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ABSTRACT:	Advanced	fabrication	methods	must	be	developed	for	magnetic−polymeric	
particles,	 which	 are	 used	 in	 medical	 diagnostics,	 drug	 delivery,	 separation,	 and	
environmental	 remediation.	 The	 development	 of	 scalable	 fabrication	 processes	 that	
enables	 simultaneously	 tuning	 of	 diameters	 and	 compositions	 of	magnetic−polymeric	
particles	remains	a	major	challenge.	Here,	we	proposed	the	production	of	high-quality	
magnetic-composite	 particles	 through	 a	 universal	 method	 based	 on	 the	 in-fiber	
Plateau−Rayleigh	instability	of	polymeric	fibers.	This	method	can	simultaneously	control	
the	particle	diameter,	hybrid	configuration,	and	 functional	properties.	The	diameter	of	
magnetic−polymeric	particles	can	be	reproducibly	tuned	from	∼20	nm	to	1.25	mm,	a	wide	
range	unachievable	by	conventional	solution	methods.	The	final	diameter	was	controlled	
by	 the	 inner/outer	 fiber	 diameter	 ratio.	 We	 further	 showed	 that	 the	 prepared	
magnetic−polymeric	composite	particles	can	be	used	for	the	highly	efficient	recovery	of	
heavy	metals	(98.2%	for	Cd2+)	and	for	the	precise	separation	of	immune	cells	(CD4+	T	
cells).	Overall,	 the	in-fiber	manufacture	method	can	become	a	universal	technology	for	
the	 scalable	 preparation	 of	 different	 types	 of	magnetic−polymeric	 composite	 particles	
with	diverse	functionalities.	
	
KEYWORDS:	 fibers,	 magnetic−polymeric	 particles,	 fluid	 dynamical	 instability,	 heavy-
metal	recovery,	cell	separation	
	
Introduction	

The application of magnetic−polymeric particles has revolutionized various fields, such 
as magnetic resonance imaging,1 drug delivery,2 chemical sensing,3 environmental 
remediation,4 optical sensing,5 and energy harvesting.6,7 Future applications of 
composite particles are mainly driven by advancements in synthesis methodologies. 
Conventional chemical approaches have limited capabilities to tune the particle 
diameter and structure, and they must satisfy stringent limits over a set of experimental 
variables, such as concentration, dosage, and the nature of solvents and precursors, all 
of which must be controlled to attain the desired properties.8−12 Additionally, chemical 
routes are hampered by unexpected coalescence and agglomeration during particle 
growth, and the obtained products are typically characterized by a broad particle size 
distribution. Although microfluidic or templated methods may partially overcome these 
issues, these techniques mainly rely on prefabricated structures and devices.13−17 
Additionally, both types of methods are strictly limited to a specific combination of 
materials and particle sizes that can be used/obtained and are particularly suited for 
low-viscous and small-sized polymeric candidates. Despite the recent progress in 
magnetic−polymeric particle    synthesis,18−20 developing a scalable fabrication 
method that can continuously tune the particle diameter from nanometer- to 



micrometer-scales remains a challenge. Here,	we	described	a	methodology	for	the	scalable	
synthesis	of	magnetic−polymeric	particles	that	exploits	in-fiber	fluid	dynamical	instabilities.	The	

in-fiber	manufacture	method	was	originally	tested	for	the	fabrication	of	photonic21	and	polymeric	

nanoparticles.22	 We	 proposed	 an	 effective	 method	 for	 producing	 composite	 particles	 with	

interesting	magnetic	and	photoluminescence	(PL)	properties.	This	technique	can	realize	the	rapid	

preparation	of	various	polymeric-derived	magnetic	particles	and	tune	the	particle	diameter	over	

an	 exceptionally	 wide	 range	 of	 ∼20	 nm	 to	 ∼1.25	 mm.	 We	 demonstrated	 the	 application	 of	

magnetic−polymeric	particles	for	efficient	cell	separation.	  

	

RESULTS	AND	DISCUSSION	 	

 

Figure	1.	Particles	fabricated	by	in-fiber	PRI	method.	(a)	The	PRI	phenomenon	of	an	intermediate	stage	of	a	

jet	breaking	up	into	droplets.	(b)	The	cross	section	of	the	COC-PMMA	fiber.	(c)	The	fiber	at	different	

annealing	times	ranging	from	0	to	4	min.	(d)	A	bundle	of	fibers	and	the	obtained	particles	in	DMAC	solution.	

(e)	SEM	image	of	the	synthesized	COC	particles.	(f)	The	linear-scaling	relation	between	the	resultant	fiber	

and	the	particle	diameter.	  

 

The	fabrication	method	was	inspired	by	the	Plateau−Rayleigh	instability	(PRI)	phenomenon.23,24	

As	illustrated	in	Figure	1,	a	perfectly	cylindrical	viscous	stream	is	highly	likely	to	spontaneously	

form	droplets	upon	the	application	of	an	external	perturbation.	The	process	is	dominated	by	the	

surface	tension	γ	and	can	be	described	by	the	Young−Laplace	equation	as	follows:25,26	  



	

where	ΔP	 is	 the	 pressure	 difference	 across	 the	 fluid	 interface,	 and	R1	and	R2	are	 the	 principal	

curvature	radii.	The	Young−	Laplace	equation	shows	that	the	pressure	was	higher	in	the	pinched	

sections	(lower	in	the	bulged	sections)	of	a	jet	and	that	the	existing	pressure	gradient	induced	the	

flow.	This	internal	flux	resulted	in	a	displacement	amplitude	and	a	greater	surface	tension,	which	

ultimately	formed	a	droplet	through	the	rupture	of	the	pinched	points.	The	bulged	areas	naturally	

formed	spherical	droplets	because	of	surface-energy	mini-	mization.	The	diameter	of	the	formed	

spherical	droplet	was	determined	by	two	factors:	the	perturbations	rate	and	the	wavelength	at	

which	instabilities	grew.	The	relation	among	the	rate	of	perturbations	τ,	the	core	(cylindrical	fluid)	

diameter	D0,	and	the	instability	wavelength	λ	can	be	described	by	the	Tomotika’s	linear	stability	

theory	as	follows:27,28	  

	

where	μcore	and	μclad	are	the	viscosities	of	two	materials	in	contact,	and	μclad	can	typically	be	air	for	

a	one-material	jet,	for	example,	water.	The	interfacial	surface	tension	between	the	two	materials	is	

represented	by	γi.	The	dimensionless	constant	η	depends	on	the	relative	viscosities	of	the	core	and	

the	cladding	materials,	and	Φ	is	a	defined	function.29	The	instability	wavelength	λ	can	be	expressed	
in	terms	of	the	core	diameter	as	λ	=	πD0/η.	Under	the	assumption	of	an	incompressible	flow	of	the	

core	viscous	material,	 the	 final	droplet	diameter	D	 can	be	 tuned	by	 controlling	 the	 initial	 core	

diameter	D0	as	follows:	  

	

To	validate	 the	aforementioned	 relations,	 an	 in-fiber	PRI	approach	was	adopted	because	of	 its	

capability	to	maintain	an	extremely	uniform	and	stable	cylindrical	viscous	stream,	which	is	crucial	

for	inducing	a	stable	PRI	evolution,	shown	in	Figure	1a.	Cyclic	olefin	copolymer	(COC)	was	selected	

as	 the	prototype	material	 for	 the	 fiber	 core	because	 it	has	excellent	 thermal	 stability,	which	 is	

beneficial	 in	 the	nanoparticle	 formation	stage.30,31	A	typical	 fabrication	was	performed	 in	 three	

steps:	(1)	A	COC	preform	was	inserted	into	a	protective	poly(methyl	methacrylate)	(PMMA)	tube,	

and	a	fiber	was	drawn	at	a	speed	of	0.3	m	s−1	at	255	°C	until	the	required	core	diameter	D0	was	

reached.	Figure	1b	shows	a	representative	optical	micrograph	of	the	fabricated	COC-PMMA	fiber	

cross	section	with	D0	=	12.5	μm.	(2)	The	COC-PMMA	fiber	was	heated	at	265	°C	for	4	min	to	trigger	

the	 particle	 formation.	 The	 optical	 transmission	micrographs	 (Figure	 1c)	 revealed	 the	 typical	



stages	of	particle	formation.	The	intact	cylindrical	core	(0	min	of	annealing)	transformed	into	a	

sinusoidal	 core	 after	 2	 min	 of	 annealing,	 until	 the	 unstable	 core	 was	 broken	 up	 to	 spherical	

particles	(4	min).	(3)	Highly	uniform	COC	particles	(scanning	electron	microscopy	(SEM),	Figure	

1e)	with	a	diameter	of	∼12.8	±	0.5	μm,	were	obtained	by	dissolving	the	outer	core	PMMA	in	N,N-

dimethylacetamide	(DMAC)	solution	(Figure	1d,e).	The	schematics	of	the	fiber-drawing	process	

and	 the	 breaking	 up	 process	 of	 the	 fiber	 core	 into	 particles	 are	 presented	 in	 Figure	 S1	 in	 the	

Supporting	Information.	The	key	advantage	of	PRI	method	 is	 that	 it	can	produce	particles	with	

highly	uniform	sizes	and	high	yields.	In	principle,	1.5	×	107	particles	with	a	final	diameter	of	100	

nm	can	be	obtained	using	a	single	fiber	that	is	1	m	long	and	1	mm	in	diameter.	The	particle	yield	

can	be	multiplied	using	a	stack-	and-draw	process	in	a	multicore	fiber.	  

Once	the	fiber-drawing	process	can	be	controlled,	we	investigated	the	effects	of	the	initial	fiber	

configuration	and	conditions	during	 the	 fiber-drawing	process	on	 the	structure	and	size	of	 the	

prepared	particles.	Five	groups	of	PMMA	fiber	preforms	were	designed	with	PMMA	fiber	that	had	

a	constant	inner	diameter	(D1	=	3	mm)	and	different	outer	diameters	(D2	=	20,	25,	30,	35,	and	40	

mm).	 The	 resultant	 fibers	 with	 varying	 outer	 diameters	 were	 tested	 after	 the	 drawing.	 The	

diameter	of	the	fabricated	particles	scaled	linearly	with	the	outer	diameter	of	the	resultant	fiber,	

and	the	particle	diameter	was	precisely	controlled	from	20	nm,	100	nm,	500	nm,	2.5	μm,	12.5	μm,	

50	μm,	and	250	μm	to	1.25	mm	by	adjusting	the	outer	diameter	of	the	resultant	fiber	from	0.3,	1.3,	

6.7,	33.3,	167,	and	667	to	16663	μm	(Figure	1f,	micrographs).	This	outstanding	tunability	of	the	

particle	 size	 over	 4	 orders	 of	magnitude	 in	 diameter	was	 difficult	 to	 achieve	 by	 conventional	

solution-	based	methods.	Additionally,	the	particle	size	can	be	tuned	by	changing	the	inner	(D1)	

and	outer	diameters	of	the	preform	(D2),	as	shown	in	Figure	1f.	 	

 



Figure	2.	Magnetic−polymeric	particles	fabricated	by	in-fiber	PRI	method.	(a)	Schematic	of	the	preparation	

procedure	of	fiber.	(b)	The	magnetic	fiber	core	breaking	up	into	particles.	(c)	SEM	image	of	the	raw	Fe3O4	

nanoparticles.	(d)	High-resolution	TEM	image	of	the	polymer-composite	particles.	The	inset	shows	a	single	

particle.	(e)	VSM	hysteresis	loop	of	the	particles.	(f,	g)	The	preform	with	seven	cores.	(h,	i)	SEM	image	of	the	

particles	and	their	size	distribution.	  

 

To	further	test	the	in-fiber	PRI	approach,	we	synthesized	magnetic	composite	particles,	such	as	

magnetic−polymeric	particles,	by	controlling	the	design,	structure,	and	constituents	of	the	fibers.	

The	 detailed	 fabrication	 process	 of	 the	magnetic−	 polymeric	 particles	 is	 depicted	 in	 Figure	 2.	

Composite	 rods	 consisting	 of	 a	 mixture	 of	 90	 wt	 %	 of	 COC	 pellets	 and	 10	 wt	 %	 of	 Fe3O4	
nanoparticles	were	fabricated	by	melt	compounding	and	extrusion	using	a	custom-built	extrusion	

machine	(Figure	2a).	The	rod	was	inserted	into	a	PMMA	tube,	which	was	then	consolidated	under	

vacuum,	and	the	preform	structure	was	formed.	A	composite	fiber	was	thermally	drawn	by	a	fiber-	

drawing	tower	specifically	designed	for	the	PRI	experiments.	As	expected,	thermal	treatment	of	

the	fiber	induced	a	PRI	phenomenon,	which	resulted	in	the	formation	of	orderly	arranged	spherical	

particles	 because	 of	 the	 continuous	 breaking	 of	 the	 magnetic	 core	 (Figure	 2b).	 The	

magnetic−polymeric	particles	can	subsequently	be	released	by	dissolving	the	PMMA	cladding	in	

DMAC	 solution.	 The	 Fe3O4	 nanoparticles	 before	 (Figure	 2c)	 and	 after	 (Figure	 2d)	 their	

incorporation	 into	 the	 polymeric	 particle	matrix	were	 characterized	 by	 SEM	 and	 transmission	

electron	microscopy	 (TEM).	 As	 shown	 in	 Figure	 2c,d,	 the	 average	 diameter	 of	 the	 nano-Fe3O4	
particles	 was	 ∼10−20	 nm,	 and	 the	 particles	 maintained	 their	 initial	 morphology	 without	 a	

noticeable	degradation	during	the	fiber	drawing.	The	SEM	image	and	the	diameter	distribution	of	

the	 particles	 made	 from	 a	 single	 core	 fiber	 are	 presented	 in	 Figure	 S2	 in	 the	 Supporting	

Information.	The	high-resolution	TEM	(Figure	2d)	and	TEM	images	(the	inset	in	Figure	2d)	of	the	

released	 magnetic−polymeric	 particles	 displayed	 that	 the	 nano-Fe3O4	 particles	 were	

homogeneously	dispersed	inside	the	COC	particles.	  

The	magnetic	properties	of	the	polymer	COC	nano-Fe3O4	composite	particles	were	examined.	The	

vibrating	 sample	 magnetometer	 (VSM)	 measurement	 (Figure	 2e)	 revealed	 that	 the	 magnetic	

behavior	 of	 the	 composite	 particles	 was	 approximately	 linear	 without	 significant	 hysteresis	

because	 of	 the	 negligible	 coercive	 field	 (Hc	≈	 5	 Oe).	 In	 subsequent	 experiments,	 the	 operating	

magnetic	field	was	in	the	range	of	several	kOe.	The	magnetic	induction	intensity	of	the	fabricated	

particles	was	estimated	as	∼18	emu	g−1,	which	confirmed	their	promising	application	in	a	rapid	

magnetic	separation	when	an	external	magnetic	field	is	applied.	  

Additionally,	 we	 introduced	 nano-Fe3O4	 particles	 into	 several	 types	 of	 polymers,	 such	 as	

acrylonitrile	butadiene	styrene	 (ABS),	 cyclic	olefin	polymer	 (COP),	and	polycar-	bonate	 (PC)	 to	



demonstrate	 the	 universality	 of	 the	 in-fiber	 PRI	 approach	 for	 magnetic−polymeric	 particle	

fabrications.	 To	 date,	 these	 magnetic−polymeric	 particles	 have	 not	 been	 reported	 elsewhere	

despite	 their	 intriguing	 biochemical,	 mechanical,	 and	 optical	 properties	 (Table	 S1	 in	 the	

Supporting	 Information).	 These	 polymers	 are	 nontoxic	 and	 have	 a	 good	 biocompatibility.	

Additionally,	these	materials	display	excellent	optical	properties	and	are	highly	transparent	in	the	

visible	spectral	range.	The	synthesized	composite	particles	can	potentially	exhibit	high-intensity	

luminescence	 by	 incorporat-	 ing	 various	 optically	 active	 centers,	 as	 will	 be	 subsequently	

demonstrated	 in	 this	 paper.	 Moreover,	 these	 polymers	 exhibit	 excellent	 mechanical	 and	

thermoplastic	 properties,	which	 allow	 for	 the	 successful	 and	 scalable	 fabrication	 of	 composite	

particles	on	the	basis	of	the	in-fiber	PRI.	  

The	in-fiber	PRI	approach	can	also	be	used	for	multicore	fibers	to	realize	the	scalable	synthesis	of	

magnetic−polymeric	particles.	For	example,	a	preform	containing	seven	cores	was	fabricated	by	

inserting	 seven	 identical	 COC-Fe3O4	composite	 rods	 into	 a	PMMA	 tube.	Then,	 the	preform	was	

thermally	drawn	into	fibers	(Figure	2f).	Figure	2g	presents	the	optical	transmission	micrograph	of	

the	cross	section	of	the	fiber	containing	seven	magnetic	cores.	Thermal	treatment	of	the	fiber	at	

265	°C	led	to	the	simultaneous	breaking	up	of	all	cores	into	a	3D	particle	arrangement.	The	SEM	

image	showed	that	the	obtained	magnetic−polymeric	particles	were	nearly	monodispersed	and	

had	 a	 uniform	 diameter	 in	 COC	 (Figure	 2h).	 Dynamic	 light	 scattering	 (DLS)	 measurement	

confirmed	the	very	narrow	particle	size	distribution	with	an	average	diameter	of	∼1.1	±	0.1	μm	

(Figure	2i).	To	study	the	relation	between	the	fiber-drawing	conditions	and	the	composite	particle	

yield,	we	tested	different	fiber-drawing	speeds.	As	an	example,	a	fiber	with	a	diameter	of	∼200	μm	

and	 a	 fiber-	 drawing	 speed	 of	 ∼0.3	m	 s−1	was	 evaluated.	 The	 yield	 of	 the	 composite	 particles	

(diameter:	 ∼100	 nm)	 was	 ∼8	 ×	 109	 particles	 per	 hour.	 Then,	 the	 fiber-drawing	 speed	 was	

increased	 to	∼0.5	m	 s−1	 for	 the	 same	 fiber.	 Consequently,	 the	 yield	 of	 the	 composite	 particles	

(diameter:	 ∼100	 nm)	 became	 ∼1.35	 ×	 1010	particles	 per	 hour.	 These	 results	 proved	 that	 the	

production	yield	was	mainly	limited	by	the	fiber	configuration	and	the	fiber-drawing	speed,	and	

that	 the	 method	 has	 a	 great	 potential	 for	 nanoparticle	 fabrication	 when	 all	 parameters	 are	

optimized.	 	



 

Figure	3.	PL	composite	particles	prepared	by	in-fiber	PRI	approach.	(a)	TEM	image	of	the	CdSe/ZnS	QDs	

inside	the	polymeric	particle.	(b)	HRTEM	image	of	a	single	polymeric	particle.	(c)	PL	characterization	of	the	

QDs	before	and	after	the	encapsulation.	(d−f)	Bright-field,	fluorescence,	and	overlay	images	of	the	particles	

embedded	with	rhodamine.	  

 

The	 in-fiber	PRI	 approach	also	enabled	 the	additional	 functionalization	of	magnetic−polymeric	

particles	 by	 modifying	 the	 precursors.	 For	 example,	 by	 incorporating	 quantum	 dots	 (QDs)	 or	

organic	dyes	into	a	precursor	biocompatible	polymeric	rod,	the	particles	gained	intriguing	optical	

properties	 (Figure	 3).	 The	 TEM	 images	 (Figure	 3a,b)	 showed	 that	 dense	 CdSe/ZnS	 QDs	 were	

homogeneously	 dispersed	 in	 the	 COC	 matrix.	 The	 diameter	 of	 the	 fabricated	 particles	 was	

estimated	 to	 be	∼50−70	 nm	 (Figure	 3a,b).	 PL	 characterization	 (Figure	 3c)	 confirmed	 that	 the	

fingerprint	radiative	electronic	transitions	of	CdSe/ZnS	QDs	were	well	maintained	in	the	polymeric	

matrix.	Moreover,	 the	characteristic	 shape	and	peak	position	of	 the	CdSe/ZnS	QD	PL	spectrum	

were	 similar	 to	 each	 other	 before	 and	 after	 the	 encapsulation,	 indicating	 that	 the	 fabrication	

process	exerted	a	negligible	influence	on	the	optical	properties	of	QDs.	The	inset	of	Figure	3c	shows	

the	PL	image	of	the	composite	particles	dispersed	in	DMAC	solution	under	365	nm	irradiation.	The	

size	of	QDs	was	unchanged,	as	confirmed	by	the	TEM	characterizations	(Figures	S3	and	3b).	The	

confocal	 fluorescence	 microscopy	 images	 displayed	 that	 the	 luminescent	 dyes	 were	 well	

encapsulated	in	the	polymeric	particles	by	the	in-fiber	PRI	approach	(Figure	3d−f).	 	

	



 

Figure	4.	Heavy-metal	ion	recovery	applications.	(a)	Schematic	of	the	heavy-metal	ion	recovery	process.	(b,	

c)	SEM	image	and	size	distribution	of	the	particles,	respectively.	(d)	The	ζ	potential	of	the	particles	before	

and	after	the	functionalization.	(e)	Photographs	comparing	the	solutions	before	and	after	the	adsorption	

experiment.	(f)	The	heavy-metal	adsorption	efficiency	and	the	recovery	reproducibility	test.	 	

	 The	successful	fabrication	of	the	magnetic−polymeric	particles	with	a	controllable	size	
motivated	us	to	explore	the	separation	properties	composite	particles	in	environmental	

remediation	and	cellular	immunology	applications.	For	example,	by	functionalizing	the	

magnetic−polymeric	particles	and	immobilizing	amino	groups	on	their	surface,	heavy-metal	ions	

can	be	selectively	captured	by	exploiting	the	complexation	interaction	between	the	amino	groups	

and	the	heavy-metal	ions.32−35	The	schematic	of	a	heavy-metal	ion	separation	process	involving	
amino-modified	magnetic−polymeric	particles	(COC@Fe3O4-NH2)	is	shown	in	Figure	4a.	To	

balance	the	separation	capacity	and	the	recyclability	ability,	the	optimal	diameter	of	the	

magnetic−polymeric	particles	was	set	to	∼2	μm	by	controlling	the	fiber	diameter	(Figure	1f).	The	

SEM	image	shows	the	uniform	size	distribution	of	the	synthesized	COC@Fe3O4-NH2	particles	

(Figure	4b)	with	an	average	diameter	of	∼2.2	±	0.1	μm	according	to	DLS	measurements	(Figure	

4c),	which	agreed	with	the	prediction	shown	in	Figure	1f.	The	ζ	potential	measurements	

indicated	that	surface	modification	markedly	increased	the	ζ	potential	from	25.3	mV	to	34.1	mV,	



demonstrating	the	successful	anchoring	of	amino	groups	on	the	magnetic−polymeric	particles	

surface	(Figure	4d).	  

In	 a	 typical	 separation	 test,	 the	 functionalized	 magnetic−	 polymeric	 particles	 were	 added	 to	

solutions	containing	Cu2+,	Co2+,	Ni2+,	and	Cd2+	ions	with	initial	concentrations	of	65.35,	58.93,	58.69,	

and	56.21	μg	mL−1,	respectively.	The	solutions	immediately	became	colorless	when	brought	into	a	

contact	with	a	magnet	because	of	the	selective	uptake	of	heavy-metal	ions	(Figure	4e).	Inductively	

coupled	plasma	atomic	emission	spectrometry	(ICP-AES)	analysis	revealed	that	the	concentrations	

of	Cu2+,	Co2+,	Ni2+,	and	Cd2+	ions	in	the	solution	were	reduced	from	their	initial	concentrations	to	

0.65,	0.07,	0.81,	and	0.10	μg	mL−1,	all	of	which	were	well	below	the	heavy-	metal	ions	emission	

standards	 prescribed	 by	 the	 World	 Health	 Organization	 (WHO)	 and	 the	 United	 States	

Environmental	Protection	Agency	(US	EPA).36,37	The	energy-dispersive	X-ray	spectroscopy	(EDX)	

characterizations	demonstrated	that	Cu2+,	Co2+,	Ni2+,	and	Cd2+	were	successfully	adsorbed	by	the	

amino-	modified	magnetic−polymeric	 particles	 (Figure	 S3	 in	 the	 Supporting	 Information).	 The	

adsorbed	heavy-metal	ions	were	re-released	in	the	solution,	and	the	desorbed	concentrations	of	

Cu2+,	Co2+,	Ni2+,	and	Cd2+	were	measured	as	58.28,	49.65,	52.75,	and	55.18	μg	mL−1,	respectively.	

The	recycling	efficiencies	of	Cu2+,	Co2+,	Ni2+,	 and	Cd2+	ions	were	calculated	 to	be	89.2%,	84.3%,	

89.9%,	and	98.2%,	respectively.	Moreover,	the	functionalized	magnetic−polymeric	particles	were	

regenerated	after	each	use	by	ultrasonic	washing	with	0.1	mol	L−1	NaOH	solution.	Only	a	small	

decrease	 in	 the	 separation	 efficiency	 was	 observed	 after	 the	 cycled	 reuse	 (Figure	 4f).	 These	

properties	make	the	prepared	magnetic−polymeric	particles	ideal	candidates	as	recyclable	heavy-

metal	adsorbents.	 	



 

Figure	5.	Bioseparation	applications.	(a)	Schematic	of	the	cell-separation	process.	(b,	c)	SEM	image	and	size	

distribution	of	the	particles,	respectively.	(d)	The	ζ	potential	of	the	particles	before	and	after	modification.	

(e)	Bright-field	and	fluorescent	images	of	the	particles	coupled	with	FITC.	(f)	Fluorescent	images	of	the	cells	

before	(i)	and	after	separation	(ii).	(g)	Bright-field	and	overlay	images	of	the	particles	bonded	to	CD4+	T	cells	

after	isolation.	(h)	Statistical	results	of	cell-separation	efficiency.	  

 

The	available	magnetic−polymeric	particles	with	fast	magnetic	response	and	excellent	biological	

compatibility	 can	 be	 exploited	 for	 the	 development	 of	 bioseparation	 systems.	 As	 proof,	 we	

demonstrated	that	these	particles	can	be	used	for	the	precise	extraction	of	CD4+	T	cells	from	the	

blood,	which	are	critical	for	assessing	the	human	immune	system.	The	experimental	principle	is	

based	on	 the	 specific	 binding	between	an	 antibody	 and	 an	 antigen.	As	 schematically	 shown	 in	



Figure	5a,	carboxyl-modified	magnetic−polymeric	particles	(COC@	Fe3O4-COOH)	were	covalently	

bonded	 to	 a	 primary	 CD4	 monoclonal	 antibody	 through	 a	 secondary	 human	 antimouse	 IgG	

antibody.	 The	 particles	 coupled	 with	 the	 primary	 CD4	 monoclonal	 antibody	 were	 thoroughly	

mixed	 with	 human	 peripheral	 blood	 mononuclear	 cells	 (PBMCs).	 The	 magnetic−	 polymeric	

particles	carried	with	the	CD4+	T	cells	were	selectively	collected	by	applying	an	external	magnetic	

field	and	were	further	separated	into	a	release	buffer.	  

Selecting	 the	 optimal	 particle	 size	 is	 the	most	 critical	 aspect	 for	 their	 application	 to	 biological	

separation.	 Thus,	 we	 systematically	 analyzed	 the	 particles-size-dependent	 particle−	 cell	

interactions	 by	 exploiting	 the	 advantages	 of	 the	 PRI	 approach	 for	 tuning	 the	 particle	 size.	 As	

expected,	the	targeted	magnetic−polymeric	particles	with	a	diameter	of	∼5	±	0.1	μm	exhibited	the	

best	performance,	because	such	large	particles	easily	settle,	whereas	small	ones	are	highly	likely	

to	be	endocytosed	by	the	cells.38,39	The	typical	SEM	image	and	the	size	distribution	indicated	the	

high	uniformity	of	the	used	particles	(Figures	5b	and	5c).	The	ζ	potential	measurements	showed	

that	the	particle	surface	charge	changed	from	+27.6	mV	to	−5.6	mV	after	the	surface	modification,	

implying	that	the	carboxyl	group	successfully	anchored	on	the	surface	of	the	COC@Fe3O4	particles	

(Figure	5d).	  

To	examine	the	binding	potential	between	the	COC@	Fe3O4-COOH	particles	and	an	antibody,	the	

fluorescent	 antibody	 fluorescein	 isothiocyanate	 (FITC)	 was	 used,	 and	 the	 laser	 confocal	

fluorescence	microscopy	verified	the	existence	of	a	strong	coupling	between	the	particles	and	the	

antibody	 (Figure	 5e).	 Then,	 the	 CD4	 antibody	was	 bonded	 to	 the	 particles,	 and	 the	 biological	

separation	performance	was	studied	(Figure	5f,g).	As	shown	in	Figure	5f	(i),	the	PBMCs	contained	

many	 kinds	 of	 cells,	 such	 as	 CD4+	and	 CD8+	T	 cells,	 and	 the	 percentage	 of	 CD4+	T	 cells	with	 a	

spherical	 shape	 was	 estimated	 to	 be	 ∼39.8%.	 When	 the	 PBMCs	 were	 brought	 close	 to	 the	

magnetic−polymeric	particles,	the	quantity	of	CD4+	T	cells	sharply	decreased,	as	depicted	in	the	

fluorescence	 optical	 microscopy	 image	 (Figure	 5f	 (ii)).	 The	 bright-field	 and	 the	 overlay	 laser	

confocal	 fluorescence	microscopy	 images	of	 the	separated	magnetic	particles	distinctly	showed	

two	representative	coupling	cases,	namely,	one	particle−one	CD4+	T	cell	(Figure	5g	(i,	iii)	and	(ii,	

iv))	 and	 one	 particle−two	 CD4+	T	 cells	 (Figure	 5g	 (v)	 and	 (vi)),	 respectively.	 Flow	 cytometry	

analysis	 (Figure	 5h)	 calculated	 the	 absolute	 separation	 efficiency	 of	 ∼67.1%	 for	 CD4+	T	 cells.	

Overall,	 these	 results	 demonstrate	 that	 the	 constructed	 magnetic−polymeric	 par-	 ticles	 can	

effectively	separate	and	purify	CD4+	T	cells.	In	contrast	to	the	conventional	biological	separation	

agent,	which	strictly	relies	on	polystyrene	beads,	our	magnetic−polymeric	particles	offer	multiple	

advantages,	 including	 excellent	 protein	 adsorption	 ability,40	 outstanding	 biological	

compatibility,41	and	superior	resistance	to	chemical	acids,	alkalis,	and	most	organic	polar	solvents	

(e.g.,	 ethyl	 acetate,	 acetone,	 and	 isopropyl	 alcohol).42	 Furthermore,	 our	 magnetic−polymeric	

particles	can	be	used	to	separate	not	only	CD4+	T	cells	but	also	other	cells,	proteins,	and	nucleic	

acids.	  



CONCLUSIONS	  

We	 proposed	 a	 scalable	 method	 for	 the	 fabrication	 of	 magnetic−polymeric	 particles	 with	 an	

extremely	wide	tuna-	bility	range	of	∼20	nm	to	∼1.25	mm	in	diameter.	The	fabrication	route,	which	

involved	the	in-fiber	fluid	dynamical	instability,	provided	a	convenient	access	to	various	function-	

alized	 polymer-derived	 particles,	 which	 were	 otherwise	 difficult	 to	 obtain	 by	 conventional	

chemical	 polymerization	methods.	The	 successful	 fabrication	of	magnetic	 COC@Fe3O4	particles	

and	their	application	for	heavy-metal	recovery	and	CD4+	T	cell	sorting	were	demonstrated.	Given	

that	the	proposed	method	surpassed	the	compatibility	constraints	for	structure	hybridization,	the	

approach	can	serve	as	a	universal	route	 for	encapsulating	various	 functional	building	blocks	 in	

magnetic−	 polymeric	 particles	 and	modulating	 their	 combinations.	 This	 work	 is	 a	 major	 step	

toward	the	next-generation	magnetic	particles	with	luminescent	and	electrical	properties	that	may	

outperform	conventional	magnetic	particles.	  

EXPERIMENTAL	SECTION	  

Preform	Fabrication	and	Fiber	Drawing.	The	core/cladding	(COC/PMMA)	fiber	(Figure	1)	was	constructed	as	

follows:	(i)	A	cylindrical	rod	of	COC	(diameter:	3	mm)	was	extruded	at	240	°C	through	a	circular	die	in	vacuum	

by	using	the	as-purchased	millimeter-sized	pellets	(Zeon	Chemicals,	Japan).	(ii)	The	COC	rod	was	inserted	

into	a	PMMA	tube	(Hua	Xia	Plastic	Technology,	China)	with	an	inner	diameter	of	3	mm	and	outer	diameters	

of	20,	25,	30,	35,	and	40	mm.	Then,	the	resultant	cylinders	were	consolidated	into	preforms	at	200	°C	for	30	

min	under	vacuum.	(iii)	The	preforms	were	thermally	drawn	into	fibers	with	various	diameters	in	a	fiber-	

drawing	tower.	The	procedure	for	fabricating	magnetic−polymeric	particles	can	be	summarized	as	follows:	

(i)	The	COC	pellets	were	mixed	with	Fe3O4	nanoparticles	(Aladdin,	China)	by	melt	compounding.	(ii)	Then,	the	

melt	was	extruded	into	a	rod	(diameter:	3	mm)	at	240	°C	through	a	circular	die.	(iii)	The	rod	was	inserted	into	

a	PMMA	tube	(Hua	Xia	Plastic	Technology,	China)	with	an	inner	diameter	of	3	mm	and	an	outer	diameter	of	

30	mm.	Then,	the	resultant	cylinder	was	consolidated	into	a	preform	at	200	°C	for	30	min	in	vacuum.	(iv)	The	

preform	was	 thermally	 drawn	 into	 fibers	 in	 a	 fiber-drawing	 tower.	 The	 COC	 pellets	 compounded	with	 a	

fluorescent	dye	or	QDs	were	fabricated	as	follows:	(i)	The	COC	pellets	and	the	fluorescent	dye	or	QDs	were	

dissolved	 in	 chloroform	solution	 (Sigma−Aldrich)	and	stirred	at	70	 °C	 for	24	h.	 (ii)	Then,	 the	 chloroform	

solution	was	evaporated	in	a	vacuum	furnace	until	the	COC	was	completely	dried.	(iii)	The	raw	material	was	

extruded	into	a	rod	(diameter,	10	mm;	length,	∼50	cm)	at	∼190	°C.	Then,	the	rod	was	used	for	fiber	drawing.	  

Particles	Release.	After	the	fibers	were	annealed	to	induce	the	PRI,	the	particles	were	released	by	dissolving	

the	PMMA	cladding	in	N,N-dimethylacetamide	solution	(DMAC;	Sigma−Aldrich)	at	room	temperature	for	30	

min.	The	magnetic−polymeric	particles	dispersed	 in	DMAC	were	separated	by	centrifugation	and	washed	

twice	with	2-	propanol	(Sigma−Aldrich)	to	remove	any	remaining	DMAC.	Then,	the	particles	were	washed	

three	times	with	deionized	water	and	dispersed	in	deionized	water	for	subsequent	use.	  



Surface	Modification	with	Amino	Groups.	The	magnetic	polymeric	particles	dispersed	in	deionized	water	

were	separated	by	centrifugation	at	12,000	rpm	and	washed	twice	with	an	ethanol−water	solution.	Finally,	

the	 particles	were	 dispersed	 in	 the	 ethanol−water	 solution	 (80	 vol	%	 ethanol).	 Then,	 4	mL	 of	 tetraethyl	

orthosilicate	(TEOS;	Sigma−Aldrich)	and	2	mL	of	ammonium	hydroxide	were	added	to	the	solution	containing	

5	 mg	 mL−1	 of	 the	 magnetic−	 polymeric	 particles.	 The	 newly	 formulated	 solution	 was	 mixed	 for	 2	 h	 by	

ultrasonic	dispersion	and	washed	twice	with	an	ethanol−water	solution.	This	solution	was	mixed	with	4	mL	

of	 3-aminopropyl	 triethoxysilane	 (APTES;	 Sigma−Aldrich)	 and	 2	 mL	 of	 ammonium	 hydroxide,	 and	 the	

mixture	was	left	in	an	ultrasonic	bath	for	2	h.	Finally,	the	mixed	solution	was	centrifuged	with	deionized	water,	

and	the	amino-modified	magnetic−polymeric	particles	dispersed	in	deionized	water	were	used.	  

Adsorption	and	Recovery	of	Heavy-Metal	Ions	(Cd2+,	Co2+,	Ni2+,	and	Cu2+).	In	the	experiments,	20	mg	of	

the	amino-modified	magnetic−polymeric	particles	were	suspended	in	20	mL	of	deionized	water	containing	

different	concentrations	of	Cd2+,	Co2+,	Ni2+,	and	Cu2+	ions	from	Cd(NO3)2·4H2O,	Co(NO3)2·6H2O,	Ni(NO3)2·	6H2O,	

and	Cu(NO3)2·3H2O	salts,	respectively.	The	mixture	solution	was	stirred	using	a	shaker	at	room	temperature	

for	30	min.	After	adsorption,	the	supernatants	were	magnetically	separated	using	a	hand-held	magnet	(NdFeB	

permanent	magnet).	Finally,	the	adsorbed	Cd2+,	Co2+,	Ni2+,	and	Cu2+	ions	were	released	from	the	particles	in	

0.1	mol	L−1	H2SO4	solution.	  

Regeneration	of	the	Amino-Modified	Magnetic−Polymeric	Particles.	The	particles	were	regenerated	by	

washing	 them	with	 0.1	mol	 L−1	NaOH	 solution	 for	 20	min.	 Then,	 these	 particles	were	 fully	washed	with	

deionized	water.	After	the	regeneration,	the	amino-	modified	magnetic−polymeric	particles	were	reused	to	

separate	heavy-metal	ions.	  

Surface	Modification	with	Carboxyl	Group.	The	magnetic−	polymeric	particles	dispersed	in	deionized	water	

were	separated	by	centrifugation	and	washed	twice	with	an	ethanol−water	solution	and	resuspended	in	the	

ethanol−water	solution.	Then,	4	mL	of	TEOS	and	2	mL	of	ammonium	hydroxide	were	added	to	the	solution.	

The	mixture	was	kept	in	an	ultrasonic	bath	for	2	h	and	then	washed	twice	with	the	ethanol−water	solution.	

After	 which,	 4	 mL	 of	 3-	 glycidyloxypropyltrimethoxysilane	 (Sigma−Aldrich)	 and	 2	 mL	 of	 ammonium	

hydroxide	were	 added,	 and	 the	mixture	was	 shocked	 for	 3	 h	 and	washed	 twice	with	 the	 ethanol−water	

solution.	After	that,	the	mixture	was	washed	twice	with	methyl	alcohol	and	then	dispersed	in	it.	Then,	1	mL	

of	sodium	iminodiacetate	dibasic	monohydrate	(Sigma−Aldrich)	solution	was	added,	and	then	the	mixture	

was	shocked	in	a	water	bath	at	room	temperature	for	48	h.	The	shocked	solution	was	washed	twice	with	

methyl	 alcohol	 and	 another	 two	 times	with	HCl	 solution	 (pH	 3).	 Finally,	 the	 particles	were	 dispersed	 in	

deionized	water	for	subsequent	use.	  

Cell-Separation	Process.	First,	we	prepared	a	single-cell	suspension	of	lymphocytes	from	human	PBMCs	at	

the	concentration	of	1	×	108	cells	mL−1	in	the	desired	cell-separation	buffer	with	0.5%	bovine	serum	albumin	

(BSA;	 Thermo	 Fisher).	 Then,	 50	 μL	 of	 carboxyl-modified	magnetic−polymeric	 particles	 (5	mg	mL−1)	was	

transferred	to	the	tube	with	a	volume	of	1.5	mL	and	was	washed	twice	with	phosphate	buffer	saline	(PBS;	



Thermo	Fisher)	solution	at	pH	7.4.	Finally,	the	particles	were	resuspended	in	0.1	mL	of	PBS	solution	at	pH	7.4.	

Next,	20	μL	of	the	CD4	monoclonal	antibody	(Thermo	Fisher),	which	can	target	CD4+	T	cells,	was	added	to	the	

tube.	 The	mixture	was	 gently	 shaken	 for	 30	min,	 and	 the	 antibody-bound	 particles	were	 separated	 and	

washed	using	 a	magnetic	 decantation.	The	 antibody-bound	particles	were	 resuspended	 in	0.5	mL	of	PBS	

solution	at	pH	7.4.	Then,	100	μL	of	cell	buffer	was	transferred	to	the	tube,	and	the	mixture	was	incubated	for	

10	min	under	gentle	tilting	and	rotation.	Finally,	the	magnetic−polymeric	particles	that	were	bonded	to	CD4+	

T	and	other	 cells	 in	 the	mixture	 solution	were	 separated	by	a	magnet.	The	 cell-separation	efficiency	was	

examined	by	flow	cytometry.	The	CD4+	T	cells	can	be	further	released	from	the	surface	of	magnetic−polymeric	

particles	by	adding	a	releasing	buffer,	which	is	composed	of	a	modified	biotin	in	0.1%	BSA	and	2	mM	EDTA.	

The	release	yield	was	estimated	to	be	larger	than	90%.	  

Material	Characterization.	The	optical	 images	and	cross	sections	of	 the	 fibers	were	captured	by	a	Leica	

MDI5000	microscope	(Germany).	The	SEM	images	of	particles	were	obtained	using	a	Merlin	SEM	(30	kV	BSE	

Zeiss,	 Germany).	 The	 TEM	 micrographs	 were	 measured	 by	 using	 a	 JEOL-2100F	 microscope.	 The	 size	

distributions	 of	 the	 particles	 were	 measured	 by	 DLS	 (Malvern	 Zetasizer	 Nano	 ZS).	 The	 magnetic	

measurements	of	the	magnetic	polymer	particles	were	performed	at	room	temperature	in	magnetic	fields	of	

up	to	10	kOe	by	using	a	VSM	(Mpms	XL-7,	Quantum	Design).	The	ζ	potentials	of	the	synthesized	functional	

particles	were	measured	 in	deionized	water	by	using	 a	 Zeta	 Sizer	 (Nano	ZS	3600,	Nano	Series,	UK).	The	

concentrations	 of	 Cd2+,	 Co2+,	 Ni2+,	 and	 Cu2+	were	 detected	 by	 ICP-AES	 (Analysis	 of	 General	 Instrument	

Corporation,	China).	The	images	of	the	cells	and	particle-bound	CD4+	T	cells	were	measured	using	a	confocal	

laser	scanning	microscope	(Carl	Zeiss	LSM	710,	Jena,	Germany)	at	an	excitation	wavelength	of	488	nm.	The	

cells	were	measured	using	the	FACSCalibur	flow	cytometer	and	the	FlowJo	software.	  
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