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Highlights	
AFM	 techniques	 were	 used	 to	 measure	 the	 anatomical	 location	 dependent	
nanomechanics	of	skin	in	three	dimensions.	
A	 mechanically	 non-evasive	 freezing	 and	 thawing	 preparation	 method	 was	 found	 to	
retain	nanomechanical	behaviour	of	the	skin,	thus	enabling	mechanical	investigations	of	
skin	sections.	
Isotropic	response	of	the	elastic	modulus	in	dermis	at	the	nanoscale	was	demonstrated.	
	

Abstract		

Skin	 is	 a	multilayered	multiscale	 composite	material	with	 a	 range	 of	mechanical	 and	

biochemical	 functions.	 The	 mechanical	 properties	 of	 dermis	 are	 important	 to	

understand	 in	 order	 to	 improve	 and	 compare	 on-going	 in	 vitro	 experiments	 to	

physiological	conditions,	especially	as	the	mechanical	properties	of	the	dermis	can	play	

a	 crucial	 role	 in	determining	 cell	behaviour.	 Spatial	 and	 isotropy	variations	 in	dermal	

mechanics	 are	 thus	 critical	 in	 such	 understanding	 of	 complex	 skin	 structures.	 Atomic	

force	microscopy	(AFM)	based	indentation	was	used	in	this	study	to	quantify	the	three	

dimensional	 mechanical	 properties	 of	 skin	 at	 nanoscale	 resolution	 over	 micrometer	
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length	scales.	A	range	of	preparation	methods	was	examined	and	a	mechanically	non-

evasive	freeze	sectioning	followed	by	thawing	method	was	found	to	be	suitable	for	the	

AFM	studies.	Subsequent	mechanical	evaluations	established	macroscale	isotropy	of	the	

dermis	with	the	ground	substance	of	 the	dermis	dominating	the	mechanical	response.	

Mechanical	analysis	was	extended	to	show	significant	variation	in	the	elastic	modulus	of	

the	 dermis	 between	 anatomical	 locations	 that	 suggest	 changes	 in	 the	 physiological	

environment	 influence	 local	mechanical	 properties.	 Our	 results	 highlight	 dependence	

between	 an	 isotropic	 mechanical	 response	 of	 the	 dermal	 microenvironment	 at	 the	

nanoscale	and	anatomical	location	that	define	the	variable	mechanical	behaviour	of	the	

dermis.	

	

Introduction		

Skin	 is	 a	 complex	 biological	 composite	 material	 that	 performs	 a	 variety	 of	 functions	

including	serving	as	a	barrier	to	the	external	environment	and	transferring	mechanical	

loads.	 The	 complexity	 of	 skin	 is	 of	 continuing	 interest	 particularly	 for	 developing	

synthetic	skin	equivalents	(Grover	et	al.,	2012;	Wang	et	al.,	2012)	as	well	as	from	more	

fundamental	 studies	 into	 understanding	 the	 biological	 optimization	 used	 to	 give	

flexibility	 and	 toughness	 (Groves	 et	 al.,	 2013).	 Anisotropic	 fibrous	 components	 at	

relatively	small	length	scales	within	skin	are	of	significant	interest	as	their	organization	

is	 critical	 in	 defining	 potentially	 complex	 mechanical	 anisotropy	 within	 bulk	 skin	

(Gahagnon	 et	 al.,	 2012;	 Gerhardt	 et	 al.,	 2012;	 Groves	 et	 al.,	 2013;	 Ní	 Annaidh	 et	 al.,	

2012b).	 The	 relationship	 between	 resultant	 mechanical	 performance,	 structural	

development	 and	 resultant	 organization	 within	 skin	 has	 been	 identified	 as	 a	

considerable	 challenge	 due	 to	 this	mechanical	 complexity	 that	 exists	 (Delalleau	 et	 al.,	
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2006).	Skin	 is	structured	as	a	multicomponent	composite,	as	 found	in	many	biological	

materials	with	a	mechanical	function,	while	providing	an	environment	for	cells	to	grow	

and	 replenish	 the	 skin.	 From	 a	 structural	 mechanics	 approach,	 skin	 is	 a	 layered	

composite	consisting	of	the	dermis	and	the	epidermis	(Silver	et	al.,	2003).		The	dermis	

makes	up	a	higher	volume	fraction	of	the	skin	compared	to	the	epidermis,	and	is	mainly	

comprised	of	collagen	fibres,	elastic	fibres,	and	ground	substance	of	proteoglycans	and	

glycoproteins	 (Silver	 et	 al.,	 2001).	 The	 fibrous	 collagen	 forms	 the	 main	 structural	

component	 of	 the	 dermis	 while	 the	 ground	 substance	 is	 an	 amorphous	 matrix	 that	

surrounds	 the	 collagen.	 	 These	 components	 comprise	 the	 dermal	 extracellular	matrix	

(ECM)	that	dermal	fibroblasts	occupy	and	maintain.		

The	complex	three	dimensional	(3D)	microenvironment	that	fibroblasts	are	exposed	to	

within	the	dermis	is	key	to	understanding	the	behaviour	and	activity	of	the	cells	(Lo	et	

al.,	2000;	Rehfeldt	et	al.,	2007;	Saez	et	al.,	2005;	Solon	et	al.,	2007).	Mesenchymal	stem	

cell	fate	has	also	been	shown	to	be	directly	influenced	by	the	mechanical	environment	

used	to	culture	stem	cells	(Engler	et	al.,	2006).	The	stiffness	of	the	microenvironment	or	

ECM	is	therefore	critical	in	determining	the	behaviour	of	the	cell	and	is	expected	to	vary	

according	to	the	3D	organization	found	in	the	dermis.		

Attempts	 to	 understand	 a	 macroscopic	 mechanical	 environment	 have	 led	 to	 studies	

investigating	 the	mechanical	 properties	 of	whole	 skin	 in	 response	 to	 various	 loading	

conditions.	 These	 macroscopic	 tests	 often	 utilise	 various	 experimental	 techniques	

including	 tension,	 compression	 and	 suction	 to	 establish	 the	 elastic	 modulus,	 yield	

strength	and	ultimate	tensile	strength	of	whole	skin.	Testing	of	whole	skin	indicates	the	

resultant	 elastic	 modulus	 lies	 between	 5.5	 kPa	 and	 83.3	 MPa,	 depending	 on	 the	

evaluation	 method	 used	 (Diridollou	 et	 al.,	 2000;	 Gahagnon	 et	 al.,	 2012;	 Gąsior-
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Głogowska	et	al.,	2013;	Geerligs	et	al.,	2011;	Groves	et	al.,	2013;	Hendriks	et	al.,	2003;	

Jachowicz	et	al.,	2007;	Ottenio	et	al.,	2014;	Wang	et	al.,	2013;	Yuan	and	Verma,	2006;	

Zahouani	et	al.,	2009).		Uniaxial	tensile	testing	of	whole	skin	shows	a	dependence	of	the	

elastic	modulus	 to	 the	direction	of	 the	applied	 load	and	 the	alignment	of	 the	 collagen	

fibre	network	of	the	dermis	in	the	sample,	indicating	some	degree	of	anisotropy	in	the	

dermis	 (Gąsior-Głogowska	 et	 al.,	 2013;	 Ní	 Annaidh	 et	 al.,	 2012b).	 These	macroscopic	

tests	 provide	 insight	 into	 the	 bulk	 properties	 of	 skin	 in	 response	 to	 extreme	 loading	

conditions,	 but	 do	 not	 give	 any	 indication	 of	 the	 microenvironment	 within	 the	 bulk	

material	 that	 cells	 are	 exposed	 to.	 Therefore,	 reducing	 the	 length	 scale	 examined	

provides	 some	 measure	 of	 mechanical	 properties	 relevant	 to	 the	 loading	 conditions	

cells	 are	 exposed	 to.	 Measurements	 of	 the	 stiffness	 of	 tissues	 have	 been	 carried	 out	

using	 atomic	 force	microscopy	 (AFM)	 to	 examine	 the	mechanical	 properties	 at	 small	

length	 scales	 (Crichton	 et	 al.,	 2013;	 Last	 et	 al.,	 2009).	 AFM	 allows	 for	 mechanical	

characterisation	at	the	nanoscale	and	can	provide	high	spatial	resolution	of	the	surface	

properties	 of	 the	material.	Many	 biological	materials	 have	 been	 examined	 by	 AFM	 in	

order	 to	 determine	 the	 mechanical	 properties	 (Hang	 and	 Barber,	 2011;	 Hang	 et	 al.,	

2014),	 including	AFM	indentation	of	the	dermis	(Grant	et	al.,	2012).	Such	an	approach	

has	provided	a	2D	mechanical	map	through	a	thickness	cross	section	of	skin	or	upper	

dermal	 surface	 after	 removal	 of	 the	 epidermal	 layers.	 These	 studies	 have	 provided	

mechanical	information	by	reporting	the	elastic	modulus	of	the	probed	area.		The	range	

of	reported	elastic	modulus	varied	from	0.77	kPa	to	322	kPa	for	human	dermal	tissue	

and	 6.43	 kPa	 to	 11.62	 MPa	 for	 mouse	 ear	 dermal	 tissue	 (Achterberg	 et	 al.,	 2014;	

Crichton	et	al.,	2011;	Grant	et	al.,	2012;	Petrie	et	al.,	2012).		Crichton	et	al.	characterised	

the	distribution	of	collagen	fibres	within	the	probed	area	indicating	the	contribution	of	

collagen	fibres	within	the	region	to	the	measured	elastic	modulus	(Crichton	et	al.,	2011).		
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AFM	indentation	of	upper	dermal	tissue	from	a	human	donor	to	depths	of	hundreds	of	

nanometres	 resulted	 in	 a	 measured	 elastic	 modulus	 of	 322	 kPa,	 and	 also	 reported	

higher	 elastic	 modulus	 values	 in	 the	 megapascal	 range	 potentially	 influenced	 by	

collagen	 fibres	 in	 the	 probed	 region	 (Grant	 et	 al.,	 2012).	 	 Previous	 studies	 have	

commented	on	the	possible	contribution	of	the	collagen	fibres	to	the	elastic	modulus	of	

the	dermis,	with	the	elastic	modulus	of	collagen	fibres	reported	by	indentation	being	1	–	

2	GPa	 (Heim	et	 al.,	 2006),	where	potential	 contact	of	 indenter	with	 the	 collagen	 fibre	

bundles	increasing	the	measured	elastic	modulus	of	the	dermis	(Grant	et	al.,	2012).			

The	 importance	 of	 the	 directionality	 of	 the	 collagen	 network	 within	 the	 dermis	 on	

resultant	skin	mechanics	have	 led	 to	extensive	experimental	and	numerical	modelling	

methods.		Uniaxial	testing	of	human	back	skin	excised	from	different	orientations	of	the	

Langer’s	 lines	 showed	 significant	 differences	 in	 the	 measured	 elastic	 modulus,	 with	

samples	 tested	 parallel	 to	 the	 Langer’s	 lines	 showing	 a	 higher	 elastic	 modulus	 than	

samples	tested	perpendicular	to	the	lines	(Ní	Annaidh	et	al.,	2012b;	Ottenio	et	al.,	2014).		

Tensile	testing	was	also	modelled	using	finite	element	methods	to	produce	a	numerical	

model	 to	 predict	 the	 anisotropic	 behaviour	 of	 human	 and	murine	 skin	 (Groves	 et	 al.,	

2013;	Ní	Annaidh	et	 al.,	 2012a).	Numerical	models	 showed	significant	 contribution	of	

the	alignment	of	 the	collagen	 fibres	within	 the	dermis	 to	 the	mechanical	behaviour	of	

skin.	These	experimental	and	numerical	results	consider	macroscopic	scale	testing	and	

applying	 a	 large	 strain	 to	 skin	 with	 the	 assumption	 that	 the	 collagen	 fibres	 will	 be	

exposed	to	the	loading	conditions.	However,	no	studies	currently	report	on	the	effect	of	

the	 direction	 of	 the	 applied	 load	 on	 the	 mechanical	 properties	 of	 the	 dermis	 at	 the	

nanoscale,	 where	 directionality	 could	 have	 an	 effect	 on	 the	 microenvironment	

experienced	by	cells	within	the	dermis.	This	work	aims	to	explore	the	3D	mechanics	of	
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the	 dermis	 by	 utilising	 AFM	 indentation	 in	 conjunction	 with	 a	 range	 of	 tissue	

preparation	 methods	 to	 establish	 a	 comprehensive	 understanding	 of	 the	 elastic	

behaviour	 of	 the	 dermis	 through	 relationships	 between	 directional	 nanoscale	

mechanical	measurements	and	macroscopic	mechanical	properties.	A	particular	focus	is	

on	evaluating	the	spatial	3D	mechanical	microenvironment	in	order	to	understand	the	

response	of	the	tissue	to	the	directionality	of	the	loading	conditions.		

	

Methods		

Preparation	of	dermal	explants	

Mouse	skin	samples	were	taken	from	freshly	excised	wild	type	C57BL/6	mouse	tails	and	

were	 prepared	 as	 described	 by	 Braun	 et	 al.	 (Braun	 et	 al.,	 2003).	 Briefly,	 mouse	 tails	

were	 harvested	 and	 the	 skin	 cut	 lengthwise	 along	 the	 tail	 down	 to	 the	 point	 where	

contact	 was	 made	 with	 the	 bone.	 Animals	 were	 sacrificed	 according	 to	 Home	 Office	

regulations	(license	PPL	70/7166).	Skin	was	peeled	away	from	the	tail	using	forceps	to	

isolate	 the	 full	 skin	 thickness	 and	 allow	 further	 sample	 preparation.	 The	 bulk	 skin	

sample	was	sectioned	into	smaller	samples	with	a	plan	surface	of	approximately	0.5	x	

0.5	 cm	 in	 size.	 The	 sectioned	 skin	 samples	 were	 incubated	 in	 0.005	 M	

Ethylenediaminetetraacetic	 acid	 (EDTA)	 at	 37	 °C	 for	 approximately	 four	 hours.	 The	

EDTA	solution	acted	as	a	chelation	agent	that	disrupted	the	cation	mediated	joining	of	

the	epidermal	 layers	and	promoted	separation	of	the	epidermis	from	the	dermis.	 	The	

epidermis	was	peeled	away	from	the	dermis	using	forceps,	rinsed	with	PBS	to	remove	

any	excess	EDTA	 that	may	be	 still	 present	on	either	 the	epidermis	or	 the	dermis	 and	

then	stored	in	a	PBS	solution	with	0.2%	sodium	azide	and	0.05%	protease	inhibitor.	The	
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process	 of	 removing	 the	 epidermis	 was	 conducted	 while	 the	 skin	 samples	 were	

submerged	in	PBS	to	prevent	any	dehydration	of	the	tissue.	Sodium	azide	was	added	to	

the	 solution	 in	 order	 to	 prevent	 infection	 or	 the	 growth	 of	 bacteria,	 and	 the	 addition	

protease	 inhibitor	 slowed	 down	 the	 degradation	 of	 the	 extra	 cellular	 matrix.	 The	

sections	of	dermis	were	stored	at	4	 °C	until	use.	Three	mouse	 tails	were	used	 in	 total	

and	 11	 dermal	 explant	 samples	 were	 produced	 for	 analysis.	 The	 dermal	 explants	

produced	by	the	mechanical	peeling	process	do	not	have	any	definable	surface	features	

that	can	be	used	 to	accurately	 relocate	a	specific	 location	on	 the	sample	surface.	 	The	

position	 of	 the	 AFM	 measurements	 is	 critical	 for	 assessing	 any	 changes	 in	 the	

mechanical	behaviour	on	the	surface	of	the	dermal	explants	and	required	a	method	for	

relocating	 a	 previously	 measured	 area	 of	 the	 sample.	 A	 coordinate	 system	 was	

established	by	patterning	a	micron	scale	grid	onto	the	sample	surface	using	a	TEM	grid	

(Agar	Scientific,	UK)	as	a	negative	lithography	pattern.	The	spacing	between	the	lines	of	

the	TEM	grid	provides	features	that	are	well	defined	and	evenly	spaced.	The	patterning	

process	involved	first	attaching	the	TEM	grid	to	the	dermal	surface	by	mechanical	clips,	

with	 surface	water	 removed	 from	 the	 sample	using	 laboratory	wipes.	Waterproof	 ink	

was	 then	deposited	over	 the	area	of	 the	sample	covered	by	 the	grid,	 followed	by	grid	

removal	 from	 the	 sample	 to	 give	 a	 micron	 scale	 grid	 pattern	 on	 the	 surface	 of	 the	

dermal	explant.	Care	was	 taken	 to	 complete	 the	patterning	of	 the	 samples	before	any	

dehydration	of	the	tissue	occurred	due	to	evaporation.	The	patterns	produced	using	this	

method	are	robust	enough	 to	remain	visible	and	well	defined	 throughout	 the	 imaging	

and	measurement	 process	 in	 a	 liquid	 environment,	 as	 well	 as	 after	 the	 freezing	 and	

thawing	process.	The	patterning	process	is	schematically	shown	in	Figure	1	along	with	

the	resulting	grid	as	observed	by	optical	microscopy.			
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Figure	1.	(Top)	Schematic	representation	of	the	patterning	process	applied	to	the	

dermal	explant	samples.	(Bottom)	Optical	microscopy	image	of	a	patterned	dermal	

explant,	scale	bar	50	µm.		

	

Procedure	for	freeze-thaw	cycling	

Dermal	 samples	 prepared	 and	 patterned	 as	 outlined	 above	 were	 used	 to	 test	 a	

preparation	 method	 suitable	 for	 subsequent	 small	 scale	 mechanical	 testing	 while	

retaining	 the	 inherent	 mechanical	 properties	 of	 the	 skin.	 A	 cryoprotective	 agent	

consisted	of	a	1	M	solution	of	sucrose	with	10%	v/v	of	DMSO	was	used	to	condition	the	

skin	 prior	 to	 freezing	 and	 evolution	 of	 surfaces	 for	 AFM	 indentation	 by	 sectioning.	

DMSO	and	sugar	solutions	are	common	cryoprotective	agents	that	are	used	to	preserve	

cellular	viability	when	 freezing	cells	and	 tissue,	 such	as	skin,	arteries,	and	 tendons,	 to	
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cryogenic	 temperatures	 (Bakhach,	 2009;	 Bravo	 et	 al.,	 2000;	 Chen	 et	 al.,	 2011;	 Fuller,	

2004)	and	are	thus	explored	here.		Dermal	samples	were	first	placed	in	10%	v/v	DMSO	

in	PBS	at	4	°C	in	1	mL	tubes	until	the	sample	reached	the	bottom	of	the	tube.	Samples	

were	then	transfer	 to	1	M	sucrose	with	10%	v/v	DMSO	at	4	°C	until	 the	sample	again	

reached	the	bottom	of	the	tube.	Tubes	containing	the	sample	and	CPA	were	then	placed	

in	a	-80	°C	freezer	overnight.	Tubes	were	removed	from	the	freezer,	allowed	to	return	to	

room	temperature	and	transferred	 into	10%	v/v	DMSO.	 	Samples	were	rinsed	several	

times	in	PBS	in	order	to	ensure	removal	of	CPA	and	stored	in	PBS	at	4	°C	until	use.	Four	

dermal	explant	samples	were	treated	with	the	CPA	and	three	were	left	untreated.			

Analysis	of	freeze	thaw	cycling	

Patterned	 dermal	 explant	 samples	 exhibited	 micron	 sized	 features	 resolved	 using	

optical	microscopy	 and	 used	 to	 accurately	 reposition	 the	 AFM	 probe	 tip	 at	 a	 specific	

location	on	the	sample	surface	for	subsequent	mechanical	evaluations.	20	µm	x	20	µm	

areas	were	selected	on	the	dermal	samples	in	order	to	perform	AFM	indentation	to	map	

the	 distribution	 of	 elastic	 modulus	 values.	 A	 grid	 of	 20	 x	 20	 AFM	 indentations	 was	

performed	 within	 the	 selected	 area.	 Repeat	 measurements	 of	 the	 entire	 area	 were	

conducted	 prior	 to	 freezing	 of	 samples	 to	 establish	 a	 baseline	 variation	 in	 the	 elastic	

modulus	measurement	of	a	single	point.	This	step	was	taken	in	an	attempt	to	limit	the	

experimental	 error	 in	 repositioning	 the	AFM	probe	after	 the	 sample	was	 treated.	The	

baseline	data	sets	were	first	reduced	from	a	20	x	20	matrix	of	400	points	to	a	10	x	10	

matrix	of	100	points	by	averaging	over	four	adjacent	indentation	values.	The	mechanics	

of	 the	 dermal	 surface	 should	 not	 vary	 significantly	 within	 the	 2	 x	 2	 area	 so	 a	 local	

average	of	each	data	point	also	allows	for	a	better	representation	of	the	elastic	modulus	

for	 a	 specific	 region	 of	 the	 selected	 area.	 No	 changes	 to	 the	 experimental	 setup	with	
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regards	 to	 the	 position	 of	 the	 sample	 or	 probe	 tip	 were	 used	 in	 order	 to	 maintain	

measurement	 consistency.	 The	 variation	 between	 the	 repeat	 measurements	 from	

before	 and	 after	 the	 freeze-thaw	 cycle	 was	 quantified	 by	 calculating	 the	 root	 mean	

square	(RMS)	of	the	difference	at	each	spatial	point	within	the	averaged	10	x	10	matrix	

of	elastic	modulus	values	of	the	measured	area	using	the	following	equation:	

	

		 	 	 	
( )
n

E
RMS

i

iN∑
= 1

2
,

	 	 	 	 Equation	(1)	

where	EN,i	 is	 the	 difference	 between	 the	 first	 set	 of	measurements	 before	 the	 freeze-

thaw	cycle	and	the	second	data	set	after	the	freeze-thaw	cycle	at	each	measured	point,	𝑖.	

The	data	sets	were	normalised	against	the	largest	elastic	modulus	value	within	the	pair	

prior	to	calculating	the	difference	at	each	point	within	the	array.	The	calculated	RMS	of	

the	 data	 sets	 using	 Equation	 (1)	 allowed	 for	 a	 comparison	 between	 each	 data	 point	

before	 and	 after	 the	 freeze-thaw	 cycle	 using	 a	 single	 parameter	 to	 evaluate	 the	

magnitude	 of	 the	 change.	 Thus,	 for	 example,	 two	 identical	 elastic	 modulus	 data	 sets	

from	 before	 and	 after	 the	 freeze-thaw	 cycle	 would	 give	 a	 resultant	 RMS	 zero	 value	

whereas	larger	differences	in	the	before	and	after	data	sets	would	give	increasing	RMS	

values.	 A	 larger	 RMS	 value	 is	 physically	 important	 and	 denotes	 artefacts	 from	 the	

sample	preparation	that	cause	a	modification	to	the	mechanical	properties	of	the	skin.		

Preparation	of	transverse	sections	of	skin	

AFM	 indentation	 analysis	 was	 performed	 on	 transverse	 cryosections	 of	 mice	 tails,	

obtained	from	C57BL/6	mice	between	the	ages	of	7	and	9	weeks,	 in	order	to	examine	

the	through	thickness	mechanics	of	the	dermis.	The	whole	skin	was	peeled	away	from	
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the	 tail	 and	 cut	 into	 0.5	 cm	 x	 0.5	 cm	 sections.	 Samples	were	 then	 embedded	 in	 OCT	

(Tissue-tek	Sakura,	EU),	frozen	over	dry	ice	and	transferred	to	a	freezer	at	-80	°C	prior	

to	 sectioning.	 Transverse	 sections	 were	 cut	 using	 a	 Leica	 CM1860	 cryostat	 (Leica	

Biosystems,	UK)	using	a	cutting	temperature	of	-20	°C.		Whole	skin	sections	were	cut	to	

5	µm	in	thickness	and	transferred	to	glass	slides	(Superfrost	Plus,	Thermoscientific,	UK)	

and	stored	at	-80	°C	prior	to	thawing	and	subsequent	mechanical	testing.		Three	mouse	

tails	 were	 cryosectioned	 and	 one	 section	 from	 each	mouse	 was	 analysed	 using	 AFM	

indentation.			

AFM	analysis	

AFM	measurements	were	 conducted	 using	 standard	 equipment	 (Ntegra	 AFM	 system,	

NT-MDT,	 Russia)	 with	 a	 sample	 stage	 mounted	 on	 piezoelectric	 positioners.	 In	 situ	

optical	microscopy	was	used	to	position	the	AFM	probe	away	from	any	remaining	hair	

follicles	on	the	dermal	surface.		The	dermal	explant	measurements	were	carried	out	by	

submerging	the	samples	in	PBS	at	room	temperature	in	a	stainless	steel	liquid	cell	with	

an	approximate	volume	of	1	mL.		The	dermal	samples	were	mechanically	coupled	to	the	

bottom	 of	 the	 liquid	 cell,	 and	 the	 liquid	 cell	 was	 magnetically	 attached	 to	 the	 AFM	

positioners.	 Dermal	 samples	were	 imaged	 in	 contact	mode	 using	 a	 low	 cantilever	 set	

point	value.	AFM	height	images	were	taken	over	a	20	µm	x	20	µm	area.	AFM	indentation	

measurements	 were	 conducted	 using	 silicon	 nitride	 v-shaped	 cantilevers	 with	 a	

nominal	 spring	 constant	 between	 0.01	 N.m-1	 and	 0.5	 N.m-1	 (Bruker,	 USA).	 Each	

cantilever	 spring	 constant	 was	 calibrated	 using	 the	 thermal	 noise	 method	 (Butt	 and	

Jaschke,	 1995)	 prior	 to	 all	 AFM	 measurements.	 	 The	 elastic	 modulus	 of	 the	 dermal	

explants	was	measured	by	AFM	indentation	using	the	force-displacement	functionality.		

Force-displacement	curves	were	recorded	by	 translating	 the	sample	 in	 the	z-direction	
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towards	the	AFM	probe	using	the	z-piezo	positioner	of	the	AFM.	Subsequent	contact	and	

indentation	 of	 the	 AFM	 probe	 into	 the	 sample	 caused	 a	 corresponding	 cantilever	

deflection	with	z-piezo	displacement	as	shown	in	Figure	2a.			

The	force-displacement	curves	were	recorded	at	1	µm	spacing	intervals	over	a	20	µm	x	

20	 µm	 area	 to	 give	 a	 grid	 of	 indentations.	 Following	 all	 indentation	 measurements,	

calibration	 force-displacement	 curves	were	 obtained	 on	 a	 sapphire	 sheet	 in	 order	 to	

determine	 the	 response	 of	 the	 photodiode	 to	 the	 cantilever	 deflection	 and	 determine	

the	ratio	of	photodiode	current	(nA)	to	cantilever	deflection	(nm).	The	contact	point	of	

the	 force-displacement	 curves	was	determined	using	a	 custom	script	 (MS	Excel,	USA)	

based	on	 the	algorithms	of	Lin	et	 al.	 (Lin	et	 al.,	 2007).	The	 force-displacement	 curves	

showed	elastic	deformation	indicated	by	the	retracing	of	the	force	loading	curve	by	the	

unloading	 curve.	 Probe	 sample	 adhesion	 behaviour	 was	 not	 observed	 and	 did	 not	

influence	the	analysis	of	the	force-displacement	curves.	The	absence	of	adhesion	forces	

indicates	 that	 the	 contact	 between	 the	 AFM	 probe	 and	 the	 sample	 surface	 can	 be	

modelled	as	a	Hertzian	contact,	simplifying	the	mechanical	analysis.	Force-displacement	

curves	 that	 did	 not	 have	 a	 clear	 contact	 point,	 characterized	 by	 a	 lack	 in	 observable	

change	 from	 the	 linear	 approach	 to	 the	 non-linear	 indentation	 portion	 of	 the	 curve,	

were	excluded	from	the	analysis,	approximately	7.6%	of	the	total	measurements	were	

rejected	due	to	indistinct	contact	within	the	force-displacement	curve.			

The	cantilever	deflection	current	(nA)	,	recorded	from	the	AFM	photodiode	detector	to	

quantify	 deflection,	 was	 transformed	 to	 physical	 cantilever	 deflection	 (nm)	 using	 the	

calibration	ratio	of	deflection	current	to	cantilever	deflection	obtained	from	performing	

indentations	 on	 a	 sapphire	 sheet	 as	 shown	 in	 Supplementary	 Figure	 1.	 The	 total	

indentation	depth	was	calculated	by	subtracting	the	cantilever	deflection	from	the	total	
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displacement	of	the	z-piezo	positioner.	The	cantilever	deflection	was	finally	converted	

to	force	using	Hooke’s	law,	F	=	kd,	where	k	 is	the	cantilever	spring	constant	calculated	

using	 the	 thermal	 noise	 method	 (Butt	 and	 Jaschke,	 1995)	 and	 d	 is	 the	 cantilever	

deflection	measured	from	the	optical	photodiode	sensor	in	the	AFM	system.	The	applied	

force	was	plotted	against	the	indentation	depth	to	describe	the	interaction	between	the	

AFM	probe	and	the	sample	surface.	The	AFM	probe	was	modelled	as	a	cone	so	that	the	

indentation	depth	causes	a	corresponding	increase	in	the	area	of	the	sample	interacting	

with	 the	 probe.	 The	 resultant	 measured	 contact	 stiffness	 and	 applied	 force	 thus	

increased	non-linearly	with	indentation	depth.	Such	a	non-linear	relationship	provides	

the	elastic	modulus	of	the	sample	surface	by	fitting	the	unloading	portion	of	the	force-

displacement	plot	using	 the	Oliver-Pharr	method	with	Sneddon’s	 approximation	 for	 a	

rigid	cone	indenter	(Sneddon,	1948).		The	force	applied	by	the	indenter	is	related	to	the	

elastic	modulus	of	the	sample	through	the	indentation	depth,	d,	using:	

		 	 	 	 ( )
2

2 tan
1
2 d
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⋅
−

= α
π

	 	 	 Equation	(2)	

The	 force-distance	 curve	 shown	 in	 Figure	 2b	 was	 fitted	 to	 equation	 (2)	 to	 give	 the	

sample’s	 elastic	modulus	 by	 assuming	 a	 basic	 Hertzian	 linear	 elastic	 response	 of	 the	

material,	a	Poisson’s	ratio	νs	of	0.5,	a	value	used	as	soft	biological	samples	are	generally	

treated	as	incompressible	(Domke	and	Radmacher,	1998;	Grant	et	al.,	2012;	Radmacher,	

1997),	 and	 a	 half	 tip	 opening	 angle	 α	 =	 17.5°	 taken	 from	 the	 manufacturer’s	

specifications	and	verified	by	scanning	electron	microscopy.	Analysis	and	curve	fitting	

to	extract	the	elastic	modulus	from	the	force-displacement	curves	was	conducted	using	

a	custom	script	(MS	excel,	USA).	Mapping	on	dermal	surfaces	contained	a	minimum	of	

200	force	displacement	curves	per	sample	with	11	dermal	explant	samples	from	three	
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mouse	tails	used.	Force-displacement	 indentations	were	performed	on	agarose	gels	of	

known	 elastic	 modulus	 to	 validate	 the	 curve	 fitting	 process,	 see	 supplementary	

information	for	details.	

Force-displacement	 measurements	 were	 additionally	 conducted	 on	 the	 transverse	

sections	of	 full	 thickness	skin	to	 investigate	the	effect	of	the	orientation	of	the	applied	

indentation	 load	 on	 the	 elastic	 modulus.	 The	 glass	 slides	 with	 skin	 sections	 were	

mounted	to	a	magnetic	sample	holder	using	double	sided	tape.	AFM	measurements	of	

transverse	sections	were	conducted	in	a	droplet	of	PBS	at	room	temperature	in	order	to	

keep	the	sample	hydrated.	Low	set	point	AFM	contact	imaging	was	performed	in	order	

to	 locate	 the	 edge	 of	 the	 epidermis	 region	 within	 the	 section	 for	 identification	 of	 a	

reference	structural	 feature	 in	the	skin.	Force-displacement	curves	were	obtained	and	

analysed	 in	 the	method	 described	 above.	 Force-displacement	 curves	were	 taken	 at	 a	

spacing	of	100	nm	in	the	y-axis	of	the	sample	and	at	a	spacing	of	500	nm	in	the	x-axis.	A	

smaller	y-axis	spacing	was	employed	here	due	to	higher	structural	variation	 in	 this	y-

axis,	extending	through	thickness	across	the	layered	features	of	skin,	compared	to	the	x-

axis.	The	force-displacement	curves	were	taken	using	a	raster	scan	method	allowing	for	

correlation	of	each	indentation	point	to	the	spatial	x-y	position	on	the	sample	surface.	

The	elastic	modulus	values	of	the	transverse	skin	sections	were	then	reconstructed	into	

a	3D	distribution	map	using	Origin	8	(OriginLabs,	USA)	with	elastic	modulus	values	as	z	

coordinates	 and	 the	 spatial	 location	 of	 the	 indentation	 as	 x-y	 coordinates.	 Each	

transverse	section	area	measured	was	at	least	30	µm	in	the	y	direction	and	5	µm	in	the	x	

direction	 in	 order	 to	 ensure	 a	 region	of	 the	dermis	was	present	within	 the	 examined	

section.	 	 The	 characteristic	 indentation	 depth	 was	 approximately	 200	 nm	 with	 the	

indentation	depth	limited	to	a	maximum	of	500	nm	for	the	5	µm	thick	transverse	cross	
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section	samples	to	avoid	the	influence	of	the	glass	substrate	on	the	measurement	of	the	

elastic	modulus,	as	defined	 from	the	 limits	of	 indentation	proposed	by	previous	work	

(Gavara	 and	 Chadwick,	 2012).	 Indentations	 beyond	 200	 nm	 on	 the	 cryosectioned	

samples	would	 result	 in	 overlap	 of	 the	 indentations	 in	 the	 y	 direction	 but	would	 not	

alter	the	mechanical	response	as	force-displacement	curves	indicate	elastic	behaviour.	

Additional	transverse	sections	were	taken	from	regions	of	each	tail	sample	near	to	the	

area	analysed	by	AFM	to	determine	the	thickness	of	the	epidermis	by	haematoxylin	and	

eosin	 histological	 staining.	 Cryosections	 from	 three	 mouse	 tails	 were	 analysed	 using	

AFM	indentation.				

	

Results	and	Discussion	

Elastic	 modulus	 2D	 maps	 for	 the	 dermal	 surface	 were	 recorded	 using	 AFM	

nanoindentation,	 with	 an	 example	 colour	 coded	 elastic	 modulus	 distribution	 map	

displayed	in	Figure	2c.	The	dermal	surface	refers	to	the	sample	surface	after	removal	of	

the	epidermis	with	the	lamina	densa	of	the	basement	membrane	exposed,	which	has	an	

approximate	 thickness	 of	 40	 nm	 (Osawa	 et	 al.,	 2003).	 The	 thickness	 of	 the	 basement	

membrane	 is	 significantly	 less	 than	 the	 indentation	 depth	 (~400	 nm),	 therefore	 the	

contribution	 to	 the	mechanical	 response	 is	expected	 to	be	 less	 than	1%	assuming	 the	

indentation	senses	up	to	10	times	the	indentation	depth	(Tsui	and	Pharr,	1999).	All	AFM	

indentation	 data	 was	 analysed	 by	 correcting	 the	 raw	 deflection	 –	 z-piezo	 movement	

data,	 Figure	 2a,	 to	 a	 force-displacement	 curve,	 Figure	 2b,	 and	 analysing	 the	 force-

displacement	 curve	 by	 fitting	 equation	 (2)	 for	 the	 elastic	 modulus.	 The	 distribution	

maps	 show	 a	 range	 of	 elastic	 moduli	 within	 the	 measured	 area	 indicating	

heterogeneous	mechanics	 across	 the	 surface	of	 the	dermis.	 Such	 variability	 in	dermis	
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mechanical	 properties	 is	 expected	 due	 to	 the	 potential	 for	 indentation	 of	 constituent	

components	within	 the	 dermis.	 Indentation	 of	 collagen	 fibre	 bundles	 are	 expected	 to	

produce	a	higher	measured	elastic	modulus	value	when	compared	to	indentation	of	the	

dermal	 ground	 substance,	with	 the	 ground	 substance	 being	more	 of	 a	 gel-like	matrix	

surrounding	 the	 high	 elastic	 modulus	 collagen	 fibre	 bundles	 (Zahouani	 et	 al.,	 2009).		

The	range	of	raw	elastic	moduli	for	the	dermis	falls	between	a	minimum	value	of	0.148	

kPa	 and	 a	 maximum	 value	 of	 9.77	 MPa	 with	 the	 mean	 value	 of	 the	 distribution	

appearing	at	137	±	6.28	(Standard	error	of	mean,	SEM)	kPa	and	a	median	value	of	44.3	

kPa.		The	large	range	in	elastic	modulus	for	the	dermis	samples	represents	the	complex	

multicomponent	 system	 where	 varying	 surface	 composition	 influences	 the	 elastic	

modulus	measured	by	the	AFM	indentation.			

	

	

Figure	2.	a)	Typical	raw	data	for	an	AFM	cantilever	deflection	unloading	curve	recorded	

during	 a	 force-displacement	measurement.	 b)	 Corrected	 force-displacement	 plot	with	
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the	applied	 curve	 fit	 of	 equation	 (2)	used	 to	 calculate	elastic	modulus.	 c)	Distribution	

map	of	the	elastic	modulus	with	values	shown	in	MPa.	

	

The	effects	of	repeat	AFM	indentation	of	an	area	were	conducted	by	analysis	of	repeat	

measurements	 for	 seven	 freshly	 excised	 dermal	 explants.	 The	 RMS	 values	 for	 all	

repeated	measurements	are	shown	in	Figure	3a.	 	The	repeat	measurements	showed	a	

RMS	 range	 between	 0.102	 and	 0.291,	 indicating	 variation	 in	 the	measurement	 of	 the	

elastic	modulus	at	a	single	point.	 	Additionally,	no	discernible	change	in	the	measured	

elastic	modulus	was	observed	when	indentations	were	performed	in	rapid	succession	at	

a	single	point.		
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Figure	3.	a)	Plot	of	the	RMS	values	for	measurements	of	the	elastic	modulus	before	and	

after	 the	 freeze-thaw	 cycle	 for	 untreated,	 CPA	 treated	 samples	 and	 repeated	

measurements	 on	 fresh	 dermal	 explant	 samples.	 b)	 Histograms	 of	 the	 raw	 elastic	

modulus	data	for	each	of	the	sample	conditions	measured.	

	

The	effect	of	a	freezing	and	thawing	cycle	on	the	elastic	modulus	of	the	dermal	explants	

was	 investigated	 in	 order	 to	 understand	 potential	 sample	 degradation	 from	 the	

preparation	 methods	 used.	 Figure	 3b	 displays	 the	 histograms	 of	 the	 raw	 elastic	

modulus	 data	 for	 each	 of	 the	 conditions.	 Statistical	 analysis	 (D’Agostino-Pearson	

Omnibus	 test)	 indicated	 that	 all	 the	 data	 sets	 were	 not	 taken	 from	 a	 normal	 or	
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lognormal	distribution.	Lognormal	distributions	were	fitted	to	the	data	sets	to	quantify	

the	differences	between	the	data	sets.	For	the	repeat	measurements,	initial	location	and	

scale	parameters	of	µ	=	4.464	and	σ	=	0.3871	 respectively	were	 fitted	and	 the	 repeat	

measurement	resulted	in	parameters	of	µ	=	4.460	and	σ	=	0.6254.	The	sample	treated	

with	 a	 CPA	 initially	 resulted	 in	 parameters	 of	 µ	 =	 3.437	 and	 σ	 =	 0.6941	with	 repeat	

measurements	 giving	 µ	 =	 3.699	 and	 σ	 =	 0.6837.	 Fitting	 to	 the	 untreated	 samples	

resulted	in	µ	=	3.916	and	σ	=	0.4996	and,	after	thawing,	parameters	of	µ	=	4.059	and	σ	=	

0.5059.	 The	 distributions	 for	 each	 histogram	 shown	 in	 Figure	 3b	 are	 significantly	

different	using	the	non-parametric	paired-sample	Wilcoxon	signed	rank	test	(p	values	of	

0.00398	for	repeat	measurements,	7.49e-5	for	the	CPA	treated	sample,	and	2.069e-9	for	

the	 untreated	 sample).	 This	 statistical	 analysis	 and	 the	 assigning	 of	 distribution	

parameters	provide	no	conclusive	evidence	that	the	freeze/thawing	cycle	has	an	effect	

on	 the	 sample	mechanics.	The	use	of	RMS	 therefore	provides	 a	 single	parameter	 that	

can	be	used	to	evaluate	the	change	between	data	sets.	The	dermal	explants	frozen	using	

no	 CPA	 resulted	 in	 a	 RMS	 range	 between	 0.113	 and	 0.265	while	 the	 samples	 treated	

with	 a	 CPA	 produced	 a	 RMS	 range	 between	 0.125	 and	 0.249.	 	 The	 repeated	

measurements	on	samples	that	had	been	frozen	and	thawed	produced	RMS	error	values	

that	 fall	 within	 the	 range	 of	 the	 initial	 measurements	 taken	 on	 a	 fresh	 sample.	 This	

result	 indicates	 that	 there	 is	 no	 distinguishable	 change	 in	 the	 elastic	modulus	 of	 the	

dermis	 as	 a	 result	 of	 the	 freeze	 thaw	 cycle	 when	 performing	 measurements	 at	 the	

nanoscale	and	is	comparable	to	the	initial	findings	shown	by	Foutz	et	al.	 for	whole	rat	

skin	 (Foutz	 et	 al.,	 1992).	 	 Performing	 this	 analysis	 confirms	 that	 comparisons	 can	 be	

made	 between	 the	 dermis	 of	 skin	 samples	 prepared	 by	 cryosectioning	 and	 freshly	

excised	dermal	explants.	Cryosectioning	progressively	through	the	whole	skin	from	the	



20	
	

dermis	 to	 the	epidermis	and	thawing	each	section	to	record	resultant	elastic	modulus	

maps	is	therefore	considered	representative	of	the	natural	state	of	skin.		

	

AFM	force	displacement	measurements	were	performed	on	transverse	skin	samples	to	

produce	a	continuous	distribution	map	of	the	elastic	modulus	from	the	epidermis	to	the	

dermis.	A	representative	elastic	modulus	map	 for	a	cryosection	 is	 shown	 in	Figure	4a	

with	a	representative	area	on	an	H&E	stained	cryosection	shown	in	Figure	4b.	A	change	

in	the	elastic	modulus	is	clearly	observed	by	examining	the	position	of	the	indentations	

from	the	dermis	towards	the	epidermis.			
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Figure	4.	a)	Raw	elastic	modulus	distribution	of	map	for	through	thickness	transverse	

cryosections	of	mouse	tail	skin	 from	the	epidermis	(top)	to	the	dermis	(bottom),	with	

values	shown	in	MPa.	b)	Haematoxylin	and	eosin	staining	of	cryosection	of	mouse	tail	

skin	with	the	red	box	showing	a	representative	area	probed	by	AFM	indentation,	scale	

bar	25	µm.	c)	Combined	representation	for	the	distribution	maps	of	the	elastic	modulus	
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of	mouse	tail	skin.	The	similar	distribution	of	the	elastic	modulus	when	the	direction	of	

the	applied	 indentations	 is	 changed	 indicates	 isotropic	behaviour.	Modulus	values	are	

shown	in	MPa.	

	

The	distribution	map	of	the	spatial	coordinates	and	measured	elastic	modulus	shows	an	

almost	 100	 fold	 increase	 in	 the	 elastic	modulus	 at	 the	 surface	 of	 the	 epidermis	when	

compared	to	the	dermis.	The	elastic	modulus	values	for	the	dermis	generally	fall	within	

the	kilopascal	range	where	the	epidermal	elastic	modulus	tends	towards	values	 in	the	

megapascal	 range.	 The	 elastic	 modulus	 values	 of	 the	 dermis	 for	 these	 transverse	

cryosections	were	taken	from	the	force	displacement	measurements	of	the	area	at	least	

20	µm	from	the	edge	of	the	sample	to	eliminate	the	possibility	of	the	contribution	of	the	

epidermis.	 The	 elastic	 modulus	 value	 measured	 for	 the	 dermal	 region	 ranged	 from	

0.0204	kPa	 to	598	kPa	with	a	mean	value	of	60.9	±	0.721	 (SEM)	kPa.	 	Combining	 the	

indentation	data	from	the	cryosections	and	constructing	a	histogram	displays	a	median	

value	of	44.8	kPa,	as	shown	in	Figure	5,	which	displays	the	raw	elastic	modulus	values.	

The	elastic	modulus	of	the	transverse	cryosection	of	the	dermis	was	comparable	to	the	

elastic	 modulus	 of	 the	 dermal	 surface.	 For	 the	 transverse	 cryosections	 the	 applied	

indentation	load	was	orthogonal	to	the	loading	condition	used	for	the	measurement	of	

the	dermal	explant	surface.			

The	elastic	modulus	map	of	 the	region	spanning	 the	dermis	and	epidermis,	Figure	4a,	

shows	the	clear	change	in	the	mechanics	of	the	tissue	at	the	interface	of	the	dermis	and	

the	epidermis.	Combining	the	data	sets	of	the	transverse	cross	section	and	the	dermal	

explant	 surface	 allows	 for	 a	 composite	 3D	 mechanical	 interpretation	 of	 the	 spatial	

elastic	modulus	to	be	produced,	as	shown	in	Figure	4c.		The	3D	construction	of	the	AFM	
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indentation	data	 for	 the	upper	dermal	region	suggests,	 through	the	comparison	of	 the	

elastic	modulus	 values	when	 the	 sample	orientation	has	been	 changed	 relative	 to	 the	

applied	 load,	 that	 the	dermis	of	 the	mouse	 tail	 exhibits	 an	 isotropic	 response	 to	AFM	

indentation	 forces.	 The	 isotropic	 response	 of	 the	 dermis	 suggests	 that	 the	 AFM	

nanoindentation	is	not	directly	indenting	the	individual	components	of	the	dermis	and	

the	 indentation	 forces	 are	 not	 sufficient	 to	 strain	 the	 collagen	 network.	 The	 collagen	

fibres	within	the	dermis	have	been	shown	to	be	preferentially	aligned	in	one	direction,	

which	leads	to	an	anisotropic	response	at	the	macroscale	(Ní	Annaidh	et	al.,	2012a).	The	

collagen	fibre	network	does	not	influence	the	mechanical	behaviour	of	the	small	volume	

being	 tested	 by	 AFM	 nanoindentation	 because	 the	 length	 scale	 being	 observed	 is	

operating	 beneath	 the	 macroscale	 where	 the	 collagen	 fibres	 contribute	 to	 the	

mechanical	 response.	 Therefore,	 application	 of	 nanoscale	 deformations	 within	 the	

dermis	 suggests	 a	 mechanical	 response	 that	 is	 dominated	 by	 the	 ground	 substance	

within	the	dermis	rather	than	the	collagen	fibre	network.	The	resulting	3D	isotropy	of	

the	 dermis	 potentially	 indicates	 that,	 at	 a	 cellular	 level	 where	 the	 cells	 are	 applying	

small	 forces	 to	 the	 environment,	 the	 response	 of	 the	 tissue	 is	 independent	 of	 the	

direction	 of	 the	 applied	 force.	 The	 AFM	 indentation	 elastic	 modulus	 values	 for	 the	

dermal	 explants	 and	 dermal	 regions	 of	 the	 cryosections	 were	 aggregated	 and	 a	

histogram	of	 the	 frequency	of	elastic	modulus	was	constructed.	As	Figure	5a-b	shows,	

both	 the	data	 for	 the	dermal	explants	and	 the	cryosections	have	comparable	peaks	 in	

the	 frequency	 of	 the	 elastic	 modulus	 in	 the	 40	 kPa	 region.	 Statistical	 analysis	 of	 the	

histograms	 indicates	 that	 they	 distributions	 are	 neither	 normal	 nor	 lognormal	

(D’Agostino-Pearson	 Omnibus	 test).	 However,	 fitting	 lognormal	 distributions	 to	 the	

dermal	explant	data	set	results	in	most	likely	estimate	parameters	of	µ	=	3.873	and	σ	=	

1.337	 leading	 to	 a	 most	 likely	 value	 for	 the	 distribution	 of	 48.09	 kPa.	 For	 the	
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cryosection,	 the	 lognormal	 most	 likely	 estimate	 parameters	 are	 µ	 =	 3.822	 and	 σ	 =	

0.7670,	 which	 provides	 a	 most	 likely	 value	 of	 45.69	 kPa	 for	 the	 cryosection	 data.	

Comparing	 the	 two	histograms	provided	no	significant	difference	 in	 the	medians	 (p	 =	

0.747	using	the	Mann-Whitney	U-test)	and	further	indicates	mechanical	isotropy	of	the	

dermis	at	the	nanoscale.			
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Figure	5.	Histograms	of	the	raw	elastic	modulus	data	for	a	variety	of	samples.	a)	Dermal	

explant	samples	of	mouse	tail	skin	b)	dermal	region	of	transverse	cryosections	of	mouse	

tail	skin	and	c)	transverse	cyrosection	of	mouse	back	skin.				
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Cryosections	 of	 mouse	 dorsal	 skin	 were	 also	 taken	 and	 analysed	 using	 AFM	

indentations	 to	 measure	 the	 elastic	 modulus	 of	 the	 dermal	 region	 on	 transverse	

cryosections.	The	AFM	indentation	results	were	used	to	construct	a	histogram	of	elastic	

modulus,	shown	in	Figure	5c,	to	compare	the	elastic	modulus	of	the	mouse	dermis	at	a	

various	 anatomical	 locations.	 The	 distribution	 had	 a	 range	 of	 elastic	 modulus	 values	

from	a	minimum	of	0.122	kPa	to	a	maximum	value	of	167	kPa	with	a	mean	value	of	13.2	

±	0.256	(SEM)	kPa,	and	the	median	data	set	value	of	9.65	kPa.	The	results	of	the	elastic	

modulus	evaluations	show	a	reduction	in	the	measured	value	for	the	dorsal	skin	when	

compared	to	the	tail	when	measured	along	the	same	plane.	Comparing	the	dorsal	skin	

data	set	to	the	cryosection	taken	from	the	tail	skin	resulted	in	a	p	value	of	0	using	the	

Mann-Whitney	 U-test	 indicating	 that	 the	 distributions	 are	 statistically	 different.	 This	

result	demonstrates	an	anatomical	location	dependent	elastic	modulus	for	murine	skin,	

but	also	that	the	AFM	indentation	analysis	is	sensitive	enough	to	evaluate	variations	in	

elastic	modulus	within	the	same	tissue	type.				

	

Conclusions	

Spatial	 mapping	 of	 the	 elastic	 modulus	 of	 mouse	 tail	 dermis	 prepared	 by	 a	

cryosectioning	 method	 was	 performed	 using	 AFM	 indentation.	 The	 mechanical	

response	of	the	mouse	dermis	was	recorded	in	two	directions	and	the	calculated	elastic	

modulus	values	were	found	to	be	independent	of	loading	direction.	Our	results	suggest	

that	 the	 cryosectioning	preparation	does	not	have	a	measureable	 effect	on	 the	elastic	

modulus	of	the	dermis	when	measured	by	AFM	indentation	and	that	the	dermis	acts	as	

an	 isotropic	 material	 in	 response	 to	 an	 indentation	 loading	 condition.	 This	 result	

suggests	 that	 cells	 within	 the	 dermis	 potentially	 experience	 an	 isotropic	 mechanical	
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microenvironment.	 We	 also	 display	 the	 positional	 changes	 in	 the	 elastic	 modulus	 of	

whole	 mouse	 skin	 from	 the	 epidermis	 through	 to	 the	 upper	 dermis.	 The	 AFM	

indentation	 results	 show	 significant	 variations	 in	 the	mechanics	 of	 skin	 between	 the	

different	layers	of	skin.	Measurements	conducted	on	various	anatomical	regions	of	skin	

showed	 significant	 differences	 in	 the	 elastic	 modulus,	 demonstrating	 the	 need	 for	

further	investigations	into	the	changes	in	the	physiological	environment	that	lead	to	the	

variation	 in	 mechanical	 properties	 at	 the	 nanoscale.	 	 Such	 conclusions	 indicate	 the	

potential	 for	 exploring	 the	 structural	 role	 of	 the	 constituent	 layers	 of	 skin	 and	

contribution	of	each	layer	to	the	mechanical	response	of	whole	skin.			
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Supplementary	Information	

Calibration	of	AFM	cantilever	deflection	

Force-displacement	measurements	were	 conducted	 on	 sapphire	 sheets,	which	 have	 a	

known	 elastic	modulus	 of	 345	 GPa	 and	 are	 used	 to	measure	 the	 ratio	 of	 photodiode	

current	 (nA)	 to	physical	 cantilever	deflection	 (nm).	Supplementary	Figure	1a	shows	a	

typical	 force-displacement	 curve	 conducted	 on	 a	 sapphire	 sheet	 displaying	 the	 linear	

relationship	 between	 the	 cantilever	 deflection	 and	 the	 z-piezo	 displacement.	

Supplementary	 Figure	 1b	 shows	 the	 unloading	 portion	 of	 a	 force-displacement	 curve	

conducted	 within	 the	 epidermis.	 The	 force-displacement	 curve	 displays	 non-linear	

behaviour	 indicating	 that	 the	 increased	 modulus	 of	 the	 epidermis	 compared	 to	 the	

dermis	is	not	an	artefact.		
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Supplementary	Figure	1.	(top)	force-displacement	curve	conducted	on	a	sapphire	sheet	

showing	linear	relationship	between	the	cantilever	deflection	and	z-piezo	displacement.	

(bottom)	force-displacement	curve	from	indentation	of	the	epidermis	showing	the	non-

linear	indentation	behaviour.		

Validation	of	AFM	indentation	measurements	

Agarose	gels	were	produced	at	two	different	weight	percent	compositions	by	dissolving	

the	dry	agarose	 in	PBS	overnight	at	70˚C	and	casting	 the	gels	at	 room	temperature	 in	

tissue	culture	plastic	petrie	dishes.	Gels	were	then	stored	at	4˚C	overnight	in	PBS	prior	

to	 testing.	 50	 force-displacement	measurements	were	 conducted	 on	 each	 gel	 and	 the	

elastic	modulus	was	calculated.	The	results	of	the	elastic	modulus	show	good	agreement	

with	the	elastic	modulus	of	the	same	gels	when	measured	by	unconfined	compression.	

Additionally,	a	significant	difference	(p<0.001)	between	the	elastic	modulus	of	the	two	

gels	when	measured	by	AFM	indentation	was	observed,	indicating	the	AFM	indentation	

results	are	both	accurate	and	precise.			
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Supplementary	 Figure	 2.	 Elastic	 modulus	 values	 for	 agarose	 gels.	 Box	 represents	

standard	 error	 of	 mean	 and	 the	 whiskers	 show	 the	 standard	 deviation.	 Significant	

difference	in	the	elastic	modulus	between	the	1.5%	and	the	2%	agarose	at	the	p<0.001	

level	is	observed.		Compression	values	were	independently	determined	using	the	same	

agarose	gels.		


