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ABSTRACT:	Tumor	cell	spheroids	and	3D	cell	culture	has	generated	a	lot	of	interest	in	the	past	decade	due	to	their	relative	
ease	of	production	and	biomedical	research	applications.	To	date,	the	frontier	in	tumor	3D	models	has	been	pushed	to	the	
level	of	personalized	cancer	treatment	and	customized	tissue	engineering	applications.	However,	without	vascularization,	the	
central	parts	of	these	artificial	constructs	cannot	survive	without	an	adequate	oxygen	and	nutrient	supply.	The	formation	of	
a	necrotic	core	into	in-vitro	3D	cell	models	is	still	serving	as	the	major	obstacle	in	their	wider	practical	application.		Here	we	
propose	a	rapid	formation	protocol	based	on	using	a	water-in-water	(w/w)	Pickering	emulsion	template	to	generate	a	phe-
notypically	endothelial/hepatic	(ECV304/Hep-G2)	co-culture	cell	clusteroids	with	angiogenic	capability The	w/w	Pickering	
emulsion	template	was	based	on	a	dextran/poly(ethylene	oxide)	aqueous	two-phase	system	stabilized	by	whey	protein	par-
ticles.	The	initial	cells	proportion	in	the	co-culture	clusteroids	can	easily	be	manipulated	for	optimal	performance.	The	co-
cultured	pattern	of	the	endothelial/hepatic	cells	could	significantly	promote	the	production	of	angiogenesis-related	proteins.	
Our	study	confirmed	that	co-cultured	clusteroids	can	stimulate	cell	sprouting	without	the	addition	of	vascular	endothelial	
growth	factor	(VEGF)	or	other	angiogenesis	inducers	at	a	ratio	of	1:2	of	Hep-G2:	ECV	304.	Angiogenesis	genes	production	in	
the	co-culture	clusteroids	was	enhanced	with	VEGF,	urea,	IGFBP,	along	with	angiogenesis-related	marker	CD34	levels	also	
indicating	angiogenesis	progress.		Our	aqueous	two-phase	Pickering	emulsion	templates	provided	a	convenient	approach	to	
vascularize	a	target	cell	type	in	3D	cell	co-culture	without	additional	stimulating	factors,	which	could	potentially	apply	to	
either	cell	lines	or	biopsy	tissues,	expanding	the	clusteroids	downstream	applications.

INTRODUCTION 
Compared	with	the	traditional	2D	culture,	3D	cell	culture	tends	to	simulate	the	in	vivo	environment	by	confining	the	cells	into	
densely	packed	aggregates	to	enhance	cell-to-cell	interaction	and	their	functionality.	1,2	3D	cell	culture	models	have	recently	
garnered	great	attention	because	they	often	promote	levels	of	cell	differentiation	and	tissue	organization,	which	are	unachiev-
able	in	conventional	2D	culture.	3,4	The	most	used	animal	models	generally	require	sophisticated	operation	and	strict	ethical	
review.	5	Due	to	this,	animal	experiments	are	still	struggling	to	provide	a	reference	for	clinical	trials.	6	The	high	availability	
and	precise	mimicry	of	real-life	environments	has	drawn	interest	in	the	3D	cell	culture	models	in	the	past	decade.	The	most	
discussed	3D	cell	culture	models,	depending	on	the	fabrication	methods,	are	spheroids	and	organoid	models.	7	
The	cell	spheroids	are	often	used	as	a	preclinical	assessment	model	for	the	biological	performance	of	various	drugs	or	thera-
peutics.	8,9	Recently,	there	has	been	a	trend	to	expand	the	application	of	spheroids	into	tissue	engineering	applications,	which	
would	utilize	them	as	building	blocks	to	reconstitute	scaled	artificial	organs	in	vitro.	10−12The	artificial	tissue	could	be	used	to	
replace	or	repair	damaged	organs,	such	as	skin,	bone,	and	others.	Nevertheless,	the	reconstruction	of	living	organs	using	3D	
cell	cultured	models	is	still	facing	crucial	interference,	especially	on	multiple	species	cell–cell	interfaces.	Spatiotemporal	gra-
dients	of	chemicals	and	oxygen	are	key	features	in	cell	proliferation	in	spheroids.	13	Cell	spheroids	of	nonendothelial	cells	will	
inevitably	form	necrotic	cores	where	essential	chemicals	and	oxygen	cannot	be	delivered	due	to	the	absence	of	a	vascular	
system.	A	high	vascularization	state	of	the	spheroids	is	a	crucial	step	before	the	spheroids	can	be	systematically	used	since	
the	cores	of	these	artificial	constructs	cannot	survive	longer	periods	of	culturing	without	this	tubular	network.	
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Angiogenesis	is	initiated	by	pro-angiogenic	growth	factors,	such	as	vascular	endothelial	growth	factor	(VEGF).	14,15	These	fac-
tors	stimulate	the	conversion	of	endothelial	cells	from	their	resting	stage	into	activated	tip	cells.	16	The	tip	cells	degrade	the	
extracellular	matrix	by	releasing	matrix	metalloproteinases	(MMPs)	and	migrate	into	the	surrounding	tissue	or	extracellular	
matrix	(ECM)	in	vitro.	17,18	They	are	followed	by	proliferating	endothelial	stalk	cells,	resulting	in	the	formation	of	capillary	
buds	and	sprouts,	which	progressively	grow	toward	the	angiogenic	stimulus.	19	Finally,	the	sprouts	form	a	lumen	and	inter-
connect	with	each	other	to	new	blood-perfused	microvessels.	20	Endothelial	cells	(E.Cs.)	spontaneously	form	a	vascular-like	
network	due	to	endothelial	sprouting	(angiogenesis)	upon	coculture	with	other	cell	types.	21−23	Recently,	Correa	de	Sampaio	
et	al.	47	reported	a	3D	model	of	the	sprouting	coculture	of	fibroblast	and	endothelial	cells.	
The	hanging	drop	method	was	a	previously	reported	coculture	of	fibroblasts	and	human	umbilical	vein	endothelial	cells	(HU-
VECs)	to	generate	composite	vascularized	spheroids.	24	The	fibroblasts	were	considered	to	impose	a	vascularization	signal	to	
the	E.Cs.,	which	would	spontaneously	generate	a	vascular	network	in	the	coculture	spheroids.	Mesenchymal	stem	cells	and	
several	tumor	cells	were	also	capable	of	stimulating	the	vascularization	in	the	coculture	pattern	with	E.Cs.	25−27	However,	the	
microfluidic	devices	or	extracellular	matrixes	used	for	coculturing	spheroids	were	usually	of	a	low	yield	rate	or	high	labor	
cost,	which	greatly	limited	the	practical	application	of	the	vascularized	spheroids.	Atefi	et	al.,	28	Lemmo	et	al.,	29	and	Das	et	
al.	30)developed	a	high	throughput	production	method	for	a	3D	cell	clusteroid-based	aqueous	two-phase	system	(ATPS)	as	a	
water-in-water	Pickering	emulsion	stabilized	by	β-lactoglobulin	or	whey	protein	particles.	Several	follow	up	reports	have	
emerged	after	the	method	was	first	introduced,	which	indicate	the	increased	functionality	and	high	productivity	of	the	gen-
erated	 clusteroids	 based	 on	 this	 novel	 approach.	31−33	The	manufacturing	 process	 using	water-in-water	 (w/w)	 Pickering	
emulsion	as	a	template	might	potentially	satisfy	the	requirements	of	high	throughput	and	of	cell	coculture	simultaneously.	
The	collected	3D	cell	clusteroids	differ	from	classical	spheroids,	as	the	former	are	of	higher	porosity	and	have	no	necrotic	core	
as	media	can	freely	diffuse	and	reach	the	cores.	The	usage	of	coculturing	cell	lines	with	the	help	of	this	w/w	Pickering	emulsion	
system	has	not	been	reported	before.	
In	this	study,	we	systematically	generated	and	characterized	cocultured	Hep-G2/ECV304	clusteroids	using	the	w/w	Pickering	
emulsion	as	a	template	(see	Figure	1).	The	Hep-G2	cells	were	cocultured	with	ECV-304	cells	to	generate	vascularized	cocul-
tured	clusteroids	on	a	large	scale	in	a	proof	of	principle	study.	In	general,	the	cell	types	could	be	switched	to	any	cell	line	or	
primary	cell	culture.	The	obtained	cocultured	clusteroids	showed	a	significant	increment	in	angiogenesis	compared	to	the	
single	clusteroids	as	reported	below.	We	found	that,	especially	at	a	cell	ratio	of	Hep-G2/ECV304	of	1:2,	the	coculture	cluster-
oids	could	spontaneously	form	sprouts	after	they	were	embedded	into	a	supporting	matrix	of	sodium	alginate	hydrogel.	The	
high	yield	and	the	reproducibility	of	the	method	would	make	itself	an	ideal	protocol	for	tissue	engineering	and	advanced	drug	
testing	applications.	This	new	facile	platform	has	the	potential	to	enhance	the	applications	of	coculture	clusteroids	

 

Figure	2.	Bright-field	(A,	E,	I)	and	fluorescence	microscope	observation	of	mixed	Hep-G2/ECV	304	(cell	ratio=1:1)	cells	encapsulated	
by	5.5	wt%	DEX	in	5.5	wt%	PEO	emulsions	before	(A-H)	and	after	shrinking	by	11	wt%	PEO	(I-L)	set	at	FITC	(B,	F,	J),	DAPI	(C,	G,	K)	
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and	Dual	fluorescence	(D,	H,	L)	channels.	The	Hep-G2	cells	and	ECV	304	cells	were	pre-stained	with	DAPI	and	CMFDA,	respectively.	
The	bar	is	100	μm	for	(A-D)	and	(I-L).	The	bar	for	(E-H)	is	50	μm.	

 

EXPERIMENTAL SECTION 
Materials 
CellTracker™	Green	CMFDA	Dye,	CFSE	far-red,	CFSE	green	
fluorescence	 dye	 and	 cell	 culture	 24-well	 plates	 were	
sourced	from	Thermo	Fisher	Scientific,	UK.	Dextran	(DEX)	
(MW	500	kDa)	and	polyethylene	oxide	(PEO)	(MW	200	kDa)	
were	purchased	 from	Sigma-Aldrich,	UK.	Sodium	chloride	
(99.8%)	and	calcium	chloride	(99%),	Dulbecco's	Modified	
Eagle	 Medium,	 and	 Trypsin-EDTA	 were	 sourced	 from	
Fisher	Scientific,	UK.	Media	supplements	were	fetal	bovine	
serum	(10%	v/v,	Labtech,	Heathfield,	UK)	and	0.25%	Tryp-
sin-EDTA	 (1X,	 Lonza).	The	 ECV	 304	 and	Hep-G2	 cell	 line	
were	purchased	 from	ECACC	cell	 collection.	Urea	analysis	
kit	was	obtained	from	Sigma	Aldrich	(Saint	Louis,	USA).	The	
MMP-2	ELISA	kit	was	sourced	from	GE	healthcare	(Amer-
sham,	UK),	the	IGFBP	ELISA	kit	and	angiogenesis	array	kit	
were	sourced	from	the	Bio-techne	(Abingdon,	UK).	The	urea	
kit	was	provided	by	Sigma-Aldrich,	UK.	Whey	protein	was	
kindly	provided	by	No	1	Supplements	(Suffolk,	UK).	Deion-
ized	 water	 was	 purified	 by	 reverse	 osmosis	 and	 ion	 ex-
change	with	Milli-Q	water	system	(Millipore,	USA)	was	used	
in	all	our	studies.	Deionized	water	surface	tension	was	71.9	
mN	m−1	at	25	°C,	with	resistivity	higher	than	18	MΩ	cm−1.		
All	the	other	chemicals	are	of	analytical	grade.	

Methods 

ECV 304 and Hep-G2 monolayer cell culture 
The	human	cell	line	ECV	304	is	categorized	as	a	T24	deriva-
tive	 (urinary	 bladder	 carcinoma),	 which	 was	 believed	 to	
originate	from	endothelial	cells	obtained	from	the	umbilical	
vein	 of	 a	 healthy	 donor.33	The	 ECV	 304	 cell	 line	 contains	
many	important	characteristics	of	endothelial	cells.	The	im-
mortalized	nature	of	this	cell	line	makes	it	a	valuable	model	
to	set	an	initial	model	for	endothelial	vascularization.33	The	
ECV	304	and	Hep-G2	cell	lines	were	cultured	in	DMEM	and	
EMEM	mediums,	respectively,	supplemented	with	10	%	Fe-
tal	Bovine	Serum.	Both	types	of	cells	were	cultured	in	T75	
easYFlask	(Thermo	Fisher	Scientific,	U.K.)	at	37°C	supple-
mented	5	%	CO2.	The	medium	was	discarded	when	the	cells	
reached	a	confluency	of	80%	before	the	cells	were	rinsed	
with	phosphate	buffer	saline	(PBS,	Lonza,	UK)	twice	to	re-
move	the	excessive	medium.	The	cells	were	then	detached	
from	the	flasks	using	0.25	wt%	trypsin	solution	and	passage	
in	1:8	(ECV304)	and	1:4	(Hep-G2).		The	trypsinization	was	
stopped	by	mixing	the	trypsin	solution	with	a	proper	com-
plete	medium	(either	DMEM	or	EMEM),	and	the	cells	were	
collected	by	centrifugation	at	400×g	for	4	min.	
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Figure	3.	Brightfield	and	fluorescence	microscopy	images	on	the	co-cultured	clusteroids	with	Hep-G2:ECV304	ratio	of	1:1	in	the	
emulsion	droplets	(A,	B)	and	flow	state	(C,	D).	The	ECV	304	cells	were	solely	stained	to	show	their	location	within	the	clusteroids.		
Brightfield	microscopy	 images	of	 the	collected	co-culture	clusteroids	 from	the	DEX/PEO	w/w	Pickering	emulsion	template	with	
different	Hep-G2/ECV	cells	ratio:	(E,	L)	1:1,	(F,	J)	2:1,	(G,	K)	5:1,	(H,	L)	10:1.	The	bar	is	50	μm	for	(A-D),	100	μm	for	(E-H)	and	200	μm	
for	(I-L).	

 

Production of ECV 304 and Hep-G2 2D monolayers and 
3D co-cultured clusteroids. 
The	method	of	generating	single	cell	type	(Hep-G2	or	ECV	
304)	clusteroids	was	slightly	modified	from	the	protocol	in-
troduced	by	Das	et	al.30	The	protocol	is	on	the	basis	of	aque-
ous	two-phase	systems,	DEX/PEO	solutions	forming	water-
in-water	Pickering	emulsion.	Briefly,	 the	22wt%	PEO	and	
11	wt%	Dextran	solutions	(DEX)	were	obtained	by	dispers-
ing	a	properly	weighted	amount	of	PEO	and	dextran	pow-
ders	in	deionized	water.	The	solution	needs	to	be	magneti-
cally	stirred	overnight	to	achieve	proper	solubilization.	The	
solutions	were	then	autoclaved	(121	oC,	15	min)	to	obtain	a	
sterile	solution.	An	equal	volume	of	the	22	wt%	PEO	solu-
tion	1	wt%	heat-treated	whey	protein	particle	suspension	
(WP)	was	then	mixed.	The	whey	protein	particles	suspen-
sion	 was	 0.45	 µm	 filter-sterilized	 prior	 to	 the	 mixing	 to	
avoid	contamination.	Then	the	11	wt%	PEO/WP	or	DEX	so-
lutions	were	mixed	with	an	equal	amount	of	DMEM/EMEM	
(50:50)	medium	supplemented	with	10%	FBS	to	obtain	5.5	
wt%	 PEO/Medium/WP	 and	 DEX/Medium	 solutions.	 The	
DMEM/EMEM(50:50)	 medium	 supplemented	 with	 10%	
FBS	was	treated	as	a	complete	medium	for	 the	co-culture	

clusteroids	in	the	following	experiments.	The	5.5	wt%	DEX	
solution	was	utilized	as	the	dispersed	phase	of	the	Pickering	
emulsion	for	both	Hep-G2	and	ECV	304	cells	as	both	types	
of	cells	have	a	preferential	affiliation	to	DEX	compared	to	
PEO	phase.	The	cells	were	harvested	from	the	T75	flasks	us-
ing	trypsin,	and	a	fixed	number	of	cells	(either	Hep-G2,	ECV	
304,	or	mixed	cell	types	at	different	ratios)	were	collected	
and	resuspended	in	the	50	μL	DEX/Complete	medium	solu-
tion.	 The	 emulsification	 of	 the	 w/w	 Pickering	 emulsions	
was	achieved	by	gentle	pumping	using	a	syringe	(BD	Plasti-
pak™	syringe)	fitted	with	a	needle	(BD	Microlance™	12	nee-
dle,	B.D.	biosciences,	Wokingham,	UK).	The	DEX/PEO	Pick-
ering	 emulsions	 encapsulating	 the	 cells	 in	 the	DEX	phase	
were	 additionally	 compressed	 to	 allow	 the	 formation	 of	
clusteroids	by	adding	higher	condensed	PEO/DMEM	solu-
tion	(11wt%)	to	reach	a	final	PEO	concentration	of	8	wt%.	
The	transportation	of	water	from	the	DEX	drops	to	the	PEO	
phase	 would	 osmotically	 shrink	 the	 DEX	 drops	 further	
along	with	the	encapsulated	cells	which	forces	them	to	ad-
here	closer	to	each	other.	The	cells	were	 incubated	 in	the	
emulsions	overnight	to	allow	the	formation	of	cell	cluster-
oids.		
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Figure	4.	A-B:	Confocal	microscopy	observations	of	co-cultured	clusteroids	at	different	Hep-G2/ECV	cells	ratio:	(A)	1:1,	(B)	2:1,	(C)	
5:1,	(D)	10:1.	(E-F)	3D	Z-stacked	image	of	E-G	co-cultured	Hep-G2/ECV	304	clusteroids	at	a	cell	ratio	of	1:1	set	at	different	fluores-
cence	channels-FITC	(F),	DAPI	(E)	and	Dual	fluorescence	(G)	(H)	3D	Z-stacked	image	of	the	mixture	of	individual	Hep-G2	and	ECV	
304	clusteroids	at	a	cell	ratio	of	1:1.	In	(A-D),	the	Hep-G2	cells	and	ECV	304	cells	were	pre-stained	with	DAPI	and	CMFDA,	respec-
tively.	For	distinguishing	the	different	patterns,	the	Hep-G2	cells	were	stained	with	CFSE	far-red,	and	the	ECV	304	cells	were	stained	
with	CFSE	green	in	(H).	The	bar	is	100μm	for	(A-D).	The	box	size	is	400×400	µm	for	(E-G)	and	800×800	µm	for	(H).	

	
Ten-fold	 dilution	 with	 a	 complete	 medium	 was	 used	 to	
break	 the	w/w	emulsion,	 after	which	 the	 layer	of	 formed	
clusteroids	were	collected	with	a	pipette	after	settling	at	the	
tube	bottom	under	gravity.	
Long term growth of clusteroids in sodium alginate gels 
The	support	of	an	ECM	in	the	formation	of	endothelial	net-
working,	especially	the	cell	sprouts	in	the	angiogenesis	pro-
cess	in	vitro,	is	essential.	Here	we	used	sodium	alginate	hy-
drogel	as	an	ECM	to	support	the	growth	of	the	clusteroids.	
The	 3	 wt%	 sodium	 alginate	 was	 suspended	 in	 PBS	 with	
magnetic	agitation	followed	by	autoclaving.	The	3	wt%	so-
dium	 alginate	 gels	 were	 mixed	 with	 an	 equal	 volume	 of	
complete	medium	supplemented	with	10%	FBS	to	reach	a	
final	 concentration	 of	 1.5	wt%	 sodium	alginate.	 After	 the	
formation	of	 the	 clusteroids,	 the	100	μL	of	 the	 individual	
cell-type	 clusteroids	 or	 the	 co-culture	 clusteroids	 were	
seeded	in	400	μL	of	1.5	wt%	sodium	alginate	and	fortified	
using	500	μL	of	1	wt%	calcium	chloride	on	a	24	wells	plate.	
The	culture	was	then	incubated	with	500	μL	complete	me-
dia	(supplemented	with	10%	FBS)	at	37°C	with	5%	CO2.	
Brightfield, fluorescence, and confocal microscopy ob-
servations 
The	 visualization	 of	 the	microstructure	 of	 the	 clusteroids	
encapsulated	in	the	emulsion	template	was	achieved	using	
a	fluorescence	microscope	(Olympus	BX-51).	20	μL	samples	
were	 observed	 using	 various	 immersion	 objectives	 on	 a	

concave	slide	under	various	immersion	objectives.	4′,6-dia-
midino-2-phenylindole	(DAPI),	or	CFSE	far-red	were	used	
as	 the	 fluorescent	marker	 on	 the	Hep-G2	 cells,	 and	 CFSE	
green	was	used	for	the	ECV	304	cells.	For	tracking	the	long-
term	proliferation	 of	 the	 co-culture	 clusteroids,	 CFSE	 far-
red	and	CFSE	green	were	used	for	Hep-G2	and	ECV304,	re-
spectively.	CFSE	would	permeate	into	cells	and	bind	to	their	
interior	by	the	succinimidyl	group,	which	would	be	tracka-
ble	after	the	cell	splits,	generally	within	14	days.	The	obser-
vation	of	the	various	clusteroids	was	also	carried	out	using	
a	 confocal	 laser	 scanning	 microscope	 (CLSM,	 Zeiss	
LSM710).	 Z-stacking	 images	were	 taken	 to	 generate	 a	3D	
view	of	the	individual	clusteroids	and	clusteroids	film.	The	
CLSM	imaging	was	produced	on	precise	mode.	
Clusteroid sprouts analysis 
To	 generate	 the	 sprouts,	 a	 low	 serum	 medium	 was	 em-
ployed.	Unlike	the	medium	introduced	in	the	long-term	cul-
turing	of	the	clusteroids,	the	complete	medium	was	supple-
mented	 with	 2	 wt%	 FBS	 to	 stimulate	 the	 formation	 of	
sprouts.	The	100	μL	of	co-cultured	or	single-cell	clusteroids	
were	gently	pipetted	into	400	μL	of	the	1.5wt%	alginate	gel	
before	solidifying	by	the	500	μL	of	1wt%	calcium	chloride.	
The	cultures	were	incubated	with	500		μL	complete	media	
supplemented	with	2	wt%	FBS	at	37oC	with	5%	CO2.	The	
clusteroids	 sprouts	 were	 analyzed	 by	 WimSprout	 assay	
(Wimasis	image	analysis,	Córdoba,	Spain)	and	the	20	long-
est	 sprouts	 from	 the	 clusteroids	were	measured	 on	 their	
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size	 to	calculate	 the	degree	of	angiogenesis.	Objective,	 re-
producible,	and	precise	quantification	of	sprout	assay	 im-
ages	is	ensured	by	our	WimSprout	online	automated	solu-
tion.	
WimSprout	is	the	image	analysis	solution	to	evaluate	new	
generated	sprouts	during	the	sprouting	assay.	WimSprout	
can	observe	and	estimate	the	angiogenesis	process	in	vitro	
and	 identify	 the	 pro-	 and	 anti-angiogenic	 factors	 in	 your	
sprouting	assay.	
Urea, MMP-2, and IGFBP ELISA kit 
500	 μL	 of	 the	 clusteroids	 culture's	 supernatant	 was	 col-
lected	at	different	days	of	culture.	Urea	concentration	in	the	
samples	was	quantified	using	a	colorimetric	endpoint	assay	
based	 on	 acid-	 and	 heat-catalyzed	 condensation	 of	 urea	
with	diacetylmonoxime	(Sigma	Aldrich,	St	Louis,	USA).		
The	clusteroids	supernatant	was	brought	to	a	final	volume	
of	50	μL	with	Urea	Assay	Buffer	and	shifted	to	a	pre-coated	
96	well	 flasks.	50	μL	of	 the	appropriate	 reaction	mix	was	
added	to	each	of	the	wells.	The	flask	was	incubated	for	60	
min	at	37	°C	with	horizontal	shaking,	protected	from	light	
during	 the	 incubation.	 The	 absorbance	 was	 measured	 at	
570	nm	(A570).		
MMP-2	 was	 quantified	 following	 the	 manufacturers’	 in-
structions.	For	the	IGFBP	ELISA	DuoSet,	100	μL	of	capture	
antibody	was	incubated	in	96	well	plates	overnight	at	room	
temperature	to	allow	proper	coating.	The	capture	antibody	
was	discarded,	and	the	96	well	plates	was	rinsed	with	400	
μL	 wash	 buffer	 three	 times	 using	 an	 automatic	 washer.	
Plates	were	blocked	by	adding	300	μL	of	reagent	diluent	to	
each	well	 and	 incubated	at	 room	 temperature	 for	a	mini-
mum	of	1	h.	100	μL	of	clusteroids	supernatant	was	added	to	
each	well	and	incubated	for	2	h.	A	100	μL	aliquot	of	the	de-
tection	antibody,	Streptavidin-HRP,	and	substrate	solution	
was	 added	 in	 order,	 with	 a	 washing	 procedure	 between	
each	step.	A	50	μL	aliquot	of	 the	stop	solution	was	added	
last	to	each	well.	The	optical	density	of	each	well	was	deter-
mined	immediately	using	a	microplate	reader	set	to	450	nm.	
SEM Image of the clusteroids 
The	clusteroids	were	taken	out	from	the	sodium	alginate	gel	
using	1wt%	alginate	lyase,	which	would	enzymatically	de-
grade	the	gel.	The	clusteroids	were	then	rinsed	twice	with	
deionized	water	to	remove	excessive	sodium	alginate	and	
medium.	The	clusteroids	were	then	fixed	in	a	1	wt%	glutar-
aldehyde	solution	for	2	h	at	ambient	temperature.	The	clus-
teroids	were	then	left	air-dried	overnight	before	being	im-
aged	 with	 Zeiss	 smart	 SEM	 software	 (Zeiss	 Evo-60	 SEM,	
Germany).		
Angiogenesis	array	kit	
These	 experiments	were	 performed	 according	 to	 the	Hu-
man	Angiogenesis	Antibody	Array	series	1000	(Bio-techne)	
guidelines.	To	evaluate	the	production	of	angiogenesis-re-
lated	genes,	1	mL	of	conditioned	media	were	obtained	from	
the	co-cultured	clusteroids	(Hep-G2	:	ECV3	04	=	1:1),	Hep-
G2	clusteroids,	and	ECV304	clusteroids	embedded	in	the	1.5	
wt%	sodium	alginate	gel.	Array	membranes	were	incubated	
overnight	with	the	1	mL	conditioned	media	at	room	temper-
ature	with	gentle	shaking.	The	medium	was	discarded,	and	

the	membranes	were	washed	with	washing	buffer	(5	min,	
four	times)	and	washing	buffer	II	(5	min,	two	times),	an	ar-
ray	antibody	cocktail,	and	a	horseradish	peroxidase-conju-
gated	streptavidin	antibody	was	incubated	with	the	mem-
branes	for	2	h.	Membranes	were	detected	using	1X	detec-
tion	buffers	C	and	D,	and	the	array	was	exposed	for	200	s	
using	a	chemiluminescence	system	(ATTO,	WSE	6100	Lumi-
noGraph	I).	Blot	spot	intensity	was	calculated	using	GelAna-
lyzer	19.1	(www.gelanalyzer.com).	Relative	expression	lev-
els	 in	 each	 group	 were	 determined	 using	 the	 algorithm	
mentioned	in	the	manufacturer's	protocol.	

Results and discussion 
Cell clusteroid formation in DEX-in-PEO emulsions  
3D	cell	culture	has	attracted	a	lot	of	researcher’s	attention	
in	the	past	decades,	especially	in	various	in	vitro	drug	test-
ing.	The	emerging	potential	area	of	the	3D	cell	model	is	em-
ploying	 cell	 spheroids	 as	 blocks	 to	 form	 complex	 tissues.	
The	spheroids	are	capable	of	serving	as	mini-organ	simula-
tions	ex	vivo,	representing	high	gene	and	cytokines	levels.2	
Here	we	generated	 clusteroids	 in	 an	 aqueous	 two-phases	
system	 (ATPS),	 which	 contains	 the	 dextran	 phase,	 per	
phase,	and	whey	protein	particles.	The	cell	clusteroids	for-
mation	has	been	reported	to	have	a	strong	relationship	with	
the	proportion	of	the	volume	fraction	of	DEX/PEO	for	sev-
eral	cell	lines.33	By	changing	the	volume	fraction	and	ratio	
of	the	two	phases,	the	cells	could	be	encapsulated	and	com-
pressed	into	clusteroids	in	a	short	time.	The	overall	cell	con-
centration	was	first	set	to	106	per	mL	and	then	suspended	
in	the	5.5	wt%	DEX/Complete	Medium	solution	before	mix-
ing	with	5.5	wt%	PEO/WP/Complete	Medium	 solution	 at	
different	cell	ratios	(Hep-G2:ECV304).	After	the	formation	
of	the	w/w	emulsion	encapsulated	with	compressed	cells,	
the	Dextran	phase	would	precipitate	under	the	influence	of	
gravity	as	they	have	a	higher	density	than	the	PEO	phase	at	
any	concentration	(Figure	S1A).	In	contrast,	the	two	types	
of	cells	dispersed	in	complete	mediums	would	not	sponta-
neously	 form	 clusteroids	 (Figure	 S2).	 The	 clusteroids	
shrinking	process	was	done	over	several	hours,	depending	
on	the	volume	of	the	emulsion	(Figure	S1B).	The	DEX	drop-
lets	shrinking	was	sufficient	for	the	cells	to	form	stable	clus-
teroids,	and	they	would	accumulate	at	the	DEX	/	PEO	inter-
face	since	their	density	is	within	5.5	wt%	Dextran	and	8wt%	
PEO	(Figure	S1C).32	This	would	avoid	the	direct	contact	of	
the	clusteroids	with	the	plastic	surface.	
To	demonstrate	the	efficiency	of	the	cell	encapsulation,	we	
performed	preliminarily	observations	using	a	fluorescence	
microscope.	For	the	observation	purpose,	the	Hep-G2	cells	
and	 ECV304	 cells	 were	 stained	 with	 DAPI	 (blue	 fluores-
cence)	 and	 CMFDA	 (green	 fluorescence),	 respectively.	 As	
shown	in	Figure	2,	at	a	cell	ratio	of	1:1,	the	two	types	of	cells	
coexist	 in	multiple	droplets	with	similar	cell	numbers	be-
fore	 shrinking	 (Figure	 2A-H).	 The	 shrinking	 process	 suc-
cessfully	 compressed	 the	 clusteroids	 without	 influencing	
the	cell	ratio.	The	compressed	clusteroids	had	structural	in-
tegrity	and	were	polydisperse	in	size	(Figure	2E,	2I	or	2H,	
2L).	The	size	of	the	cell	clusteroids	collected	from	the	Pick-
ering	emulsion	template	was	commonly	not	uniform.	This	
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feature	makes	 the	clusteroids	suitable	 for	 the	 tissue	engi-
neering	 applications	 instead	 of	 precise	 drug	 testing.The	
more	 concentrated	 PEO	 phase	 depletes	 the	 DEX	 droplets	
encapsulating	the	cells	from	water	as	it	restores	the	osmotic	
equilibrium,	and	this	causes	them	to	shrink.	Hence	the	in-
terfacial	tension	of	the	shrinking	droplets	promotes	the	cell-

cell	interactions	and	allows	them	to	form	more	contacts.	No-
tably,	 the	 possibility	 of	 cell	 co-culture	 in	 directly	 in	 the	
ATPS-based	w/w	emulsion	was	not	mentioned	in	any	pre-
vious	reports.	The	results	indicate	the	advantages	of	Picker-
ing	ATPS	emulsion	template	in	the	high-throughput	fabrica-
tion	of	co-cultured	cell	clusteroids.		
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Figure	5.	3D	Z-stacked	CLSM	images	of	co-cultured	Hep-G2/ECV	304	clusteroids	at	a	cell	ratio	of	1:1	after	different	days	of	culture:	
(A-C)	day	1,	(D-F)	day	3,	(G-I)	day	5,	(J-L)	day	11,	(M-O)	day	14.	The	filters	were	set	at	CFSE	far	red	(A,	D,	G,	J,	M),	FITC,(B,	E,	H,	K,	N)	
and	Dual	Fluorescence	(FITC/TRITC)	(C,	F,	I,	L,	O)	channels	for	imaging.	The	bar	is	100	μm.	The	Hep-G2	cells	were	stained	with	CFSE	
far-red,	and	the	ECV	304	cells	were	stained	with	CFSE	green.	
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Figure	6.	CLSM	images	of	the	proliferation	of	co-cultured	Hep-G2/ECV	304	clusteroids	at	a	cell	ratio	of	1:1	after	different	days	of	
culture	in	1wt%	sodium	alginate	gel:	(A-C)	day	1,	(D-F)	day	3,	(C-I)	day	5,	(J-L)	day	11,	(M-O)	day	14.	The	filters	were	set	at	CFSE	far-
red/Fluorescein	dual	channels	imaging.	The	bar	is	100μm.	The	Hep-G2	cells	were	stained	with	CFSE	far-red,	and	the	ECV	304	cells	
were	stained	with	CFSE	green.	
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Figure	7.	(A)	Angiogenesis	array	membrane	of	individual	Hep-G2	clusteroids,	ECV	304	clusteroids,	and	the	co-culture	clusteroids	at	
a	cell	ratio	of	1:1	after	14	days	of	proliferation	in	the	gel.	The	initial	cell	number	were	1×106	for	all.	(B)	VEGF	production	of	the	Hep-
G2	clusteroids,	ECV	304	clusteroids,	simple	mixing	of	individual	Hep-G2	and	ECV	304	clusteroids,	and	the	co-culture	clusteroids	at	a	
cell	ratio	of	1:1.	(C)	Urea	production	of	Hep-G2	clusteroids,	ECV	304	clusteroids,	and	the	co-culture	clusteroids	at	a	cell	ratio	of	1:1	
after	7	days	of	proliferation	in	the	gel.	The	initial	cell	number	were	1×106	for	all.	(D)	Angiogenesis-related	protein	production	in	the	
individual	Hep-G2	clusteroids,	ECV	304	clusteroids,	and	the	co-culture	clusteroids	at	a	cell	ratio	of	1:1	after	14	days	of	proliferation.	

	
To	 further	 examine	 the	 obtained	 typical	 clusteroids	 com-
patibility	in	a	flow	state.	The	DEX/PEO	emulsion	was	bro-
ken	down	by	adding	a	10×	of	complete	medium.	The	clus-
teroids	suspension	was	then	collected	after	settling	and	im-
ages	by	brightfield	and	 fluorescence	microscopy.	The	col-
lected	 co-cultured	 clusteroids	 could	maintain	 their	 struc-
ture	without	the	further	need	of	the	emulsion	template	(Fig-
ure	3C,	D,	G,	H).	Certain	cell	segregation	of	the	two	types	of	
cells	could	be	easily	observed.	Changing	the	ratio	of	the	cells	
slightly	decreased	the	average	diameter	of	the	clusteroids	
since	Hep-G2	cells	have	a	larger	size	than	ECV	304	(Figure	
3I-L).	 In	 comparison,	 the	 individual	 ECV	304	 cells	 have	 a	
slightly	bigger	size	than	the	Hep-G2,	about	5µm,	which	led	
to	the	formation	of	greater	clusteroids.	

	
Here	we	 also	 observed	 the	morphology	 of	 the	 individual	
Hep-G2	and	ECV	304	clusteroids	under	a	fluorescence	mi-
croscope,	and	the	size	of	the	two	kinds	of	clusteroids	was	
measured	using	ImageJ.	Previously,	our	group	has	reported	
a	variety	of	studies	on	the	production	of	different	types	of	
cell	 clusteroids	 using	 an	 ATPS	 Pickering	 emulsions	 tem-
plate.	Here	we	verified	the	feasibility	of	this	method	in	mass	
production	(Figure	S3	A-J,	Figure	S4	A-J)	of	co-cultures	clus-
teroids.	The	co-culture	pattern	of	 the	clusteroids	was	 fur-
ther	evaluated	using	a	confocal	fluorescence	microscope.	As	
can	be	seen	in	Figure	4A-D,	the	Hep-G2/ECV	304	proportion	
in	the	clusteroids	was	in	correspondence	to	the	cell	ratio	be-
tween	the	two	kinds	of	cells	suspended	in	the	droplets.		
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Figure	8.	Bright	field	observation	(A,	B)	and	the	corresponding	Wimasprouts	analysis	(C,	D)	of	the	co-culture	clusteroids	at	a	cell	
ratio	of	1:2	(Hep-G2	 :	ECV	304)	after	3	days	of	culture	 in	1wt%	sodium	alginate	gel.	 (E)	MMP-2	and	IGFBP-1	production	of	 the	
individual	Hep-G2	clusteroids,	ECV	304	clusteroids,	and	the	co-culture	clusteroids	at	a	cell	ratio	of	1:1	after	14	days	of	proliferation	
in	the	gel	(The	initial	cell	number	were	1×106	for	all).	(F)	The	length	of	the	sprouts	in	(C,	D).	The	bar	is	50	μm.	

	
The	size	of	the	co-cultured	clusteroids	showed	a	decremen-
tal	trend	with	increased	Hep-G2	proportion,	from	68	µm	to	
45	µm.	Relative	 to	 the	result	 in	Figure	S3,	S4,	which	 indi-
cates	that	the	ECV	304	has	a	bigger	size	in	individual	or	clus-
tered	cell	form.	The	3D	Z-stacked	images	of	the	co-cultured	
Hep-G2/ECV	304	clusteroids	at	a	cell	ratio	of	1:1	set	at	dif-
ferent	fluorescence	channels	were	shown	in	Figure	4E-G,	as	
could	be	clearly	seen	that	the	two	kinds	of	cells	self-orga-
nized	into	integral	clusteroids.	Figure	4H	shows	the	3D	Z-
stacked	image	of	the	mixture	of	individual	Hep-G2	and	ECV	
304	clusteroids	at	a	cell	ratio	of	1:1,	which	was	set	as	a	con-
trol	 to	check	 if	 the	mixture	of	 two	types	of	 individual	cell	
clusteroids	did	not	migrate	into	each	other	to	form	co-cul-
tured	clusteroids.	Taken	together,	by	altering	the	initial	cell	
proportion,	co-cultured	clusteroids	with	different	cell	ratios	
could	be	obtained	using	the	w/w	emulsion	template.	
Long term proliferation of the co-cultured cell cluster-
oids in sodium alginate gel 
Tissue	 engineering	 and	 drug	 testing	 purposes	 are	 com-
monly	discussed	in	the	application	of	vascularized	cell	clus-
ters.34,35 The	number	of	cell	clusters	required	for	these	two	
purposes	is	of	distinct	differences.	To	meet	these	two	down-
stream	 applications,	 we	 placed	 different	 amounts	 of	 cell	
clusteroids	in	the	gel.	
A	fixed	amount	of	co-cultured	clusteroids	(1×106	cells	per	
mL	for	layered	cell	formation	and	1×105	per	mL	for	single	
cell	type	clusteroid	observation)	was	moved	to	24-well	mi-
croplates	before	mixing	with	the	sodium	alginate	solution.	
This	clusteroid-hydrogel	composite	was	solidified	using	cal-
cium	chloride	solution,	which	allows	the	long-term	prolifer-
ation	of	clusteroids	in	a	supporting	matrix.	The	proliferation	
of	the	clusteroids,	which	were	labeled	by	generational	dyes	
(CFSE	green	for	Hep-G2	and	CFSE	far-red	for	ECV	304),	was	
continually	monitored	by	 fluorescence	microscopy	over	 a	

period	of	14	days.	The	results,	as	shown	in	Figure	5	the	sin-
gle	 clusteroid	with	Hep-G2:	ECV	304	 ratio	of	 1:1	 indicate	
that	the	clusteroids	would	proliferate	slowly	into	a	bigger	
size.	 The	 green	 signal,	which	 tracks	 ECV	 304	 cells,	 domi-
nated	the	co-cultured	clusteroids	after	day	5	as	they	have	a	
significantly	faster	doubling	time	than	the	Hep-G2	cells.	In	
the	2D	monolayer	culture,	the	ECV	304	could	be	split	1	to	16	
in	one	passage	(Figure	5).	With	an	increased	Hep-G2	cell	ra-
tio	(Hep-G2:	ECV	304=5:1),	the	two	types	of	cells	generally	
were	of	similar	quantity	after	14	days	of	proliferation	(Fig-
ure	S4).	For	the	production	of	the	clusteroids	layer,	a	higher	
cell	concentration	(1×106	per	mL)	was	used	to	facilitate	the	
contact	 between	 clusteroids,	 which	 would	 faster	 lead	 to	
clusteroids	fusion	(Figure	S10).	The	clusteroids	proliferate	
to	a	greater	size	before	appropriate	clusteroids	 interfaces	
were	 reached.	 Similarly,	 in	 the	 proliferation	 of	 the	 larger	
amount	of	cell	clusteroids	at	Hep-G2	:	ECV	304	ratio	of	1:1,	
the	domination	of	the	ECV304	is	also	obvious.	The	individ-
ual	 clusteroids	 firstly	 grew	until	 the	 space	between	 them	
was	occupied,	then	the	clusteroids	started	fusing	into	a	tis-
sue-like	 3D	 compacted	 layer.	 The	 confocal	 microscopy	
tracking	of	the	3D	layered	formation	of	clusteroids	indicates	
the	same	layout.	The	thickness	and	dark	color	of	the	sodium	
alginate	 gel	 might	 make	 the	 light	 difficult	 to	 passing	
through,	resulting	in	lower	resolution	figures	collected	from	
the	 3D	 confocal	 images.	 The	 proliferation	 of	 the	 ECV304	
cells	was	much	faster	and	the	green	fluorescence	signal	of	
their	CFSE	stain	was	dominant	on	the	clusteroids	at	the	end	
of	 the	period	of	 observation	 (Figure	6).	Overall,	 these	 re-
sults	 indicate	that	the	w/w	APTS	Pickering	emulsion	tem-
plate	would	be	an	excellent	platform	for	the	fast	prepara-
tion	 of	 either	 individual	 or	 numerous	 co-cultured	 Hep-
G2/ECV	304	at	the	different	ratios	for	drug	testing	or	as	a	
model	for	tissue	engineering	applications.	In	order	to	verify	
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that	our	co-culture	method	enhances	the	cell-to-cell	contact,	
a	series	of	cell	functionality	test	were	carried	out.	

 

Figure	9.	SEM	observation	of	the	(A)	single	cell	 type	Hep-G2	
clusteroids,	(B)	single	cell	type	ECV	304	clusteroids,	(C)	Co-cul-
ture	of	Hep-G2	:	ECV	304	clusteroids	at	a	ratio	of	1:1.		

	

Angiogenic factors produced by co-cultured clusteroids  
The	main	purpose	of	employing	ECV	304	and	Hep-G2	cells	
co-culturing	is	to	identify	the	feasibility	of	vascularization	of	
the	 clusteroids	 in	 a	 co-culture	 pattern.	We	 primarily	 col-
lected	the	supernatant	serum	of	the	clusteroids	cultures	to	
carry	out	a	cocktail	antibody	angiogenesis	assay.	The	co-cul-
tured	clusteroids	were	compared	to	individual	ECV	304	and	

Hep-G2	clusteroids	on	the	production	of	various	angiogen-
esis-related	genes.	As	can	be	seen	from	Figure	7A,	the	pro-
duction	of	a	wide	range	of	angiogenesis-related	genes	was	
boosted,	and	several	genes	were	triggered	in	the	co-culture	
pattern.	The	detailed	detected	genes	in	the	three	different	
types	of	clusteroids	are	shown	in	Figure	S7.	The	feature	of	
these	genes	on	whether	they	are	pro-angiogenesis	or	anti-
angiogenesis	is	given	in	Figure	S8.		
It	could	be	clearly	observed	that	the	co-cultures	showed	a	
dramatic	 increase	 in	 the	 expression	of	 IGFBP-1,	 IL-8,	 and	
VEGF	when	compared	 to	ECV	304	and	HEP-G2	single	 cell	
type	clusteroids	(Figure	7D).	The	production	of	seven	genes	
was	only	detected	in	the	co-cultured	clusteroids,	such	as	Ac-
tivin	A,	Amphiregulin,	Artemin,	and	HB-EGF,	which	are	all	
believed	to	be	pro-angiogenic	(Figure	S7).	The	production	
level	 of	 TIMP-1,	 Serpin-F1,	 and	 Serpin-E1	 was	 not	 en-
hanced.	 	 Serpin-E1	 is	 considered	 as	 an	 inhibitor	of	 tissue	
plasminogen	activator	(tPA)	and	urokinase	(uPA).36	Serine	
proteases	(Serpin	E1,	Serpin	F1)	are	specifically	recognized,	
negative	angiogenic	regulators.37	The	encoded	protein	is	se-
creted	 and	 strongly	 inhibits	 angiogenesis.	 The	 TIMP	 pro-
duction	was	also	highly	connected	to	the	inhibition	of	angi-
ogenesis	by	serving	as	natural	inhibitors	of	the	matrix	met-
alloproteinases	 (MMPs).38	 In	 conclusion,	 the	 angiogenesis	
array	 showed	 that	 the	 co-cultured	platform	 triggered	 the	
release	of	 seven	pro-angiogenesis-related	proteins,	which	
were	not	found	in	either	ECV304	or	HEP-G2	clusteroids.	The	
production	 of	 the	 three	 anti-angiogenesis	 proteins,	 TIMP,	
Serpin-F1,	and	serpin-E1,	was	not	enhanced.	The	imbalance	
of	anti-	and	pro-angiogenic	proteins	could	also	strongly	in-
dicate	 the	 efficiency	of	 co-culturing	patterns	 in	 triggering	
the	blood	vessel	formation.		
In	order	to	verify	the	accuracy	of	the	angiogenesis	kit,	we	
have	performed	several	ELISA	kits	included	VEGF,	IGFBP-1,	
MMP-2,	and	also	a	urea	assay.	VEGF	production	is	one	the	
most	 commonly	 discussed	 angiogenesis-related	 cytokines	
as	it	is	used	as	a	stimulator	on	in	vitro	spheroid	vasculariza-
tion.39,40	We	have	tested	the	VEGF	production	 in	 four	pat-
terns	of	clusteroids	culture	over	14	days	of	culture.	It	could	
be	seen	from	Figure	7B	that	the	overall	production	of	the	co-
cultured	pattern	was	two	times	higher	than	the	rest	three	
patterns.	This	is	also	consistent	with	the	result	in	Figure	7D.	
Another	major	 compound-related	Hep-G2	 functionality	 is	
the	urea	production,	which	also	serves	an	important	role	in	
the	metabolism	of	nitrogen-containing	compounds	by	ani-
mals	and	is	the	main	nitrogen-containing	substance	in	the	
urine	of	mammals.	The	production	of	urea	was	low	on	day	
1,	which	might	be	attributed	to	the	adaptation	stage	in	the	
early	stage	of	cell	co-culture	(Figure	7C).	However,	the	pro-
duction	on	day	3	has	surpassed	the	other	patterns	by	a	huge	
margin.	
Sprouting in cell clusteroids 
The	 cell	 spheroid-based	 sprouting	 assay	 is	 a	 well-estab-
lished	and	robust	method	to	study	the	influence	of	genetic	
alterations	or	pharmacological	compounds	on	capillary-like	
tube	 formation	 of	 primary	 cultured	 endothelial	 cells.	 The	
most	commonly	used	ECM	is	Matrigel.	Here	we	employed	
sodium	alginate	hydrogel	to	perform	the	cell	sprouting	as-
say.		
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Figure	10.	Confocal	observation	of	the	Co-culture	of	Hep-G2	clusteroids	and	ECV	304	clusteroids	at	a	ratio	of	1:1	with	CD34-FITC	
conjugated	labeling	on	individual	clusteroid	(A-C)	and	(D-F)	formed	layer	of	clusteroids.	The	bar	is	200	μm	for	(D-F).	

	
The	length	of	the	clusteroids'	sprouts	could	be	used	to	de-
scribe	the	extent	of	angiogenesis.	In	our	tests,	we	have	ob-
served	that	at	the	Hep-G2	:	ECV	304	ratio	of	1:2,	the	cluster-
oids	may	form	long	sprouts	into	the	sodium	alginate	hydro-
gel	(Figure	8A-D).	The	distinct	cell	ratio	needed	for	sprouts	
formation	might	be	attributed	to	the	unique	cell-cell	inter-
action.	The	single	cell	type,	Hep-G2	or	ECV304,	cell	cluster-
oids	were	not	capable	of	forming	such	capillary	structures.	
When	 performing	 the	 3D	 endothelial	 cell	 sprouts	 assay,	
many	 authors	 add	 VEGF	 externally	 to	 stimulate	 the	 out-
spread	 of	 sprouts.	 However,	 in	 the	 co-culture	 clusteroids	
Hep-G2	 and	 ECV	 304	 cells	 we	 observed	 generation	 of	
sprouts	without	the	addition	of	any	exogenous	substances.	
The	Hep-G2	would	work	as	a	VEGF	drive	engine	to	irritate	
the	ECV	304	cells	to	sprout.41	However,	after	the	clusteroids	
sprouted	to	about	10	µm	on	day	3,	clusteroids	would	only	
generate	more	 sprouts	 instead	 of	 keep	 stretching	 the	 ex-
isted	ones	(Figure	8F).		
The	 MMP-2	 is	 a	 protein	 of	 the	 matrix	 metalloproteinase	
(MMP)	family	that	is	involved	in	the	breakdown	of	ECM	in	
normal	physiological	processes,	 such	as	embryonic	devel-
opment,	reproduction,	and	tissue	remodeling	as	well	as	in	
disease	processes,	such	as	arthritis	and	metastasis.	42	MMP-
2	is	a	crucial	protein	when	the	clusteroids	sprouts	into	the	
ECM.43	The	production	of	MMP-2	in	the	co-cultured	cluster-
oids	was	slightly	enhanced,	about	two	times	higher	than	the	
individual	ECV	304	or	Hep-G2	clusteroids	after	14	days	of	

culture	(Figure	8E).	This	might	be	either	attributed	to	the	
fact	that	the	sprouts	stopped	growing	longer	after	3	days	of	
culture.	 Previously	 reported	 in	 culturing	 carcinoma	
cells/E.C.s,	spheroids	observed	similar	results	that	without	
the	addition	of	VEGF,	the	carcinoma	cells	would	stimulate	
co-cultured	spheroids	to	sprouts.44,45	However,	the	sprout-
ing	ability	of	 the	E.C.s	would	be	reduced	 in	the	co-culture	
pattern.44	SEM	imaging	of	our	clusteroid	samples	also	indi-
cated	the	existence	of	several	tails-like	structures	in	the	co-
cultured	clusteroids	(Figure	9C),	which	was	not	detected	in	
the	individual	clusteroids	(Figure	9A,	B).	

Immunohistochemistry  
Immunohistochemistry	(IHC)	is	the	most	common	applica-
tion	 of	 immunostaining.	 It	 involves	 the	 process	 of	 selec-
tively	identifying	antigens	(proteins)	in	cells	of	a	tissue	sec-
tion	by	exploiting	the	principle	of	antibodies	binding	specif-
ically	 to	 antigens	 in	 biological	 tissues.	 ECV	 304	 cells	 cul-
tured	on	collagen	I	are	strongly	positive	for	CD34	(Blinteg-
rin),	weakly-positive	 for	 CD31,	 and	 negative	 for	 von	Wil-
lebrand	factor.46	So	here,	 the	endothelial	phenotype	of	co-
cultured	clusteroids	was	evaluated	by	immunofluorescent	
staining	for	CD34	of	endothelial	cell	surface	markers.	CD34	
is	 the	marker	 to	select	 for	endothelial	cells	with	a	 tip	cell	
phenotype	in	vitro.	CD34	is	a	highly	glycosylated	transmem-
brane	cell	surface	glycoprotein,	expressed	by	hematopoietic	
stem	and	progenitor	and	on	the	luminal	cell	membrane	of	
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quiescent	endothelial	cells	of	small	blood	vessels	and	lym-
phatics.47	CD	34	was	detected	in	a	single	co-cultured	cluster-
oids	and	the	co-cultured	clusteroids	layer	(Figure	10).	The	
CD34	staining	clearly	 indicated	 the	 tubule	network	 in	 the	
co-cultured	clusteroids	and	would	be	a	shred	of	additional	
evidence	 to	 support	 the	 formation	 of	 the	 blood	 vessels	
within	the	co-cultured	clusteroids.	To	study	the	angiogenic	
behaviours	of	cancer	cells	in	vivo	in	detail,	primary	cell	line	
or	biopsy	tissue	might	be	used	for	precise	cellular	response	
between	 the	 carcinoma	 and	 endothelial	 cells.	 Adherent	
junction	 proteins	 like	 VE-cadherin,	 cytoskeleton	 proteins	
were	key	 factors	 that	would	be	 tested	 in	 these	co-culture	
models	in	future	studies.	

Conclusions 
Here	we	developed	a	facile	and	high	throughput	method	to	
produce	3D	co-culture	of	mixed	cell	Hep-G2/ECV304	clus-
teroids.	The	co-cultured	clusteroids	with	different	cell	 ra-
tios	could	be	obtained	in	the	w/w	Aqueous	Two-Phase	Pick-
ering	emulsion	droplets	 stabilized	by	whey	protein	parti-
cles.	The	long-term	tracking	of	the	co-cultured	clusteroids	
was	successfully	carried	out	using	a	fluorescence	and	con-
focal	microscopy.	The	proliferation	pattern	of	the	single	cell	
type	and	large	amounts	of	the	co-cultured	clusteroids	was	
characterized.	By	changing	the	ratio	 to	1:2	(Hep-G2	 :	ECV	
304)	of	 the	 two	cell	 types	and	applying	a	 low	serum	me-
dium,	the	co-cultured	clusteroids	could	sprout	into	the	ECM	
formed	by	sodium	alginate	hydrogel.	Various	angiogenesis	
genes	production	was	found	to	be	significantly	enhanced	in	
the	co-cultured	clusteroid	pattern.	Enhanced	production	of	
VEGF,	urea,	and	IGFBP	also	indicated	the	angiogenesis	pro-
gress	 triggered	 by	 the	 co-culture	 pattern.	 Immunohisto-
chemistry	assay	also	suggested	the	presence	of	the	angio-
genesis-related	 marker	 CD34.	 This	 co-culturing	 platform	
provides	researchers	with	a	robust	approach	for	fabrication	
of	 various	 co-cultured,	 and	 potentially	 even	 tri-cultured	
clusteroids	 with	 the	 required	 cell	 functionality.	 The	 cells	
utilized	in	our	experiments	could	be	swapped	with	any	cell	
lines	or	primary	cells	cultures.	This	work	would	fill	 in	the	
absence	of	an	easy-to-handle,	high	throughput	production	
of	 vascularized	 co-cultured	 3D	 clusteroids	 in	 vitro,	which	
are	expected	to	be	utilized	in	drug	testing	and	a	variety	of	
tissue	engineering	applications.		
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