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Mucus	 is	a	viscoelastic	gel	secreted	by	the	pulmonary	epithelium	 in	the	tracheobronchial	 region	of	 the	 lungs.	The	coordinated	beating	of	cilia	moves	mucus	upwards	towards	pharynx,	 removing	
inhaled	 pathogens	 and	 particles	 from	 the	 airways.	 The	 efficacy	 of	 this	 clearance	 mechanism	 depends	 primarily	 on	 the	 rheological	 properties	 of	 mucus.	 Here	 we	 use	 magnetic	 wire	 based	
microrheology	 to	 study	 the	viscoelastic	properties	of	human	mucus	collected	 from	human	bronchus	 tubes.	The	 response	of	wires	between	5	and	80	µm	 in	 length	 to	a	 rotating	magnetic	 field	 is	
monitored	by	optical	time-lapse	microscopy	and	analyzed	using	constitutive	equations	of	rheology,	including	those	of	Maxwell	and	Kelvin-Voigt.	The	static	shear	viscosity	and	elastic	modulus	can	be	
inferred	from	low	frequency	(3×10-3	–	30	rad	s-1)	measurements,	leading	to	the	evaluation	of	the	mucin	network	relaxation	time.	This	relaxation	time	is	found	to	be	widely	distributed,	from	one	to	
several	hundred	seconds.	Mucus	is	 identified	as	a	viscoelastic	 liquid	with	an	elastic	modulus	of	2.5	±	0.5	Pa	and	a	static	viscosity	of	100	±	40	Pa	s.	Our	work	shows	that	mucus	exhibits	secondary	
inhomogeneities	associated	with	the	relaxation	time	of	the	mucin	network	that	may	be	important	for	its	flow	properties.	The	results	of	this	work	were	published	in	the	journal	Soft	Matter,	under	the	
reference	:	M.	Radiom,	R.	Hénault,	S.	Mani,	A.G.	Iankovski,	X.	Norel,	J.-F.	Berret,	Magnetic	Wire	Active	Microrheology	of	Human	Respiratory	Mucus,	Soft	Matter	17	(2021)	7585-7595.
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In	this	work	we	propose	a	new	active	microrheology	technique	to	determine	the	rheological	characteristics	of	human	respiratory	
mucus.	The	probes	used	are	remotely	actuated	magnetic	wires	of	lengths	between	5	and	80	µm,	i.e.	much	greater	than	the	size	of	
the	microcavities	observed	in	mucus	samples.	Human	mucus	is	identified	as	a	viscoelastic	liquid	with	an	elastic	modulus	of	a	few	Pa	
and	a	static	viscosity	of	the	order	of	100	Pa	s.	This	work	also	shows	that	mucus	exhibits	strong	inhomogeneities	associated	with	the	
relaxation	times	of	the	mucin	network.
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The	 magnetic	 wires	 are	 fabricated	 by	 electrostatic	 co-
assembly	between	maghemite	 (γ-Fe2O3)	nanoparticles	and	
a	 cationic	 polymer	 (PDADMAC),	 the	 latter	 acting	 as	 a	 glue	
for	the	nanoparticles.	
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a,b)	Piece	of	a	human	lung	after	surgery	obtained	from		Hospital	
Bichat	in	Paris.	c)	A	cut	section	of	human	bronchus	tube	

a)	 Elastic,	 loss	 and	 complex	
moduli	 data	 collected	 from	
the	 literature	 for	 human	
cystic	fibrosis	sputum.	
b)	 Same	 as	 in	 a)	 for	 human	
mucus.		
c)	 Same	 as	 in	 a)	 for	 shear	
viscosity	 of	 human	 sputum	
and	mucus.
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The	 shear	 viscosity	 is	 derived	 from	 the	 critical	
frequency	 ωC	 and	 the	 elastic	 modulus	 from	 the	
oscillation	amplitudes	θ0.

Schematic	 of	 the	 epithelium	
including	 mucus	 secreting	
goblet	 cells,	 ciliated	 cells	 and	
mucus	lining.
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Comparison	with	literature

Left	panels:	Average	rotational	velocity	of	several	wires	with	length	between	
10	µm	and	33	µm,	showing	the	dependence	of	ωC	on	the	wire	length.	

Right	 panel:	 Average	 rotational	 velocity	 of	 wires	 normalized	 by	 the	 critical	
frequency	 ωC	 plotted	 versus	 normalized	 frequency.	 The	 continuous	 line	
comes	from	the	model	developed	for	fluids	of	finite	viscosity.

Validation	of	wire	constitutive	equations

Complex	fluids	studied	by	Magnetic	Rotational	spectroscopy

Magnetic	wires	dispersed	in	human	mucus	samples
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Magne t i c	 r o t a t i o n a l	
spectroscopy	 performed	
on	 water-glycerol	 viscous	
fluid	of	static	viscosity	250	
mPa	 s	 revealed	 the	 1/L*2	
dependence	 predicted	 by	
the	 constitutive	 equations	
of	 the	 wires	 submitted	 to	
a	 rotational	 magnetic	
field.

Magnetic	 wires	 dispersed	 in	
late	Ex	Vivo	human	mucus	
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Viscosity	and	elasticity	schemes

Comparison	with	literature
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Left	panels:	Chronographs	
of	 a	 23	 µm	 wire	 under-
going	 rotation	 in	 late	 Ex	
Vivo	mucus	 as	 a	 result	 of	
an	external	magnetic	 field	
rotating	 with	 a	 frequency	
of	0.0094	and	0.94	rad	s-1.

Right	panels:	Time	series	of	
orientation	angle	θ(t)	in	the	
synchronous	 and	 asynchro-
nous	 regimes.	 The	 average	
rotational	velocity	 is	 shown	
by	the	straight	lines	and	the	
oscillation	 amplitudes	 by	
arrows.
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