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Abstract
Surgical	intervention	with	the	use	of	autografts	is	considered	the	gold	standard	to	
treat	peripheral	nerve	injuries.	However,	a	biomaterial	that	supports	and	guides	
nerve	growth	would	be	an	attractive	alternative	to	overcome	problems	with	lim-
ited	availability,	morbidity	at	the	site	of	harvest,	and	nerve	mismatches	related	
to	autografts.	Native	spider	silk	is	a	promising	material	for	construction	of	nerve	
guidance	conduit	(NGC),	as	it	enables	regeneration	of	cm-	long	nerve	injuries	in	
sheep,	 but	 regulatory	 requirements	 for	 medical	 devices	 demand	 synthetic	 ma-
terials.	Here,	we	use	a	recombinant	spider	silk	protein	(NT2RepCT)	and	a	func-
tionalized	variant	carrying	a	peptide	derived	from	vitronectin	(VN-	NT2RepCT)	
as	substrates	for	nerve	growth	support	and	neurite	extension,	using	a	dorsal	root	
ganglion	cell	line,	ND7/23.	Two-	dimensional	coatings	were	benchmarked	against	
poly-	d-	lysine	and	recombinant	laminins.	Both	spider	silk	coatings	performed	as	
the	control	substrates	with	regards	to	proliferation,	survival,	and	neurite	growth.	
Furthermore,	NT2RepCT	and	VN-	NT2RepCT	spun	 into	continuous	 fibers	 in	a	
biomimetic	spinning	set-	up	support	cell	survival,	neurite	growth,	and	guidance	
to	an	even	 larger	extent	 than	native	 spider	 silk.	Thus,	artificial	 spider	 silk	 is	a	
promising	biomaterial	for	development	of	NGCs.
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1 	 | 	 INTRODUCTION

Injuries	to	the	nervous	system	are	a	major	medical	prob-
lem,	both	in	the	peripheral	nervous	system	(PNS)	and	the	
central	nervous	system	(CNS).1,2	While	there	are	very	lim-
ited	 possibilities	 for	 nerve	 regrowth	 after	 injuries	 in	 the	
CNS	the	picture	is	different	in	the	PNS.3,4	In	the	PNS,	nerve	
autografts	 are	 considered	 the	 gold	 standard	 for	 treating	
nerve	defects	and	are	used	on	a	regular	basis.5	However,	
the	success	of	such	nerve	conduits	varies	substantially	and	
aspects	such	as	location	and	type	of	nerve,	the	proximity	
of	the	injury	and	age	at	injury	all	have	an	impact	on	the	
capacity	for	the	injured	nerve	to	regenerate.	In	addition,	
limited	availability	and	loss	of	function	at	the	donor	site	
restrict	the	use	of	autografts.6,7	Therefore,	development	of	
artificial	nerve	guidance	conduits	(NGCs)	with	biodegrad-
able	and	biocompatible	properties	is	considered	a	promis-
ing	alternative	to	nerve	autografts.8–	11

The	 extracellular	 matrix	 (ECM)	 plays	 several	 crucial	
roles	in	the	development,	regeneration,	and	maintenance	
of	the	PNS12	and	may	be	of	value	for	engineering	NGCs.	
Laminins	are	prominent	components	of	 the	ECM	in	the	
PNS	 and	 have	 been	 shown	 to	 support	 axon	 growth	 as	
well	 as	 Schwann	 cell	 migration	 in	 vitro	 and	 in	 vivo.13,14	
Laminins	are	trimeric	and	composed	of	α,	β,	and	γ	glyco-
proteins.	The	different	laminin	isoforms	are	named	after	
their	chain	composition,	for	example,	laminin-	111	(L111)	
contains	 α1,	 β1,	 and	 γ1	 chains,	 and	 laminin-	521	 (L521)	
consists	of	α5,	β2,	and	γ1	chains.15	Laminins	interact	with	
cell	 membrane	 receptors	 such	 as	 integrins,	 syndecans,	
and	 dystroglycans	 as	 well	 as	 with	 growth	 factors	 and	
other	ECM	proteins.16	Another	important	ECM	protein	is	
vitronectin,	which	interacts	with	integrin	receptors	αvβ5	
and	 αvβ1	 on	 the	 cell	 surface	 via	 its	 Arg-	Gly-	Asp	 (RGD)	
motif.17	Vitronectin	has	been	shown	to	support	outgrowth	
of	 hippocampal	 neurites	 in	 vitro	 and	 vitronectin	 loaded	
on	to	polylactic	acid	(PLA)	substrates	efficiently	increases	
neurite	 growth	 and	 branching	 of	 mouse	 cortical	 neu-
rons.18,19	Additionally,	an	RGD	containing	peptide	derived	
from	vitronectin	has	successfully	been	used	for	long-	term	
xeno-	free	expansion	of	both	human	embryonic	stem	cells	
(hESCs)	and	human	neural	progenitor	cells	(hNPCs)	with	
subsequent	 cardiomyocyte	 and	 neuronal	 differentiation,	
respectively.20,21

Spider	 silk	 possesses	 several	 features	 of	 a	 material	 in-
tended	for	NGCs,	such	as	high	strength,	extensibility,	good	
biocompatibility,	 and	 biodegradability.22	 Furthermore,	 na-
tive	spider	silk	has	successfully	been	used	to	bridge	6-	cm-	long	
peripheral	nerve	injuries	in	animal	models.23,24	From	a	clini-
cal	point	of	view,	however,	recombinant	spider	silk	would	be	
superior	to	the	natural	fiber	since	it	is	of	non-	animal	origin	
and	contains	only	a	single	defined	protein	in	contrast	to	the	
natural	 fiber	 that	 is	 composed	 of	 many	 different	 proteins.	

Production	of	proteins	in	heterologous	systems	also	comes	
with	the	benefit	of	allowing	modifications	of	the	produced	
proteins,	 such	 as	 covalently	 incorporated	 functional	 mo-
tifs.25–	30	 Hence,	 recombinant	 spider	 silk	 fibers	 could	 both	
provide	 physical	 guidance	 for	 sprouting	 neurites	 as	 has	
been	described	 for	 the	native	 fiber,	 and	be	decorated	with	
cell	 binding	 motifs	 providing	 signals	 that	 promote	 neurite	
extension.	In	addition	to	the	relatively	straightforward	and	
feasible	 manufacturing	 process	 of	 recombinant	 spider	 silk	
fibers,	 such	a	scaffold	would	potentially	outcompete	 those	
made	from,	for	example,	vitronectin	only	since	it	cannot	be	
spun	 into	 fibers	 and	 likely	 be	 more	 flexible	 and	 bioactive	
compared	to	fibers	manufactured	from	synthetic	polymers.	
We	have	previously	shown	that	recombinant	spider	silk	can	
be	functionalized	by	introducing	a	vitronectin	derived	pep-
tide	in	the	N-	terminus	of	the	recombinant	spider	silk	protein	
4RepCT	(VN-	4RepCT)	and	coatings	made	from	this	protein	
are	suitable	for	long-	term	proliferation	of	human	pluripotent	
stem	cells	(hPSCs)	under	chemically	defined	conditions.29,31	
Unfortunately,	limitations	such	as	low	yield	and	poor	solu-
bility	in	water	of	the	4RepCT32	and	VN-	4RepCT	have	hin-
dered	 further	development	of	 these	proteins.	Recently,	we	
engineered	 a	 miniature	 spider	 silk	 protein	 (NT2RepCT)	
that	can	be	produced	at	large	amounts	in	Escherichia coli.33	
NT2RepCT	 recapitulates	 the	 high	 solubility	 of	 native	 spi-
der	silk	proteins	(can	be	concentrated	to	50%	w/v),	display	
viscoelastic	rheological	properties33,34	and	can	be	spun	into	
continuous	 fibers	 in	 a	 biomimetic	 spinning	 procedure.33	
This	 opens	 up	 the	 possibility	 of	 using	 fibers	 made	 from	
NT2RepCT	(and	variants	thereof	carrying	e.g.,	cell	binding	
motifs)	as	scaffolds	for	nerve	regeneration.

Here,	 we	 functionalize	 the	 recombinant	 spider	 silk	
protein	 NT2RepCT	 with	 a	 covalently	 linked	 vitronectin	
peptide	(VN-	NT2RepCT).	These	two	recombinant	spider	
silk	proteins	were	used	to	make	coatings	that	were	eval-
uated	 as	 cell	 culture	 substrates	 against	 three	 different	
recombinant	 laminins	and	poly-	d-	lysine	 (PDL).	The	dif-
ferent	 coatings	 were	 evaluated	 in	 terms	 of	 proliferation,	
survival,	 and	 neurite	 outgrowth	 of	 a	 neuronal	 cell	 line	
ND7/23,	which	is	a	fusion	of	neonatal	rat	dorsal	root	gan-
glion	 neurons	 and	 N18tg2	 mouse	 neuroblastoma	 cells.	
Fibers	 spun	 from	 NT2RepCT	 and	 VN-	NT2RepCT	 were	
benchmarked	 against	 fibers	 collected	 from	 the	 Swedish	
bridge	spider	(Larinioides sclopetarius)	in	terms	of	neurite	
extension	and	guidance.

2 	 | 	 MATERIAL AND METHODS

2.1	 |	 Protein expression and purification

The	mini-	spidroin	NT2RepCT	was	produced	as	previously	
described.35	To	incorporate	an	integrin	binding	motif	from	
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vitronectin	 in	 NT2RepCT,	 the	 sequence	 encoding	 the	
amino	acid	sequence	PQVTRGDVFTLP	was	cloned	 into	
the	pT7-	6xHis-	NT2RepCT	construct	following	the	6xHis-	
tag.	 In	 brief,	 the	 plasmids	 pT7-	6xHis-	NT2RepCT	 and	
pT7-	VN-	6xHis-	NT2RepCT	 were	 transformed	 into	 E. coli	
BL21DE3 and	stored	as	glycerol	stocks.	From	the	glycerol	
stocks,	precultures	in	Luria	broth	(LB)	media	with	kana-
mycin	(70 mg/L)	were	inoculated	and	grown	overnight	at	
37℃	with	shaking	(220 rpm).	One	liter	of	LB	media	with	
kanamycin	(70 mg/L)	was	inoculated	with	10 ml	precul-
ture	and	grown	at	30℃	with	shaking	(110 rpm)	until	the	
optical	density	at	600 nm	(OD600)	reached	0.8	after	which	
the	temperature	was	lowered	to	20℃.	Protein	expression	
was	 induced	 by	 adding	 isopropylthiogalactoside	 (IPTG)	
to	a	final	concentration	of	0.3 mM.	Cell	culturing	contin-
ued	overnight	at	20℃	with	shaking	 (110 rpm)	and	 then	
cells	were	harvested	(20 min	at	7278 g,	4℃).	The	pellets	
were	 resuspended	 in	 20  mM	 Tris-	HCl	 pH	 8.	 Cells	 were	
lysed	with	a	cell	disrupter	(T-	S	Series	Machine,	Constant	
Systems	Limited,	England)	at	30	kPsi	and	the	lysate	was	
centrifuged	at	27 000 g,	4℃	for	30 min.	Affinity	chroma-
tography	 purification	 was	 performed	 under	 gravity	 flow	
conditions	by	subjecting	the	supernatant	of	 the	 lysate	to	
Ni-	NTA	 columns	 as	 previously	 stated35	 or	 by	 using	 an	
Äkta	start	chromatography	system	and	HisPrep	FF	16/10	
(Cytiva)	ready-	to-	use	columns.	The	Äkta	start	system	was	
first	 equilibrated	 in	 20  mM	 Tris	 pH	 8.	 The	 supernatant	
was	 loaded	 onto	 the	 column	 at	 a	 flow	 rate	 of	 5  ml/min	
and	subsequently	washed	with	20 mM	Tris-	HCl	pH	8	and	
2 mM	imidazole.	For	both	methods,	the	desired	proteins	
were	eluted	with	300 mM	imidazole.	The	eluted	protein	
was	dialyzed	against	20 mM	Tris-	HCl	pH	8,	at	4℃	over-
night.	 The	 purity	 of	 the	 protein	 was	 validated	 by	 SDS-	
PAGE.	The	protein	was	concentrated	to	300 mg/ml	using	
centrifugal	filter	units	(Vivaspin	20,	GE	healthcare)	with	
a	10 kDa	molecular	weight	cutoff	at	4000 g	 in	rounds	of	
20 min.	The	protein	concentration	was	determined	from	
absorbance	at	280 nm.

2.2	 |	 Spinning fibers and making 
coated films

Fiber	 spinning	 was	 performed	 as	 previously	 described35	
with	 slight	 modifications.	 Round	 glass	 capillaries	 (G1,	
Narishige)	 with	 an	 outer	 diameter	 of	 1.0  mm	 and	 inner	
diameter	of	0.6 mm	were	pulled	(Micro	Electrode	Puller,	
Stoelting	co.	51217)	to	a	tip	diameter	of	40–	50 µm.	A	1 ml	
syringe	with	Luer	Lok	tip	(BD)	was	filled	with	NT2RepCT	
or	VN-	NT2RepCT	with	a	concentration	(300 mg/ml)	and	
connected	to	a	27G	steel	needle	(Braun)	with	an	outer	di-
ameter	of	0.40 mm.	The	needle	was	connected	to	the	pulled	
glass	capillary	via	polyethylene	 tubing.	A	neMESYS	 low	

pressure	 (290N)	 syringe	 pump	 (Cetoni)	 was	 used	 to	 ex-
trude	the	NT2RepCT	at	a	flow	rate	of	17 µl/min	into	a	low	
pH	spinning	buffer	(500 mM	acetate	buffer	and	200 mM	
NaCl).	 As	 the	 fibers	 were	 extruded	 out	 of	 the	 capillary,	
they	 were	 guided	 along	 the	 collection	 bath	 using	 a	 1  µl	
inoculation	loop.	At	the	end	of	the	bath,	 the	fibers	were	
collected	onto	glass	chamber	slides	(SPL	Life	Sciences	Co.,	
Ltd.	30104/30108)	fitted	onto	six	rotating	diapositive	slide	
frames	mounted	on	a	motorized	wheel.	The	fibers	on	the	
glass	slides	were	removed	from	the	wheel	and	incubated	
overnight	 in	 the	 low	pH	spinning	buffer	 in	petri	dishes.	
The	spinning	buffer	was	removed	and	sterile	phosphate-	
buffered	saline	(PBS,	pH	7)	was	added	to	the	fibers	and	left	
to	incubate	for	1 h	at	room	temperature.	After	incubation	
in	PBS	the	 fibers	on	the	glass	slides	were	removed	from	
the	 buffer	 and	 sterilized	 under	 UV	 light.	 The	 chamber	
slide	walls	were	then	applied,	and	the	fibers	were	secured	
to	the	bottom	of	the	chamber	slides.	For	collecting	natural	
spider	silk	from	a	Swedish	bridge	spider	(L. sclopetarius),	
the	spider	was	first	anesthetized	with	CO2	and	then	placed	
onto	a	wax	plate.	The	spider	was	gently	pinned	down	to	
immobilize	it,	without	injuring	the	animal.	The	dragline	
silk	was	extruded	from	the	anterior	spinneret.36	Aided	by	
a	Zeiss	Stemi	305	stereo	microscope	the	silk	from	the	an-
terior	spinneret	was	gently	pulled	out	with	the	help	of	a	
tweezer	and	was	collected	onto	glass	chamber	slides	 fit-
ted	onto	six	rotating	diapositive	slide	frames	mounted	on	
a	motorized	wheel	at	7.5 m/min.	The	silk	was	collected	for	
a	few	minutes	in	this	way	until	the	spider	stopped	produc-
ing	it.

Two-	dimensional	 coatings	 of	 NT2RepCT	 and	 VN-	
NT2RepCT	 were	 made	 on	 24-	well	 plates	 (Thermo	
Scientific,	142475).	Two	hundred	and	 fifty	microliters	of	
the	protein	solution	at	a	concentration	of	0.1 mg/ml	con-
taining	2.5 mg/ml	D(+)	Glucono	delta-	lactone	and	1/6	of	
the	 total	 volume	 of	 20  mM	 HEPES	 buffer	 was	 added	 to	
each	well	and	incubated	at	room	temperature	for	1 h.	The	
excess	protein	solution	was	removed	from	the	wells	and	
the	 plates	 were	 incubated	 overnight	 at	 37℃	 for	 drying.	
The	plates	were	then	sterilized	under	UV	light	and	used	
for	cell	culture	experiments.

To	 verify	 that	 silk	 proteins	 remained	 in	 the	 wells	
after	 coating,	 100  µl	 of	 a	 0.1  mg/ml	 NT2RepCT	 solu-
tion	 	(sterile	 filtered	 and	 unfiltered)	 was	 used	 to	 coat	 a	
48-	well	plate	(Costar	3548,	Corning)	as	described	above.	
For	one	set	of	samples	the	protein	solution	was	removed	
and	 the	 wells	 were	 dried	 as	 mentioned	 before.	 For	 the	
other	set	of	samples	the	protein	solution	was	let	 to	dry	
without	removing	 the	excess	 liquid.	Fifty	microliters	of	
SDS	 buffer	 was	 added	 to	 each	 well	 and	 the	 plate	 was	
shaken	for	1 h	at	room	temperature.	The	solutions	were	
removed	from	each	well,	boiled	and	subjected	to	SDS	gel	
electrophoresis.
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2.3	 |	 Laminins and PDL coatings

Human	recombinant	 laminins	(BioLamina	AB,	Sweden)	
were	 coated	 in	 empty	 wells	 or	 onto	 spider	 silk	 coatings	
following	 BioLamina	 instructions.	 Shortly,	 laminin-	111	
and	laminin-	511	stock	solutions	were	diluted	in	1×DPBS	
(Ca2+/Mg2+)	 to	 a	 final	 concentration	 of	 5  µg/ml	 and	
300  µl/well	 were	 added	 in	 a	 24-	well	 plate.	 For	 laminin-
	521,	 a	 concentration	 of	 10  µg/ul	 was	 used	 for	 the	 coat-
ings,	 in	 accordance	 to	 the	 manufacturer's	 instructions.	
The	laminin	solutions	were	incubated	at	37℃	for	4 h,	and	
the	 protein	 solution	 was	 removed.	 Coatings	 of	 laminin	
blends	 were	 performed	 as	 described	 above	 and	 scaled	
down	proportionally	in	order	to	keep	the	total	amount	of	
laminins	constant:	300 µl/well	of	each	laminin	blend	were	
used	 for	 the	coatings	with	 the	 following	concentrations:	
L111+L511	 blend	 with	 a	 final	 concentration	 of	 5  µg/ml	
(2.5 µg	of	L111	and	2.5 µg	L511	per	ml),	L111+L521	blend:	
2.5 µg/ml	of	L111	and	5 µg/ml	of	L521;	L511+L521	blend:	
2.5 µg/ml	of	L511	and	5 µg/ml	of	L521;	L111+L511+L521:	
1.67 + 1.67 + 3.33 µg/ml.

For	poly-	d-	lysine	(PDL)	coatings,	100 µl	of	0.1 mg/ml	
PDL	(Thermo	Fisher	Scientific)	were	added	 to	 the	wells	
and	incubated	at	room	temperature	for	5 min	and	there-
after	 rinsed	 thoroughly	 with	 sterile	 tissue	 culture	 grade	
water	and	dried	for	2 h	at	room	temperature.

2.4	 |	 Cell culture

ND7/23	 cells	 (Sigma-	Aldrich),	 an	 immortalized	 fusion	
cell	 line	 of	 DRG	 neonatal	 rat	 neuron	 and	 mouse	 neu-
roblastoma	cells,	were	cultured	in	Dublecco’s	modified	
Eagle’s	medium	(DMEM)	supplemented	with	100	U/ml	
penicillin,	100 mg/ml	streptomycin	(Sigma-	Aldrich)	and	
10%	fetal	bovine	serum	(FBS)	(Thermo	Fisher	Scientific).

For	 proliferation,	 cells	 were	 seeded	 at	 a	 density	 of	
5000	 cells/cm2	 and	 at	 different	 time	 points	 (24,	 48,	 and	
72  h),	 the	 cells	 were	 detached	 by	 trypsin	 and	 diluted	 in	
media	with	trypan	blue.	The	number	of	dead	and	live	cells	
were	then	counted	by	Countess	Automated	Cell	Counter	
(Invitrogen).	 The	 cell	 number	 at	 different	 time	 points	
were	calculated	as	fold	increase	to	seeding	density	(0 h).

2.5	 |	 Neurite growth on coatings

Cells	were	resuspended	in	DMEM	+	0.5%	FBS	to	a	con-
centration	of	18 000	cells/ml	and	then	seeded	into	24-	well	
plates	and	 incubated	at	37℃	 for	20 h	 to	 inhibit	mitosis.	
The	 next	 day,	 neurite	 outgrowth	 was	 induced	 by	 add-
ing	 differentiation	 media,	 DMEM	 +	 0.5%	 containing	
1mM	 dbcAMP	 (N6,2′-	O-	Dibutyryladenosine	 3′,5′-	cyclic	

monophosphate)	(D0627,	Sigma-	Aldrich),	and	incubated	
for	additionally	48 h.

2.6	 |	 Neurite growth on fibers

Four-	well	or	8-	well	chamber	slides	(SPL	Life	Sciences	Co.,	
Ltd.	30104/30108)	with	NT2RepCT,	VN-	NT2RepCT	or	na-
tive	spider	silk	were	washed	with	DMEM	two	times	with	
30  min	 incubation	 at	 37℃	 between	 each	 wash.	 ND7/23	
cells	were	resuspended	with	DMEM	+	0.5%	FBS	and	1%	
Penicillin/Streptomycin	 and	 seeded	 into	 chamber	 slides	
with	density	of	7000	cells/cm2.	After	approximately	20 h	
incubation,	the	media	were	replaced	with	differentiation	
media	and	incubated	at	37℃	for	additional	48 h.

2.7	 |	 Live dead staining of 
differentiating cells

After	48 h	of	dbcAMP	treatment,	the	media	were	removed	
and	0.5 ml	of	pre-	warmed	 fresh	media	containing	1 µM	
of	Calcein-	AM	(Sigma-	Aldrich)	were	added	to	each	well	
and	the	plates	were	incubated	at	37℃	for	30 min.	To	stain	
for	cell	nucleus	and	dead	cells	1	drop	of	Hoechst3342	and	
1	 drop	 of	 Propidium	 Iodide	 (PI)	 were	 added	 into	 each	
well	 (NucBlue	 Live	 reagent,	 Thermo	 Fisher	 scientific).	
Cell	survival	was	calculated	as	a	percentage	of	green	cells	
to	 the	 total	 cell	 number	 (Hoechst3342	 positive,	 blue).	
In	 experiments	 where	 PI	 was	 included	 the	 cell	 viability	
was	validated	by	counting	the	number	of	PI	stained	cells	
and	calculating	 the	percentage	of	dead	cells	 (PI	positive	
cells,	red).	PI	staining	was	later	on	excluded	since	the	re-
sults	 from	 the	 Calcein-	AM/Hoechst-	3342	 matched	 very	
well	with	the	results	obtained	from	PI/Hoechst33-	42	and	
Calcein-	AM/PI	 (i.e.,	 cells	 co-	stained	 with	 PI/Hoechst	
(dead	 cells)	 were	 not	 Calcein-	AM	 positive	 and	 cells	 co-	
stained	 with	 Calcein-	AM/Hoechst3342	 (live	 cells)	 were	
not	PI	positive).

2.8	 |	 Phalloidin-  and immunostaining

The	ND7/23	cells	were	fixed	with	paraformaldehyde	3.7%	
(w/v)	 for	 15  min	 at	 room	 temperature,	 permeabilized	
with	 0.1%	 Triton	 X-	100	 (Sigma-	Aldrich)	 for	 15  min	 and	
blocked	for	40 min	with	5%	bovine	serum	albumin	(BSA).	
Antibodies	 were	 diluted	 in	 1%	 BSA	 in	 PBS	 containing	
0.01%	 Tween-	20.	 Tubulin	 β	 primary	 antibodies	 (diluted	
1:1000;	 Sternberger,	 SMI61)	 were	 then	 added	 and	 incu-
bated	 for	 2  h.	 Secondary	 antibodies	 and	 Phalloidin-	Atto	
(diluted	 1:50,	 Sigma-	Aldrich)	 were	 counterstained	 for	
30  min	 at	 room	 temperature.	 Coverslips	 were	 mounted	
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using	 Vectashield	 mounting	 medium	 with	 DAPI	
(4′,6-	diamidino-	2-	phenylindole	(VectorLabs).

2.9	 |	 Imaging and image analysis

All	bright	field	(BF)	images	were	captured	automatically	
with	 the	 Cell-	IQ	 (Chipman	 technologies).	 The	 fluores-
cence	 images	 were	 captured	 in	 an	 inverted	 microscope	
(Axio	 Observer,	 Zeiss).	 Dead,	 live,	 and	 total	 number	 of	
cells	were	counted	by	using	Image	J	software	(NIH).

Neurite	outgrowth	and	the	longest	neurite	length	per	
neuron	 was	 measured	 using	 Neuron	 J	 (ImageJ	 plug-	in,	
NIH).	Neurite	outgrowth	was	evaluated	by	counting	cells	
with	 neurites	 that	 were	 longer	 than	 the	 cell	 body.	 More	
than	100	cells	per	well	and	 three	wells	per	 type	of	coat-
ing	 from	 at	 least	 three	 independent	 experiments	 were	
analyzed.

2.10	 |	 Western blotting

To	 verify	 efficient	 coating	 of	 laminins	 in	 the	 plates	
(Figure S2),	 the	coating	procedure	was	performed	as	
described	 above.	 After	 removing	 unbound	 laminins,	
the	 coatings	 were	 solubilized	 by	 addition	 of	 SDS-	
PAGE	 sample	 loading	 buffer	 (5×)	 containing	 β-	
mercaptoethanol	 (5%),	 transferred	 into	 tubes	 and	
boiled	 for	 5	 min	 and	 spun	 for	 5  min	 at	 11  000  rpm.	
Proteins	 were	 electrophoresed	 through	 4%–	20%	 po-
lyacrylamide	 gels	 and	 transferred	 to	 polyvinylidene	
difluoride	 (PVDF)	 0.2  µm	 transfer	 membranes	
(Amersham,	Hybond).	Membranes	were	blocked	with	
10%	skim	milk	for	1 h	at	room	temperature	and	incu-
bated	with	LAMC1	primary	antibody	(1:1000;	Sigma-	
Aldrich)	 at	 4℃	 overnight.	 After	 4  ×  5  min	 washes	
in	 phosphate-	buffered	 saline	 and	 0.1%	 tween	 20	
(PBST),	 the	membrane	was	 treated	with	horseradish	
peroxidase-	linked	donkey	antimouse	IgG	(1:5000;	GE	
Healthcare)	for	1 h	at	room	temperature.	Followed	by	
4 × 5 min	washings	in	PBST,	the	membranes	were	de-
veloped	with	Amersham	ECL	Prime	western	blotting	
detection	reagent	kit.

2.11	 |	 Statistics

Statistical	 analyses	 were	 performed	 in	 GraphPad	 Prism	
8.0	(La	Jolla	California	USA,	www.graph	pad.com).	One-	
way	 ANOVA	 (analysis	 of	 variance)	 followed	 by	 Tukey's	
post	hoc	tests,	Dunnett's	post	hoc	tests,	or	Sidak’s	multi-
ple	comparison	tests.	p	values	of	<.05	were	considered	as	
significant.

3 	 | 	 RESULTS

3.1	 |	 Design of a functionalized spider 
silk protein

We	engineered	a	functionalized	variant	of	NT2RepCT	by	
introducing	an	N-	terminally	linked	integrin	binding	motif	
derived	 from	 vitronectin	 (VN-	NT2RepCT;	 Figure  1B).	
The	VN-	NT2RepCT	protein	was	overexpressed	 in	E. coli	
and	 was	 recovered	 from	 the	 soluble	 fraction	 of	 the	 cell	
lysate	by	affinity	chromatography	(Figure S1).	The	yield	
was	21 mg/L	using	the	same	conditions	as	previously	de-
scribed	for	NT2RepCT.

3.2	 |	 Growth rate, cell viability, and 
neurite outgrowth of ND7/23 cells on 
different coatings

To	 investigate	 the	 proliferation	 and	 survival	 of	 ND7/23	
cells	 on	 NT2RepCT	 and	 VN-	NT2RepCT,	 we	 coated	 cell	
culture	plates	with	the	spider	silk	proteins,	and	for	compar-
ison,	included	PDL	and	Laminin-	111	(L111),	Laminin-	511	
(L511),	and	Laminin-	521	(L521)	coatings.	The	presence	of	
the	silk	protein	after	coating	was	verified	by	solubilizing	
the	coating	 followed	by	SDS-	PAGE	analysis	 (Figure S2).	
ND7/23	cells	were	seeded	onto	the	different	matrices	and	
were	 followed	 over	 time.	 The	 cells	 attached	 to	 the	 sub-
strates	and	proliferated	well	on	all	coatings	(Figure 1A),	
displaying	a	uniform	distribution	which	supports	that	all	
coatings	covered	the	bottom	of	the	wells.	As	the	cells	grew	
toward	confluency,	they	occasionally	grew	on	top	of	each	
other	 in	multilayered	structures.	This	 is	 in	 line	with	the	
manufacturer’s	description	of	the	cell	 line	and	conforms	
to	 previous	 reports	 in	 which	 the	 cells	 were	 cultured	 on	
PDL,	plastic,	or	glass	surfaces.37	However,	in	the	L511	and	
L521	 coated	 wells,	 the	 cells	 continued	 to	 grow	 as	 mon-
olayers,	also	toward	confluency,	which	suggests	more	ef-
ficient	adhesion	to	the	substrate	(Figure 1A).	The	rate	of	
the	 cell	 growth	 was	 similar	 for	 all	 coatings	 with	 no	 sig-
nificant	differences	(Figure 1C).	Importantly,	trypan	blue	
staining	revealed	that	the	cell	survival	over	time	was	high	
for	all	coatings,	including	NT2RepCT	and	VN-	NT2RepCT	
(>75%;	Figure 1D),	with	highest	values	for	VN-	NT2RepCT	
(91%),	L111	(91%),	or	L511	(93%).	These	results	show	that	
ND7/23	 cells	 efficiently	 expand	 on	 NT2RepCT	 and	 VN-	
NT2RepCT	coated	surfaces.

Next,	we	investigated	to	what	extent	the	different	coat-
ings	affected	the	neurite	outgrowth.	Cells	were	seeded	in	
24-	well	plates	with	different	coatings	as	described	above	
and	 after	 an	 overnight	 incubation	 in	 low	 serum	 media,	
neurite	outgrowth	was	stimulated	by	addition	of	dbcAMP	
for	48 h,	whereafter	the	cells	were	stained	and	visualized	

http://www.graphpad.com
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under	 a	 fluorescence	 microscope	 (Figure  2A).	 The	 frac-
tions	of	live	cells	were	between	75%	and	85%	with	no	sig-
nificant	differences	between	the	coatings	(Figure 2B).	The	
fraction	 of	 neurite-	bearing	 cells	 was	 on	 average	 28%	 on	
PDL	coatings,	which	is	in	line	with	the	results	from	cells	
cultured	on	NT2RepCT	or	VN-	NT2RepCT	(26%	and	35%,	
respectively;	Figure 2C).	In	contrast,	only	16%	and	19%	of	
cells	cultured	on	L521	or	L511,	respectively,	had	neurites	
which	were	significantly	lower	than	for	the	cells	cultured	
on	VN-	NT2RepCT.	The	mean	neurite	length	was	approxi-
mately	1.4-	fold	longer	for	cells	cultured	on	L521	compared	
with	 PDL	 coatings,	 and	 approximately	 1.7-		 and	 1.3-	fold	
longer	 compared	 to	 NT2RepCT	 and	 VN-	NT2RepCT,	 re-
spectively	 (Figure  2D).	 Neurites	 from	 cells	 grown	 on	
L511	 coatings	 were	 significantly	 longer	 than	 those	 from	
cells	grown	on	PDL	and	NT2RepCT	coatings.	There	were	
no	significant	differences	in	the	mean	neurite	length	for	
cells	 growing	 on	 PDL,	 NT2RepCT,	 VN-	NT2RepCT,	 and	
L111.	Next,	we	analyzed	the	10%	longest	neurites	 for	all	
coatings	(Figure 2E)	and	found	that	the	10%	longest	neu-
rites	were	93 ± 21 µm	for	NT2RepCT	and	133 ± 14 µm	
for	VN-	NT2RepCT	(p < .05).	For	the	cells	on	PDL,	L111,	
L511,	and	L521	the	10%	longest	neurites	were	all	between	
105	 and	 110  µm.	 Thus,	 cells	 grown	 on	 NT2RepCT	 and	

VN-	NT2RepCT	develop	neurites	to	the	same	or	larger	ex-
tent	compared	to	cells	on	the	control	substrates.	The	av-
erage	length	of	neurites	was	comparable,	except	for	L511	
and	L521	that	supported	longer	but	fewer	neurites.	When	
quantifying	the	length	of	the	10%	longest	neurites	in	the	
cultures,	the	VN-	NT2RepCT	coating	performed	best.

3.3	 |	 Neurite outgrowth on laminins and 
laminin blends coated on top of 
VN- NT2RepCT

Since	VN-	NT2RepCT	coatings	resulted	in	the	highest	per-
centage	of	cells	with	neurites	which	also	were	relatively	
long,	and	L511	and	L521	had	long	neurites	but	fewer	cells	
with	 neurites,	 we	 hypothesized	 that	 coating	 of	 laminins	
on	top	of	VN-	NT2RepCT	could	improve	the	growth	of	the	
neurites	 further.	 To	 investigate	 this,	 ND7/23	 cells	 were	
seeded	 in	 plates	 that	 were	 coated	 with	 single	 laminins	
(L111,	L511,	or	L521)	or	laminin	mixtures	(i.e.,	L111+L511,	
L111+L521,	 L511+L521,	 or	 L111+L511+L521)	 on	 top	
of	 VN-	NT2RepCT,	 or	 on	 laminin	 mixtures	 coated	 in	
the	 wells	 without	 VN-	NT2RepCT.	 The	 cells	 were	 differ-
entiated	 for	 48  h	 by	 addition	 of	 dbcAMP,	 and	 then	 live	

F I G U R E  1  ND7/23	cell	proliferation	and	viability	on	PDL,	NT2RepCT,	VN-	NT2RepCT,	L111,	L511,	and	L521.	The	cells	were	seeded	
in	24-	well	plates	with	different	coatings	and	phase	contrast	micrographs	of	proliferating	ND7/23	cells	were	taken	at	24,	48,	and	72 h	(A).	
Schematic	illustration	of	NT2RepCT	and	VN-	NT2RepCT	(B).	Growth	analyzed	by	trypan	blue	staining	and	subsequent	cell	counting	
and	percentage	live	cells	after	24,	48,	and	72 h	(C	and	D).	Data	are	presented	as	mean ± SEM	from	at	least	two	independent	experiments	
performed	in	duplicates	or	triplicates.	Statistically	significant	differences	were	analyzed	by	ANOVA	mixed	model	and	Tukey's	post	hoc	test.	
*p < .05	and	**p < .01.	Scale	bar:	100 µm,	applies	to	all	panels	in	(A)
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stained	 and	 recorded	 under	 fluorescence	 microscope	
(Figure  3A).	 Analysis	 after	 differentiation	 revealed	 that	
between	75%	and	90%	of	the	cells	were	alive	on	all	coat-
ings	 (Figure  3B).	 None	 of	 the	 single	 laminins	 coated	
on	 top	 of	 VN-	NT2RepCT	 improved	 the	 proportion	 of	
neurite-	bearing	 cells	 compared	 to	 VN-	NT2RepCT	 coat-
ings.	 There	 was	 a	 tendency	 that	 laminins	 coated	 on	 top	
of	VN-	NT2RepCT	resulted	in	larger	fraction	of	cells	with	
neurites	 than	 laminin	 coatings	 only	 (L521,	 16%	 vs.	 VN-	
NT2RepCT+L521,	25%,	p < .05,	Figures 2C	and	3C).	Thus,	
none	of	 the	mixed	 laminin	and	VN-	NT2RepCT	coatings	
investigated	outperformed	the	VN-	NT2RepCT	in	terms	of	
cell	survival	and	fraction	neurite-	bearing	cells.

Next,	 we	 analyzed	 the	 neurite	 length	 of	 cells	 growing	
on	 the	 different	 substrates.	 Analyses	 of	 the	 longest	 neu-
rite	per	cell	 for	cells	on	single	 laminin	coatings	on	 top	of	
VN-	NT2RepCT	did	not	show	any	improvements	in	neurite	
lengths	compared	to	those	on	PDL	or	VN-	NT2RepCT,	but	
neurites	from	cells	that	grew	on	a	mixture	with	L511	and	
L521	coated	on	top	of	VN-	NT2RepCT	were	approximately	
1.5-		 and	 1.4-	fold	 longer	 than	 neurites	 on	 PDL	 and	 VN-	
NT2RepCT,	respectively	(Figure 3D).	Analyses	of	the	10%	
longest	neurites	of	cells	cultured	on	single	laminin	coatings	

on	top	of	VN-	NT2RepCT	did	not	reveal	any	increase	when	
compared	to	those	on	VN-	NT2RepCT	(Figure 3E).	Regarding	
the	 laminin	 blends	 coated	 on	 top	 of	 VN-	NT2RepCT,	
the	 10%	 longest	 neurites	 of	 cells	 were	 grown	 on	 VN-	
NT2RepCT+L111+L521	 or	 VN-	NT2RepCT+L511+L521	
matrices	were	significantly	longer	than	neurites	that	grew	
on	PDL.	However,	compared	with	VN-	NT2RepCT	matrices,	
we	could	not	detect	any	significant	 increase	 in	the	 length	
of	 the	10%	 longest	neurites.	Moreover,	comparison	of	 the	
different	laminin	blends	versus	the	corresponding	laminin	
blends	coated	on	top	of	VN-	NT2RepCT	did	not	show	any	
significant	differences.	These	 results	 suggest	 that	 the	VN-	
NT2RepCT	coatings	per	se	efficiently	support	neurite	out-
growth	 (proportion	of	 cells	with	neurites)	and	elongation	
(length	of	the	longest	neurites)	to	the	same	degree	as	differ-
ent	combinations	of	laminins.

3.4	 |	 Neurite outgrowth on artificial and 
natural spider silk fibers

While	 two-	dimensional	coatings	are	convenient	 for	ana-
lyzing	the	behavior	of	cells	on	different	substrates,	fibers	

F I G U R E  2  Neurite	outgrowth	and	viability	of	ND7/23	cells	differentiated	on	PDL,	NT2RepCT,	VN-	NT2RepCT,	L111,	L511,	and	L521.	
Neurite	outgrowth	was	induced	by	addition	of	1 mM	dibutyryl	cyclic	AMP	(dbcAMP).	Representative	images	of	merged	channels	showing	
ND7/23	cells	labeled	with	Calcein-	AM,	Hoechst,	and	propidium	iodide	(PI)	48 h	after	addition	of	dbcAMP	(A).	The	cell	survival	after	48 h	
was	assessed	(B)	and	the	percentage	of	cells	bearing	at	least	one	neurite	(C).	The	average	length	of	the	longest	neurite	per	cell	(D)	and	the	
10%	longest	neurites/image	(E).	More	than	100	cells	per	well	were	analyzed	in	triplicates	and	experiments	were	done	three	times.	Data	are	
presented	as	mean ± SEM.	Scale	bar:	100 µm,	applies	to	all	panels	in	(A)



8 of 14 |   HANSSON et al.

F I G U R E  3  Viability	and	neurite	outgrowth	of	ND7/23	cells	on	combined	coatings.	Representative	images	of	merged	channels	showing	
ND7/23	cells	labeled	with	1 µM	Calcein-	AM,	Hoechst	33342	and	PI	(not	included	in	all	pictures)	48 h	after	addition	of	dbcAMP	(A).	The	
cell	survival	at	48 h	was	assessed	by	imageJ	(B)	and	the	percentage	of	cells	bearing	at	least	one	neurite	in	NeuronJ	(C).	The	average	length	of	
the	longest	neurite	per	cell	(D)	and	the	10%	longest	neurites/image	(E).	100–	200	cells	per	well	were	analyzed	in	triplicates	and	experiments	
performed	at	least	three	times.	White	bars	represent	results	from	Figure 2.	Data	are	presented	as	mean ± SEM.	Scale	bar:	100 µm,	applies	to	
all	panels	in	(A)
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would	 be	 ideal	 for	 making	 NGCs.	 We	 have	 previously	
shown	 that	 NT2RepCT,	 expressed	 in	 E. coli	 and	 puri-
fied	 to	homogeneity,	can	be	spun	into	 fibers	 in	a	biomi-
metic	 spinning	 set-	up.33	 Using	 the	 same	 conditions,	
VN-	NT2RepCT	could	successfully	be	spun	 into	continu-
ous	 fibers	 (Figure  4A,B).	 To	 explore	 if	 NT2RepCT	 and/
or	VN-	NT2RepCT	fibers	could	promote	cell	adhesion	and	
enable	 neurite	 growth	 and	 guidance,	 we	 used	 snap	 on	
chamber	 slides	 that	allowed	us	 to	 first	 collect	 silk	 fibers	
wrapped	around	a	microscope	slide,	then	secure	the	fibers	
by	snapping	on	the	well	walls	(Figure 4C).	As	a	control,	
we	collected	natural	spider	silk	from	the	Swedish	bridge	
spider	(L. sclopetarius)	and	mounted	the	silk	on	chamber	
slides	in	the	same	manner.

After	seeding,	the	ND7/23	cells	were	treated	with	db-
cAMP	to	activate	neurite	outgrowth	(Figure 4D–	F)	using	
the	same	protocol	as	for	the	coatings.	After	48 h	differen-
tiation,	we	stained	live	cells	and	determined	the	cell	sur-
vival,	which	was	between	70%	and	75%	on	all	fiber	types	
(Figure  4G).	 Next,	 we	 determined	 the	 fraction	 of	 cells	
on	 the	 fiber	 that	 had	 neurites	 extending	 along	 the	 fiber	
axis,	 away	 from	 fiber,	or	along	 the	 fibers	but	not	on	 the	
fibers	(referred	to	as	“parallel”),	respectively	(Figure 5A).	
Interestingly,	most	of	the	cells	(69%)	on	NT2RepCT	fibers	
grew	their	longest	neurites	on	and	along	the	fiber,	whereas	
only	 26%	 of	 their	 longest	 neurites	 grew	 away	 from	 the	
fiber.	For	cells	cultured	in	the	presence	of	VN-	NT2RepCT	
fibers,	 approximately	 44%	 extended	 their	 longest	 neur-
ites	on	and	along	the	fiber	and	53%	of	the	neurites	grew	
away	from	the	fiber.	Analyses	of	cells	cultured	on	native	
spider	 silk,	 revealed	 that	 only	 21%	 of	 the	 longest	 neur-
ites	 were	 extending	 on	 and	 along	 the	 fiber	 and	 that	 the	
majority	 of	 the	 neurites	 (70%)	 were	 growing	 away	 from	
the	 fibers.	 All	 three	 fiber	 types	 had	 a	 low	 percentage	 of	
cells	 with	 neurites	 growing	 in	 parallel	 with	 the	 fibers.	
In	 addition,	 we	 measured	 the	 length	 of	 the	 neurites	 for	
each	fiber	type	and	category	described	above.	There	was	
no	 difference	 in	 mean	 length	 when	 comparing	 neurites	
growing	along	NT2RepCT	(74 ± 15 µm),	VN-	NT2RepCT	
(56 ± 6 µm),	or	native	fibers	(56 ± 6 µm)	(Figure 5C).	We	
also	analyzed	cells	with	the	cell	body	placed	at	a	distance	
from	 the	 fiber	 but	 that	 had	 neurites	 in	 physical	 contact	
with	 the	 fibers	 (Figure  5D).	 In	 these	 analyses,	 the	 cells	
were	 separated	 in	 three	 categories:	 those	 with	 a	 neurite	
growing	toward-	on	fiber,	neurite	growing	toward-	on	and	
along	fiber,	and	neurite	growing	toward-	on	and	away	from	
the	fiber	(Figure 5D).	The	highest	fraction	of	neurites	for	
all	 three	 fiber	 types	were	 found	 in	 the	 toward-	on	group.	
Interestingly,	the	neurites	growing	toward	the	native	silk	
fiber	 continued	 across	 the	 fiber	 to	 a	 larger	 extent	 than	
those	growing	toward	the	artificial	silk	fibers	(Figure 5E),	
suggesting	 that	 the	 artificial	 fibers	 may	 be	 superior	 in	
guiding	sprouting	neurites.

Finally,	in	order	to	visualize	the	neurite	growth	on	the	
fibers	 at	 higher	 magnifications,	 the	 cultures	 were	 fixed	
and	stained	with	tubulin	antibody	to	reveal	microtubules	
in	the	neurites	and	phalloidin	to	reveal	the	microfilaments	
in	the	cells.	(Figure 5F–	H).

4 	 | 	 DISCUSSION

The	 use	 of	 biomaterials	 as	 nerve	 guidance	 conduits	
(NGCs)	holds	great	promise	to	improve	the	clinical	out-
come	 of	 traumatic	 nerve	 injuries,	 but	 there	 is	 a	 lack	 of	
materials	 that	 can	 outperform	 autologous	 nerve	 grafts.	
Spider	silk	is	an	interesting	biomaterial	for	nerve	regen-
eration	that	in	several	studies	using	large	animal	models	
of	critically	sized	nerve	defects	have	shown	excellent	abil-
ity	 to	 mediate	 regeneration	 of	 peripheral	 nerves.23,24,38	
However,	 for	clinical	applications,	a	chemically	defined	
material	is	needed.	Previously,	we	developed	NT2RepCT	
that	 can	 be	 produced	 at	 high	 yields	 and	 can	 be	 spun	
into	 continuous	 fibers	 using	 extrusion	 of	 a	 300  mg/ml	
NT2RepCT	solution	into	a	pH	5	aqueous	buffer.	This	was	
the	first	process	for	continuous	biomimetic	fiber	spinning	
of	recombinant	silk	proteins,33	a	requirement	for	the	de-
velopment	of	NGCs.

To	improve	the	performance	of	biomaterials,	different	
bioactive	molecules	or	parts	thereof,	can	be	added	in	the	
manufacturing	 process,	 for	 example,	 ECM	 proteins,39–	41	
functional	 peptides,42–	45	 neurotrophic	 factors,46,47	 small	
molecules,48,49	or	miRNA.50,51	One	such	example	is	a	pep-
tide	derived	from	vitronectin	 that	was	shown	to	support	
expansion	of	undifferentiated	hESCs	and	hNPCs.20,21	This	
peptide	has	also	been	used	 to	 functionalize	a	spider	silk	
protein	 (VN-	4RepCT)	 which	 resulted	 in	 a	 substrate	 for	
efficient	culture	and	passage	of	human	pluripotent	stem	
cells29,31	but	problems	with	low	yield	and	lack	of	methods	
for	spinning	continuous	fibers	prevented	further	develop-
ment	of	this	material.32	Against	this	background,	we	de-
cided	to	design	a	functionalized	variant	of	NT2RepCT	that	
carries	a	RGD	containing	vitronectin	motif	N-	terminally	
(VN-	NT2RepCT)	and	explore	its	ability	to	promote	cell	sur-
vival	and	neurite	extension.	The	yields	of	VN-	NT2RepCT	
were	high,	the	protein	was	extremely	soluble	in	aqueous	
buffers,	and	we	could	spin	it	into	fibers	in	the	same	man-
ner	 as	 NT2RepCT	 (Figure  4A,B).	 Thus,	 the	 presence	 of	
the	VN	peptide	N-	terminally	did	not	negatively	affect	the	
solubility	 or	 spinnability	 of	 the	 protein,	 which	 was	 not	
evident	 considering	 that	 dimerization	 of	 the	 N-	terminal	
domain	is	key	to	the	fiber	formation	and	since	changes	in	
primary	structure	can	affect	the	morphology	and	proper-
ties	of	protein	fibrils.33,52–	54

In	 this	 study,	 we	 used	 a	 DRG	 cell	 line	 (ND7/23)	 as	
a	 model	 to	 study	 cell	 survival	 and	 neurite	 extension.	
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F I G U R E  4  Cell	survival	of	differentiating	ND7/23	cells	cultured	on	artificial	and	native	spider	silk.	Representative	micrographs	on	
NT2RepCT	(A)	and	VN-	NT2RepCT	(B)	fibers,	where	the	diameter	(d)	of	the	fibers	was	measured	at	indicated	sites.	Aligned	fibers	attached	
to	a	slide	(C).	Representative	images	of	merged	channels	showing	ND7/23	cells	differentiated	for	48 h	on	NT2RepCT	(D),	VN-	NT2RepCT	
(E),	and	native	spider	silk	from	Larinioides sclopetarius	(F).	The	cells	were	labeled	with	Calcein-	AM	(green),	Hoechst3342	(blue)	and	PI	(red)	
(not	included	in	the	image	with	native	silk)	dyes.	Cell	survival	on	the	three	different	fiber	types	were	calculated	as	a	percentage	of	green	
cells	to	the	total	cell	number	(blue)	(G).	Data	represent	mean ± SEM.	NT2RepCT	and	VN-	NT2RepCT	were	performed	in	five	independent	
experiments	and	native	spider	silks	were	analyzed	from	four	independent	experiments.	ns,	not	significant.	Scale	bars:	200 µm	applies	to	(B)	
and	(C),	and	100 µm	applies	to	upper	panels	of	(D–	F)
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These	cells	are	often	used	as	a	surrogate	for	peripheral	
sensory	 neurons	 since	 they	 extend	 long	 neurites	 and	
differentiate	into	polarized	cells	after	addition	of	nerve	
growth	 factor	 and/or	 dbcAMP.37,55–	58	 Moreover,	 differ-
entiated	ND7/23	cells	express	sensory	neuron	markers	
such	as	TrkA,	Substance	P,	and	CGRP,37	which	attest	to	
their	suitability	for	in	vitro	studies	of	peripheral	nerve	
regeneration.	We	included	several	control	substrates	in	
order	to	benchmark	the	performance	of	NT2RepCT	and	
VN-	NT2RepCT	 matrices,	 that	 is,	 PDL	 as	 it	 is	 the	 rec-
ommended	substrate	 for	ND7/23,	L111,	and	L511	 that	
have	 been	 reported	 to	 be	 important	 ECM	 proteins	 for	
neurite	sprouting	of	adult	DRG	in	vitro14	and	L521	that	
is	present	at	neuromuscular	junctions.59,60	Interestingly,	
ND7/23	 cells	 proliferated	 and	 differentiated	 well	 on	
NT2RepCT	 and	 VN-	NT2RepCT	 coatings,	 in	 fact	 none	

of	 the	 investigated	 substrates	 alone	 or	 in	 combination	
outperformed	 the	 VN-	NT2RepCT	 in	 cell	 survival	 and	
fraction	neurite	bearing	cells.	Cells	 that	were	cultured	
on	 NT2RepCT,	 VN-	NT2RepCT,	 and	 PDL,	 respectively,	
developed	neurites	to	a	larger	degree	but	the	length	of	
these	 neurites	 was	 shorter	 compared	 to	 cells	 cultured	
on	L511	and	L511	(Figure 2).

Based	on	these	results,	we	tested	if	the	VN-	NT2RepCT	
could	be	further	optimized	as	a	matrix	for	neurite	growth	
by	adding	laminins.	Since	VN-	NT2RepCT	and	laminins	
require	 different	 coating	 procedures,	 we	 first	 coated	
the	 wells	 with	 VN-	NT2RepCT	 which	 were	 dried	 and	
then	different	combinations	of	laminins	were	added	on	
top.	Analyses	by	Western	Blot	confirmed	that	laminins	
were	 present	 after	 coating	 on	 top	 of	 VN-	NT2RepCT	
(Figure  S3).	 None	 of	 these	 multicomponent	 coatings	

F I G U R E  5  Neurite	outgrowth	on	recombinant	fibers	NT2RepCT	and	VN-	NT2RepCT	as	well	as	native	dragline	silk	collected	from	
Larinioides sclopetarius.	Cells	with	their	cell	body	attached	to	the	fibers	were	analyzed	for	neurite	guidance	of	the	fibers	by	three	different	
categories;	neurites	growing	along,	away	from	the	fibers	and	parallel	with	the	fibers	(A).	The	percentage	and	the	mean	lengths	of	the	longest	
neurite	per	cell	for	each	category	(B	and	C).	NT2RepCT,	VN-	NT2RepCT,	and	native	fibers	were	evaluated	for	neurite	guidance	properties	
by	classifying	neurites	extending	toward	the	fibers	from	cells	that	had	their	cell	bodies	located	way	from	the	fiber	into	three	groups	(1:	
toward-	on,	2:	toward-	on	along	and	3:	toward-	on	away)	(D,	E).	Examples	from	fluorescence	images	with	merged	channels	and	with	63×	
magnification	of	fixed	ND7/23	cells	differentiated	on	VN-	NT2RepCT	fibers	for	48 h	with	1 mM	dbcAMP;	fibers	with	cell	body	in	contact	
with	the	fibers	and	the	longest	neurite	growing	along	the	fiber	(F),	having	cell	body	not	in	contact	but	having	its	longest	neurite	growing	
towards	on	(1)	(G	and	H)	or	towards-	on-	along	(2)	(G).	F-	actin	(green),	tubulin	(red)	and	DAPI	(blue).	Scale	bar:	50 µm.	Data	represent	
mean ± SEM.	NT2RepCT	and	VN-	NT2RepCT	and	were	performed	in	five	independent	experiments	and	native	spider	silks	were	analyzed	
from	four	independent	experiments.	ns,	not	significant,	*p < .05	and	****p < .0001
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outperformed	 VN-	NT2RepCT	 in	 terms	 of	 cell	 survival	
and	fraction	neurite	bearing	cells.	Only	when	a	mixture	
of	L511	and	L521	was	coated	on	top	of	VN-	NT2RepCT,	
the	neurite	length	was	significantly	longer	compared	to	
VN-	NT2RepCT	coatings.

Since	 both	 spider	 silk	 coatings	 behaved	 so	 well	 in	
all	 aspects	 investigated	 (i.e.,	 cells	 survival,	 cell	 pro-
liferation,	 and	 neurite	 growth),	 even	 compared	 to	 the	
laminin	coatings,	we	spun	 fibers	 from	NT2RepCT	and	
VN-	NT2RepCT,	 respectively.	 In	 this	 part	 of	 the	 study,	
we	 also	 included	 native	 dragline	 silk	 from	 L. sclope-
tarius,	 since	 dragline	 silk	 facilitates	 cell	 adhesion	 and	
neurite	growth	both	in	vitro	and	in	vivo.23,24,38,61,62	For	
cells	 cultured	 on	 the	 three	 fiber	 types	 (NT2RepCT,	
VN-	NT2RepCT,	 and	 native	 dragline	 silk),	 we	 found	
no	 significant	 differences	 in	 viability	 or	 mean	 length	
of	 neurites	 that	 grew	 along	 the	 fibers.	 However,	 an-
other	 important	parameter	 to	consider	 is	 the	potential	
of	 the	 fibers	 to	 guide	 neurites	 and	 to	 keep	 them	 from	
deviating	 from	 the	 direction	 of	 their	 intended	 target.	
Optimally,	a	nerve	growth	conduit	 should	not	only	at-
tract	and	enable	nerve	cells	or	their	extending	neurites	
to	attach	 to	 the	 fiber	material,	but	also	 support	 exten-
sions	of	the	neurites.	Therefore	we	found	it	interesting	
to	 analyze	 if	 the	 different	 fibers	 varied	 regarding	 this	
aspect.	The	analyses	were	separated	into	cells	attached	
to	the	fibers	and	the	behavior	of	 their	extending	neur-
ites,	and	cell	bodies	not	attached	to	the	fibers,	but	with	
neurites	 extending	 toward	 and	 attaching	 to	 the	 fibers.	
We	 found	 that	 a	 larger	 fraction	 of	 the	 neurites	 from	
cells	 growing	 on	 NT2RepCT	 fibers	 were	 guided	 along	
the	 fiber	 compared	 to	 those	 growing	 on	 native	 spider	
silk.	 Surprisingly,	 this	 was	 true	 also	 when	 comparing	
the	 fraction	 of	 neurites	 growing	 along	 NT2RepCT	 fi-
bers	versus	VN-	NT2RepCT	fibers,	the	reason	for	which	
remains	to	be	determined.	Analysis	of	the	direction	of	
neurites	that	were	in	physical	contact	with	the	fiber	but	
without	having	their	cell	soma	in	contact	with	the	fiber,	
showed	that	more	neurites	grew	across	and	away	from	
the	native	spider	silk	compared	 to	recombinant	spider	
silks.	Taken	together,	our	results	 indicate	that	both	re-
combinant	fiber	types	are	suitable	substrates	for	neurite	
extension,	 and	 that	 the	 recombinant	 silks	 may	 exceed	
native	silks	in	term	of	guidance	of	neurite	growth.	One	
potential	 reason	 for	 this	could	be	 that	 the	diameter	of	
the	fibers	affects	the	neurite	growth.55,62	However,	anal-
yses	of	the	fiber	diameter	did	not	show	any	correlation	
between	the	diameter	(ranging	from	3	to	50 µm	for	re-
combinant	 silks	 and	 3–	7  µm	 for	 native	 silks)	 and	 the	
ability	 of	 the	 fibers	 to	 guide	 the	 neurites	 (Figure  S4).	
Hence,	there	are	most	likely	other	explanations	to	why	
the	recombinant	fibers	performed	better	than	the	native	
silk	 fibers,	 which	 remain	 to	 be	 investigated	 but	 could	

be	a	result	of	differences	in	the	protein	composition	be-
tween	the	 fiber	 types,	 the	presence	of	uncharacterized	
bioactive	components	in	the	fibers	and	the	native	fiber	
has	a	glycoprotein	coat63	which	may	influence	the	cells.

In	this	study	we	have	shown	that	two	types	of	spider	
silk	proteins	support	growth	and	differentiation	of	a	DRG	
neuron	model	cell	line	to	the	same	degree	as	recombinant	
laminins	and	PDL.	Furthermore,	fibers	made	from	these	
two	proteins	show	equal	or	better	performance	for	guid-
ing	neurites	compared	to	native	dragline	silk,	and	thus,	
hold	great	potential	for	further	development	into	NGCs.
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