biomaterial	for	BTE.11	

SF	is	the	protein-polymer	extracted	from	the	cocoons	of	Bombyx	mori	(B.	mori)	and	

since	ancient	times	it	has	been	used	as	a	medical	suture.12	The	silk	from	the	B.	mori	

can	be	produced	with	controlled	quality	in	large	commercial	quantities.	It	can	be	
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easily	 chemically	 modified	 to	 obtain	 the	 required	 functionality.13	 It	 can	 be	

processed	 into	 various	 forms	 using	 aqueous	 processing	 techniques.14–16	

Additionally,	different	non-mulberry	silks	such	as	Antheraea	mylitta	 (A.	mylitta)	

and	 Antheraea	 pernyi,	 and	 Antheraea	 assamensis	 are	 also	 used	 as	

biomaterials.13,17,18	 In	 the	 case	 of	 non-mulberry	 silk,	 the	 transformation	 from	a	

textile	commodity	to	biomaterials	is	new	and	exciting.19–21	Non-mulberry	SF	has	

an	 inherent	 RGD	 peptide	 sequence,	 which	 is	 desirable	 for	 cell	 attachment,	

proliferation,	and	differentiation.22–24		

	

1.2 Motivation	and	Objectives	
	

Bone	is	the	load-bearing	tissue	where	the	coexistence	of	two	different	properties,	

i)	 porosity	 and	 ii)	 mechanical	 strength	 results	 in	 challenges	 in	 developing	

biomaterial	 for	 BTE	 application.25	 As	 a	 general	 rule	 for	 tissue	 engineering,	

scaffolds	should	be	fabricated	from	materials	that	invoke	low	immune	reactions	

upon	implantation.26,27	SF	is	a	US-FDA	approved	biomaterial.	SF	has	the	ability	to	

undergo	a	conformational	transition	from	a	completely	amorphous	state	(alpha	

helix	&	random	coil)	 to	a	predominantly	crystalline	state	(beta	sheets).28,29	This	

property	can	be	 leveraged	 to	develop	various	protocols	 to	prepare	SF	scaffolds	

that	 have	 a	 range	 of	 mechanical	 properties.	 For	 example,	 stiff	 and	 hard	 load-

bearing	scaffolds	or	soft	elastic	injectable	hydrogel	scaffolds.30–32	

	

Despite	the	various	developments	in	the	mulberry	silk-based	SF	scaffold	system,	

there	 is	 scope	 for	 further	 improvement	 in	 the	 development	 of	 various	 scaffold	

formulations	that	can	be	used	in	various	clinical	scenarios.14,33,34	However,	non-

mulberry	 silk	 contains	 higher	 alanine	 blocks	 that	 result	 in	 a	 material	 with	

increased	beta-sheet	content.	These	localized	highly	crystalline	domains	prevent	

the	dissolution	of	the	silk	into	any	conventional	solvents	and	limits	the	ability	to	

process	non-mulberry	silk	into	various	scaffolds.35,36		
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Thus,	this	thesis	is	focused	on	developing	different	3D	scaffold	systems	by	using	

natural	SF	(both	mulberry	and	non-mulberry	silk).	 	The	developed	scaffold	was	

fully	 characterized	 physically	 and	 chemically	 using	 various	 techniques	 like	

scanning	 electron	microscopy	 (SEM),	 Fourier	Transform	 Infrared	 Spectroscopy	

(FTIR),	 Thermogravimetric	 analysis	 (TGA),	 contact	 angle,	 etc.	 The	 mechanical	

properties	 of	 the	 scaffold,	 such	 as	 compression	modulus	 and	Young’s	modulus,	

were	also	measured.	Further,	 the	 in-vitro	 enzymatic	degradation	of	 the	scaffold	

was	 also	 studied.	 The	 biological	 properties	 of	 the	 scaffolds	 were	 evaluated	 by	

studying	 the	 cell	 viability,	 cell	 proliferation	 and	 cell	 morphology.	 Finally,	 the	

developed	scaffolds	were	assessed	for	their	potential	to	differentiate	primary	cells	

or	human	mesenchymal	stem	cells	(hMSCs)	into	an	osteogenic	lineage	(new	bone	

formation	 cells).	 These	 experiments	 were	 performed	 by	 measuring	 the	

differentiating	 osteogenic	 markers	 such	 as	 Alkaline	 phosphatase	 (ALP),	

Osteocalcin	 (OCN),	 Bone	 morphogenic	 protein-2	 (BMP-2),	 and	 calcium	

mineralization.	 Further,	 the	 scaffolds	 were	 examined	 for	 their	 immunological	

response.	

	

Following	specific	objectives	(strategies)	are	included	in	the	thesis.	

1. Surface	coating	with	biopolymers	on	micro-particle-based	SF	scaffold		

2. Incorporation	of	bio-ceramics	into	SF	micro-particle-based	scaffold		

3. Development	of	non-mulberry	silk	electrospun	scaffold	

4. Development	of	mulberry	and	non-mulberry	SF	based	injectable	scaffold	

	

1.3 Organization	of	Thesis	
	

The	dissertation	is	presented	in	seven	chapters	and	a	summary	of	each	chapter	is	

given	below.	

	

Chapter	1:	Introduction		
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This	chapter	provides	an	overview	of	the	thesis.	 It	highlights	the	motivation	for	

the	work	and	outlines	the	specific	objectives.	Further	it	also	provides	an	overview	

of	the	organization	of	the	thesis.		

	

Chapter	2:	Literature	review	

	

This	chapter	begins	with	a	general	introduction	to	bone	tissue	and	summarizes	an	

overview	of	advancements	in	BTE,	bone	graft	substitutes/	bone	void	fillers,	and	

their	limitations.	This	chapter	also	discusses	the	physical,	chemical,	and	structural	

properties	of	SF	and	explores	the	application	of	SF	in	BTE.	The	chapter	ends	by	

describing	the	motivation	and	objective	of	the	present	thesis.	

	

Chapter	 3:	 Surface	 coating	 with	 biopolymers	 on	 micro-particle-based	 SF	

scaffold	

	

In	this	chapter,	microparticles	from	SF	have	been	formulated,	which	were	fused	

by	using	a	 regenerated	SF	solution	 to	prepare	a	 load-bearing	3D	microparticle-

based	SF	scaffold.	The	surface	coating	strategy	was	explored	using	collagen	and	

chitosan	biopolymers	 to	 enhance	 the	 osteogenic	 potential	 of	 the	microparticle-

based	SF	scaffold.		

	

Chapter	 4:	 Incorporation	 of	 bio-ceramics	 into	 SF	 micro-particle-	 based	

scaffold		

	

In	 this	 chapter,	 microparticles	 from	 SF	 have	 been	 formulated	 by	 using	

conventional	bio-ceramics.		Bio-ceramics	loaded	microparticles	were	fused	using	

a	 regenerated	 SF	 solution	 to	 make	 a	 3D	 microparticle	 based	 SF	 scaffold.	

Bioceramics	influence	the	mechanical	properties	at	the	particle	level	and	provide	
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mechanostimulation	 to	 stem	 cells	 to	 improve	 the	 osteogenic	 potential	 of	

microparticle-based	SF	scaffold.		

	

Chapter	5:	Development	of	non-mulberry	electrospun	SF-based	scaffold	

	

In	 this	 chapter,	 a	 highly	 concentrated	 SF	 solution	 from	 the	 fiber	 of	 A.	 Mylitta	

silkworm	 was	 prepared	 in	 trifluoroacetic	 acid	 (TFA)	 from	 cryomilled	 powder.	

Cryomilling	reduces	the	crystalline	structure	of	silk	fiber	and	enables	faster	and	

efficient	 dissolution.	 Silk	 from	 B.	 mori	 was	 processed	 similarly	 and	 used	 as	 a	

control.	Electrospun	fiber	mat	was	prepared	from	mulberry	and	non-mulberry	silk	

solution	and	was	evaluated	for	BTE	using	in-vitro	and	in	vivo	experiments.	

	

Chapter	6:	Development	of	mulberry	and	non-mulberry	SF	based	injectable	

scaffold	

	

This	 chapter	 incorporated	 the	 methacrylated	 group	 into	 silk	 fibroin	 using	 the	

epoxide	 ring-opening	 polymerization	 method.	 Chemical	 modification	 of	 silk	

fibroin	 using	 glycidyl	 methacrylate	 (GMA)	 enhances	 crosslinking	 sites	 on	 SF,	

which	help	to	formulate	injectable	and	highly	compressible	cryogels.	The	addition	

of	non-mulberry	SF	(NMS)	cryomilled	microfibers	into	mulberry	SF-based	cryogel	

further	enhanced	the	physical	properties	and	biological	performance	of	cryogels	

for	BTE.	In-vitro	primary	dendritic	cells	activation	studies	(CD86+,	CD137+,	and	

MHCII+	 cell	 markers)	 reveal	 that	 all	 cryogels	 are	 not	 pro-inflammatory.	 The	

addition	of	NMS	results	in	an	anti-inflammatory	effect.		

	

Chapter	7:	Conclusions	and	future	work	
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This	chapter	presents	an	overall	summary	of	the	work	done	for	this	dissertation	

and	describes	the	significant	outcomes	of	the	studies.	Future	directions	based	on	

the	work	reported	in	this	thesis	are	also	discussed.	
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Chapter	2 	Literature	Review		

Bone	is	a	unique	tissue	that	continuously	resorbs	and	neoforms	in	the	body.	Bone	

defects	 can	 be	 caused	 due	 to	 age,	 trauma,	 accidents,	 infections,	 and/or	 other	

disease	 conditions.	 Hence,	 bone	 is	 the	 second	 most	 transplanted	 tissue.	 This	

chapter	 begins	 with	 a	 literature	 review	 that	 covers	 relevant	 details	 about	 the	

structure	of	bone,	regenerative	medicine,	BTE,	the	prevalent	solutions,	and	their	

limitations.	Section	2.2	includes	a	discussion	about	the	unique	features	of	the	SF	

that	make	it	favorable	material	for	BTE.	This	chapter	concludes	by	outlining	the	

objectives	of	the	thesis.		

	

2.1 Bone	biology	and	tissue	engineering	
	

	

2.1.1 Bone	as	a	Tissue	

	

Bone	 is	 a	 3D	 structure	 composed	of	 10-20%	organic	matrix,	 60-70%	 inorganic	

matrix	 and	 9-20%	 water	 by	 weight	 in	 addition	 to	 various	 proteins,	

polysaccharides	and	 lipids	as	 shown	 in	Figure	2-1.	There	 is	a	balance	between	

bone	resorption	and	bone	formation	that	results	in	a	continuous	process	of		bone	

remodeling.	Mesenchymal	stem	cells	(MSCs),	osteoblasts	(bone-forming	cells),	
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Figure	2-1	Hierarchical	structure	of	bone	tissue	from	macro	to	nanoscale.	Reproduce	with	
the	permission	from	Elsevier	

	

and	ultimately	osteocytes	play	an	essential	role	during	bone	formation.	In	a	bone	

formation	process,	multipotent	mesenchymal	 stem	cells	 (MSCs)	 (present	 in	 the	

bone	marrow	or	other	tissues)	are	differentiated	into	osteoblasts.3		

Osteoclasts	are	the	cells	that	are	responsible	for	bone	resorption.	All	types	of	bone	

cells	are	depicted	in	Figure	2-2.	The	bone-ECM	is	a	non-cellular	three-dimensional	

structure	 secreted	 by	 cells	 into	 the	 extracellular	 space.	 Organic	 bone-ECM	

significantly	consists	of	90%	collagen	type	I	and	10%	non-collagenous	proteins.	

The	primary	function	of	collagen	is	to	provide	mechanical	support	in	the	form	of	a	

scaffold	for	osteoblast	cells.	The	inorganic	component	of	bone	is	hydroxyapatite	

(HA)	–	(Ca5(PO4)3OH).	Biomineralization	is	the	process	 responsible	 for	collagen	

production	on	which	HA	get	deposited.4		
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Figure	 2-2	 Bone	 Tissue	 with	 different	 types	 of	 cells	

(https://en.wikipedia.org/wiki/Bone#/media/File:604_Bone_cells.jpg)	

	

The	osteogenic	differentiation	of	MSCs	can	be	explained	by	different	 steps	 that	

include	 a)	 commitment	 step	 –	 responsible	 for	 lineage-specific	 progenitor	 cells	

formation	b)	proliferative	phase	of	osteoprogenitors	-	cell	cycle-associated	genes	

and	 signals	 for	 histone	 are	 expressed	 c)	 ECM	 secretion	 and	 maturation	 of	

osteoblasts	 d)	 osteoid	 mineralization	 by	 mature	 osteoblasts	 and	 osteocytes	

differentiation.	 This	 complex	 process	 is	 highly	 regulated	 by	 several	 markers	

and/or	expression	of	transcription	factors.5–9	This	transformation	of	a	stem	cell	to	

mature	osteoblast	with	the	expression	of	various	biomarkers	has	been	depicted	in	

Figure	2-3.	

	

Figure	 2-3	 Schematic	 representation	 of	 sail	 from	a	 stem	 cell	 to	mature	 osteoblast	 and	
markers	expressed	at	each	stage	of	differentiation10	



Chapter	2	 Literature	Review	

 

	

Nimisha	Parekh		 	 	 	 	 	 	 Ph.D	–	10BB17A26048	

	

14	

2.1.2 	Tissue	Engineering	

In	1988,	the	term	“tissue	engineering”	(TE)	was	introduced	by	Professor	Robert	

Nerem	 at	 UCLA	 Symposium	 on	Molecular	 and	 Cellular	 Biology.11	 This	 TE	 term	

elaborated	 and	 structured	 by	 Langer	 and	 Vacanti,	 1993.	 	 TE	 is	 defined	 as	 the	

application	 of	 life	 sciences	 and	 engineering	 principles	 to	 develop	 a	 basic	

understanding	 of	 the	 functional	 and	 structural	 relationships	 of	 natural	 and	

pathological	 mammalian	 tissues.	 Further,	 TE	 includes	 the	 development	 of	 bio-

substitutes	that	can	be	utilized	to	restore,	maintain,	or	improve	tissues	damaged	

or	 lost	by	various	disease	conditions.	Every	year	millions	of	people	suffer	 from	

tissue/organ	loss	or	failure.	Tissue/Organ	transplantation	is	a	promising	solution	

for	the	repair	or	replacement	of	tissue/organ.	The	drawback	of	transplantation	is	

the	 immunological	 response	 from	 the	 patient’s	 body.	 This	 can	 be	 overcome	 by	

tissue	engineering	(TE)/regeneration,	which	applies	the	principles	of	engineering	

and	 life	 sciences	 to	 develop	 biological	 substitutes	 that	 help	 restore	 the	 lost	

tissues/organs.	 In	 TE,	 the	 major	 challenges	 have	 been	 the	 development	 of	

biocompatible	material,	which	can	perfectly	mimic	the	ECM	in	such	a	way	that	it	

can	 act	 as	 a	 scaffold	 for	 tissue	 regeneration.	 The	 success	 of	 the	 regenerative	

process	depends	on	understanding	the	interactions	between	the	cells	and	the	type	

of	material	and	its	physicochemical	characteristics.	As	tissue	has	a	3D	structure,	

biomaterials	 used	 for	 TE	 application	 in	 the	 form	 of	 3D	 have	 shown	 to	 have	

enhanced	 potential.12,13	 Different	 types	 of	 scaffolds	 like	 microparticle	 or	

microparticle	 based	 solid	 scaffold,	 fibrous	 woven	 or	 non-woven	 scaffolds,	

hydrogel,	 crygels	or	3D	printed	scaffolds	 are	 explored	 for	different	 types	of	TE	

applications.	 Figure	 2-4	 depicts	 the	 various	 types	 of	 3D	 biomaterials	 for	 TE	

applications.		
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Figure	2-4	Schematic	representation	of	different	 types	of	3D	scaffolds	 for	various	tissue	
engineering	applications.13	

	

2.1.3 Bone	Tissue	Engineering	

	

Bone	is	3D	highly	vascularized	tissue	with	a	unique	capacity	to	heal	and	regenerate	

without	leaving	a	scar.14	Over	the	years,	bone	disorders	have	seen	a	steep	rise	in	

numbers	not	 only	 in	 India,	 but	 also	 in	 the	world.	 The	primary	 causes	 for	 bone	

disorders	are	ageing,	obesity	and/or	poor	physical	activity.15	
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Figure	2-5	Market	research	report	for	bone	surgeries16	

	

As	per	the	U.S.	Medicare	and	Medicaid	facility,	there	are	around	900,000	surgeries	

performed	 every	 year	 that	 require	bone	 replacement	 or	 reconstruction.	Also,	 a	

whopping	15	million	fractures	are	reported	annually	as	presented	in	Figure	2.5.	

40%	of	women	and	13%	of	men	over	50	years	old	suffer	 from	an	osteoporotic	

fracture	in	their	lifetime.17	200	women	worldwide	are	affected	by	osteoporosis.18		

BTE	 is	 being	 currently	 explored	 as	 a	 potential	 alternative	 to	 conventional	

auto/allogenic	 bone	 grafts	 as	 it	 has	 a	 significantly	 lower	 risk	 of	 disease	

transmission.	BTE	involves	the	use	of	a	3D	scaffold	that	provides	a	substrate	for	

cell	 attachment.	 The	 scaffold	 material	 may	 be	 bioactive	 or	 functional	 through	

incorporation	of		molecules/drugs.	Thus	the	scaffold	plays	a	very	crucial	role	in	

the	success	of	BTE.	The	ideal	scaffold	should	have	a	3D	architecture	with	optimum	

pore	size	and	porosity	 for	effective	diffusion	of	nutrients	and	migration	of	cells.	

Biomaterial	must	have	 the	appropriate	mechanical	 strength	suitable	 to	provide	

structural	 support.	 Ultimately,	 the	 scaffold	 must	 provide	 the	 proper	 chemical,	

biological	and	morphological	clues	so	that	cells	can	form	good	quality	new	bone	

tissue.3,19		

BGS	is	a	material	used	to	fill	cavities/defects	in	bone.		These	materials	should	be	

biocompatible,	 bioactive,	 osteoconductive	 and	 osteoinductive	with	 a	 controlled	
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degradation	 rate	 that	 matches	 with	 the	 rate	 of	 ECM	 deposition.	 Therefore	

selection/fabrication	of	scaffold	is	a	critical	parameter	in	bone	graft	design.20	BGS	

can	either	be	derived	from	biological	sources	or	synthetic	sources.21	BGS	can	be	

classified	 as	 autografts	 (derived	 from	 the	 same	 individual/person),	 allografts	

(derived	 from	 same	 species)	 or	 xenografts	 (derived	 from	 other	 species)	 as	

mentioned	in	Figure	2-6.	

 

Figure	2-6	Different	types	of	biomaterials	for	BTE	

	

Synthetic	BGS	 involve	 the	use	 of	 various	materials	 such	 as	 ceramics,	 polymers,	

metals,	and	their	blends/composites.2	Various	techniques	such	as	solvent	casting	

(where	different	 types	of	 porogen	 is	used	 to	obtain	porous	scaffold),	 thermally	

induced	phase	separation	(where	temperature	difference	is	used	to	get	polymer	

rich	phase	and	solvent	 rich	phase	 to	obtained	scaffold),	 	microsphere	sintering,	

electrospinning	non-woven	fibrous	mats,	woven	mats,	solution	to	gel	method	to	

obtained	sponge	like	hydrogel	or	cryogels	(with	controlled	sub-zero	temperature)	

have	been	used	to	fabricate	BGS.	Some	of	the	most	commonly	used	methods	are	

summarized	in	Figure	2-7.		
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Figure	2-7	Different	methods	used	for	the	fabrication	of	bone	grafts.	A)	solvent	casting,	B)	
thermally	induced	phase	separation,	C)	sol-gel	method,	D)	microsphere	sintering	method,	

E)	electrospinning	technique	and	F)	pore	generation	by	particulate	leaching/emulsification	

freeze-drying/gas	foaming	methods.2	

	

Another	method	commonly	used	to	classify	the	bone	void	fillers	is	classification	

based	on	nature	 of	 origin.	 Bio-engineered	 bone	 graft	materials	 broadly	 include	

bio-ceramics,	 polymers,	 and	 hydrogels/cryogels	 due	 to	 their	 excellent	

biocompatibility,	 tuneable	 chemical	 composition,	 incorporation	 of	 functional	

groups	 and	 biodegradation.20	 Commonly	 used	 different	 types	 of	 bone	 graft	
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materials	 are	 listed	 in	 Figure	 2-7.	 The	 advantages	 and	 limitations	 of	 the	

conventionally	used	BGS	materials	is	discussed	in	the	next	section.		

 

Figure	2-8	Biomaterials	used	for	scaffold	fabrication	in	BTE22	

	

2.1.4 Bone	grafts	substitute	and	it’s	limitations	

Autografts	are	the	gold	standard	for	the	treatment	of	bone	defects.23	Autografts	

easily	 integrate	 into	 host	 bone	 tissue	 because	 of	 osteogenic	 properties	 and	

immune	 similarity.	 However,	 donor	 site	 morbidity,	 dual	 surgery	 at	 different	

places,	long	surgery	time,	risk	of	infection	are	limitations	for	the	use	of	autografts.	

Allografts	 and	 xenografts	 are	 more	 prone	 to	 failure	 and	 rejections	 because	 of	

immunogenic	 reactions.	High	risk	of	disease	 transmission	also	 limits	 the	use	of	

available	material.24,25	Therefore,	tissue-engineered	bone	grafts	have	emerged	as	

a	 promising	 alternative.	 Bio-ceramics	 have	 high	 biocompatibility	 and	 are	

chemically	 similar	 to	natural	 bone.	However,	 bioceramics	 are	highly	 brittle.21,26	

Also,	the	rate	of	bio-degradation	with	respect	to	rate	of	new	bone	formation	is	not	
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matched.27–29	Different	types	of	natural	(protein-based	and	polysaccharide-based)	

and	 synthetic	 polymers	 (polymers	 and	 ceramic-based)	 are	 also	 explored	 as	

biomaterials	because	of	their	cost-effectiveness,	less	toxicity,	high	reproducibility,	

controllable	 mechanical/chemical/physical	 properties.	 However,	 higher	

hydrophobicity,	lack	of	cell	adhesion	moiety,	and	poor	osteoinductive/conductive	

properties	limit	their	use	in	BTE.20,30			

Natural	 biomaterials	 are	 being	 increasingly	 evaluated	 in	 BTE	 because	 of	 their	

biocompatibility.	 Natural	 biomaterials	 also	 provide	 an	 opportunity	 for	

chemical/functional	 modifications	 as	 per	 the	 desired	 application.	 A	 variety	 of	

natural	materials	 like	chitosan,	agarose,	hyaluronan,	 fibrin,	collagen,	and	SF	are	

explored	for	BTE.31	SF	has	emerged	as	a	promising	biomaterial	in	BTE	and	details	

about	silk	as	a	polymer	for	BTE	will	be	discussed	in	the	subsequent	sections.		

	

2.2 Introduction	to	Silk	
	

2.2.1 Silk	as	a	Protein	

	

Silk	is	a	proteinaceous	natural	polymer.	Silk	is	produced	in	the	silk	gland	of	many	

insects	including	spiders,	flies,	beetles,	mites,	and	scorpions.	But	the	silk	which	is	

most	 extensively	 commercially	 produced	 and	 used	 by	 Lepidopterans	 larvae	

belong	to	the	family	Bombycidae	and	family	Saturniidae	II.	4,32,33	Bombyx	mori	is	the	

most	illustrative	member	of	the	family	Bombycidae	and	is	more	commonly	known	

as	mulberry	 silkworm	 (domestic	 silkworm).	 The	 Saturniidae	 family,	 comprises	

non-	 mulberry	 species,	 including	 Indian	 species	 a)	 Antheraea	 mylitta	 (tasar	

silkworm),	 b)	 Antheraea	 assamensis	 (muga	 silkworm)	 and	 c)	 Samia	 ricini	 (eri	

silkworm);	 and	 Chinese	 species	 d)	 Antheraea	 pernyi	 (temperate	 oak	 tasar	

silkworm)	and	Japanese	species	Antheraea	yamamai	(oak	silkworm).34	Inspite	of	
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excellent	 strength	 to	 weight	 ratio,	 spider	 silk	 has	 restricted	 use	 because	 of	 its	

difficulty	in	large	scale	culture	and	limited	availability.35	

Among	the	different	types	of	SF,	B.	mori	is	one	of	the	best	characterized	silk.	Silk	is	

composed	of	two	major	proteins:	1)	70-80%	of	Silk	Fibroin	–	a	fibrous	protein	(SF)	

and	20-30%	sericin	–	a	globular	protein.	SF	located	in	the	core	of	the	silk	fiber	is	

coated	 with	 sericin	 (20–310kDa).	 Thermochemical	 treatment,	 also	 known	 as	

degumming,	 is	 used	 to	 remove	 the	 glue-like	 protein	 sericin.	 SF,	 the	 structural	

protein,	contains	light	(∼25kDa),	heavy	chains	(∼325kDa),	and	fibrohexamerin	or	

P25	 (30kDa).36	 The	 core	 sequence	 of	 the	 heavy	 chain	 is	 comprised	 of	 alanine	

(43%),	 glycine	 (30%),	 and	 serine	 (12%)	 -	 a	 repeated	motif.	 SF	 contains	 three	

common	crystalline	structures	silk	I,	II,	and	III.37,38	The	hydrophilic	domain	of	SF	

is	 known	as	 silk	 I/	α-silk	which	 can	be	 easily	 converted	 to	 hydrophobic	 silk	 II	

through	changes	 in	 temperature,	 physical	 spinning,	and	solvent	effects,	 such	as	

exposure	 to	 methanol	 and	 potassium	 chloride.39,40	 In	 Silk	 II	 SF	 molecules	 are	

arranged	into	β-sheets	which	is	responsible	for	the	crystallinity	of	SF.	Silk	III	has	a	

helical	 structure	 that	 assembles	 at	 air-water	 interfaces.41.	 Both	 Silk	 I	 and	 II	

structure	 of	 SF	have	been	depicted	 in	Figure	2-8.	 The	molecular	weight	 of	 the	

structural	protein	of	the	majority	of	silk	worms’	SF	with	its	repetitive	amino	acid	

sequence(s),	tensile	strength,	and	%	crystallinity	is	mentioned	in	Table	2-1.	

 

Figure	2-9	Hydrophilic	(Silk	I)	and	Hydrophobic	(Silk	II)	components	of	Silk	Fibroin	
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Silkworm	 Structural	

Protein	

repetitive	 amino	

acid	sequence	

Tensile	

strength	

(GPa)	

%	

Crystallinity	

Ref	

B.	mori	 Fibroin	
H-Chain–350	
KD	
L-Chain-26	
KD	
P25	
(glycoprotein)	
–	30	KD	

GAGAGS	
GAGAGY	

0.57±0.12		 30.5-33.7	 34,42–

44	

A.	

assamensi

s	

Fibroin	
H-Chain-230	
KD	

AAA(A)5-15	 0.36±0.10	
	

34.7	 42,44,4

5	

A.	mylitta	 Fibroin	
H-Chain-197	
KD	

AAAAAAAAAAAASS	 0.25±0.45	 39.5	 45–47	

A.	pernyi	 Fibroin	
H-Chain-220	
KD	

AAAAAAAAAAAAAG

S	

0.43±0.08	 30.9	 42,46	

A.	

yamamai	

Fibroin	
H-Chain-218	
KD	

AAAAAAAAAAAASS	 0.39±0.07	 32.5	 42,45	

P.	ricini	 Fibroin	
H-Chain-230	
KD	

YGGDGG(A)12GGAG	 0.47±0.11	 25.8	 42–44	

Table	2-1	Physico-chemical	properties	of	different	silk	fibroin	from	different	origin	

	

	

2.2.2 Silk	Fibroin	in	Tissue	Engineering	

	

In	tissue	engineering,	biomaterials	play	an	 important	role.	Biomaterials	are	bio-

tolerable	rather	than	truly	inert.	India	is	the	second	largest	producer	of	silkworm	

silk	 (Refer	 Figure	 2-10)	 and	 it	 is	 also	 the	 only	 country	 producing	 different	

varieties	of	silk.44	Silk	has	been	reported	from	most	ancient	times	for	its	use	as	a	

medical	 suture	 in	131-211	A.D	by	Aelius	Galenus	–	a	Greek	physician.49	SF	 is	 a	

promising	candidate	for	tissue	engineering	and	biomedical	 implant	applications	
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as	 the	 biophysical	 properties	 of	 SF	 are	 favorable	 for	 cells	 to	 interact	 with	

material50	 (Refer	 to	 Figure	 2-11).	 It	 is	 biocompatible,	 biodegradable,	 and	 has	

excellent	thermo-mechanical	properties.51	The	silk	from	the	silkworm	B.	mori	can	

be	produced	with	controlled	quality	in	large	commercial	quantities.	It	can	be	easily	

chemically	modified	to	obtain	the	required	functionality.	It	can	be	processed	into	

a	variety	of	different	forms	using	aqueous	processing	techniques.52,53	On	the	other	

hand	 different	 types	 of	 non-mulberry	 silks	 such	 as	 Antheraea	 mylitta	 and	

Antheraea	pernyi,	Antheraea	assamensis	have	also	been	evaluated	as	biomaterials.	

Non-mulberry	silk	contains	higher	alanine	amino	acids.54,55	This	results	in	higher	

beta	 sheet	 and	 reduces	 the	 ability	 to	 process	 this	 silk.44,56	 This	 is	 why	 most	

reported	 literature	 on	 non-mulberry	 silk	 uses	 silk	 extracted	 directly	 from	 the	

silkworm’s	silk	gland.57–59	Different	biophysical	properties	of	mulberry	and	non-

mulberry	SF	is	depicted	in	Figure	2-12	A	variety	of	different	cell	lines	including	

mesenchymal	 stem	 cells60,	 fibroblasts61,	 osteoblasts62,	 myoblasts63,	

chondrocytes64,	keratinocytes65	and	neurons66	have	been	demonstrated	to	adhere	

and	 extensively	 proliferate	 on	 SF	 matrices.	 Several	 studies	 have	 successfully	

demonstrated	use	of	SF	scaffold	for	vascular,	neural,	bone,	ligament,	cartilage,	skin,	

intervertebral	 disc,	 heart,	 ocular	 and	 spinal	 cord	 tissue	 regeneration.67	 The	

inherent	 mechanical,	 chemical	 and	 physiological	 properties	 of	 SF	 provide	 an	

excellent	platform	for	BTE,	which	is	elaborated	in	next	section.	
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Figure	2-10	Year	wise	Silk	production48	

	

 
Figure	2-11	Different	biophysical	Properties	of	SF	as	a	biomaterial	to	support	cell-material	
interaction.68		

	
	

453

Silk: A Promising Biomaterial Opening New Vistas Towards Affordable Healthcare Solutions

1 3J. Indian Inst. Sci. | VOL 99:3 | 445–487 October 2019 | journal.iisc.ernet.in

where non-mulberry silk fibroin is consti-
tuted ~ 47% by alanine, which tend to take up 
ͣ-helical conformation in aqueous solution55, 56,  
getting packed closely thereby preventing chao-
tropic agents from disassociating the hydrogen 
bonding between chains. These non-mulberry 
silk fibroins, however, are endowed with unique 
physico-chemical properties such as the presence 
of poly(A) stretches which confer superior 

mechanical resilience57, 58 and presence of RGD 
tripeptide which confer cell adhesion features59 
and thus exploiting it for tissue engineering 
applications is advantageous. To overcome this, 
silk fibroin from the silk glands of fifth instar silk 
worms (A. mylitta52, 60, 61, A. assama57, 58, 62–64, P. 
ricini65–67) was directly dissolved in anionic sur-
factant, sodium dodecyl sulphate (SDS) (1% w/v) 
to disrupt the hydrogen bonding in the native silk 

Figure 2: A Production quantity in tonnes per annum for raw silk. (data obtained from FAOSTAT—Food 
and Agriculture Organization of the United Nations Statistics Division http://www.fao.org/faost at/en/#data/
QP, Assessed on 20th March 2019); B Ashby chart for strength vs. stiffness performance of natural and 
synthetic materials, silk outperforming some of the most commonly used synthetic polymers (Copyright 
2014, reproduced with permission from Springer Nature)198; C simulated visualization of (i) B. mori heavy 
chain N-terminal domain whose electrostatic charge distributions are seen in ii, iii for docking (iv) gra-
phene at (v) various docking positions (Copyright 2018, reproduced with permission from RSC)80 for fab-
rication of composites with predictive physical properties.
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Figure	 2-12	 Different	 biophysical	 properties	 of	 mulberry	 and	 non-mulberry	 SF	 for	
biomedical	applications.68		

	

2.2.3 Silk	Fibroin	in	Bone	Tissue	Engineering	

	

Quality	of	 life	 is	majorly	dependent	on	 the	musculoskeletal	 system	where	bone	

plays	 a	 major	 role.	 Bone	 can	 be	 damaged	 because	 of	 injuries,	 osteoarthritis,	

osteogenesis,	trauma,	etc.	Bone	repair	is	a	complex	process	involving	a	cascade	of	

many	 osteogenic	 events.	 Different	 types	 of	 cells,	 signaling	molecules,	 and	 ECM	

proteins	 work	 together	 at	 the	 site	 of	 bone	 injury.	 Therefore,	 bone	 grafts	

material/fillers	 should	 be	 biocompatible,	 bioactive,	 osteoconductive	 and	

osteoinductive	with	a	controlled	degradation	rate	that	matches	the	rate	of	ECM	

deposition.	

SF	 is	the	oldest	natural	polymer	having	evolutionary	history	spanning	over	380	

million	years.	In	different	BTE	applications,	SF	has	been	shown	to	function	as	an	

effective	and	versatile	polymer.	Moreover,	the	use	of	SF	is	the	greener	approach	as	

silk	protein	is	obtained	from	the	cocoon	and	silk	glands.	Meinel	et	al.	successfully	

fabricated	an	SF-based	scaffold	by	using	pure	SF	for	implantation	in	critical-size	
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calvarial	 defects	 in	mice.69	Nanofibrous	meshes	developed	 from	 the	 SF	 showed	

good	 quality	 bone	 formation	 in	 rabbit	 calvarial	 defect	 model.70	 SF	 provides	

opportunity	to	tune	its	surface	property.41,62	During	the	processing	of	silk	fibroin,	

conformational	 changes	 are	 noted.	 Treating	 SF	 with	 methanol	 gradually	

transforms	 silk	 I	 to	 silk	 II	 and	 Jones	 et	 al.	 reported	more	 cell	 attachment	 and	

osteogenic	differentiation	in	methanol	vapor	treated	SF	and	also	observed	more	

osteoblasts	 in	compare	 to	osteoclasts	providing	a	better	model	 for	co-culture.71	

Further,		excellent	literature	is	available	on	the	use	of	SF	in	BTE.53,72–77	The	most	

common	forms	of	SF-based	3D	scaffolds	like	films,	microspheres,	woven	and	non-

woven	 fibrous	mats,	 sponge,	 hydrogel/cryogel	 are	 depicted	 in	 Figure	 2-13.	 A	

simple	surface	coating	strategy	with	SF	further	enhances	the	performance	of	the	

scaffold.	Kweon	et	al.	compared	the	osteogenic	potential	of	hydroxyapatite	(HA)-

coated	 silk	 scaffolds	 and	 HA-coated	 collagen	 scaffolds.	 They	 showed	 that	 HA	

coated	SF	scaffolds	can	promote	more	bone	regeneration	than	HA-coated	collagen	

scaffolds.78	 SF	 is	 also	 used	 in	 many	 studies	 to	 achieve	 biomineralization.	 For	

example,	Nagano	et	al.	fabricated	genetically	modified	SF	with	the	incorporation	

of	the	poly-glutamic	acid	site	that	acts	as	an	active	site	for	calcium	ion	(Ca)	binding.	

Their	results	showed	higher	Ca-binding	activity	in	transgenic	SF	than	native	SF,	

which	might	be	due	 to	 the	 introduction	of	hydrophilic	Ca-binding	sites	 into	 the	

hydrophobic	H-chain	of	SF.	After	implanting	this	transgenic	SF-based	scaffold	into	

the	femoral	epicondyle	in	a	rabbit	model,	early	mineralization	and	bone	formation	

were	 observed.79	 SF	 also	 provides	 flexibility	 for	 blending	 with	 a	 variety	 of	

polymers	and	 functional	molecules	 to	enhance	 its	advantageous	properties.	SF-

coated	poly(ε-caprolactone)	(PCL)	nanofibers	are	used	to	enhance	the	mechanical	

and	 biological	 behavior	 of	 biphasic	 calcium	 phosphate	 (BCP)	 scaffolds.	 The	

proliferation	and	differentiation	rates	of	osteoblasts	were	increased	in	the	SF/PCL	

scaffold	 compared	 to	 that	 in	 the	 BCP/PCL	 and	 BCP	 scaffolds.80	 A	 considerable	

amount	 of	 research	 has	 been	 done	 on	 SF-based	 materials	 for	 growth	 factor	

delivery.	 BMP-2	 has	 been	 reported	 as	 a	 potent	 growth	 factor	 for	 inducing	 the	

differentiation	of	hMSCs	into	osteoblasts.	It	was	reported	that	an	SF	scaffold	with	
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recombinant	 human	 BMP-2	 (rhBMP-2)	 could	 promote	 enhanced	 bone	

regeneration	than	an	SF	scaffold	without	rhBMP-2.	This	observation	put	forward	

a	more	 attractive	 strategy	 for	 the	use	 of	 SF	 combined	with	 a	 growth	 factor	 for	

clinical	 applications.81	 There	 are	 good	 reviews	 available	 that	 provide	 detailed	

information	about	the	different	processing	techniques,	a	different	form	of	SF,	and	

its	combination	with	other	materials/polymers	for	BTE.	Many	silk-based	scaffolds	

to	 regenerate	 bone	 tissues	 or	 other	 parts	 of	 the	 skeletal	 system	 that	 includes	

cartilage	and	ligament	both	in-vitro	and	in	vivo	are	also	reported	successfully.		

 

Figure	2-13	The	most	reported	form	of	SF	based	3D	scaffolds	for	BTE82		
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2.3 Motivation	and	Objective	of	Present	Work	
	

Bone	 is	 the	 rigid	 organ	 that	 supports	 and	 protects	 other	 organs/tissue.	 This	

unique	property	of	bone	is	attributed	to	the	soft	collagen	protein	and	stiffer	apatite	

minerals.	Unlike	in	other	tissues,	many	bone	fractures	heal	without	the	formation	

of	 scar,	 and	 new	 bone	 is	 regenerated	 with	 its	 pre-existing	 properties.	 It	 is	

eventually	 indistinguishable	from	the	adjacent	uninjured	native	bone.	However,	

many	surgical	procedures	such	as	 spine	 fusion	and	sinus	augmentation	require	

bone	substitutes.	Each	of	these	conditions	requires	a	different	form,	structure,	and	

shape	to	support	BTE.	Critical	size	bone	defects	require	solid	load-bearing	bone	

graft	fillers.	In	multi-fracture	sites	or	cranial/craniofacial	defects	or	minor	cracks,	

non-load	bearing	injectable	biomaterials	play	an	important	role.	

All	available	bone	graft	substitutes	are	not	suitable	for	every	clinical	use,	and	the	

bone	graft	substitutes	must	be	chosen	depending	on	the	clinical	condition.	Also,	a	

majority	 of	 the	 biomaterials	 placed	 on	 the	 market	 possess	 osteoconductive	

properties.	However,	very	few	offer	osteoinductive	properties.	Even	though	many	

technologies	 have	 been	 developed	 with	 the	 consideration	 of	

chemical/material/biological	aspects,	translation	of	such	technologies	into	clinical	

applications	 is	 still	 a	 major	 challenge.	 Along	 with	 the	 technical	 challenge,	 the	

scalability	of	the	production	methods	huddles	the	clinical	translation.		

Most	 of	 the	 available	 strategies	 for	 BTE	 exhibit	 relatively	 satisfactory	 results.	

However,	there	are	drawbacks	and	limitations	associated	with	their	use	as	well	as	

with	 their	 availability.	 There	 are	 controversial	 reports	 about	 their	 efficacy	 and	

cost-effectiveness	even.	Furthermore,	by	looking	at	the	current	scenario	there	are	

no	 heterologous	 or	 synthetic	 or	 natural	 bone	 substitutes	 available	 that	 have	

similar	biological	or	mechanical	properties	compared	with	native	bone.	Therefore,	

there	 is	 a	 necessity	 to	 develop	 novel	 alternatives	 or	 adjuncts	 to	 cope	with	 the	

standard	method	used	for	bone	regeneration.		
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In	bone	graft	substitute,	SF	–	a	natural	polymer	is	a	promising	candidate	as	SF	is	a	

US-FDA	approved,	biocompatible,	biodegradable,	less	immunogenic	biomaterial.		

Therefore	the	present	thesis	work	includes	different	strategies	that	aim	to	address	

the	majority	of	prerequisites	for	optimal	bone	healing	with	mechanical	stability,	

osteoconductive	 matrices,	 osteoinductive	 factors/molecules,	 cells	 that	 have	

potential	to	differentiate	into	osteogenic	lineage.	Different	strategies	as	mentioned	

below	 form	 the	 objectives	 of	 a	 3D	 scaffold	 system	 that	 can	 provide	 over	 all	

solutions	to	both	load-bearing	and	non-load-bearing	bone	defects	by	using	SF	as	a	

biomaterial	and	to	enhance	its	osteo-regenerative	capabilities.	

Objective	1	-	Surface	coating	with	biopolymers	on	micro-particle-based	SF	scaffold		

Objective	2	-	Incorporation	of	bio-ceramics	into	SF	micro-particle-based	scaffold		

Objective	3	-	Development	of	non-mulberry	SF	electrospun	scaffold	

Objective	 4	 -	 Development	 of	mulberry	 and	 non-mulberry	 SF	 based	 injectable	

scaffold	
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3.1 Abstract	

SF	is	considered	one	of	the	most	favorable	materials	for	bone	tissue	engineering	

today.	 We	 have	 prepared	 novel	 SF	 microparticle-based	 3D	 scaffolds	 with	

appropriate	pore	size,	pore	interconnectivity	and	porosity,	excellent	mechanical	

properties,	 and	 tuneable	 bioresorption,	 while	 retaining	 SF's	 inherent	

biocompatibility.	 These	 properties	 make	 them	 ideal	 candidates	 for	 osteo-

regenerative	applications.	Here,	we	report	the	in-vitro	cell	viability,	adhesion,	and	

proliferation	with	osteoblastic	differentiation	of	MG63	osteoblast-like	cell	line	on	

these	scaffolds.	In	addition,	we	have	also	modified	the	surface	of	these	scaffolds	

using	Collagen	Type	I	and	chitosan	biopolymers.	Our	results	show	that	although	

the	 SF	 scaffold	 does	 support	 in-vitro	 cell	 attachment,	 proliferation	 and	

differentiation,	this	performance	can	be	significantly	enhanced	using	the	surface	

coating	 approach.	 Also,	 the	 alkaline	 phosphatase	 (ALP)	 activity	 and	 bone	

mineralisation	were	significantly	enhanced	in	the	chitosan	modified	scaffolds.	

This	Chapter	begins	with	Section	3.2,	which	describes	a	review	of	literature	that	

outlines	the	challenges	associated	with	bone	tissue	engineering	and	requirements	

for	further	modifications	in	available	SF	based	biomaterials.	Section	3.3	discusses	

the	methodology	used	for	the	formation	and	surface	modification	of	microparticle-

based	SF	scaffolds	and	their	characterisation,	while	Section	3.4	discusses	results	

in	detailed	experiments.	Section	3.5	concludes	Chapter	1A.	

	

3.2 Literature	Review		

Bone	tissue	engineering	(BTE)	has	emerged	as	a	promising	method	for	accelerated	

healing	of	damaged	bone	tissues.1	BTE	involves	use	of	a	3D	scaffold	that	supports	

cell	 attachment	 and	 natural	 tissue	 formation,	 thus	 mimicking	 the	 biological	
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extracellular	 matrix.	 There	 are,	 therefore,	 stringent	 requirements	 on	 the	

properties	of	the	scaffold	that	can	be	used	in	BTE.2–4		

Calcium	 phosphate	 and	 bioresorbable	 bioactive	 glass-based	 micro-porous	

ceramic	scaffolds	have	been	extensively	explored	for	use	in	BTE	because	of	their	

similar	 chemistry	 with	 bone	 tissue.5	 However,	 they	 are	 limited	 by	 their	

brittleness.5	 In	 contrast,	 various	 natural	 and	 synthetic	 polymeric	 3D	 platforms	

have	been	extensively	studied	 for	BTE,	and	 they	exhibit	better	biocompatibility	

and	mechanical	 properties.6	However,	 polymer-based	matrices	 typically	 do	not	

possess	the	mechanical	properties	of	ceramics	and	rapidly	degrade	in-vivo;	thus,	

they	remain	nondurable	for	load-bearing	applications	required	in	BTE.	Recently,	

much	interest	has	been	focused	on	composite	materials,	which	attempt	to	combine	

the	advantages	of	both	polymers	and	ceramics.	However,	a	3D	scaffold	composed	

of	100%	biopolymer	has	composite	materials’	properties	is	desirable.7,8	

In	this	context,	from	the	last	two	decades,	SF	has	emerged	as	a	promising	material	

for	BTE	on	account	of	its	excellent	biocompatibility,	tuneable	bioresorption,	easy	

processability	 and	 thermo-mechanical	 stability.1,9–11	 SF	 allows	 easy	 chemical	

modification,12	to	obtain	required	functionality	and	be	processed	into	3D	materials	

like	hydrogels,	sponges,	fibres,	microspheres,	and	electrospun	fiber	mats.13–17		

The	unique	mechanical	 properties	 and	 tuneable	bioresorption	 rate	 of	 these	3D	

scaffolds	allow	attachment,	proliferation	and	differentiation	of	mesenchymal	stem	

cells	along	the	osteogenic	lineage	for	BTE.18–24	The	efficacy	of	these	3D	scaffolds	

from	SF	gets	enhanced	when	they	are	surface-functionalized	with	integrin-binding	

RGD	 motifs,	 collagen,	 chitosan,	 gelatin	 and	 growth	 factors	 like	 transforming	

growth	 factor-β	 (TGF-β),	 VEG-F	 and	 bone	 morphogenic	 protein	 (BMPs).25–27	

However,	 the	main	 limitation	 of	 the	 scaffolds	 discussed	 above	 is	 that	 they	 are	

primarily	 soft	 in	 nature	 and	 do	 not	 have	 high	 load-bearing	 capacity,	 which	 is	

essential	for	BTE.	Recently,	high	strength	SF	scaffold	for	BTE,	which	possess	a	high	
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load-bearing	 ability,	 has	 been	 reported	 by	 a	 few	 groups.28–30	 Ak	 et	 al.	 have	

described	a	novel	method	of	cryo-gelation	using	a	cross-linker	molecule.28	Also,	

Mandal	et	al.	have	described	scaffolds	prepared	using	salt	leaching	and	reinforced	

with	 SF	 microfibers.	 	 Nisal	 et	 al.	 have	 recently	 developed	 novel	 processing	

protocols	 to	 produce	 unique	 3D	 scaffolds	 of	 silk	 fibroin	 using	 SF	 micro-

particles.31,32	Here,	the	SF	microparticles	are	produced	by	a	collection	of	drops	of	

SF	solution	in	a	bath.	These	micro-particles	are	then	fused	using	a	dilute	solution	

of	SF	 in	water.	This	novel	protocol	was	 then	used	to	produce	3D	scaffolds	with	

excellent	 mechanical	 properties	 (Dry	 compression	 modulus	 10-100MPa,	 Wet	

compression	modulus	of	25MPa),	which	is	one	of	the	main	prerequisites	for	BTE	

and	property	 is	 property	 lacking	 in	most	 100%	SF	based	 scaffolds.33	 	 The	bulk	

porosity	in	scaffolds	is	in	the	range	of	40-60%,	and	the	pore	sizes	are	of	the	order	

of	50-500µm.	It	has	been	well	documented	that	microparticle	based	scaffolds	have	

improved	pore	 interconnectivity	and	better	control	on	pore	size	and	porosity.34	

The	 conformation	 of	 SF	 protein	 in	 the	 microparticle	 can	 be	 controlled,	 which	

implies	 that	 the	bioresorption	of	 the	scaffold	can	be	 tuned.	 In	addition	 to	 these	

advantages,	 the	 methodology	 of	 scaffold	 fabrication	 is	 flexible	 enough	 to	

incorporate	 various	 functionalities	 such	 as	 growth	 factors,	 fillers	 and	 drug	

molecules,	amongst	others.	These	properties	make	 this	 scaffold	unique	 for	BTE	

compared	to	other	scaffolds	recently	reported.	A	comparison	of	properties	with	

other	load-bearing	SF-	scaffolds	are	reported	in	Table	3-1.	
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Property	 SF	

microparticle	

scaffold	

Mandalet	al.	2012	

	

Aket	al.	2012	

	

Method	 of	

preparation		

SF	 micro-

particles	 fused	

using	 aq.	 SF	

solution		

	

Salt	leaching	using	SF:	

HFIP	 solutions	 with	

reinforcing	 SF	

microfibers		

Gelation	 reaction	

of	 frozen	 SF	

solutions	

Pore	size	(μm)		 50	-	500		

	

500	-	600		

	

10	-	30		

	

Porosity	(%)	 40	-	60	%		

	

69	–	90	%		

	

90	%		

	

Dry	

Compression	

modulus	(MPa)		

60	-	100		

	

Not	reported		

	

2	-	48		

	

Wet	

Compression	

modulus	(MPa)	

0.1	-	30		

	

0.1	-	12		

	

Not	reported		

	

Bioresorption		 Tunable	 (invivo	

few	months	 to	 2	

years)		

	

Not	reported		

	

Not	reported	

	

Scanning	

Electron	

Microscopy	

images	
	 	 	

Table	3-1	 Comparison	properties	of	 our	newly	developed	SF	microparticle	 scaffold	with	
other	reported	silk	scaffolds	
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This	chapter	explores	the	in-vitro	cell	morphology,	cell	viability,	cell	adhesion	and	

proliferation	with	osteoblastic	differentiation	of	MG63	osteoblast-like	cell	line	on	

these	 scaffolds	 containing	 100%	 SF	 and	 having	 high	 mechanical	 strengths.	 In	

addition,	in	this	chapter,	we	report	a	simple	method	to	enhance	the	performance	

of	this	SF-Scaffold	for	BTE	by	surface	coating	the	scaffolds	with	collagen	Type	I	and	

chitosan	biopolymers.	Collagen,	a	dominant	component	of	the	ECM	in	bone	tissue,	

is	 known	 to	 favour	 cell	 adhesion	 and	 provide	 the	 correct	 chemical	 cues	 for	

osteogenic	 differentiation.35–37	 On	 the	 other	 hand,	 chitosan	 is	 known	 for	 its	

inherent	 osteogenic	 potential	 and	 has	 been	 a	well-documented	 biopolymer	 for	

BTE.38–42	 We	 show	 the	 in-vitro	 cell	 viability,	 adhesion,	 and	 proliferation	 with	

osteoblastic	 differentiation	 of	 MG-63	 osteoblast-like	 cells	 in	 collagen	 (Coll-

SF)/chitosan	(CS-SF)	coated	SF	scaffolds	and	compared	their	performance	to	the	

uncoated	scaffolds.	

	

3.3 Experimental	Section	–	Materials	and	
Methods		

	

3.3.1 SF-scaffold	preparation	

SF-Scaffold	 has	 been	 prepared	 as	 per	 the	 protocol	 mentioned	 in	 the	 earlier	

work.29,30	 In	brief,	 a	4ml	syringe	was	filled	with	the	SF-HFIP	solution.	A	syringe	

pump	 with	 a	 infuse	 rate	 of	 1ml/min	 was	 used,	 and	 the	 drops	 of	 SF-	

Hexafluoroisopropanol	 (HFIP)	 solution	 were	 collected	 in	 a	 stirred	 methanol	

coagulant	bath.	The	particles	so	formed	were	kept	in	a	methanol	bath	for	3h.	Fresh	

methanol	was	then	replenished	after	3h,	and	the	particles	were	further	incubated	

in	methanol	for	12h.	The	micro-particles	were	allowed	to	air	dry,	and	the	3D	SF	
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scaffold	was	prepared	by	 fusing	 these	SF	micro-particles	 in	a	 cylindrical	mould	

using	an	aqueous	SF	solution,	as	shown	in	Figure	3-1.	

	

 

Figure	3-1	Schematic	representation	of	SF-Scaffold	preparation	and	surface	modification	

	

3.3.2 Surface	modification	

For	 Collagen:	 1	mg/mL	 sterile	 collagen	 solution	 (Sigma)	was	 diluted	 ten	 times	

using	sterile	DI	water.	An	SF	scaffold	was	kept	in	the	well	of	a	96	well	plate.	100	

µL	of	the	collagen	solution	prepared	was	added	to	each	well	and	incubated	at	room	

temperature	 for	 12h.	 The	 remaining	 solution	 was	 then	 pipetted	 out,	 and	 the	

scaffold	was	dried	at	4°C	for	12h.	The	scaffold	was	stored	at	4°C	until	further	use.		

For	Chitosan:	1wt%	chitosan	(Sigma)	solution	was	prepared	in	0.05M	acetic	acid.	

100µL	of	this	chitosan	solution	was	added	per	scaffold	to	the	SF	scaffold	and	kept	

at	60°C	for	20	minutes	in	an	oven	to	obtain	a	dry	CS-SF	scaffold.	
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3.3.3 Surface	 characterisation	 by	 scanning	 electron	

microscopy	

The	uncoated	and	coated	SF	scaffolds	were	observed	for	surface	features	using	a	

Scanning	 Electron	 Microscope	 (SEM).	 Before	 SEM	 imaging,	 the	 samples	 were	

sputter-coated	 with	 a	 5nm	 gold	 (Au)	 coating	 with	 a	 Polaron	 SC	 6420	 sputter	

coater.	The	image	was	captured	on	a	Quanta	200	3D	SEM	equipped	with	a	tungsten	

filament	gun,	operating	at	WD	10.6mm	and	20kV.	Images	of	representative	areas	

at	suitable	magnification	were	captured.	

3.3.4 Cell	culture	

MG63	human	osteoblast-like	cells	were	purchased	from	National	Centre	for	Cell	

Science	(NCCS),	Pune,	Maharashtra,	India.	Cells	were	maintained	in	DMEM	(Gibco)	

with	10%	FBS	(Gibco).	

3.3.5 Cell	viability	

3.3.5.1 Trypan	blue	assay	

MG-63	cells	were	maintained	in	complete	media	containing	DMEM	with	10%	FBS.	

Before	seeding	the	cells,	scaffolds	were	incubated	in	full	media	at	37°C	with	5%	

CO2	for	12h.	5	x	104	cells	per	scaffold	in	100µL	of	entire	media	were	seeded	on	SF,	

Coll-SF	and	CS-SF	scaffolds.	Cells	were	trypsinized	and	counted	on	the	day	1,	3,	5,	

and	7	in	the	Neubauer	chamber	using	the	standard	trypan	blue	method.	

3.3.5.2 Live/Dead	Assay	

MG-63	cells	were	seeded	on	SF,	Coll-SF,	CS-SF	scaffolds	at	a	density	of	5	x	104	in	

DMEM	containing	10%	FBS.	Cells	were	incubated	at	37°C	with	5%	CO2	for	up	to	7	
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days.	During	 incubation,	on	 the	1st,	3rd,	5th,	 and	7th	day,	 cells	were	stained	with	

Live/Dead	staining	solution	that	comprises	of	10μL	of	7.5mM	propidium	iodide	

and	1μL	of	0.67mM	acridine	orange	(both	stocks	were	prepared	in	PBS)	in	1mL	of	

DMEM	containing	10%	FBS.	Cells	were	 incubated	at	37°C	with	5%	CO2	 for	~25	

minutes.	Later,	cells	were	washed	two	times	with	PBS	and	images	were	captured	

by	epifluorescence	microscopy	using	Axio	Observer	Z1	Carl	Zeiss	Microscope.	

3.3.6 Cell	adhesion	and	proliferation	

Cell	adhesion	and	proliferation	were	determined	by	MTT	(3-(4,	5-Dimethylthiazol-

2-yl)-2,	5-diphenyltetrazolium	bromide)	assay.	Before	seeding	the	cells,	SF,	Coll-

SF	and	CS-SF	scaffolds	were	incubated	in	complete	media	at	37°C	with	5%	CO2	for	

12h.	MG63	cells	were	seeded	in	a	flat-bottomed	non-adhesive	96-well	plate	at	a	

density	 of	 5	 x	 104	 cells	 per	 scaffold	 in	100µL	of	 complete	media.	 The	dish	was	

incubated	at	37°C	with	5%	CO2	for	24h.	During	incubation,	on	the	1st,	3rd,	5th,	and	

7th	day,	the	media	was	replaced	with	filter-sterilized	MTT	(0.45mg/mL)	prepared	

in	DMEM	containing	10%	FBS	and	further	incubated	for	4h	at	37°C	with	5%	CO2.	

MTT	reagent	was	replaced	by	DMSO	100μL/well.	The	addition	of	DMSO	dissolves	

the	 formazan	 crystals	 formed	by	 the	 reaction	of	 the	 sample	with	MTT,	 and	 the	

developed	 color	 was	 measured	 at	 550	 nm	 using	 a	 micro-titre	 plate	 reader	

(Multiskan	EX,	Thermo	Scientific).	Each	absorbance	was	taken	to	be	the	mean	of	

triplicate	measurements.		

3.3.7 Cell	morphology	by	actin	cytoskeleton	staining	

MG-63	cells	were	seeded	on	SF,	Coll-SF,	CS-SF	scaffolds	at	a	density	of	5	x	104	in	

DMEM	containing	10%	FBS.	Cells	were	incubated	at	37°C	with	5%	CO2	for	up	to	7	

days.	During	incubation,	on	the	3rd,	5th,	and	7th	day,	actin	cytoskeleton	staining	was	

performed	using	the	following	protocol:	Scaffolds	were	washed	with	PBS	followed	
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by	 the	 cell	 fixation	 with	 4%	 paraformaldehyde	 for	 15	 minutes	 at	 room	

temperature.	The	cells	were	washed	with	PBS	two	times	and	permeabilized	with	

0.1%	Triton	X-100	(Sigma-Aldrich)	for	5	minutes.	The	cells	were	again	subjected	

to	PBS	washing	 two	 times	 and	 incubated	with	5%	BSA	 for	20	minutes	at	 room	

temperature	to	avoid	non-specific	binding.	Actin	filaments	were	stained	by	1:100	

dilution	of	Alexa	fluor	488	phalloidin	(Thermo	Fisher	Scientific)	prepared	in	PBS	

and	incubated	for	30	minutes	in	the	dark	at	room	temperature.	Cell’s	nucleus	was	

counterstained	 with	 DAPI	 at	 300nM	 concentration	 for	 4	 minutes	 at	 room	

temperature	 and	 washed	 with	 PBS.	 Images	 were	 captured	 by	 epifluorescence	

microscopy	using	Axio	Observer	Z1	Carl	Zeiss	Microscope.	

3.3.8 Osteogenic	differentiation	by	ALP	Assay	

ALP	activity	was	assayed	using	a	colourimetric	ALP	kit	(Abcam,	U.K.).	Briefly,	MG-

63	cells	were	seeded	on	SF,	Coll-SF,	CS-SF	scaffolds	at	a	density	of	5	x	104	cells	per	

scaffold	in	10µL	of	complete	media.	The	cells	were	allowed	to	be	settled	for	5-7	

minutes	at	37°C	with	5%	CO2.	The	additional	90µL	media	for	cells	was	added,	and	

the	cell	culture	plate	was	then	incubated	at	37°C	with	5%	CO2	for	7	days.	On	the	

2nd	 day	 of	 the	 experiment,	 seeding	 media	 was	 replaced	 with	 osteogenic	

differentiation	media	(Invitrogen).	During	incubation,	on	the	3rd,	5th,	and	7th	day,	

spent	media	from	cell-seeded	scaffolds	was	collected,	and	80μL	of	the	spent	media	

was	 incubated	with	 50μL	 of	 p-nitrophenyl	 phosphate	 (5mM)	 solution	 at	 room	

temperature	for	1h	in	the	dark.	At	the	end	of	the	incubation,	enzyme	activity	was	

stopped	by	adding	20μL	of	stop	solution.	Simultaneously,	the	standard	curve	was	

plotted	as	shown	in	Figure	3-2	as	per	the	manufacturer’s	instruction.	The	amount	

of	p-nitrophenol	produced	was	measured	by	measuring	absorbance	at	405nm.	
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Figure	3-2	Standard	calibration	curve	for	Alkaline	Phosphatase	Assay	

	

3.3.9 Extracellular	 mineral(Ca2+)	 deposition	 and	

quantification	

At	 the	 end	 of	 the	 7th	 day,	 mineralised	 calcium	 deposition	 was	 analyzed	 with	

Alizarin	Red	 S	 staining.	 In	 brief,	MG-63	 cells	were	 seeded	on	 SF,	 Coll-SF,	 CS-SF	

scaffolds	at	a	density	of	5	x	104	cells	per	scaffold	in	10µL	of	complete	media.	The	

cells	 were	 allowed	 to	 be	 settled	 for	 5-7	 minutes	 at	 37°C	 with	 5%	 CO2.	 The	

additional	 90µL	media	 for	 cells	was	 added,	 and	 the	 cell	 culture	plate	was	 then	

incubated	at	37°C	with	5%	CO2	for	7	days.	The	day	after	seeding,	the	media	was	

replaced	 with	 osteogenic	 differentiation	 media	 (Invitrogen).	 On	 the	 7th	 day,	

scaffolds	were	fixed	with	4%	formaldehyde	at	room	temperature	for	10	min.	They	

were	 later	 washed	 with	 PBS	 and	 then	 stained	 with	 2%	 Alizarin	 Red	 (Sigma)	

solution	 for	20	minutes	at	 room	temperature.	After	 staining,	 the	scaffolds	were	

washed	two	times	with	DI	water.	Calcium	deposition	was	observed	under	a	bright-

field	by	the	Axio	Observer	Z1	microscope	from	Carl	Zeiss.	
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Calcium	deposition	was	further	confirmed	by	quantifying	total	calcium	content.	In	

brief,	at	the	end	of	the	7th	day,	scaffolds	were	washed	with	PBS,	and	the	deposited	

calcium	was	extracted	with	0.5mL	of	5%	trichloroacetic	acid	for	30	minutes.	At	the	

end	of	 incubation,	 Calcium	was	quantified	 using	O-cresolphthalein	 complexone	

colourimetric	assay	(Sigma).	The	developed	color	was	measured	at	575nm,	and	

the	background	color	was	subtracted	from	the	experimental	reading	to	quantify	

the	Ca	content.	The	standard	calibration	curve	was	prepared	per	manufacturer	

instructions	as	shown	here	in	Figure	3-3.	

 

Figure	3-3	Standard	Calibration	curve	for	Ca	estimation	by	O-cresolphthalein	complexone	
colourimetric	assay	

	

3.4 Results	and	Discussion	
	

SF	based	scaffolds	have	been	prepared	using	various	methods	like	lyophilisation,	

salt	 leaching,	 electrospinning,	 ice	 crystal	 templating,	 etc.	 These	materials	 have	

shown	 promise	 in	 BTE.	 We	 used	 a	 3D	 microparticle	 SF-Scaffold,	 which	 was	

prepared	using	a	methodology	developed	in	our	laboratory.	Preliminary	studies	

on	this	3D	microparticle	SF-Scaffold	(such	as	mechanical	integrity,	pore	size	and	
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pore	volume	and	rate	of	bioresorption)	match	the	requirements	for	a	scaffold	in	

BTE,	as	mentioned	in	Table	3-1.	We	have	introduced	a	surface	modification	of	the	

SF-Scaffold	 to	 improve	 cell	 adhesion	 and	 proliferation	 further.	 Our	 process	

involves	coating	the	surface	of	this	microparticle	scaffold	using	collagen	Type	I	and	

chitosan-	biopolymers	known	to	enhance	cell	adhesion	and	proliferation.		

The	 method	 involved	 incubating	 the	 SF-Scaffolds	 with	 the	 biopolymer	 and	

annealing	 and	 coating	 the	 surface.	 The	 morphological	 features	 of	 the	 surface	

coating	 were	 studied	 using	 Scanning	 Electron	 Microscopy	 (SEM).	 Figure	 3-4	

shows	the	SEM	images	of	SF	scaffold	(SF)	and	surface-modified	scaffolds	treated	

with	collagen	(Coll-SF)	and	chitosan	(CS-SF).	The	SEM		images	of	the	SF	scaffold	

(Figure	3-4a)	shows	micro-particles	packed	together	in	a	hexagonal	packing.	The	

surface	of	SF	micro-particles	is	essentially	the	dried	silk	solution	used	to	fuse	these	

particles.	The	interparticle	pore	sizes	are	visible	and	are	of	the	order	100-500μm.	

The	 collagen	 modified	 SF	 scaffold	 shows	 the	 presence	 of	 additional	 material	

domains	 dispersed	 throughout	 the	 surface.	 (Figure	 3-4b).	 These	 could	 be	

attributed	to	the	collagen	coating.	Similar	material	domains	were	also	observed	in	

the	chitosan	 treated	scaffold	(Figure	3-4c).	 	 It	has	been	 found	 that	a	minimum	

pore	size	of	30µm	is	necessary	for	effective	cell	migration	and	colonization.43	As	

shown	in	Figure	3-4,	the	method	used	for	coating	here	does	not	alter	the	pore	size	

of	the	scaffold.	This	implies	that	the	surface	modification	technique	will	not	inhibit	

the	transport	of	nutrients	and	waste	diffusion	or	cell	migration	in	the	scaffold.	
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Figure	3-4	SEM	images	of	SF,	Coll-SF	and	CS-SF	

	

3.4.1 Cell	viability	and	proliferation	studies	

The	uncoated	and	coated	SF	scaffolds	were	evaluated	using	 in-vitro	 cell	 culture	

studies.	MG-63	cells	were	chosen	for	this	study	as	it	has	a	high	proliferation	rate,	

In-vitro	 studies	 performed	 in	 a	 7-day	 experiment	 are	 therefore	 sufficient	 to	

provide	reliable	and	sensitive	information	on	the	performance	of	this	material	as	

a	possible	scaffold	for	BTE.44–46	Cell	viability	of	MG-63	was	assayed	quantitatively	

by	 using	 trypan	 blue	 dye	 exclusion	 method	 and	 qualitatively	 by	 performing	

live/dead	imaging	by	using	acridine	orange	(AO)	and	propidium	iodide	(PI)	stains.	

Figure	3-5	shows	the	viable	cell	count	on	the	1st,	3rd,	5th,	and	7th	day	after	seeding	

the	MG-63	on	SF,	Coll-SF	and	CS-SF	scaffolds.	It	can	be	seen	from	Figure	3-5	that	

the	 SF	 scaffold	 does	 support	 the	 attachment	 of	 the	 MG63	 cells.	 Also,	 as	 the	

experiment	progresses,	 the	number	of	 viable	 cells	 on	 the	 SF	 scaffold	 increases.	

However,	 coating	 or	 surface	 modifying	 the	 scaffolds	 results	 in	 increased	

attachment	and	proliferation	of	cells.	
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Figure	3-5	Viable	MG-63	cell	density	counted	by	trypan	blue	dye	exclusion	method	(Data	
are	represented	as	the	mean	±	SD	of	two	independent	experiments)	

	

On	a	given	day	of	 the	 experiment,	 the	Coll-SF	scaffolds	and	CS-scaffolds	have	a	

higher	number	of	viable	cells	than	the	uncoated	SF	scaffold.	However,	the	viability	

of	 the	 cells	 on	 the	 Coll-SF	 and	CS-SF	 scaffold	 is	 comparable,	 and	 no	 significant	

differences	between	these	two	scaffolds	were	observed	here.	The	trends	observed	

in	cell	viability	were	further	corroborated	using	live-dead	imaging.	

Figure	3-6	shows	the	individual	channel	images	of	AO	and	PI	on	the	1st,	3rd,	5th	and	

7th	 day	 after	 seeding	 the	 MG-63	 on	 SF,	 Coll-SF	 and	 CS-SF	 scaffold.	 For	 the	 SF	

scaffold,	MG-63	 cells	 did	 adhere	 to	 the	micro-particle	 surface.	Also,	 there	were	

increased	numbers	of	viable	cells	visible	as	the	days	increased.	Insignificant	or	no	

red	 coloured	 spots	 in	 these	 images	 indicate	 the	 absence	 of	 dead	 cells	 on	 these	

scaffolds.	Similar	 trends	 in	cell	proliferation	were	also	observed	 for	 the	surface	

modified	 scaffolds.	Also,	 the	number	 of	 cells	 observed	 for	modified	 scaffolds	 is	

always	 higher	 than	 the	 uncoated	 SF	 scaffold.	 The	 elongated	 and	 spread	 cell	
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morphology	was	most	clearly	visible	on	the	Coll-SF	scaffold	compared	to	the	other	

two	 scaffolds	 used	 in	 the	 study,	 as	 seen	 in	 Figure	 3-7.	 	 Another	 interesting	

observation	was	that,	as	the	experiment	progressed,	cells	formed	clumps	on	the	

CS-SF	scaffold.		

 

Figure	3-6	Epi-fluorescence	images	of	Live	(Green)	and	Dead	(red)	MG-63	cells	grown	on	
SF,	Coll-SF	and	CS-SF.	All	images	were	taken	at	the	same	exposure	time,	and	the	scale	bar	is	

50	µm	

 

Figure	3-7	Live/Dead	images	of	AO	channel;	Elongated	MG63	cell	morphology	on	3rd	day	
of	seeding	with	modified	scaffold	(Scale	bar	–	20	µm)	
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This	clumping	was	not	observed	in	the	SF	or	Coll-SF	scaffold.	It	has	been	reported	

that	the	degree	of	acetylation	of	chitosan	is	responsible	for	the	clustering	of	cells.43	

Here,	 we	 used	 15	 –	 25%	 acetylated	 chitosan	 to	 modify	 the	 surface,	 and	 our	

observation	is	in	agreement	with	the	reported	literature.38,43		

Cell	 adhesion	 and	proliferation	was	 also	 analyzed	using	MTT	assay.	 Cells	were	

analyzed	on	the	1st,	3rd,	5th,	and	7th	days	after	seeding	the	MG-63	on	SF,	Coll-SF	and	

CS-SF	scaffolds	and	the	data	are	shown	in	Figure	3-8.	As	shown	in	Figure	3.8,	the	

SF	 scaffold	 supports	 adhesion	 and	 the	proliferation	of	 the	 cells.	 The	 viable	 cell	

count	 nearly	 doubled	 on	 the	 7th	 day	 after	 incubation.	 Similar	 trends	 in	 cell	

proliferation	were	 also	 observed	 for	 the	 Coll-SF	 and	 CS-SF	 scaffolds.	 Increased	

absorbance	due	to	viable	cells	was	monitored	with	both	surface-modified	scaffolds	

compared	 to	 unmodified	 silk	 scaffolds.	 These	 results	 are	 in-line	 with	 those	

observed	in	trypan	blue	and	live-dead	assay	experiments.	

 

Figure	3-8	Cell	adhesion	and	proliferation	assay	(MTT	Assay)	of	MG-63	cultured	on	SF,	Coll-
SF	 and	 CS-SF	 till	 seven	 days.	 Data	 are	 presented	 as	 the	mean	 ±	 SD	 of	 two	 independent	

experiments.	
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Figure	3-9	Actin	cytoskeleton	staining	of	MG-63	cells	with	Alexa	fluor	phalloidin	488	and	
nucleus	were	counterstained	with	DAPI.	The	scale	bar	is	20	µm.	

	

Cell	morphology	and	cell	adhesion	were	evaluated	by	F-actin	cytoskeleton	staining	

with	Alexa	fluor	488	phalloidin.	Figure	3-9	shows	the	actin	cytoskeleton	of	MG-63	

grown	 on	 SF,	 Coll-SF	 and	 CS-SF	 scaffolds.	 The	 images	 show	 considerable	 cell	

growth	 with	 clear	 morphology	 of	 cells	 concerning	 all	 three	 scaffolds.	 More	

elongated	cell	morphology	with	an	increased	number	of	cells	was	visual	with	Coll-

SF	 than	 SF	 and	 CS-SF.	 Also,	 we	 observed	 some	 cells	 spread	 out	 for	 the	 CS-SF	

scaffolds,	but	the	predominant	morphology	was	spherical,	as	shown	in	Figure	3-

10.	This	variation	in	morphology	of	the	cells	can	be	attributed	to	the	spread	in	the	

degree	of	acetylation	 in	the	chitosan	used	for	experimentation.	Both	the	results	

are	in	agreement	with	MTT	and	live/dead	assay	results.	
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Figure	3-10	 CS-SF	 scaffold	 -	Actin	 cytoskeleton	 staining	of	MG-63	 cells	with	Alexa	 fluor	
phalloidin	488	and	nucleus	were	counterstained	with	DAPI	

	

In	 short,	 data	 obtained	 from	 the	 trypan	 blue	 dye	 extraction	method,	 live/dead	

assay	and	cell	proliferation	assayed	by	MTT	showed	improved	performance	of	the	

biopolymer	 coated	 scaffolds	 towards	 cell	 adhesion,	 viability	 and	 proliferation.	

This	is	in	line	with	several	reports	where	collagen	and	chitosan	have	improved	cell	

adhesion	and	proliferation.	Collagen	Type	I	is	the	dominant	component	of	the	ECM	

in	bone	tissue	and	hence	provides	the	right	chemical	cues	for	cell	recognition.	The	

integrins	 present	 on	 the	 cell	 surface	 are	 known	 to	 recognize	 the	 triple	 helix	

structure	of	 collagen.	Also,	 it	has	been	acknowledged	 that	collagen	plays	a	vital	

role	in	cytoskeleton	reorganization	and	signal	transduction,	which	regulates	cell	

adhesion	 and	 proliferation.47	 Chitosan	 has	 been	 used	 in	 BTE	 and	 is	 shown	 to	

induce	the	proliferation	of	osteoblast	cells.	The	chemical	structure	of	chitosan	is	

similar	to	glycosaminoglycans	(GAGs),	which	 is	an	essential	component	 in	ECM.	

This	has	been	cited	as	one	of	the	possible	reasons	for	the	improved	adhesion	of	

cells	to	chitosan.	Our	data	support	these	observations	made	in	the	literature.	

3.4.2 Osteogenic	differentiation	
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Bone	is	a	mineralized	connective	tissue,	which	is	continuously	bio-resorbed	and	

neoformed.	The	formation	of	new	bone	tissue	requires	commitment	from	the	cells	

towards	the	osteogenic	lineage.	The	osteoblasts	are	responsible	for	the	synthesis	

of	the	bone	matrix,	and	as	the	cells	proliferate,	it	shows	higher	ALP	activity	and	

mineral	 deposition.	 Thus,	 in	 addition	 to	 cell	 adhesion	 and	 proliferation,	

understanding	the	functioning	of	cells	is	also	of	prime	importance	in	BTE.	In	this	

study,	 we	 used	 ALP	 activity	 and	 calcium	 deposition	 to	monitor	 the	 osteogenic	

differentiation	of	MG-63	cells	on	unmodified	and	modified	scaffolds.	

ALP	is	an	early	to	mid	stage	marker	for	the	osteogenic	differentiation	process,	and	

it	is	secreted	into	the	ECM,	playing	a	crucial	role	in	bone	ECM	mineralization.	In	

our	 study,	 Figure	 3-11,	 we	 detected	 measurable	 ALP	 activity	 with	 all	 three	

scaffolds	and	within	 the	standard	calibration	curve	as	per	Figure	3-2.	The	ALP	

activity	was	evident	on	Day	3	for	the	SF	scaffold	and	was	significantly	enhanced	

on	day	7.	For	the	Coll-SF	scaffold,	similar	increased	ALP	activity	was	also	observed	

for	day	7.	On	 the	3rd	and	7th	days,	 the	ALP	activity	between	the	three	types	of	

scaffold	studied	was	comparable,	with	the	CS-SF	scaffold	showing	the	highest	ALP	

activity.	 However,	 on	 the	 5th	 day,	 the	 ALP	 activity	 in	 the	 CS-SF	 scaffold	 was	

significantly	higher	than	the	other	two	scaffolds	studied.	Here,	the	absorbance	for	

the	CS-SF	scaffold	was	nearly	double	that	of	the	SF	and	Coll-SF	scaffold.	
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Figure	 3-11	 ALP	 assay-	 MG63	 cells	 cultured	 on	 SF,	 Coll-SF	 and	 CS-SF	 till	 seven	 days.	
Absorbance	 was	 taken	 at	 405nm,	 and	 data	 are	 presented	 as	 the	 mean	 ±	 SD	 of	 two	

independent	experiments	

	

The	presence	of	the	ALP	enzyme	is	the	early	predetermining	marker	as	the	cells	

start	 to	 differentiate	 into	 the	 osteogenic	 lineage.	 Throughout	 the	 assay,	we	 got	

higher	 ALP	 activity	 with	 chitosan	 modified	 scaffold.	 The	 invigorating	 effect	 of	

chitosan	on	osteogenesis	has	been	extensively	reported.47,48	However,	 the	exact	

mechanism	of	this	osteogenic	behaviour	is	unknown.	One	of	the	possible	reasons	

that	 have	been	discussed	 is	 the	 cationic	 charge	 on	 chitosan.49	Also,	 it	 has	 been	

suggested	 that	high	molecular	weight	(>10kDa)	of	chitosan	results	 in	 improved	

osteogenic	behaviour	of	MG-63	cells.	The	molecular	weight	of	chitosan	used	here	

is	190-310kDa,	and	thus,	our	observation	is	in	sync	with	the	literature.47,50	

Due	 to	 the	 osteoblastic	 differentiation	 initiation	process,	 alizarin	 red	 S	 staining	

was	used	to	detect	in-vitro	extra-cellular	mineral	(calcium)	deposition.	After	the	

7th	day	of	seeding	the	MG-63	cells,	calcium	deposited	nodules	were	detected	on	

all	three	scaffolds,	as	seen	in	Figure	3-12.	The	amount	of	deposition	was	less	in	

the	SF	scaffold.	This	deposition	has	been	considerably	increased	with	both	the	CS-

SF	 and	 Coll-SF	 scaffolds,	 evident	 in	 the	 images.	 As	 part	 of	 the	 differentiation	



Chapter	3	 Surface	coating	with	biopolymers	on	SF	micro-particle	based	scaffold	

 

	

Nimisha	Parekh		 	 	 	 	 	 	 Ph.D	–	10BB17A26048	

	

	

62	

process,	 calcium	deposition	nodules	stained	by	alizarin	 red	 also	 increased	with	

scaffold	 modification.	 More	 deposition	 was	 observed	 with	 chitosan	 modified	

scaffold.	For	the	Coll-SF	scaffolds,	this	improvement	can	be	attributed.		

 

Figure	 3-12	 Calcium	 deposition	 by	 Alizarin	 Red	 S	 staining.	 Arrow	 indicates	 deposited	
calcium	nodules.	All	bright	field	images	were	taken	at	the	same	exposure	time,	and	the	scale	

bar	is	50µm	

	

to	the	GER	sequence	in	collagen,	which	acts	as	an	integrin-binding	site.51	However,	

our	ALP	activity	assay	did	not	show	significant	differences	between	SF	and	Coll-SF	

scaffolds.	 But,	 calcium	 mineralization	 was	 found	 to	 be	 better	 in	 Coll-SF	 as	

compared	 to	 the	 SF	 scaffold.	 Further,	 the	 total	 Calcium	deposition	 amount	was	

quantified	 using	 O-cresolphthalein	 complexone	 colourimetric	 assay	 as	 per	 the	

results	mentioned	in	Figure	3-13.	Calcium	deposition	was	quantified	by	using	a	

calibration	curve	as	per	Figure	3-3.	Higher	Calcium	content	was	observed	with	

chitosan-modified	 scaffolds	 than	 SF	 and	 Coll-SF	 scaffolds.	 These	 results	 in	

agreement	 with	 the	 observations	 observed	 in	 ALP	 and	 alizarin	 red	 S	 staining	

studies.	
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Figure	3-13	Calcium	deposition	of	MG63	cells	after	seven	days.	

	

3.5 Conclusions	
	

We	 report	 in	 this	 Chapter	 the	 in-vitro	 cell	 behaviour	 of	 osteoblast-like	 cells	 on	

novel	 SF	 microparticle	 scaffolds	 for	 applications	 in	 load-bearing	

osteoregenerative	 applications.	 Additionally,	 we	 have	 modified	 the	 surface	 of	

these	 scaffolds	 using	 natural	 biopolymers	 –	 Collagen	 Type	 I	 and	 Chitosan.	 Our	

results	 suggest	 that	 SF	 micro-particle	 scaffold	 supports	 cell	 attachment,	

proliferation,	 and	 differentiation.	 This	 behaviour	 can	 be	 further	 enhanced	 by	

coating	 the	 surface	 of	 these	 scaffolds	 with	 Collagen	 Type	 I	 and	 Chitosan	

biopolymers.	 Although	 the	 cell	 attachment,	 viability	 and	 morphology	 were	

superior	in	collagen	modified	scaffolds,	the	osteogenic	differentiation	is	better	in	

chitosan-modified	scaffolds.	The	efficacy	of	these	scaffolds	for	load-bearing	bone	

tissue	engineering	application	in	suitable	animal	model	is	necessary	to	validate	the	

findings	of	this	in-vitro	studies.	
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4.1 Abstract	
	

Preparation	of	3D	scaffolds	for	bone	tissue	engineering	(BTE)	is	a	challenging	task	

as	 it	 requires	 appropriate	 pore	 size	 and	 porosities,	 excellent	 mechanical	

properties	 and	 controlled	 rate	 of	 bioerosion.	 The	 focus	 of	 this	 work	 is	 the	

fabrication	of	silk	fibroin	(SF)	3D	microparticle	scaffolds	with	the	incorporation	of	

hydroxyapatite	 (HA)	and	calcium	sulfate	 (CaS)	as	bioceramics.	Physicochemical	

characterization	shows	~30%	filler	loading,	~	40%	bulk	porosity	with	>100	µm	

pore	 size	 for	 these	 filled/unfilled	 scaffolds.	 Nanoindentation	 studies	 show	

improved	Young’s	modulus	at	 the	microparticle	 level	with	 the	 incorporation	of	

bioceramics.	There	is	a	three-fold	increase	in	Young’s	Modulus	in	the	case	of	SF-

HA	while	a	two-fold	increase	for	SF-CaS.		In-vitro	bioerosion	study	results	in	early	

bioerosion	with	SF-CaS	scaffold	while	prolonged	bioerosion	with	SF-HA	scaffold.	

In-vitro	 osteo-regenerative	potential	 is	 analyzed	by	 estimating	ALP,	BMP-2	 and	

OCN.	 SF-CaS	 supports	 the	 early	 stage	 differentiation	 as	 compared	 to	 SF-HA	

scaffolds,	 which	 predominantly	 support	 late	 stage	 differentiation.	 The	 reduced	

expression	 of	 TNF-α,	 suggests	 a	 lower	 risk	 of	 immune	 rejection.	 This	 work,	

therefore,	concludes	that	although	SF	scaffolds	support	bone	tissue	regeneration,	

the	choice	of	bioceramics	enhances	the	applicability	in	various	clinical	scenarios	

by	providing	a	controlled	rate	of	bioerosion,	tuneable	speed	of	osteo-regeneration	

and	improved	load-bearing	capacities.		

This	Chapter	begins	with	Section	4.2,	which	describes	a	review	of	literature	that	

outlines	the	use	of	bio-ceramics	in	BTE	and	its	limitation	as	a	biomaterial.	Section	

4.3	discusses	the	methodology	used	for	the	formation	and	their	physical-chemical	

characterisation,	 while	 Section	 4.4	 discusses	 the	 results	 of	 the	 experiments.	

Section	4.5	provides	discussion	followed	by	Section	4.6	which	concludes	Chapter	

4.	All	references	used	for	this	Chapter	are	compiled	in	Section	4.7.		
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4.2 Literature	Review	
	

More	recently,	synthetic	ceramics	have	shown	promise	for	this	application	of	bone	

void	 filling	 because	 of	 their	 chemical	 similarity	 to	 ceramics	 present	 in	 natural	

bone.	Commonly	used	bioceramics	include	hydroxyapatite	(HA),	beta-tricalcium	

phosphate	(TCP)	and	more	recently	calcium	sulfate	(CaS).1,2	These	materials	are	

biocompatible,	 support	 cell	 adhesion,	 proliferation	 and	 growth	 of	 bone	 cells.	

Though	 these	 bioceramics	 are	 used	 as	 bone	 void	 fillers,	 they	 have	 certain	

limitations:	 they	 are	 intrinsically	 brittle	 and	 lack	 the	 required	 mechanical	

properties.	Also,	some	of	them	have	faster	bioresorption	rates	(eg.	CaS	and	TCP)	

while	 others	 do	 not	 completely	 bioresorb	 (eg.	 HA).	 In	 this	 context,	 to	 achieve	

native	 bone-like	 properties,	 the	 current	 trend	 in	 BTE	 is	 to	 use	 a	 composite	 of	

bioceramics	and	a	biocompatible	polymer.3,4	

SF	-	a	natural	biopolymer,	has	come	up	as	a	potential	candidate	for	BTE,	owing	to	

its	biocompatibility,	mechanical	properties,	tunable	biodegradation	rate	and	ease	

of	processability.	SF	can	be	easily	modulated	to	obtain	the	required	functionality	

and	different	 forms.5–11	Different	SF	based	biomaterials	including	SF-films12,	SF-	

3D	 scaffold13,14,	 SF-reinforced	 biomaterials15	 	 have	 proven	 to	 be	 successful	 for	

bone	regeneration	purposes.		

Nisal	et	al.	have	earlier	reported	a	method	to	prepare	silk	fibroin	micro-particle	

scaffolds	 that	 have	 shown	 a	 high	 potential	 in	 BTE.14	 These	 SF	 microparticle	

scaffolds	 have	 excellent	 mechanical	 properties,	 pore	 interconnectivity	 and	 a	

superior	ability	to	promote	osteo-regeneration.	The	objective	of	this	work	was	to	

prepare	 regenerated	 silk	 fibroin	 (RSF)	microparticle	 scaffolds	 filled	with	nano-

hydroxyapatite	(HA)	or	calcium	sulfate	(CaS).	The	addition	of	these	fillers	would	

further	enhance	the	mechanical	properties	of	these	scaffolds	and	would	thereby	

contribute	 towards	 the	 osteo-regenerative	 potential.	We	 compare	 and	 evaluate	
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the	performance	of	these	microparticles	and	scaffolds	vis-à-vis	pure	SF	scaffolds.	

We	 have	 characterised	 the	 microparticles	 and	 their	 scaffolds	 for	 the	 physico-

chemical	 properties	 using	 spectroscopic	 and	 thermal	 techniques.	We	have	 also	

characterized	the	mechanical	properties	at	the	microparticle	length	scale	using	the	

nano-indentation	 technique.	 Further,	 the	 bulk	 compression	 modulus	 of	 the	

scaffolds	was	also	measured.	The	scaffolds	were	evaluated	for	their	potential	 in	

supporting	bone	tissue	regeneration	through	in-vitro	studies.	We	monitored	the	

growth	 and	 differentiation	 of	 human	 mesenchymal	 stem	 cells	 (hMSCs)	 on	 the	

filled/unfilled	 scaffolds.	 We	 also	 studied	 the	 immune	 response	 towards	 these	

scaffolds	upon	exposure	to	human	leukemia	monocytic	cell	line,	THP-1	cells.	We	

report	that	the	addition	of	bioactive	ceramics	to	microparticle	based	SF	scaffolds	

provides	 the	 flexibility	 to	 prepare	 bone	 void	 fillers	 with	 controlled	 rates	 of	

bioerosion	and	tuneable	osteo-regeneration,	while	surprisingly	 it	does	not	alter	

the	bulk	mechanical	performance	of	the	scaffolds.	

4.3 Experimental	Section	–	Materials	and	
Methods	

	

SF	 cocoons	 were	 purchased	 from	 Central	 Sericultural	 Research	 &	 Training	

Institute	(CSRTI),	Mysore,	Sodium	Bicarbonate	(NaHCO3)	purchased	from	Merck	

(1.93237.0521),	 Lithium	 Bromide	 (Li-Br)	 (cat#213225),	 nano-Hydroxyapatite	

(HA)	(cat#	677418),	Protease	XIV	(cat#P5147)	enzyme	were	procured	from	Sigma	

Aldrich,	 Hexafluoroisopropanol	 (HFIP)	 from	 Gujarat	 Fluorochemicals	 Ltd.	 &	

medical	 grade	 Calcium	 Sulfate	was	 used	 in	 the	 study.	 All	 cell	 culture	 reagents,	

IMDM	 (cat#12440-046),	 RPMI	 (cat#A10491-01),	 fetal	 bovine	 serum	 (FBS)	

(cat#10082-147),	FBS	for	hMSCs	(cat#12662-011),		Alamar	blue	(cat#1987309),	

MTT	 (cat#M6494),	 StemPro	 osteogenic	 differentiation	 kit	 (cat#	 A1007201),	

Picogreen	 assay	 kit	 (cat#	 P11496),	 ELISA	 kits	 for	 detection	 of	 BMP-2	

(cat#EHBMP2),	osteocalcin	(cat#	BMS2020INST),	TNF-α	(cat#	BMS223-4)	were	
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purchased	from	Invitrogen,	ALP	detection	kit	(cat#	ab83369)	was	procured	from	

Abcam.	hMSCs	(cat#PT-2501)	were	purchased	from	Lonza	and	revived	and	stored	

as	per	suppliers’	specifications.	In	all	experiments	on	hMSC’s,	cells	from	passage	

number	3	were	used.	The	THP-1	cell	line	was	procured	from	National	Centre	for	

Cell	Sciences,	Pune.	

	

4.3.1 Preparation	 of	 silk	 fibroin	 microparticles	 and	

scaffolds	

Silk	 fibroin	 microparticles	 and	 scaffolds	 were	 prepared	 as	 per	 the	 protocol	

described	earlier.	13	B.	mori	cocoons	were	boiled	in	0.5	w/v%	of	NaHCO3	solution	

twice	for	30	minutes	each	for	sericin	removal.	Collected	fibroin	was	vacuum	dried	

at	60°C	followed	by	dissolution	in	9.3M	Lithium	bromide	(LiBr)	at	60°C	for	4h.	This	

solution	was	dialyzed	extensively	against	water	and	the	centrifuged	solution	was	

lyophilized	at	−55°C	for	6h	to	obtain	an	SF	sponge.	The	powder	was	dissolved	in	

HFIP	and	this	SF-HFIP	solution	was	mounted	on	a	syringe	pump	and	the	drops	of	

SF-HFIP	 solution	 were	 coagulated	 in	 a	 methanol	 bath.	 The	 particles	 were	

incubated	in	a	methanol	bath	for	24h	with	frequent	changes	of	fresh	methanol.	The	

micro-particles	were	allowed	to	air	dry	and	stored	at	room	temperature	till	further	

use.	Composite	microparticles	were	prepared	by	adding	25wt%	and	50wt%	HA	

and/or	CaSO4	powder	with	respect	to	the	weight	of	SF	in	the	SF-HFIP	solution.	3D	

scaffolds	of	SF	and	SF-bioceramics	in	the	form	of	cylinders	of	various	diameters	

and	 heights	 were	 prepared	 using	 dilute	 SF	 solution.	 Once	microparticles	 were	

added	to	the	mould,	RSF	was	added	on	the	top	of	the	microparticles,	which	has	

been	 kept	 at	 60°C	 under	 vacuum	 for	 30-45	 minutes.	 This	 high	 temperature	

resulted	in	drying	of	the	aqueous	silk	solution,	fusing	the	microparticles	together	

and	also	inducing	beta-sheet	formation	in	the	aqueous	silk	solution.	This	process	

results	in	making	the	glue	water-insoluble.	These	microparticles	and	3D	scaffolds	
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are	further	referred	to	as	SF-25%	HA,	SF-50%	HA,	SF-25%	CaS	and	SF-50%	CaS	

indicating	both	the	type	of	filler	and	the	filler	loading	percentage.	

	

4.3.2 Particle	size	determination	

Particle	size	was	analysed	using	optical	microscopy	(Carl	Zeiss	Axio	Observer	Z1	

microscope).	20	particles	were	imaged	and	the	diameter	was	calculated	from	the	

obtained	area	from	ZenPro	2012	software	from	Carl	Zeiss.	

	

4.3.3 Confirmation	of	 secondary	 structure	 in	SF	 and	

presence	of	bioceramics	

All	 SF	 and	bioceramics	 filled	 SF	microparticles	were	 analyzed	using	FTIR	 from	

Perkin	 Elmer	 (Spectrum	 GX)	 coupled	 with	 Golden	 Gate	 Diamond	 ATR	 at	 the	

resolution	of	4	cm−1	in	the	range	of	1400	to	1800	cm−1	and	32	scans	were	recorded.	

The	 amide	 I	 peak	 obtained	 in	 the	 spectral	 regime	 of	 1580	 to	 1720	 cm−1	 was	

deconvoluted	to	analyze	 the	secondary	structure	of	 fibroin	protein.	Peakfit	v4.1	

software	was	used	to	calculate	the	crystallinity	index	(CI).	The	CI	was	measured	as	

per	the	protocol	described	in	our	earlier	publication	Nisal	et	al.	2018.	Briefly,	the	

amide	I	peak	in	the	1600-1700	cm-1	region	was	deconvoluted	into	12	peaks	using	

the	second	derivative	method	and	the	CI	was	calculated	as	the	ratio	of	areas	of	

peak	assigned	to	beta	sheets	 to	the	areas	of	peaks	assigned	to	 random	coil	and	

alpha	helix.	

	

4.3.4 Surface	morphology	and	elemental	analysis	

The	surface	of	SF	microparticles	with	or	without	bio-ceramics	was	analyzed	using	

a	 Quanta	 200	 3D	 scanning	 electron	 microscope	 (SEM).	 Prior	 to	 imaging,	 all	

samples	were	 sputter-coated	with	 a	 5nm	 gold	 coating	 using	 a	 Polaron	 SC6420	

sputter	 coater.	 Elemental	 mapping	 was	 performed	 by	 Energy-dispersive	 X-ray	
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spectroscopy	(EDX)	analysis	by	using	Leica	Stereos-can-440	SEM	equipped	with	a	

Phoenix	EDX	attachment.	

	

4.3.5 Thermogravimetric	Analysis	(TGA)	

TGA	was	performed	on	 an	 accurately	weighed	 sample	 from	25°C	 to	900°C	 at	 a	

heating	rate	of	10°C/min	in	an	air	atmosphere	using	a	TGA	Q5000	machine	from	

TA	instruments.	

	

4.3.6 Mechanical	properties	of	microparticles	

	

Mechanical	 properties	 of	 microparticles	 were	 analyzed	 by	 nanoindentation.	

Microparticles	were	mounted	in	epoxy	using	the	cold	mounting	method	followed	

by	 gentle	 cloth	diamond	polishing	before	 the	 indentation	 test.	 Indentation	was	

performed	on	SF,	SF-50%	HA	and	SF-50%	CaS	particles	on	a	nanoindenter	-	Bruker	

NanoInc,	 Minneapolis,	 USA,	 Model:	 TI	 Premier	 using	 a	 Berkovich	 tip	 approx.	

300nm	 diameter.	 10mN	 load	 as	 a	 constant	 parameter	 was	 applied	 and	

displacement	was	 recorded.	 20	 indentations	per	 sample	were	 recorded	 and	 an	

average	modulus	was	calculated.	

	

4.3.7 Mechanical	properties	of	3D	scaffolds	

	

Bulk	mechanical	properties	of	SF,	SF-50%	HA	and	SF-50%	CaS	scaffolds,	(8mm	in	

diameter	and	5mm	in	height)	were	analyzed	using	Bose	Electroforce	3200	Series	

III	machine	equipped	with	a	450N	load	cell	at	compression	speed	of	0.005	mm/sec,	

a	 preset	 load	 of	 −1N	 and	 scan	 time	 of	 40Sec.	 Scaffolds	 were	 immersed	 into	

deionized	(DI)	water	for	about	2h	and	then	used	for	compression	test.	A	stress-

strain	graph	was	plotted	and	compression	modulus	was	reported.	
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4.3.8 Surface	wettability	of	3D	scaffolds	

	

Surface	 wettability	 of	 the	 3D	 scaffold	 of	 SF,	 SF-50%	 HA	 and	 SF-50%	 CaS	 was	

analyzed	by	measuring	the	contact	angle.	A	stable	sessile	drop	of	4μL	of	DI	water	

was	used	and	the	equilibrium	contact	angle	was	reported	as	the	average	of	at	least	

three	measurements	for	each	type	of	sample.	

	

4.3.9 Bioerosion	in	proteolytic	environment	

In-vitro	weight	 loss	study	was	conducted	by	using	protease	XIV	enzyme.	SF,	SF-

50%	 HA	 and	 SF-50%	 CaS	 scaffolds	 were	 incubated	 in	 the	 enzymatic	 solution	

(2Units/ml)	at	37°C	for	a	maximum	of	28	days	with	time	points	of	day	7,	day	14	

and	day	28.	The	experiment	was	performed	in	triplicates	at	each	time	point.	The	

freshly	prepared	filter-sterilized	enzymatic	solution	was	replenished	every	48h.	

On	the	7th,	14th	and	28th	day,	scaffolds	were	washed	with	PBS,	dried	in	a	vacuum	

oven	 at	 60°C	 overnight	 and	weighed.	 Average	weight	 loss	was	 calculated	with	

respect	to	the	initial	weight	of	the	individual	scaffold.	

	

4.3.10 In-vitro	cytotoxicity	(MTT	assay)	assay:		

MTT	assay	was	performed	to	study	cytotoxicity	of	developed	scaffolds	by	using	

L929	fibroblast	cell	line	as	per	protocol	mentioned	in	Nisal	et	al.,	2018.	

4.3.11 Quantitative	 hMSCs	 proliferation	 (Picogreen	

dsDNA	Assay)	
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Sterilized	 SF,	 SF-50%	HA,	 SF-50%	 CaS	 scaffolds	 were	 placed	 in	 a	 96	well	 flat-

bottomed	non-adherent	cell	culture	plate	and	hMSCs	were	seeded.	hMSCs	were	

seeded	at	a	density	of	5	x	104	cells	per	scaffold	in	10µL	of	complete	media	(IMDM	

+	10%	MSCs-FBS).	The	cells	were	allowed	to	settle	 for	5–7	minutes	at	37°C,	5%	

CO2	 atmosphere.	 Additional	 90µL	media	was	 added	 to	 the	 tissue	 culture	 plate,	

which	was	then	incubated	at	37°C	for	28	days	in	a	5%	CO2	atmosphere.	Media	was	

replenished	after	every	48h.		

	

In-vitro	 quantitative	 cell	 proliferation	 was	 analyzed	 by	 measuring	 DNA	

concentration.	 dsDNA	 concentration	was	 analyzed	on	 the	7th,	 14th	 and	28th	 day	

using	 Quant-iT	 PicoGreen	 dsDNA	 kit.	 On	 the	 day	 of	 analysis,	 scaffolds	 were	

collected	and	digested	in	1mL	of	papain	solution	(125mg/mL	of	papain	in	10mM	

L-cysteine,	100mM	phosphate,	and	10	mM	EDTA	at	pH	6.3)	for	16h	at	60°C.	After	

incubation,	 samples	 were	 centrifuged	 at	 14000	 rpm	 for	 10	 minutes,	 the	

supernatant	was	collected	and	stored	at	-80°C	for	further	analysis.	DNA	contents	

were	 measured	 by	 using	 a	 Picogreen	 dsDNA	 assay	 kit	 according	 to	 the	

manufacturer’s	 protocol.	 Fluorescence	 was	 measured	 at	 535nm	 using	 a	

multimode	detector	and	concentration	of	dsDNA	was	reported	in	ng/mL.	

	

4.3.12 Cell	morphology	by	actin	cytoskeleton	staining		
	

Morphology	of	hMSCs	seeded	on	SF,	SF-50%	HA	and	SF-50%	CaS	scaffolds	was	

observed	 by	 actin	 staining	 of	 the	 cytoskeleton	 at	 the	 end	 of	 28	 days	 using	 the	

protocol	 described	 earlier.14	 Scaffolds	 were	 washed	 with	 (1X)	 PBS	 and	 4%	

paraformaldehyde	was	 used	 as	 a	 fixative	 for	 15	minutes	 at	 25°C.	 The	washing	

protocol	 was	 repeated	 two	 times.	 Cell	 permeabilization	 was	 done	 using	 0.1%	

Triton	X-100	(Sigma-Aldrich)	for	5	minutes	followed	by	a	double	PBS	wash.	Cells	

were	incubated	with	5%	BSA	for	20	minutes	at	room	temperature.	Alexa	fluor	488	
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phalloidin	was	prepared	in	PBS	1:100	ratio	and	incubated	for	30	minutes	at	room	

temperature	in	the	dark	to	stain	the	actin	filaments.	300nM	solution	of	DAPI	was	

used	as	a	counterstain	for	the	nucleus.	Scaffolds	were	washed	again	and	images	

were	captured	on	Axio	Observer	Z1	microscope	(Carl	Zeiss).	

	

4.3.13 Osteoblast	differentiation	on	SF,	SF-HA	and	SF-

CaS	scaffolds		

	

Sterilized	 SF,	 SF-50%HA,	 SF-50%CaS	 scaffolds	were	 placed	 in	 a	 96	well	 tissue	

culture	treated	plate	and	hMSCs	were	seeded.	Seeding	density	were	kept	at	5	x	104	

cells	per	scaffold	in	10µL	of	complete	media	(IMDM	+	10%	MSCs-FBS).	The	plate	

was	kept	for	5–7	minutes	at	37°C,	5%	CO2	atmosphere	followed	by	the	addition	of	

90µL	media	and	incubated	at	the	same	temperature	for	24h.	The	next	day,	media	

was	removed	and	osteogenic	differentiation	media	was	added.	Fresh	osteogenic	

media	was	replenished	after	every	48h.	Osteoblast	differentiation	was	analyzed	

by	estimation	of	levels	of	ALP,	BMP-2	and	Osteocalcin.	On	the	day	of	analysis,	spent	

culture	media	was	taken	out	and	stored	at	-80°C	for	marker	analysis.	

	

4.3.13.1 Expression	of	alkaline	phosphatase	(ALP)		

	

The	activity	of	ALP	was	measured	by	using	ALP	colourimetric	assay	as	per	 the	

protocol	mentioned	in	earlier	Chapter3,	Section	3.3.8.	At	each	use	a	separate	ALP	

calibration	curve	is	recommended	to	calculate	ALP	concentration	in	samples.	The	

calibration	curve	used	in	this	experiment	is	depicted	in	Figure	4-1.	
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Figure	4-1	Alkaline	phosphatase	assay	-	Calibration	curve	

	

4.3.13.2 Expression	of	BMP-2	and	Osteocalcin	

	

Both	BMP-2	and	osteocalcin	were	analyzed	on	day	1	and	day	28.	 	On	the	day	of	

analysis,	spent	media	was	collected.	Standard	ELISA	for	both	markers	was	carried	

out	 as	 per	 the	 manufacturer’s	 instruction.	 The	 individual	 calibration	 curve	 as	

depicted	in	Figure	4-2	for	BMP-2	and	Figure	4-3	for	osteocalcin	expression	were	

developed	to	calculate	concentration	in	samples	respectively.	

	

	

Figure	4-2	Detection	of	BMP	2	by	ELISA	-	Calibration	curve	
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Figure	4-3	Detection	of	osteocalcin	by	ELISA	-	Calibration	curve	

	

4.3.14 Detection	of	inflammatory	response	

Inflammatory	reactions	against	the	SF,	SF-50%	HA	and	SF-50%	CaS	were	analyzed	

by	estimating	the	expression	level	of	TNF-α	in	human	monocytic	cell	line	(THP-1	)	

cells.	8	x	103	cells	per	scaffold	per	well	were	seeded	and	cultured	in	1ml	complete	

media	and	incubated	at	37°C	in	a	5%	CO2	atmosphere	up	to	day	7	and	media	was	

changed	after	every	48h.	On	day	1	and	day	7	spent	media	was	collected	and	used	

to	 calculate	 expression	 levels	 of	 TNF-α	 by	 using	 a	 standard	 ELISA	 kit.	 Two	

independent	 experiments	 with	 duplicates	 reading	 in	 each	 set	 were	 taken	 and	

results	are	reported	in	terms	of	absorbance.		

4.3.15 Statistical	Analysis.		

Statistical	analysis	was	done	by	using	one-way	and	two-way	analysis	of	variance	

(ANOVA)	with	Tukey’s	post-hoc	test	by	using	Past	3	software.	A	value	of	p<0.05	

was	considered	statistically	significant.	
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4.4 Results	
	

4.4.1 Preparation	of	microparticles	and	3D	scaffolds	

Five	 variants	 of	 microparticles	 were	 prepared	 and	 analysed	 for	 particle	 size,	

surface	 morphology,	 filler	 content	 and	 protein	 conformation	 using	 various	

microscopic,	spectroscopic	and	thermal	characterization	techniques.	The	pure	SF	

microparticles	were	translucent	golden	brown	in	colour	while	SF-25/50%	HA	and	

SF-25/50%	CaS	microparticles	were	white	opaque	in	appearance.	Scaffolds	were	

prepared	in	two	different	sizes	of	2mm	(h)	x	4mm	(D)	and	4mm	(h)	x	8mm	(D)	in	

cylindrical	 moulds.	 In	 all	 experiments,	 scaffolds	 of	 4mm	 (Dia)	 size	 were	 used	

except	mechanical	testing	where	8mm	(D)	sized	scaffolds	were	used.	

4.4.2 Particle	size	determination	

Figure	 4-4	 summarises	 the	 results	 of	 image	 analysis	 performed	 on	 optical	

microscopic	images.	SF	microparticles	have	an	average	particle	size	of	0.52mm.	No	

significant	difference	in	microparticle	size	was	seen	after	the	incorporation	of	25%	

HA	or	CaS.	Absolute	values	of	particle	diameter	are	given	in	Table	4-1.	Average	

microparticle	 size	 was	 high	 in	 microparticles	 with	 50wt%	 of	 HA	 (diameter-

0.60mm)	 or	 CaS	 (diameter-0.57mm)	 as	 compared	 to	 SF	 microparticles.	 For	

monodispersity	measurement,	 d90/d10	 ratio	was	 calculated	 by	measuring	 the	

diameters	of	25	particles.	The	diameter	was	sorted	in	an	ascending	manner.	The	

d90	describes	the	diameter	where	ninety	percent	of	the	particles	have	a	smaller	

particle	size	and	ten	percent	has	a	larger	particle	size.	Therefore	a	ratio	closer	to	

1,	 indicates	 that	 the	 particles	 are	 monodisperse.	 Notably,	 all	 microparticles	

exhibited	 a	 d90/d10	 ratio~1,	 indicating	 that	 the	 microparticles	 are	

monodispersed.	
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Figure	4-4	Particle	size	distribution	of	SF,	SF-25%	HA,	SF-50%	HA,	SF-25%	CaS	and	SF-
50%	 CaS	micro-particles	 was	 analyzed	 using	 optical	microscope.	 Images	 of	 at	 least	 20	

micro-particles	were	captured	by	using	10x	objective	and	diameter	was	calculated	using	

ZenPro	

	

	 SF	 SF-25%	
HA	

SF-50%	HA	 SF-25%	CaS	 SF-50%	
CaS	

Avg	Diameter	
(mm)	

0.52	 0.52	 0.60	 0.51	 0.57	

Minimum	
Diameter	(mm)	

0.49	 0.50	 0.55	 0.49	 0.49	

Maximum	
Diameter	(mm)	

0.55	 0.59	 0.65	 0.57	 0.61	

Standard	
Deviation	

0.01	 0.02	 0.03	 0.02	 0.03	

D10	 0.50	 0.51	 0.55	 0.49	 0.54	

D50	 0.53	 0.54	 0.59	 0.53	 0.57	

D90	 0.54	 0.58	 0.65	 0.55	 0.59	
D90/D10	 1.08	 1.15	 1.18	 1.13	 1.09	

Table	4-1	Particle	size	distribution	by	optical	microscopic	technique	
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4.4.3 Confirmation	of	 secondary	 structure	 in	SF	and	

in	presence	of	bioceramics	

Fourier	Transform	Infrared	spectroscopy	(FTIR)	in	the	attenuated	total	reflection	

(ATR)	mode	was	performed	to	quantify	the	secondary	protein	conformation	and	

to	 verify	 the	 presence	 of	 incorporated	 bioceramics.	 Spectra	 is	 represented	 in	

Figure	4-5.	The	presence	of	a	peak	at	1018cm-1,	in	both	25wt%	and	50wt%	SF-HA	

microparticles,	 confirmed	 HA	 incorporation	 in	 SF	microparticles.	 Similarly,	 the	

presence	of	a	peak	at	1083cm-1	in	both	25wt%	and	50wt%	SF-CaS	microparticles	

confirmed	 the	 successful	 incorporation	 of	 CaS.	 The	 Amide	 I	 peak	 observed	

between	 1600-1700cm-1	 was	 also	 deconvoluted	 to	 evaluate	 the	 secondary	

structure	of	the	SF	protein.	The	ratio	of	the	beta-sheets	present	in	the	sample	to	

the	 ratio	 of	 a	 random	 coil	 and	 alpha-helix	 structures	 has	 been	 described	 as	 a	

crystallinity	index	(CI).	The	CI	has	been	tabulated	in	supporting	information.	As	

can	be	 seen	 from	 the	data	 in	Table	4-2,	 the	 addition	of	 various	 fillers	 and	 the	

quantity	of	the	filler	did	not	have	a	significant	effect	on	the	crystallinity	index.	The	

CI	of	the	material	was	found	to	be	~1.5,	indicating	a	predominance	of	beta-sheet	

conformation	in	all	the	microparticles.	
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Figure	4-5	Confirmation	of	secondary	structures.	SF,	SF-25%	HA,	SF-50%	HA,	SF-25%	CaS	
and	SF-50%	CaS	micro-particles	were	analyzed	using	FTIR-ATR	

	

	

	 SF	 SF-25%	
HA	

SF-50%	HA	 SF-25%	CaS	 SF-50%	
CaS	

Crystalline	Index	 1.60	 1.53	 1.5	 1.6	 1.5	

Table	4-2	Crystallinity	index	calculated	by	using	Peakfit	v4.1	software	

	

4.4.4 Surface	morphology	and	elemental	analysis	

The	surface	of	 the	biomaterial	plays	a	 crucial	 role	 in	 cellular	adhesion	and	 thereafter	

differentiation.	 The	 surface	morphology	of	 developed	microparticles	 and	3D	 scaffolds	

was	analyzed	by	using	SEM	(Figure	4-6).	Fold-like	microarchitecture	is	a	characteristic	

of		
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Figure	4-6	SEM	analysis	of	SF	micro-particles	with	and	without	bio-ceramic.	Figure	3a-3e	
has	a	200µm	scale	and	represent	particle	sphericity	and	evenly	distributed	bioceramics	in	

bioceramics	 filled	 particle.	 Figure	 3f-3j	 has	 a	 500µm	 scale	 and	 represent	 scaffold	

morphology	with	pores	between	the	particle	 joints.	Figure	3k-3o	were	shown	at	a	50µm	

scale	and	representing	the	tight	adhesion	of	two	particles	with	each	other	in	a	scaffold.	

	

methanol	treated	SF	microparticles	as	shown	in	the	earlier	publication.15	We	observed	

increased	surface	roughness	with	increased	concentration	of	HA	and	CaS	(Figure	4-3a	

to	 4-3e	 respectively).	 SEM	 micrograph	 of	 SF,	 SF-25/50%	 HA	 and	 SF-25/50%	 CaS	
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scaffolds	 showed	 monodispersed	 microparticles	 arranged	 in	 hexagonal	 packing	

structure	 (Figure	 4-3f	 to	4-3j).	 Clear	 adhesion	 between	 adjacent	microparticles	was	

visible	 in	 the	 electron	micrograph	 of	 3D	 scaffolds.	 (Figure	 4-3k	 to	 4-3o).	 Elemental	

mapping	 using	 energy	 dispersive	 spectroscopy	 (EDX)	 analysis	 also	 confirmed	 the	

incorporation	of	bioceramics	in	SF	microparticles	that	are	depicted	in	Figure	4-7.	The	

presence	of	C,	N,	and	O	indicates	the	presence	of	SF-protein.	The	presence	of	Ca	and	P	in	

SF-25/50%	HA	sample	confirm	the	incorporation	of	HA	and	the	presence	of	Ca	and	S	in	

SF-25/50%	CaS	samples	confirm	the	incorporation	of	CaS.		SEM	analysis	of	all	three	types	

of	scaffolds	also	showed	pore	size	>100µm.	
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Figure	4-7	EDX	spectra	of	SF	and	bioceramics	filled	microparticles	

	

4.4.5 Thermogravimetric	analysis	(TGA)	

Thermogravimetric	analysis	was	used	to	quantify	the	amount	of	filler	present	in	

the	micro-particles	and	this	data	is	summarized	in	Figure	4-8.	SF	microparticles	



Chapter	4	 Incorporation	of	bioceramics	into	SF	micro-particle	based	scaffold	

 

	

Nimisha	Parekh		 	 	 	 	 	 	 Ph.D	–	10BB17A26048	

	

	

91	

completely	degrade	at	~700°C	indicated	by	0%	weight	retention	at	T>700°C.		SF-

25%	HA	microparticles	showed	an	average	of	19.9%	weight	retention	while	SF-

50%	HA	microparticles	showed	29.1%	weight	retention	at	temperatures	>700°C	

till	900°C.		Similarly,	SF-25%	CaS	microparticles	displayed	average	16.7%	weight	

retention	while	 SF-50%	 CaS	microparticles	 showed	 28.3%	weight	 retention	 at	

temperatures	>	700°C.	Percent	weight	retention	of	all	microparticles	at	700,	800	

and	900°C	are	tabulated	in	Table	4-3.	This	indicates	that	after	the	incorporation	

of	 50%	 of	 bioceramics,	 only	 ~30%	 loading	 of	 filler	 is	 actually	 achieved	 in	 the	

microparticle.	 Further	 experimentation	 was,	 therefore,	 carried	 out	 with	 SF	

microparticles	with	50%	filler	loading.	

 

Figure	4-8	Thermogravimetric	analysis	of	SF,	SF-25%	HA,	SF-50%	HA,	SF-25%	CaS	and	SF-
50%	CaS	micro-particles.	TGA	analysis	was	performed	from	25°C	to	900°C	at	a	heating	rate	

of	10°C/min	in	an	air	atmosphere	using	a	TGA	Q5000	machine	

	

	

		 SF	 SF-25%HA	 SF-
25%CaSO4	

SF-
50%CaSO4	

SF-50%	HA	
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Temp.	 Wt	(%)	 Wt	(%)	 Wt	(%)	 Wt	(%)	 Wt	(%)	

700	 0	 20.0	 16.8	 28.4	 29.1	

800	 0	 20.0	 16.7	 28.3	 28.9	

900	 0	 19.9	 16.6	 28.2	 28.8	

Avg	Wt	%	 0	 19.9	 16.7	 28.3	 28.9	

	
Table	 4-3	 TGA	 analysis:	 remaining	weight	 percent	 at	 different	 temperatures	 of	 SF	 and	
bioceramics	filled	microparticles	

	

4.4.6 Mechanical	Properties	of	microparticles	

Mechanical	properties	of	microparticles	were	tested	by	using	a	nanoindentation	

test	and	reported	as	Young’s	modulus	(Figure	4-9a).	SF	microparticles	 showed	

Young’s	modulus	~3GPa	whereas	Young’s	modulus	of	SF-50%	HA	and	SF-50%	CaS	

was	~8GPa	and	~5.3GPa	respectively.	These	results	indicate	that	the	blending	of	

bioceramics	 (HA/CaS)	 with	 SF	 improved	 the	 mechanical	 properties	 of	

microparticles	when	compared	with	pure	SF	microparticles	(one-way	ANOVA,	p	=	

2.7	e-06).		

 

Figure	 4-9	 (a)	 Nanoindentation:	 SF,	 SF-50%	 HA	 and	 SF-50%	 CaS	 particles	 Data	
represented	 as	 average	 Young’s	 Modulus	 (GPa)	 ±	 Std.	 Dev.	 (n=3)	 *p<0.05.	 (b)	 Wet	

compression	 modulus:	 bulk	 mechanical	 properties	 of	 SF,	 SF-50%	 HA	 and	 SF-50%	 CaS	

scaffolds,	Data	represented	as	average	compression	modulus	±	Std.	Dev.	ns:	Not	significant	

difference.	

4.4.7 Mechanical	properties	of	3D	scaffolds	
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Bulk	mechanical	properties	of	SF,	SF-50%	HA	and	SF-50%	CaS	3D	scaffolds	were	

tested	 and	 the	 compression	modulus	 has	 been	 shown	 in	 Figure	 4-9b.	 The	 SF	

scaffold	has	a	compression	modulus	of	~31MPa.	The	SF-50%	HA	and	SF-50%	CaS	

scaffolds	 also	 exhibited	 a	 comparable	 compression	modulus	 indicating	 that	 the	

addition	 of	 bioceramics	 did	 not	 significantly	 influence	 the	 bulk	 mechanical	

properties	of	the	scaffold.	

4.4.8 Surface	wettability	of	3D	scaffolds	

Surface	 wettability	 or	 hydrophobic/hydrophilic	 characteristics	 significantly	

influence	cell	attachment	on	the	biomaterial.	 In	order	to	assess	the	effect	of	 the	

incorporation	of	bioceramics	in	SF	on	hydrophobicity/surface	wettability,	contact	

angle	measurement	was	performed	by	the	sessile	drop	method	(Figure	4-10).	SF	

scaffold	exhibited	an	instantaneous	contact	angle	of	107	±	4,	which	over	a	time	

frame	of	5	minutes	came	down	to	101	±	6	indicating	a	hydrophobic	surface	(Figure	

4-10).	SF-50%	HA	scaffold	gave	an	initial	contact	angle	of	90	±	7	that	was	lower	

than	the	initial	contact	angle	of	SF	scaffold	(p	=	0.026)	and	further	decreased	to	82	

±	6	with	time.	On	the	other	hand,	the	initial	contact	angle	of	SF-50%	CaS	scaffold	

was	75	±	5,	which	is	also	significantly	 lower	than	the	 initial	contact	angle	of	SF	

scaffold	(p	=	2.3	e-05).	Results	from	the	data	mentioned	in	Figure	4-10	confirmed	

that	 bioceramics	 lower	 the	 hydrophobicity	 of	 SF.	 Thus,	 CaS	 was	 found	 to	

significantly	lower	the	contact	angle	and	improve	the	wettability	of	the	scaffold.	
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Figure	4-10	Surface	wettability	of	3D	scaffolds.	Surface	wettability	of	3D	scaffolds	of	SF,	SF-
50%	HA	and	SF-50%	CaS	was	analyzed	by	measuring	the	contact	angle.	Data	represented	

as	average	contact	angle	±	Std.	Dev.	(n=3)	

	

4.4.9 Bioerosion	in	proteolytic	environment		

SF,	 SF-50%	HA	and	 SF-50%	CaS	 scaffolds	were	 treated	with	protease	XIV.	The	

physical	appearance	of	the	enzyme-treated	scaffolds	is	summarised	in	Figure	4-

11.	An	average	percent	weight	loss	with	respect	to	the	initial	weight	of	scaffolds	is	

represented	in	Figure	4-12.	On	day	7,	pure	SF	scaffolds	exhibited	8%	weight	loss	

while	SF-50%	HA	scaffolds	showed	only	0.6%	weight	loss.	On	other	hand	SF-50%	

CaS	scaffolds	showed	significantly	higher	%	weight	loss	(11%)	compared	to	SF-

50%	HA	(p	=	2.41	e-11).	SF-50%	HA	scaffolds	showed	3.4%	weight	loss	by	day	14	

(p	=	0.003)	and	10%	by	day	28	(p	=	7.9	e-11),	which	was	significantly	higher	than	

day	 7.	 In	 the	 case	 of	 SF-50%	 CaS	 scaffold,	 25%	 weight	 loss	 on	 day	 28	 was	

significantly	different	than	the	17%	weight	loss	on	day	14	(p	=	7.0	e-09).	
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Figure	4-11	Physical	appearance	of	protease	XIV	enzyme-treated	SF,	SF-50%	HA	and	SF-
50%	CaS	scaffolds	

	

 

Figure	4-12	In-vitro	bio-erosion	in	the	proteolytic	environment.	SF,	SF-50%HA	and	SF-50%	
at	different	time	points	day	7,	day	14	and	day	28.	Data	represented	as	an	average	weight	

loss	±	std.	dev.	(n=3)	*p<0.05		

	

4.4.10 In-vitro	cytotoxicity	(MTT	assay)	assay	
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This	test	is	the	first	step	towards	ensuring	the	application	of	biomaterial	in	tissue	

engineering.	 Therefore,	 to	 analyze	 cytotoxicity	 of	 developed	 with	 or	 without	

bioceramics	filled	microparticles	based	3D	scaffolds,	MTT	assay	was	performed	as	

a	 prerequisite.	 More	 that	 80%	 cell	 viability	 with	 both	 the	 types	 of	 direct	 and	

indirect	 MTT	 assay	 (Figure	 4-13)	 confirmed	 non	 cytotoxic	 nature	 of	 the	

developed	scaffolds.		

	

Figure	4-13	In-vitro	L929	cell	viability	assay	(MTT	assay)	on	SF,	SF-50%	HA	and	SF-50%	

CaS	scaffolds.	$	#	Significantly	not	different	(p	>	0.05).	Others	are	significantly	different	(p	
<	0.05)	

	

4.4.11 Quantitative	 hMSCs	 proliferation	 (Picogreen	

dsDNA	Assay)	

PicoGreen	dsDNA	assay	 is	an	ultra-sensitive	fluorescent	DNA	stain	based	kit	for	

quantitating	double-stranded	DNA	(dsDNA).	hMSCs	proliferation	on	SF,	SF-50%	

HA	 and	 SF-50%	 CaS	 scaffolds	 were	 further	 confirmed	 by	 the	 quantitative	

PicoGreen	assay	and	the	results	are	summarized	in	Figure	4-14a.	All	three	types	

of	scaffolds	supported	hMSCs	adhesion	and	proliferation.	The	incorporation	of	CaS	

and	HA	did	not	show	a	difference	in	hMSCs	adhesion	and	proliferation.	On	day	7,	

pure	 SF	 scaffold	 showed	 9.5	 ng/mL	 DNA	 which	 was	 significantly	 increased	
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12.2ng/mL	on	14th	day	(p	=	0.002)	and	15.0ng/mL		on	28th	day	(p	=	1.7	e-07).	In	

the	 case	 of	 SF-50%	HA,	 the	 initial	 8.7ng/mL	DNA	on	7th	 	was	not	 significantly	

increased	on	day	14	but	rose	up	to	14.3ng/mL	on	day	28	(7th	and	28th	day,	p	=	

1.04e-06	 and	 14th	 and	 28th	 day,	 p	 =	 0.003).	 On	 the	 other	 hand,	 in	 SF-50%	 CaS	

scaffold,	hMSCs	significantly	proliferate	as	the	function	of	all	three	time	points	(7th	

and	14th	day,	p	=	0.0004;	14th	and	28th	day,	p	=	0.03;	7th	and	14th	day,	p	=	6.99	e-07).			

 

Figure	4-14	hMSCs	cell	growth.	(a)	PicoGreen	assay:	dsDNA	concentration	was	measured	
using	 Quant-iT	 PicoGreen	 dsDNA	 kit	 at	 day	 7,	 day	 14	 and	 day	 28-time	 points.	 Data	

represented	as	DNA	concentration	(ng/ml)	±	Std.	Dev.	(n=3).	*p<	0.05.	(b)	Actin	staining:	

Morphology	of	hMSCs	seeded	on	SF,	SF-50%	HA	and	SF-50%	CaS	scaffolds	were	observed	by	

actin-cytoskeleton	at	the	end	of	day	28	of	culture.	

	

4.4.12 Actin	cytoskeleton	staining		

F-actin	cytoskeleton	staining	was	visualized	with	Alexa	Fluor	488	phalloidin	and	

epifluorescence	micrographs	of	F-actin	were	taken	on	day	28	(Figure	4-14b).	In	

accordance	 with	 our	 proliferation	 data,	 we	 observed	 the	 well-expanded	 cell	

morphology	of	hMSCs.		hMSCs	expansion	was	seen	throughout	the	microparticle	

surface	 and	 also	 in	 between	 the	 microparticles.	 No	 visible	 difference	 in	 cell	

cytoskeleton	 among	different	 types	of	 scaffolds	was	observed.	The	data	overall	

suggested	that	the	developed	scaffolds	do	not	impart	any	toxic	effects	and	support	

hMSCs	adhesion	and	proliferation.	
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4.4.13 Detection	of	osteoblast	differentiation	markers	

Ability	of	scaffolds	to	support	hMSCs	differentiation	into	mature	osteoblasts	was	

evaluated	by	measuring	expression	of	different	markers	such	as	ALP	,	BMP-2	and	

Osteocalcin	(OCN).	

4.4.13.1 Expression	of	alkaline	phosphatase	(ALP)		

The	activity	of	ALP	was	measured	by	colorimetric	assay	on	the	7th,14th	and	28th	

days.	ALP	activity	was	calculated	using	a	standard	calibration	curve	(Figure	4-1)	

as	 per	 the	 manufacturer’s	 instruction.	 Calculated	 ALP	 activity	 is	 presented	 in	

Figure	4-15a.	Detectable	ALP	activity	was	observed	on	day	7	in	SF,	SF-50%	HA	

and	SF-50%	CaS	scaffolds.	From	the	data,	it	is	observed	that	SF	and	SF-50%	CaS	

supports	 hMSCs	 osteogenic	 differentiation	 equally	 on	 the	 7th	 and	 14th	 day,	

however,	decreased	activity	was	observed	in	SF-50%	CaS	as	compared	to	SF.	On	

the	14th	day	of	the	experiment,	increased	ALP	activity	in	SF-50%	HA	with	respect	

to	the	7th	day	was	observed	and	remained	constant	till	the	28th	day.	In	conclusion,	

the	highest	ALP	activity	was	observed	to	increase	in	SF	scaffold	starting	from	7th	

day	to	28th	day,	while	SF-50%	HA	started	significant	differentiation	of	hMSCs	after	

7th	day	and	remained	constant	till	28th	day.		
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Figure	4-15	Osteogenic	differentiation	and	 inflammatory	 response.	 (a)	ALP	activity	was	
measured	from	conditioned	media	collected	at	day7,	day	14	and	day	28.	ALP	activity	was	

normalized	with	the	total	protein	loaded	and	expressed	as	ALP	activity	/	100µg	of	protein.	

(b)	BMP-2	expression	was	estimated	 from	conditioned	media	on	day	1	and	day	28	using	

ELISA.	(c)	Expression	of	osteocalcin	was	also	estimated	by	ELISA	from	conditioned	media	

on	day	1	and	day	28.	(d)	Inflammatory	reaction	against	the	SF,	SF-50%	HA	and	SF-50%	CaS	

by	estimating	expression	level	of	TNF-α.		Data	represented	as	Average	±	Std.	Dev.	(n=3).	ns=	

not	significant	difference.	*	p<	0.05.	

	

4.4.13.2 Expression	of	BMP-2	and	osteocalcin	

The	family	of	BMPs	play	a	vital	role	in	the	development	of	new	bone	tissue	and	

osteoblast	 differentiation.	 BMP-2	 levels	 were	 measured	 using	 ELISA	 assay.	 All	

three	 types	 of	 scaffolds	 exhibited	 BMP-2	 expression	 (Figure	 4-15b)	 on	 day	 1,	

however	by	day	28	SF-50%	HA	showed	the	highest	BMP-2	levels	compared	to	SF	

(p	=		0.002)	and	SF-CaS.	Among	SF	and	SF-50%	CaS,	no	significant	difference	was	

seen	in	BMP-2	expression	was	observed	on	day	28.		
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Osteocalcin	-	a	late	osteogenic	marker	was	estimated	by	using	ELISA	assay.	As	per	

the	 manufacturer’s	 instruction	 (Standard	 curve;	 Figure	 4-3).	 Osteocalcin	

expression	levels	are	presented	in	Figure	4-15c.	Under	the	osteogenic	stimulus,	

hMSCs	 cultured	 on	 all	 three	 scaffolds	 showed	 similar	 expression	 levels	 of	

detectable	osteocalcin	levels	on	day	1	(p	>	0.05).	Although	hMSCs	cultured	on	all	

scaffolds	showed	a	time-dependent	increase	in	OCN	levels,	by	day	28.	SF-50%	CaS	

showed	statistically	significant,	high	OCN	levels	as	compared	to	SF	alone	and	SF-

HA	scaffolds.	(p	=	3.0	e-12).	

4.4.14 Detection	of	Inflammatory	response	

THP-1	cells	were	used	to	assess	inflammatory	response	induced	by	SF,	SF-50%	HA	

and	SF-50%	CaS	scaffolds.			Untreated	THP-1	cells	(plate	control)	were	considered	

as	a	negative	control	and	TNF-alpha	expression	levels	are	represented	in	Figure	

4-15d.	

Relative	to	plate	control	cells,	on	day	1	elevated	absorbance	was	detected	in	SF,	

SF-50%	HA	and	SF-50%	CaS	scaffolds.	As	a	function	of	time	on	day	7,	the	level	of	

TNF-α	significantly	decreased	with	respect	to	day	1	(p	=	0.02)	for	all	three	types	

of	 scaffolds	 and	 as	 a	 result	 decrease	 in	 absorbance	 was	 observed,	 which	 was	

similar	 to	 non-treated	 control	 cells.	 The	 non-significant	 difference	 of	 TNF-α	

between	 control	 cells	 and	 all	 three	 types	 of	 scaffolds	 indicates	 that	 neither	

scaffolds	 stimulate	 an	 inflammatory	 response.	 This	 implies	 that	 filled/unfilled	

scaffolds	are	biocompatible	and	there	is	a	reduced	risk	of	failure	after	implantation	

due	to	immune	rejection.	However,	further	both	in-vitro	and	in-vivo	studies	would	

be	 required	 to	 evaluate	 the	 immunogenic	 potential	 of	 these	 scaffolds	 upon	

implantation.	

4.5 Discussion	
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Bone	 defects	 /	 cavities	 and	 non-unions	 are	 the	 most	 frequently	 encountered	

problems	in	modern	reconstructive	orthopaedic	surgery	and	here	use	of	bone	void	

filler	is	a	promising	option.	Bone	tissue	engineering	is,	therefore,	an	active	area	of	

research.16,17	 One	 of	 the	 most	 important	 elements	 of	 BTE	 is	 the	 design	 of	 a	

biocompatible	 scaffold	 that	 provides	 appropriate	 mechanical	 support	 with	

optimum	 pore	 size	 and	 interconnected	 porosity.	 Porosity	 was	 calculated	 by	

measuring	the	weight	and	volume	of	individual	cylindrical	scaffolds.	The	densities	

used	 for	 calculation	were	 silk	 fibroin	 =	 1.35	 gm/cm3;	 calcium	 sulphate	 =	 2.32	

gm/cm3;	hydroxyapatite	=	3.16	gm/cm3.	These	properties	must	be	over	and	above	

the	property	of	osteo-regeneration.	The	scaffold	must	also	have	appropriate	and	

controlled	 bioerosion	 rates	 and	 also	 the	 flexibility	 to	 incorporate	 functional	

biomolecules	for	osteoinductivity.18,19	

Synthetic	bone	void	fillers,	which	are	currently	used	in	surgery	include	ceramics	

such	 as	 hydroxyapatite,	 calcium	 sulfate,	 tricalcium	 phosphate	 and/or	 their	

blends/composites	with	synthetic	or	natural	polymers.	SF	–	a	natural	biopolymer,	

has	been	extensively	explored	in	the	recent	past	for	BTE.	It	has	also	been	blended	

with	other	polymers	and	ceramics	for	BTE	applications.20,21	Our	group	has	more	

recently	also	demonstrated	 the	promise	of	 silk	microparticle	based	 scaffolds	 in	

BTE.13	Further,	we	have	also	shown	that	osteogenic	differentiation	ability	of	these	

scaffolds	can	be	enhanced	by	simple	surface	coating	of	scaffolds	with	collagen	and	

chitosan,	 which	 are	 natural	 bio-polymers.	 The	 objective	 of	 this	 work	 was	 to	

understand	 the	 effect	 of	 filler	 loading	 on	 the	 osteogenic	 potential	 of	 SF	

microparticle	 scaffolds.	 The	 scaffolds	 were	 thoroughly	 characterised	 for	 their	

morphological,	chemical	and	mechanical	properties	and	the	study	unfolds	crucial	

insights	into	the	linkage	between	these	properties	and	the	osteogenic	potential	of	

SF	as	a	scaffolding	material	in	BTE.		
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This	study	demonstrated	a	simple	and	reproducible	protocol	to	develop	composite	

scaffolds	of	SF	either	with	HA	or	CaS.	HA	 is	a	most	 stable	bioceramics	 that	has	

chemical	 similarities	 to	 natural	 bone.	 HA	 is	 also	 osteoconductive	 and	 has	 low	

immunogenicity.22	 CaS	 is	 another	 biocompatible,	 bioresorbable	 ceramic.	 CaS	 is	

also	known	to	be	hydrophilic	as	compared	to	SF	and	HA.23,24	The	uniform	loading	

of	 the	 fillers	 into	 the	 micro-particles	 was	 confirmed	 using	 spectroscopic	

techniques	such	as	FTIR	and	EDS.	FTIR	analysis	also	further	confirmed	that	there	

was	 no	 significant	 change	 in	 secondary	 protein	 conformation	 upon	 addition	 of	

fillers.	TGA	analysis	corroborated	that	the	maximum	loading	of	fillers	was	~30%	

by	weight	of	SF.	Microscopic	images	confirmed	that	the	surface	of	these	ceramic	

filled	microparticles	 is	 different	 from	 the	 surface	 of	 pure	 SF	microparticle.	 The	

ceramic	 fillers	 are	 uniformly	 distributed	 throughout	 the	 surface	 of	 the	

microparticle.	 This	 implies	 that	 the	 surface	would	have	 a	mixture	 of	 functional	

groups	that	the	cells	would	interact	with.	The	presence	of	these	ceramic	fillers	on	

the	 surface	 of	 the	 microparticle	 also	 increases	 the	 surface	 roughness	 of	 the	

microparticles.	 This	 change	 in	 chemical	 and	 physical	 properties	 of	 the	

microparticle	surface,	also	affects	the	hydrophilicity	of	the	scaffold,	with	the	CaS-

filled	microparticles	being	most	hydrophilic.		

Bone	 is	 the	highest	 load	bearing	 tissue	 in	 the	body.	The	mechanical	 strength	of	

cancellous	bone	varies	from	10MPa	to	30GPa	depending	on	the	anatomical	site	in	

the	body	and	the	race,	ethinicity,	gender	and	age	of	the	patient.25	Therefore,	it	is	

necessary	 to	 characterize	 the	 mechanical	 properties	 of	 the	 scaffold.	 The	 bulk	

modulus	of	developed	scaffolds	(Figure	4-9b)	shows	a	comparable	modulus	for	

filled	and	unfilled	SF	scaffolds.	This	is	due	to	the	fact	that	the	bulk	porosity	of	the	

scaffold	plays	a	significant	role	as	compared	to	the	filler	loading.	This	has	also	been	

reported	for	other	microparticle	scaffolds.	It	may	also	be	noted	here	that	the	SF-

50%	CaS	scaffold	has	slightly	higher	bulk	porosity	and	correspondingly	a	slightly	
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lower	compression	modulus.	The	compression	modulus	is	a	bulk	property	but	an	

individual	cell	would	interact	with	the	surface	of	a	single	microparticle.	

Therefore,	 it	 is	 necessary	 to	 characterise	 the	 mechanical	 properties	 of	 the	

individual	 microparticle.	 The	 measurement	 of	 this	 local	 modulus	 of	 the	

microparticles	was	done	using	nano-indentation.	It	was	surprising	to	see	a	Young’s	

modulus	>	2GPa	for	all	our	scaffolds,	with	the	SF-50%	HA	microparticle	showing	

the	highest	modulus.	The	fillers,	therefore,	do	reinforce	the	SF	matrix	and	improve	

the	modulus	of	the	filled	microparticles.		

SF	bioresorb	in	the	body	over	a	time	duration	varying	 from	 few	months	 to	 few	

years,	depending	on	the	SF	protein.	Here,	we	demonstrate	that	in	spite	of	having	

similar	protein	conformation,	the	rate	of	bioerosion	can	be	tuned	by	incorporation	

of	 different	 bioceramics	 (Figure	4-12).	 The	 rate	 of	 bioerosion	 is	 fastest	 in	CaS	

filled	scaffolds	and	 is	 lowest	 in	HA	 filled	scaffolds	while	pure	SF	microparticles	

have	 an	 intermediate	 rate	 of	 bioerosion.	 HA	 and	 CaS	 both	 have	 good	

biocompatibility	and	osteoinductivity	but	are	limited	by	its	bioresorption	rate.	HA	

bioresorb	 at	 an	 extremely	 slow	 rate	 resulting	 in	 new	 bone	 forming	 primarily	

around	 the	 filler.26,27	 CaS	 bioresorbs	 within	 few	 months	 of	 implantation,	 not	

providing	enough	time	for	the	new	bone	to	form.28	Rate	of	new	bone	formation	

also	depends	on	the	age	of	the	patient	and	the	anatomical	site.	It	also	depends	on	

the	physical	well-being	of	the	patient.	For	example,	the	rate	of	new	bone	formation	

in	 a	 child	 is	 extremely	high	while	 it	 can	be	uncannily	 slow	 for	 an	osteoporotic	

patient.	Thus,	here	we	propose	a	system	that	allows	a	clinician	to	pick	and	choose	

the	appropriate	bone	void	filler	depending	on	the	patient	needs	and	the	clinical	

condition.		

Addition	of	filler	to	microparticle	based	biomaterial	has	no	significant	effect	on	cell	

growth,	observed	in	qualitative	cell	growth	analysis	and	quantitative	cell	assay	are	

also	in	line	with	the	report	by	Kucharska	et	al.29		
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Also,	during	adult	bone	remodelling	and	repair,	the	stem	cells	differentiate	into	an	

osteoblastic	 lineage	 upon	 receiving	 appropriate	 signals	 from	 the	 biomaterial.	

There	 are	 multiple	 osteogenic	 markers	 of	 the	 osteoblast	 that	 appear	 in	 the	

surroundings	during	 the	differentiation	process	at	different	 time	and	have	 also	

been	well	documented	with	respect	to	each	stage	of	the	path	way.30,31	Osteogenic	

potential	 of	 SF,	 SF-50%	HA	 and	 SF-50%	CaS	were	 evaluated	by	measuring	 the	

osteogenic	markers	ALP,	osteocalcin.	Among	the	family	of	BMPs,	BMP-2	plays	a	

crucial	role	in	osteogenesis32		and	it	has	also	been	reported	that	mRNAs	of	BMP-2	

are	expressed	only	later	in	osteogenesis.33		We	measured	BMP-2	concentration	on	

28th	 day.	 In	 the	 osteogenic	 differentiation	 process,	 days	1-14	 are	 known	as	 the	

initial	level	while	days	14	-	28	is	reported	as	a	later	phase	of	the	process.	ALP	level	

is	significantly	 increased	in	SF	and	SF-	50%	CaS	on	7th	day.	This	confirms	early	

differentiation	in	these	scaffolds,	which	was	significantly	decreased	on	28th	day.	

SF-50%	 HA	 induced	 hMSCs	 differentiation	 after	 7th	 day.	 On	 the	 day	 28,	 we	

observed	 a	 decreased	 ALP	 level	 in	 all	 three	 scaffolds	 indicating	 successful	

differentiation	 of	 hMSCs	 into	 osteoblast.	 SF-50%	 HA	 performs	 better	 at	 later	

stages	of	differentiation	and	this	is	further	validated	by	the	significantly	high	level	

of	osteocalcin	and	BMP-2	with	respect	to	SF	and	SF-50%	CaS.	Also,	significantly	

increased	secretion	of	both	osteocalcin	and	BMP-2	on	28th	day	as	compare	to	day	

1	 in	all	 three	 types	of	 scaffolds,	 indicates	 that	although	 the	signalling	pathways	

(early	and	 late)	maybe	different	 for	various	scaffolds,	each	of	 the	scaffold,	does	

support	differentiation	of	hMSCs	into	osteogenic	lineage.	

Innate	 immunity	-	a	 first	 line	of	defence	system	is	non-specific	reactions,	which	

involves	immune	recognition	by	responding	to	foreign	material	and	activation	of	

monocytes	 that	 results	 in	 the	rejection	of	 foreign	material.34	Toll	 like	 receptors	

(TLRs)	are	present	on	the	surface	of	monocytes	and	activation	of	TLRs	results	in	

the	 secretion	 of	 IL1b,	 IL6	 and	 TNF	 pro-inflammatory	 cytokines.35	 Herein,	 we	

observed	 that	 even	 after	 long	 incubation	 time	 (7	 days)	 with	 THP-1	 cells,	 the	
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scaffolds	did	not	trigger	macrophage	response	indicating	the	non-immunogenic	

nature	of	SF.36		

During	the	bone	development,	there	are	several	signalling	cascades	involved	such	

as	BMP/TGFb,	WNT,	Notch,	 FGF,	 IGF	 and	PDGF.	 It	 has	 been	demonstrated	 that	

without	 supplementation	 of	 dexamethasone,	 SF	 results	 in	 osteogenic	

differentiation	of	BMSCs	by	activating	WNT/b-catenin	signalling.	Calcium	ions	are	

known	to	activate	NOTCH	cascade	–	a	osteogenic	regulator	along	with	ERK/MPK	

signalling	 pathway37–39	 and	 this	might	 be	 the	 reason	 that	 SF-50%	CaS	 scaffold	

secretes	osteogenic	marker	in	early	phase	of	differentiation	process.	On	the	other	

hand,	HA	is	known	for	the	triggering	of	ERK/MAPK,	FGF	and	NOTCH	signalling6	

which	results	in	the	steady	significant	performance	of	SF-50%	HA	scaffolds	in	later	

phase	of	osteogenic	differentiation.	It	has	been	also	documented	that	mechanical	

stiffness	is	also	responsible	in	the	activation	of	ERK/MAPK	cascade.	SF	itself	has	

the	ability	 to	 trigger	osteogenic	 signalling.	However,	 co-activation	of	more	 than	

one	 signalling	 cascade	 to	 achieve	hMSCs	differentiation	 into	 osteogenic	 lineage	

might	 also	 prove	 to	 be	 a	 promising	 strategy	 for	 bone	 void	 fillers	 especially	 in	

clinical	settings.40,41	

	

4.6 Conclusions	
	

We	report	here	the	potential	of	3D	silk	 fibroin	microparticle	scaffolds	with	and	

without	 bioceramics	 (HA	 and	 CaS)	 for	 osteo-regeneration	 applications.	 The	

physico-chemical	 and	 mechanical	 characterization	 of	 these	 filled/unfilled	

microparticles	 showed	 that	 the	 particles	 are	 monodisperse,	 have	 appropriate	

surface	 texture	 and	 roughness	 for	 cell	 attachment	 and	 the	 SF	 protein	 has	 a	

predominant	 beta	 sheet	 conformation.	We	 also	 demonstrated	 incorporation	 of	

bioceramics	~30%	by	weight	of	microparticles.	Interestingly,	the	addition	of	fillers	
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did	not	alter	the	bulk	mechanical	properties	of	the	scaffold.	However,	the	Young’s	

modulus	measured	 using	 a	 nano-indentation	 experiment	 confirmed	 a	 two	 and	

three	fold	increase	for	the	SF-50%	CaS	and	SF-50%	HA	scaffolds	respectively.	The	

3D	 scaffolds	 prepared	using	 these	microparticles	 also	 exhibit	 tuneable	 rates	 of	

bioerosion,	where	the	SF-CaS	scaffold	exhibited	the	fastest	rate	of	bioerosion	and	

the	SF-HA	scaffold	had	the	slowest	rate.	The	scaffolds	are	non-cytotoxic	and	non-

immunogenic.	SF-50%	CaS	support	the	early	stage	differentiation	of	stem	cells	as	

compared	to	SF-50%	HA	scaffolds,	which	predominantly	increase	differentiation	

at	 late	 stage.	 Thus,	 we	 would	 like	 to	 conclude	 that	 addition	 of	 fillers	 to	 SF	

microparticles	 provides	 an	 easy	 methodology	 to	 tune	 the	 performance	 of	 the	

scaffold	in	BTE	with	an	exceptional	control	on	the	mechanical,	bioresorption	and	

osteo-regenerative	properties.	
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5.1 Abstract	

Non-mulberry	silk	polymers	have	a	promising	future	in	biomedical	applications.	

However,	 the	dissolution	of	non-mulberry	 silk	 fiber	 is	 still	 a	 challenge	and	 this	

poor	processability	has	limited	the	use	of	this	material.	Here,	we	report	a	unique	

protocol	to	process	the	Antheraea	mylitta	(AM)	silk	fiber.	We	have	shown	that	the	

cryo-milling	of	silk	 fiber	reduces	 the	beta	sheet	content	by	more	 than	10%	and	

results	 in	 an	 SF	 powder	 that	 completely	 dissolves	 in	 routine	 solvents	 like	

trifluoroacetic	acid	(TFA)	within	few	hours	to	form	highly	concentrated	solutions	

(~20wt%).	 Further,	 these	 solutions	 can	 be	 processed	 using	 conventional	

processing	techniques	such	as	electrospinning	to	form	3D	scaffolds.	Bombyx	mori	

(BM)	 silk	was	used	 as	 a	 control	 sample	 in	 the	 study.	 In-vitro	 studies	were	 also	

performed	to	monitor	cell	adhesion	and	proliferation	and	hMSCs	differentiation	

into	osteogenic	lineage.	Finally,	the	osteogenic	potential	of	the	scaffolds	was	also	

evaluated	by	a	4-week	implantation	study	in	rat	calvarial	model.	The	in-vitro	and	

in-vivo	 results	 show	 that	 the	 processing	 techniques	 do	 not	 affect	 the	

biocompatibility	of	the	material	and	the	AM	scaffolds	support	bone	regeneration.	

Our	 results,	 thus,	 show	 that	 cryo-milling	 facilitates	 enhanced	 processability	 of	

non-mulberry	silk	and	therefore	expands	its	potential	in	biomedical	applications.	

This	 Chapter	 begins	 with	 Section	 5.2,	 which	 describes	 a	 literature	 review	 by	

discussing	 the	 use	 of	 non-mulberry	 silk	 as	 a	 biomaterial	 and	 the	 difficulty	 in	

processing	the	SF	solution	from	silk	fiber.	Section	5.3	focuses	on	the	materials	and	

experimental	 protocols	 used	 in	 the	 study.	 Section	 5.4	 summarises	 the	 results	

followed	 by	 a	 discussion	 in	 Section	 5.5.	 Section	 5.6	 concludes	 Chapter	 5	 and	

Section	5.7	compiles	references	used	in	this	study.	
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5.2 Literature	Review		
	

In	 bone,	 non-union	 multisite/craniofacial	 fractures	 need	 a	 non-load	 bearing	

external	 bone	 void	 filler.	 Various	 materials	 like	 ceramics,	 natural/synthetic	

polymers	 and	 different	 blends	 are	 explored	 as	 either	 in	 the	 form	 of	

film/electrospun	mats	to	treat	the	bone	cracks	or	craniofacial	defects.1–5		

SF	has	been	recognized	as	a	promising	material	for	BTE	from	many	decades	due	

to	 its	 versatile	 biochemical	 and	 biomechanical	 properties.6,7	 Mulberry	 silk	 of	

silkworm	 Bombyx	 mori	 (BM)	 has	 been	 extensively	 explored	 for	 biomedical	

applications	 because	 of	 its	 known	 aqueous	 processability.3	 However,	 the	

transformation	 of	 non-mulberry	 silk	 from	 being	 a	 textile	 commodity	 to	

biomaterials	is	relatively	new	and	exciting.	8,9	

Non-mulberry	silk	has	an	 inherent	RGD	motif,	which	helps	cell	 attachment,	 cell	

proliferation	 and	 differentiation.10–13	 Non-mulberry	 silk	 also	 contains	 higher	

alanine	amino	acid	that	results	in	higher	beta-sheet	conformation	and	reduces	the	

ability	 to	 process	 this	 silk.14,15	 This	 is	 why	 most	 reported	 literature	 on	 non-

mulberry	 silk	 uses	 silk	 extracted	 directly	 from	 the	 silkworm’s	 silk	 gland.16–18	

Different	types	of	non-mulberry	silks	are	used	as	biomaterials	such	as	Antheraea	

mylitta	and	Antheraea	pernyi	and	Antheraea	assamensis.9,19		This	work	focuses	on	

Antheraea	mylitta	(AM)	silk.	There	are	a	 few	reports,	where	Lithium	bromide,	a	

chaotropic	salt,	is	used	to	make	a	solution	from	the	silk	fiber	of	AM.8,20–25		However,	

this	 process	 results	 in	 an	 SF	 solution	 with	 low	 concentration.	 The	 dissolution	
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process	is	also	tedious	and	typically	requires	12h	to	prepare	a	solution	in	LiBr	to	

produce	a	0.8mg/mL	concentration	solution.12		In	another	study,	the	authors	have	

reported	the	use	of	1-Butyl-3-Methylimidazolium	Acetate	(BMIAc)	to	process	the	

AM	fibers.26	Here,	too,	the	authors	reported	that	the	protocol	involves	more	than	

one	day	to	obtain	silk	fibroin	in	solution	form.		To	overcome	these	limitations	and	

to	address	the	challenge	of	AM	fiber	processing,	herein,	we	have	for	the	first	time	

developed	 a	 protocol	 to	 prepare	 a	 highly	 concentrated	 SF	 solution	 and	 have	

demonstrated	 that	 this	 solution	 can	 be	 further	 used	 to	 prepare	 scaffolds	 for	

biomedical	applications.	

Here,	we	report	a	protocol	to	prepare	AM	silk	solution	from	the	cryo-milled	AM	

fibers	by	using	trifluoroacetic	acid	(TFA)	as	the	solvent.	Prior	to	dissolution,	the	

cryo-milled	 powder	 was	 characterised	 using	 various	 spectroscopic	 and	

microscopic	techniques.	The	electrospinning	technique	was	used	to	form	scaffolds	

with	the	concentrated	silk	solutions.	These	scaffolds	were	later	evaluated	for	their	

application	in	bone	tissue	engineering	through	in-vitro	and	in-vivo	studies.		BM	silk	

was	used	as	a	control	for	all	the	studies.	

	

5.3 Experimental	Section	–	Materials	and	
Methods	

	

5.3.1 Materials	

AM	 silk	 fibers	 were	 purchased	 from	 farmers,	 Tandipara,	 Birbhum	 Dist.,	 West	

Bengal,	 and	BM	silk	 fibers	were	procured	 from	Central	Sericultural	Research	&	

Training	 Institute	 (CSRTI),	 Mysore.	 Sodium	 Bicarbonate	 (NaHCO3)	
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(#1.93237.0521),	and	Methanol	(CH3OH)	(#1.06007.2500)	were	purchased	from	

Merck.	 Trifluoroacetic	 acid	 (TFA)	 (#T6508),	was	procured	 from	Sigma	Aldrich.	

IMDM	 (cat#12440-046),	 RPMI	 (cat#A10491-01),	 fetal	 bovine	 serum	 (FBS)	

(cat#10082-147),	FBS	for	hMSCs	(cat#12662-011),	Alamar	blue	(cat#1987309),	

MTT	 (cat#M6494),	 StemPro	 osteogenic	 differentiation	 kit	 (cat#	 A1007201),	

ELISA	 kits	 for	 detection	 of	 BMP-2	 (cat#EHBMP2),	 osteocalcin	 (cat#	

BMS2020INST),	 TNF-α	 (cat#	 BMS223-4)	were	 purchased	 from	 Invitrogen.	 ALP	

detection	kit	 (cat#	 ab83369)	was	procured	 from	Abcam.	hMSCs	 (cat#PT-2501)	

were	purchased	from	Lonza	and	revived	and	stored	as	per	suppliers’	instructions.	

For	all	experiments	using	hMSC’s,	cells	from	passage	number	3	were	used.	THP-1	

cell	line	was	purchased	from	National	Centre	for	Cell	Sciences,	Pune.	

	

5.3.2 Degumming	of	silk	

Silk	fibers	were	degummed	to	remove	sericin.	A	previously	reported	protocol	for	

BM	fibers	was	used	for	both	AM	and	BM.	27	Briefly,	the	silk	fibers	were	boiled	in	

0.5wt/v%	NaHCO3	solution	for	30mins	and	this	process	was	repeated	3	times	for	

AM	and	2	times	for	BM.	These	fibers	were	then	washed	thoroughly	with	DI	water	

to	remove	residues	and	dried	at	60°C	for	48h.		

	

5.3.3 Cryomilling	of	AM	and	BM	fiber,	dissolution	and	

its	characterization		

1. 	

Degummed	silk	fibers	were	chopped	into	small	pieces	less	than	1cm	and	filled	to	

half	 volume	 of	 a	 50ml	 grinding	 jar	 of	 the	 CryoMill	 (Retsch	 GmbH,	 Germany)	
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consisting	of	a	2.5cm	stainless	steel	grinding	ball.	The	CryoMill	was	programmed	

for	 various	 cycles	 at	 a	 cycle	 time	of	 9	minutes	 at	 a	 frequency	of	 20/s	with	 the	

controlled	 flow	 of	 liquid	 nitrogen	 to	 get	 fine	 powder	 of	 silk	 fibers.	 The	 digital	

images	of	the	AM	and	BM	fiber	prior	to	cryo-milling	and	the	powder	obtained	post	

cryo-milling	are	shown	in	Figure	5-1.	

	

Figure	5-1	Degummed	fiber	and	cryomilled	powder	of	BM	and	AM	

	

5.3.4 AM	and	BM	dissolution	

The	 cryomilled	 AM	 and	 BM	 fibers	 were	 dissolved	 in	 TFA	 in	 different	 weight	

percentages	 and	 the	 dissolution	 times	 were	 studied.	 A	 similar	 dissolution	

experiment	was	also	parallelly	performed	on	the	SF	fibers	to	understand	the	effect	

of	cryo-milling	on	dissolution.		

	

5.3.5 FTIR	analysis	

FTIR	 measurements	 and	 deconvolution	 of	 Amide	 I	 band,	 between	 1600-1700	

cm−1were	done	as	per	the	protocol	mentioned	in	Chapter	4,	Section	4.3.			
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5.3.6 XRD	analysis	

The	 crystalline	 structure	 analysis	 of	 the	 degummed	 fiber	 and	 its	 cryomilled	

powder	of	both	AM	and	BM	silk	were	performed	on	a	powder	X-ray	diffractometer,	

Rigaku	 with	 Ni-filtered	 Cu-Kα	 radiation.	 The	 voltage	 and	 current	 of	 the	 X-ray	

source	were	40kV	and	20mA,	respectively.	The	wavelength	λ	was	0.15406	nm.	The	

samples	were	mounted	on	glass	frames	and	scanned	from	2°	to	50°	(2θ)	at	a	speed	

of	10°/min.	 	

	

5.3.7 Preparation	of	scaffolds	

	

A	20wt/v	%	solution	of	AM	and	BM	cryomilled	powder	in	TFA	was	used	to	prepare	

the	scaffolds	using	electrospinning	technique.	Electrospinning	(E-spin	Nano)	was	

performed	at	a	flow	rate	of	0.3ml/h	in	a	5ml	syringe	under	20 kV	voltage	field,	and	

the	distance	between	needle	tip	and	grounded	target	was	16cm.	The	electrospun	

fibers	 were	 collected	 on	 the	 aluminium	 foil	 and	 kept	 at	 room	 temperature	

overnight.	The	scaffolds	were	annealed	with	methanol	vapor	for	48h	followed	by	

washing	 with	 DI	 water	 upto	 2h	 on	 an	 orbital	 shaker.	 At	 the	 end	 of	 washing,	

scaffolds	were	dried	at	60°C	for	6h.	

	

5.3.8 Electron	microscopy	analysis	

The	morphology	of	the	electrospun	fibers	and	cryomilled	powders	was	observed	

under	a	 field	emission	scanning	electron	microscope	(FE-SEM)	(Nova	NanoSem	
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450)	 at	 18kV	 accelerated	 voltage	 and	 5mm	 working	 distance.	 Prior	 to	 SEM	

imaging,	samples	were	made	conductive	by	sputter	coating	them	with	a	5nm	thick	

gold	coating.	Representative	images	were	captured	at	suitable	magnification.	

	

5.3.9 	In-vitro	cytotoxicity	(MTT	assay)	assay:		

MTT	assay	was	performed	to	study	cytotoxicity	of	developed	scaffolds	by	using	

L929	fibroblast	cell	line	as	per	protocol	mention	in	Nisal	et.al,	2018.	

5.3.10 In-vitro	cell	adhesion	(seeding)	assay	

Cell	seeding	efficiency	of	MG63	cells	on	the	electrospun	AM	and	BM	scaffolds	was	

analyzed	by	the	trypan	blue	cell	counting	method.	MG-63	cells	were	maintained	in	

DMEM+10%	FBS.	MG-63	 cells	with	 a	 density	 of	 2	X	104	 cells	 per	 scaffold	were	

seeded	 in	 100mL	 of	 complete	media	 on	 AM	 and	 BM	 scaffolds	 along	with	 plate	

control.	The	plate	was	 incubated	 at	37°C	 	 for	 specific	 time	points.	At	 each	 time	

point,	 cells	 were	 trypsinized	 and	 cell	 count	 was	 taken	 by	 using	 the	 Neubauer	

chamber.	 Cell	 adherence	 percentage	 was	 calculated	 by	 using	 the	 following	

equation:	%	adherence	=	A	test	/	A	control	*	100%.	(A	test	is	the	adherence	of	the	

cells	to	the	sample	and	A	control	is	the	adherence	of	cells	to	control	wells	without	

sample)	

	

5.3.11 hMSCs	proliferation	assay	(Alamar	Blue	Assay)	

In-vitro	 cell	 proliferation	 was	 qualitatively	 analyzed	 using	 alamar	 blue	 dye	

(resazurin-based	 reagent)	based	 assay	on	7th,	14th	and	28th	day	 in	both	normal	

growth	 media	 (NGM)	 (IMDM+10%	 hMSCs	 FBS)	 and	 osteogenic	 media	 (OstM).	

Sterilized	 AM	 and	 BM	 scaffolds	 were	 placed	 in	 a	 24	 well	 flat-bottomed	 non-
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adherent	cell	culture	plate	and	seeded	with	hMSCs	at	a	density	of	5	x	103	cells	per	

scaffold	 in	50µL	of	 complete	media	 (IMDM	+	10%	hMSCs-FBS).	 The	 cells	were	

allowed	 to	settle	 for	15minutes	at	37°C,	5%	CO2	 atmosphere.	Additional	250µL	

media	was	added	to	the	tissue	culture	plate,	which	was	then	incubated	at	37°C	for	

28	days	in	a	5%	CO2	atmosphere.	Media	was	replenished	after	every	48h.	At	each	

time	point,	growth	media	was	replaced	with	a	10%	alamar	blue	solution,	followed	

by	the	6h	incubation	at	37°C	with	5%	CO2.	Developed	colour	was	recorded	in	terms	

of	absorbance	at	570nm,	using	600nm	as	a	reference	wavelength.	Normalized	final	

values	were	reported	as	a	function	of	cell	proliferation.	

	

5.3.12 hMSCs	differentiation	into	osteogenic	lineage	

Sterilized	 AM	 and	 BM	 scaffolds	 were	 placed	 in	 a	 24	 well	 flat-bottomed	 non-

adherent	cell	culture	plate	and	seeded	with	hMSCs	at	a	density	of	1	x	104	cells	per	

scaffold	 in	50µL	of	 complete	media	 (IMDM	+	10%	hMSCs-FBS).	 The	 cells	were	

allowed	to	settle	for	15	minutes	at	37°C,	5%	CO2	atmosphere.	Additional	250µL	

media	was	added	to	the	tissue	culture	plate,	which	was	then	incubated	at	37°C	for	

28	days	in	a	5%	CO2	atmosphere.	The	next	day,	normal	growth	media	was	removed	

and	 osteogenic	 differentiation	 media	 was	 added.	 Fresh	 osteogenic	 media	 was	

replenished	 after	 every	 48h.	 Secreted	 expression	 levels	 of	 ALP,	 BMP-2	 and	

Osteocalcin	(OCN)	markers	were	measured	to	monitor	the	osteogenic	potential	of	

AM	and	BM	scaffolds.	Spent	media	was	collected	on	each	time	point	and	stored	at	

-80°C	for	marker	analysis.	
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5.3.12.1 Alkaline	phosphatase	(ALP)	expression	

ALP	 colorimetric	 assay	 was	 used	 to	 measure	 the	 enzyme	 activity	 as	 per	 our	

previous	reports.28,29	In	brief,	80μL	of	an	appropriately	diluted	sample	was	mixed	

with	50μL	of	pNPP	(5mM)	solution	and	incubated	at	25°C	for	an	hour	in	the	dark.	

After	 incubation	 20μL	 of	 stop	 solution	was	 added	 to	 stop	 the	 enzyme	 activity.	

Absorbance	of	developed	color	was	recorded	at	405	nm	and	value	was	calculated	

from	 the	 developed	 calibration	 curve	 (Figure	 5-2).	 In	 the	 same	 samples,	 total	

protein	was	also	measured	by	Bradford	assay	and	ALP	activity	normalized	with	

total	protein	is	reported	here.	

 
Figure	5-2	Calibration	curve	for	ALP	estimation	

	

5.3.12.2 BMP-2	and	OCN	expression	

Expressions	 of	 both	 BMP-2	 and	 OCN	 were	 analyzed	 by	 using	 standard	 ELISA	

technique	on	day	1	and	day	28.	Spent	media	was	used	as	a	sample.	The	individual	

calibration	curve	Figure	5-3	for	BMP-2	and	Figure	5-4	for	OCN	were	developed	

and	from	that	expression	of	BMP-2	and	OCN	were	obtained	and	plotted.	
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Figure	5-3	Calibration	curve	for	BMP-2	estimation	

	

 
Figure	5-4	Calibration	curve	for	osteocalcin	estimation	

	

5.3.13 Detection	of	extracellular	calcium	deposition	

Calcium	deposition,	as	a	result	of	osteogenic	differentiation,	was	measured	at	the	

end	of	 the	28th	 day	by	using	Alizarin	 red	 S	 staining.	 In	 brief,	 hMSCs	 cells	were	

seeded	on	sterile	AM	and	BM	scaffolds	at	a	density	of	1	x	104	cells	per	scaffold	in	

50µL	of	complete	media.	The	cells	were	allowed	to	be	settled	for	15	minutes	at	

37°C	with	5%	CO2.	The	 additional	250µL	media	was	added	 and	 the	cell	 culture	

plate	was	incubated	at	37°C	with	5%	CO2	for	28	days.	On	the	day	after	seeding,	the	
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media	 was	 replaced	 with	 osteogenic	 differentiation	 media.	 Fresh	 osteogenic	

media	was	replenished	after	every	48h.	On	the	28th	day,	scaffolds	were	fixed	with	

4%	 formaldehyde	 at	 room	 temperature	 for	 10	minutes.	 Scaffolds	were	washed	

with	 PBS	 after	 fixation	 and	 then	 stained	with	 2%	Alizarin	 Red	 solution	 for	 20	

minutes	at	room	temperature.	After	staining,	the	scaffolds	were	washed	with	DI	

water	until	no	staining	colour	was	observed	in	washing	water.	Deposited	calcium	

was	observed	under	a	bright	field	by	Axio	Observer	Z1	from	Carl	Zeiss.	Deposited	

calcium	was	 extracted	by	using	0.5mL	10%	acetic	acid	 for	30	minutes	at	 room	

temperature	followed	by	10	minutes	at	85°C.	Solution	was	centrifuged	at	14000	

rpm	for	15	minutes	and	absorbance	of	collected	supernatant	was	measured	at	405	

nm.	In	this	experiment,	scaffolds	without	cells	were	taken	as	background	control.

	 	

	

5.3.14 In-	vitro	inflammatory	response	(TNF-α)	

Level	 of	TNF-α	 indicates	 occurrence	of	 immune	 reaction	 at	material	 and	 tissue	

interface.	 Inflammatory	 reactions	 against	 the	 developed	 AM	 and	 BM	 scaffolds	

were	 analyzed	 by	 evaluating	 the	 expression	 of	 TNF-α	 with	 THP-1	 (human	

monocytic	cell	line)	cells.	8	x	103	cells	per	scaffold	per	well	were	cultured	in	1ml	

of	complete	media	and	incubated	at	37°C	in	5%	CO2	atmosphere	for	up	to	7	days.	

Media	was	changed	after	every	48h	and	spent	media	was	collected	on	day	1	and	

day	 7,	 which	 was	 used	 to	 measure	 the	 expression	 levels	 of	 TNF-α	 by	 using	 a	

standard	ELISA	kit.	Two	independent	experiments	with	duplicates	reading	in	each	

set	were	taken	at	450	nm	and	results	are	reported	in	terms	of	average	absorbance.	
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5.3.15 Rat	calvarial	defect	model	for	in	vivo	new	bone	

regeneration	

The	osteogenic	potential	of	AM	and	BM	scaffolds	were	also	studied	 in	vivo.	This	

study	was	performed	in	order	to	evaluate	any	inflammatory	response	that	could	

have	been	generated	due	to	the	scaffold.	For	this	study,	 rat	calvarial	defect	was	

considered	 a	 model	 defect.	 The	 animal	 experiment	 was	 performed	 at	 PRADO,	

Preclinical	Research	and	Development	Organization,	Pvt.,	Ltd,	with	prior	approval	

of	the	Institutional	Animal	Ethics	Committee	(IAEC)	(Protocol	No.	IAEC-20-080).	

All	 procedures	 of	 this	 study	were	 in	 accordance	with	 the	 guidelines	 set	 by	 the	

Committee	for	the	Purpose	of	Control	and	Supervision	of	Experiments	on	Animals	

(CPCSEA)	as	published	in	The	Gazette	of	India,	December	15,	1998.	(CPCSEA	Reg	

No.	 1723/PO/RcBiBt/S/13/CPCSEA).	A	 total	 of	 15	 female	 Sprague	Dawley	 rats	

with	the	bodyweight	range	of	200-350	gm	was	divided	equally	into	three	groups	

(5	animals	per	group).	Group	1	–	empty	defect,	Group	2	–	BM	scaffold	and	Group	3	

–	 AM	 scaffold.	 For	 creating	 calvarial	 defects	 (Figure	 5-5),	 animals	 were	

anaesthetized	(Ketamine-90mg/kg	and	Xylazine	10mg/kg)	and	a	~15mm	incision	

was	made	 to	 the	 skin.	A	4mm	defect,	 as	 shown	 in	 Figure	4,	was	 created	 in	 the	

calvarial	bone	using	1-	2mm	drill	bits.		Calvarial	defect	in	group	one	was	left	empty.	

Also,	in	group	2,	a	BM	scaffold	was	placed,	while	group	3	used	AM	scaffold.	The	

skin	was	sutured	using	 a	non-absorbable	 suture	and	post-operative	care	of	 the	

surgical	site	was	taken	for	10	days,	including	injections	of	analgesic	(meloxicam	

1mg/kg).	At	4	weeks	of	treatment,	animals	were	euthanized	using	an	overdose	of	

CO2.	Calvarial	bone	 tissues	were	collected	 in	10%	neutral	buffered	 formalin	 for	

further	histopathological	evaluation	as	explained	below.	
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Figure	 5-5	 Brief	 overview	 of	 the	 creation	 of	 calvarial	 defect,	 scaffold	 implantation	 and	
closure	of	the	defect	

	

5.3.16 Histopathology	

After	 24h	 of	 fixation,	 tissues	 were	 decalcified,	 processed	 routinely	 and	 later	

embedded	 in	paraffin.	After	 24h	of	 fixation,	 tissues	were	decalcified,	 processed	

routinely	 and	 embedded	 in	paraffin.	 The	 sections	 of	 3-5µm	 thickness	were	 cut	

(SLEE	CUT	5062	Microtome,	Model:	SLEE/	CUT5062).	All	sections	were	stained	

with	haematoxylin	and	eosin	stain	(H&E)	and	Masson’s	trichrome	stain	by	using	

standard	protocol	to	evaluate	the	morphology	of	newly	developed	bone.	Masson’s	

trichrome	 is	 a	 commonly	 used	 staining	 method	 in	 bone	 histology	 and	 newly	

formed	bone	is	typically	seen	in	blue	colour.	Histological	changes	related	to	new	

bone	formation	were	observed	under	Labomed/LX300	microscope	equipped	with	

an	objective	lens	of	10X	&	40X	with	an	eyepiece	magnification	of	10X.		

	

5.3.17 Statistical	analysis	

One	way	and	two-way	analysis	of	variance	(ANOVA)	with	Tukey's	post-hoc	test	by	

using	Past	3	software	was	used	for	all	statistical	analysis.	A	value	of	P<0.05	was	

considered	statistically	significant.	All	data	are	presented	as	mean	±	SD	(n=3).	
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5.4 Results	
	

The	application	of	non-mulberry	silk	in	the	biomedical	field	has	been	limited	due	

to	the	poor	processability	of	this	material	vis-à-vis	mulberry	silk.	In	this	work,	we	

have	shown	that	the	cryo-milling	of	silk	fibers	enhances	the	solubility	of	the	AM	

and	 BM	 fibers	 in	 routine	 solvents	 like	 TFA.	 The	 solutions,	 so	 obtained,	 can	 be	

processed	 using	 conventional	 techniques	 such	 as	 electrospinning	 to	 make	 3D	

scaffolds	 that	 show	promise	 in	BTE.	The	next	 section	highlights	 the	key	results	

obtained	 after	 microscopic	 and	 spectroscopic	 characterization	 of	 the	 powders	

obtained	post-cryo-milling.		

	

5.4.1 Cryomilling	of	AM	and	BM	fiber,	dissolution	and	

its	characterization		

The	degummed	silk	fibers	were	cryomilled	as	per	the	protocol	described	in	Section	

5.3.3	and	the	characterization	was	performed	after	every	cycle	of	cryomilling.	FTIR	

spectroscopy	was	used	to	study	the	effect	of	cryo-milling	on	the	conformation	of	

silk	 fibroin	 protein.	 The	 amide	 I	 peak	 in	 the	 IR	 spectra,	 observed	 in	 the	 1580-

1620cm-1,	 was	 deconvoluted	 to	 understand	 the	 predominant	 secondary	

conformation	of	SF.	The	spectra	of	AM	and	BM	fibers	and	their	cryomilled	powders	

are	shown	in	Figures	5-6.		

Figure	5-6a	shows	the	complete	spectra	for	the	AM	and	BM	fibers	and	cryomilled	

powders.	Figure	5-6b	highlights	the	area	of	interest	i.e.	the	Amide	I	and	Amide	II	

peaks.	Degummed	silk	fibers	of	AM	and	BM	show	characteristic	peaks	in	1510cm−1	

for	 Amide-II	 and	 1618cm−1	 for	 Amide	 I.	 This	 indicates	 that	 the	 predominant	

conformation	of	the	protein	is	beta	sheet	structures.	However,	the	Amide	I	peak	
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shifts	 to	 a	 higher	 wavenumber	 for	 the	 cryo-milled	 powders,	 implying	 that	 the	

random	coil	content	in	the	sample	has	been	increased.		

 
Figure	5-6	Secondary	structure	analysis	of	AM	and	BM.	a.	FTIR	spectra	of	AM,	BM	fiber	and	
powder,	b.	FTIR	Spectra	from	1400-1800	cm−1,	c	&	d	β	-sheet	and	random	coil	%	in	AM	and	

BM	respectively	

	

The	C=O	stretch	of	the	Amide	I	peak	in	region	1700-1600	cm−1	was	deconvoluted	

to	gain	further	insights	on	protein	conformation.	This	data	has	been	summarized	

in	Figure	5-6c	for	AM	and	Figure	5-6d	for	BM.	AM	fiber	shows	a	β-sheet	content	

of	38	%	and	random	coil	content	of	26	%	while	the	BM	fiber	shows	37%	and	24%	

respectively.	On	cryo-milling,	after	one	cryo	cycle,	the	β-sheet	content	changed	to	

34%	and	37%	for	AM	and	BM	powder	respectively.	



Chapter	5	 Development	of	mulberry	and	non-mulberry	SF	based	injectable	scaffold	

 

	

Nimisha	Parekh		 	 	 	 	 	 	 Ph.D	–	10BB17A26048	

	

	

128	

On	further	increase	in	the	number	of	cryo-cycles,	the	powders	show	a	lower	β	-

sheet	 content	 and	 higher	 random	 coil	 or	 amorphous	 content,	 i.e.	 after	 three	

cryocycles	the	β	-sheet	content	decreased	to	31%	and	35%	respectively	 for	AM	

and	BM	powder.	Meanwhile,	amorphous	content	increased	from	37%	to	38%	and	

32%	to	34%.	When	cryomilled	for	a	longer	duration,	i.e.	after	completion	of	5	cryo-

cycles,	 β-sheet	 content	 decreased	 to	 28%	 and	 33%,	 for	 AM	 and	 BM	 powder.	

Correspondingly,	 the	 random	coil	or	amorphous	content	 increased	 to	40%	and	

36%	in	AM	and	BM	respectively.	Thus,	the	FTIR	result	provides	evidence	that	the	

cryo-milling	 technique	does	 alter	 the	 secondary	 structure	 of	 silk	 protein	 and	 it	

improves	the	random	coil	conformation.	When	the	number	of	cycles	was	further	

increased	 to	7,	 there	was	no	 significant	 change	 in	 the	β-sheet	 and	 random	coil	

content	 as	compared	 to	5	cryo-cycles.	Thus,	 further	 experiments	were	done	on	

cryo-milled	powders	prepared	using	5	cycles.	

 
Figure	5-7	X-ray	Diffraction	studies	of	AM	and	BM	-	fiber	and	powder	
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To	corroborate	the	FTIR	data	and	validate	the	secondary	structure	transition	of	

the	protein,	XRD	was	used	as	a	complementary	tool.	XRD	data	of	BM,	AM	fiber	and	

respective	cryo-milled	powders	is	presented	in	Figure	5-7.	The	BM	fiber	showed	

a	strong	diffraction	peak	at	20.7°,	while	the	AM	fiber	showed	two	peaks	at	16.6°	

and	20.3°.	These	peaks	represent	silk	II	or	the	crystalline	conformation	of	SF.	The	

BM	and	AM	powders	show	broader	diffraction	peaks	that	indicate	an	enhancement	

of	amorphous	nature.	AM	powder	also	shows	a	peak	at	11.9°,	which	corresponds	

to	silk	I	conformation.		These	results	provide	evidence	that	cryomilling	techniques	

enhance	 the	 amorphous	 nature	 of	 the	 material.	 XRD	 results	 proved	 that	

cryomilling	causes	a	substantial	decrease	in	β-sheet	and	an	associated	increase	in	

random	coil,	which	agrees	with	the	FTIR	data	of	cryomilled	powder.	

	

The	morphology	of	cryo-milled	powders	was	analyzed	using	SEM	(Figure	5-8).	As	

can	be	seen	from	Figure	5-8,	the	powders	consist	of	irregularly	shaped	particles	

that	also	exhibited	a	tendency	to	form	aggregates.	The	particle	size	for	both	the	

AM	and	BM	powders	and	agglomerates	was	found	to	be	in	the	range	of	1-10ìm.		

 
Figure	5-8	SEM	of	cryomilled	(a)	AM	and	(b)	BM	powder	
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Further,	the	cryo-milled	AM	and	BM	powders	were	used	to	prepare	solutions	in	

TFA	and	the	data	are	summarized	in	Figure	5-9.	The	dissolution	was	monitored	

visually	every	15	minutes	and	the	dissolution	time	was	recorded	when	no	fraction	

of	 undissolved	 material	 could	 be	 observed	 in	 the	 experimental	 vial.	 	 The	

dissolution	 time	 of	 fiber	 and	 powders	 of	 both	 AM	 and	 BM	 were	 found	 to	 be	

drastically	 different.	 For	 a	 1	 wt%	 solution,	 the	 AM	 fiber	 took	 around	 3h	 for	

complete	dissolution	and	BM	took	around	2h,	while	the	powder	dissolved	in	less	

than	10	mins	 for	both.	 	As	 the	concentrations	of	 the	solutions	were	 varied,	 the	

dissolution	times	were	also	affected.	When	the	concentrations	were	increased	to	

15	wt%,	the	fibers	of	both	AM	and	BM	did	not	dissolve	completely	(Figure	5-10),	

hence	 further	 concentrations	 were	 not	 studied.	 However,	 for	 the	 cryo-milled	

powders,	 even	20wt%	solutions	 could	be	prepared	 in	 a	 reasonable	 time	 frame	

(Figure	5-11).		For	20	wt%	solutions,	it	took	6h	for	AM	and	5.4h	for	BM.	Hence	it	

was	 observed	 that	 the	 cryomilling	 significantly	 reduced	 the	dissolution	 time	of	

both	AM	and	BM	fibers.				

 
Figure	5-9	Dissolution	of	silk	fiber	and	its	cryomilled	form	in	TFA	
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The	20wt%	SF-TFA	solution,	prepared	by	dissolving	the	cryo-milled	AM	and	BM	

powder,	was	used	to	prepare	scaffolds.	Electro-spinning	was	chosen	as	the	method	

to	prepare	scaffolds.	This	method	has	been	used	widely	for	scaffold	preparation	

because	of	its	good	porosity	and	pore	inter-connectivity,	which	results	in	good	cell	

proliferation.30,31	The	non-woven	electrospun	mats	have	also	been	used	as		

	

 
Figure	5-10	Solution	of	AM	and	BM	fiber	and	cryomilled	powder	in	TFA	
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Figure	5-11	20	wt	%	AM	and	BM	cryomilled	powder	in	TFA	

	

scaffolds	 by	 several	 groups	 in	 BTE.	 The	 parameters	 for	 electrospinning	 were	

optimized	 by	 studying	 the	 ability	 of	 the	 solution	 to	 form	 a	 continuous	 thread.	

Further,	 scanning	 electron	 microscopy	 was	 used	 as	 a	 tool	 to	 determine	 the	

optimum	parameters	for	producing	a	uniform	non-woven	electro-spun	mat	for	AM	

and	BM	solutions.	It	was	found	that	at	20kV	voltage,	0.3mm/s	flow	rate	and	16	cm	

collector-tip	distance,	the	non-woven	mats	had	the	required	characteristics.	The	

SEM	images	for	both	AM	and	BM	electrospun	mats	are	shown	in	Figures	5-12a	&	

5-12b.	 The	 non-woven	 mats	 had	 a	 similar	 morphology	 and	 AM	 showed	

electrospun	 nanofibers	 with	 diameter	 in	 the	 range	 of	 167	 ±	 49nm	 while	 BM	

showed	136±	30nm.	The	electrospun	mat	had	randomly	arranged	 fibers,	which	

created	good	pore	sizes	and	pore	interconnectivity	as	is	seen	from	the	SEM	images.	

The	mats	were	annealed	to	induce	β-sheet	formation.	Figure	5-12c	&	5-12d	show	

the	 morphology	 of	 the	 electrospun	 mat	 after	 the	 annealing	 treatment.	 The	

annealing	 treatment	 results	 in	 fusing	 of	 fibers	 in	 multiple	 locations.	 This	

observation	 is	 in	 accordance	 with	 previous	 literature.25	 The	 non-woven	
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electrospun	AM	and	BM	mats	were	then	further	used	to	study	their	performance	

for	BTE	using	both	in-vitro	and	in-vivo	techniques.		

 

Figure	5-12	SEM	images	of	electrospun	scaffolds	 from	(a)	AM	before	annealing,	 (b)	BM	
before	annealing,	(c)	AM	after	annealing	and	(d)	BM	after	annealing	

	

5.4.2 In-vitro	cytotoxicity	assay	

As	a	prerequisite	of	biomaterial’s	application,	 cytotoxicity	of	 the	developed	AM	

and	 BM	 scaffold’s	 were	 analyzed	 by	 using	 standard	 MTT	 assay.	 No	 clinical	

significant	 difference	 between	 AM	 and	 BM	 scaffolds	 and	 more	 than	 90%	 cell	

viability	as	observed	in	Figure	5-13	confirmed	non	cytotoxicity	of	electrospun	AM	

and	BM	scaffolds.	
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Figure	5-13	In-vitro	L929	cell	viability	was	analyzed	by	MTT	assay	on	AM	and	BM	scaffolds.	
Data	are	represented	by	average	cell	viability	with	respect	to	plate	control	±	Std.	Dev.	(n=3)	

	

5.4.3 	In-vitro	cell	adhesion	assay	

Relative	Percent	MG63	cell	seeding	efficiency	was	checked	for	both	AM	and	BM	

scaffolds	 and	data	 is	 represented	 in	Figure	5-14.	No	 significant	 difference	was	

seen	between	AM	and	BM	scaffolds.	This	 shows	 that	both	scaffolds	support	 the	

attachment	of	MG63	cells	onto	them.	

 
Figure	5-14	Relative	percent	MG63	cell	seeding	efficiency	for	AM	and	BM	scaffolds	
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5.4.4 	hMSCs	proliferation	assay	(Alamar	Blue	Assay)	

Adhesion	and	proliferation	of	hMSCs	cells	on	AM	and	BM	scaffolds	was	monitored	

in	both	normal	growth	media	and	osteogenic	media	on	day	7,	14	and	28.	Figure	5-

15a	represents	the	cell	growth	in	normal	growth	media.	There	was	no	significant	

difference	between	AM	and	BM	on	day	7	and	day	14.	However,	on	day	28,	higher	

cell	proliferation	was	observed	in	AM	scaffold	 in	comparison	to	BM,	which	was	

also	 found	 to	 be	 statistically	 significant	 (p=0.006).	 In	 the	 AM	 scaffold,	 7th	 day	

growth	was	found	to	be	significantly	different	than	14th	day	(p=5.5e-4)	and	28th	day	

(p=2.6e-6)	and	14th	day	cell	proliferation	was	also	significantly	different	than	28th	

day	 (p=0.008).	 Similarly,	 for	 the	 BM	 scaffold,	 7th	 day	 cell	 proliferation	 was	

significantly	different	than	14th	day	(p=2.7e-4)	and	28th	day	(p=3.1e-4)	but	there	

was	no	significant	difference	between	14th	and	28th	day.	

 
Figure	 5-15	 In-vitro	 hMSCs	 cell	 proliferation:	 Data	 represented	 as	 average	 normalized	
factor	±	std.	dev.	 (n=3).	*p<	0.05.	 	 a)	Alamar	blue	assay	 in	normal	cell	growth	media.	b)	

Alamar	blue	assay	in	osteogenic	differentiation	media	

	

As	the	cells	commit	to	an	osteogenic	lineage,	their	ability	to	proliferate	decreases	

and	 they	convert	 to	mature	osteoblast	and	 finally	 to	osteocytes.32	Therefore,	 to	
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monitor	 cell	 steadiness	 in	 the	 growth	 phase	 during	 cell	 differentiation,	 cell	

proliferation	was	also	monitored	in	osteogenic	differentiation	media	and	results	

are	plotted	in	Figure	5-15b.	Cells	were	found	to	be	proliferating	from	day	7	to	day	

14,	but	there	was	no	further	cell	proliferation	after	day	14	and	hence	no	significant	

growth	was	observed	between	14	to	28	in	both	AM	and	BM	scaffolds.	

	

5.4.5 	hMSCs	differentiation	into	osteogenic	lineage	

	

hMSCs	 differentiation	 was	 monitored	 by	 measuring	 osteogenic	 markers	 from	

early	 to	 late	 stage	 of	 cell	 differentiation.	 Upon	 differentiation	 of	 hMSCs	 to	

osteogenic	 lineage,	 up	 regulation	 of	 genes	 results	 in	 the	 expression	 of	 specific	

markers	 33–35.	Here,	 the	 spent	media	 from	 in-vitro	 cell	 culture	experiments	was	

analyzed	to	detect	the	presence	of	specific	osteogenic	markers	ALP,	BMP-2,	OCN.	

ALP	 which	 is	 an	 early-to-mid	 stage	 osteogenic	 marker.	 ALP	 activity	 was	

normalized	with	the	total	protein	content	of	the	cells	and	the	data	is	presented	in	

Figure	5-15a.	It	was	observed	that	the	ALP	secretion	significantly	increased	as	the	

experiment	progressed	over	time	(7th-28th	day,	AM	p=0.000003	and	14th-28th	day,	

AM	p=0.00001).	In	the	case	of	BM	also,	a	significant	difference	in	ALP	expression	

was	observed	at	different	time	points	(7th-28th	day	BM	p=0.01	and	14th-28th	day	

p=0.02).	Both	AM	and	BM	scaffolds	support	ALP	expression	but	the	data	on	day	28	

(p=0.0002)	 shows	 that	 the	 expression	 of	 ALP	 for	 AM	 scaffolds	 is	 significantly	

higher	 as	 compared	 to	 BM	 scaffolds.	 Figures	 5-15b	 and	 5-15c	 depict	 the	

expression	 of	 OCN	 and	 BMP2	markers.	 OCN	 is	 a	 late	marker	 of	 the	 osteogenic	

differentiation	process	while	BMP2	plays	a	crucial	role	throughout	the	new	bone	

development	 process.	 As	 can	 be	 seen	 from	 the	 result,	 AM	 induced	 higher	

expression	of	OCN	(p=0.009)	and	BMP-2	(p=0.001)	than	the	BM	scaffold.	
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Bone	tissue	regeneration	culminates	with	the	formation	of	a	mineralized	matrix.	

Calcium	deposition	was	visualized	by	alizarin	red	S	staining	(Figure	5-17).	The	

dye	was	extracted	by	using	acetic	acid	and	the	data	is	presented	in	Figure	5-16d.	

From	 the	 results,	 a	 significant	 difference	 (p=0.006)	 between	 AM	 and	 BM	 was	

clearly	observed	indicating	that	AM	supports	higher	mineralization.	

 

Figure	5-16	Osteogenic	potential	by	estimating	expression	of	alkaline	phosphatase	(ALP)	
activity,	bone	morphogenic	protein-2	(BMP-2)	and	Osteocalcin	levels	(OCN).	(a)	ALP	activity	

was	 normalized	with	 the	 total	 protein	 loaded	 and	 expressed	 as	 ALP	 activity	 /	 100µg	 of	

protein.	(b)	Expression	of	OCN	were	represented	as	average	OCN	(ng/ml)	±	std.	dev.	(n=3)	

(c)	BMP-2	expression	was	represented	as	average	BMP-2	(pg/ml)	±	std.	dev.	(n=3)	(c)	BMP-

2	 expression	was	 represented	 as	 average	BMP-2	 (pg/ml)	 ±	 std.	 dev.	 (n=3)	 *p<0.05.	 	 (d)	

Quantification	of	calcium	deposition:	calcium	deposition	by	alizarin	red	S	staining	which	

was	extracted	by	using	acetic	acid	at	the	end	of	28	days	by	measuring	the	absorbance	at	

405nm			
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Figure	5-17	Ca2+	deposition	stained	by	Alizarin	Red	S	staining	at	the	end	of	28	days	

	

5.4.6 	In-vitro	inflammatory	response	(TNF-α)	

	

Further,	we	also	did	a	preliminary	evaluation	to	understand	the	immune	response	

to	both	AM	and	BM	scaffolds.	THP-1	cell	line	was	used	in	order	to	check	the	activity	

of	TNF-α	cytokine.	Lipopolysaccharide	(LPS)	was	used	as	a	positive	control.	From	

the	 results	 (Figure	 5-18),	 positive	 control	 showed	 a	 remarkably	 high	 TNF-α	

activity	as	compared	to	negative	control.	From	the	results	(Figure	5-18),	there	is	

no	significant	difference	observed	between	AM	and	BM	on	both	the	time	points.	

LPS	showed	a	remarkably	high	TNF-α	activity	as	compared	to	PC	supporting	the	

validity	 of	 the	 experiment.	 On	 day	 7,	 there	 is	 a	 significant	 low	 level	 of	 TNF-α	

expression	observed	for	both	AM	and	BM	scaffolds	with	respect	to	LPS.	This	data	

shows	both	AM	and	BM	are	non-inflammatory.	On	day	1,	AM	and	BM	both	showed	
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decreased	 TNF-α	 activity	 as	 compared	 to	 LPS.	 But	 a	 significant	 difference	 is	

observed	only	between	AM	and	LPS	(p=0.04).	

 

Figure	5-18	TNF-α	activity.	Data	represented	as	average	±	std.	dev.	(n=2)	*p<	0.05	

	

5.4.7 	Rat	calvarial	defect	model	for	in-vivo	new	bone	

regeneration	

	

The	 calvarial	 defect	 model	 in	 a	 rat	 was	 used	 to	 evaluate	 in-vivo	 new	 bone	

formation.	Cross	sectional	H&E	stained	sections	are	represented	in	Figure	5-19A.	

Compared	 with	 empty	 defects,	 the	 AM	 and	 BM	 scaffolds	 showed	 better	

regeneration	of	bone.	From	the	histological	images,	it	was	clear	that	AM	and	BM	

both	support	new	bone	formation	as	compared	to	empty	defects.	However,	thin	

fibrous	connective	tissue	is	more	visible	in	BM	treated	scaffold,	which	is	negligible	
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in	case	of	AM	scaffold	upon	implantation.	Higher	mineralization	of	bone	was	seen	

in	the	AM	scaffold	group	as	visible	by	Masson’s	trichrome	stain	(Figure	5-19B)	

and	 this	 confirmed	 the	 enhanced	 osteo-regenerative	 ability	 and	 bone	 repair	

process	in	AM	scaffolds.	

 

Figure	5-19	Rat	calvarial	defect	model	for	in-vivo	new	bone	regeneration.	Fig	4A:	
standard	H&E	staining.	Black	arrow:	old	bone;	Yellow	arrow:	new	bone	formation;	Blue	

arrow:	fibrous	tissue	formation;	Red	arrow:	scaffold.	Fig	4B:	Masson	trichrome	staining.	

White	star:	mineralized	bone;	Yellow	arrow:	fibrous	tissue	
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5.5 Discussion	
	

	

SF	has	been	widely	 reported	for	 load-bearing	and	non-load	bearing	bone	tissue	

engineering	applications.36–40	Non-mulberry	SF	from	A.mylitta	has	a	high	amount	

of	alanine	resulting	in	distinct	crystalline	morphology,	and	this	highly	crystalline	

content	 results	 in	 limited	processability	of	 this	material.14	Silk	 fiber	dissolution	

with	the	help	of	chaotropic	reagent	such	as	lithium	bromide	(LiBr)	or	with	Ajisawa	

mixture	and	DMAc/LiBr	are	reported	for	BM	fibers.	But	these	methods	have	been	

found	to	be	ineffective	for	AM.	This	limited	processability	has	reduced	the	use	of	

this	 biomaterial	 in	 various	 regenerative	 medicine	 and	 tissue	 engineering	

applications.		

To	overcome	the	challenges	in	processability	of	AM	fibers,	in	this	work	we	have	

shown	that	cryo-milling	can	be	used	as	a	process	to	enhance	the	solubility	of	AM	

fibers	 into	 routine	 solvents	 like	TFA.	Both	 AM	and	BM	 fibers	were	degummed,	

chopped	into	small	pieces	and	cryomilled.	The	cryomilling	technique	resulted	in	a	

powder	with	a	typical	size	range	of	1-10	microns.	(Figure	5-7).	FTIR	spectroscopy	

and	 XRD	 analysis	 confirmed	 that	 cryo-milling	 results	 in	 an	 increase	 in	 the	

amorphous	and	random	coil	content	in	the	SF	and	reduces	the	percentage	of	beta	

sheets.	Further,	the	study	also	showed	that	TFA	is	an	effective	solvent	for	the	cryo-

milled	powder.		

The	study	also	demonstrated	that	the	cryo-milled	powder	can	be	used	to	prepare	

SF	solutions	with	concentrations	as	high	as	20wt%.	Preparation	of	AM	solutions	

in	TFA	at	high	concentrations	using	degummed	AM	fibers	has	been	a	challenge.	

Small	 amount	 of	 fiber	 is	 generally	 left	 behind	 in	 the	 solution	 as	 undissolved	
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material,	which	must	be	filtered	off	and	hence	the	exact	concentration	cannot	be	

obtained.	 Cryomilling	 of	 the	 degummed	 fiber,	 results	 in	 a	 powdered	 material,	

which	can	be	easily	dissolved	even	at	20%	concentration	within	6h.	Similar	trends	

were	also	seen	in	BM	fiber	and	powder.	The	dissolved	AM	and	BM	were	then	made	

into	scaffolds	by	electrospinning	technique.		

Electrospinning	 was	 desired	 over	 other	 techniques	 of	 scaffold	making	 since	 it	

produces	scaffolds	with	good	pore	sizes	and	pore	 interconnectivity	 suitable	 for	

cell	growth.	To	induce	the	β-	sheet	formation	after	electrospinning,	the	scaffolds	

were	treated	with	methanol	vapour.	

The	scaffolds	prepared	using	this	technique	were	first	tested	for	cytotoxicity	using	

L929	fibroblasts	cells,	as	per	the	standard	reported	protocols.	Results	from	Figure	

5-13	showed	more	than	90%	cell	viability	in	both	AM	and	BM	scaffolds.	It	has	been	

well	documented	that	the	presence	of	RGD,	a	cell	adhesive	peptide	sequence	in	AM	

could	 be	 responsible	 for	 enhanced	 cell	 attachment.11	 To	 verify	 whether	 RGD	

supported	more	cell	adhesion,	we	performed	cell	adhesion	study	by	using	MG-63	

cells	on	AM	and	BM	scaffolds	up	to	24h	by	using	standard	trypan	blue	cell	counting	

protocol.	 Higher	 cell	 attachment	 on	 the	 AM	 scaffold	 than	 BM	 (Figure	 5-14)	

confirmed	that	the	RGD	sequence	present	in	AM	plays	an	important	role	for	cell	

adhesion.	 Further	 in-vitro	 biocompatibility	 of	 AM	 and	 BM	 was	 studied	 by	

observing	hMSCs	cell	growth	in	both	normal	growth	media	and	osteogenic	media	

upto	28	days.	Cells	were	growing	in	NGM	on	both	AM	and	BM	scaffolds	throughout	

the	time	span.	On	BM	scaffolds,	cell	growth	on	7th,	14th	and	28th	days	was	consistent	

with	the	earlier	reports	and	no	significant	difference	found	between	AM	and	BM	

upto	14	days.	However,	more	cell	growth	was	observed	on	the	28th	day	in	AM	than	

BM.	 The	 cell	 growth	 pattern	 at	 different	 time	 points	 among	 AM	 and	 BM	



Chapter	5	 Development	of	mulberry	and	non-mulberry	SF	based	injectable	scaffold	

 

	

Nimisha	Parekh		 	 	 	 	 	 	 Ph.D	–	10BB17A26048	

	

	

143	

individually	are	reported	in	Figure	5-20.	These	results	are	in	a	line	with	the	earlier	

reports	that	showed	biological	behaviour	between	BM	and	AM	silk.12,38		

 

Figure	5-20	 In-vitro	hMSCs	 cell	 growth	 in	normal	growth	media	 (NGM)	and	osteogenic	
media	(OstM).	Data	are	represented	by	average	cell	viability	with	respect	to	plate	control	±	

Std.	Dev.	(n=3)	

	

As	cells	start	differentiating	 into	particular	cell	 lineage	further	cell	growth	does	

not	occur	and	this	is	observed	in	the	hMSCs	growth	data	(Figure	5-15	)	in	OstM	

where	cell	were	growing	from	day	7	to	14	but	saturation	occurred	as	they	started	

differentiation	 into	 osteogenic	 lineage	 and	 hence	 no	 further	 cell	 growth	 was	

observed	 on	 28th	 day.33,35	 This	 result	 supports	 cell	 differentiation.	 hMSCs	

differentiation	into	osteogenic	lineage	were	confirmed	by	estimating	early	(ALP),	

middle	(BMP-2)	and	late	(OCN)	stage	osteogenic	markers.	Increased	expression	of	

secreted	marker	with	 the	 timespan	 (Figure	5-16)	 confirmed	both	AM	 and	BM	

support	hMSCs	differentiation.	However,	in	all	the	markers	significant	differences	

between	AM	and	BM	were	observed	at	a	later	stage,	which	is	also	in	accordance	

with	previously	published	reports.	This	finding	also	supports	the	data	of	more	cell	

attachment	in	AM	scaffold	with	enhanced	osteogenic	differentiation	at	later	stages.	
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Significant	differences	between	AM	and	BM	were	 further	confirmed	by	calcium	

mineralization	stained	by	Alizarin	Red	S	staining	method.	On	the	28th	day,	calcium	

mineralization	 was	 visibly	 higher	 in	 AM	 than	 BM	 (Figure	 5-17),	 which	 was	

confirmed	by	calcium	quantification	(Figure	5-16d).	

Non-immunogenic	 behaviour	 of	 developed	 AM	 and	 BM	 scaffolds	 was	 also	

evaluated	 by	 studying	 in-vitro	 TNF	 alpha	 expression	 and	 confirmed	 by	 in-vivo	

implantation	 of	 both	 the	 scaffolds	 in	 rat	 calvarial	 critical	 size	 defect.	 Figure10	

showed	 in-vitro	 TNF-alpha	 expression.	 Both	 AM	 and	 BM	 scaffolds	 showed	

considerably	 lower	 expression	 than	 the	 positive	 control	 LPS	 confirming	 the	

biocompatibility	of	both	(AM	and	BM)	the	types	of	scaffolds.	

Non-mulberry	silk	has	more	hydrophilicity,	better	tensile	properties	and	presence	

of	cell	adhesive	peptide	sequence.	These	parameters	enhance	its	performance	in	

tissue	engineering	application,	which	is	thoroughly	studied	by	in-vitro	cell	culture	

data	and	 further	confirmed	by	 in-vivo	 implantation	in	rat	critical	sized	calvarial	

defect	(Figure	5-19).	In	bone	related	biomedical	application,	in-vivo	research	with	

animal	models	has	been	a	preferred	experimental	 system	and	more	specifically	

rodent	models,	have	been	extensively	used.	Among	different	types	of	defects,	the	

calvarial	defect	model	has	found	great	application	in	basic	and	applied	research	as	

this	resourceful	model	allows	biomaterials	evaluation	and	bone	tissue	engineering	

approaches	 within	 a	 non-load-bearing	 orthotopic	 site	 with	 excellent	

reproducibility.41,42	Thus,	the	calvarial	defect	model	in	a	rat	was	used	to	evaluate	

in-vivo	new	bone	formation	ability	of	newly	developed	AM	and	BM	scaffold.	Both,	

H	&	E	and	Masson’s	Trichrome	staining	data	confirm	that	BM	and	AM	both	support	

new	bone	regeneration	in-vitro	and	in-vivo.	However,	AM	does	exhibit	enhanced	

osteogenic	 potential	 as	 compared	 to	 BM	 and	 this	 data	 is	 in	 agreement	 with,	

previous	reports.9,11,19,40,43	
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5.6 Conclusions	
	
	

In	 conclusion,	 a	 unique	 protocol	 for	 AM	 fiber	 dissolution	 was	 successfully	

established	 to	 prepare	 biocompatible	 electrospun	 scaffolds.	 Detailed	

characterization	 proved	 that	 the	 cryomilling	 technique	 significantly	 decreased	

beta	 sheet	 content	 in	 the	 fiber.	 This	 reduced	 beta	 sheet	 content	 enabled	 the	

preparation	of	highly	concentrated	SF	solutions.	Also,	a	detailed	step	by	step	in-

vitro	 and	 in-vivo	 biological	 experiments	demonstrated	 successful	 application	of	

AM	and	BM	scaffolds	towards	bone	tissue	engineering.		Furthermore,	we	observed	

no	significant	in-vitro	proinflammatory	secretion	of	cytokine	TNF-á	when	exposed	

to	 AM	 and	 BM	 scaffolds.	 Thus,	 these	 properties	 position	 both	 AM	 and	 BM	

electrospun	 scaffold	as	a	 potential	platform	 for	bone	 tissue-engineering	efforts.	

However,	AM	performed	better	with	 respect	 to	BM	 in	both	 in-vitro	 and	 in-vivo	

studies.		
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6.1 Abstract	

Bone	injuries	such	as	craniofacial	 fractures	are	commonly	treated	with	 invasive	

open	surgeries.	 Ideally,	 these	 traditional	 clinical	practices	should	be	performed	

with	minimally	invasive	strategies	to	help	minimise	surgery	time,	reduce	recovery	

time	and	improve	outcomes.	The	purpose	of	this	work	was	to	engineer	injectable	

and	 biomimetic	 silk	 fibroin-based	 injectable	 cryogels	 as	 three-dimensional	

scaffolds	for	osteoregenerative	applications.	To	this	end,	bioabsorbable	mulberry	

silk	 fibroin	 (SF),	 a	 naturally	 delivered,	 biocompatible,	 and	 fibrous	protein	with	

excellent	mechanical	properties,	was	first	chemically	modified	with	methacrylated	

residues.	Next,	silk-based	cryogels	were	prepared	at	-20°C	using	methacrylated	SF	

(SFMA)	and	then	fully	characterized	to	assess	their	physicochemical	properties.	

SFMA-based	 cryogels	 exhibited	 remarkable	 physical	 properties	 as	 they	 can	

sustain	a	high	degree	of	compression	-	up	to	99%	of	their	volume.	These	cryogels	

also	exhibit	shape	memory	properties,	and	can	be	successfully	injected	through	a	

small-bore	hypodermic	needle.	 	 In-vitro	 studies	with	human	dermal	 fibroblasts	

showed	 that	 silk-based	 cryogels	 are	 cytocompatible	 and	 promoted	 cell-matrix	

interactions.	However,	cryogels	containing	RGD	or	blended	with	NMS	displayed	

more	elongated	cells	along	the	polymer	network.	Furthermore,	these	cryogels	did	

not	trigger	an	activation	of	primary	murine	bone	marrow-derived	dendritic	cells,	

suggesting	 a	 low	 risk	 of	 inflammation	 in	 the	 host,	 which	 was	 confirmed	 by	 a	

histological	analysis	of	cryogels	when	subcutaneously	injected	in	mice	for	28	days.	

Finally,	these	cryogels	also	supported	controlled	cell	differentiation,	promoted	the	

osteogenic	phenotype	in	human	mesenchymal	stem	cells,	which	is	a	critical	step	

toward	using	these	constructs	in	bone	tissue	repair	and	regeneration.		
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This	 Chapter	 begins	 with	 Section	 6.2,	 which	 describes	 a	 literature	 review	

highlighting	 the	 advantage	 of	 injectable	 biomaterials	 and	 processing	 difficulty	

with	SF	to	make	it	flexible	 for	injection.	Section	6.3	focuses	on	the	methodology	

used	to	produce	chemically	modified	SF	and	its	physico-chemical	characterization.	

Section	 6.4	 discusses	 the	 results	 followed	 by	 a	 discussion	 in	 6.5.	 Section	 6.6	

concludes	Chapter	6	and	the	references	have	been	summarized	in	Section	6.7.	

		

6.2 Literature	Review	
	

In	 the	 current	 years,	 worldwide,	 there	 have	 been	 dramatic	 lifestyle	 changes,	

increased	accidents,	trauma,	bone	fractures,	and	diseases.1–3	Although	bone	has	a	

natural	healing	property	without	scar	tissue	formation,	bone	traumas	suffer	from	

compromised	bone	healing	and	reintegration.4	Tissue	engineering	with	the	help	of	

a	 3D	 scaffold	 system	 is	 the	 modern	 therapeutic	 option	 for	 BTE	 that	 has	 also	

overcome	 the	 limitations	 like	 dual	 surgery,	 long	 surgery	 time	 and	 donor	 site	

morbidity	associated	with	the	‘autografts	–	grafting	a	bone	from	the	patient’s	own	

body	that	is	considered	as	the	‘gold	standard’	for	an	orthopaedic	surgeon.5–7		

In	bone,	non-union/long	bone	fractures	or	multisite/craniofacial	 fractures	need	

an	external	bone	void	filler.	This	biomaterial	should	not	only	provide	support,	but	

it	should	also	be	biocompatible,	osteoconductive,	osteoinductive,	biodegradable	

with	appropriate	mechanical	properties	so	that	the	biomaterial	will	be	integrated	

with	 natural	 ECM	 of	 bone	 to	 develop	 new	 bone	 tissue	 without	 generating	 the	

extended	 immunogenic	 response.8	 Various	 materials	 like	 metals,	 ceramics,	

natural/synthetic	 polymers	 and	 different	 blends	 are	 explored	 as	 either	 in	 the	

implantable	 or	 injectable	 form	 of	 biomaterial	 to	 treat	 different	 types	 of	 bone	



Chapter	6	 Development	of	mulberry	and	non-mulberry	SF	based	injectable	scaffold	

 

	

Nimisha	Parekh		 	 	 	 	 	 	 Ph.D	–	10BB17A26048	

	

	

155	

defects.9,10	 Traditional	 clinical	 practice	 can	 be	 transformed	 into	 non-invasive	

injectable	 therapeutics	 that	 helps	 to	 minimize	 surgery	 time,	 join	 hands	 in	 the	

increasing	demands	in	regenerative11	and	intellectual	medicine	toward	selected	

clinical	bone	defects.	Various	polymers	and	bioceramics	are	reported	as	injectable	

regimens	to	treat	bone	defects.12,13		

SF	 is	 one	of	 the	highly	 explored	natural	 biopolymer,	which	 is	 approved	by	 the	

United	 States	 Food	 and	Drug	Administration	 (US-FDA).14,15	 Inherent	 structural,	

mechanical	 strength	 with	 an	 osteoconductive	 property	 makes	 SF	 one	 of	 the	

foremost	biomaterial	for	BTE.16–20	Based	on	the	types	of	origin,	SF	having	unique	

structural	properties21	where	it	can	form	beta	sheets	(crystalline	structure)	from	

alpha-helical	 structure	 (random	 coil	 arrangements)	 with	 various	 chemical	

crosslinking	or	physical	treatments	that	 favour	the	development	of	a	rigid	load-

bearing	3D	scaffold	system	while	giving	the	challenge	to	formulate	a	3D	injectable	

scaffold	for	BTE.22,23	SF	based	conventional	injectable	hydrogels24	with	or	without	

crosslinking	 agents	 are	 reported	 for	 BTE	 however,	 the	 use	 of	 conventional	

hydrogels	 is	 limited	by	poor	mechanical	 performance	 that	 can	be	 enhanced	by	

blending	with	different	ceramics/polymers.25	

Cryogel	 –	 a	 class	 of	 hydrogel,	 is	 an	 advanced	 biomaterial	 with	 a	 unique	

interconnected	 porous	 3D	 architecture.26	 An	 ever-growing	 body	 of	 literature	

demonstrates	their	applicability	in	the	realm	of	tissue	engineering	as	extracellular	

matrix	analogue	scaffolds.27,28	Cryogels	are	produced	by	controlled	freezing,	which	

results	 in	 a	 highly	 interconnected	 porous	 polymer	 network.	 Cryogelation	 is	 a	

simple	 method	 that	 avoids	 utilizing	 porogens	 or	 using	 aggressive	 and	 toxic	

solvents	to	achieve	a	porous	structure.	Cryogels	are	formed	at	temperatures	below	

the	 solvent's	 freezing	point	 (e.g.,	water),	where	we	 can	 avoid	 concerns	 such	 as	
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toxicity	of	organic	 solvents.	Porogen	removal	 is	achieved	by	simply	holding	 the	

cryogel	at	temperatures	above	the	solvent	freezing	point.29		

Furthermore,	various	parameters	can	be	easily	fine-tuned	to	customize	cryogels	

for	 their	 intended	use.30	Okay	et	al.	have	developed	SF	based	cryogels	by	using	

chemical	cross-linker	to	achieve	a	higher	modulus	comparable	to	cancellous	bone.	

However,	all	these	reported	cryogels	are	stiff	and	are	implantable	cryogels.31–35	To	

date,	there	is	no	report	available	for	SF-based	injectable	cryogel	scaffolds	for	BTE	

application.	

The	 RGD	 (Arg-Gly-Asp)	 peptide	 is	 an	 integrin	 recognition	 motif	 found	 in	

fibronectin	 and	 one	 of	 the	 most	 extensively	 studied	 cell	 adhesion	 peptides	 in	

various	TE	applications.	Non-mulberry	silk	has	an	inherent	RGD	motif,	which	helps	

cell	attachment,	cell	proliferation	and	differentiation.36–38		

In	this	work,	we	engineered	for	the	first	 time	injectable	SF-based	cryogels	 from	

methacrylated	silk	fibroin	(SFMA).	These	cryogels	were	prepared	by	crosslinking	

methacrylated	 SF	 (SFMA)	 at	 subzero	 temperatures.	 To	 improve	 cell-adhesion	

properties,	 SFMA-based	 cryogels	 either	 contained	 RGD	 motif,	 an	 extensively	

studied	 cell	 adhesion	 peptide,	 or	 were	 blended	 with	 RGD-containing	 non-

mulberry	silk	 fiber	 from	Antheraea	mylitta	 (NMS).	All	developed	cryogels	were	

investigated	for	their	syringe	injectability,	shape	memory	features,	pore	size,	pore	

connectivity,	 swelling	 ratio,	 enzymatic	 degradation,	mechanical	 properties,	 and	

compressibility.	 Cryogels	 were	 also	 tested	 for	 their	 cytocompatibility	 by	 using	

human	 dermal	 fibroblasts	 (hDFs)	 and	 murine	 bone	 marrow-derived	 dendritic	

cells	(BMDCs)	and	biocompatibility	by	subcutaneous	injection	of	cryogel	in	mice	

model.	Lastly,	cryogels	were	evaluated	for	their	osteogenic	potential	by	inducing	

osteogenic	differentiation	of	human	mesenchymal	stem	cells	(hMSCs).		
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6.3 Experimental	Section	–	Materials	and	
Methods	

	

	

6.3.1 Materials	

	

Mulberry	 silk	 fibers	 were	 purchased	 from	 Central	 Sericultural	 Research	 &	

Training	Institute	(CSRTI).	Mysore	and	Antheraea	mylitta	non-mulberry	silk	fiber	

(NMS)	 were	 purchased	 from	 farmers,	 Tandipara,	 Birbhum	 Dist.,	 West	 Bengal.	

Sodium	 Bicarbonate	 (NaHCO3)	 (#1.93237.0521),	 Lithium	 bromide	 (LiBr)	

(cat#213225),	Dialysis	tube	(D9652),	Protease	XIV	(cat#P5147)	enzyme,	glycidyl	

methacrylate	 (GMA)	 (151238),	 triethylamine	 (TEA)	 (T0886)	 and	 Bone	

morphogenic	 protein-2	 (BMP-2)	 (RAB0028-1KT),	 Far-red	 fixable	 dead	 cell	

staining	 from	 ViaQuantTM,	 Genecopoeia,	 Rockville,	 MD,	 USA,	 4%	

Paraformaldehyde	 solution,	 Triton	 X,	 DAPI	were	 procured	 from	 Sigma	Aldrich.	

DMEM	 (12320-032),	 IMDM	 (cat#12440-046),	 fetal	 bovine	 serum	 (FBS)	

(cat#10082-147),	FBS	for	hMSCs	(cat#12662-011),	Alamar	blue	(cat#1987309),	

StemPro	osteogenic	differentiation	kit	(cat#	A1007201),	TNF-α	(cat#	BMS223-4),	

Osteocalcin	(OCN)	(BMS2020INST)	and	2-mercaptoethanol	from	Fisher	Scientific.	

Human	Dermal	Fibroblast	 (HDF)	and	Human	Mesenchymal	Stem	Cells	 (hMSCs)	

were	generous	gifts	from	Prof.	Dai’s	lab	at	NEU,	Boston,	USA.	Alkaline	phosphatase	

(ALP)	 (NC9885130),	 penicillin	 and	 streptomycin	 bought	 from	 Fisher	 Scientific,	

Hampton,	NH,	USA,	Alexa	Fluor	488-phalloidin	 from	Cell	Signalling	Technology,	

Danvers,	 MA,	 USA,	 C57Bl/6	mice-	 eight-week-old	 purchased	 from	 The	 Jackson	

Laboratory,	Bar	Harbor,	ME,	USA,	GM-CSF	from	Genscript,	Piscataway,	NJ,	USA.	
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6.3.2 	Synthesis	of	methacrylated	silk	fibroin	(SFMA)	

	

SF	solution	using	LiBr	was	prepared	as	per	the	earlier	reported	protocol.39	In	brief,	

B.	mori	cocoons	were	boiled	in	0.5	w/v%	of	NaHCO3	solution	for	30	minutes	each	

for	 sericin	 removal	 twice.	 SF	 fiber	 was	 washed	 thoroughly	 with	 DI	 water	 a	

minimum	of	three	times	and	was	vacuum	dried	for	48h	at	60°C.	The	fiber	was	then	

dissolved	in	9.3M	LiBr	solution	at	60°C	for	4h.	At	the	end	of	4h,	the	solution	was	

allowed	to	cool	down	at	room	temperature	(RT).	In	the	SF-LiBr	solution,	GMA	and	

TEA	were	added	(2.5g	SF	+	31g	GMA	+	15.5g	TEA)	and	stirred	at	300rpm	at	RT	to	

prepare	methacrylated	SF	(SFGMA).	At	the	end	of	the	48h	reaction	time,	a	solution	

was	dialyzed	extensively	 against	DI	water	 for	48h	by	changing	 the	water	 three	

times	in	a	day.	The	SF-GMA	solution	was	centrifuged	at	high	speed	at	the	end	of	

dialysis	for	45	minutes.	The	collected	supernatant	was	lyophilized	at	-55°C	for	4	

days	to	obtain	a	chemically	modified	SFGMA	sponge	stored	at	-80°C	till	further	use.	

Rhodamine-labelled	SFMA	was	synthesized	as	per	previous	report.30	Briefly,	SFMA	

(1g)	was	dissolved	in	a	10	mL	sodium	bicarbonate	buffer	(NaHCO3,	pH	8.5).	10	mg	

NHS-Rhodamine	 from	 ThermoFisher	 was	 subsequently	 added	 to	 the	 SFMA	

solution	 while	 stirring	 overnight	 at	 RT.	 After	 an	 overnight	 reaction,	 the	

Rhodamine-labeled	 SFMA	 was	 freeze-dried	 at	 -80°C	 overnight,	 followed	 by	

lyophilization	for	two	days.	The	final	product	was	then	stored	at	-20°C	until	further	

use.	

6.3.3 	Chemical	Characterization	of	SFMA		

	

Chemical	 functionalization	of	 silk	 fibroin	with	 a	methyl	 group	with	 a	 degree	of	

methacrylation	 was	 calculated	 using	 proton	 nuclear	 resonance	 (1H	 NMR)	

Spectroscopy.	3%	(w/v)	SFGMA	and	pure	SF	solution	were	prepared	using	D2O	as	
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a	solvent.	NMR	spectra	were	obtained	with	15	Hz	sample	spinning,	45°	tip	angle	

with	 10s	 recycle	 delay,	 for	 256	 scans	 at	 RT	 in	 Varian	 Inova-500	 MHz	 NMR	

spectrometer.	The	degree	of	methacrylation	was	calculated	as	per	 the	reported	

method	where	signals	raised	from	lysine	amino	acids	present	in	SF	are	used	for	

calculation.40	Signals	produced	in	the	range	of	6.9-7.5ppm	from	aromatic	amino	

acids	 were	 used	 to	 normalise	 the	 spectrum.	 Lysine	 peak	 at	 2.8-2.95ppm	 was	

integrated	into	pure	SF	and	SFGM	NMR	spectra.	The	degree	of	methacrylation	was	

calculated	using	equation	1:		

!"#$""	&'	(")ℎ+,$-.+)/&0 = 	21 − 56789:;78<	=>?@68	A8;B	CD	EFGHI
56789:;78<	=>?@68	A8;B	CD	JK:8	EF

L ∗ 100	Eqn.	1	

Incorporation	of	the	methyl	group	in	modified	silk	and	its	effect	on	beta-sheet	was	

further	 studied	 by	 using	 FTIR	 from	 Perkin	 Elmer	 coupled	 with	 Golden	 Gate	

Diamond	ATR	at	4	cm−1	resolution,	and	32	scans	were	recorded	in	the	 range	of	

1400	to	1800	cm−1.	The	amide	I	peak	obtained	in	 the	spectral	range	of	1580	to	

1720	 cm−1	 was	 deconvoluted	 and	 used	 to	 analyze	 fibroin	 protein's	 secondary	

structure	(beta-sheet).	Peakfit	v4.1	software	was	used	to	calculate	the	crystallinity	

index.	

Change	in	the	viscosity	after	chemical	modification	has	been	measured	by	using	

spindle	CPE-42	 in	DV-II+	Pro	viscometer	 from	Brookfield	 for	both	pure	SF	and	

SFMA.	

6.3.4 Cryomilling	of	non-mulberry	silk	fiber	(NMS)	

	

Cryomilled	A.	mylitta	SF	fibers	were	obtained	as	mentioned	in	Chapter	5,	section		

5.3.3.	
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6.3.5 	Preparation	 of	 SFMA	 and	 SFMA	 with	

NMS/MPA/APR	Cryogels	

	

Redox-induced	free	radical	polymerization	mechanism	in	aqueous	solution	at	sub-

zero	temperature	was	used	to	prepare	cryogels.	8%	(w/v)	SFGAM	solution	was	

prepared	by	using	DI	water.	Different	combination	that	includes	0.5%	(v/v),	1%	

(v/v)	NMS	and	0.5	%	(w/v)	MPA/APR	were	mixed	with	SFMA	solution	to	prepare	

cryogels	in	the	presence	of	1.12%	(w/v)	APS	and	0.56%	(w/v)	TEMED.	Precooled	

polymer	solution	was	immediately	poured	into	teflon	mould	and	transferred	to	a	

freezer	at	a	preset	sub-zero	-20°C	temperature.	Polymeric	solution	with	initiator	

system	was	allowed	to	cryo-polymerize	for	16-18h	at	-20°C.	The	resulting	cryogel	

was	thawed	at	RT	and	washed	with	deionized	water.	Different	sizes	[4mm	(l)	x	

4mm	(w)	x	1mm	(h),	8	mm	(d)	x	6	mm	(h),	17mm	(d)	x	1mm	(h)]	of	cryogels	were	

synthesized	 for	different	 types	of	 characterization	and	 to	evaluate	 its	biological	

performance.	

6.3.6 	Injectability	Test	

	

4mm	 ×	 4mm	 ×	 1mm	 cuboid-shaped	 cryogels	 from	 different	 concentrations	 of	

SFMA	 and	 SFMA	 with	 NMS/MPA	 were	 prepared	 and	 suspended	 in	 0.2mL	 of	

phosphate	 buffered	 saline	 (PBS)	 to	 test	 for	 syringe-injectability	 by	 using	 a	 16-

gauge	needle.	 In	 brief,	 cryogels	were	 positioned	on	 the	 aperture	 of	 the	needle,	

followed	by	forcing	them	through	the	needle	by	using	PBS.	The	videos	were	taken	

using	a	Pro	12MP	camera	system.	

6.3.7 	Physical	Characterization	of	Cryogels	



Chapter	6	 Development	of	mulberry	and	non-mulberry	SF	based	injectable	scaffold	

 

	

Nimisha	Parekh		 	 	 	 	 	 	 Ph.D	–	10BB17A26048	

	

	

161	

	

For	 mechanical	 properties,	 6mm	 height	 x	 8mm	 diameter	 cylindrical-shaped	

cryogels	were	 fabricated	 and	 compressed	 between	 two	parallel	 plates	 on	 a	TA	

Instruments	Electroforce	3200	universal	mechanical	testing	platform.	To	reduce	

slippage,	water-resistant	sandpaper	was	attached	to	both	platens.	To	maintain	an	

in	 vivo-like	 environment,	 the	 cyrogels	 were	 submerged	 in	 PBS.	 Ten	 successive	

cycles	 were	 recorded	 with	 a	 strain	 rate	 of	 10%	 per	 minute	 on	 each	 sample.	

Compressive	 strain	 (mm)	 and	 load	 (N)	 were	 measured	 at	 the	 8th	 cycle.	 A	

stress/strain	curve	was	developed,	and	moduli	were	calculated	by	obtaining	the	

tangent	of	the	slope	of	the	linear	region.		

The	 conventional	 gravimetric	method	was	 used	 to	 calculate	 the	 swelling	 ratio.	

Cryogels	were	 allowed	 to	swell	 in	PBS	 for	 24h	 followed	by	recording	 their	wet	

weight.	These	cryogels	were	then	washed	with	DI	water,	freeze-dried	and	used	to	

record	 the	 dry	 weight.	 The	 swelling	 ratio	 (QM)	 was	 calculated	 by	 dividing	 the	

weight	of	fully	swollen	cryogel	by	the	weight	of	freeze-dried	cryogel.	

Pore	interconnectivity	of	cryogels	was	obtained	by	cryogel	immersion	in	PBS	for	

24h	 to	 record	wet	weight.	A	 kimwipe	was	 gently	 applied	on	 the	 surface	 of	 the	

cryogel	to	remove	the	free	water	and	record	its	partially	dehydrated	weight.	The	

degree	 of	 pore	 interconnectivity	was	 calculated	 based	 on	 the	 amount	 of	water	

wicked	away	divided	by	the	initial	total	amount	of	water.		

For	scanning	electron	microscopy	(SEM),	freeze-dried	cryogels	(dimensions:	4mm	

×	4mm	×	1mm)	were	prepared	and	mounted	on	the	sample	holder	using	carbon	

tape	 followed	 by	 sputter-coating	with	 platinum/palladium.	 Cryogels	were	 then	

imaged	using	secondary	electron	detection	on	a	Hitachi	S-4800	scanning	electron	

microscope	 (Hitachi	 High-Technology	 Corporation,	 Tokyo,	 Japan).	 In-vitro	

bioerosion	 study	 in	 the	proteolytic	 environment	was	 conducted	using	protease	

XIV	 enzyme.	 Developed	 cryogels	 were	 incubated	 in	 the	 enzymatic	 solution	
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(1Unit/mL)	 at	 37°C	 for	 14	days	with	 time	points	 of	 day	7	 and	day	14.	 Freshly	

prepared	enzyme	solutions	were	filter-sterilised	and	replenished	after	every	48h.	

On	day	7	and	14,	cryogels	were	washed	with	PBS,	freeze-dried,	and	weighed.		

6.3.8 	In-vitro	cell	adhesion	efficiency		

Human	Dermal	 Fibroblasts	 (HDF)	were	 cultured	 in	Dulbecco’s	Modified	Eagles	

Medium	(DMEM)	supplemented	with	10%	(v/v)	Fetal	Bovine	Serum	(FBS),	100	

μg/mL	 penicillin	 and	 100	 μg/mL	 streptomycin	 at	 standard	 culture	 condition	

(37°C,	5%	CO2).	For	sterilization,	4mm	×	4mm	×	1mm	cryogels	were	treated	with	

70%	ethanol	 for	 15	min,	 followed	by	washing	with	 sterile	water	 several	 times.	

Before	 seeding,	 cryogels	 were	 mechanically	 compressed	 on	 sterile	 gauze	 to	

remove	water	under	sterile	conditions.	20ìl	of	cell	suspension	containing	2	×	105	

cells	in	a	complete	culture	medium	were	dropwise	added	on	top	of	each	cuboid-

shaped	cryogel	and	incubated	for	2h.	The	cell-loaded	cryogels	were	supplemented	

with	1mL	of	fresh	media	and	incubated	at	37°C,	5%	CO2	atmosphere.	At	the	end	of	

24h,	cryogels	were	transferred	into	another	plate	and	an	Alamar	blue	assay	was	

performed	as	mentioned	in	section		5.3.11.	Simultaneously,	a	calibration	curve	was	

prepared	by	using	a	known	number	of	HDF	cells	by	Alamar	blue	assay	at	the	end	

of	24h.	

	

6.3.9 	In-vitro	cell	viability	and	cytoskeleton	staining		

	

HDF	cells	are	cultured	and	loaded	on	cryogel	as	mentioned	in	above	Section	6.3.8.	

The	 cell-loaded	 cryogels	 were	 supplemented	 with	 1mL	 of	 fresh	 media	 and	

incubated	at	37°C,	5%	CO2	atmosphere.	Cell	viability	was	determined	via	a	fixable	

dead	cell	assay	for	day	1	and	3.	At	each	time	point,	cells	loaded	on	cryogels	were	
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treated	 with	 a	 far-red	 fixable	 dead	 cell	 staining	 according	 to	 manufacturer’s	

instructions,	followed	by	fixation	with	4%	paraformaldehyde	solution	for	15	min	

at	 RT	 and	 washed	 with	 PBS	 three	 times.	 Before	 microscopy,	 cells	 were	

permeabilized	with	PBS	supplemented	with	0.1%	(v/v)	Triton	X-100	for	5	min,	

then	 stained	 with	 DAPI	 and	 Alexa	 Fluor	 488-phalloidin	 according	 to	

manufacturer’s	 protocols.	 Confocal	 microscopy	 images	 were	 acquired	 using	 a	

Leica	TCS	SP5	X	WLL	Confocal	Microscope	(Buffalo	Grove,	IL,	USA)	and	analyzed	

using	ImageJ	software	(Version	1.52e,	Bethesda,	MD,	USA).	For	each	cryogel,	five	

representative	 sections	 were	 analyzed.	 As	 mentioned	 above,	 cell	 viability	 was	

analyzed	with	a	direct	contact	method	where	HDF	cells	were	seeded	on	cryogels.	

On	desired	time	points	(Day	1	and	3),	10%	(v/v)	Alamar	blue	solution	was	added	

and	 incubated	 for	 6h	 at	 37°C,	 5%	 CO2	 atmosphere.	 	 At	 the	 end	 of	 incubation,	

fluorescence	 was	 measured	 at	 590nm.	 Relative	 percent	 cell	 viability	 was	

calculated	by	using	plate	control.	

	

6.3.10 hMSCs	 proliferation	 assay	 and	 cytoskeleton	

staining	

	

In-vitro	hMSCs	proliferation	was	performed	using	Alamar	blue	dye-based	assay	on	

day	7,	 14	 and	28	 in	 growth	media	 (IMDM	+	10%	hMSCs	FBS).	 Ethanol-treated	

cryogels	were	placed	in	a	24	well	flat-bottomed	tissue	culture	plate.	hMSCs	at	a	

density	of	5	x	104	cells	per	cryogel	in	20µl	of	growth	media.	The	cells	were	allowed	

to	settle	for	2h	at	37°C,	5%	CO2	atmosphere.	Additional	500µl	media	was	added	to	

the	 tissue	 culture	 plate	 and	 incubated	 for	 28	 days.	 Fresh	 growth	 media	 was	

replenished	 after	 every	 48h.	 At	 the	 desired	 time	 points,	 growth	 media	 was	

replaced	with	a	10%	Alamar	blue	solution	and	incubated	for	6h	at	37°C	with	5%	
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CO2.	 At	 the	 end	 of	 incubation,	 fluorescence	 was	 measured	 at	 590	 nm	 and	 the	

increase	in	emission	was	recorded	to	calculate	the	cell	proliferation	function.	

	

6.3.11 hMSCs	differentiation	into	osteogenic	lineage	
Ability	of	cryogel	to	support	osteogenesis	was	evaluated	by	using	hMSCs.	Ethanol	

(70%	v/v)	sterilized	cryogels	were	kept	in	a	24	well	flat-bottomed	tissue	culture	

treated	plate.	hMSCs	at	the	density	of	5	x	104	cells	per	cryogel	were	seeded	in	20µl	

of	 growth	 media.	 The	 cells	 were	 allowed	 to	 settle	 for	 2h	 at	 37°C,	 5%	 CO2	

atmosphere.	An	additional	500µL	media	was	added	to	the	tissue	culture	plate,	then	

incubated	at	37°C	for	24h	in	a	5%	CO2	atmosphere.	The	next	day,	growth	media	

was	 removed,	 and	 the	 osteogenic	 differentiation	 media	 was	 added.	 Fresh	

osteogenic	media	was	replenished	after	every	48h.	Spent	media	was	collected	at	

each	 time	 point	 and	 stored	 at	 -80°C	 for	 marker	 analysis.	 Expression	 levels	 of	

alkaline	 phosphatase	 (ALP),	 bone	 morphogenic	 protein	 (BMP-2),	 osteocalcin	

(OCN)	and	calcium	deposition	were	measured	to	evaluate	the	osteogenic	potential	

of	developed	cryogels.	

ALP	enzyme	activity	is	measured	by	colorimetric	assay,	while	expression	level	of	

both	BMP-2	and	OCN	were	analyzed	using	ELISA	as	per	the	protocol	provided	by	

the	manufacturer	 by	using	 spent	media	 as	 a	 sample.	 The	 individual	 calibration	

curve	 for	 each	marker	was	developed,	 and	 expression	of	ALP,	BMP-2	 and	OCN	

were	 obtained.	 In	 the	 same	 samples,	 total	 protein	 was	 also	 measured	 using	

nanodrop,	which	was	used	to	normalize	the	determined	individual	concentration	

of	osteogenic	markers.	At	the	end	of	day	28,	calcium	deposition	was	measured	by	

using	Alizarin	Red	S	staining.	Cryogels	were	fixed	with	4%	paraformaldehyde	at	

room	temperature	(RT)	for	10	minutes	followed	by	PBS	washing,	and	then	stained	

with	2%	Alizarin	Red	S	solution	for	20	minutes.	After	staining,	the	scaffolds	were	
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washed	 thoroughly	 with	 deionized	 water	 (DI).	 The	 deposited	 calcium	 was	

observed	under	an	optical	microscope	(Carl	Zeiss).	Further,	the	deposited	calcium	

was	 extracted	 using	 0.5	mL	 of	 10%	 acetic	 acid	 for	 30	minutes	 at	 RT	 and	 then	

incubated	at	85°C	for	10	minutes.	The	solution	was	centrifuged	at	14000	rpm	for	

15	minutes,	and	then	the	supernatant	was	collected	to	measure	its	absorbance	at	

405	nm.	

	

6.3.12 Generation	of	BMDCs	and	in	vitro	dendritic	cell	

(DC)	activation	assay	

	

Eight-week-old	female	C57BL/6J	mice	were	housed	according	to	NIH	guidelines.	

All	animal	experiments	were	performed	by	NIH	recommendations	and	approved	

by	the	DLAM	ethics	committee	at	Northeastern	University.	BMDCs	were	extracted	

from	 C57BL/6	 tibia	 and	 femur	 bone	 marrow	 as	 previously	 described41	 and	

cultured	for	8-10	days	in	RPMI	1640	media	supplemented	with	10%	(v/v)	heat-

inactivated	 FBS,	 100U/mL	 penicillin,	 100μg/mL	 streptomycin,	 50μM	 2-

mercaptoethanol	and	20ng/mL	murine	GMCSF.	To	evaluate	DC	activation,	BMDCs	

were	cultured	with	SFMA,	RGD-containing	SFMA,	SFMA	+	0.5%NMS,	SFMA	+	1%	

NMS	cryogels	(dimensions:	4mm	×	4mm	×	1mm)	in	complete	culture	medium	for	

one	day.	Cells	treated	with	LPS	(200ng/mL)	were	used	as	positive	control	whereas	

cells	 with	 media	 alone	 were	 used	 as	 negative	 control.	 BMDC	 activation	 was	

evaluated	 by	 flow	 cytometry	 (Attune	 NxT	 Flow	 Cytometer,	 ThermoFisher	

Scientific,	 Waltham,	 MA,	 USA)	 using	 the	 following	 fluorescent	 antibodies	

(ThermoFisher	Scientific,	Waltham,	MA,	USA		and	Biolegend,	San	Diego,	CA,	USA):	

eBioscience™	 Fixable	 Viability	 Dye	 eFluor™	 506,	 anti-mouse	 CD11c	 (N418,	
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hamster	IgG,	APC),	anti-mouse	MHC	II	(M5/114.15.2,	Rat	IgG2b,	APC-Cy7),	anti-

mouse	CD86	(GL1,	rat	IgG2a,	BV421),	and	anti-mouse	CD317	(927,	rat	IgG2b	PE).		

	

6.3.13 In-vivo	biocompatibility	assessment	
	

Cuboid	shaped	SFGMA,	SFGMA+1%NMS	and	SFGMA+RGD	cryogels	(4mm	×	4mm,	

×	1mm)	were	fabricated	using	free-radical	polymerization.	Next,	the	cryogels	were	

sterilized	in	70%	ethanol	for	15	minutes	and	washed	twice	with	sterile	PBS.	Sterile	

cryogels	 were	 suspended	 in	 sterile	 PBS	 (0.2mL)	 followed	 by	 syringe-injection	

through	 16-gauge	 hypodermic	 needle	 in	 both	 dorsal	 flanks	 of	 eight-week-	 old	

female	C57BL/6J	mice	(n=3;	The	Jackson	Laboratory,	Bar	Harbor,	ME,	USA).	After	

3	days	and	28	days,	mice	were	euthanized,	and	cryogels	were	explanted	with	the	

surrounding	tissue.	Explanted	cryogels	were	fixed	in	4%	paraformaldehyde	(PFA),	

embedded	in	paraffin,	to	obtain	a	section	of	5μm	thickness.	The	slices	were	stained	

using	haematoxylin	and	eosin	(H&E)	and	Masson’s	trichrome	(MT)	for	histological	

analysis.		

	

6.3.14 Statistical	analysis	
	

In	the	present	study,	all	data	are	presented	as	mean	±	standard	deviation	(SD).	

One-way	and	two-way	analysis	of	variance	(ANOVA)	with	Tukey's	post-hoc	test	

was	performed	using	the	Past	three	software	and	GraphPad	to	analyze	significant	

differences	 among	 and	 within	 the	 groups.	 A	 value	 of	 p<0.05	 was	 considered	

statistically	significant.		
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6.4 Results	
	

	

6.4.1 	Synthesis	and	characterization	of	SFMA	

	

SF	is	known	to	have	intermediate	hydrophilicity	and	as	a	prerequisite	for	cryogel	

formation,	SF	was	chemically	modified	with	a	methacrylation	reaction	using	GMA.	

As	per	Figure	6-1A,	SF	was	degummed,	dissolved	in	LiBr	and	modified	with	GMA	

in	 the	 presence	 of	 TEA.	 GMA	 reaction	 majorly	 involved	 ring-opening	

polymerization	 reaction.	 Specifically,	 SF	 can	 be	 modified	 with	 GMA	 that	

incorporate	methacryloyl	as	a	functional	group.	Possible	SF	sites	for	methacryloyl	

modification	include	amine	(mainly	a	side	group	of	a	lysine	residue),	hydroxyl,	and	

carboxyl	groups	(Figure	6-1B).	
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Figure	6-1	Schematic	for	the	fabrication	of	SFMA	A)	fabrication	of	chemically	modified	SF	
with	GMA;	a.	degumming	of	SF	b.	Washing	of	degummed	SF	fibers	DI	water;	c.	Dissolution	

of	SF	 into	9.3M	Lithium	Bromide	solution;	d.	 	Addition	of	GMA	and	TEA;	e.	Dialysis	with	

Dialysis	 with	 DI	 water;	 f.	 lyophilization;	 g.	 lyophilized	 SFMA.	 B)	 Incorporation	 of	 functional	

methacrylate	groups	into	SF	by	epoxide	ring-opening	polymerization	reaction	and	a	possible	site	for	

the	modification	includes	-NH2,	-OH	and	-COOH.42	

	

1H	NMR	 technique	was	 used	 to	 confirm	 the	methacrylation	 of	 SF.	 Detection	 of	

signature	peaks	of	the	methacrylate	vinyl	group	at	δ	=	6.2−5.6	ppm	and	the	methyl	

group	of	GMA	at	δ	=	1.8	ppm	in	SFMA	confirms	incorporation	of	the	methyl	group	

in	SF.	Peaks	in	δ	=	6.2−5.6	ppm	were	increasing	with	a	two	days	reaction	(SFMA-2	

in	Figure	6-2A)	as	compared	to	the	one-day	reaction	of	SF	with	GMA	(SFMA-1	in	

Figure	6-2A).	The	decrease	of	the	lysine	methylene	signal	in	SFMA	at	δ	=	2.9	ppm	

indicated	modification	of	the	lysine	residues	in	SF	resulting	in	methacrylation	of	

14%	in	SFMA-2	and	10%	in	SFMA-1.	Additionally,	hydrogen	neighbouring	the	C–

N	 bond	 resulting	 in	 peaks	 at	 δ=3.2–3.6	 in	 SFMA	 confirms	 successful	 chemical	

modification	 of	 SF.	 Upon	 cryogelation,	 the	 methylene	 peaks	 disappeared,	

suggesting	 total	 consumption	 of	 the	 reactive	 pendant	 methacrylate	 groups	 in	

methacrylated	SF	as	shown	in	Figure	6-2B.	
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Fourier-transform	infrared	spectroscopy	(FTIR)	was	used	to	further	confirm	the	

modification	of	SF	with	GMA	through	the	presence	of	GMA	and	SF	related	peaks	in	

FTIR	 spectra	 depicted	 in	 Figure	 6-2C.	 Both	 pure	 SF	 and	 SFMA	 spectra	 show	

signature	peaks	 for	Amide	 I	 (1648),	Amide	 II	 (1527)	 and	Amide	 III	 (1249).	An	

alcohol	 group	 stretching	 is	 observed	 at	 1238cm−1	 and	 can	 be	 attributed	 to	 the	

opening	of	the	GMA	epoxy	group.	Other	small	confirmatory	changes	were	detected	

at	951	and	1165cm−1	representing	the	GMA	reaction	with	SF.	The	C=O	stretch	of	

the	 Amide	 I	 peak	 in	 region	 1700	 -	 1600cm−1	was	 deconvoluted	 to	 confirm	 the	

protein	 conformation	 in	 methacrylated	 SF.	 Figure	 6-2D	 shows	 a	 significant	

decrease	in	β-sheet	content	in	SFMA	compared	to	pure	SF,	further	supporting	the	

incorporation	of	methyl	groups	in	SF	upon	GMA	reaction.	Viscosity	of	 the	SFMA	

and	pure	SF	was	plotted	in	Figure	6-2E	and	significantly	decreased	viscosity	was	

obtained	with	SFMA.	This	data	 is	 in	 alignment	with	 the	reduction	 in	beta	sheet	

content	observed	in	FTIR	spectra	for	the	SFMA	sample.	Reduced	intermolecular	

beta	sheets	are	known	to	contribute	to	reduction	in	viscosity	due	to	decrease	in	

intermolecular	 physical	 cross-links.	 The	 SFMA	 solution	 and	 SF	 solutions	 were	

used	for	further	experimentation	top	form	cryogels.		
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Figure	6-2	Chemical	characterization	of	SFMA	by	1H	NMR	and	FTIR:	A)	1H	NMR	spectra	of	
pure	SF	and	SFMA	in	D2O,	1d	reaction	between	GMA	and	SF	is	indicated	by	SFMA	1	while	2d	

reaction	by	SFMA	2.	B)	1H	NMR	spectra	of	SFMA	before	and	after	cryogelation.	C)	FTIR	

spectra	of	pure	SF,	SFMA.	D)	Beta	sheet	percentage	in	pure	SF	and	SFMA	and	E)	Viscosity	

measurement	of	pure	SF	and	SFMA.	

	

6.4.2 	Preparation	of	SFMA-based	Cryogels	

	

All	 cryogels	were	 fabricated	at	 -20°C	by	using	an	 initiator	system.	During	cryo-

polymerization,	polymer	solutions	were	surrounded	by	ice	crystals	resulting	from	

most	 of	 the	 water	 content	 in	 the	 polymer	 solution	 (Figure	 6.3).	 The	 principle	

behind	 the	 cryogel	 formation	 is	 free	 radical	 cryo-polymerization	 for	 16-18h	

resulting	 in	 interconnected	porous	cryogel	 structure	after	thawing	at	RT.	These	

cryogels	were	washed	and	annealed	with	70%	ethanol	for	15	min.	The	resulting	

3D	cryogels	are	syringe	injectable	by	using	a	16-gauge	needle.	Injectability	videos	

for	SFMA,	SFMA+0.5%	NMS,	SFMA+1%	NMS	and	SFMA+0.5%	MPA	are	available	

as	video	4,	5,	6	respectively	in	the	link	given	here.		
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Figure	6-3	Procedure	for	the	fabrication	of	SFMA.	Injectable	SFMA	cryogel	by	using	TEMED	
and	APS	as	an	initiator	system	at	-20°C	for	16-18h	

	

6.4.3 Physical	 Characterization	 of	 SFMA-based	

Cryogels	

Mechanical	 properties	 of	 developed	 cryogels	were	 tested	 and	 the	 compression	

modulus	of	the	cryogels	were	then	calculated.	Ten	successive	compression	cycles	

were	performed	on	 each	 cryogel	 (n=5),	 and	modulus	was	 calculated	on	 the	8th	

cycle	(Figure	6-4).	Compression	modulus	of	the	SFMA	cryogel	is	5.4kPa.	Addition	

of	 1%	 NMS	 (SFMA+1%	 NMS)	 resulted	 in	 a	 statistically	 significant	 increase	 in	

compression	modulus	to	6.4kPa.	However,	the	addition	of	MPA	slightly	decreased	

the	 modulus	 to	 4.7kPa.	 There	 is	 no	 significant	 modulus	 difference	 observed	

between	SFMA	and	SFMA+0.5%	NMS	(modulus	5.5kPa).	Thus,	the	overall	modulus	

of	SFMA	cryogels	falls	within	5-7kPa.		

The	cryogels	were	also	found	to	exhibit	excellent	shape	memory	properties.	

The	cryogels	 could	be	completely	compressed	 to	>99%	strain	 and	also	showed	
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excellent	recovery	after	removal	of	compressive	load.	This	recovery	of	the	cryogels	

has	been	 shown	 in	 Figure	B,	 C,	D	E.	Although	 the	 cryogels	 exhibit	 a	 hysteresis	

between	 loading	 and	 unloading	 cycle,	 no	 significant	 change	 in	 loading	 and	

unloading	 cycle	 was	 observed	 for	 10	 different	 cycles.	 This	 excellent	 elastic	

recovery	of	cryogel	was	further	studied	for	100	cycles.	In	the	video	attached	here,	

it	can	be	observed	that	SFMA	is	compressed	for	more	than	100	cycles	without	any	

visible	mechanical	damages,	depicting	the	superior	physical	properties	of	SFMA-

based	cryogels	for	injectable	BTE	applications.		
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Figure	 6-4	 Mechanical	 characterization	 of	 SFMA-based	 cryogels:	 A)	 Comparative	
compression	 modulus	 of	 SFMA	 Cryogels.	 B)	 10	 compressive	 cycles	 of	 SFMA.	 C)	 10	

compressive	cycles	of	SFMA	+	0.5%	NMS.	D)	10	compressive	cycles	of	SFMA	+	1%	NMS.	E)	

10	compressive	cycles	of	SFMA	+	0.5%	MPA.	Values	represent	mean	and	SD	(n	=	5).	Data	were	

analysed	using	two-way	analysis	of	variance	(ANOVA)	(*	p	<	0.05)		

	

Cryogels,	 which	 were	 developed	 from	 rhodamine	 labelled	 SF,	 were	 used	 to	

visualise	the	polymer	wall	structure	visible	in	Figure	6-5A.	Average	pore	size	of	

cryogels	were	in	the	range	of	45	–	55μm	and	is	shown	in	Figure	6-5B.	Higher	pore	

size	was	observed	in	SFMA	with	0.5%	MPA	cryogel.	All	cryogels	showed	~70%	

well-interconnected	porosity	(Figure	6-5C).	As	shown	in	Figure	6-5D,	the	highest	

swelling	ratio	(QM	21-22)	was	observed	with	SFMA	and	SFMA+0.5%	MPA,	which	

showed	a	slight	decrease	after	addition	of	NMS.		
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Figure	6-5	Physical	characterization	of	SFMA	cryogels:	A)	Cryogel	polymer	wall	staining	
B)	 Average	 pore	 size	 C)	 Pore	 interconnectivity	 D)	 Swelling	 Ratio	 E)	 in-vitro	 enzymatic	

degradation	of	cryogels.	Values	represent	mean	and	SD	(n	=	5).	Data	were	analysed	using	

one-way/two-way	analysis	of	variance	(ANOVA)	(*	p	<	0.05)	

	

The	blending	of	NMS/MPA	also	affects	the	in-vitro	degradation	profile	(Figure	6-

5E).	Enhanced	weight	 loss	(~80%)	was	observed	at	day	14	with	SFMA	cryogel.	

Microfiber	of	non-mulberry	silk	has	higher	alanine	content	that	provides	a	more	

crystalline	 structure	 that	 helps	 in	 delayed	 degradation	 of	 SFMA.	 The	 slowest	
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weight	loss	was	observed	with	SFMA+0.5%	MPA,	which	would	be	contributed	by	

PEG	polymer’s	physical	and	chemical	properties.	

	

6.4.4 	In-vitro	cell	adhesion	efficiency		

Cell	adhesive	efficiency	of	cryogels	were	tested	by	Alamar	blue	assay	and	results	

are	depicted	 in	 the	Figure	6-6.	More	 than	70%	cells	were	able	 to	adhere	 to	all	

cryogels.	Also,	significantly	higher	number	of	cells	were	found	to	be	attached	to	

SFMA	containing	1%	NMS	and	0.5%	APR.	

 

Figure	6-6	Cell	seeding	efficiency	of	cryogels:	HDF	cells	adhere	to	cryogels	after	24h.	Values	
represent	mean	and	SD	(n	=	5).	Data	were	analyzed	using	one-way/two-way	analysis	 of	

variance	(ANOVA)	(*	p	<	0.05)	

	

6.4.5 	In-vitro	 HDF	 cell	 viability	 and	 cytoskeleton	

staining	

Cell	viability	is	a	prerequisite	for	TE	application,	and	therefore,	HDF	cell	viability	

was	evaluated	using	Alamar	blue	assay.	HDF	cells	were	seeded	on	 the	cryogels,	

and	the	fraction	of	viable	cells	were	assessed	on	day	1	and	3.		Figure	6-7A	shows	
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~80%	cell	viability	for	all	cryogels	and	hence	confirms	the	non-cytotoxic	behaviour	

of	 all	 the	 developed	 cryogels.	 Figure	 6-7B	 suggests	 that	 cells	 are	 growing	

homogenously	across	all	SFMA-based	cryogels	 from	day	1	 to	3.	However,	more	

cells	in	elongated	morphology	are	observed	in	NMS-	and	RGD-containing	SFMA-

based	 cryogels.	 This	 result	 agrees	 with	 previous	 reports,	 where	 intrinsic	 RGD	

sequence	within	 non-mulberry	 silk	 has	 shown	 to	 promote	 cell	 attachment	 and	

proliferation.	

	

 

Figure	6-7	(A)	Viability	of	HDFn	on	the	cryogels	after	day	1	and	3	incubation	period.	B)	
Confocal	 images	 of	 HDFn	 cells	 cultured	 on	 cryogels.	 The	 polymer	 walls	 of	 cryogels	 are	



Chapter	6	 Development	of	mulberry	and	non-mulberry	SF	based	injectable	scaffold	

 

	

Nimisha	Parekh		 	 	 	 	 	 	 Ph.D	–	10BB17A26048	

	

	

179	

labelled	with	Rhodamine	(red),	cell	nuclei	with	DAPI	(blue),	dead	cells	with	far-	red	fixable	

dead	cell	staining	(yellow),	and	cytoskeleton	with	Alexa	Fluor	488-phalloidin	(green).	All	

cryogels	were	fabricated	at	-20	◦C	and	values	represent	mean	and	SD	(n	=	5).	

	

6.4.6 	hMSCs	 proliferation	 assay	 and	 cytoskeleton	

staining	

hMSCs	 proliferation	was	 analyzed	 using	 an	 Alamar	 blue	 assay.	 The	 cells	 were	

seeded	on	cryogels	and	the	cell	growth	was	assessed	on	day	7,	14	and	28.	From	

the	results,	no	significant	difference	was	observed	between	the	group	of	cryogels	

on	7d.	
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Figure	 6-8	 In-vitro	 hMSCs	 human	 mesenchymal	 stem	 cells	 grown	 in	 complete	 growth	
media:	 (A)	 Alamar	 blue	 assay	 at	 day	 7,	 14	 and	 28	 on	 cryogels	 seeded	 with	 hMSCs.	 B)	

Confocal	images	of	actin	cytoskeleton	-	stained	with	Alexa	Fluor	488-phalloidin	(green).	C)	

SFMA+1%	NMS	cryogel	was	artificially	coloured	in	red	while	actin	filaments	appeared	in	

green.	

	

Cells	 grew	 in	 all	 cryogels	 with	 time	 and	 on	 day	 28th,	 a	 statistically	 significant	

number	of	cells	were	observed	in	SFMA	cryogels	containing	NMS/APR	than	the	

SFMA	 cryogel.	 These	 results	 suggest	 that	 the	 cell	 attachment	 and	 proliferation	

ability	of	silk	can	be	 improved	by	providing	cell	anchoring	moieties	such	as	the	

RGD	motif.	

F-actin	cytoskeleton	staining	further	provides	insight,	visualized	with	Alexa	Fluor	

488	phalloidin,	and	fluorescence	images	were	captured	at	day	28	(Figure	6-8B).	

Well	expanded	cells	are	seen	on	 all	 types	 of	 cryogel.	However,	more	cells	were	

observed	with	SFMA	cryogels	containing	NMS/APR	than	the	only	SFMA	cryogel.	

Interestingly,	we	also	observed	that	cells	form	a	network	along	with	the	polymer	

wall	direction	in	SFMA	cryogels.	This	network	can	be	visualized	in	Figure	6-8B	

Also	in	some	cases	it	was	found	that	cells	formed	a	bridge	in	SFMA+NMS	cryogels,	

wherever	NMS	fibre	groups	were	present,	which	is	depicted	in	Figure	6-8C.	

	

6.4.7 	hMSCs	differentiation	into	osteogenic	lineage	
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Cryogels’	potential	to	differentiate	hMSCs	into	osteogenic	lineage	was	monitored	

by	measuring	osteogenic	markers	from	early	to	late	stage	of	cell	differentiation.	As	

hMSCs	start	to	become	osteogenic	 lineage,	up-regulation	of	genes	results	 in	the	

expression	of	specific	markers.	In	the	present	study,	the	spent	media	from	in-vitro	

cell	culture	experiments	was	collected	at	different	time	points	and	analyzed	for	the	

presence	of	specific	osteogenic	markers.	An	early-to-mid	stage	osteogenic	marker	

alkaline	phosphatase	(ALP)	was	normalized	with	the	total	protein	content	of	the	

cells	 and	 presented	 in	 Figure	 6-8A.	 It	 was	 observed	 that	 the	 ALP	 secretion	

significantly	increased	in	all	cryogels	as	the	experiment	progressed	over	time	(7th-

28th	 day).	 ALP	 activity	 observed	 in	 SFMA	 and	 SFMA+0.5%	NMS	 cryogels	 were	

similar	while	SFMA+1%	NMS	and	SFMA+APR	potential	to	differentiate	hMSCs	to	

osteoblasts	were	 identical;	 however,	 it	was	 significantly	 higher	 than	 SFMA	and	

SFMA+0.5%NMS	 cryogels.	 Therefore,	 enhanced	 osteogenic	 potential	 can	 be	

achieved	with	1%NMS/0.5%	APR	incorporation	in	SFMA	cryogels.		

Figure	 6-8B	 depicts	 the	 expression	 of	 OCN,	 a	 late	 marker	 of	 the	 osteogenic	

differentiation	process.	In	contrast,	Figure	6-8C	depict	the	expression	of	the	BMP2	

marker.	 This	 crucial	 factor	 plays	 a	 vital	 role	 throughout	 the	 new	 bone	

development	process	and	is	also	responsible	for	the	directional	differentiation	of	

hMSCs.	A	similar	trend	to	the	ALP	result	was	also	observed	for	both	OCN	and	BMP-

2;	 significantly	 enhanced	 expression	 of	 OCN	 and	 BMP-2	 were	 observed	 with	

1%NMS/0.5%	APR	 incorporated	 SFMA	 than	 the	 only	 SFMA	or	with	 0.5%	NMS	

cryogels.	

The	development	of	new	bone	tissue	is	reflected	in	forming	a	mineralized	matrix.	

Alizarin	 red	 S	 staining	 represented	 the	 calcium	 deposition	 (Figure	 6-8E).	 The	

Alizarin	stained	calcium	deposition	was	extracted	using	acetic	acid,	and	the	data	

is	presented	in	Figure	6-8D.	More	calcium	deposition	was	observed	with	SFMA	

cryogels	with	1%NMS/0.5%	APR	than	the	only	SFMA	or	0.5%	NMS	cryogels.	
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Figure	6-9	Osteogenic	potential	by	estimating	expression	of	alkaline	phosphatase	(ALP)	
activity,	 Osteocalcin	 levels	 (OCN),	 bone	 morphogenic	 protein-2	 (BMP-2)	 and	 Calcium	

extraction:	A)	ALP	activity	was	normalized	with	the	total	protein	loaded	and	expressed	as	

Units/mg/mL	of	protein	B)	Expression	of	 osteocalcin	estimated	by	ELISA.	OCN	level	was	

normalized	with	the	total	protein	loaded	and	expressed	as	ng/mg/mL	of	protein	C)	BMP-2	

expression	was	estimated	using	ELISA.	BMP-2	activity	was	normalized	with	the	total	protein	

loaded	 and	 expressed	 as	 pg/mg/mL	 of	 protein	 D)	 Quantification	 of	 calcium	 deposition:	

calcium	deposition	by	alizarin	red	S	 staining,	which	was	extracted	at	 the	end	of	28	day.	

Values	represent	mean,	and	SD	(n	=	5),	and	data	were	analyzed	using	ANOVA	(*	p	<	0.05).	

	

6.4.8 	In-vitro	 bone	 marrow-derived	 dendritic	 cells	

(BMDCs)	activation	assay	

BMDCs	play	a	critical	role	in	priming	adaptive	immune	responses.	They	are	known	

to	 secrete	 various	 proinflammatory	 cytokines	 upon	 maturation	 and	 present	

different	 activation	 markers	 as	 a	 function	 of	 immune	 responses.	 BMDCs	 were	

analyzed	 to	 evaluate	 the	 immunogenicity	 of	 the	 developed	 SFMA,	

SFMA+0.5%NMS,	SFMA+1%NMS	and	SFMA+0.5%	APR	cryogels	in-vitro.	
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After	 a	 24h	 culture	 with	 the	 cryogels,	 the	 fraction	 of	 activated	 CD11c+CD86+	

CD11c+CD317+	and	CD11c+MHCII+	BMDCs	were	detected	by	immunostaining	in	

conjunction	with	flow	cytometry.	This	assay	includes	the	negative	control	(media	

alone)	and	positive	control	(LPS)	along	with	cryogels	(Figure	6-9).	From	the	data,	

it	has	been	proved	that	all	the	developed	formulations	of	SFMA	cryogels	did	not	

activate	BMDCs	 in-vitro	but	downregulated	CD86	expression.	All	 the	developed	

formulations	of	SFMA	cryogels	seem	to	have	an	anti-inflammatory	effect	on	LPS	

treated	 BMDCs	 as	 observed	 by	 downregulation	 of	 activation	 markers	 such	 as	

CD80,	CD86,	and	CD317.	However,	the	addition	of	NMS	and	APR	seems	to	slightly	

increase	the	downregulation	of	activation	markers	compared	to	SFMA	gels	alone,	

thereby	demonstrating	a	more	pronounced	anti-inflammatory	activity.	

	

6.4.9 	In-vivo	biocompatibility	assessment	

Finally,	 the	 immunological	 response	 of	 the	 SFMA	 and	 its	 combination	 cryogels	

were	 examined	 in	 a	mouse	model.	 SFMA,	 SFMA+1%NMS	and	 SFMA+0.5%	APR	

cryogels	were	subcutaneously	injected	into	the	backs	of	C57BL/6	mice.	Further,	

the	 cryogels	 were	 explanted	 on	 day	 3	 and	 28	 subsequently	 stained	 with	

hematoxylin	and	eosin	(H&E)	(Figure	6-11A)	and	Masson’s	trichrome	(MT)	stain	

for	histological	analysis	(Figure	6-11B).	We	assessed	the	cellular	infiltration	into	

Figure		STYLEREF	1	\s	6	SEQ	Figure	\*	ARABIC	\s	1	10	In-vitro	activation	of	BMDCs:	(A)	
CD11c+CD86+	 (B)	 CD11c+CD317+	 and	 (C)	 CD11c+MHCII+	 BMDCs	 stimulated	 after	

exposure	to	SFMA	(Gel	1),	SFMA+0.5%NMS	(Gel	2),	SFMA+1%NMS	(Gel	3)	and	SFMA+0.5%	

APR	(Gel	4)	cryogels	for	24	h.	Lipopolysaccharide	(LPS)	at	200	ng/mL	was	used	as	a	positive	

control	and	cryogel-free	medium	as	a	negative	control	(Media).	Values	represent	mean	and	

SD	(n	=	5).	Data	were	analyzed	using	ANOVA	(*	p	<	0.05)	
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cryogels	as	well	as	their	integration	within	the	surrounding	tissues.	Overall,	across	

the	three	silk-based	cryogels	tested,	cryogels	were	surrounded	by	a	thin	capsule	

of	 fibrin	 and	 induced	 a	minimal	 infiltration	of	 leukocytes	 (e.g.,	 neutrophils	 and	

macrophages).	 It	 is	worth	noting	 that	 the	cellular	 infiltration	was	slightly	more	

observable	 at	 the	 periphery	 of	 the	 cryogels	 with	 nearly	 no	 cells	 at	 the	 core.	

Consistent	with	 their	 high	degree	of	 cytocompatibility	 and	minimal	 in-vitro	DC	

activation,	 these	 silk-based	 cryogels	 indicate	 minimal	 host	 inflammatory	

responses	in	mice.	

 

Figure	 6-11	 In-vivo	 biocompatibility	 assessment.	 H&E	 staining	 of	 SFMA	 cryogels	
dimension:	 4mm	 x	 4mm	 x	 1mm)	 scaffold	 sections	 explanted	 on	 day	 3	 and	 28	 following	

subcutaneous	injections	in	the	dorsal	flanks	of	C57BL/6	mice:	(A)	H&E	staining	highlights	

the	macroporous	 polymeric	 network	 of	 cryogels,	 infiltrated	 leukocytes	 (dark	 blue	 dots),	

fibrin	 formation	 (purple),	 and	 surrounding	 tissues	 (cryogel-free)	 B)	Masson’s	 trichrome	

staining.	Images	are	representative	of	n	=	5	samples	per	condition.	
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6.5 Discussion	
	

Bone	 is	 a	 3D	 porous	 tissue	 with	 interconnected	 pores.	 Successful	 bone	 tissue	

regeneration	 depends	 on	 a	 3D	 scaffold	 system	 with	 optimum	 porosity	 with	

interconnected	pores	that	can	pass	nutrition	and	help	remove	metabolic	waste.	

The	scaffold	cannot	work	only	to	fill	the	damaged	part	in	bone	defects	but	is	also	

compatible	 with	 the	 ECM	 of	 the	 host	 tissue.	 In	 addition,	 the	 scaffold	 must	 be	

biodegradable	 at	 an	 appropriate	 rate	 within	 the	 host	 tissue	 with	 minimum	

immune	 response.	 An	 injectable	 cryogel	 –	 shape-memory	 scaffold	 with	

interconnected	 porosity	 would	 be	 the	 successful	 form	 of	 modern	 bone	 tissue	

engineering	 application	 suitable	 for	 multisite	 bone	 fracture,	 bone	 cracks,	 a	

craniofacial	defect	where	open	surgery	can	be	avoided.	

In	this	present	report,	we	have	developed	first-time	injectable	cryogels	for	bone	

tissue	 regeneration	 application	 by	 using	 SF	 as	 a	 polymer.	 SF	 is	 a	 natural,	

biocompatible,	FDA-approved,	degradable	polymer	 for	bone	 tissue	engineering.	

SF	 is	 hydrophobic	 in	 nature,	 and	 to	 enhance	 its	 processability	 SF	 has	 been	

methacrylated43,44	 for	 various	 TE	 applications	 for	 use	 in	 methods	 like	 3D	

bioprinting	 etc.40	 A	 prerequisite	 for	 cryogel	 formation	 is	 aqueous	 solution	

preparation	 and	 to	 accommodate	 hydrophilicity,	 SF	 was	 induced	 by	

methacrylation	reaction	by	using	GMA.	 	SFMA	was	characterized	to	confirm	the	

incorporation	 of	 methyl	 groups	 in	 SF	 that	 significantly	 lower	 the	 beta-sheets	

content	in	the	SF	(Figure	6-2D).	This	chemical	modification	in	SF	contributed	to	

reducing	the	viscosity	of	SF	significantly	(Figure	6-2E).	The	shape	memory	is	the	

most	critical	parameter	of	the	cryogel.	To	achieve	it,	different	concentrations	like	

4%,	8%	and	12%	of	SFMA	cryogels	were	prepared	and	tested	for	its	injectability	

as	per	Video	1,	2	and	3	respectively.	Injectability	videos	were	available	on	this	link.	

Based	 on	 the	 observations,	 4%	 SFMA	 cryogel	 has	 a	 good	 swelling	 ratio	 and	
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interconnected	porosity;	however,	it	is	unable	to	swell	and	take	its	original	shape	

after	injecting.	This	is	because	methacrylation	of	SF	results	in	the	reduction	of	the	

beta-sheet	in	SF.		

On	 the	 other	 hand,	 12%	 SFMA	 cryogel	 is	 compact	 and	 its	 injection	 required	

considerable	 force	to	push	with	a	syringe	to	pass	through	a	needle,	 resulting	 in	

torn	cryogel	after	injection.	8%	SFMA	cryogel	fulfilled	all	the	required	properties	

and	was	used	 in	a	 subsequent	study.	Non-mulberry	silk	 (NMS)	 is	known	 for	 its	

inherent	 mechanical	 strength	 because	 of	 its	 higher	 alanine	 content	 and	

specifically,	NMS	from	A.	mylitta	possesses	a	natural	RGD	peptide	sequence,	which	

helps	 cells	 to	 adhere	 and	 proliferate.	 Synthetic	 RGD	 peptide	 coupled	with	 PEG	

polymer	 was	 used	 as	 a	 control	 to	 evaluate	 NMS	 performance.	 Based	 on	

injectability	 criteria,	 8%	 SFMA,	 8%	 SFMA+0.5%	NMS,	 8%	 SFMA+1%	NMS	 and	

8%SFMA+0.5%	MPA/APR	were	selected	for	these	studies,	where	MPA	is	used	for	

chemical/physical	characterization	while	APR	for	biological	assays.	

SF	 itself	 is	 a	 mechanically	 robust	 polymer.	 However,	 methacrylation	 induced	

hydrophilicity	 lowered	 the	beta-sheets	 required	 to	make	SF	cryogels	 injectable.	

The	aqueous	processability	of	NMS	is	a	pretty	challenging	task	because	of	more	

crystallinity	 in	 its	 structure.21	 Hence,	 most	 TE	 application	 with	 NMS	 uses	 its	

aqueous	 form	directly	extracted	 from	the	silk	worm’s	 larval	 stage	 from	the	silk	

gland.	Here,	we	tried	to	take	advantage	of	fiber	reinforcement	strategy,	and	hence	

cryomilled	 powder	 of	 NMS	was	mixed	 in	 SFMA	 to	make	 combination	 cryogels.	

High	young’s	modulus	in	SFMA	with	1%	NMS	confirmed	reinforcement	strategy.	

After	ten	cycles	of	compression,	we	observed	that	cryogels	recovered	back	to	their	

original	 shape	 (Figure	 6-4)	 without	 any	 deformation,	 which	 inspired	 us	 to	

evaluate	 its	 compressive	 property	 by	 increasing	 the	 number	 of	 compression	

cycles.	 Though	 SFMA	 cryogels	 modulus	 is	 in	 the	 kPa	 range,	 it	 has	 excellent	

elasticity,	making	 it	 a	more	 appropriate	 candidate	 for	 BTE	 as	 it	 can	withstand	
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multiple	 bending	within	 the	 bone.	 Larger	 cryogels	 could	 be	 injected	 through	 a	

catheter	for	large	bone	defects.	Also,	several	small	cryogels	could	be	injected	all	at	

once	 via	 a	 syringe.	 The	 addition	 of	 NMS	 further	 helped	 lower	 the	 proteolytic	

degradation	 of	 SFMA	 that	 provided	 options	 to	 clinicians	 to	 tune	 biomaterial’s	

degradation	rate	as	per	the	physical/clinical	scenario.		

The	 addition	 of	 NMS	 and	 APR	 have	 a	 significant	 impact	 on	 the	 biological	

performance	of	SFMA	cryogel.	HDF	cells	are	more	attached	on	SFMA+1%	NMS	and	

SFMA+0.5%	 APR	 cryogels	 after	 24h	 (Figure	 6-6),	 and	 more	 viable,	 elongated	

HDFn	cells	(Figure	6-7)	further	confirm	the	RGD	help	in	cell	behaviour	which	is	in	

line	with	published	reports.45	The	use	of	hMSCs	with	a	scaffold	system	has	been	

proven	an	impactful	model	to	study	TE/BTE	applications.46–49		The	effect	of	NMS	

and	APR	was	also	 reflected	 in	osteogenesis,	where	SFMA	cryogels	 in	BTE	were	

further	enhanced	with	 it.	 In	addition,	all	 cryogels	did	not	activate	BMDCs	 in	 in-

vitro,	however,	the	addition	of	NMS	and	APR	shows	an	anti-inflammatory	effect.	

Kaplan	et	al.	showed	non-inflammatory	behaviour	of	conventional	hydrogel	upon	

subcutaneous	 injection	 in	 mice	 model	 and	 in	 a	 similar	 line	 SF	 based	 cryogels	

reported	in	this	study	also	induce	minimal	immune	cells	infiltration	upon	injection	

in	mice	making	it	biocompatible	biomaterial.	

	

6.6 Conclusions	
	

This	study	successfully	fabricated	cryogels	from	mulberry	silk	fibroin	(SFMA)	that	

is	 injectable	with	 a	 hypodermic	 16-gauge	 needle.	 Additionally,	we	 obtained	 an	

exciting	and	promising	outcome	of	this	study	by	developing	highly	compressible	

cryogels,	which	 are	biodegradable.	 Combining	mulberry	 silk	 and	non-mulberry	

silk	fibroin	enhances	the	physical	and	mechanical	properties	of	SFMA	cryogels	and	

significantly	 improves	 its	 osteogenic	 potential	 in-vitro.	 A	 critical	 aspect	 of	 a	
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biomaterial	is	the	inflammatory	reaction.	The		combination	cryogels	activate	the	

BMDCs,	 showing	 an	 anti-inflammatory	 effect	 with	 non-mulberry	 silk.	 Further	

biocompatibility	 was	 supported	 by	 an	 in-vivo	 study	 in	 the	 mice	 model.	 In	

conclusion,	all	the	data	make	the	silk	fibroin	based	injectable	cryogels	a	potential	

biomaterial	for	osteoregenerative	application.	
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Chapter	7 Conclusions	 and	 Future	

Work	

	

7.1 Summary	and	Conclusions	
	

This	dissertation	describes	development	of	different	3D	scaffold	systems	by	using	

natural	 silk	 fibroin	 as	 a	 polymer	 (both	 mulberry	 and	 non-mulberry	 silk).	 	 All	

differently	 developed	 scaffolds	 were	 fully	 characterized	 by	 using	 various	

techniques	like	SEM,	FTIR,	TGA,	contact	angle,	etc.	The	mechanical	properties	of	

the	 scaffold,	 such	 as	 compression	 modulus	 and	 Young’s	 modulus,	 were	 also	

measured.	Further,	the	degradation	profile	of	the	scaffold	was	also	studied	in-vitro	

by	using	protease	enzymes.	The	biological	properties	were	evaluated	by	looking	

at	 cell	 viability,	 cell	 proliferation	 and	 cell	 morphology.	 Finally,	 the	 developed	

scaffolds	were	assessed	for	its	ability	to	differentiate	primary	cells	or	hMSCs	into	

bone	forming	cells	(osteogenic	lineage)	by	measuring	concentration	of	ALP,	OCN,	

BMP-2,	and	calcium	mineralization.		Estimation	of	secreted	cytokine	and	dendritic	

cell	activation	markers	was	used	to	evaluate	the	immunological	response	against	

the	developed	silk	fibroin	scaffolds.	

	

Chapter	1	provides	a	brief	introduction	to	tissue	engineering	and	use	of	silk	as	a	

biomaterial.	 This	 chapter	 also	discusses	 the	motivation	of	 this	 dissertation	 and	

outlines	the	objective	of	the	thesis.	This	chapter	also	provides	an	overview	of	the	

organisation	of	dissertation.	
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Chapter	2	begins	with	a	brief	literature	survey	for	the	bone	as	a	tissue.	It	further	

discusses	advancements	 in	bone	tissue	regeneration,	bone	graft	substitutes	and	

their	 limitations.	Silk	 fibroin’s	physical,	chemical	and	structural	properties	have	

also	 been	 discussed,	 followed	 by	 an	 overview	 of	 potential	 of	 silk	 in	 tissue	

regeneration	applications.	 	The	chapter	concludes	by	describing	 the	motivation	

and	objectives	of	the	present	thesis.	

	

Chapter	3	describes	a	surface	coating	strategy	for	microparticle-based	silk	fibroin	

scaffold.	In	this	work,	microparticles	from	silk	fibroin	have	been	formulated	and	

fused	by	using	regenerated	silk	solution	to	make	a	load	bearing	3D	microparticle	

based	SF	scaffold	with	appropriate	pore	size,	porosity	with	pore	interconnectivity,	

good	mechanical	 strength	 and	 tuneable	 bioresorption.	 Further,	 in-vitro	 studies	

demonstrating	 cell	 adhesion,	 proliferation	 and	 differentiation	 of	 MG-63	

osteoblast-like	 cell	 line	 were	 also	 performed.	 In	 addition,	 the	 surface	 of	 these	

scaffolds	was	also	modified	using	two	biopolymers	-	Type	I	collagen	and	chitosan.	

The	findings	of	this	study	show	that	although	the	SF	scaffold	does	support	in-vitro	

cell	attachment,	proliferation	and	differentiation,	this	performance	can	be	further	

enhanced	 using	 the	 surface	 coating	 approach.	 Also,	 the	 ALP	 activity	 and	 bone	

mineralisation	were	superior	in	the	chitosan	modified	scaffolds.	

Chapter	4	describes	the	formation	of	bioceramics	filled	microparticles	from	silk	

fibroin.	The	focus	of	the	work	in	this	chapter	is	the	fabrication	of	silk	fibroin	(SF)	

3D	microparticle	scaffolds	with	the	addition	of	hydroxyapatite	(HA)	and	calcium	

sulfate	(CaS)	as	bioceramics.	Physicochemical	characterization	shows	~30%	filler	

loading	by	TGA	analysis,	~	40%	optimum	porosity	with	>100	µm	pore	size	from	

SEM	data	observed	 for	 filled/unfilled	scaffolds.	There	 is	a	 three-fold	 increase	 in	

Young’s	Modulus	 in	 the	 case	 of	 SF-HA,	while	 a	 two-fold	 increase	 for	 SF-CaS,	 as	

observed	 by	 nano-indentation	 studies.	 Bioerosion	 study	 results	 show	 early	
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bioerosion	with	SF-CaS	scaffold	while	prolonged	bioerosion	with	SF-HA	scaffold.	

In-vitro	 osteo-regenerative	 potential	 was	 analyzed	 using	 hMSCs	 ability	 to	

differentiate	into	osteogenic	lineage	by	estimating	ALP,	BMP-2	and	OCN.	SF-CaS	

supports	 the	 early	 stage	 differentiation	 as	 compared	 to	 SF-50%HA	 scaffolds,	

which	predominantly	support	late	stage	differentiation.	The	expression	of	TNF-α,	

suggests	a	reduced	risk	of	immune	rejection.	Therefore,	the	work	described	in	this	

chapter	concludes	that	although	SF	scaffolds	support	bone	tissue	regeneration,	the	

choice	of	bioceramics	enhances	the	applicability	 in	various	clinical	scenarios	by	

providing	a	controlled	rate	of	bioerosion,	 tuneable	speed	of	osteo-regeneration	

and	improved	load-bearing	capacities.		

Chapter	5	describes	the	processing	protocol	to	obtain	a	highly	concentrated	silk	

fibroin	solution	from	the	fiber	of	A.	Mylitta	silkworm	in	TFA	by	using	cryomilling	

technique.	This	study	showed	that	the	cryo-milling	of	silk	fiber	reduces	the	beta	

sheet	content	by	more	than	10%	and	resultant	SF	powder	completely	dissolves	in	

trifluoroacetic	acid	(TFA)	within	6	hours	to	form	~20wt%	concentrated	solutions.	

Further,	this	solution	can	be	processed	using	electrospinning	to	form	3D	scaffolds.	

As	a	control,	Bombyx	mori	(BM)	silk	was	used	in	the	study.	In-vitro	studies	were	

also	performed	to	observe	cell	adhesion	and	proliferation	rate	along	with	hMSCs	

differentiation	into	osteogenic	lineage.	Finally,	in-vivo	osteogenic	potential	of	the	

AM	and	BM	scaffolds	was	evaluated	by	using	rat	calvarial	model	for	the	period	of	

4-week	implantation.	The	processing	techniques	do	not	affect	the	biocompatibility	

of	the	material	and	the	AM	scaffolds	support	bone	regeneration.	Thus,	the	results	

in	this	study	showed	that	cryo-milling	facilitates	enhanced	processability	of	non-

mulberry	silk	and	therefore	expands	its	potential	in	biomedical	applications.	

Chapter	 6	 describes	 development	 of	 mulberry	 and	 non-mulberry	 silk	 fibroin	

based	 injectable	cryogel	 scaffold.	To	achieve	 that,	 the	methacrylated	group	was	

incorporated	 into	 mulberry	 silk	 fibroin	 using	 the	 epoxide	 ring-opening	
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polymerization	 method	 by	 using	 glycidyl	 methacrylic	 acid.	 Individual	

methacrylated	 silk	 fibroin	 (SFGMA)	 and	 SFGMA	 combined	 with	 either	 non-

mulberry	silk	fiber	(NMS)	or	Methoxy/RGD	PEG	acrylate	were	developed	in	this	

study.	 Developed	 cryogels	 were	 fully	 characterized	 by	 using	 various	

physicochemical	 techniques.	 In-vitro	HDF	cell	viability	and	cytoskeleton	studies	

showed	that	all	cryogels	support	cell	adhesion	and	proliferation.	However,	cells	

are	more	elongated	on	cryogles	loaded	with	NMS	and	MPA.	In-vitro	differentiation	

of	hMSCs	to	osteogenic	cell	lineage	was	analyzed	by	estimating	ALP,	BMP-2,	OCN	

and	calcium	deposition.	Further,	cryogels	had	a	non-inflammatory	effect	on	bone	

marrow-derived	 dendritic	 cell	 activation	 in-vitro.	 In	 addition,	 NMS	 and	 MPA	

loaded	cryogels	also	showed	an	anti-inflammatory	effect,	supported	by	the	28	day	

study	 in	 in-vivo	 injection	 in	 mice	 model.	 Hence	 this	 work	 concludes	 that	 the	

fabrication	of	methacrylated	silk	fibroin	based	injectable	cryogels	have	promising	

future	in	osteo-regenerative	applications.		

	

7.2 Scope	of	Future	Work	
	

Successful	 BTE	 application	 can	 be	 achieved	 by	 a	 multi-tasking	 approach	 as	 it	

depends	on	multi	 factors	 like	age,	physical	and	clinical	conditions	of	patients	as	

well	it	also	depends	on	the	type	of	fracture.	Here,	the	work	presented	in	this	thesis	

tried	 to	 address	 the	 wide	 range	 of	 bone	 defects	 by	 providing	 a	 choice	 of	

biomaterial	 as	 per	 the	 clinical	 scenario	 that	 include	 (a)	 critical	 size	 long	 bone	

defect	by	designing	load	bearing	implantable	SF	microparticle	scaffolds	decorated	

surface	 with	 coating	 or	 use	 of	 bioceramics	 as	 a	 filler	 and	 (b)	

multisite/craniofacial/calvarial	defects	that	can	be	addressed	by	electrospun	mats	

or	injectable	SF	cryogel.	However,	there	are	few	bone	diseases	that	require	great	

attention	for	their	treatment	by	using	advanced	therapies.		
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Osteoporosis	 is	 one	 of	 the	 structural	 bone	 defects/diseases.	 Over	 200	 million	

people	have	osteoporosis	and	the	incidence	rate	increases	with	age.	Over	70%	of	

those	over	age	80	are	affected.	One	in	3	females	and	1	in	5	males	over	the	age	of	

50	will	have	an	osteoporotic	fracture.1		Alendronate	sodium	–	a	bisphosophonate	

drug	 by	 oral	 route	 is	 the	 first	 choice	 for	 the	 treatment	 of	 osteoporosis.2,3	 Low	

bioavailability	of	about	1%	and	about	50%	absorption	are	the	disadvantages	of	

oral	 route	 of	 drug	 administration.	 Hence,	 localized	 and	 controlled	 delivery	 of	

alendronate	 is	 beneficial	 as	 it	will	 improve	 the	 efficacy	by	 targeting	 the	 site	 of	

action.4		

Recent	advances	in	the	development	of	scaffold	based	drug	delivery	systems	have	

been	viewed	as	potential	alternatives,	due	 to	sustained	drug	release	at	targeted	

sites.5	Ideally,	augmentation	of	osteoporotic	fractures	with	osteoconductive	bone	

grafts	reduces	the	occurrence	of	secondary	fracture	by	releasing	the	incorporated	

drug	and	also	provides	a	scaffold	for	ingrowth	of	new	bone	at	the	bone	defected	

site.	 In	 the	 last	 two	decades,	 there	have	been	several	 reports	on	 the	use	of	 silk	

fibroin	 as	 a	 biomaterial	 generated	 for	 tissue	 engineering	 applications.	 The	

chemical	 and	 biological	 properties	 of	 silk	 fibroin	 provide	 an	 advantage	 to	

modulate	its	design	as	per	the	required	application.	

SF	 can	 be	 used	 as	 a	 vehicle	 for	 the	 delivery	 of	 alendronate	 drug.6	 The	 unique	

mechanical	 property,	 non-cytotoxic	 nature,	 and	 ability	 of	 SF	 can	 support	 the	

differentiation	of	mesenchymal	stem	cells	along	the	osteogenic	lineage	and	help	in	

faster	 new	 bone	 formation	 and	 release	 of	 alendronate	 drug	 helps	 to	 treat	

osteoporosis.	 	 Thus,	 proposed	 SF-alendronate	 combination	 provides	 a	 dual	

advantage	as	a	treatment	for	osteoporosis	and	as	a	platform	for	new	bone	tissue	

regeneration.7,8		
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7.2.1 Formation	 of	 SF	 scaffold	 with/without	

Alendronate	drug	

	

To	support	this	proposed	work,	we	have	primarily	developed	alendronate	loaded	

microparticle-based	SF	scaffold	by	dropping	SF	solution	into	liquid	nitrogen	(LN2)	

and	a	conventional	freeze-dried	scaffold.	Both	these	scaffolds	were	evaluated	for	

drug	 release	 in	 the	 in-vitro	 model	 by	 using	MG-63	 cells.	 SF	 scaffold	 formation	

method	is	described	in	Figure	7-1.		

 

Figure	 7-1	 Schematic	 for	 the	 formation	 of	 SF	 microparticle/freeze	 dried	 scaffolds	
with/without	alendronate	drug	loading.	Freeze	dried	SF	Scaffold	(FD-SF);	alendronate	drug	

loaded	 SF	 scaffold	 (FD-SF+Ald);	Microparticle	 SF	 Scaffold	 (M-SF)	 and	 alendronate	 drug	

loaded	 SF	 scaffold	 (FD-SF+Ald);	Microparticle	 SF	 Scaffold	 (M-SF)	 and	 alendronate	 drug	

loaded	microparticle	SF	scaffold	(M-SF+Ald)	
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7.2.2 Primary	cell	culture	study	

MG-63	is	an	osteosarcoma	cell	line	and	in-vitro	cell	proliferation	was	analysed	by	

using	 alamar	 blue	 assay,	 a	 dye-resazurin-based	 reagent	 to	 observe	 the	 release	

effect	 of	 alendronate.	 Autoclaved	 sterilized	 FD-SF,	 FD-SF+Ald,	 M-SF,	 M-SF+Ald	

scaffolds	were	placed	in	a	96	well	 flat	bottomed	non-adherent	cell	culture	plate	

and	MG-63	 cells	were	 seeded	 on	 the	 scaffolds	 at	 a	 density	 of	 5	 x	 104	 cells	 per	

scaffold	in	complete	media.	The	cells	were	allowed	to	be	settled	for	5–7	minutes	

at	37°C	with	5%	CO2.	The	additional	90	μL	of	media	for	cells	was	then	added	and	

the	cell	 culture	plate	was	 incubated	 at	37°C	with	5%	CO2	 for	up	 to	7	days.	 Cell	

proliferation	was	analyzed	on	the	3rd,	5th	and	7th	day.	During	the	experiment,	fresh	

growth	media	was	changed	after	every	48h.	The	results	obtained	are	plotted	in	

Figure	7-2.	

 

Figure	7-2	In-vitro	MG-63	cell	growth	on	FD-SF,	FD-SF+Ald,	M-SF	and	M-SF+Ald	scaffolds	
up	to	7	days	

	

Significant	decrease	in	cell	growth	on	FD-SF+Ald	scaffold	with	respect	to	without	

drug	loaded	FD-SF	was	observed	on	day	7	(p	=	4.36	e	-12).	Similar	trend	also	was	

observed	 in	 microparticle	 based	 SF	 scaffold.	 Alendronate	 loaded	 M-SF+Ald	
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showed	 significant	 decrease	 in	 MG-63	 cell	 growth	 as	 compared	 to	 the	 M-SF	

scaffold	 (without	drug)	 on	day	7	 (p	=	7.2	e-13).	 	MG-63	 cells	 are	 the	 osteogenic	

sarcoma	 (OSA)	 cells	 and	 have	 potential	 for	 osteogenic	 differentiation.9	 The	

mechanism	of	action	of	Ald	occurs	by	reducing	prenylation	of	proteins	essential	

for	normal	cellular	function.	Observed	reduction	in	cell	growth	of	MG-63	in	both	

the	form	of	drug	loaded	SF	scaffolds	(FD-SF+Ald	and	M-SF+Ald)	gave	confirmation	

of	loading	and	release	of	alendronate	drug	from	the	SF	scaffolds	and	it	is	in	line	

with	 the	 report	 that	 states,	 BPs	 are	 responsible	 for	 the	 decrease	 in	 cell	

proliferation	along	with	induction	of	apoptosis	in	human	OSA	cells.10		

	

7.2.3 	Future	advance	study	

	

This	primary	study	concludes	successful	loading	and	release	of	drug	from	the	SF	

microparticle	 scaffold.	 In	 future,	 SF	 can	 provide	 a	 platform	 for	 Alendronate	

delivery	 in	 osteoporotic	 patients.11	 However,	 detailed	 physico-chemical	

characterization	and	extensive	cell	 culture	studies	 to	 show	effectiveness	on	 the	

growth	of	osteoblast	and	osteoclast	simultaneously	by	using	the	co-culture	model	

will	help	in	the	development	of	novel	drug	delivery	platform	in	BTE.	
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Every	year	millions	of	people	suffer	tissue/organ	loss	or	failure.	Tissue/Organ	transplantation	or	the	use	

of	 biodegradable	 implants	 are	 promising	 solutions	 for	 repair	 or	 replacement	 of	 tissues/organs.	 The	

drawback	of	transplantation	is	immunological	response	from	the	patient’s	body.	This	can	be	overcome	by	

tissue	engineering/regeneration	that	applies	the	principles	of	engineering	and	life	sciences	towards	the	

development	of	biological	substitutes	that	help	to	restore	the	lost	tissues/organs.	The	primary	challenge	in	

BTE	 includes	 development	 of	 three-dimensional	 (3D)	 scaffolds,	which	can	 also	 promote	 cell	 adhesion,	

proliferation,	differentiation,	resulting	in	superior	healing	of	bone	defects.	Thus,	success	of	the	regenerative	

process	 depends	 on	 the	 understanding	 of	 the	 mechanism	 at	 the	 interface	 between	 cells	 and	 the	

biomaterials	used	for	implants.	Several	biomaterials	have	been	reported	for	BTE	but	none	of	them	match	

the	performance	of	an	autograft.	SF	has	emerged	as	a	promising	biomaterial	over	the	last	two	decades.	In	

the	mulberry	SF	based	scaffold	system,	 in-spite	of	 the	various	developments	 there	 is	 scope	 for	 further	

improvement	in	scaffold	formulations.	In	case	of	non-mulberry	silk,	transformation	from	being	a	textile	

commodity	to	biomaterials	is	relatively	new	and	exciting	as	it	has	an	inherent	RGD	motif,	which	helps	cell	

attachment,	 cell	 proliferation	 and	 differentiation.	 However,	 non-mulberry	 silk	 contains	 higher	 alanine	

content	 that	 results	 in	a	material	with	 increased	 beta	 sheet	content.	 This	 higher	crystallinity	 prevents	

dissolution	of	the	silk	into	any	conventional	solvents	and	hence	limits	the	ability	to	process	non-mulberry	

silk	 into	 various	 scaffolds.	 As	 a	 general	 rule	 for	 tissue	 engineering,	 implant	 should	 be	 fabricated	 from	

materials	 that	 do	 not	 have	 the	 potential	 to	 elicit	 immunological	 or	 clinically	 detectable	 primary	 or	

secondary	foreign	body	reactions	in	parallel	to	the	formation	of	new	tissue	in	vivo.	Thus,	this	thesis	aims	to	

design	different	strategies	to	develop	and	modify	3D	silk	fibroin	(both	mulberry	and	non-mulberry	silk)	

based	 biomaterials	 towards	 BTE	 applications.	 Newly	 developed	 biomaterial	 was	 fully	 characterized	

physically	 and	 chemically	 by	 using	 various	 techniques	 like	 SEM,	 FTIR,	 TGA,	 contact	 angle,	 etc.	 The	

mechanical	 properties	 of	 the	 scaffold	 such	 as	 compression	 modulus	 and	 Young’s	 modulus	 were	 also	

measured.	Further,	the	in-vitro	enzymatic	degradation	of	the	scaffolds	was	also	studied.	The	biologically	

properties	of	the	scaffolds	were	evaluated	by	studying	cell	viability,	cell	proliferation	and	cell	morphology.	

Finally,	the	developed	scaffolds	were	assessed	for	their	potential	to	differentiate	primary	cells	or	hMSCs	

into	 an	 osteogenic	 lineage	 by	 measuring	 the	 differentiating	 markers	 (ALP,	 OCN,	 BMP-2,	 calcium	

mineralization)	and	examined	for	their	immunological	response.	
	

Following	mentioned	specific	objectives	(strategies)	are	included	in	the	thesis.	

1. Surface	coating	with	biopolymers	on	micro-particle-based	SF	scaffold		

2. Incorporation	of	bio-ceramics	into	SF	micro-particle-based	scaffold		

3. Development	of	non-mulberry	silk	electrospun	scaffold	

4. Development	of	mulberry	and	non-mulberry	SF	based	injectable	scaffold	
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In vitro study of novel microparticle based silk
fibroin scaffold with osteoblast-like cells for load-
bearing osteo-regenerative applications†

Nimisha Parekh,*a Chandni Hushye,b Saniya Warunkar,b Sayam Sen Gupta c

and Anuya Nisal *a

Silk Fibroin (SF) is today considered to be one of the most favorable materials for bone tissue engineering.

We have prepared novel SF microparticle based 3D scaffolds, with appropriate pore size, pore

interconnectivity and porosity, excellent mechanical properties and tunable bioresorption, while retaining

the inherent biocompatibility of SF. These properties make them ideal candidates for osteoregenerative

applications. Here, we report the in vitro cell viability, cell adhesion and proliferation with osetoblastic

differentiation of MG 63 osteoblast-like cell line on these scaffolds. In addition, we have also modified

the surface of these scaffolds using collagen type I and chitosan biopolymers. Our results show that

although the SF scaffold does support in vitro cell attachment, proliferation and differentiation, this

performance can be further enhanced using the surface coating approach. Also, the ALP activity and

bone mineralization was found to be particularly superior in the chitosan modified scaffolds.

Introduction
Bone tissue engineering (BTE) has emerged as a promising
method for accelerated healing of damaged bone tissues.1 BTE
involves use of a three-dimensional scaffold that provides the
support for cell attachment and natural tissue formation, thus
mimicking the natural extracellular matrix. There are, therefore,
stringent requirements on the properties of the scaffold that can
be used in BTE. The ideal scaffold should have a three-
dimensional architecture with optimum pore size and pore
volume for efficient diffusion and/or migration of nutrients and
cells. Secondly, it must have appropriate mechanical strength to
provide structural rigidity and support. Thirdly, the scaffold must
give the proper chemical, biological and morphological clues that
will enable in the efficient functioning of the cells for formation of
new tissue.2–4 The main challenge, therefore, lies in the develop-
ment of a functionalizable biocompatible 3D scaffold that can
promote cell adhesion by specic cell–matrix interactions.

Calcium phosphate and bioresorbable bioactive glass-based
micro-porous ceramic scaffolds have been extensively explored
for use in BTE.5 However, they are limited by their brittleness. In
contrast, variety of natural and synthetic polymeric 3D scaffolds

have been extensively explored for BTE and they exhibit better
biocompatibility and mechanical properties.3,4,6 However,
polymer-based matrices typically do not possess the mechanical
properties of ceramics and rapidly degrade in vivo. Thus they
remain nondurable for load bearing applications required in
BTE. Recently, a lot of interest is focused on composite mate-
rials, which attempt to combine advantages of both polymers
and ceramics. However, a 3D scaffold composed of 100%
biopolymer having the properties of composite materials is
desirable.

In this context, from the last two decades, silk broin (SF)
has emerged as a promising material for BTE on account of its
excellent biocompatibility, tuneable bioresorption, easy
processibility and thermo-mechanical stability.1,7–9 SF-scaffolds
have shown to induce bone formation, stimulate osteogenic
differentiation of human mesenchymal stem cells,10–13 and
support tissue vascularisation in in vitro models of BTE.14–16 SF
can be produced in large commercial quantities with control on
quality. It allows easy chemical modication17 that is required
to obtain required functionality and can also be processed into
3D materials such as hydrogels, sponges, bers, microspheres,
and electrospun ber mats.1,18–22 The unique mechanical prop-
erties and tunable bioresorption rate of these 3D scaffolds
allows attachment, proliferation and differentiation of mesen-
chymal stem cells along the osteogenic lineage for BTE. The
efficacy of these 3D scaffolds from SF gets enhanced when they
are surface functionalized with integrin binding RGD motifs,
collagen, chitosan, gelatin and growth factors like transforming
growth factor-b (TGF-b), VEG-F and bone morphogenic protein
(BMPs).23–25 However, the main limitation of the scaffolds
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discussed above is that they are mostly so in nature and do not
have high load bearing capacity which is essential for BTE.
Recently, high strength SF scaffold for BTE which possess high
load bearing ability, has been reported by a few groups.26–28 Ak
et al. have described a novel method of cryo-gelation using
a cross-linker molecule.27 Also, Mandal et al. have described
scaffolds prepared using salt leaching and reinforced with SF
microbers.26 We have recently developed novel processing
protocols to produce unique 3D scaffolds of silk broin using SF
micro-particles.29,30Here, the SFmicro-particles are produced by
collection of drops of SF solution in a methanol bath. These
micro-particles are then fused together using a dilute solution
of SF in water. This novel protocol has then been used to
produce 3D scaffolds with excellent mechanical properties (dry
compression modulus 10–100 MPa, wet compression modulus
of 25 MPa), which is one of the main prerequisite for BTE and
a property that is lacking in almost all SF based scaffold. The
bulk porosity in scaffolds is in the range of 40–60% and the pore
sizes are of the order of 50–500 mm. It has been well docu-
mented that microparticle based scaffolds have improved pore
interconnectivity and better control on pore size and porosity.31

The conformation of SF protein in the microparticle can be
controlled, which implies that the bioresorption of the scaffold
can be tuned. In addition to these advantages, the methodology
of scaffold fabrication is exible enough to incorporate various
functionalities such as growth factors, llers and drug mole-
cules amongst others. These properties make this scaffold
unique for BTE in comparison to other scaffolds recently re-
ported. (ESI Fig. S1,† for a comparison of properties with other
load bearing SF-scaffolds).

In this paper, we explore the in vitro cell morphology, cell
viability, cell adhesion and proliferation with osteoblastic
differentiation of MG 63 osteoblast-like cell line on these scaf-
folds containing 100% SF and having high mechanical
strengths. In addition, we report a simple method to enhance
the performance of this SF-scaffold for BTE by surface coating of
the scaffolds with collagen type I and chitosan biopolymers.
Collagen, a dominant component of the ECM in the bone
tissue, is known to favour cell adhesion and provide the right
chemical cues for osteogenic differentiation.32–34 Chitosan on
the other hand, is known for its inherent osteogenic potential
and has been a well-documented biopolymer for BTE.35–39 We
show the in vitro cell viability, cell adhesion and proliferation
with osetoblastic differentiation of MG 63 osteoblast-like cells
in this collagen (Coll-SF)/chitosan (CS-SF) coated SF scaffolds
and compare their performance to the uncoated SF-scaffolds.

Materials and methods
SF-scaffold preparation

SF-scaffold has been prepared as per the protocol mentioned in
our patent applications.29,30 In brief, 4 mL syringe was lled with
the SF-HFIP solution. A syringe pump with an infusion rate of 1
mL min!1 was used and the drops of SF-HFIP solution were
collected in a stirred methanol coagulant bath. The particles so
formed were kept in methanol bath for 3 h. Fresh methanol was
then replenished aer 3 h and the particles were further

incubated in methanol for 12 h. The micro-particles were
allowed to air dry and the 3D SF-scaffold was prepared by fusing
these SF micro-particles in a cylindrical mold using aqueous SF
solution as shown in Fig. 1.

Surface modication

For collagen. 1 mg mL!1 sterile collagen solution (Sigma)
was diluted 10 times using sterile DI water. A SF-scaffold was
kept in the well of a 96 well plate. 100 mL of the collagen solution
prepared was added to each well and incubated at room
temperature for 12 h. The remaining solution was then pipetted
out and the scaffold was dried at 4 "C for 12 h. The scaffold was
stored at 4 "C until further use.

For chitosan. 1 wt% chitosan (Sigma) solution was prepared
in 0.05 M acetic acid. 100 mL of this chitosan solution was added
per scaffold to the SF-scaffold and kept at 60 "C for 20 minutes
in an oven to obtain dry CS-SF scaffold.

Surface characterisation by scanning electron microscopy

The uncoated as well as coated SF scaffolds were observed for
surface features using a Scanning ElectronMicroscope (SEM). The
samples were sputter coated with 5 nm gold (Au) coating using
a Polaron SC 6420 sputter coater prior to SEM imaging. Image was
captured on a Quanta 200 3D SEM equipped with a tungsten
lament gun, operating at WD 10.6 mm and 20 kV. Images of
representative areas at suitable magnication were captured.

Cell culture

MG63 human osteoblast-like cells were purchased from
National Centre for Cell Science (NCCS), Pune, Maharastra,
India. Cells were maintained in DMEM (Gibco) with 10% FBS
(Gibco).

Fig. 1 Schematic representation of SF-scaffold preparation and
surface modification.
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Cell viability

Trypan blue assay. MG 63 cells were maintained in complete
media containing DMEM with 10% FBS. Before seeding the
cells, scaffolds were incubated in complete media at 37 "C with
5% CO2 for 12 h. 5# 104 cells per scaffold in 100 mL of complete
media were seeded on SF, Coll-SF and CS-SF scaffolds. Cells
were trypsinized and counted on the 1st, 3rd, 5th and 7th day in
Neubauer chamber by using standard trypan blue method.

Live/dead assay. MG 63 cells were seeded on SF, Coll-SF, CS-
SF scaffolds at a density of 5 # 104 in DMEM containing 10%
FBS. Cells were incubated at 37 "C with 5% CO2 upto 7 days.
During incubation, on the 1st, 3rd, 5th and 7th day, cells were
stained with live/dead staining solution that comprises of 10 mL
of 7.5 mM propidium iodide and 1 mL of 0.67 mM acridine
orange (both stock were prepared in PBS) in 1 mL of DMEM
containing 10% FBS. Cells were incubated at 37 "C with 5% CO2

for $25 minutes. Later, cells were washed two times with PBS
and images were captured by epi-uorescencemicroscopy using
Axio Observer Z1 Carl Zeiss Microscope.

Cell proliferation

Cell proliferation was determined by MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay. Before seeding the
cells, SF, Coll-SF and CS-SF scaffolds were incubated in complete
media at 37 "C with 5% CO2 for 12 h. MG 63 cells were seeded in
a at-bottomed non-adhesive 96-well plate at a density of 5 # 104

cells per scaffold in 100 mL of complete media. The plate was
incubated at 37 "C with 5% CO2 for 24 h. During incubation, on
the 1st, 3rd, 5th and 7th day, the media was replaced with lter
sterilized MTT (0.45 mg mL!1) prepared in DMEM containing
10% FBS and further incubated for 4 h at 37 "C with 5%CO2. MTT
reagent was replaced by DMSO 100 mL per well and kept at 37 "C
with 5% CO2 for 20–25 minutes. Addition of DMSO dissolves the
formazan crystals formed by reaction of sample with MTT and the
developed color was measured at 550 nm using a microtitre plate
reader (Multiskan EX, Thermo Scientic). Each absorbance was
taken to be the mean of triplicate measurements.

Cell morphology by actin cytoskeleton staining

MG 63 cells were seeded on SF, Coll-SF, CS-SF scaffolds at
a density of 5 # 104 in DMEM containing 10% FBS. Cells were
incubated at 37 "C with 5% CO2 up to 7 days. During incuba-
tion, on the 3rd, 5th and 7th day, actin cytoskeleton staining was
performed using the following protocol: scaffolds were washed
with PBS followed by the cell xation with 4% para-
formaldehyde for 15 minutes at room temperature. The cells
were later washed with PBS two times and 0.1% Triton X-100
(Sigma-Aldrich) for 5 minutes. The cells were again subjected
to PBS washing two times and incubated with 5% BSA for 20
minutes at room temperature to avoid non-specic binding.
Actin laments were stained by 1 : 100 dilution of alexauor 488
phalloidin (Thermo Fisher Scientic) prepared in PBS and
incubated for 30 minutes in dark at room temperature. Cell's
nucleus was counter stained with DAPI at 300 nM concentration
for 4 minutes at room temperature and washed with PBS.

Images were captured by epi-uorescence microscopy using
Axio Observer Z1 Carl Zeiss Microscope.

Osteogenic differentiation by alkaline phosphatase (ALP)
assay

Alkaline phosphatase (ALP) activity was assayed using colori-
metric ALP kit (Abcam, U.K.). Briey, MG 63 cells were seeded on
a SF, Coll-SF, CS-SF scaffolds at a density of 5 # 104 cells per
scaffold in 10 mL of complete media. The cells were allowed to be
settled for 5–7 minutes at 37 "C with 5% CO2. The additional 90
mL media for cells was then added and the cell culture plate was
then incubated at 37 "C with 5% CO2 for 7 days. On the second
day of the experiment, seeding media was replaced with osteo-
genic differentiation media (Invitrogen). During incubation, on
the 3rd, 5th and 7th day, spent media from cell seeded scaffolds
was collected and 80 mL of the spentmedia was incubated with 50
mL of p-nitrophenyl phosphate (5 mM) solution at room
temperature for 1 h in the dark. At the end of the incubation,
enzyme activity was stopped by adding 20 mL of stop solution.
Simultaneously, standard curve was plotted (ESI Fig. S2†) as per
manufacturer's instruction. The amount of p-nitro-phenol
produced was measured by measuring absorbance at 405 nm.

Extracellular mineral (Ca+2) deposition and quantication

Mineralized calcium deposition at the end of 7th day was
analyzed with Alizarin Red S staining. In brief, MG 63 cells were
seeded on a SF, Coll-SF, CS-SF scaffolds at a density of 5 # 104

cells per scaffold in 10 mL of complete media. The cells were
allowed to be settled for 5–7 minutes at 37 "C with 5% CO2. The
additional 90 mL media for cells was then added and the cell
culture plate was then incubated at 37 "C with 5% CO2 for 7
days. On the day aer seeding, the media was replaced with
osteogenic differentiation media (Invitrogen). On 7th day, scaf-
folds were xed with 4% formaldehyde at room temperature for
10 min. They were later washed with PBS and then stained with
2% Alizarin Red (Sigma) solution for 20 minutes at room
temperature. Aer staining, the scaffolds were washed two
times with DI water. Calcium deposition was observed under
bright eld by Axio Observer Z1 from Carl Zeiss.

Ca deposition was further conrmed by quantifying the total
calcium content.23,40 In brief, at the end of 7th day, scaffolds were
washed with PBS and the deposited calcium was extracted with
0.5 mL of 5% trichloroacetic acid for 30 minutes. At the end of
incubation, Ca was quantied using O-cresolphthalein com-
plexone colorimetric assay (Sigma).

The developed color for scaffolds seeded with cells were
measured at 575 nm and the absorbance at 575 nm for scaffolds
that were not seeded with cells was subtracted to quantify the
Ca content. Standard calibration curve was prepared as per
manufacturer instructions (ESI Fig. S3†).

Results and discussion
3D microparticle SF-scaffold

Silk broin based scaffolds have been prepared using a variety
of methods like lyophilisation, salt leaching, electrospinning,
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ice crystal templating, etc. These materials have shown promise
in BTE applications. In this report, we use 3D microparticle SF-
scaffold which was prepared using a methodology developed in
our laboratory. Preliminary studies on the physical properties of
this 3D microparticle SF-scaffold (such as mechanical integrity,
pore size and pore volume and rate of bioresorption) match the
requirements for a scaffold in BTE (ESI Fig. S1†).

However, the hydrophobic nature of SF results in limited cell–
biomaterial interaction. We have introduced surface modica-
tion of the SF-scaffold to further improve cell adhesion and
proliferation. Our process involves coating the surface of this
microparticle scaffold using collagen type I and chitosan –
biopolymers that are known to enhance cell adhesion and
proliferation. The method involved incubating the SF-scaffolds
with the biopolymer and allowing them to anneal and coat the
surface. The morphological features of surface coating were
studied using Scanning Electron Microscopy (SEM). Fig. 2 shows
the SEM images of SF scaffold (SF) and surfacemodied scaffolds
treated with collagen (Coll-SF) and chitosan (CS-SF). The SEM
images of SF scaffold (Fig. 2) display mono-disperse micro-
particles packed together in hexagonal packing. The surface of
SF micro-particles shows presence of dried SF solution used to
fuse these particles together. The interparticle pore sizes are
clearly visible and are of the order of 100 mm. The collagen
modied SF scaffold shows presence of additional material
domains dispersed throughout the surface (Fig. 2). These could
be attributed to the collagen coating. Similar material domains
were also observed in the chitosan treated scaffold (Fig. 2). It has
been found that a minimum pore size of 30 microns is necessary
for effective cell migration and colonization.41 As can be seen in
the Fig. 2, the method used for coating here does not alter the
pore size of the scaffold. This implies that the surface modica-
tion technique is not expected to inhibit transport of nutrients
and waste diffusion or cell migration in the scaffold.

Cell viability and proliferation studies

The uncoated and coated SF scaffolds were evaluated using in
vitro cell culture studies. MG-63 cells, was chosen for this study as
it has a high proliferation rate. In vitro studies performed in a 7
day experiment are therefore sufficient to provide reliable and
sensitive information on performance of this material as
a possible scaffold for BTE.42–44 Cell viability of MG 63 is

prerequisites for further application of any developed material
and hence it was quantitatively assayed by using trypan blue dye
exclusion method and qualitatively by performing live/dead
imaging using AO and PI stains. Fig. 3 shows the viable cell
count on the 1st, 3rd, 5th and 7th day aer seeding the MG 63 on
SF, Coll-SF and CS-SF scaffolds and it shows that SF scaffold does
support attachment of the MG63 cells.

Also, as the experiment progresses the number of viable cells
on the SF-scaffold increases. However, coating or surface
modifying the scaffolds resulted in increased number of viable
cells. On a given day of the experiment, the Coll-SF scaffolds and
CS-scaffolds have a higher number of viable cells as compared
to the uncoated SF scaffold. However, viability of the cells on the
Coll-SF and CS-SF scaffold is comparable and no signicant
differences between these two scaffolds were observed here.

The trends observed in cell viability were further corrobo-
rated using live-dead assay. Fig. 4 shows the individual channel
images of AO and PI on the 1st, 3rd, 5th and 7th day aer seeding
the MG 63 on SF, Coll-SF and CS-SF scaffold. For the SF-scaffold,
MG 63 cells did adhere and found to be live to the micro-particle
surface. Also, there were increased number of viable cells visible
as the days progressed. Insignicant or no red coloured spots in
these images indicate absence of dead cells on these scaffolds.

Fig. 2 SEM images of SF, Coll-SF and CS-SF and all images were at the scale bar is 50 mm.

Fig. 3 Viable MG 63 cell density counted by trypan blue dye exclusion
method (data are represented as the mean % SD of two independent
experiments).
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Also, the number of live cells observed for modied scaffolds is
always higher as compared to the uncoated SF scaffold. The
living cell with elongated and spread morphology was most
clearly visible on the Coll-SF scaffold as compared to the other
two scaffolds used in the study (ESI Fig. S4†). Interestingly, as
the experiment progressed, cells formed clumps on CS-SF
scaffold.

This clumping was not observed in the SF or Coll-SF scaf-
fold. It has been reported that degree of acetylation of chito-
san is responsible for the clustering of cells.41 In our study,
15–25% acetylated chitosan was used to modify the surface
and our observations are in accordance with the literature
reports.35,41

Cell proliferation was analyzed by using MTT assay. As can be
seen in Fig. 5, all three scaffolds do support proliferation of the
cells. Increased absorbance as a result of proliferation of viable
cells were observed with both surface modied scaffolds as
compare to unmodied SF scaffold. These results are in-line with
those observed in trypan blue and live-dead assay experiments.
The viable cell count nearly doubled on the 7th day aer incuba-
tion. Similar trends in cell proliferation were also observed for the
Coll-SF and CS-SF scaffolds.

Cell morphology by actin cytoskeleton staining

Cellular morphology was evaluated by F-actin cytoskeleton
staining with alexauor 488 phalloidin. Fig. 6 shows the actin
cytoskeleton of MG 63 grown on SF, Coll-SF and CS-SF scaffolds.
From the images, the signicant cell growth with clear
morphology of cells with respect to all three scaffolds is clearly
visible. More elongated cell morphology with increased number
of cells was visible with Coll-SF as compare to SF and CS-SF.
Also, for the CS-SF scaffolds, we did observe spreading out of
some cells, but the predominant morphology was spherical (ESI
Fig. S5†). This variation in morphology of the cells can be
attributed to the spread in degree of acetylation in the chitosan
used for experimentation. Both the results are in accordance
with MTT and live/dead assay results.

In short, data obtained from trypan blue dye extraction
method, live/dead assay, actin cytoskeleton staining and cell
proliferation assayed by MTT (Fig. 3–6) showed improved
performance of the biopolymer coated scaffolds towards cell
viability, proliferation and adhesion with retained cell
morphology. This is in line with several reports where collagen
and chitosan has been shown to improve cell adhesion and

Fig. 4 Epi-fluorescence images of live (green) and dead (red) MG 63 cells grown on SF, Coll-SF and CS-SF. All images were taken at same
exposure time and scale bar is 50 mm.

Fig. 5 Cell proliferation assay (MTT assay) of MG 63 cultured on SF,
Coll-SF and CS-SF till 7 days. Data are presented as the mean % SD of
two independent experiments.
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proliferation. Collagen type I is the dominant component of the
ECM in a bone tissue and hence provides the right chemical
cues for cell recognition. The integrins present on the cell
surface are known to recognize the triple helix structure of
collagen. Also, it has been acknowledged that collagen plays an
important role in cytoskeleton reorganization and signal
transduction, which in turn regulates the cell adhesion and
proliferation.46 Chitosan has been used in BTE and is shown to
induce proliferation of osteoblast cells. The chemical structure
of chitosan is similar to glycosaminoglycans (GAGs), which is an
important component in ECM. This has been cited as one of the
possible reasons for improved adhesion of cells to chitosan.39

Our observations support this literature.

Osteogenic differentiation

Bone is a mineralized connective tissue, which is continuously
bioresorbed and neoformed. The formation of new bone tissue
requires commitment from the cells towards the osteogenic
lineage. The osteoblasts are responsible for synthesis of the
bone matrix and as the cells proliferate it shows higher ALP
activity and mineral deposition. Thus, in addition to cell
adhesion and proliferation, understanding the functioning of
cells is also of prime importance in BTE. In this study, we used
ALP activity and calcium deposition to monitor osteogenic
differentiation of MG 63 cells on unmodied and modied
scaffolds.

ALP is an initial marker for the osteogenic differentiation
process and is secreted into the ECM, playing a crucial role in
bone ECM mineralization.

In our study Fig. 7, we detectedmeasurable ALP activity with all
three scaffolds and within the standard calibration curve (ESI
Fig. S3†). The ALP activity was evident on day 3 for the SF scaffold
and was found to be signicantly enhanced on day 7. For the Coll-
SF scaffold too, a similar increased ALP activity was observed for
day 7. On 3rd and 7th day, the ALP activity between the three types

Fig. 6 Actin cytoskeleton staining of MG63 cells with alexafluor phalloidin 488 and nucleus were counter stained with DAPI. Scale bar is 20 mm.

Fig. 7 ALP assay- MG 63 cells cultured on SF, Coll-SF and CS-SF till 7
days. Absorbance was taken at 405 nm and data are presented as the
mean % SD of two independent experiments.
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of scaffold studied were comparable, with CS-SF scaffold showing
the highest ALP activity. However, on the 5th day, the ALP activity
in the CS-SF scaffold was signicantly higher than the other two
scaffolds studied. Here, the absorbance for CS-SF scaffold was
nearly double that of SF and Coll-SF scaffold.

Presence of ALP enzyme is the predetermining early marker
as the cells started to differentiate into osteogenic lineage.
Throughout the assay, we got higher ALP activity with CS-SF
scaffold. The invigorating effect of chitosan on osteogenesis
has been extensively reported45,46 however the exact mechanism
of this osteogenic behavior is unknown. One of the possible
reasons that have been discussed is the cationic charge on
chitosan.47 Also, it has been suggested that high molecular
weight (>10 kDa) of chitosan results in improved osteogenic
behaviour of MG63 cells. The molecular weight of chitosan used
here is 190–310 kDa and thus our observations are in sync with
literature.46,48,49

Alizarin red S staining was used to detect in vitro extra-
cellular mineral (calcium) deposition as a result of osteo-
blastic differentiation initiation process. Aer the 7th day of
seeding the MG 63 cells, calcium deposited nodules were
detected on all three scaffold Fig. 8. Amount of deposition was
not signicantly different in SF scaffold and Coll-SF scaffold.

This deposition has been considerably increased as a part of
differentiation process with the CS-SF scaffold as is evident in
the images. For the Coll-SF scaffolds, Ca deposition is slightly
higher than the SF and this improvement can been attributed to
the GER sequence in collagen, which acts as an integrin binding
site.1,50 Also, our ALP activity assay shows moderately increased
ALP activity with Coll-SF as compare to SF on 7th day but
considerable difference has been noticed with CS-SF. Further,
the total amount of Ca deposition was quantied by using O-
cresolphthalein complexone colorimetric assay (ESI Fig. S6†).
Higher Ca content was observed with CS-SF scaffolds as
compared to SF and Coll-SF scaffolds. These results are in
accordance with the alizarin red S staining studies.

Conclusions
We report here in vitro cell behavior of osteoblast-like cells on
novel SFmicroparticle scaffolds for applications in load-bearing
osteo-regenerative applications. Additionally, we have modied
the surface of these scaffolds using natural biopolymers –
collagen type I and chitosan. Our results suggest that SF micro-
particle scaffold does support cell attachment, proliferation and
differentiation of cells. This behavior can be further enhanced
by coating the surface of these scaffolds with collagen type I and
chitosan biopolymers. Although the cell attachment, viability
andmorphology were found to be superior in collagenmodied
scaffolds, the osteogenic differentiation is better in chitosan-
modied scaffolds. The efficacy of these scaffolds for load
bearing bone tissue engineering application in vivo is currently
underway.
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Silk Fibroin 3D Microparticle Scaffolds with Bioactive
Ceramics: Chemical, Mechanical, and Osteoregenerative
Characteristics

Nimisha A. Parekh,* Rucha V. Deshpande, Swati G. Shukla, and Anuya A. Nisal*

1. Introduction

Bone regeneration in large bone cavities presents a major chal-
lenge. These bony voids are either filled with an autograft/
allograft (patient’s own bone from another anatomical location
or cadaveric bone, respectively), or synthetic bone graft substitute

called “bone void filler.” Autografts are the
‘gold standard’ for bone grafting, but have
inherent limitations of donor site morbid-
ity and limited supply.[1] More recently,
synthetic ceramics have shown promise
for this application of bone void filling
because of their chemical similarity to
ceramics present in natural bone.
Commonly used bioceramics include
hydroxyapatite (HA), beta tricalcium phos-
phate (TCP), and more recently calcium
sulfate (CaS). These materials are biocom-
patible, and support cell adhesion, prolifer-
ation, and growth of bone cells. Although
these bioceramics are used as bone void fill-
ers, they have certain limitations: they are
intrinsically brittle and lack the required
mechanical properties. Also, some of them
have faster bioresorption rate (e.g., CaS and
TCP), whereas others do not completely
bioresorb (e.g., HA). In this context, to
achieve native bone-like properties, current
trend in bone tissue engineering (BTE) is to
use a composite of bioceramic and a bio-
compatible polymer.[2,3]

Silk fibroin (SF)—a natural biopolymer—
has come up as potential candidate for BTE, owing to its biocom-
patibility, mechanical properties, tunable biodegradation rate, and
ease of processability. The silk from the Bombyx mori silkworm,
commonly known as a mulberry silkworm, can be produced with
good quality in large quantities.[4–6] Efficacy of SF-based biomate-
rials has been proven in various tissue regenerationmodels.[7,8] SF
can be easily modulated to obtain required functionality and
different forms.[9,10] Different SF-based biomaterials including
SF films,[11] SF-3D scaffold,[12,13] and SF-reinforced biomateri-
als[14] have proven to be successful for bone regeneration purpose.

We have earlier reported a method to prepare silk fibroin
microparticle scaffolds that have shown a high potential in
BTE.[12] These SF microparticle scaffolds have excellent mechan-
ical properties, pore interconnectivity, and a superior ability to
promote osteoregeneration. The objective of this work was to pre-
pare regenerated silk fibroin (RSF) microparticle scaffolds filled
with nano-HA or CaS.[12,13] The addition of these fillers would
further enhance the mechanical properties of these scaffolds
and would thereby contribute toward the osteoregenerative
potential. We compare and evaluate the performance of these
microparticles and scaffolds vis-à-vis pure SF scaffolds. We have
characterized the microparticles and their scaffolds for the
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Preparation of 3D scaffolds for bone tissue engineering (BTE) is a challenging task
as it requires appropriate pore size and porosities, mechanical properties, and
controlled bioerosion rate. The focus of this work is the fabrication of silk fibroin
(SF) 3D microparticle scaffolds with the incorporation of hydroxyapatite (HA) and
calcium sulfate (CaS) as bioceramics. Physicochemical characterization shows
!30% filler loading and!40% optimum porosity with>100 μmpore size for these
filled/unfilled scaffolds. Nanoindentation studies show improved Young’s modulus
at microparticle level with the incorporation of bioceramics. SF-HA scaffolds
showed three fold increase in Young’s modulus, whereas SF-CaS showed two fold
increase. In vitro bioerosion study results in early bioerosion with SF-CaS scaffold,
whereas prolonged bioerosion with SF-HA scaffold. In vitro osteoregenerative
potential is analyzed by estimating alkaline phosphatase (ALP), bone morphoge-
netic protein-2 (BMP-2), and osteocalcin (OCN). SF CaS supports early stage
differentiation while SF 50%HA predominantly supports late stage. The expression
of TNF-α suggests a reduced risk of immune rejection. This work, therefore,
concludes that although SF supports bone tissue regeneration, the choice of
bioceramic enhances the applicability in various clinical scenarios by providing a
controlled bioerosion rate, tunable speed of osteoregeneration, and improved load
bearing capacities.
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physicochemical properties using spectroscopic and thermal
techniques. We have also characterized the mechanical properties
at the microparticle length scale using nanoindentation technique.
Furthermore, the bulk compression modulus of the scaffolds was
also measured. The scaffolds were evaluated for their potential in
supporting bone tissue regeneration through in vitro studies. We
monitored the growth and differentiation of humanmesenchymal
stem cells (hMSCs) on the filled/unfilled scaffolds. We also stud-
ied the immune response toward these scaffolds upon exposure to
THP-1 cells. We report that addition of bioactive ceramics to
microparticle-based SF scaffolds provides the flexibility to prepare
bone void fillers with controlled rates of bioerosion and tunable
osteoregeneration, while surprisingly it does not alter the bulk
mechanical performance of the scaffolds.

2. Experimental Section

SF cocoons were purchased from Central Sericultural Research &
Training Institute (CSRTI), Mysore; sodium bicarbonate
(NaHCO3) was purchased from Merck (1.93237.0521); lithium
bromide (Li-Br) (cat#213225), nano-HA (cat#677418), protease
XIV (cat#P5147) enzyme were procured from Sigma-Aldrich;
hexafluoroisopropanol (HFIP) was purchased from Gujarat
Fluorochemicals Ltd.; and medical grade calcium sulfate was used
in the study. All cell culture reagents—IMDM (cat#12440-046),
RPMI (cat#A10491-01), fetal bovine serum (FBS) (cat#10082-147),
FBS for hMSCs (cat#12662-011), Alamar blue (cat#1987309),
MTT (cat#M6494), StemPro osteogenic differentiation kit
(cat#A1007201), PicoGreen assay kit (cat#P11496), enzyme-linked
immunosorbent assay (ELISA) kits for detection of bone morpho-
genetic protein-2 (BMP-2) (cat#EHBMP2), osteocalcin (OCN)
(cat#BMS2020INST), and TNF-α (cat#BMS223-4)—were pur-
chased from Invitrogen; alkaline phosphatase (ALP) detection kit
(cat#ab83369) was procured from Abcam. hMSCs (cat#PT-2501)
were purchased from Lonza and revived and stored as per suppli-
ers’ specifications. In all experiments on hMSCs, cells from pas-
sage number 3 were used. THP-1 cell line was procured from
National Centre for Cell Sciences, Pune.

2.1. Preparation of Silk Fibroin Microparticles and Scaffolds

Silk fibroin microparticles and scaffolds were prepared as per the
protocol described earlier.[12] B. mori cocoons were boiled in
0.5 w/v% of NaHCO3 solution twice for 30min each for sericin
removal. Collected fibroin was vacuum dried at 60 "C followed by
dissolution in 9.3 M lithium bromide (LiBr) at 60 "C for 4 h. This
solution was dialyzed extensively against water and the centrifuged
solution was lyophilized at #55 "C for 6 h to obtain SF sponge.
The powder was dissolved in HFIP, and this SF-HFIP solution
was mounted on a syringe pump and the drops of SF-HFIP solu-
tion were coagulated in a methanol bath. The particles were incu-
bated in methanol bath for 24 h with frequent change in fresh
methanol. The microparticles were allowed to air dry and stored
at room temperature till further use. Composite microparticles
were prepared by adding 25 and 50wt% HA and/or CaSO4 pow-
der with respect to weight of SF in SF-HFIP solution. 3D scaffolds
of SF and SF-bioceramics in the form of cylinders of various diam-
eters and heights were prepared using dilute SF solution. Once

microparticles were added to mold, RSF was added on the top
of the microparticles, which has been kept at 60 "C under vacuum
for 30–45min. This high temperature resulted in drying of the
aqueous silk solution, fusing the microparticles together, and also
inducing beta sheet formation in aqueous silk solution. This pro-
cess results in making the glue water insoluble. These micropar-
ticles and 3D scaffolds are further referred to as SF-25% HA,
SF-50% HA, SF-25% CaS, and SF-50% CaS, indicating both
the type of filler and the filler loading.

2.2. Particle Size Determination

Particle size was analyzed using optical microscopy (Carl Zeiss
Axio Observer Z1 microscope). Twenty particles were imaged
and the diameter was calculated from the obtained area from
ZenPro 2012 software from Carl Zeiss.

2.3. Confirmation of Secondary Structure in SF and Presence of
Bioceramics

All SF and bioceramic-filled SF microparticles were analyzed
using Fourier-transform infrared spectroscopy (FTIR) from
Perkin Elmer (Spectrum GX) coupled with Golden Gate
Diamond ATR at the resolution of 4 cm#1 in the range of
1400–1800 cm#1 and 32 scans were recorded. The amide I peak
obtained in the spectral regime of 1580–1720 cm#1 was decon-
voluted to analyze the secondary structure of fibroin protein.
Peakfit v4.1 software was used to calculate crystallinity index
(CI). The CI was measured as per the protocol described in
out earlier publication Nisal et al. Briefly, the amide I peak in
the 1600–1700 cm#1 region was deconvoluted into 12 peaks
using the second derivative method and the CI was calculated
as the ratio of areas of peak assigned to beta sheets to the areas
of peaks assigned to random coil and alpha helix.

2.4. Surface Morphology and Elemental Analysis

Surface of SF microparticles with or without bioceramics was
analyzed using a Quanta 200 3D scanning electron microscope
(SEM). Prior to imaging, all samples were sputter coated with
5 nm gold coating using a polaron SC6420 sputter coater.
Elemental mapping was performed by energy-dispersive X-ray
spectroscopy (EDX) analysis by using Leica Stereos-can-440
SEM equipped with a Phoenix EDX attachment.

2.5. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed on an accu-
rately weighed sample from 25 to 900 "C at a heating rate of
10 "Cmin#1 in air atmosphere using a TGA Q5000 machine
from TA instruments.

2.6. Mechanical Properties of Microparticles

Mechanical properties of microparticles were analyzed by nano-
indentation. Microparticles were mounted in epoxy using cold
mounting method followed by gentle cloth diamond polishing
before the indentation test. Indentation was performed on SF,
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SF-50% HA, and SF-50% CaS particles on a nanoindenter—
Bruker Nano Inc., Minneapolis, USA, Model: TI Premier using
a Berkovich tip approximately 300 nm diameter. A 10mN load
as a constant parameter was applied and displacement was
recorded. Twenty indentations per sample were recorded and
an average modulus was calculated.

2.7. Mechanical Properties of 3D Scaffolds

Bulk mechanical properties of SF, SF-50% HA, and SF-50% CaS
scaffolds (8 mm in diameter and 5mm in height) were analyzed
using Bose Electroforce 3200 Series III machine equipped with a
450 N load cell at compression speed of 0.005mm s#1, a preset
load of#1 N and scan time of 40 s. Scaffolds were immersed into
deionized (DI) water for about 2 h and then used for compres-
sion test. A stress–strain graph was plotted and compression
modulus was reported.

2.8. Surface Wettability of 3D Scaffolds

Surface wettability of 3D scaffold of SF, SF-50%HA, and SF-50%
CaS was analyzed by measuring the contact angle. Stable sessile
drop of 4 μL of DI water was used, and the equilibrium contact
angle was reported as the average of at least three measurements
for each type of sample.

2.9. Bioerosion in Proteolytic Environment

In vitro weight loss study was conducted by using protease XIV
enzyme. SF, SF-50% HA, and SF-50% CaS scaffolds were
incubated in the enzymatic solution (2 UmL#1) at 37 "C for
maximum of 28 days with time points of days 7, 14, and 28.
The experiment was performed in triplicates at each time point.
Freshly prepared filter sterilized enzymatic solution was replen-
ished after every 48 h. On the 7th, 14th, and 28th day, scaffolds
were washed with PBS, dried in vacuum oven at 60 "C overnight,
and weighed. Average weight loss was calculated with respect to
initial weight of individual scaffold.

2.10. Quantitative hMSCs Proliferation (PicoGreen dsDNA
Assay)

Sterilized SF, SF-50% HA, and SF-50% CaS scaffolds were
placed in a 96-well flat-bottomed nonadherent cell culture plate
and hMSCs were seeded. hMSCs were seeded at a density
of 5$ 104 cells per scaffold in 10 μL of complete media
(IMDMþ 10% MSCs-FBS). The cells were allowed to settle for
5–7min at 37 "C, 5% CO2 atmosphere. Additional 90 μL media
was added to the tissue culture plate, which was then incubated
at 37 "C for 28 days in 5% CO2 atmosphere. Media was replen-
ished after every 48 h.

In vitro quantitative cell proliferation was analyzed by measur-
ing DNA concentration. Double-stranded DNA (dsDNA) concen-
tration was analyzed on 7th, 14th, and 28th day using Quant-iT
PicoGreen dsDNA kit. On the day of analysis, scaffolds were col-
lected and digested in 1mL of papain solution (125mgmL#1 of
papain in 10mM L-cysteine, 100mM phosphate, and 10mM
EDTA at pH 6.3) for 16 h at 60 "C. After incubation, samples

were centrifuged at 14 000 rpm for 10min, and supernatant
was collected and stored at#80 "C for further analysis. DNA con-
tents were measured by using PicoGreen dsDNA assay kit
according to manufacturer’s protocol. Fluorescence was mea-
sured at 535 nm using a multimode detector and concentration
of dsDNA was reported in ngmL#1.

2.11. Cell Morphology by Actin Cytoskeleton Staining

Morphology of hMSCs seeded on SF, SF-50% HA, and SF-50%
CaS scaffolds was observed by actin staining of cytoskeleton at
the end of 28 days using the protocol described earlier.[14]

Scaffolds were washed with (1X) PBS and 4% paraformaldehyde
was used as a fixative for 15min at 25 "C. The washing protocol
was repeated for 2 times. Cell permeabilization was done using
0.1% Triton X-100 (Sigma-Aldrich) for 5 min followed by a dou-
ble PBS wash. Cells were incubated with 5% BSA for 20min at
room temperature. Alexa Fluor 488 phalloidin was prepared in
PBS 1:100 ratio and incubated for 30min at room temperature in
dark to stain the actin filaments. A 300 nM solution of 4 0,6-dia-
midino-2-phenylindole (DAPI) was used as a counter stain for
nucleus. Scaffolds were washed again and images were captured
on Axio Observer Z1 microscope (Carl Zeiss).

2.12. Osteoblast Differentiation on SF, SF-HA, and SF-CaS
Scaffolds

Sterilized SF, SF-50% HA, and SF-50% CaS scaffolds were
placed in a 96-well tissue culture-treated plate and hMSCs were
seeded. Seeding density was kept at 5$ 104 cells per scaffold in
10 μL of complete media (IMDMþ 10% MSCs-FBS). The plate
was kept for 5–7min at 37 "C, 5% CO2 atmosphere followed by
addition of 90 μL media and incubated at same temperature for
24 h. Next day, media was removed and osteogenic differentia-
tion media was added. Fresh osteogenic media was replenished
after every 48 h. Osteoblast differentiation was analyzed by esti-
mation of levels of ALP, BMP-2, and OCN. On the day of analysis
spent culture media was taken out and stored at #80 "C for
marker analysis.

2.12.1. Expression of ALP

Activity of ALP was measured by using ALP colorimetric assay as
per the protocol mentioned in our previous paper.[12] In brief,
appropriate diluted sample in total volume of 80 μL was incu-
bated with 50 μL of pNPP (5mM) solution at 25 "C for an hour
in dark. Enzyme activity was stopped by adding 20 μL of stop
solution after an hour. Absorbance was recorded at 405 nm.
ALP concentration in samples was calculated by using standard
calibration graph, which was further normalized with protein
concentration.

2.12.2. Expression of BMP-2 and OCN

Both BMP-2 and OCN were analyzed on days 1 and 28. On the
day of analysis, spent media was collected. Standard ELISA
for both the marker was carried out as per manufacturer’s
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instruction. Individual calibration curve was developed to calcu-
late levels of BMP-2 and OCN expression in samples.

2.13. Detection of Inflammatory Response

Inflammatory reaction against the SF, SF-50% HA, and SF-50%
CaS was analyzed by estimating expression level of TNF-α in
THP-1 (human monocytic cell line) cells. 8$ 103 cells per scaf-
fold per well were seeded and cultured in 1mL complete media
and incubated at 37 "C in 5% CO2 atmosphere up to day 7 and
media was changed after every 48 h. On days 1 and 7 spent media
was collected and used to calculate expression levels of TNF-α by
using standard ELISA kit. Two independent experiments with
duplicates reading in each set were taken and results are reported
in terms of absorbance.

2.14. Statistical Analysis

Statistical analysis was done by using one-way and two-way anal-
ysis of variance (ANOVA) with Tukey’s post hoc test by using
Past 3 software. A value of P< 0.05 was considered statistically
significant.

3. Results
3.1. Preparation of Microparticles and 3D Scaffolds

Five variants of microparticles were prepared and analyzed
for particle size, surface morphology, filler content, and protein
conformation using various microscopic, spectroscopic, and
thermal characterization techniques. The pure SF microparicles
were translucent golden brown in color, whereas SF-25/50%HA,
and SF-25/50% CaS microparticles were white opaque in
appearance. Scaffolds were prepared in two different sizes of
2mm (h)$ 4mm (D) and 4mm (h)$ 8mm (D) in cylindrical
molds. In all experiments, scaffolds of 4 mm (Dia) size were
used except mechanical testing where 8mm (D) sized scaffolds
were used.

3.2. Particle Size Determination

Figure 1 shows the results of image analysis performed on opti-
cal microscopic images. SF microparticles have an average par-
ticle size of 0.52mm. No significant difference in microparticle
size was seen after incorporation of 25% HA or CaS. Absolute
values of particle diameter are given in Table S1, Supporting
Information. Average microparticle size was high in micropar-
ticles with 50 wt% of HA (diameter: 0.60 mm) or CaS (diameter:
0.57 mm) as compared with SF microparticles. For monodisper-
sity measurement d90/d10 ratio was calculated by measuring
the diameters of 25 particles. The diameter was sorted in an
ascending manner. The d90 describes the diameter where
90% of the particles have a smaller particle size and 10% has
a larger particle size. Therefore, a ratio closer to 1 indicates that
the particles are monodisperse. Notably, all microparticles
exhibited a d90/d10 ratio !1, indicating that the microparticles
are monodispersed.

3.3. Confirmation of Secondary Structure in SF and
Presence of Bioceramics

Infra-red spectroscopy in the ATR mode was performed to quan-
tify the secondary protein conformation and to verify the pres-
ence of incorporated bioceramics. The presence of peak at
1018 cm#1 in both 25 and 50 wt% SF-HA microparticles con-
firmed HA incorporation in SF microparticles. Similarly, the
presence of peak at 1083 cm#1 in both 25 wt% and 50 wt%
SF-CaS microparticles confirmed successful incorporation of
CaS. The Amide I peak observed between 1600 and 1700 cm#1

was also deconvoluted to evaluate the secondary structure of the
SF protein. The ratio of the beta sheets present in the sample to
the ratio of random coil and alpha helix structures has been
described as a CI. The CI has been tabulated in Supporting
Information. As can be seen from the data in Tabel S2,
Supporting Information, addition of various fillers and the quan-
tity of the filler did not have significant effect on the CI. The CI of
the material was found to be !1.5, indicating a predominance of
beta sheet conformation in all the microparticles (Figure 2).

3.4. Surface Morphology and Elemental Analysis

Surface of the biomaterial plays crucial role in cellular adhesion
and thereafter differentiation. Surface morphology of developed
microparticles and 3D scaffolds was analyzed by using SEM
(Figure 3). Fold-like microarchitecture is a characteristic of
methanol-treated SF microparticles as shown in our earlier
publication.[14] We observed increased surface roughness with
increased concentration of HA and CaS (Figure 3a–e, respec-
tively). SEM micrograph of SF, SF-25/50% HA, and SF-25/50%
CaS scaffolds showed monodispersed microparticles arranged
in hexagonal packing structure (Figure 3f–j). Clear adhesion
between adjacent microparticles was visible in electron micro-
graph of 3D scaffolds (Figure 3k–o). Elemental mapping using
EDX analysis also confirmed the incorporation of bioceramics
in SF microparticles (Figure S1, Supporting Information).

Figure 1. Particle size analysis. Particle size distribution of SF, SF-25%
HA, SF-50% HA, SF-25% CaS, and SF-50% CaS microparticles was ana-
lyzed using optical microscope. Images of at least 20 microparticles were
captured by using 10$ objective and diameter was calculated using
ZenPro 2012 software from Carl Zeiss. Data represented as average parti-
cle size (mm)& SD.
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The presence of C, N, and O indicates the presence of SF protein.
The presence of Ca and P in SF-25/50%HA sample confirms the
incorporation of HA, and the presence of Ca and S in SF-25/50%
CaS samples confirms the incorporation of CaS. SEM analysis of
all three types of scaffolds also showed pore size >100 μm.

3.5. TGA

TGA was used to quantify the amount of filler present in the
microparticles, and this data is shown in Figure 4. SF microparti-
cle completely degrades at !700 "C, indicating 0% weight reten-
tion at T> 700 "C (Figure 4). SF-25% HA microparticles showed
average 19.9% weight retention, whereas SF-50% HA micropar-
ticles showed 29.1% weight retention at temperatures>700 "C till
900 "C. Similarly, SF-25% CaS microparticles displayed average
16.7% weight retention, whereas SF-50% CaS microparticles
showed 28.3% weight retention at temperatures>700 "C. Percent
weight retention of all microparticles at 700, 800, and 900 "C is
tabulated in Table S4, Supporting Information. This indicates that
after incorporation of 50% of bioceramics, only !30% loading of
filler is actually achieved in the microparticle.

Further experimentation was, therefore, carried out with SF
microparticles with 50% filler loading.

3.6. Mechanical Properties of Microparticles

Mechanical properties of microparticles were tested by
using nanoindentation test and reported as Young’s modulus
(Figure 5a). SF microparticles showed Young’s modulus !3 GPa,
whereas Young’s modulus of SF-50% HA and SF-50% CaS was
!8 GPa and !5.3 GPa, respectively. These results indicate that

the blending of bioceramics (HA/CaS) with SF improved mechan-
ical properties of microparticles when compared with pure SF
microparticles (one-way ANOVA, p¼ 2.7 e#06).

3.7. Mechanical Properties of 3D Scaffolds

Bulk mechanical properties of SF, SF-50% HA, and SF-50% CaS
3D scaffolds were tested and the compression modulus has been
tabulated in Figure 5b. The SF scaffold has a compression mod-
ulus of !31MPa. The SF-50% HA and SF-50% CaS scaffolds
also exhibited a comparable compression modulus, indicating
that addition of bioceramics did not significantly influence the
bulk mechanical properties of the scaffold.

3.8. Surface Wettability of 3D Scaffolds

Surface wettability or hydrophobic/hydrophilic characteristics sig-
nificantly influence cell attachment on the biomaterial. To assess
effect of incorporation of bioceramics in SF on hydrophobicity/
surface wettability, contact angle measurement was performed
by sessile drop method (Figure 6). SF scaffold exhibited an instan-
taneous contact angle of 107& 4, which eventually came down to
101& 6 indicating a hydrophobic surface (Figure 6). SF-50% HA
scaffold gave initial contact angle 90& 7 that was lower than the
initial contact angle of SF scaffold (p¼ 0.026) and further
decreased to 82& 6 with time. On the contrary, initial contact
angle of SF-50% CaS scaffold was 75& 5, which is also signifi-
cantly lower than initial contact angle of SF scaffold (p¼ 2.3 e#5).
Results from the data shown in Figure 6 confirmed the participa-
tion of bioceramics to lower down the hydrophobicity of SF. Thus,
CaS was found to significantly lower the contact angle and
improve the wettability of the scaffold.

3.9. Bioerosion in Proteolytic Environment

SF, SF-50% HA, and SF-50% CaS scaffolds were treated with
protease XIV. An average percent weight loss with respect to ini-
tial weight of scaffolds is shown in Figure 7. On the day 7, pure
SF scaffolds exhibited 8% weight loss, whereas SF-50% HA
scaffolds showed only 0.6% weight loss. On the contrary,
SF-50% CaS scaffolds showed significantly higher % weight loss
(11%) compared with SF-50% HA (p¼ 2.41 e#1). SF-50% HA
scaffolds showed 3.4% weight loss by day 14 (p¼ 0.003) and
10% by day 28 (p¼ 7.9 e#1), which was significantly higher
than the day 7. In case of SF-50% CaS scaffold, 25% weight loss
on day 28 was significantly different than the 17% weight loss on
day 14 (p¼ 7.0 e#9). Physical appearance of the enzyme-treated
scaffolds is summarized in Figure S2, Supporting Information.
These images of the scaffolds further support the weight loss
trends documented earlier.

3.10. Quantitative hMSCs Proliferation (PicoGreen
dsDNA Assay)

PicoGreen dsDNA assay is an ultrasensitive fluorescent DNA
stain-based kit for quantitating dsDNA. hMSCs proliferation on
SF, SF-50%HA, and SF-50% CaS scaffolds was further confirmed
by the quantitative PicoGreen assay and the results are shown in

Figure 2. Confirmation of secondary structures. SF, SF-25% HA, SF-50%
HA, SF-25% CaS, and SF-50% CaS microparticles were analyzed using
FTIR-ATR at the resolution of 4 cm#1 in the range of 1400–1800 cm#1.
Figure shows the FTIR-ATR spectra of SF and SF-bioceramic micropar-
ticles. The amide I peak obtained in the spectral regime of 1580–
1720 cm#1 was deconvoluted to analyze the secondary structure of fibroin
protein.
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Figure 8a. All three types of scaffolds supported hMSCs adhesion
and proliferation. Results of this assay are in accordance with
the Alamar blue assay (Figure S4, Supporting Information).
Incorporation of CaS and HA did not show difference in
hMSC adhesion and proliferation. On day 7, pure SF scaffold
showed 9.5 ngmL#1 DNA which was significantly increased to
12.2 ngmL#1 on 14th day (p¼ 0.002) and 15.0 ngmL#1 on
28th day (p¼ 1.7 e#07). In case of SF-50% HA, initial
8.7 ngmL#1 DNA on 7th day was not significantly increased on
day 14, but rose up to 14.3 ngmL#1 on day 28 (7th and 28th
day, p¼ 1.04 e#6 and 14th and 28th day, p¼ 0.003). On the con-
trary, in SF-50% CaS scaffold, hMSCs significantly proliferate as
the function of all three time points (7th and 14th day, p¼ 0.0004;
14th and 28th day, p¼ 0.03; 7th and 28th day, p¼ 6.99 e#7).

3.11. Actin Cytoskeleton Staining

F-actin cytoskeleton staining was visualized with Alexa Fluor
488 phalloidin, and epifluorescence micrographs of F-actin were

Figure 3. SEM analysis of SF microparticles with and without bioceramic. Surface properties of SF microparticles with and without bioceramics were
analyzed using Quanta 200 3D SEM. All samples were coated with gold by sputter coating prior to imaging. a–e) 200 μm scale and represent particle
sphericity and evenly distributed bioceramics in bioceramics-filled particle. f–j) 500 μm scale and represent scaffold morphology with pores between the
particle joints. k–o) 50 μm scale and represent tightly adhesion of two particle with each other in scaffold.

Figure 4. TGA. TGA of SF, SF-25% HA, SF-50% HA, SF-25% CaS, and SF-
50% CaS microparticles. TGA was performed from 25 to 900 "C at a heat-
ing rate of 10 "Cmin#1 in air atmosphere using a TGA Q5000 machine.
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taken at day 28 (Figure 8b). In accordance with our proliferation
data, we observed well-expanded cell morphology of hMSCs.
hMSCs expansion were seen throughout the microparticle surface
and also in between themicroparticles. No visible difference in cell
cytoskeleton among different types of scaffolds was observed. The
data overall suggested that the developed scaffolds do not impart
any toxic effects and support hMSCs adhesion and proliferation.

3.12. Detection of Osteoblast Differentiation Markers

Ability of scaffolds to support hMSCs differentiation into mature
osteoblasts was evaluated by measuring expression of different
markers such as ALP (early marker), BMP-2 (early to late),
and OCN (late marker).

3.12.1. Expression of ALP

Activity of ALP was measured by colorimetric assay on the 7th,
14th, and 28th day. ALP activity was calculated using standard
calibration curve (Figure S5, Supporting Information) as per
manufacturer’s instruction. Calculated ALP activity is shown
in Figure 9a. Detectable ALP activity was observed on the day
7 in SF, SF-50% HA, and SF-50% CaS scaffolds. From the data,
it is observed that SF and SF-50% CaS supports hMSCs osteo-
genic differentiation equally on 7th and 14th day; however,
decreased activity was observed in SF-50% CaS as compared with
SF. On the 14th day of experiment, increased ALP activity in
SF-50% HA with respect to 7th day was observed and remained
constant till 28th day. In conclusion, highest ALP activity was
observed in SF scaffold starting from 7th day to 28th day,
whereas SF-50% HA started significant differentiation of
hMSCs after 7th day and remained constant till 28th day.

3.12.2. Expression of BMP-2 and OCN

Family of BMPs plays a vital in the development of new
bone tissue and osteoblast differentiation. BMP-2 levels were

Figure 5. Mechanical testing. a) Nanoindentation: mechanical properties of SF, SF-50% HA, and SF-50% CaS particles were analyzed on a nanoindentor
(TI Premier using a Berkovich tip !300 nm diameter). A 10mN load as a constant parameter was applied and displacement was recorded. Data rep-
resented as average Young’s modulus (GPa) & SD (n¼ 3) *p< 0.05. b) Wet compression modulus: bulk mechanical properties of SF, SF-50% HA, and
SF-50% CaS scaffolds (8 mm in diameter and 5mm in height) were analyzed using Bose Electroforce 3200 Series III machine using 450N load cell at
compression speed of 0.005mm s#1, a preset load of #1 N and scan time of 40 s. Data represented as average compression modulus & SD. NS: not
significant difference.

Figure 6. Surface wettability of 3D scaffolds. Surface wettability of 3D scaf-
folds of SF, SF-50% HA, and SF-50% CaS was analyzed by measuring con-
tact angle. Data represented as average contact angle& SD (n¼ 3).

Figure 7. In vitro bioerosion in proteolytic environment. SF, SF-50% HA,
and SF-50% CaS scaffolds were digested with protease XIV (2 UmL#1) at
37 "C. The reaction was terminated at different time points: days 7, 14, and
28. Samples were dried in vacuum oven at 60 "C overnight and weighed.
Data represented as an average weight loss& SD (n¼ 3), *p< 0.05.
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Figure 8. hMSCs cell growth. a) PicoGreen assay: hMSCs were seeded on SF, SF-50% HA, and SF-50% CaS scaffolds at a density of 5$ 104 cells per
scaffold and cultured in IMDMþ 10% MSCs-FBS at 37 "C, 5% CO2 atmosphere. Media was replenished after every 48 h. dsDNA concentration was
measured using Quant-iT PicoGreen dsDNA kit at days 7, 14, and 28 time points. Fluorescence was measured at 535 nm using a multimode detector.
Data represented as DNA concentration (ngmL#1)& SSD (n¼ 3), *p< 0.05. b) Actin staining: morphology of hMSCs seeded on SF, SF-50% HA, and
SF-50% CaS scaffolds was observed by actin cytoskeleton at the end of day 28 of culture. Alexa Fluor 488 tagged phalloidin was used for staining actin
filaments. Nucleus was stained with DAPI. Scaffolds were observed and images were captured on Axio Observer Z1 microscope (Carl Zeiss). All images
were captured by using 10$ objective.

Figure 9. Osteogenic differentiation and inflammatory response. hMSCs were seeded on SF, SF-50% HA, and SF-50% CaS scaffolds at a density
of 5$ 104 cells per scaffold and cultured in osteogenic differentiation media 37 "C, 5% CO2 atmosphere for days 7, 14, and 28. Osteogenic
differentiation media was replenished after every 48 h. Conditioned media was collected at respective time points. Osteogenesis was detected
by estimating expression of ALP activity, BMP-2, and OCN levels. a) ALP activity was measured from conditioned media collected at days 7, 14,
and 28. ALP activity was normalized with the total protein loaded and expressed as ALP activity/100 μg of protein. Data represented as
average& SD (n¼ 3), *p< 0.05. b) BMP-2 expression was estimated from conditioned media on days 1 and 28 using ELISA. Data represented
as average BMP-2 (pg mL#1)& SD (n¼ 3), *p< 0.05. c) Expression of OCN was also estimated by ELISA from conditioned media on days 1
and 28. Data represented as average OCN (ng mL#1) levels& SD (n¼ 3), *p< 0.05. d) Inflammatory reaction against the SF, SF-50% HA, and
SF-50% CaS was analyzed by estimating expression level of TNF-α. 8$ 103 THP-1 (human monocytic cell line) cells were seeded on SF scaffolds
with and without bioceramic and cultured in RPMI 1640 media and incubated at 37 "C in 5% CO2 atmosphere for 7 days. Media was replenished after
every 48 h. TNF-α levels were estimated at days 1 and 7 using standard ELISA kit. Data represented as average& SD (n¼ 3). NS¼ not significant
difference; *p< 0.05.
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measured using ELISA assay and concentrations were calculated
from the standard calibration curve (Figure S6, Supporting
Information). All three types of scaffolds exhibited BMP-2
expression (Figure 9b) on day 1; however, by day 28 SF-50%
HA showed highest BMP-2 levels compared with SF (p¼ 0.002)
and SF-CaS. Among SF and SF-50% CaS, no significant differ-
ence was seen in BMP-2 expression, which was observed on
day 28.

OCN—a late osteogenic marker—was estimated by using
ELISA assay. As per manufacturer’s instruction (standard curve;
Figure S7, Supporting Information). OCN expression levels are
shown in Figure 9c. Under osteogenic stimulus, hMSCs cultured
on all three scaffolds showed similar expression levels of detect-
able OCN levels on day 1 (p> 0.05). Although hMSCs cultured
on all scaffolds showed time-dependent increase in OCN levels,
by day 28. SF-50% CaS showed statistically significant, high OCN
levels of as compared with SF alone and SF-HA scaffolds
(p¼ 3.0 e#2).

3.13. Detection of Inflammatory Response

THP-1 cells were used to assess inflammatory response induced
by SF, SF-50% HA, and SF-50% CaS scaffolds. Untreated THP-1
cells (plate control) were considered as a negative control, and
TNF-α expression levels are shown in Figure 9d.

Relative to plate control cells, on day 1 elevated absorbance was
detected in SF, SF-50% HA, and SF-50% CaS scaffolds. As a
function of time on day 7, level of TNF-α significantly decreased
with respect to day 1 (p¼ 0.02) for all three types of scaffolds and
as a result decrease in absorbance was observed, which was
similar to nontreated control cells. Nonsignificant difference of
TNF-α between control cells and all three types of scaffolds indi-
cates that neither scaffolds stimulate inflammatory response.
This implies that filled/unfilled scaffolds are biocompatible
and there is a reduced risk of failure after implantation due to
immune rejection. However, further both in vitro and in vivo
studies would be required to evaluate the immunogenic potential
of these scaffolds upon implantation.

4. Discussion

Bone defects/cavities and nonunions are the most frequently
encountered problems in modern reconstructive orthopedic sur-
gery and here use of bone void filler is a promising option. Bone
tissue engineering is, therefore, an active area of research.[15,16]

One of the most important elements of BTE is the design of a
biocompatible scaffold that provides appropriate mechanical
support with optimum pore size and interconnected porosity.
Porosity was calculated by measuring the weight and volume of
individual cylindrical scaffolds. The densities used for calculation
were ρsilk fibroin¼ 1.35 gm cm#3; ρcalcium sulphate¼ 2.32 gm cm#3;
and ρhydroxyapatite¼ 3.16 gm cm#3. Calculated porosity was given
in Table S3, Supporting Information.

These properties must be over and above the property of
osteoregeneration. The scaffold must also have appropriate
and controlled bioerosion rates and also the flexibility to incor-
porate functional biomolecules for osteoinductivity.[17,18]

Synthetic bone void fillers, which are currently used in sur-
gery, include ceramics such as HA, CaS, tricalcium phosphate,
and/or their blends/composites with synthetic or natural poly-
mers.[3] Silk—a natural biopolymer—has been extensively
explored in the recent past for BTE. It has also been blended with
other polymers and ceramics for BTE applications.[19,20] Our
group has more recently also demonstrated the promise of silk
microparticle-based scaffolds in BTE.[13] Furthermore, we have
also shown that osteogenic differentiation ability of these scaf-
folds can be enhanced by simple surface coating of scaffolds with
collagen and chitosan, which are natural biopolymers.[12] The
objective of this work was to understand the effect the filler load-
ing on the osteogenic potential of SF microparticle scaffolds. The
scaffolds were thoroughly characterized for their morphological,
chemical, and mechanical properties, and the study unfolds cru-
cial insights into the linkage between these properties and the
osteogenic potential of SF as a scaffolding material in BTE.

This study demonstrated a simple and reproducible protocol
to develop composite scaffolds of SF either with HA or with CaS.
HA is a most stable bioceramic that has chemical similarities to
natural bone. HA is also osteoconductive and has low immuno-
genicity.[21] CaS is another biocompatible, bioresorbable ceramic.
CaS is also known to be hydrophilic as compared with SF and
HA.[22,23] The uniform loading of the fillers into the micropar-
ticles was confirmed using spectroscopic techniques such as
FTIR and EDS. FTIR analysis also further confirmed that there
was no significant change in secondary protein conformation
upon addition of fillers. TGA corroborated that the maximum
loading of fillers was !30% by weight of SF. Microscopic images
confirmed that the surface of these ceramic-filled microparticles
is different from the surface of pure SF microparticle. The
ceramic fillers are uniformly distributed throughout the surface
of the microparticle. This implies that the surface would have a
mixture of functional groups that the cells would interact with.
The presence of these ceramic fillers on the surface of the micro-
particle also increases the surface roughness of the micropar-
ticles. This change in chemical and physical properties of the
microparticle surface also affects the hydrophilicity of the scaf-
fold, with the CaS-filled microparticles being most hydrophilic.

Bone is the highest load bearing tissue in the body. The
mechanical strength of cancellous bone varies from 10MPa to
30 GPa depending on the anatomical site in the body and the
race, ethnicity, gender, and age of the patient.[24] Therefore, it
is necessary to characterize the mechanical properties of the scaf-
fold. The bulk modulus of developed scaffolds (Figure 5b) shows
a comparable modulus for filled and unfilled SF scaffolds. This is
due to the fact that the bulk porosity of the scaffold plays a sig-
nificant role as compared with the filler loading. This has also
been reported for other microparticle scaffolds.[6] It may also
be noted here that the SF-50% CaS scaffold has slightly higher
bulk porosity and correspondingly a slightly lower compression
modulus. The compression modulus is a bulk property, but an
individual cell would interact with the surface of a single
microparticle.

Therefore, it is necessary to characterize the mechanical prop-
erties of the individual microparticle. The measurement of this
local modulus of the microparticles was done using nanoinden-
tation. It was surprising to see a Young’s modulus>2 GPa for all
our scaffolds, with the SF-50% HA microparticle showing the
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highest modulus. The fillers, therefore, do reinforce the SF
matrix and improve the modulus of the filled microparticles.

SF bioresorbs in the body over a time duration varying from few
months to few years, depending on the SF protein.[4] Here, we
demonstrate that despite having similar protein conformation,
the rate of bioerosion can be tuned by incorporation of different
bioceramics (Figure 7). The rate of bioerosion is fastest in CaS-
filled scaffolds and is lowest in HA-filled scaffolds, whereas pure
SFmicroparticles have an intermediate rate of bioerosion. HA and
CaS both have good biocompatibility and osteoinductivity, but are
limited by its bioresorption rate. HA bioresorbs at an extremely
slow rate resulting in new bone forming primarily around the
filler.[25,26] CaS bioresorbs within few months of implantation,
not providing enough time for the new bone to form.[20,27] Rate
of new bone formation also depends on the age of the patient
and the anatomical site. It also depends on the physical well-being
of the patient. For example, the rate of new bone formation in a
child is extremely high, while it can be uncannily slow for an
osteoporotic patient. Thus, here we propose a system that allows
a clinician to pick and choose the appropriate bone void filler
depending on the patient needs and the clinical condition.

Success of developed biomaterials in TE is also dependent
on noncytotoxic nature of the biomaterial. We observed >80%
cell viability (Figure S3, Supporting Information) for both filled
and unfilled SF scaffolds. All SF scaffolds filled or unfilled sup-
ported cell growth with equal efficiency as observed from cell pro-
liferation on these scaffolds (Figure S4, Supporting Information)
and (Figure 8a). These results are in conjunction with the report
by Kucharskya et al.[28] As per quantitative and qualitative cell
growth analysis, we did not observe any significant difference
between biomaterials (Figure S4 and Figure 8a).

Also, during adult bone remodeling and repair, the stem cells
differentiate into an osteoblastic lineage upon receiving appropri-
ate signals from the biomaterial. There are multiple osteogenic
markers of the osteoblast that appear in the surroundings during
the differentiation process at different time and have also been
well documented with respect to each stage of the path way.[29,30]

Osteogenic potential of SF, SF-50% HA, and SF-50% CaS was
evaluated by measuring the osteogenic markers ALP and
OCN. Among the family of BMPs, BMP-2 plays crucial role in
osteogenesis,[31] and it has also been reported that mRNAs of
BMP-2 are expressed only later in osteogenesis.[32] We measured
BMP-2 concentration on 28th day. In osteogenic differentiation
process, days 1–14 are known as initial level, whereas days 14–28
are reported as a later phase of process.[32] ALP level is signifi-
cantly increased in SF and SF-50% CaS on 7th day. This confirms
early differentiation in these scaffolds, which was significantly
decreased on 28th day. SF-50% HA induced hMSCs differentia-
tion after 7th day. On the day 28, we observed decreased ALP
level in all three scaffolds, indicating successful differentiation
of hMSCs into osteoblast. SF-50% HA performs better at later
stage of differentiation, and this is further validated by the sig-
nificantly high level of OCN and BMP-2 with respect to SF and
SF-50% CaS. Also, significantly increased secretion of both OCN
and BMP-2 on 28th day as compared with day 1 in all three types
of scaffolds indicates that although the signaling pathways
(early and late) maybe different for various scaffolds, each of
the scaffold does support differentiation of hMSCs into osteo-
genic linage.

Innate immunity—a first line of defense system—is nonspecific
reactions, which involves immune recognition by responding to
foreign material and activation of monocytes that results in the
rejection of foreign material.[33] Toll-like receptors (TLRs) are pres-
ent on the surface of monocytes and activation of TLRs results in
the secretion of IL1b, IL6, and TNF proinflammatory cytokines.[34]

Herein, we observed that even after long incubation time (7 days)
with THP-1 cells, the scaffolds did not trigger macrophage
response indicating the nonimmunogenic nature of silk fibroin.[35]

During the bone development, there are several signaling
cascades involved such as BMP/TGFb, WNT, Notch, FGF, IGF,
and PDGF. It has been demonstrated that without supplementa-
tion of dexamethasone, SF results in osteogenic differentiation of
BMSCs by activating WNT/b-catenin signaling.[36] Calcium ions
are known to activate NOTCH cascade—a osteogenic regulator
along with ERK/MPK signaling pathway[4,37–39] and this might
be the reason that SF-50%CaS scaffold secretes osteogenic marker
in early phase of differentiation process. On the contrary, HA is
known for the triggering of ERK/MAPK, FGF, and NOTCH sig-
naling,[6] which results in the steady significant performance of
SF-50% HA scaffolds in later phase of osteogenic differentiation.
It has also been documented that mechanical stiffness is also
responsible in the activation of ERK/MAPK cascade.[40,41] SF itself
has the ability to trigger osteogenic signaling. However, coactiva-
tion of more than one signaling cascade to achieve hMSCs differ-
entiation into osteogenic linagemight also prove to be a promising
strategy for bone void fillers especially in clinical settings.

5. Conclusion

We report here the potential of 3D silk fibroin microparticle
scaffolds with and without bioceramics (HA and CaS) for osteor-
egeneration applications. The physicochemical and mechanical
characterization of these filled/unfilled microparticles showed that
the particles are monodisperse, have appropriate surface texture
and roughness for cell attachment, and the SF protein has a
predominant beta sheet conformation. We also demonstrated
incorporation of bioceramics !30% by weight of microparticles.
Interestingly, the addition of fillers did not alter the bulk mechan-
ical properties of the scaffold. However, the Young’s modulus
measured using a nanoindentation experiment confirmed a
two- and threefold increase for the SF50% CaS and SF-50%
HA scaffolds, respectively. The 3D scaffolds prepared using these
microparticles also exhibit tunable rates of bioerosion, where the
SF-CaS scaffold exhibited a fastest rate of bioerosion and the
SF-HA scaffold had a slowest rate. The scaffolds are noncytotoxic
and nonimmunogenic. SF-50% CaS supports the early-stage dif-
ferentiation of stem cells as compared with SF-50% HA scaffolds,
which predominantly increase differentiation at late stage. Thus,
we would like to conclude that addition of fillers to SF micropar-
ticles provides an easymethodology to tune the performance of the
scaffold in BTE with an exceptional control on the mechanical,
bioresorption, and osteoregenerative properties.
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