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Review Article

Abstract	 Microfluidic	systems	offer	precisely	con-
trolled	experimental	conditions	for	efficient	study	of	
mammalian	cells,	ranged	from	a	single	cell	to	matrix- 
Based	three-dimensional (3D) in vitro	culture	models.	
Droplet-based	microfluidic	system	is	a	robust	and	high-
ly	reproducible	device	enabling	encapsulation	of	a	cell	
or	cells	within	well-confined	microenvironment.	Recent-
ly,	such	droplet-based	cell	culture	models	have	drawn	
much	attention	due	to	their	unique	properties	such	that	
conventional	culture	systems	couldn’t	provide.	The	
encapsulation	of	cells	in	specifically	designed	aqueous	
phase	of	a	microfluidic	system	can	provide	profound	
understand	of	cell	to	cell	and	cell	to	extracellular	matrix	
interactions,	also	can	be	used	to	regulate	various	cell	
behaviors.	A	droplet-based	cell	culture	system	allows	
better	control	over	confinement	 for	cul	turing,	main-
taining,	and	analyzing	cells,	such	as	high-throughput	
screening.	In	this	review,	we	discuss	recent	researches	
on	microdroplet-based	3D	cell	culture	models,	and	ad-
vanced	applications	of	microfluidic	systems.

Keywords: Microdroplet, 3D cell culture, High- 
throughput, Single cell analysis, Multicellular spheroid, 
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Introduction

Droplet	microfluidics	has	gained	much	attention	for	
large-scale	drug	research	and	screening	as	it	offers	the	
convenience	of	high-throughput,	requiring	only	a	few	
microliters	of	a	sample	and	a	small	number	of	cells1-3. 
Microfluidic	droplets	containing	just	a	few	picoliters 

(pLs)	to	nanoliters (nLs)	can	be	generated	at	high	fre-
quencies (Hz-kHz),	 simply	by	pressure-driven	flow.	
Highly	monodisperse	aqueous	droplets	are	surrounded	
by	immiscible	 inert	oil	within	microfluidic	channels,	
such	that	each	droplet	acts	as	a	reactor.	Aqueous	phases	
containing	biological	samples,	such	as	cells,	nucleic	
acids (DNA	or	RNA),	bacteria,	and	small	molecules	
can	be	encapsulated	into	microdroplets4,5.	Encapsulated	 
biomolecules in microdroplets are useful in various
applications,	such	as	high-throughput	single-cell	anal-
ysis,	and	complex	biochemical	assays	within	well-con-
fined	3D	cell	cultures6.
In	this	review,	we	focus	on	emerging	researches	in	 

3D	cell	 culture	using	droplet-based	microfluidics,	
clas	sified	into	single-cell,	multicellular	spheroid,	and	
extracellular	matrix (ECM)	microbead-based	3D	cell	
culture	models.	This	review	article	offers	an	overview	
of	the	methods	and	applications	of	microdroplet-based	
3D	cell	culture	models.

Microdroplet-based Cell Culture Model

Figure	1	shows	various	microdroplet-based	3D	cell	cul-
ture	models,	 the	details	of	which	are	described	in	the	
following	sections	as	they	relate	to	the	microdroplet- 
based	cell	culture	platform	and	its	applications,	single	
cell	analysis,	multicellular	spheroids,	and	cell-laden	
ECM	microbead.	Table	1	 recognizes	microdroplet- 
based	cell	culture	systems	by	encapsulation	materials	
and	encapsulated	cell	type,	and	their	applications.	Re-
presentative	 research	studies	with	each	cell	culture	
system	are	summarized	in	Table	1.

Single Cell Encapsulation

Typically,	the	cells	are	randomly	distributed	in	an	aque-
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ous	phase	and	randomly	encapsulated	within	micro-
droplets	according	to	a	Poisson	distribution	effect (only	
3.84%	of	all	droplets	contain	a	single	cell).	To	overcome	
this	limitation	in	conventional	droplet	based	techniques,	
Edd	et al.	developed	an	alternating	orientation	of	the	
cells	within	the	microfluidics	to	allow	ordered	single- 
cell	encapsulation	with	97%	efficiency22.
Compartmentalization	of	single	cells	 is	a	represen-

tative	feature	of	 the	droplet	microfluidics	system,	 in	
which	each	microdroplet	acts	as	an	isolated	microsys-
tem9,11,23.	Cells	and	detection	probes	can	be	encapsul-
ated	within	the	microdroplets	for	detection	and	sorting	
processes.	Secreted	biomolecules	from	such	compart-
mentalized	single	cell	can	easily	reach	detectable	level	
inside	of	the	microdroplet,	enabling	the	rapid	detection	
of	microdroplets	containing	target	cells	by	fluorescence- 
activated	cell	sorting (FACS:	Figure	2a)24.	For	exam-
ple,	Mazutis	et al.	demonstrated	microdroplet-based	
high-throughput	analysis	of	a	single	mouse	hybridoma	
cell	by	using	a	FACS	system9.	The	secreted	antibodies	
from	single	cells	can	react	with	co-encapsulated	fluo-
rescent	probe	and	antibody	coated-beads	within	micro-
droplets.	The	fluorescence	signal	can	be	detected	and	
sorted	at	~200 Hz	through	a	FACS	system9.	Moreover,	
Brouzes	et al.	developed	a	microdroplet-based	cyto-
toxicity	screening	platform	for	an	optically-coded	drug	
library11.
Intracellular	biomolecules	in	encapsulated	cells	can	

also	be	assayed	through	lysing	the	cells25.	These	lysed	
biomolecules	can	be	analyzed	biochemically	and	gene-
tically;	for	example,	DNA	or	RNA	can	be	amplified	

within	 the	droplets7,26-28.	Recently,	many	 research-
ers	have	studied	single-cell	encapsulation	approach-
es	 to	 improve	analysis	of	 intracellular	nucleic	acids	
in	 target	cells.	Small	amounts	of	nucleic	acid	can	be	
detected	readily	after	amplification	through	the	poly-
merase	chain	reaction (PCR)	in	microdroplets (Figure	
2b).	Eastburn	et al.	 identified	and	analyzed	amplified	
nucleic	acids,	particularly	RNA,	from	single	prostate	
cancer	cells	within	microdroplets	using	PCR-activated	
cell	 sorting (PACS)	 technology.	Their	PACS	system	
allowed	simultaneous	multiplexed	reactions	to	occur,	
with	each	reaction	representing	amplification	from	a	
single	cell7.
More	recently,	 the	encapsulation	of	single	cells	 in	

microdroplets	has	provided	a	powerful	 tool	 to	study	
single-cell	heterogeneity.	The	cellular	phenotype,	rep-
resented	by	varying	levels	of	molecular	markers,	such	
as	genes	and	proteins,	determines	the	unique	functions	
and	activities	of	cells,	such	as	cellular	communication,	
and	metabolism8,23,29.	The	analysis	of	molecular	bio-
markers	in	cell	populations,	as	typically	used,	can	be	
confounded	by	inherent	cellular	heterogeneity,	restrict-
ing	to	distinguish	the	differences	between	individual	
cells.	However,	with	droplet	microfluidics,	 it	may	be	
possible	 to	better	understand	cellular	heterogeneity	
with	a	well-integrated	isolating,	culturing,	and	analy-
zing	system.	Thus,	 recently,	several	 research	groups	
have	described	droplet-based	microfluidic	platforms	
for	high-throughput	analysis	and	screening	of	cellular	
heterogeneity	at	a	single-cell	level9,11,29.
Such	microdroplet-based	 single-cell	 analysis	 are	

expected	to	have	a	broad	impact	on	diverse	biological	
platforms,	 including	single-cell	phenotyping	and	bio-
marker	discovery	for	diagnostics	and	therapeutics8,10.

Multicellular Spheroid Culture

Multicellular	spheroid	cultures	are	commonly	used	as	 
3D	cell	culture	models	to	better	mimic	the	in vivo	micro-
environment	with	cell-cell	 interactions,	which	is	 lost	
in	 two-dimensional (2D)	monolayer	cultures16,17,30-32. 
Cell-cell	 interactions	regulate	many	biological	 func-
tions,	such	as	cell	proliferation,	viability,	and	pheno-
type,	through	contact-dependent (juxtacrine)	signaling,	
mediated	by	direct	cell-cell	communication	between	
neighboring	cells33,34.	Compared	with	conventional	
2D	monolayer	cultures,	the	multicellular	spheroid	pro-
vides	a	unique	microenvironment	with	cell-cell	 inter-
actions.	Due	to	its	higher	similarity	to	 in vivo	 tissue,	
the	multicellular	spheroid	provides	a	valuable	tool	for	
more	predictive	biomedical	research15,33,35-37.
Traditional	methods	used	to	form	multicellular	spher-

Figure 1.	Microdroplet-based	cell	 culture	platforms.	 (a)	
Schematic	of	microfluidic	based	droplet	formation	for	3D	cell	
culture	model.	(b)	Classification	of	microdroplet-based	3D	cell	
culture	model,	single	cell	encapsulation,	multicellular	spheroid	
formation,	and	cell-laden	ECM	bead.

(a)

(b)
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oids	include	floating,	hanging	drop,	gyratory	rotation,	
and	liquid	overlay	culture	techniques14,36.	While	those	
methods	are	commonly	used	in	research	laboratories,	
they	are	labor	intensive,	have	a	low-yield,	and	lead	to	
size	heterogeneity	in	resulting	formations.	To	address	
these	drawbacks,	microfluidic	droplet	formation	tech-
nologies	have	recently	been	developed	as	tools	for	size- 
controllable	formation	and	culturing	of	multicellular	
spheroids.	To	date,	droplet-based	multicellular	spher-
oids	formation	have	been	developed	by	encapsulating	
and	culturing	cell	 suspensions	within	non-adherent	
hydrogels,	such	as	alginate,	agarose,	gelatin,	and	poly-
ethylene	glycol (PEG),	and	 their	derivatives.	Encap-
sulated	cells	 in	non-adherent	confinement	aggregate	
spontaneously	and	form	multicellular	spheroids.
Previous	 research	has	 indicated	 that	multicellular	 

spheroids	 enhance	 differentiation	 to	 specific	 cell	
types16,38-40.	In	particular,	Chan	et al.	demonstrated	the	
water-in-oil-in-water (w/o/w)	double	emulsion	droplets	
for	multicellular	stem	cell	spheroids	to	enhance	osteo-
genic	differentiation (Figure	3a)16.	The	encapsulated	
human	mesenchymal	stem	cells (hMSC)	showed	en-
hanced	differentiation	in	alginate	microdroplets.
Spheroids	have	also	been	used	to	examine	and	ana-

lyze	the	cytotoxic	activity	of	anticancer	drugs	and	ra-
diation	treatment13,14.	Sabhachandani	et al.	 fabricated	 
cell-laden	alginate	microbeads	as	3D	multicellular	 
tumor	spheroids,	and	used	 them	as	a	more	effective	
preclinical	drug-resistance	screening	model13.	Recently,	
McMillan	et al.	developed	the	formation	of	emulsion- 

based	multicellular	 tumor	spheroids	with	 long-term	
culture,	and	analyzed	 the	effects	of	 radiotherapy	on	
multicellular	cancer	spheroids,	depending	on	their	size	
and	radiation	dose14.
Despite	its	many	advantages,	however,	the	technique	

still	has	difficulties	in	forming	uniformly	sized	cellular	
spheroids,	due	to	the	difficulty	in	regulating	the	number	
of	encapsulated	cells	within	non-adherent	microdrop-
lets.	To	overcome	this	issue,	Kim	et al.	 introduced	an	
advanced	cell-scattering	step	in	a	droplet-based	micro-
fluidic	device	to	make	more	uniform	spheroids	by	dis-
persing	cell	clusters (Figure	3b)18.
It	has	also	been	difficult	 to	effectively	collect	and	

separate	spheroids	from	toxic	oil	in	microfluidic	device.	
Yoon	et al.	developed	a	magnetically	separable	alginate	
bead	inside	of	microfluidic	channel (Figure	3c)15. Cells 
and	magnetic	nanoparticles	were	encapsulated	within	
alginate	beads,	which	were	uniformly	generated	in	the	
oil	phase.	By	applying	an	external	magnetic	force,	al-
ginate	beads	in	laminar	flows	were	magnetically	trans-
ferred	into	the	culture	medium	phase	from	the	oil	phase.	
Thus,	microfluidic	chip	enhanced	the	formation	and	
collection	of	spheroids	from	the	oil	phase.

Cell-laden ECM Bead

Most	cells	 in	 the	human	body	are	connected	to	 their	
neighboring	cells	via	 the	ECM	allowing	 interaction	
and	communication35,41,42.	Many	researchers	have	pro-

Figure 2.	Microfluidic	droplet	based	single-cell	analysis.	(a)	Droplet-based	microfluidics	for	single	cell	analysis	and	sorting	by	
fluorescence-activated	cell	sorting (FACS)	technique.	(b)	Detection	and	identification	of	nucleic	acids	in	single	cell	by	amplifying	
through	polymerase	chain	reaction (PCR)	in	microdroplets.

(a)

(b)
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moted	3D	platforms	for	studying	 interactions	 in	 the	
cellular	microenvironment	to	identify	the	key	factors	
involved	 in	migration	mode	and	cellular	 responses	
regulation12,20,43.	 Indeed,	 the	 cellular	behavior	 and	
function	 are	 influenced	greatly	by	 the	mechanical	
and	chemical	properties	of	 the	ECM	microenviron-
ment44-46.	Therefore,	the	studying	3D	cellular	behavior	
has	gained	attention,	as	it	is	increasingly	able	to	better	
mimic	the	in vivo	microenvironment.
A	droplet	microfluidic	devices	has	been	developed	

to	generate	cell-encapsulated	ECM	mirobeads2,3.	As	a	
valuable	3D	model	for	the	high-throughput	evaluation	
of	drug,	a	cell-laden	ECM	can	provide	a	more	com-
prehensive	assessment	of	 therapeutic	strategies,	and	
enables	the	study	of	ECM-related	microenvironments.	
ECM-based	3D	microbead	can	provide	cell-cell	com-
munications	and	cell-ECM	interactions34,47-49.
To	investigate	 the	effects	of	cell-ECM	interactions	

in	cell-laden	ECM	microbeads,	Wang	et al.	used	an	
alginate-Matrigel	mixed	hydrogel	 to	 form	multicel-
lular	spheroids	within	a	cell-interactive	matrix;	 these	
cell-laden	ECM	beads	were	 then	used	 in	anticancer	
drug	 testing (Figure	4a)19.	The	multicellular	 tumor	

spheroids	formed	simultaneously	with	uniform	mor-
phology	and	were	closely	connected	to	each	other.
Various	cell-interactive	hydrogels	have	been	used	for	

cell-encapsulation	to	control	cell-ECM	interactions.	It	
is	important	to	control	the	mechanical	properties	of	the	
hydrogels	such	as	stiffness,	network	architectures,	and	
porosity.	Many	examples	for	successful	encapsulation	
of	cells	 into	a	hydrogel	have	been	reported.	Natural	
ECM	materials,	such	as	collagen	and	fibrin,	provide	
superior	cell	binding	and	motility,	but	often	lack	me-
chanical	stability21,50.	In	contrast,	synthetic	polymeric	
hydrogels	have	an	advantage	over	natural	ones	in	that	
their	mechanical	properties	can	be	controlled	readily,	
but	additional	processes	are	often	needed	to	obtaining	
cell-binding	properties51.
Ma	et al.	used	a	gelatin-collagen	mixed	hydrogel	to	

form	monodisperse	microbeads	with	a	tissue-relevant	
range	of	stiffness (1-10 kPa),	crosslinked	by	ribofla-
vin	and	blue	light	irradiation21.	In	contrast,	Che	et al. 
and	Jang	et al.	fabricated	cell-laden	collagen	microbe-
ad	through	the	polymerization	of	a	collagen	solution	
after	generating	 the	mechanically	stable	microbeads 

(Figure	4b	and	4c).	In	Che	et al.’s	study20,	breast	can-

Figure 3.	Formation	of	multicellular	spheroids	in	microdroplets.	(a)	Multicellular	spheroid	formation	in	alginate-based	micrdrop-
let	by	w/o/w	microfluidic	system.	Images	reproduced	from	ref.16	with	permission.	Copyright	2013,	Nature	Publishing	Group.	(b)	
Cell-scattering	encapsulation	device	for	forming	uniform-sized	embryoid	bodies.	Images	reproduced	from	ref.18	with	permission.	
Copyright	2015,	The	Korean	BioChip	Society	and	Springer-Verlag	Berlin	Heidelberg.	(c)	Retrieval	of	multicellular	spheroid	by	
magnetic	nanoparticle	in	single	microdevice.	Images	reproduced	from	ref.15	with	permission.	Copyright	2013,	The	Royal	Society	of	
Chemistry.
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cer	cell-laden	collagen	microdroplets	generated	and	
arrayed	 in	microchambers	on	 the	 integrated	device 

(Figure	4b).	They	observed	polymerized	collagen	fi-
bers	 interacting	with	cells	using	confocal	reflectance	
microscopy.	Using	arrayed	cell-laden	ECM	beads,	the	
migration	trajectory	of	the	cells	has	been	recorded	via	
optical	microscopy.	Recently,	we	generated	a	cell-lad-
en	collagen	microbead-based	gastric	cancer	model	 in	
an	analysis	of	drug	resistance.	Using	the	microtumor	
model,	we	demonstrated	 the	difference	 in	 cellular	
functional	characteristics	and	drug	resistance	depend-
ing	on	the	gastric	cancer	cell	types (Figure	4c,	unpub-
lished	data).	Such	cell-laden	ECM	bead-based	3D	
models	can	potentially	be	used	 to	study	cancer	cell-
ECM	interactions	and	ECM	remodeling	in	a	more	 in 
vivo	tumor	microenvironments.

Conclusions and Perspectives

In	summary,	we	have	provided	an	overview	of	recent	
developments	in	droplet-based	cell	culture	systems	in	
microtissue	engineering	and	biomedical	applications.	
The	use	of	microfluidic-based	droplet	 techniques	en-
ables	scalable	assays	with	single	cells,	multicellular	

spheroids,	and	cell-laden	microtissues.	In	the	near	fu-
ture,	we	expect	that	droplet-based	microscale	cell	cul-
ture	systems	will	be	used	as	cost-effective	and	highly	
reproducible	models	for	drug	discovery	and	develop-
ment.

Acknowledgements	 This	research	was	supported	from	
the	National	Research	Foundation	of	Korea (NRF) (grant	
number:	2015M3A9B3028685	and	2016M3A9B4915823)	
and	by	a	grant	of	the	Korea	Health	Technology	R&D	Proj-
ect	through	the	Korea	Health	Industry	Development	Insti-
tute (KHIDI),	funded	by	the	Ministry	of	Health	&	Welfare,	
Republic	of	Korea (grant	number:	HI14C00420200).	This	
research	was	also	granted	by	Basic	Science	Research	Pro-
gram	through	the	National	Research	Foundation	of	Korea 

(NRF)	 funded	by	 the	Ministry	 of	Science,	 ICT	&	Future	
Planning (grant	number:	2014R1A1A1004985).

References

		1.			Shembekar,	N.,	Chaipan,	C.,	Utharala,	R.	&	Merten,	
C.A.	Droplet-based	microfluidics	 in	drug	discovery,	
transcriptomics	and	high-throughput	molecular	genet-
ics. Lab Chip 16,	1314-1331 (2016).

		2.			Baroud,	C.N.,	Gallaire,	F.	&	Dangla,	R.	Dynamics	of	

Figure 4.	Formation	of	cell-laden	ECM-based	microdroplet	for	cell	culture.	(a)	Schematic	of	microfluidic	cells	encapsulation	in	
alginate-Matrigel	mixed	droplets.	Images	reproduced	from	ref.19	with	permission.	Copyright	2014,	The	Royal	Society	of	Chemistry.	
(b)	Collagen	based	microdroplet	for	analysis	cell	migration.	Images	reproduced	from	ref.20.	Copyright	2016,	MDPI.	(c)	Analysis	of	
cellular	morphology	and	drug	resistance	in	ECM	microbead (Jang	et al.,	unpublished	data).

(a) (b)

(c)

Cell and
matrigel

Alginate

Alginate

Mineral oil

Mineral oil



BioChip J. (2016) 10(4): 310-317316

microfluidic	droplets.	Lab Chip 10,	2032-2045 (2010).
		3.			Teh,	S.Y.,	Lin,	R.,	Hung,	L.H.	&	Lee,	A.P.	Droplet	mi-

crofluidics.	Lab Chip 8,	198-220 (2008).
		4.			Konry,	T.,	Sarkar,	S.,	Sabhachandani,	P.	&	Cohen,	N.	

Innovative	Tools	and	Technology	for	Analysis	of	Sin-
gle	Cells	and	Cell-Cell	Interaction.	Annu. Rev. Biomed. 
Eng. (2016).

		5.			Ying,	D.	et al.	A	droplet-based	microfluidic	device	
for	 long-term	culture	and	longitudinal	observation	of	
Caenorhabditis	elegans.	BioChip J. 6,	197-205 (2012).

		6.			Kim,	P.	et al.	Soft	lithography	for	microfluidics:	a	re-
view. BioChip J. 2,	1-11 (2008).

		7.			Eastburn,	D.J.,	Sciambi,	A.	&	Abate,	A.R.	Identifica-
tion	and	genetic	analysis	of	cancer	cells	with	PCR-ac-
tivated	cell	sorting.	Nucleic Acids Res. 42,	e128 (2014).

		8.			Akbari,	S.	&	Pirbodaghi,	T.	A	droplet-based	heteroge-
neous	immunoassay	for	screening	single	cells	secreting	
antigen-specific	antibodies.	Lab Chip 14,	3275-3280 

(2014).
		9.			Mazutis,	L.	et al.	Single-cell	analysis	and	sorting	using	

droplet-based	microfluidics.	Nat. Protoc. 8,	870-891 

(2013).
10.			Konry,	T.,	Golberg,	A.	&	Yarmush,	M.	Live	single	cell	

functional	phenotyping	in	droplet	nano-liter	reactors.	
Sci. Rep. 3,	3179 (2013).

11.			Brouzes,	E.	et al.	Droplet	microfluidic	 technology	
for	single-cell	high-throughput	screening.	Proc. Natl. 
Acad. Sci. USA 106,	14195-14200 (2009).

12.			Ng,	J.,	Shin,	Y.	&	Chung,	S.	Microfluidic	platforms	for	
the	study	of	cancer	metastasis.	Biomed. Eng. Lett. 2,	
72-77 (2012).

13.			Sabhachandani,	P.	et al.	Generation	and	 functional	
assessment	of	3D	multicellular	spheroids	 in	droplet	
based	microfluidics	platform.	Lab Chip 16,	497-505 

(2016).
14.			McMillan,	K.S.,	McCluskey,	A.G.,	Sorensen,	A.,	Boyd,	

M.	&	Zagnoni,	M.	Emulsion	technologies	for	multi-
cellular	tumour	spheroid	radiation	assays.	Analyst 141,	
100-110 (2016).

15.			Yoon,	S.,	Kim,	J.A.,	Lee,	S.H.,	Kim,	M.	&	Park,	T.H.	
Droplet-based	microfluidic	system	to	form	and	separate	
multicellular	spheroids	using	magnetic	nanoparticles.	
Lab Chip 13,	1522-1528 (2013).

16.			Chan,	H.F.	et al.	Rapid	 formation	of	multicellular	
spheroids	in	double-emulsion	droplets	with	controlla-
ble	microenvironment.	Sci. Rep. 3,	3462 (2013).

17.			Yu,	L.,	Chen,	M.C.	&	Cheung,	K.C.	Droplet-based	mi-
crofluidic	system	for	multicellular	tumor	spheroid	for-
mation	and	anticancer	drug	testing.	Lab Chip 10,	2424-
2432 (2010).

18.			Kim,	C.	Droplet-based	microfluidics	for	making	uni-
form-sized	cellular	spheroids	in	alginate	beads	with	the	
regulation	of	encapsulated	cell	number.	BioChip J. 9,	
105-113 (2015).

19.			Wang,	Y.	&	Wang,	J.	Mixed	hydrogel	bead-based	tu-
mor	spheroid	formation	and	anticancer	drug	 testing.	
Analyst 139,	2449-2458 (2014).

20.			Che,	X.,	Nuhn,	 J.,	 Schneider,	 I.	&	Que,	L.	High	

Throughput	Studies	of	Cell	Migration	in	3D	Microtis-
sues	Fabricated	by	a	Droplet	Microfluidic	Chip.	Micro-
machines 7,	84 (2016).

21.			Ma,	S.	et al.	Monodisperse	collagen-gelatin	beads	as	
potential	platforms	 for	3D	cell	 culturing.	J. Mater. 
Chem. B. 1,	5128 (2013).

22.			Edd,	J.F.	et al.	Controlled	encapsulation	of	single-cells	
into	monodisperse	picolitre	drops.	Lab Chip 8,	1262-
1264 (2008).

23.			Chokkalingam,	V.	et al.	Probing	cellular	heterogeneity	
in	cytokine-secreting	immune	cells	using	droplet-based	
microfluidics.	Lab Chip 13,	4740-4744 (2013).

24.			Wu,	L.,	Chen,	P.,	Dong,	Y.,	Feng,	X.	&	Liu,	B.F.	En-
capsulation	of	 single	cells	on	a	microfluidic	device	
integrating	droplet	generation	with	fluorescence-acti-
vated	droplet	sorting.	Biomed. Microdevices 15,	553-
560 (2013).

25.			Kulkarni,	R.P.,	Che,	J.,	Dhar,	M.	&	Di	Carlo,	D.	Re-
search	highlights:	microfluidic	 single-cell	 analysis	
from	nucleic	acids	to	proteins	 to	functions.	Lab Chip 
14,	3663 (2014).

26.			Taly,	V.,	Pekin,	D.,	El	Abed,	A.	&	Laurent-Puig,	P.	
Detecting	biomarkers	with	microdroplet	 technology.	
Trends Mol. Med. 18,	405-416 (2012).

27.			Kang,	D.K.	et al.	Rapid	detection	of	single	bacteria	in	
unprocessed	blood	using	 Integrated	Comprehensive	
Droplet	Digital	Detection.	Nat. Commun. 5,	 5427 

(2014).
28.			Basova,	E.Y.	&	Foret,	F.	Droplet	microfluidics	in	(bio)

chemical	analysis.	Analyst 140,	22-38 (2015).
29.			Clausell-Tormos,	J.	et al.	Droplet-based	microfluidic	

platforms	for	the	encapsulation	and	screening	of	Mam-
malian	cells	and	multicellular	organisms.	Chem. Biol. 
15,	427-437 (2008).

30.			Yeon,	J.H.	&	Park,	J.K.	Microfluidic	cell	culture	sys-
tems	for	cellular	analysis.	BioChip J. 1,	17-27 (2007).

31.			Carvalho,	M.R.,	Lima,	D.,	Reis,	R.L.,	Correlo,	V.M.	&	
Oliveira,	J.M.	Evaluating	Biomaterial-	and	Microflu-
idic-Based	3D	Tumor	Models.	Trends Biotechnol. 33,	
667-678 (2015).

32.			Kim,	C.	&	Kang,	J.Y.	Microfluidic	device	for	contin-
uous	observation	of	cellular	behaviors	 in	specialized	
core-shell	microcapsules.	BioChip J. 8,	199-208 (2014).

33.			Zanoni,	M.	et al.	3D	 tumor	spheroid	models	 for	 in	
vitro	 therapeutic	screening:	a	systematic	approach	to	
enhance	the	biological	relevance	of	data	obtained.	Sci. 
Rep. 6,	19103 (2016).

34.			Zervantonakis,	I.K.,	Kothapalli,	C.R.,	Chung,	S.,	Sudo,	
R.	&	Kamm,	R.D.	Microfluidic	devices	for	studying	
heterotypic	cell-cell	 interactions	and	tissue	specimen	
cultures	under	controlled	microenvironments.	Biomi-
crofluidics 5,	13406 (2011).

35.			Loessner,	D.	et al.	Bioengineered	3D	platform	to	ex-
plore	cell-ECM	interactions	and	drug	 resistance	of	
epithelial	ovarian	cancer	cells.	Biomaterials 31,	8494-
8506 (2010).

36.			Lin,	R.Z.	&	Chang,	H.Y.	Recent	advances	in	three-di-
mensional	multicellular	spheroid	culture	for	biomedi-



BioChip J. (2016) 10(4): 310-317 317

cal	research.	Biotechnol. J. 3,	1172-1184 (2008).
37.			Hickman,	J.A.	et al.	Three-dimensional	models	of	can-

cer	for	pharmacology	and	cancer	cell	biology:	captur-
ing	tumor	complexity	in	vitro/ex	vivo.	Biotechnol. J. 9,	
1115-1128 (2014).

38.			Mayer,	B.	et al.	Multicellular	gastric	cancer	spheroids	
recapitulate	growth	pattern	and	differentiation	pheno-
type	of	human	gastric	carcinomas.	Gastroenterology 
121,	839-852 (2001).

39.			Bosnakovski,	D.	et al.	Chondrogenic	differentiation	of	
bovine	bone	marrow	mesenchymal	stem	cells (MSCs)	
in	different	hydrogels:	influence	of	collagen	type	II	ex-
tracellular	matrix	on	MSC	chondrogenesis.	Biotechnol. 
Bioeng. 93,	1152-1163 (2006).

40.			Wang,	W.	et al.	3D	spheroid	culture	system	on	mi-
cropatterned	substrates	 for	 improved	differentiation	
efficiency	of	multipotent	mesenchymal	stem	cells.	Bio-
materials 30,	2705-2715 (2009).

41.			Shin,	Y.	et al.	Microfluidic	assay	for	simultaneous	cul-
ture	of	multiple	cell	types	on	surfaces	or	within	hydro-
gels.	Nat. Protoc. 7,	1247-1259 (2012).

42.			Holle,	A.W.,	Young,	J.L.	&	Spatz,	J.P.	In	vitro	cancer	
cell-ECM	interactions	inform	in	vivo	cancer	treatment.	
Adv. Drug Deliv. Rev. 97,	270-279 (2016).

43.			Jeon,	J.S.,	Zervantonakis,	I.K.,	Chung,	S.,	Kamm,	R.D.	
&	Charest,	J.L.	In	vitro	model	of	tumor	cell	extravasa-
tion.	PLoS One 8,	e56910 (2013).

44.			Baker,	B.M.	&	Chen,	C.S.	Deconstructing	 the	 third	
dimension:	how	3D	culture	microenvironments	alter	
cellular	cues.	J. Cell Sci. 125,	3015-3024 (2012).

45.			Junttila,	M.R.	&	de	Sauvage,	F.J.	Influence	of	tumour	
micro-environment	heterogeneity	on	 therapeutic	 re-
sponse.	Nature 501,	346-354 (2013).

46.			Zhang,	Q.,	Liu,	T.	&	Qin,	J.	A	microfluidic-based	de-
vice	 for	study	of	 transendothelial	 invasion	of	 tumor	
aggregates	in	realtime.	Lab Chip 12,	2837-2842 (2012).

47.			Khademhosseini,	A.	&	Langer,	R.	Microengineered	
hydrogels	 for	 tissue	engineering.	Biomaterials 28,	
5087-5092 (2007).

48.			Chung,	B.G.,	Lee,	K.H.,	Khademhosseini,	A.	&	Lee,	
S.H.	Microfluidic	fabrication	of	microengineered	hy-
drogels	and	their	application	in	tissue	engineering.	Lab 
Chip 12,	45-59 (2012).

49.			Liu,	T.,	Lin,	B.	&	Qin,	J.	Carcinoma-associated	fibro-
blasts	promoted	tumor	spheroid	invasion	on	a	micro-
fluidic	3D	co-culture	device.	Lab Chip 10,	1671-1677 

(2010).
50.			Asti,	A.	&	Gioglio,	L.	Natural	and	synthetic	biodegrad-

able	polymers:	different	scaffolds	for	cell	expansion	
and	tissue	formation.	Int. J. Artif. Organs. 37,	187-205 

(2014).
51.			Zhu,	J.	&	Marchant,	R.E.	Design	properties	of	hydro-

gel	tissue-engineering	scaffolds.	Expert Rev. Med. De-
vices 8,	607-626 (2011).

Copyright	for	the	published	papers	belongs	to	the	Korean	BioChip	Society.	pISSN	1976-0280.	eISSN	2092-7843


