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… from chaos to order and back again … 
 

	

I	was	planning	to	have	a	more	inspirational	quote	from	someone	famous	here	but	
I	 read	 this	 somewhere	 and	 it	 felt	 quite	 fitting.	 Maybe	 because	 during	 the	 ion	
concentration	polarization	focusing	the	mixed	analytes	temporarily	separate	and	
they	order	themselves	till	the	device	is	turned	off	and	diffusion	returns	the	system	
to	its	chaotic	mixed	state.	Or	maybe	because	of	the	chaos	I	was	creating	at	my	setup	
just	so	I	can	make	a	nice	ordered	graph	and	then	one	more	chip	ends	up	in	the	
chaos	of	the	trashcan.	No	matter	what	I	thank	you	for	picking	up	this	book	and	I	
hope	you	find	something	useful	in	it.	
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1.1|	Cardiovascular	diseases	
Cardiovascular	diseases	(CVD)	remain	the	number	one	cause	of	death	worldwide,	
accounting	 approximately	 for	 one	 out	 of	 three	 deaths	 (31.8%)1.	 In	 developed	
countries	there	is	a	constant	decrease	in	the	death	rate	that	can	be	accounted	to	
CVD;	e.g.	 in	Europe	 the	CVD	death	rates	dropped	 from	42%	 in	1990	 to	32%	 in	
20171.	 In	 addition,	 there	 is	 a	 significant	 difference	 between	males	and	 females	
(figure	1.1),	where	since	2007	the	number	one	cause	of	death	for	males	in	Europe	
is	 cancer	 instead	 of	 CVD.	 Despite	 the	 decrease	 in	mortality	 over	 the	 years,	 on	
average	CVD	remains	the	leading	cause	of	death	in	Europe	and	accounts	annually	
for	1.9	million	deaths	with	an	estimated	cost	of	almost	€196	billion2.	Despite	these	
numbers,	 CVD	 can	 be	 successfully	 treated	 when	 detected	 early	 and	 managed	
according	 to	 best	 practices.	 Therefore,	 having	 efficient	 detection	 tools	 for	 the	
implementation	 of	 preventive	 testing	 and	 early	 diagnosis	 is	 a	 key	 factor	 for	
reducing	CVD	mortality	rates. 

	
Figure	1.1	-	Cause	of	death	in	European	Union	in	2017	(left	–	male,	right	–	female)1	

1.2|	The	Phocnosis	project	
This	 thesis	work	 took	 place	 in	 the	 context	 of	 the	 EU	 Horizon	 2020	 Phocnosis	
project.	“The	Phocnosis	project	aims	at	developing	an	ultra-sensitive,	compact	and	
low-cost	point-of-care-testing	(POCT)	device	based	on	nanophotonic	and	micro-
/nanofluidic	technology	for	its	application	to	minimally	invasive	early	diagnosis	of	
CVD.	The	success	of	such	a	POCT	device	will	significantly	help	to	reduce	the	actual	
costs	designated	for	early	diagnosis	and	to	implement	mass	screening	programs,	
allowing	 a	 significant	 contribution	 to	 the	 improvement	 of	 the	 citizens’	 health	
status	and	to	the	sustainability	of	healthcare	systems”	(https://phocnosis.eu/).	
	
The	device	will	consist	of	a	disposable	cartridge	and	a	reusable	read-out	control	
device.	The	disposable	cartridge	operates	based	on	two	principles:		

i) An	 antibody-coated	 nanophotonic	 sensor	 that	 will	 provide	 a	 high	
sensitivity	 label-free	 detection	 of	 very	 low	 concentrations	 of	 targeted	
biomarkers.	The	aimed	detection	limit	of	these	sensors	is	below	1	μg	L-1.	
Despite	the	high	sensitivity	of	the	photonic	sensor	the	concentration	of	the	
biomarkers	of	interest	will	still	be	below	the	limit	of	detection,	namely	in	
the	ng	L-1	range.		
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ii) A	 microfluidic	 system	 responsible	 for	 concentrating	 the	 targeted	
biomarkers	 approximately	 1000-fold	 and	 separating	 them	 out	 of	 their	
complex	environment.	This	part	is	the	goal	of	this	thesis.	

	
		
1.3|	The	biomarker	
The	 Phocnosis	 analysis	 device	 will	 determine	 the	 diagnosis	 based	 on	 the	
concentration	of	specific	biomarkers	present	in	whole	blood.	The	biomarkers	that	
were	chosen	are	cardiac	troponin	I	(cTn-I)	and	cardiac	troponin	T	(cTn-T)	which	
are	the	golden	standard	for	current	diagnosis	for	many	CVDs.	
	
Cardiac	 troponins	 (cTn)	 regulate	 the	contractibility	of	 the	cardiac	muscles.	 cTn	
come	in	a	complex	of	cTn-I,	cTn-C	and	cTn-T.	A	simplified	schematic	of	the	role	of	
troponin	is	shown	in	figure	1.2.	In	short,	the	muscle	contractibility	regulation	by	
cTn	is	as	follows3,4.	The	cardiac	muscle	(i.e.	myosin	fibers)	is	covered	by	an	actin	
filament	made	from	actin	fibers.	cTn-I	is	bound	to	actin	and	cTn-C,	while	cTn-T	is	
bound	 to	 tropomyosin	 and	 cTn-C.	Due	 to	 various	activation	 biomolecules,	with	
calcium	binding	on	cTn-C	being	recognized	as	the	most	dominant	mechanism,	cTn-
I	is	detached	from	actin,	opening	up	binding	sites	on	actin.	The	myosin	head	of	the	
myosin	 fiber	 can	 now	 bind	 on	 these	 free	 actin	 sites.	 The	 interaction	 between	
myosin	and	actin	results	in	the	motion	of	the	muscle3.	The	more	actin	binding	sites	
are	 attached	 to	 cTn-I,	 the	 less	 available	 binding	 sites	 for	 myosin	 are	 present	
making	the	muscle	less	contractible.	 In	the	case	of	a	CVD,	for	example	an	acute	
myocardial	 infraction	 (heart	 attack),	 the	 cardiac	 muscle	 is	 getting	 damaged	
thereby	 releasing	 a	mixture	 of	 free,	 complex	 and	 post	 translationally	modified	
forms	 of	 troponins	 in	 the	 blood	 stream	 resulting	 in	 elevated	 concentrations	 of	
cardiac	troponins5.	This	 increased	concentration	of	troponins	(mainly	cTn-I	and	
cTn-T)	is	therefore	a	widely-used	biomarker	for	CVDs. A	table	of	some	important	
physiochemical	properties	of	the	troponins	is	shown	in	table	1.	
	
	

	
Figure	1.2	–	Schematic	of	cTn	regulation	of	the	muscle	contractibility	mechanism.	(left)	cTn-
I	is	bound	to	an	actin	binding	site	prohibiting	myosin	to	attach	to	it.	(right)	cTn-C	reacts	with	
4	calcium	molecules	and	“unlocks”	the	cTn-I	detaches	from	actin	allowing	myosin	to	anchor	
to	the	actins	binding	site	and	the	muscle	motion	can	take	place.	Schematic	not	in	scale.	
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Table	1.1	-	Physiochemical	properties	of	cardiac	Troponins	

Protein	 Charge	[e-]	
(at	pH	7)	

Molecular	
Weight	

Isoelectric	point	

Troponin	I		 8.96		 23.9	kDa	 9.57	
5.5,	6.38	
>7	9	

Troponin	I	
phosphorylated	

p-	6.9	
pp-	4.9	
*	

p-23.997	kDa	
pp-24.077	kDa10	

5.4	and	7-88	

Troponin	T	 -21.96	 36	kDa	 4.811	
Troponin	C	or	
complexes	

-29.16	 18.4	kDa	
161	amino	acids	

4.17	6	

*Phosphate	pKa	(2.2,	7.2	(5.8	as	an	ester)	and	12.4)	
p-	single	phosphorylazation	
pp-	double	phosphorylation	
	
After	protein	biosynthesis,	proteins	can	undergo	various	covalent	and	enzymatic	
modifications	known	as	post-translational	modifications	(PTMs).	There	is	a	wide	
variety	 of	 PTMs	 that	 range	 from	 modifying	 existing	 functional	 groups	 or	
introducing	new	ones,	to	cleavage	of	peptide	bonds	or	creation	of	disulfide	bonds.	
A	wide	variety	of	isoforms	and	PMTs	of	troponins	have	been	reported	(e.g.	for	cTn-
I	more	than	20	isoforms	have	been	identified10).		
The	introduction	of	a	phosphate	group	known	as	phosphorylation,	 is	one	of	the	
most	 common	 PTMs12.	 PTMs	 of	 troponin	 are	 found	 both	 on	 physiological	 and	
pathological	conditions13.	Phosphorylation	of	troponins	(I	and	T)	also	contributes	
to	the	regulation	of	cardiac	muscle	contractility10.	In	healthy	human	cardiac	tissue	
approximately	 56%	of	 all	 the	cTn-I	exists	 in	 a	 phosphorylated	 form	 (mono-	 or	
biphosphorylated).	For	a	pathological	condition	such	as	chronic	heart	failure,	the	
percentage	of	phosphorylated	cTn-I	drops	to	1%	making	specific	PTMs	appealing	
biomarkers10.			
In	 clinical	 devices	 that	 only	 depend	 on	 an	 immunoreaction	 to	 determine	 the	
cardiac	troponin	cTn-I	and	cTn-T	concentrations,	the	existence	of	PTMs	of	both	
proteins	 affects	 their	 immunoreactivity	 but	 is	 of	 less	 importance14.	 When	
preconcentration	 by	 an	 electrophoretic	 method	 (like	 our	 approach)	 is	 used	
however,	a	 change	 in	 the	 shape,	 charge	and	 isoelectric	point	may	have	 serious	
implications.	

 

1.4|	Microfluidic	separation	and	concentration	of	charged	
species	
1.4.1|	Microfluidics	
The	current	cTn	quantification	methods	require	highly	sensitive	assays	such	as	
Enzyme-Linked	 Immunosorbent	 Assay	 (ELISA),	 that	 require	 a	 large	 volume	 of	
sample	 (typically	 5mL	 of	 blood	 is	 extracted	 from	 the	 patient).	 Also,	 the	 time	
between	extracting	the	sample	to	answer	is	1-2	hours	which	in	the	case	of	acute	
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myocardial	 infraction	 could	 be	 too	 long	 for	 the	 treatment	 of	 the	 patient.	 In	
addition,	ELISA	 is	a	 labor-intensive	process	with	multiple	washing	steps	which	
either	 requires	 trained	personnel	 (low	 volume	of	 tests)	 or	 highly	 sophisticated	
expensive	 bulky	 central	 devices	 (big	 volume	 of	 tests).	 Both	 cases	 result	 in	 an	
increased	price	per	test.	Microfluidics	offer	several	advantages	over	typical	 lab-
oriented	approaches.		

i) Low	sample	volume.	In	most	microfluidics-based	devices	only	one	
or	two	droplets	of	sample	is	needed	which	can	be	extracted	with	a	
finger	 prick.	 A	 typical	 example	 usually	 given	 is	 the	 commercially	
available	glucose	meter	for	diabetics.	

ii) Inexpensive.	 Medical	 diagnosis	 devices	 that	 involve	 human	 blood	
must	be	disposable	to	avoid	cross	contamination	between	samples.	In	
the	early	days	of	microfluidics,	these	devices	were	made	of	glass	with	
cleanroom	microfabrication	techniques.	Therefore,	the	price	per	chip	
was	relatively	high,	limiting	the	use	of	microfluidics.	Recent	advances	
in	material	science	has	provided	us	with	inexpensive,	high	quality	and	
mass	 producible	 polymers	 (such	as	Cyclic	 olefin	copolymer	 (COC))	
reducing	the	price	per	chip	to	a	few	cents.		

iii) “Fast”.	Due	to	the	small	channel	size	in	microfluidics,	the	surface	to	
volume	ratio	is	high	resulting	in	fast	analyte	transport	towards	the	
surface.	 This	 is	 a	 critical	 aspect	 when	 it	 comes	 to	 immunoassays	
where	the	antigen	must	reach	the	antibody	on	the	surface.	In	the	case	
of	bulk	assays	(e.g.	 in	a	well	plate)	the	antibody	antigen	reaction	is	
limited	by	mass	transport;	in	microfluidics	the	assay	can	be	operated	
in	 the	 reaction-limiting	 regime	 when	 the	 right	 conditions	 are	
applied15–17.	The	 fast	mass	 transport	 to	 the	surface	 results	 in	 short	
sample-to-answer	times.	

iv) Highly	controllable.	Due	to	the	small	size	in	microfluidics,	the	liquid	
velocity,	 electric	 field,	 chemical	 gradients	 and	 temperature	 can	 be	
controlled	on	the	nano-	to	microscale,	opening	ways	for	new	analysis	
methods.	

v) Lab-on-a-chip.	 Microfluidics	 have	 a	 small	 footprint	 making	 them	
ideal	for	POTC	devices	with	no	need	for	centralized	diagnosis.	Using	
the	glucose	meter	example	again,	the	diabetic	can	measure	his	glucose	
levels	 and	 regulate	 his	 medicine	 intake	 by	 himself,	 where	 in	 past	
regular	visits	to	the	physician	were	required.	

	
1.4.2|	Electrokinetic	separations	
Electrophoresis	is	the	motion	of	charged	particles	or	molecules	relative	to	a	fluid	
due	 to	an	 applied	 electric	 field.	The	 electrokinetic	motion	 of	 particles	was	 first	
reported	by	the	Russians	Strakhov	and	Reuss	in	1807	more	than	two	centuries	
ago18.	Since	then,	countless	research	and	applications	have	used	electrophoresis.	
A	 google	 scholar	 search	 on	 “electrophoresis”	 returns	 more	 than	 3.1	 million	
scientific	 articles,	 abstracts	and	patents.	Later	capillary	electrophoresis	and	 gel	
electrophoresis	proved	to	be	powerful	analytical	tools.	These	techniques	find	wide	
applications	in	chemistry,	biology	and	medicine.	With	the	development	of	Lab-on-



Chapter	1	
	

	 17	

	

a-chip	systems	(μTAS19–21),	a	vast	amount	of	capillary	and	column	electrokinetic	
separation	methods	were	adapted	to	microfluidics,	taking	advantage	of	better	heat	
dissipation	and	microscale	control	of	 flows	and	fields22–35.	Later	techniques	that	
combine	concentration	and	separation	were	also	adapted	to	microfluidics	chips,	
such	as	isoelectric	focusing,	isotachophoresis,	temperature-gradient	focusing	and	
field-amplified	sample	stacking36–41.	
	
In	 2005	 Wang	 et	 al.42	 introduced	 a	 new	 focusing	 method	 and	 demonstrated	
concentration	 factors	 in	 the	 order	 of	 millions.	 The	 method	 was	 using	 the	
differential	migration	of	charged	species	in	an	electric	field	gradient	established	
via	 the	 phenomenon	 of	 ion	 concentration	 polarization	 (ICP).	 They	 named	 the	
method	 ion	 concentration	 polarization	 focusing	 (ICPF).	 Later	 Quist	 et	 al.43	
demonstrated	 also	 separation	 in	 a	 similar	 system.	Focusing	 techniques	 such	as	
isotachophoresis	 and	 isoelectric	 focusing	 require	 the	 application	 of	 specific	
electrolytes	whose	preparation	can	be	a	tedious	process.	In	contrast	in	ICPF,	the	
only	electrolyte	needed	is	the	sample	itself	making	the	process	very	appealing	for	
integration	in	medical	devices.	Hence	ICPF	was	chosen	for	the	concentration	and	
separation	of	cardiac	biomarkers	for	the	Phocnosis	project.	
	
1.4.3|	Ion	concentration	polarization	focusing	
For	the	mechanism	of	ICPF	the	reader	is	referred	to	Chapter	4	and	to	the	recent	
work	of	Ouyang	et	al44.	In	this	section	the	design	choices	for	the	ICPF	devices	will	
be	discussed.	The	microfluidic	chip	was	designed	for	integration	in	the	Phocnosis	
project;	hence	specific	requirements	should	be	met:	

i) Inexpensive.	A	limit	to	the	price	of	the	cartridge	was	set	to	€2.	The	
cartridge	will	 include	a	photonic	 sensor	and	 the	antibodies	 for	 the	
assay,	hence	the	price	of	the	microfluidic	system	should	be	as	low	as	
possible.	Polycarbonate	and	COC	were	chosen	as	materials	and	 the	
chip	design	should	be	suitable	for	fabrication	with	hot	embossing	in	
which	one	of	the	consortium	members	is	specialized.	

ii) Suitable	for	operation	with	human	serum.	The	ICP	phenomenon	is	
strongly	dependent	on	the	salt	concentration	of	the	electrolyte.	The	
ion	perm-selective	material/region	needed	for	ICP	should	be	selective	
in	salt	concentrations	present	in	human	serum.	

iii) Tunable	 focusing	position.	The	biomarkers	will	be	separated	and	
concentrated	via	ICPF.	The	focusing	location	of	the	analytes	should	be	
tunable	so	that	the	analytes	are	concentrated	on	top	of	the	photonic	
sensor.	

	
Since	its	introduction,	there	are	multiple	designs	for	ICPF.	The	first	type	of	design	
variation	is	 in	the	ion	perm-selective	region	required	for	the	ICPF,	where	either	
nanochannels	 (microfabricated42,43,45	 or	 via	 electrical	 breakdown	 of	 small	
junctions46)	 or	 an	 ion	 perm-selective	 polymer	 (Nafion)	 is	 used.	 There	 are	 two	
disadvantages	to	the	nanochannel	approach.	First,	the	microfabrication	process	is	
an	 expensive	 and	 non-trivial	 process.	 It	 is	 not	 applicable	 to	 polymers	 and	 not	
suitable	for	mass	production.	Second,	the	ion	permselectivity	of	nanochannels	in	
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high	 concentration	 electrolytes	 is	 limited.	 The	 permselectivity	 in	 nanochannels	
arises	from	the	cationic	species	that	are	accumulated	in	the	electric	double	layer	
due	to	the	negative	charge	on	the	walls	of	the	nanochannel	(often	SiO2	walls).	A	
typical	measure	of	selectivity	is	the	dimensionless	Dukhin47	number	(𝐷𝑢)	which	is	
the	ratio	between	surface	(𝐺%[𝑆])	and	bulk	(𝐺)[𝑆])	conductance:	
	

𝐷𝑢 =
𝐺%
𝐺)
		(1.1)	

	
Strong	 ion	 concentration	 polarization	 (ICP)	 effects	 have	 been	 reported	 for	
Du>148,49	 despite	 the	 non-overlapping	 electric	 electric	 double	 layers	 of	 the	
nanochannel	walls.	Nevertheless,	in	order	to	achieve	a	Du	>	1,	a	nanochannel	with	
characteristic	length	of	2-5nm	is	required	depending	on	the	surface	charge	of	the	
material.	The	fabrication	of	any	feature	at	this	scale	is	extremely	challenging.	
For	these	two	reasons	we	decided	to	work	with	ion	selective	polymers	(Nafion)	
instead	of	microfabricated	nanochannels50.	The	polymer	chains	in	Nafion	form	a	
complex	network	of	nanopores.	In	addition,	a	high	number	of	functional	charged	
groups	are	typical	present	in	the	polymer.	In	Nafion	there	is	one	sulfonate	group	
for	every	21	water	molecules51,52	making	the	molecule	highly	negatively	charged	
in	physiological	pH	(Figure	1.3).	Many	application	of	ICPF	has	been	demonstrated	
using	Nafion	in	high	electrolyte	concentration53,54.	
	

	
Figure	 1.3	 –	 Schematic	 of	 structure	 of	 Nafion.	 Nafion	 forms	 nanochannels	 out	 of	
hydrophobic	 tetrafluoroethylene	 (TFE)	 backbone.	 The	 hydrophobic	 tails	 are	 pointing	
towards	the	center	of	the	channel	and	terminated	by	hydrophilic	sulfonate	groups.	Figure	
adapted	by52	 
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The	second	variation	between	the	ICPF	devices	is	in	the	way	Nafion	is	introduced	
in	 the	microfluidic	 device.	Nafion	 resin	 is	 typically	 used	 in	microfluidics	which	
after	evaporation	of	 the	resin	solvents	 results	 in	a	solid	Nafion	membrane.	One	
approach	reported	by	Kim	et	al.55	is	to	make	a	small	cut	between	two	channels	in	
a	poly(dimethylsiloxane)	(PDMS)	device	and	use	the	Nafion	resin	to	seal	the	cut	
and	create	a	vertical	membrane	between	the	channels	(Figure	1.4).		Although	this	
approach	results	in	high	throughput	through	the	Nafion	membrane	due	to	its	large	
cross-sectional	area,	it	is	only	applicable	for	soft	polymers	such	as	PDMS.		
	
	

Figure	1.4	-	Schematic	of	the	self-sealing	Nafion	membrane.	Figure	adapted	by	55		

	
Another	approach	is	the	fabrication	of	a	planar	Nafion	membrane,	where	Nafion	
resin	 is	either	stamped	or	patterned	on	a	glass	 substrate	and	 the	PDMS	chip	 is	
bonded	 on	 top50	 (figure	 1.5).	 This	 is	 the	 most	 popular	 approach	 found	 in	
research53,56,57	because	of	its	simplicity	and	ease	of	use.	Nevertheless,	the	planar	
Nafion	membrane	has	a	sub-micrometer	thickness	limiting	the	throughput	of	the	
applications.	The	determining	reason	for	not	using	this	method	in	the	Phocnosis	
project	 is	 the	 requirement	 for	 an	 addition	 alignment	 step	 since	 the	 Nafion	
membrane,	the	fluidic	chip	and	the	photonic	sensor	must	in	the	final	production	
be	 aligned.	 The	 addition	 of	 an	 extra	 alignment	 step	 will	 make	 the	 process	
cumbersome	and	the	intra-chip	variation	will	be	increased.	
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Figure	1.5	–	Fabrication	methods	of	planar	Nafion	membrane.	Figure	adapted	by	50	

	
The	last	method	for	fabrication	of	the	Nafion	membrane,	which	is	the	method	we	
chose,	 is	 the	 patterning	 and	 pinning	 of	 the	 Nafion	 resin	 with	 capillary	 forces	
(Figure	1.6)58.		This	method	creates	Nafion	membranes	with	high	cross-sectional	
area	and	with	no	need	for	an	alignment	step	since	the	capillary	valve	location	is	
integrated	 in	 the	microfluidic	design.	In	addition,	 the	method	 is	applicable	 to	a	
wide	 variety	 of	 materials.	 A	 disadvantage	 of	 the	 method	 is	 that	 Nafion	 resin	
experiences	 significant	 shrinkage	 during	 the	 solvent	 evaporation,	 occasionally	
forming	open	microgaps	between	the	separation	channel	and	the	buffer	channels.	
In	 order	 to	 prevent	 hydrodynamic	 bulk	 flow	 through	 these	 gaps	 between	 the	
separation	and	buffer	channels,	we	demonstrated	that	the	buffer	channels	can	be	
filled	with	agarose	gel.	
	
The	last	type	of	variation	between	ICPF	devices	is	the	electric	actuation	scheme.	
Either	 two	 or	 three	 electric	 potentials	 are	 used.	 In	 the	 case	 of	 the	 two	 point	
actuation	(at	the	two	reservoirs	of	the	separation	channel),	the	focusing	location	
is	determined	by	the	electric	resistance	of	the	channel,	unless	an	external	pressure	
driven	flow	is	applied	through	the	system53.	Despite	the	simplicity	of	the	operation	
scheme	of	this	method,	the	tunability	of	the	focusing	locations	is	very	limited.	In	
the	three	point	actuation	(at	the	two	reservoirs	of	the	separation	channel	and	at	
the	 reservoir	 of	 the	 buffer	 channels)	 the	 focusing	 location43	 and	 the	 analyte	
electrophoretic	mobility	window	that	ICPF	can	focus45	 is	regulated	by	the	three	
actuation	potentials.	The	enhanced	tunability	of	ICPF	in	the	three-point	actuation	
method	was	the	decisive	factor	to	choose	for	this	method	in	the	Phocnosis	project.	
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Figure	1.6	-		Schematic	of	capillary	based	patterning	of	Nafion.	Figure	adapted	from	58	

	
1.5|	Thesis	outline	
In	chapter	2	 the	phenomenon	of	 ICP	 is	 investigated	as	 single	particle	porosity	
differentiation	tool.	Mesoporous	particles	under	an	electric	field	can	induce	ICP	
due	 to	 their	 ion	permselectivity.	As	described	earlier,	 the	selectivity	 is	 strongly	
dependent	 on	 the	 electrolyte	 concentration.	 A	 different	 particle	with	 different	
porosity	 will	 have	 a	 different	 ICP	 response	 with	 respect	 to	 the	 electrolyte	
concentration.	Hence	the	ICP	can	be	used	for	differentiation	of	particle	porosity.	
As	mentioned	above,	in	our	devices	the	Nafion	resin	is	introduced	and	patterned	
via	capillary	forces.	In	chapter	3	we	propose	a	novel	3D	capillary	stop	valve	for	
patterning	liquids	in	microfluidics	chips.	The	proposed	geometry	is	a	combination	
of	capillary	stop	valves	and	open	microfluidics59,60.	To	demonstrate	its	capabilities,	
we	use	the	method	for	patterning	of	antibodies.	A	similar	setup	can	be	used	for	
patterning	phase	change	materials	such	as	Nafion	resin	and	hydrogels.	
During	the	initial	experiments	for	integration	of	the	different	technologies	used	by	
the	 various	 partners	 in	 the	 Phocnosis	 project	 two	main	 challenges	 arose.	First,	
while	 the	 functionality	of	antibodies	was	validated	and	quantified	in	controlled	
background	(1x	Phosphate	buffer	saline	with	1%	human	blood	serum),	the	results	
could	not	be	replicated	when	the	experiments	were	repeated	in	full	human	blood	
serum	and	even	high	concentrations	(in	the	range	mgL-1)	of	cTn-I	and	cTn-T	could	
not	 be	 detected.	 The	 second	 challenge	was	 the	 effect	 of	 ICPF	 on	 the	 photonic	
sensor.	The	photonic	sensor	is	fabricated	in	silicon	and	operates	in	the	infrared	
range	(1650nm).	The	electric	field	changes	the	optical	properties	(absorption	and	
refractive	index)	of	silicon	due	to	the	optoelectrical	effect61	reducing	the	sensitivity	
of	the	sensor.	Both	challenges	could	in	the	future	possibly	be	overcome	by	first	
concentrating	and	separating	the	analytes	and	then	extract	them	and	place	them	
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on	 top	 of	 the	 antibody	 coated	 sensor.	 Several	 techniques	 to	 enable	 this	 are	
presented	in	this	thesis.	
In	chapters	4,	5,	and	6	three	different	methods	for	extracting	analytes	in	ICPF	are	
proposed.	In	chapter	4	two	extraction	channels	are	introduced	in	a	typical	ICPF	
setup	and	selective	extraction	of	concentrated	anionic	analytes	was	demonstrated.	
The	extracted	analytes	were	concentrated	300	times	but	the	throughput	of	sample	
was	low	(in	the	nL	min-1	range).		
In	chapter	5	we	aim	for	a	high-throughput	ICPF	variant	in	a	free-flow	format.	In	
free-flow	 separation	 the	 analyte	 separation	 is	 perpendicular	 to	 the	 flow	of	 the	
sample.	 We	 report	 a	 throughput	 in	 the	 μL	 min-1	 range	 while	 separating	 and	
concentrating	the	analytes	up	to	17	times	in	human	blood	serum.		
In	the	approaches	presented	in	chapters	4	and	5	the	extracted	analytes	are	prone	
to	diffusion	which	will	reduce	the	achieved	concentration	factors.	In	chapter	6	we	
propose	the	integration	of	a	droplet	generator	which	is	able	to	package	analytes	in	
highly	 concentrated	 droplets	 (up	 to	 100	 times	concentration	 is	 demonstrated).	
The	droplet	generator	is	able	to	operate	as	a	droplet-on-demand	or	continuous	
generator	 without	 the	 need	 for	 active	 elements	 such	 as	 valves	 and	 without	
interfering	with	the	ICPF	process.	
In	all	our	experiments	and	most	of	the	reported	work	in	literature	the	ICPF	process	
is	monitored	by	fluorescent	analytes.	This	approach	is	not	feasible	in	the	Phocnosis	
project	where	 a	 POCT	device	will	 be	 used	 for	 automating	 the	 ICPF	process.	 In	
chapter	7	we	propose	a	method	to	control	and	predict	the	focusing	location	of	
analytes	in	the	chip	by	monitoring	the	electric	current	through	the	microfluidic	
system.	Current	monitoring	has	been	used	in	other	electrokinetic	methods	and	is	
highly	integrable	and	suitable	for	automation	of	the	ICPF	process.	
Finally,	in	chapter	8	we	summarize	the	work	that	was	done	in	this	thesis	and	we	
give	recommendations	for	future	work.	
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Chapter 2 
Ion	Concentration	Polarization	for	

MicroParticle	Mesoporosity	
Differentiation 

 
Microparticle	 porosity	 is	 normally	 determined	 in	 a	 bulk	 manner	 providing	 an	
ensemble	 average	 that	 hinders	 establishing	 the	 individual	 role	 of	 each	
microparticle.	 On	 the	 other	 hand,	 single	 particle	 characterization	 implies	
expensive	 technology.	 We	 propose	 to	 use	 ion	 concentration	 polarization	 to	
measure	 differences	 in	mesoporosity	 at	 single	 particle	 level.	 Ion	 concentration	
polarization	occurs	at	the	interface	between	an	electrolyte	and	a	porous	particle	
when	 an	 electric	 field	 is	 applied.	 The	 extent	 of	 ion	 concentration	 polarization	
depends,	 amongst	 others,	 on	 the	 mesopore	 size	 and	 density.	 By	 using	 a	
fluorescence	marker	we	could	measure	differences	in	concentration	polarization	
between	particles	with	3	nm	and	13	nm	average	mesopore	diameters.	A	qualitative	
model	was	developed	in	order	to	understand	and	interpret	the	phenomena.	We	
believe	 that	 this	 inexpensive	 method	 could	 be	 used	 to	 measure	 differences	 in	
mesoporous	particle	materials	such	as	catalysts.	
 

 

 

 

This	 chapter	 is	 based	 on	 the	 publication:	 Miguel	 Solsona+,	 Vasileios	 A.	 Papadimitriou+,	
Wouter	Olthuis,	Albert	 v.d.	Berg	and	Jan	C.	T.	Eijkel.	 “Ion	Concentration	Polarization	for		
MicroParticle	Mesoporosity	Differentiation	“	Langmuir	2019,	+	Both	authors	contributed	
equally.	https://doi.org/10.1021/acs.langmuir.9b00802.	
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2.1|	Introduction	
Porous	materials	are	key	components	in	many	fields	that	rely	on	their	void	volume,	
network	distribution,	and	pore	size	and	shape.1–3	They	are	particularly	interesting	
in	applications	such	as:	catalysis,	supercapacitors,	fuel	cells	and	batteries,	due	to	
their	unique	interaction	with	atoms,	ions	and	molecules	at	the	nanometer	and	sub-
nanometer	scale.	In	chemistry,	in	particular	heterogeneous	catalysis,	the	porosity	
of	solid	materials	is	normally	used	to	enhance	the	available	area	in	contact	with	
reagents	and	products,	thus	increasing	the	activity	per	unit	volume.4	In	practice	a	
porous	 catalyst	 is	 used	 or	 a	 catalyst	 support	 with	 immobilized	 nanoparticles.	
However,	 small	 differences	 in	 the	 porosity	 of	 these	 materials	 can	 cause	 large	
variations	in	mass	transport	of	reagents	through	the	pores	which	can	result	in	a	
reduction	or	even	loss	of	catalyst	activity.5–7	Normally,	these	catalysts	or	catalyst	
supports	 are	 fabricated	 in	 batch	 reactors	 in	 a	 non-controlled	 but	 reproducible	
manner,	resulting	in	large	inter-	and	intra-particle	heterogeneities.		
Nanopores	 are	 generally	 subdivided	 into	 three	 groups	 depending	 on	 the	 pore	
dimensions:	micro	(<2nm),	meso	(2-50nm)	and	macropores	(>50nm).	There	are	
many	techniques	available	to	measure	the	pore	size	distribution	of	nanoporous	
materials,	 where	 the	 most	 popular	 ones	 are	 based	 on	 gas	 adsorption,	 fluid	
intrusion,	microscopy	and	spectroscopy	5,8–12.	The	Brunauer-Emmett-Teller	(BET)	
method	uses	the	adsorption	of	chemically	inert	gases	on	the	porous	material	walls	
to	determine	the	available	surface	area	in	the	volume	measured.13	The	pore	size	
distribution	can	also	be	derived	from	the	pressure	needed	to	drive	flow	of	fluids	
such	as	Hg	into	the	porous	media.14	Both	methods	are	widely	used	but	the	volumes	
of	 porous	material	 needed	are	 large,	 providing	 an	ensemble	 averaged	porosity	
instead	 of	 the	 porosity	 of	 single	microparticles.	For	 the	 latter,	 amongst	 others,	
Scanning	Electron	Microscopy	(SEM)	and	X-Ray	diffraction	are	used	to	determine	
meso-	and	macroporosity	at	single	microparticle	level.	These	methods,	however,	
imply	 the	 use	 of	 expensive	 technology	 and	 can	 study	 only	 very	 small	
quantities.7,15,16	Therefore,	new	ways	to	measure	the	porosity	of	particles	at	the	
single-particle	level	are	needed	in	order	to	understand	and	increase	the	efficiency	
of	porous	systems.		In	this	study,	Ion	Concentration	Polarization	(ICP)	is	used	to	
measure	the	mesoporosity	at	single	particle	level.	ICP	occurs	at	the	interfaces	of	an	
ion-permselective	material	and	free	solution	on	application	of	an	electrical	field.17–
20	 It	 results	 in	 the	 formation	 of	 ion	 accumulation	 and	 depletion	 zones	 at	 the	
opposite	sides	of	the	material	due	to	the	ion	flux	imbalance	between	free	solution	
and	 inside	 the	 particle,	 see	 Figure	 2.1a.	 Porous	 materials	 become	 ion-
permselective	when	their	pore	dimensions	are	of	the	order	of	the	electrical	double	
layer	thickness	at	the	pore	walls	(typically	nanometer	scale).		
	
Here,	we	propose	to	use	ICP	in	a	microfluidic	system	to	analyze	the	mesoporosity	
of	 two	 types	of	porous	polystyrene	particles	with	different	mesoporosities.	We	
first	present	an	approximative	theory	describing	ICP	at	single	particle	level.	Then,	
we	show	measurements	and	analysis	of	the	ICP	experimental	fluorescent	response	
of	both	types	of	particles	at	different	electrolyte	concentrations	using	a	fluorescent	
dye	marker	with	constant	concentration.	
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Figure	2.1	-	(a)	Schematic	of	 ICP	at	a	cation-selective	porous	particle.	The	depletion	and	
accumulation	zones	are	 indicated.	(b)	Schematic	of	 the	porous	particle	under	an	electric	
field.	ICP	occurs	as	a	result	of	the	ion	flux	imbalance	at	the	particle	/solution	interfaces	as	
shown	by	the	flux	vectors	and	the	electrical	transport	numbers	t	in	the	particle	and	solution.	
At	the	anodic	side,	a	depletion	zone	is	formed	close	to	the	interface	of	the	particle	while	an	
enrichment	zone	is	formed	at	the	cathodic	side.	For	simplicity	a	solution	is	assumed	with	a	
1:1	electrolyte.		

	
2.2|	Theory	
Figure	2.1b	shows	the	mechanism	of	ICP,	occurring	when	a	uniform	electric	field	
is	applied	across	a	porous	ion-permselective	particle.	ICP	occurs	when	a	difference	
exists	in	the	fraction	of	the	current	that	is	carried	by	the	different	ionic	species	in	
particle	and	bulk	solution,	and	involves	gradients	in	the	migration	and	diffusion	
fluxes.	The	ion	permselectivity	of	the	particles	is	caused	by	the	difference	in	ionic	
concentration	 composition	 in	 the	mesopores	 and	 the	 bulk.	 Assuming	 negative	
surface	charge	on	the	pore	walls,	more	cations	are	present	in	the	solution	in	the	
pores	due	to	electroneutrality,	and	therefore	more	current	will	be	carried	by	the	
cations	 in	 the	pores	 than	by	 the	anions	when	compared	 to	 the	bulk	solution.	A	
depletion	zone,	where	the	concentrations	of	all	ionic	species	will	be	lower	than	in	

a	

b	
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the	bulk,	will	then	form	at	the	anodic	side	of	the	particle	(left	side	on	Figure	2.1b).	
An	accumulation	zone,	where	the	concentration	of	all	ionic	species	will	be	higher	
than	in	the	bulk,	will	form	on	the	cathodic	side	(right	side	on	Figure	2.1b).	In	the	
depletion	and	accumulation	zones	additional	diffusion	fluxes	maintain	a	steady-
state	constant	flux	of	cations	and	anions.	In	order	to	quantify	the	extent	of	ICP	we	
use	 a	 fluorescent	 reporter	 ion	 and	 measure	 the	 difference	 of	 its	 fluorescent	
intensity	 in	 the	 depletion	 and	 accumulation	 zones	 during	 4	 sec	 over	 several	
alternating	 potential	 cycles	 assuming	 a	 linear	 relation	 between	 fluorescent	
intensity	and	concentration	of	the	reporter.	NaCl	 is	used	as	bulk	electrolyte	salt	
(diffusion	coefficients	of	1.374·10-5	[cm2s-1]	and	1.957·10-5	[cm2s-1]21		for	Na	and	Cl	
respectively	and	electrophoretic	mobilities	calculated	with	Einstein’s	relation).	We	
will	first	theoretically	derive	the	concentration	profile	of	our	fluorescent	reporter	
bodipy	disulfonate	(BDP2-)	in	the	solution	as	a	function	of	time	and	distance	from	
the	particle	surface	(𝐶)12(𝑥, 𝑡)),	in	an	approach	similar	to	Bergveld	et	al.22		
As	our	theoretical	model	is	designed	only	to	estimate	a	qualitative	behavior	of	our	
system,	a	series	of	strong	assumptions	are	made:	i)	The	model	is	one-dimensional,	
ii)	the	convective	flux	(electroosmotic	flow)	can	be	neglected,		iii)	the	particle	pores	
are	assumed	to	be	perfectly	cylindrical	running	the	whole	length	of	the	particle,	iv)	
the	particle	is	assumed	to	be	rectangular	with	a	length	equal	to	the	diameter	of	the	
real	 particle,	 v)	 the	 particle	 is	 assumed	 to	 be	 a	 square	 part	 of	 a	 continuous	
membrane,	with	uniform	non-crossing	cylindrical	mesopores	passing	through	it,	
vi)	the	concentration	distribution	at	the	enrichment	and	depletion	zone	does	not	
affect	 the	 local	 electric	 field,	 and	 vii)	 the	 diffusive	 flux	 inside	 the	 particle	 is	
neglected.	
	
2.2.1|	Nernst	Planck	
To	 calculate	 the	 concentrations	 of	 BDP2-	 (𝐶)12(𝑥, 𝑡)),	 we	 will	 use	 the	 one-
dimensional	Nernst-Planck	flux	equations.	The	current	density	(𝑗[𝐴𝑚9:]),	the	local	
conductivity(𝜅[𝑆𝑚9<])	and	the	local	electric	field	(𝑬[𝑉𝑚9<])	are	related	by	
	

𝜅(𝑥, 𝑡)𝑬(𝑥, 𝑡) = 𝒋(2. 1).	
	
We	will	 first	 consider	 the	 transport	 of	 BDP2-	 in	 the	 electrolyte	 bordering	 the	
particle.	Ignoring	the	convective	flux	contribution	to	the	Nernst-Planck	equation	
(hereby	 included	electroosmotic	 flow),	we	 can	write	 the	 flux	 Je	 of	 BDP2-	 in	 the	
electrolyte	as	composed	of	a	migration	and	a	diffusion	term,	
	

𝑱𝑩𝑫𝑷𝒆 (𝑥, 𝑡) = −
𝜏)12H 	𝒋
𝐹 − 𝐷

𝜕𝐶)12H (𝑥, 𝑡)
𝜕𝑥

(2. 2),	
	
where	𝜏)12H 	is	the	dimensionless	transport	number	of	BDP2-	in	the	electrolyte,	𝐹	
the	faraday	constant	and	𝐷[𝑚:𝑠9<]	the	diffusion	coefficient	of	BDP2-.	By	applying	
the	continuity	equation		
	

𝜕𝐶)12H (𝑥, 𝑡)
𝑑𝑡 = −

𝑱𝑩𝑫𝑷𝒆 (𝑥, 𝑡)
𝑑𝑥 (2. 3)	
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and	realizing	that	the	migration	term	in	the	electrolyte	is	constant	in	𝑥,	we	arrive	
at	

𝜕𝐶)12H (𝑥, 𝑡)
𝑑𝑡 = 𝐷

𝜕:𝐶)12H (𝑥, 𝑡)
𝜕𝑥:

(2. 4).	
	
We	then	consider	the	transport	of	BDP2-	in	the	particle.	Assuming	no	concentration	
gradient	inside	the	particle,	therefore	only	a	migration	contribution,	the	BDP2-		flux	
in	the	particle	equals	

𝑱𝑩𝑫𝑷
𝒑 (0, 𝑡) = −

𝜏)12
Q 	𝒋
𝐹

(2. 5),	
	
We	solve	Equation	2.4	using	the	following	boundary	conditions		

• At	𝑥 = ∞,	at	any	𝑡,	 𝐶)12H (∞, 𝑡) = 𝐶)12) 	 (2.6)	
	

• At	𝑡 = 0,	at	any	𝑥,	 𝐶)12H (𝑥, 0) = 𝐶)12) 	 (2.7)	
	

• At	𝑥 = 0,	at	𝑡 ≠ 0,		 UVWXY
Z ([,\)
U]

= − 𝒋^_WXY
` 9_WXY

Z a

b1
	(2.8).	

	
Here	𝑥 = 0	is	the	location	of	the	particle/solution	interface	at	the	cathodic	side	of	
the	particle	and	𝑥 = ∞	is	a	sufficient	distance	away	from	this	point	where	there	is	
no	effect	of	the	particle	hence	the	BDP2-	concentration	retains	its	initial	bulk	value	
(𝐶)12) ).	 	 Equation	2.8	 simply	 expresses	 the	conservation	 of	mass	 for	 the	 fluxes	
crossing	the	plane	at	x	=	0.	The	result	is	23,	

𝐶)12H (𝑥, 𝑡) = 𝐶)12)

−
𝑗^𝜏)12

Q − 𝜏)12H a
𝐹𝐷 c2d

𝐷𝑡
𝜋 f

<
:
exp j−

𝑥:

4𝐷𝑡k

− 𝑥	erfc o
𝑥

2(𝐷𝑡)
<
:
pq (2. 9),	

	
where	erfc	is	the	complementary	error	function.	In	equation	2.9	the	variables,	

• Current	density	(𝑗)	
• Transport	numbers	(𝜏)12H , 𝜏)12

Q ),	
depend	on	the	electrolyte	bulk	salt	concentration	and	the	particle	pore	size,	and	
we	will	investigate	them	separately	in	the	following	subsections.	
	
2.2.2|	Transport	numbers	𝝉	
The	 difference	 of	 BDP2-	 transport	 numbers	 between	 electrolyte	 and	
particle	^𝜏)12

Q − 𝜏)12H a	indicates	 the	 ion	 permselectivity	 of	 the	 particle	 towards	
BDP2-.	We	thus	will	derive	the	transport	numbers	of	BDP2-	in	the	electrolyte	and	in	
the	particle.	The	ion	transport	number	(𝜏s)	of	a	species	𝑖	is	defined	as	the	fraction	
of	the	total	electric	current	density	(𝑗)	carried	by	this	species.	In	the	electrolyte	the	
transport	number	for	BDP2-	equals	
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𝜏)12H =
2𝑐)12H 𝐷)12
∑ |𝑧s|𝑐sH𝐷s

(2. 10).	

	
In	 the	 particle	 we	 use	 the	 same	 equation	 but	 now	 with	 the	 area-averaged	
concentration	of	BDP-2	in	the	mesopore	
	

𝜏)12
Q =

2𝑐)12
Q 𝐷)12

∑ |𝑧s|𝑐s
Q𝐷s

(2. 11).	

	
In	 order	 to	 calculate	 the	 concentration	 in	 the	 pore	 we	 must	 account	 for	 the	
concentration	distribution	of	the	species	in	the	electric	double	layer.	We	will	follow	
the	 approach	 of	 Rice	 and	 Whitehead24	 who	 solved	 the	 Poisson-Boltzmann	
equations	for	a	circular	mesopore.	Starting	from	the	1D	Poisson	equation	for	radial	
coordinates,	

∇:𝜓 = −
𝜌(𝑟)
𝜀[𝜀~

(2. 12),	

	
where	𝜓[V]	is	the	local	electric	potential,	r[𝑚]	is	the	distance	from	the	pore	center,	
𝜀[	𝑎𝑛𝑑	𝜀~	 are	 the	 vacuum	 and	 medium	 permittivity	 and	 𝜌[𝐶/𝑚�]	 is	 the	 local	
electric	space	charge	density	which	is	defined	as,	
	

𝜌(𝑟) =�𝑒𝑧s𝑐s(𝑟) (2. 13).	
	
The	concentration	of	the	ions	follows	the	Boltzmann	distribution,	
	

𝑐s(𝑟) = 𝑐s
Q expj−

𝑧s𝑒	𝜓(𝑟)
𝑘)𝑇

k(2. 14),	

	
where	 𝑐s

Q[𝑚𝑜𝑙/𝑚�]	 is	 the	 pore	 electrolyte	 concentration	 of	 species	 𝑖,	 𝑒[𝐶]	 the	
electron	charge,	𝐾)	the	Boltzmann	constant	and	𝑇[𝐾]	the	absolute	temperature.	It	
is	worth	mentioning	that	for	𝑐s

Q	the	bulk	concentration	of	the	species	is	used	which	
doesn’t	 hold	 for	 overlapping	 double	 layers.	 Hence,	 at	 low	 concentrations	 the	
results	should	be	taken	tentatively.	
For	y	£	kBT/e	,	
	

1
𝑟
𝜕
𝜕𝑟
d𝑟
𝜕𝜓
𝜕𝑟
f =

𝜓(𝑟)
𝜆1

(2. 15),	

	
where	𝜆1	is	the	Debye	length25,26.			

𝜆1 = �𝜀[𝜀~𝑅𝑇
2𝐹:𝑐H

(2. 16).	
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We	 use	 an	 approach	 similar	 to	 Taghipoor	 et	 al.27	 for	 the	 determination	 of	 the	
surface	charge	density(𝜎[𝐶/𝑚:]).	We	then	use	the	Grahame	equation	(Equation	
2.17)	for	the	determination	of	surface	potential	(𝜓[[𝑉])	and	equation	2.18	for	the	
relation	 between	 the	 surface	 potential	 and	 zeta	 potential,	 the	 potential	 at	 the	
slipping	plane.	
	

𝜎 = �8𝑐s
Q𝑁�𝜀𝜀[𝑘�𝑇 sinhd

𝑧𝑒𝜓[
2𝑘)𝑇

f(2. 17),	

𝜓[ − 𝜁 =
𝜎

𝐶�\H~�
(2. 18),	

	
where	𝑁�	[𝑚𝑜𝑙9<]	is	the	Avogadro	number	and		𝐶�\H~�[𝐹/𝑚:]	is	the	specific	Stern	
layer	 capacitance.	 Equation	 2.15	 is	 then	 analytically	 solved	 for	 the	 potential	
distribution	in	the	diffuse	double	layer	28,	
	

𝜓(𝑟) = 𝜁
𝐼[ �

𝑟
𝜆1
�

𝛪[ �
𝑟[
𝜆1
�
(2.19),	

	
where	𝐼[	is	the	zero-order	modified	Bessel	function	of	the	first	kind.	
	
From	equations	2.14	and	2.19	we	can	estimate	the	average	BDP2-	concentration	
inside	the	mesopore.	We	subsequently	calculate	the	BDP2-	transport	number	in	the	
mesopore	 (Equation	 2.11)	by	 integrating	𝐶)12

Q (𝑟)	 over	 the	 pore	cross-sectional	
area.	 Figure	 2.2	 shows	 the	 transport	 numbers	 of	 BDP2-	 in	 the	 electrolyte	 and	
particle	as	a	function	of	bulk	electrolyte	concentration	using	the	average	mesopore	
size	 determined	 by	 BET	 measurements	 (Table	 2.1).	 At	 low	 electrolyte	
concentrations,	 the	 concentration	 of	 BDP2-	 in	 the	 particle	 is	 extremely	 low	
compared	to	the	total	ion	concentration	(especially	cation	concentration)	since	the	
electric	double	layers	overlap	and	BDP2-	is	almost	completely	excluded	from	both	
small	and	large	mesopores.	At	high	electrolyte	concentrations	the	electric	double	
layer	is	extremely	thin	and	the	average	species	concentration	is	almost	the	same	
as	the	bulk	concentration.	The	larger	diameter	pores	approach	this	state	at	much	
lower	electrolyte	concentrations	than	the	smaller	pores.	
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Figure	2.2	-	Transport	number	of	BDP2-in	the	particle	vs	electrolyte	concentration.	Black-	
transport	number	in	the	electrolyte,	blue	–	in	the	larger	pores	and	red	–	in	the	smaller	pores.	

2.2.3|	Current	density		j 
To	determine	the	magnitude	of	this	E-field,	we	need	to	consider	our	experimental	
system.	 In	 the	 CP	 model	 of	 sections	 2.2.1	 and	 2.2.2,	 the	 porous	 particle	 was	
modeled	 as	 part	 of	 a	 continuous	membrane.	During	 the	 experiments	 however,	
separate	particles	are	placed	at	the	bottom	of	a	microfluidic	channel	and	a	constant	
potential	 is	applied	at	the	two	reservoirs	connected	to	this	channel.	The	E-field	
across	the	particle	will	then	depend	on	the	conductance	ratio	between	particle	and	
its	surrounding	electrolyte.	Now	when	we	vary	the	electrolyte	concentration,	the	
particle	conductance	scales	differently	from	the	electrolyte	conductance,	creating	
a	dependency	of	the	E-field	across	the	particle	on	the	electrolyte	concentration.	An	
equivalent	1D	macroscopic	electrical	circuit	is	therefore	needed	to	calculate	the	E-
field	as	a	function	of	concentration,	and	is	shown	in	Figure	2.4a.	From	the	total	
system	conductance,	the	separated	conductance	of	the	electrolyte	and	the	particle,	
and	the	applied	voltage	we	can	then	calculate	the	potential	drop	over	and	hence	
the	E-field	across	the	particle.		
We	assume	that	a	constant	and	uniform	electric	field	(E)	exists	inside	the	particle,	
i.e.	the	concentration	distribution	of	the	ions	in	the	electrolyte	close	to	the	particle	
surface	 does	 not	 affect	 the	 local	 electric	 field	 inside	 the	 particle.	 The	 current	
density	(𝒋)	through	the	particle	then	equals	
	

𝒋 = 𝑬𝜅(2.20),	
	
where	 𝜅	 is	 the	 area-averaged	 conductivity	 of	 the	 particle.	 The	 area-averaged	
conductivity	of	a	single	mesopore(𝜅 )	equals27		
	



Ion	Concentration	Polarization	for	MicroParticle	Mesoporosity	Differentiation	
	

	36	

	

𝜅  =
𝑁�𝑒
𝑟[
	�¡ 𝜇s𝑐s(𝑟)	𝑑𝑟

~£

[s

	(2. 19),	

	
where	𝑐s(𝑟)	was	calculated	as	 in	 the	previous	section.	The	electric	conductance	
(𝐺 [𝑆])	of	a	single	mesopore	then	is		
	

𝐺  =
𝐴k 
𝑑 	(2. 20),	

	
where	𝑑[𝑚]	 is	 the	diameter	of	 the	particle	 (mesopore	 length)	and	𝐴[𝑚:]	 is	 the	
cross-sectional	area	of	the	mesopore.		Figure	2.3	shows	the	conductivity	of	a	single	
mesopore	 of	 the	 two	 kinds	 of	 particles,	 using	 the	 average	 mesopore	 size	
determined	by	BET	measurements	(Table	2.1).	As	expected,	the	smaller	mesopore	
shows	a	higher	conductivity.	
	
We	calculate	 the	 total	 conductance	 of	 a	 particle	 (𝐺Q)	 from	 the	 total	 number	 of	
mesopores	(𝑁)	per	particle,	treating	them	as	parallel	conductors	
	

𝐺Q = 𝑁𝐺 (2. 21).	
	
For	the	calculation	of	𝑁	we	use	the	specific	pore	volume	(𝑉�[𝑚�/𝑔])	or	specific	pore	
surface	 area	 (𝐴�[𝑚:/𝑔	])	 and	 the	 density	 (𝜌[𝑔/𝑚�])	 values	 found	 via	BET	 and	
pycnometer	methods,	as	will	be	explained	in	the	experimental	section,	

𝑁 =
𝜌𝑉Q¥~\s ¦H𝑉�

𝑉Q§~H
	(2. 22),	

or	

𝑁 =
𝜌𝑉Q¥~\s ¦H𝐴�
𝐴Q§~H

	(2.25),	

	
where	𝑉Q¥~\s ¦H[𝑚�]	is	the	volume	of	the	particle	and	𝑉Q§~H[𝑚�]	and	𝐴Q§~H[𝑚:]	are	
the	volume	and	surface	area	of	a	single	mesopore.		
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Figure	2.3	-	Single	mesopore	conductivity	vs	salt	concentration	–	Eq.	2.20-22.	The	surface	
charge	density	dependence	to	the	concentration	was	taken	from	M.	Taghipoor	et	al27.	For	
high	concentration	where	the	double	layer	thickness	is	small	compared	to	the	mesopore	
width,	 the	 mesopore	 conductivity	 follows	 the	 bulk	 conductivity.	 In	 contrast	 at	 low	
concentrations	the	electric	double	layer	thickness	is	similar	to	the	channel	diameter	and	the	
surface	 conductivity	 provides	 the	 dominant	 contribution.	 The	 negative	 slope	 in	 the	
conductivity	 is	an	effect	of	a	 combination	of	 	 the	 surface	 charge	density	dependency	on	
concentration	and	the	EDL	size	and	overlap	in	respect	to	concentration.	A	similar	trend	was	
seen	at	M.	Taghipoor	et	al27.	

Figure	 2.4b	 shows	 that	 the	 E-field	 remains	 relatively	 constant	 when	 the	
particle/pore	 conductivity	 is	 equal	 to	 the	 bulk	 conductivity.	 Once	 the	 bulk	
electrolyte	 concentration	 drops	 and	 the	 surface	 conductivity	 becomes	 the	
dominant	 conductivity	 contribution	 in	 the	 mesopore,	 the	 particle	 resistance	
increases	slower	than	the	resistance	of	the	surrounding	electrolyte	resulting	in	a	
lower	voltage	drop	and	E-field	across	it.	Now	knowing	the	conductivity	and	the	E-
field	as	a	function	of	bulk	concentration	and	mesopore	size	we	can	calculate	the	
current	density	via	Equation	2.20.	
 
Once	the	current	density	and	transports	numbers	(𝜏)12

Q − 𝜏)12H )	are	determined,	
Equation	 2.9	 can	 be	 used	 to	 describe	 the	 temporal	 concentration	 profile	 of	 the	
fluorescent	 reporter,	 BDP2-,	 as	 a	 function	 of	 distance	 from	 the	 surface	 of	 the	
particle(𝐶)12(𝑥, 𝑡))	 in	 the	 enrichment	 zone.	 Figure	 2.5a	 shows	 the	 calculated	
average	BDP2-	concentration	of	both	particles	over	a	distance	of	25	µm	in	the	bulk	
electrolyte	over	4	seconds	and	at	the	edge	of	the	particle	(see	Figure	2.5b).	The	
shape	 of	 the	 graph	 is	 dominated	 by	 the	 value	 of	 the	 product	 𝑗^𝜏)12

Q − 𝜏)12H a	 in	
Equation	2.9,	representing	the	particle	ion-permselectivity.	At	low	concentrations,	
the	cation	permselectivity	is	maximal,	hence	the	accumulation	is	governed	by	the	
conductance	 of	 the	 mesopores,	 with	 the	 larger	 pores	 being	 more	 conductive	
because	 of	 the	 larger	 pore	 volume.	 However,	 these	 pores	 lose	 their	 selectivity	
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faster	compared	to	the	smaller	pores	as	the	bulk	salt	concentration	increases.	The	
two	lines	therefore	cross,	in	the	model	at	a	bulk	electrolyte	concentration	of	14mM.	
In	addition,	at	low	concentrations	the	resistance	of	the	particle	is	approximately	
two	 orders	 of	 magnitude	 lower	 than	 the	 resistance	 of	 the	 channel.	 Hence	 the	
resistance	 of	 the	microchannel	 (Figure	 2.4a)	 regulates	 the	 current	 through	 the	
system	and	particle	 resulting	 in	 the	 flattening	 of	 the	BDP	 concentration	 at	 low	
concentration	at	Figure	2.5a.	
 

	
Figure	2.4	 -	 (a)	 Equivalent	 circuit	 to	 calculate	 the	 electric	 field	 across	 the	 particle	with	
varying	electrolyte	concentration.	(b)	At	high	concentrations	the	particle	resistance	is	high	
compared	 to	 the	 electrolyte	 resulting	 in	 an	 E-field	 across	 the	 particle	 that	 is	 weakly	
dependent	of	the	concentration.	At	low	concentration	the	particle	resistance	will	increase	
slower	compared	to	the	bulk	resistance	resulting	in	a	lower	E-field	in	the	particle. 

	

	
Figure	2.5	-	(a)	Averaged	BDP2-	concentration	at	different	electrolyte	concentrations	on	the	
enrichment	side	of	the	particle	over	4	sec	over	25μm	from	the	particle/electrolyte	interface	
(as	shown	in	b).	

2.3|	Experimental	
A	 PDMS	 microfluidic	 chip	 was	 fabricated	 by	 standard	 photolithographic	
techniques.	First,	a	200	µm	SU8	layer	was	spun	and	baked	on	a	4-inch	silicon	wafer.	
Next,	the	photoresist	was	exposed	for	50	seconds	to	UV	light	and	developed.	The	
chip	design	consisted	of	a	straight	channel	200	µm	height,	1	mm	wide	and	2	cm	

(a)	 (b)	

(a)	 (b)	
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long,	connecting	two	reservoirs.	Polystyrene	particles	50	µm	in	diameter	with	two	
meso-pore	sizes	(10	and	50	nm)	were	purchased	at	Chromspheres.com.	Particles	
were	submerged	in	ethanol	and,	with	a	pipette,	they	were	deposited	one	by	one	on	
the	PDMS	channel.	Thereafter,	the	PDMS	with	the	particles	were	plasma	treated	
for	 40	 seconds	 and	 bonded	 to	 a	 glass	 slide.	 The	 polystyrene	 particles	 were	
therefore	 stuck	 to	 the	 PDMS	and	 sufficiently	 spaced	 between	 them	 in	 order	 to	
avoid	 interaction	 of	 the	 fluorescent	 reporter.	 A	microscope	 Olympus	 IX51	 and	
camera	Grasshopper	3	were	used	with	a	Hg	lamp	for	the	fluorescent	microscopy.	
Two	platinum	wires	were	used	to	connect	the	power	supply	(Keithley	2410)	to	the	
electrolyte	 solution	 at	 the	 reservoirs.	 BODIPY™	 492/515	 Disulfonate	 (BDP2-)	
(ThermoFisher)	 and	 phosphate	 buffered	 saline	 solution	 (PBS)(Sigma-Aldrich)	
were	used	as	a	fluorescent	molecule	and	background	electrolyte	respectively.	The	
PBS	concentrations	used	were	10-4,	10-3,	10-2,	2.5*10-2,	5.0*10-2,	7.5*10-2	and	10-1	
M	while	 the	concentration	of	BDP2-	was	750	nM	in	all	experiments.	Matlab	and	
ImageJ	were	used	to	analyze	the	experimental	data.	Matlab	was	used	to	simulate	
the	model.	The	power	supply	was	operated	via	LabView	software.	BET	and	density	
measurements	were	performed	in	a	Gemini	VII	from	Micromeritics	and	AccuPyc	II	
1340	Micromeritics	pycnometer,	respectively.	The	ICP	was	measured	by	applying	
a	step	function	of	±100	V	across	the	channel,	and	performing	4	cycles	of	4	seconds	
each.	During	the	experimental	data	analysis,	a	linear	drop	of	fluorescence	intensity	
in	the	bulk,	which	we	assumed	to	be	caused	by	the	marker	photobleaching,	was	
observed	and	compensated	for.	
	

	
Figure	2.6	-	SEM	images	of	both	types	of	polystyrene	particles.	
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2.4|	Results	and	discussion	
Figure	 2.6	 shows	 SEM	 images	 of	 both	 types	 of	 polystyrene	 particles	 showing	a	
clear	difference	in	pore	size	distribution.	To	measure	the	average	pore	size	as	well	
as	the	pore	volume,	surface	area	and	density,	BET	and	pycnometer	measurements	
were	 performed,	 with	 the	 results	 summarized	 in	 Table	 2.1.	 A	 clear	 difference	
between	both	types	of	particles	can	be	observed,	with	both	having	pores	in	the	
mesoporosity	size	range.	Also,	the	similar	pore	volume	indicates	that	the	particles	
with	smaller	pores	have	more	pores	per	unit	volume.		
Figure	2.7a	shows	an	image	of	a	typical	concentration	polarization	measurement	
of	a	particle	with	an	accumulation	zone	on	the	cathodic	side	and	a	depletion	zone	
on	 the	 anodic	 side.	 The	area-	and	 time-averaged	 fluorescence	 intensity	 at	 both	
sides	 of	 a	 particle	 was	 measured	 as	 illustrated	 in	 Figure	 2.7a.	 Equation	 2.9	
describes	 the	 spatiotemporal	 concentration	 profile	 of	 Bodipy,	 assuming	 a	 1-
dimensional	system.	At	any	moment	in	time	the	magnitude	of	the	concentration	
depletion	and	accumulation	of	Bodipy	depends	on	the	difference	in	Bodipy	flux	in	
the	 particle	 and	 in	 the	 solution,	 and	 hence	 on	 the	 particle	 properties	 that	
determine	the	Bodipy	transport	numbers	in	both.	As	this	is	true	for	all	times	and	
all	locations	adjacent	to	the	particle,	averaging	the	concentration	difference	over	
time	and	space	keeps	the	essence	of	this	information	intact.	The	data	thus	validate	
the	model	in	a	qualitative	In	future	a	3D	simulation	model	could	be	constructed	
that	 is	expected	 to	provide	more	quantitative	 information.	Figure	2.7b	shows	a	
typical	experimental	fluorescent	intensity	obtained	in	one	positive	and	negative	
pulse.	
	
Table	2.2.	-	Average	pore	radius,	pore	volume,	surface	area	and	density	of	both	types	of	
polystyrene	particles.	

Property		 Method	 Larger	pores	 Smaller	pores	
Average	 pore	 radius		
(r)	

BET	 13	nm	 3.5	nm	

Total	 pore	 volume	
(Vs)	

BET	 1.9		10-6	m3/g	 1.5		10-6	m3/g	

Surface	area	(As)	 BET	 39.8	m2/g	 158.59	m2/g	
Density	(ρ)	 Pycnometer	 1.100	g/cm3	 1.100	g/cm3	
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Figure	2.7	-	(a)	Image	of	a	typical	measurement	showing	an	accumulation	zone	on	the	right	
and	the	areas	that	were	measured	and	averaged	over	4	seconds.	(b)	a	typical	fluorescent	
intensity	profile	(along	the	yellow	line)	for	a	positive	and	negative	potential	pulse.)	

The	 experimentally	 determined	 difference	 in	 fluorescence	 intensity	 between	
depletion	and	enrichment	zones	is	plotted	against	the	electrolyte	concentration	in	
Figure	 2.8.	 It	 was	 found	 that	 the	 particles	 with	 larger	 pores	 have	 a	 higher	
fluorescence	intensity	at	low	salt	concentrations.	This	was	indeed	predicted	by	our	
model,	where	it	results	from	the	larger	pore	volume.	The	fluorescence	intensity	
values	 of	 both	 particles	 cross	 at	 a	 higher	 salt	 concentration,	 which	 was	 also	
predicted	 in	 the	 model,	 where	 it	 follows	 from	 the	 earlier	 drop	 in	 the	 ion	
permselectivity	of	the	particles	with	larger	pores.	This	confirms	that	ICP	can	be	
used	to	differentiate	between	particles	with	different	mesoporosity.	The	error	bars	
in	Figure	2.8	correspond	to	95%	confidence	intervals	and	are	a	result	of	various	
factors.	The	particle	size	varied	significantly	(106,7	µm	±	16,8	µm),	resulting	in	
strong	variations	in	pore	conductance.	Furthermore,	the	average	pore	size,	pore	
volume	 and	 surface	 area	 were	 measured	 in	 a	 sample	 with	 a	 large	 number	 of	
particles	and	the	variation	between	particles	is	unknown.	The	differences	between	
the	model	results	and	the	experimental	can	furthermore	result	from	the	various	
assumptions	made	in	the	model.	Specifically,	the	electroosmotic	flow	is	neglected	
and	the	pores	are	assumed	to	be	straight	and	cylindrical,	while	in	reality	a	network	
of	connected	pores	spaces	exists	as	can	be	expected	from	the	SEM	images	in	Figure	
2.6.	
As	 some	 experimental	 verification	 of	 the	 model	 is	 now	 obtained,	 we	 will	
investigate	 its	 feasibility	 for	 future	 applications	 by	modeling	 the	 effects	 of	 the	
following	properties	on	the	ICP:	pore	diameter,	surface	charge	density,	and	total	
particle	 surface	area.	Figure	2.9a	shows	 that	an	 increase	 in	pore	size	causes	an	
faster	decrease	in	fluorescent	intensity	with	increasing	electrolyte	concentration	
which	can	be	explained	by	the	fact	that	smaller	pores	will	be	more	permselective	
than	larger	pores	at	higher	electrolyte	concentrations,	causing	a	higher	transport	
number	 difference	 with	 the	 bulk	 electrolyte.	 It	 is	 worth	 noting	 that	 the	 total	
particle	cross-sectional	area	was	kept	constant	hence	a	constant	current	density	is	
assumed	on	Figure	2.9a.	In	the	case	of	varying	surface	charge,	see	Figure	2.9b,	at	

(a)	 (b)	
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low	 electrolyte	 concentration	 no	 difference	 is	 observed,	 that	 is	 caused	 by	 the	
limitation	of	the	current	due	high	resistance	of	the	bulk	compared	to	the	particle	
as	 commented	 earlier	 .	 In	 contrast	 a	 difference	 is	 seen	 when	 the	 electrolyte	
concentration	 increases,	 the	 pores	 with	 high	 surface	 charge	 lose	 their	
permselectivity	at	higher	electrolyte	concentrations	due	to	higher	concentration	
in	the	double	layer.		Figure	2.9c	shows	the	effect	of	total	particle	surface	area	on	
the	reporter	concentration.	As	can	be	seen,	a	lower	surface	area	causes	an	increase	
in	fluorescent	intensity.	The	total	surface	area	is	linearly	(for	a	constant	pore	size)	
related	 to	 the	 number	 of	 pores.	 Since	 the	 total	 current	 through	 the	 particle	 is	
regulated	 by	 bulk	 resistance	 (microchannel)	 it	 is	 almost	 constant	 between	
particles.	A	decrease	in	the	surface	area	translates	in	lower	number	of	pores	which	
results	in	a	higher	current	density	through	the	particle.		

	
Figure	 2.8	 -	 Experimental	 results	 of	 ion	 concentration	 polarization	 vs	 electrolyte	
concentration.	 The	 points	 on	 y-axis	 were	 found	 by	 subtracting	 the	 lower	 fluorescent	
intensity	value	(in	the	depletion	 zone)	 from	 the	high	 intensity	value	 (in	 the	enrichment	
zone).	Similar	to	the	theoretical	graph,	the	ICP	at	low	electrolyte	concentration	is	larger	for	
the	large	pore	diameter	particles,	while	the	ICP	at	high	salt	concentration	is	larger	for	the	
small	pore	diameter	particles.	The	lines	cross	in	both	the	model	and	the	experiments	at	a	
concentration	where	the	selectivity	is	lost	for	the	larger	pores.	The	error	bars	correspond	
to	95%	confidence	intervals.		

The	conclusion	 is	 that	 differences	 in	 pore	 size	and	pore	 charge	 density	 lead	 to	
different	 concentration	 polarization	 behavior.	 In	 addition	 to	 a	 qualitative	
description	of	our	system,	also	more	specific	information	can	be	extracted	from	
our	 model.	 As	 can	 be	 seen	 in	 Figure	 2.9a,	 the	 cut-off	 point	 in	 the	 electrolyte	
concentration	(intercept	of	red	lines)	where	the	concentration	polarization	effect	
starts	to	drop	when	increasing	the	electrolyte	concentration	is	strongly	correlated	
to	the	pore	size	as	well	as	the	surface	area,	with	the	effect	of	pore	size	being	larger.	
On	 the	 other	 hand,	 the	 concentration	 polarization	 at	 very	 low	 electrolyte	
concentrations	is	dominated	just	by	the	specific	surface	area	of	the	particle	(Figure	
2.9c),	hence	by	measuring	the	ICP	at	low	electrolyte	concentrations	(10-4	[M])	the	
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particles	can	be	differentiated	based	on	their	specific	surface	area.	As	can	be	seen	
in	 the	 experimental	 data	 of	 Figure	 2.8,	 the	 fluorescent	 intensity	 at	 low	
concentrations	is	slightly	lower	for	the	particle	with	smaller	pores,	indicating	that	
their	 specific	 surface	 area	 is	 slightly	 larger.	 However,	 when	 evaluating	 the	
concentration	at	which	the	fluorescent	intensity	drops,	a	parameter	that	is	largely	
dependent	on	 the	pore	size,	 the	 ICP	of	 the	particles	with	 larger	pores	drops	at	
lower	concentrations	as	predicted	by	our	model.	
	

	
Figure	2.9	-	 Simulations	of	 the	model	when	changing	 (a)	 the	mesopore	 size,	(b)	 surface	
charge	density	and	(c)	specific	surface	area.	In	each	simulation,	all	the	other	parameters	not	
simulated	are	taken	from	the	smaller	pores	particles.	In	(a)	the	total	cross-sectional	area	(#	
of	pores	*	pore	size)	is	kept	constant.	σ	corresponds	to	the	surface	charge	density	calculated	
for	silicon	dioxide	as	described	previously.	

2.5|	Conclusions	and	outlook	
In	 conclusion,	we	 demonstrated	 that	 ICP	 can	 be	 used	 to	 differentiate	 between	
particles	 with	 different	 mesopore	 dimensions.	 A	 model	 was	 developed	
demonstrating	that	both	pore	density	and	ion	permselectivity	play	a	role	in	the	
magnitude	 of	 ICP	 Subsequently,	 the	 ICP	 of	 two	 types	 of	 particles	 with	
experimentally	determined	porosity	and	pore	density	was	measured	at	different	
bulk	electrolyte	concentrations.	Experimental	and	simulated	results	show	similar	
trends.	We	conclude	that	the	ICP	method	can	be	used	to	track	differences	in	pore	
size	between	mesoporous	particles	 such	as	catalysts	or	catalysts	 supports.	Our	

(a)	 (b)	

(c)	



Ion	Concentration	Polarization	for	MicroParticle	Mesoporosity	Differentiation	
	

	44	

	

model	 is	 currently	 a	 1-D	 model	 that	 provides	 qualitative	 results	 and	 allows	
understanding	of	the	main	factors	affecting	ICP.	In	the	future	it	can	be	used	as	a	
foundation	for	numerical	simulations	in	order	to	create	a	3D	(semi-)quantitative	
model.	Such	a	numerical	approach	can	also	include	phenomena	that	are	currently	
neglected	in	our	analytical	model	such	as	the	electroosmotic	flow.	
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Chapter 3 
3D	Capillary	Stop	Valves	for	Versatile	
Patterning	Inside	Microfluidic	Chips 

 
 

The	patterning	of	antibodies	in	microfluidics	chips	is	always	a	delicate	process	that	
is	usually	done	in	an	open	chip	before	bonding.	Typical	bonding	techniques	such	
as	plasma	treatment	can	harm	the	antibodies	with	as	result	that	these	techniques	
are	removed	from	our	fabrication	toolbox.	Here	we	propose	a	method,	based	on	
capillary	 phenomena	 using	 3D	 capillary	 valves,	 that	 autonomously	 and	
conveniently	 allows	 us	 to	 pattern	 liquids	 inside	 closed	 chips.	We	 theoretically	
analyse	the	system	and	demonstrate	how	our	analysis	can	be	used	as	a	design	tool	
for	various	applications.	Chips	patterned	with	the	method	were	used	for	simple	
immunodetection	of	a	 cardiac	biomarker	which	demonstrates	 its	 suitability	 for	
antibody	patterning.	
	

 

 

 

 

This	 chapter	 is	 based	 on	 the	 publication:	 Vasileios	 A.	 Papadimitriou,	 Loes	 I.	
Segerink,	Albert	v.d.	Berg	and	Jan	C.	T.	Eijkel.	“3D	capillary	stop	valves	for	versatile	
patterning	inside	microfluidic	chips”	Analytica	Chimica	Acta	2018	1000,	pp	232-
238,	https://doi.org/10.1016/j.aca.2017.11.055	
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3.1|	Introduction	
Proteomic	 studies	 by	 specific	 protein-antibody	 binding	 have	 a	 wide	 range	 of	
applications,	 from	 early	 diagnosis	 of	 diseases	 to	 fundamental	 medical	 and	
biological	studies.	Microfluidic	chips	offer	an	attractive	platform	for	these	studies	
for	 various	 reasons	 such	 as	 the	 use	 of	 extremely	 low	 volumes	 of	 expensive	
samples,	chemicals	and	reagents	used	in	immunodetection.	For	such	studies	it	is	
necessary	to	coat	a	section	of	the	chip	with	the	protein-binding	molecules,	often	an	
antibody1.	Typically,	first	one	part	of	the	device	is	coated	with	the	antibody	and	
then	 bonded	 to	 create	 the	 microfluidic	 chip2.	 There	 are	 several	 methods	 for	
patterning	 antibodies	 prior	 to	 bonding	with	 the	 most	widely	 used	 ones	 being	
bioprinting3	 and	 light	 assisted	 immobilization4.	 However,	 when	 the	 antibody	
coating	is	performed	before	the	final	chip	is	bonded	(open-chip),	any	fabrication	
process	 that	can	harm	the	antibody	coating	 (e.g.	high	 temperature,	plasma	and	
ultraviolet(UV)	 treatment)	 is	 prohibited.	 Use	 of	 less	 stable	 materials	 (such	 as	
polydimethylsiloxane	(PDMS))	or	more	delicate	bonding	methods	then	becomes	
necessary.	 Such	 bonding	 methods	 could	 be	 gluing,	 use	 of	 pressure	 sensitive	
adhesive	(PSA)	tapes5	and	use	of	chemical	functionalized	surfaces6.	As	also	these	
methods	have	their	limitations,	there	exists	a	need	for	an	antibody	immobilization	
method	that	can	be	used	after	chip	bonding.	Trapping	of	antibody	labelled	beads	
for	 immunodetection	 in	 closed	 chip	 has	 been	 previously	 reported7	 but	 bead	
trapping	lacks	the	flexibility	of	patterning	shapes.	Capillary	filling	methods	are	an	
excellent	candidate	for	this.	The	use	of	capillary	effects	has	always	been	popular	in	
microfluidic	systems8.	Specifically,	the	passive	handling	of	fluids	provided	by	the	
capillary	phenomena	simplifies	the	device	operation	and	minimizes	the	need	of	
external	 actuation	 devices	 (e.g.	 pumps)	 which	 makes	 the	 resulting	 devices	
inherently	simple	to	use	without	any	training9.	Devices	based	on	capillary	system	
have	 found	 applications	 such	 as	 diagnostics	 in	 ‘autonomous’	 systems	 with	
sequential	 transport	 of	 minute	 amounts	 of	 liquids10,	 capillary	 pinning	 of	
hydrogels11	and	phase-guides	for	passive	routing	of	liquids12.	Here	we	develop	a	
method	based	on	capillarity	to	passively	pattern	antibodies	in	a	closed,	bonded	
chip.	This	method	solves	the	bonding	issue	mentioned	above,	and	consequently	
puts	 all	 the	 reliable	but	 “harsh”	 fabrication	 processes	back	 into	 our	 fabrication	
toolbox,	allowing	the	use	of	stable	microfluidic	devices.	
	
3.2|	Theory	
The	configuration	we	propose	for	capillary	patterning	uses	a	 series	of	 capillary	
stop	 valves13	 in	 3D	 configuration.	 The	 first	 stop	 valve	 is	 formed	when	 a	 deep	
channel	intercepts	another	swallower	channel	(Figure	3.1a).	A	liquid	is	applied	to	
the	deep	channel	and	fills	it	via	capillary	forces.	Subsequently,	when	it	reaches	the	
intersection,	 the	 part	 of	 the	 liquid	 that	meets	 the	 abrupt	 opening	will	 become	
pinned,	similar	to	the	traditional	2D	capillary	stop	valves.	However,	the	part	of	the	
liquid	that	contacts	the	swallow	channel	in	a	ditch	on	the	bottom	of	the	intersecting	
channel	 can	 flow	 freely	 across	 this	 channel.	 The	 liquid	 is	 now	 pinned	 in	 the	
perpendicular	direction	as	it	crosses	the	channel	and	fills	the	ditch	(Figure	3.1c).	
When	the	liquid	has	crossed	the	entire	shallow	channel,	it	will	fully	wet	the	deep	
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channel	on	the	opposite	side,	being	pinned	again	in	the	perpendicular	direction	to	
the	shallow	ditch	as	on	the	other	side	(Figure	3.1d).	

	
Figure	3.1	-	a)	Schematic	of	the	3D	capillary	valve.	The	top	part	has	been	removed	for	easier	
visualization	of	the	process.	b)	Typical	dimensions	of	the	valve.	Part	of	the	chip	(marked	
with	black	lines)	has	been	removed.	c)	Partial	filling	of	the	valve.	The	top	part	of	the	liquid	
is	pinned	in	the	vertical	direction	(1st	pinning	direction)	and	the	lower	part	flows	in	the	
ditch	 while	 is	 getting	 pinned	 in	 the	 horizontal	 direction	 (2nd	 pinning	 direction).	 d)	
Completely	 filled	valve,	 the	pinned	edges	are	shown	with	dashed	lines.	The	shape	of	 the	
meniscus	shifts	from	concave	to	convex	due	to	pressure.	

The	 3D	 capillary	 valve	 pattern	 we	 use	 has	 three	 distinct	 regions	 where	 three	
different	capillary	phenomena	take	place:	a)	capillary	filling,	b)	capillary	pinning	
(stop	valve),	c)	open	microfluidics	(Figure	3.2)14.	Each	of	them	will	be	investigated	
independently.		
All	three	different	capillary	phenomena	are	governed	by	the	liquid	pressure	that	is	
generated	during	the	filling	process	of	the	chip.	Following	the	analysis	by	Man	et	
al.13,	the	liquid	pressure	at	the	meniscus	during	filling	can	be	derived	as	the	change	
of	total	interfacial	energy	on	an	increase	of	the	filling	liquid	volume,	
	

𝑃 =
𝑑𝑈\
𝑑𝑉 (3.1)	

	
Here	P	[Pa]	is	the	pressure	across	the	liquid/air	interface,	Ut	is	the	total	interfacial	
energy	[J],	and	V	[m3]	is	the	volume	of	the	liquid	in	the	chip.	The	total	interfacial	
energy	is	given	by	equation	3.2,	
	

𝑈\ = 	𝐴�¦𝛾�¦ 	+	𝐴�¬𝛾�¬ 	+	𝐴¦¬𝛾¦¬		(3.2)	
	
where	A	is	surface	area	of	each	interface	and	γ	is	the	energy	per	unit	area	of	that	
interface	(interfacial	tension).	The	subscripts	s,	l,	g	stand	for	solid,	liquid	and	gas,	



Chapter	3	
	

	 51	

	

e.g.	Asl	is	the	surface	area	between	solid	and	liquid	phase,	i.e.	the	wetted	area	of	the	
channel.	 Equation	 3.2	 simply	 describes	 the	 sum	 of	 all	 interfacial	 energies.	
Depending	 on	 the	 balance	 of	 those	 energies	 either	 a	 negative	 or	 positive	 total	
energy	change	at	a	liquid	volume	can	occur.	A	negative	energy	change	results	in	a	
negative	pressure	which	 leads	 to	capillary	 filling,	and	a	positive	energy	change	
results	 in	 a	 positive	 pressure	 which	 leads	 to	 liquid	 pinning.	 We	 can	 rewrite	
equation	3.2	by	using	Young’s	equation	(3.3)	that	relates	interfacial	tensions	by	the	
advancing	liquid/air	contact	angle	θ,	
	

𝛾�¦ = 𝛾�¬ − 𝛾¦¬ cos𝜃 (3.3)	
	
By	combining	equations	3.2	and	3.3	we	obtain	
	

𝑈\ 	= 	 ^𝐴�¦ 	+ 	𝐴�¬a𝛾�¬ −	𝐴�¦	𝛾¦¬	𝑐𝑜𝑠𝜃	 +	𝐴¦¬	𝛾¦¬	(3.4)	
𝑈\ 	= 	𝑈[ − 𝛾¦¬(𝐴�¦	𝑐𝑜𝑠𝜃 −	𝐴¦¬)	(3.5)	

	
where	𝑈[ = ^𝐴�¦ 	+	𝐴�¬a𝛾�¬	is	constant	because	the	total	area	of	solid	is	constant.	
Substituting	equation	3.5	in	equation	3.1	we	obtain	the	general	expression	for	the	
meniscus	pressure,	
	

𝑃 =
𝑑𝑈\
𝑑𝑉 = −𝛾¦¬ j𝑐𝑜𝑠𝜃	

𝑑𝐴�¦
𝑑𝑉 −

𝑑𝐴¦¬
𝑑𝑉 k	(3.6)	

	
Equation	3.6	will	be	used	to	calculate	the	meniscus	pressure	in	the	three	distinct	
regions	of	the	device.	This	pressure	is	the	driving	force	which	will	either	pin	the	
liquid	or	passively	fill	the	device.	
	

	
Figure	 3.2	 -	 Three	 different	 capillary	 phenomena	 that	 are	 exploited	 by	 the	 3D	 valves.	
Capillary	filling	moves	the	liquid	towards	the	valve.	Capillary	stop	valves	pin	the	liquid	in	
two	directions	marked	with	red	arrows	(the	pinned	liquid	air	interface	is	shaded	with	red	
color)	and	the	liquid	advances	via	an	open	microfluidic	structure.	
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3.2.1|	Capillary	filling	
At	the	start	of	the	filling	process	the	liquid	fills	a	rectangular	channel	of	constant	
cross-sectional	area.	In	that	case	𝐴¦¬ = 𝑤ℎ	in	equation	3.6	will	be	constant	when	
the	 liquid	 invades	 (assuming	 a	 flat	 meniscus),	 so	 that	 𝑑𝐴¦¬/𝑑𝑉 = 0.	
Furthermore	𝑑𝐴�¦ 	= 2(𝑤 + ℎ)𝑑𝐿	 and	𝑑𝑉 = 𝑤ℎ	𝑑𝐿,	where	w,	h,	L	are	 the	width,	
height	and	length	of	the	wetted	channel.	As	a	result	equation	3.6	for	the	meniscus	
pressure	reduces	to	
	

𝑃 = −𝛾¦¬ d2𝑐𝑜𝑠𝜃
ℎ +𝑤
𝑤ℎ

f (3.7)	
	
The	 pressure	 at	 the	 reservoir	 is	 equal	 to	 atmospheric	 pressure	 but	 we	 will	
arbitrarily	 define	 it	 as	 zero	 for	 a	 more	 intelligible	 analysis;	 hence	 a	 negative	
constant	pressure	at	 the	front	of	 the	meniscus	 is	pulling	 the	 liquid	 through	 the	
channel.	As	the	liquid	advances	and	wets	a	bigger	part	of	the	channel,	the	hydraulic	
resistance	 increases	 linearly	 with	 filled	 channel	 length	 (assuming	 a	 constant	
channel	cross-section	area)	and	since	the	filling	is	driven	by	constant	pressure	the	
flow	rate	will	decrease	with	 the	square	root	of	 time.	 In	 typical	 cases	 filling	will	
eventually	stop	when	the	liquid	becomes	pinned	at	a	small	asperity.	In	our	device	
during	 the	 entire	 filling	 process	 the	 pressure	 is	 sufficiently	 negative	 and	 the	
hydraulic	 resistance	 small	 enough	 for	 the	 liquid	 to	 move	 very	 rapidly	 (flow	
velocity	in	the	range	of	milimeters	per	second,	see	ESI).	After	filling	the	rectangular	
channel,	the	liquid	reaches	the	next	region	of	the	device,	where	the	top	part	of	the	
liquid	meets	a	capillary	valve	and	the	bottom	part	an	open	microfluidic	channel	
(Figure	3.2).	
	
3.2.2|	Capillary	stop	valve	
The	 top	 part	 of	 the	 liquid	 meets	 an	 abrupt	 expansion	 of	 the	 channel,	 i.e.	 a	
geometrical	capillary	stop	valve13	(indicated	in	red	in	figure	3.2).	Capillary	stop	
valves	have	been	extensively	studied	and	a	first	2D	model	was	made	by	Man	et	al13		
where	the	pressure	barrier	and	the	energy	of	such	system	was	calculated	with	the	
use	of	equations	3.6	and	3.2	and	the	geometrical	change	of	the	meniscus	curvature.	
They	showed	that	the	pressure	barrier	in	such	a	valve	equals	to:	
	

Δ𝑃 =
2𝛾¦¥
𝑤

³
cos 𝜃	 − 	 𝛼

sin𝛼
	 1
sin𝛼 �

𝛼
sin𝛼 − cos𝛼�

µ	

	
Where	α	is	the	meniscus	arc	angle	(see	figure	3.3).	
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Figure	3.3	-	Typical	layout	of	a	2D	capillary	stop	valve.	

For	a	pressure	barrier	of	zero	the	critical	expansion	angle	(βc),	i.e.	the	minimum	
expansion	angle	needed	to	achieve	pinning,	can	be	calculated	and	it	is	given	by:	
	

𝛽  =
𝜋
2 − 	𝜃	(3.8)	

	
Later	 more	 sophisticated	 3D	 models	 were	 proposed15,16	 where	 the	 pressure	
barrier	is	given	by:	
	

𝛥𝑃 = −
:¸¹º»�

¼½¾ ¿À
¼½¾Á �ÂÃÂÃd

ÄÅÆÁ
¾ÇÆÈÉ

fd
ÈÉ

¾ÇÆ ÈÉ
9ÊËÌÍÉf9dÍÉÍÎÏ

ÄÅÆÁ
¾ÇÆ ÈÉ ¾ÇÆ ÈÎ

fÐ

Ï»Ã9dÃ ÄÅÆÁ
¾ÇÆÈÉ

fd
ÈÉ

¾ÇÆ ÈÉ
9ÊËÌÍÉf9d

ÀÄÅÆÁÈÉ
Ñ¾ÇÆ ÈÉ ¾ÇÆ ÈÎ	

f� ÈÎ
¾ÇÆ ÈÎ
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Here	ɑh	and	ɑv	is	the	horizontal	and	vertical	arc	angle	of	the	meniscus	respectively,	
w	is	the	width	of	the	valve	before	the	expansion,	h	its	height,	and	finally	β	is	the	
expansion	angle	(figure	3.3).	
3.2.3|	Open	microfluidics	
After	 the	 stop	 valve,	 the	 liquid	 now	 will	 proceed	 by	 filling	 an	 open	 channel,	
crossing	 the	 bottom	of	a	wider	 channel	 (indicated	 in	 green	 in	 figure	 3.2).	 This	
geometry	 is	 known	 as	 open	 microfluidics,	 a	 concept	 introduced	 by	 the	 Beebe	
group14.	Also	in	this	case,	the	condition	for	passive	filling	is	a	negative	pressure	at	
the	meniscus	relative	to	the	reservoir	pressure	(defined	as	0	bar).	From	equation	
3.6	a	negative	pressure	condition	translates	to:	
	

cos 𝜃 >
𝑑𝐴¦¬
𝑑𝐴�¦

	(3.10)	
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Equation	3.10	gives	the	general	condition	for	passive	filling	of	an	open	microfluidic	
feature	of	arbitrary	shape.	When	we	assume	liquid	interfaces	with	no	curvature,	
equation	3.10	is	simplified	to:	
	

cos 𝜃 >
𝑝¦¬
𝑝�¦
	(3.11)	

	
where	psl	is	the	perimeter	of	the	cross	section	of	the	channel	that	is	wetted,	and	plg	
is	 the	non-wetted	one.	For	 the	simple	case	of	a	 rectangular	channel	with	 three	
walls	we	can	calculate	the	meniscus	pressure	in	a	similar	fashion	as	in	equation	3.7	
as	
	

𝑃 = −𝛾¦¬ d𝑐𝑜𝑠𝜃
2ℎ +𝑤
𝑤ℎ −

1
ℎ
f (3.12)	

	
Once	again,	the	flow	in	this	simple	open	channel	geometry	is	caused	by	a	constant	
negative	pressure	at	the	proceeding	liquid	front.	Similar	to	the	capillary	filling	the	
flow	rate	will	reduce	as	the	liquid	proceeds	because	of	the	pressure	drop	arising	
from	 the	 increasing	 hydraulic	 resistance.	 In	 open	 microfluidics	 as	 in	 closed-
channel	microfluidics	the	distance	travelled	by	the	invading	liquid	scales	with	the	
square	 root	 of	 time17.	 In	 our	 system	 the	 resistance	 of	 the	 open	 microfluidic	
channels	 is	 low	 as	 they	 are	 short	 (up	 to	 100μm	 straight	 channel)	 and	 the	 the	
meniscus	 pressure	 low,	 resulting	 in	 a	 capillary	 filling	 velocity	 in	 the	 range	 of	
milimeters	per	second	which	ensures	the	successful	filling	of	the	open	microfluidic	
structure.	Following	the	openmicrofluidics	section,	the	liquid	will	proceed	filing	
the	closed	microfluidic	channel	at	the	other	side	of	the	channel	it	just	crossed.	
	
	
3.3|	Experimental	
In	order	to	test	the	geometry	proposed	in	Figure	3.2,	chips	where	fabricated	out	of	
PDMS	with	standard	soft	lithography	methods18.	Specifically,	a	silicon	wafer	was	
dehydrated	on	a	hotplate	120°C	 for	5min	and	a	 layer	of	Microchem	SU-8	2050	
negative	 photoresist	 was	 spin-coated	with	 a	 thickness	 of	 35μm.	 Soft	 bake,	 UV	
exposure	(photolithography	with	the	blue	pattern	of	figure	3.4	as	mask),	hard	bake	
and	resist	development	were	performed	according	to	the	fabrication	parameters	
suggested	by	the	photoresist	manufacturer.	The	same	process	was	repeated	for	a	
second	layer	of	SU-8	with	a	thickness	of	75μm,	using	the	green	pattern	of	figure	
3.4	as	a	photolithography	mask.	The	silicon	wafer	with	the	patterned	SU-8	was	
then	used	as	a	template	for	the	soft	lithography	of	PDMS.	The	obtained	PDMS	chips	
were	bonded	on	standard	microscope	glass	slides	after	O2	plasma	treatment	and	
left	in	the	oven	at	60°C	for	varying	amounts	of	time	depending	on	the	application,	
in	order	to	reduce	their	hydrophilicity.	Specifically	for	the	characterization	device	
with	water/water	mixtures	 the	PDMS	chips	were	annealed	 for	5	hours.	For	 the	
immunodetection	 application	were	aqueous	 solutions	 are	 used,	 the	 chips	were	
annealed	for	90	minutes.		PDMS	was	chosen	because	its	surface	properties	are	well	
investigated19,20	and	can	be	trivially	tuned	via	O2	plasma	treatment.	In	addition	to	
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the	simple	straight	channel	geometry	 that	 is	 shown	 in	 figure	3.4,	various	other	
channel	geometries	shown	in	figure	3.5	were	tested	in	order	to	test	the	capabilities	
of	the	capillary	patterning	procedure.	
	
For	 the	 immunodetection	 experiments,	 chips	 were	 fabricated	 out	 of	 PDMS	 as	
described	 before	 and	 bonded	 to	 standard	 microscopy	 slides.	 A	 droplet	 of	 an	
aqueous	 antibody	 coating	 solution	 (5μg/ml	 Anti-Cardiac	 Troponin	 I	 antibody	
(Abcam)	in	carbonate/bicarbonate	buffer	pH	9.2)	was	introduced	in	the	antibody	
designated	inlet	channel	after	which	via	capillary	forces	the	bottom	of	the	sample	
channel	was	 patterned.	 The	 antibody	 coating	 solution	was	allowed	 to	 bind	 for	
15min	and	then	the	chip	was	flushed	with	1xPBS	(Sigma-Aldrich)	+	0.1%	Tween	
20	(Sigma-Aldrich)	solution	and	subsequently	with	DI	water	and	dried	overnight.	
To	demonstrate	proper	functioning	of	the	device	as	a	protein	sensor,	fluorescently	
labelled	Cardiac	troponin-I	(Abcam,	2.2μg/ml)	in	1xPBS	+	1%	BSA	(Sigma-Aldrich)	
was	 introduced	 in	 the	sample	channel	and	allowed	 to	 incubate	for	15min,	after	
which	 the	 channel	was	 flushed	with	 1xPBS+	0.1%	Tween	 and	 the	 fluorescence	
emission	recorded.	Cardiac	troponin-I	was	chosen	as	the	target	protein	because	it	
is	a	key	biomarker	for	cardiac	disease.	
	

	
Figure	 3.4	 -	 Example	 of	 a	 lithography	 mask	 for	 a	 device	 with	 a	 simple	 straight	 open	
microfluidic	geometry.	The	green	features	have	a	depth	of	75μm	and	the	blue	features	of	
35μm,	creating	an	open	microfluidic	channel	of	40μm	in	depth	at	the	bottom	of	the	channel	
indicated	in	blue.	The	reservoirs	are	1mm	in	radius.	The	channels	start	as	500μm	and	tapers	
down	to	50μm	and	down	to	10μm	close	to	the	open	microfluidic	structure.	The	tapering	of	
the	channel	increases	the	capillary	pressure	and	assists	in	the	successful	capillary	filling.	
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Figure	 3.5	 -	 A	 few	 examples	 of	 more	 complicated	 shapes	 of	 the	 open	 microfluidics	
structures.	 Multiple	 channels	 (a,b),	 dead-end	 channels	 (c,d)	 patches	 (e,f)	 and	 closed	
loops/shapes(g,h,i)	were	investigated.	Scale	bar	100μm.	

	
3.4|	Results	and	discussion	
3.4.1|	Characterization	of	device	operation	using	ethanol/water	
mixtures	
As	shown	in	the	theoretical	section,	the	liquid/air	interfacial	tension	(ɣsg)	and	the	
solid/liquid	 contact	 angle	 (Ɵ)	 are	 the	 critical	 parameters	 that	 need	 to	 be	
controlled.	On	the	one	hand	the	liquid	should	be	sufficiently	wetting	so	that	the	
condition	for	capillary	filling	and	open	microfluidics	is	met.	On	the	other	hand,	the	
more	wetting	 the	 liquid	 is	 (i.e.	 the	 lower	 the	 contact	 angle)	 and	 the	 lower	 the	
liquid/air	interfacial	tension,	the	lower	the	pressure	barrier	of	the	capillary	valve.	
A	 low-pressure	barrier	easily	 results	 in	valve-breakthrough	and	 flooding	of	 the	
device.	Contact	angle	and	interfacial	tension	can	be	controlled	by	both	surface	and	
liquid	properties.	For	the	initial	experiments	to	characterize	the	device	operation	
we	chose	to	vary	the	latter.	Droplets	of	different	mixtures	of	ethanol	(EtOH)	and	
water	(H2O)	were	introduced	to	the	inlet	reservoir	of	two	different	devices	with	a	
straight	open	microfluidic	channel	geometry	(Figure	3.4).	The	open	microfluidic	
channels	had	a	depth	of	40μm,	a	width	of	10μm	and	a	length	respectively	of	50μm	
and	100μm.	The	capillary	valves	had	a	width	of	10μm	and	a	height	of	35μm..	Figure	
3.6	shows	the	theoretically	predicted	capillary	valve	pressure	barrier	(equation	
3.9)	and	the	capillary	pressure	driving	the	filling	of	the	open	microfluidic	feature	
for	different	H2O	and	EtOH	mixtures	(equation	3.12).	The	points	on	the	graph	were	
derived	using	 the	experimentally	obtained	values	 for	contact	angle	and	surface	
tension	for	different	H2O	and	EtOH	mixtures	reported	in	19,20.		Dotted	lines	were	
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added	 as	 a	 guide	 for	 the	 eye.	 Both	 pressures	 should	 be	 negative	 for	 a	 proper	
functionality	of	the	device.	If	the	pressure	barrier	has	a	positive	value,	then	the	
device	will	flood	and	if	the	capillary	pressure	is	positive	then	the	open	microfluidic	
feature	will	 not	 fill.	 As	 shown	 in	 figure	 3.6,	 according	 to	 the	 calculations	 both	
pressures	 are	 negative	 for	 solutions	 with	 a	 H2O:EtOH	 ratio	 between	 8:2	 and	
7:3(indicated	by	a	green	 triangle)	and	with	 the	optimum	point	with	 the	 lowest	
pressure	(at	the	apex	of	the	grey	triangle)	at	a	H2O:EtOH	ratio	of	7.25:2.75.	In	figure	
3.7	the	experimental	results	are	shown.	For	each	H2O:EtOH	ratio	ten	devices	were	
tested	and	the	success	rate	for	filling	(i.e.	successful	capillary	pinning	at	the	valve	
and	successful	filling	of	the	open	microfluidic	feature)	was	recorded.	If	the	device	
failed	in	the	grey	area,	it	means	that	the	open	feature	did	not	fill	(as	shown	in	the	
microscopy	image(a)	of	the	inset)	and	if	it	failed	in	the	white	area	it	means	that	the	
liquid	front	was	not	pinned	at	the	capillary	valve	and	the	device	flooded	(also	see	
inset(b)).	 As	 theoretically	 predicted,	 the	 highest	 success	 rate	was	 obtained	 for	
solutions	with	a	H2O:EtOH	 ratio	 between	8:2	 and	7:3.	Theoretically,	 the	 device	
should	 only	work	 in	 this	 volume	 ratio	 range,	 but	 experimentally	 some	devices	
were	found	to	function	outside	this	range.	This	can	be	explained	by	differences	
between	devices	due	to	fabrication.	For	example,	we	assume	that	the	expansion	
angle	of	the	capillary	valve	is	90°,	while	in	reality	a	perfect	right	angle	cannot	be	
fabricated	in	PDMS	and	on	the	nanoscale	corners	will	be	rounded.	In	addition,	it	is	
known	that	the	thickness	of	the	SU-8	that	is	used	for	PDMS	soft	lithography	can	
slightly	vary	depending	on	the	position	on	the	wafer21.	Also,	equation	3.9	that	was	
used	for	the	calculation	of	the	pressure	barrier	is	valid	for	a	simple	capillary	stop	
valve	with	four	liquid-solid	interfaces,	continuous	bottom	and	top	and	an	abrupt	
expansion	on	the	side	walls.	In	contrast,	in	our	design	the	capillary	valve	has	no	
solid	bottom	wall	and	hence	has	one	less	liquid-solid	interface.	This	will	alter	the	
geometry	of	the	meniscus,	and	hence	the	pressure	barrier	will	be	slightly	different	
from	the	predicted	one.	

	
	

Figure	3.6	-	Theoretical	model	of	pressures.	Blue	shows	the	pressure	barrier	of	the	capillary	
valve	 and	 red	 shows	 the	 capillary	 pressure	 driving	 the	 filling	 of	 the	 open	microfluidic	
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feature,	 for	different	H2O	and	EtOH	mixtures.	The	operating	range	 is	 shown	with	green	
colour.	

As	was	expected,	the	length	of	the	open	microfluidic	structure	did	not	affect	the	
success	rate	of	the	device:	when	the	filling	condition	is	met	(equation	3.11)	and	the	
pressure	at	the	meniscus	is	negative,	then	the	open	microfluidic	structure	will	be	
passively	filled	independently	of	its	length	(see	figure	3.7).	As	mentioned	earlier	
the	constant	pressure	at	the	liquid	front	results	in	a	time-dependant	flow	velocity	
as	the	open	microfluidic	feature	is	filled,	nevertheless	the	length	of	our	features	is	
small	enough	to	neglect	this	phenomenon.	
	

	
Figure	3.7	-	Experimental	results.	For	each	water	ethanol	solution	ten	devices	with	a	straight	
open	microfluidic	 feature	 of	 50μm	 (blue	 color)	 and	 ten	with	a	 100μm	(red	 color)	open	
microfluidic	were	tested	and	the	success	rate	for	filling	was	recorded.	If	the	device	failed	in	
the	grey	area	it	means	that	the	open	feature	did	not	fill	(a)	and	if	it	failed	in	the	white	area	
it	means	that	the	liquid	front	was	not	pinned	at	the	capillary	valve	and	the	device	flooded	
(b)	as	shown	at	the	indent	microscopy	images.	Once	again	the	highest	success	rate	is	for	
solutions	with	H2O:EtOH	ratio	between	8:2	and	7:3	that	fits	the	theoretical	model.	

3.4.2|	Method	flexibility	
The	requirements	for	the	capillary	valve	and	the	open	microfluidic	features	are	
independent	 of	 each	 other,	 hence	 one	 can	 design	 various	 shapes	 of	 open	
microfluidics	as	long	as	the	passive	filling	condition	is	met.	Several	different	open	
microfluidics	were	tested	in	order	to	show	the	versatility	of	the	proposed	system	
in	capillary	patterning,	and	a	few	results	are	shown	in	figure	3.8.	Bubble	formation	
is	 a	 significant	 problem	 in	 filling	microfluidic	 systems,	 but	 open	microfluidics,	
where	 the	 air	 can	 simply	 escape,	 and	 which	 hence	 is	 insensitive	 to	 bubble	
formation,	gives	the	opportunity	for	patterning	dead	end	channels	and	loops	which	
otherwise	is	impossible.	
In	practical	applications	it	will	not	be	easily	possible	to	change	the	surface	tension	
and	contact	angle	by	using	solvent	mixtures.	However,	surfactants	can	be	used	to	
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control	 the	 surface	 tension	 and	 contact	 angle.	 Also,	 the	 contact	 angle	 can	 be	
controlled	by	changing	the	surface	properties.	For	research	purposes	where	PDMS	
is	used,	the	contact	angle	can	be	controlled	by	plasma	treatment	and	annealing	at	
low	 temperature.	 By	 adjusting	 the	 plasma	 treatment	 time,	we	 tuned	 the	water	
contact	angle	of	the	PDMS	to	make	the	device	suitable	for	filling	with	an	aqueous	
solution,	as	we	will	show	in	the	next	section.			
	

	
Figure	3.8	-	Experimental	results	of	various	capillary	patterns	in	the	bottom	channel	wall	
prior	to	filling	(left)	and	after	filling	with	7.5:2.5	H2O:EtOH	(right).	

The	 most	 convenient	 way	 to	 obtain	 functioning	 devices	 for	 a	 wide	 variety	 of	
materials	and	solutions	is	by	controlling	the	feature	size	and	specifically	the	depth	
of	 the	 features,	 i.e.	 the	height	of	 the	capillary	valves	and	 the	depth	of	 the	open	
microfluidic	 channel.	 To	 illustrate	 the	 potential	 of	 this	 method,	 in	 figure	 3.9	
calculations	for	the	capillary	pressure	in	the	open	microfluidic	structure	and	the	
pressure	barrier	of	the	capillary	valve	are	plotted	against	the	depth	of	each	feature	
for	 two	different	 solutions,	 that	 vary	 in	 contact	 angle	 and	 surface	 tension.	 The	
width	of	both	features	is	set	to	10μm.	Once	again	both	pressures	are	required	to	
be	negative,	so	that	the	necessary	depths	of	the	features	can	be	obtained	from	the	
graphs.	Similar	graphs	can	for	example	be	made	for	different	feature	widths.	With	
such	 analyses,	 one	 can	 tailor	 the	 device	 for	 any	 specific	material,	 solution	 and	
application.		
	
3.4.3|	Antibody	patterning	with	an	aqueous	solution	
We	demonstrate	the	practical	usefulness	of	our	method	by	applying	it	for	capillary	
patterning	of	antibodies	for	immunodetection.	As	mentioned	earlier	we	tuned	the	
contact	angle	of	the	PDMS	chips,	via	O2	plasma	treatment	and	 low	temperature	
annealing,	 so	 the	 proper	 functionality	 of	 the	 device	 was	 ensured	 for	 aqueous	
solutions.		We	show	that	is	possible	to	pattern	after	bonding,	hence	in	a	closed	chip,	
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which	otherwise	is	cumbersome.	A	schematic	representation	of	the	application	is	
showed	in	figure	3.10.	
	
	

	
Figure	3.9	-	Capillary	barrier	pressure	and	capillary	filling	pressure	vs	feature	depth	for	two	
different	solutions.	Both	pressures	are	required	to	be	negative.	

	
	
Figure	3.10	-	Schematic	of	the	antibody	coating	and	subsequent	 immunodetection	 in	the	
chip.	a)	Capillary	filling	of	the	3D	valve	with	antibody	solution.	b)	incubation	of	the	antibody	
solution,	 flushing	 and	 drying	 of	 chip.	 c)	 Capillary	 filling	 of	 the	main	 channel	 with	 the	
fluorescent	 antigen-containing	 solution	 and	 incubation.	 d)	 Flushing	 and	 fluorescent	
microscopy	detection.	
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In	 figure	 3.11	 the	 results	 are	 shown.	 After	 the	 capillary	 patterning	 we	
demonstrated	the	intact	functionality	of	the	antibodies	by	flushing	the	channels	
with	 fluorescent	antigen.	The	results	prove	 that	 the	simple	 technique	based	on	
capillary	 phenomena	 enables	 patterning	 of	 antibodies	 in	 closed	 chips,	 with	
subsequent	 antigen	 immunodetection.	 The	 patterning	 freedom	 offered	 by	 the	
method	 is	 evidenced	 by	 successful	 coating	 of	 simple	 straight	 channels	 (Figure	
3.11a-c),	to	more	complex	shapes	(Figure	3.11d-i).		
Our	examples	use	PDMS	only	 to	demonstrate	 the	method.	As	mentioned	 in	 the	
introduction,	 in	 future	 this	 technique	 is	meant	 for	use	 in	closed	glass	or	plastic	
chips	 that	 are	 suitable	 for	 diagnostic	 devices.	 One	 further	 point	 that	 needs	
consideration	in	the	final	devices	is	closing	the	3D	capillary	valve	channel	exits,	
since	the	sample	solution	will	leak	out	via	these	channels.	An	easy	solution	to	this	
problem	 is	 the	blocking	 of	 the	 3D	 valve	 reservoirs	 prior	 to	 the	 introduction	 of	
antigen	e.g.	by	glue.	The	trapped	air	in	the	channels	will	then	allow	only	minute	
volumes	to	enter	the	capillary	valve	channels.			

	
	
Figure	3.11	–	Microscopy	images	of	antibody	antigen	reactions	after	antibody	patterning.	
Channel	walls	are	marked	with	yellow	dashed	lines	a)	Bright	field	image	of	a	chip	with	two	
straight	channels	for	antibody	coating.	b,c)	Fluorescent	imaging	of	the	chip	with	two(b)	and	
one(c)	channels	coated	with	antibody	and	incubated	with	fluorescent	antigen.	d,f,h)	Bright	
field	images	of	more	complex	patterns.	e,g,i)	Fluorescent	images	after	antibody	coating	and	
fluorescent	antigen	incubation.	

3.5|	Conclusions	and	outlook	
The	use	of	3D	capillary	valves	has	been	 investigated	 for	capillary	patterning	 in	
closed	microchips.	We	theoretically	described	the	functionality	of	the	system	for	
selective	 filling	of	parts	of	a	closed	microfluidic	 structure	and	 the	experimental	
results	adequately	fit	the	proposed	theoretical	model.	The	model	can	be	used	as	a	
design	tool	for	tailoring	3D	valves	for	various	applications,	solutions	and	materials	
as	 long	 as	 the	 contact	 angle	 and	 surface	 tension	 are	 known.	 In	 addition,	 we	
demonstrate	 that	 the	method	can	be	 used	 to	create	 a	 simple	 immunodetection	
device	by	demonstrating	a	passive	antibody	pattering	of	various	shapes	in	a	closed	
chip	followed	by	antigen	binding.	The	technique	can	find	various	applications	such	
as	capillary	patterning	of	phase	change	materials	e.g.	hydrogels	and	local	surface	
functionalization	in	closed	chips.	
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Chapter 4 
Continuous	Focusing,	Fractionation	

and	Extraction	of	Anionic	Analytes	in	
a	Microfluidic	Chip 

 
Electrokinetic	 focusing	 and	 separation	 methods,	 specifically	 ion	 concentration	
polarization	focusing	(ICPF)	provide	a	very	powerful	and	easy	to	use	analytical	tool	
that	 can	be	used	 in	several	 scientific	 fields.	Nevertheless,	 the	concentrated	and	
separated	 analytes	 are	 effectively	 trapped	 inside	 the	 chip	 in	 picoliter	 volumes,	
complicating	further	processing.	In	this	chapter	we	propose	an	ICPF	device	that	
allows	continuous	and	selective	extraction	of	the	focused	analytes.	A	theoretical	
background	 is	 presented	 to	 understand	 the	 dynamics	 of	 the	 system	and	an	 1D	
model	was	 developed	 that	 describes	 the	 general	 behaviour	 of	 the	 system.	We	
demonstrate	the	selective	extraction	of	three	fluorescent	model	anionic	analytes	
and	 we	 report	 selective	 extraction	 of	 the	 analytes	 at	 a	 300-fold	 increased	
concentration.		

 

 

 

 

 

This	 chapter	 is	 based	 on	 the	 publication:	 Vasileios	 A.	 Papadimitriou,	 Loes	 I.	
Segerink	and	Jan	C.	T.	Eijkel.	“Continuous	Focusing,	Fractionation	and	Extraction	
of	 Anionic	 Analytes	 in	 a	 Microfluidic	 Chip.	 “	 Lab-on-Chip	 2019,	
https://doi.org/10.1039/c9lc00434c	
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4.1|	Introduction	
Electrokinetic	separation	methods	are	powerful	tools	that	have	found	application	
in	a	wide	range	of	fields,	from	biological/chemical	research	to	food	industry	and	
forensics.	 Since	 the	 early	 days	 of	 microfluidics	many	 electrokinetic	 separation	
methods	 have	 been	 translated	 to	 lab-on-chip	 systems.	 A	 special	 class	 of	
electrokinetic	 techniques	 combines	 separation	 and	 focusing	 such	 as	 isoelectric	
focusing	(IEF),	electric	field	gradient	focusing	(EFGF)	and	isotachophoresis	(ITP).	
These	 techniques	 require	 an	 application-specific	 electrolyte	 preparation	which	
can	be	a	tedious	process	and	significantly	reduce	their	usability	for	point-of-care	
systems.	 For	 example,	 ITP	 requires	 a	 leading	 and	 trailing	 electrolyte	 with	
electrophoretic	mobilities	higher	and	lower	than	the	target	analyte.	In	recent	years	
ion	concentration	polarization	focusing	(ICPF)	was	introduced,	which	is	capable	of	
concentrating	and	separating	analytes	without	the	use	of	specific	electrolytes.	ICPF	
focuses	analytes	in	the	electric	field	gradient	created	by	the	phenomenon	of	 ion	
concentration	polarization	(ICP).	
ICPF	was	introduced	by	Wang	et	al1	more	than	a	decade	ago	and	it	was	capable	of	
concentration	factors	of	proteins	and	peptides	in	the	order	of	millions.	Since	its	
introduction	 vast	 amount	 of	 research	 has	 been	performed	with	 this	 technique,	
where	Quist	et	al.2	demonstrated	 that	apart	 from	concentration	also	separation	
occurred	3–7.	Though	the	technique	offers	a	very	powerful	and	simple	analytical	
tool,	a	disadvantage	is	that	the	focused	and	separated	analytes	are	“trapped”	inside	
the	chip	in	picoliter	volumes.	Further	analysis,	for	example	by	mass	spectrometry,	
thus	 is	 impossible.	Attempts	 to	extract	 the	preconcentrated	analytes	have	been	
reported,	 but	 they	 require	 the	 use	 of	 Quake	 valves8	 or	 magnetically	 actuated	
valves9.	Continuous	extraction	of	the	concentrated	biomolecules	and	cells	in	non-
selective	fashion	has	been	demonstrated	by	Kwak	et	al10.	In	this	article	we	propose	
an	ICPF	device	modified	to	selectively	and	continuously	extract	the	fractionated	
and	 concentrated	 analytes	 from	 their	 complex	 background,	 allowing	 further	
downstream	analysis.		
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Figure	 4.1	 -	 Device	 outline	 (a)	 and	 concept	 of	 our	 ICPF	 device	 for	 extraction	 (b).	 (a)	 A	
potential	is	applied	in	the	upstream	(Vu)	and	downstream	(Vd)	reservoir	with	Vu>Vd.	A	low	
negative	 pressure	 is	 applied	 in	 the	 extraction	 channels	 marked	 with	 green.	 The	 side	
channels	 are	 filled	 with	 a	 buffer	 and	 they	 are	 grounded.	 A	 depletion	 zone	 (shown	 in	
white(b))	is	formed	due	to	ICP	when	an	E-field	is	applied	across	an	exclusion	zone	(Nafion)	
(b,c).	At	the	interface	between	dz	and	the	bulk	(shown	in	orange)	the	concentration	gradient	
(c)	creates	an	E-field	gradient	zone	when	a	second	E-field	is	applied	across	it.	All	ions	move	
towards	the	dz	with	a	constant	net	flow	(vconv)	but	due	to	their	difference	in	electrophoretic	
mobility	 (µeph)	 they	 experience	 different	 electrophoretic	 velocity	 (veph)	 in	 the	 E-field	
gradient	zone	resulting	in	separation.	The	analytes	will	start	focusing	at	the	position	in	the	
E-field	that	electrophoretic	(veph)	and	bulk	flow	velocity	(vconv)	are	equal	and	opposite	(d).	
Due	 to	non-uniformities	of	 the	electro-osmotic	 flow	 (EOF)	an	 induced	pressure	(Pind)	 is	
created	at	the	focusing	location	(e).	1D	area	averaged	flow	velocities.	The	focused	analytes	
can	be	placed	at	the	extraction	channel	and	will	be	extracted	under	low	negative	pressure,	
which	needs	to	be	lower	than	the	induced	pressure	(Pext	<	Pind)	Note:	On	figure	(e)	the	EOF	
arrow	accounts	for	both	the	primary	and	secondary	EOF	due	to	the	extended	space	charge	
close	to	the	Nafion	membrane11.	
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4.2|	Theory	
4.2.1|	 Concentration	 Polarization	 and	 Establishment	 of	 a	
Depletion	Zone	
In	order	to	understand	the	dynamics	of	the	device	we	will	first	briefly	describe	the	
process	of	ICPF.	For	a	more	extensive	theoretical	description	of	ICPF	the	reader	is	
referred	 to	 the	 recent	 report	 by	 Ouyang	 et	 al11.	 	 In	 addition	 the	 feasibility	 of	
extraction	of	concentrated	(cationic)	analytes	via	ICPF	was	reported	via	numerical	
simulations	of	similar	systems12,13.	ICPF	is	based	on	differential	ionic	migration	in	
an	 electric	 field	 gradient.	 The	 electrical	 field	 gradient	 is	 created	 by	 applying	 a	
steady	potential	difference	over	a	microchannel	which	contains	a	 region	 in	 the	
axial	direction	with	a	salt	concentration	gradient.	As	the	current	density	must	be	
equal	 in	 the	 entire	 system,	 an	 electric	 field	 gradient	 results,	 which	 can	 be	
formulated	as	
	

𝑬(𝑥) 	= 	𝑱 ∙ 𝜌(𝑥)(4.1)	
	
with	𝑱[𝐴/𝑚:]	the	current	density,	𝜌[𝛺𝑚]	the	electrical	resistivity	of	the	solution	
and	x	the	axial	coordinate.	In	order	to	form	the	concentration	gradient	in	ICPF,	the	
phenomenon	 of	 ICP	 is	 used14.	 A	 typical	 configuration	 to	 generate	 an	 ICP	 is	 by	
connecting	the	microchannel	considered	to	one	or	two	other	microchannels	via	a	
“cation-permselective	zone”	(Figure	4.1a)5.	The	term	“cation-permselective	zone”	
indicates	an	area	where	predominantly	cations	are	able	to	enter	and	pass	through,	
and	 the	 anion	 transport	 is	 greatly	 reduced.	 This	 cation-permselective	 zone,	
typically	 a	 nanochannel9	 or	 a	 cation-permselective	membrane	 such	 as	Nafion4,	
creates	a	flux	gradient	of	the	anions	and	cations	in	the	direction	of	the	electric	field.	
This	flux	gradient	removes	cations	and	anions	from	the	anodic	side	of	the	barrier	
resulting	in	a	zone	with	low	concentration	of	all	ionic	species,	called	the	depletion	
zone.	
Figure	4.1a	shows	the	separation	channel	connected	to	two	buffer	channels	via	a	
Nafion	membrane,	which	was	patterned	by	capillarity15	 in	a	manner	previously	
reported5.	The	buffer	channels	are	grounded	while	 two	different	potentials	are	
applied	 at	 the	 ends	 of	 the	 separation	 channel	 (Vu	 at	 upstream	 and	 Vd	 at	
downstream	reservoir	with	Vu>Vd).	This	configuration	will	create	a	depletion	zone	
in	the	separation	channel	and	simultaneously	apply	an	axial	electrical	field.	At	the	
interface	between	the	depletion	zone	and	the	bulk	solution	an	E-field	gradient	is	
generated,	where	anionic	analytes	will	be	focused	(see	below).		
The	novelty	of	our	device	is,	that	to	perform	continuous	extraction,	we	added	two	
extraction	 channels	 to	 this	 configuration,	 intersecting	 the	 separation	 channel	
perpendicularly	(Figure	4.1b).	The	focused	analytes	are	extracted	by	applying	a	
small	negative	pressure	(Pext)	in	these	extraction	channels.	The	system	variables	
relevant	for	the	extraction	process	are	the	analyte	position,	analyte	extraction	rate	
and	analyte	concentration	rate.		The	two	reservoir	potentials	(Vu	and	Vd)	and	the	
extraction	pressure	(Pext)	all	influence	these	variables	and	their	effects	are	coupled.	
To	describe	this	complex	system	an	approximative	one-dimensional	(1D)	model	
was	created.	It	consists	of	two	coupled	parts:	a	model	for	the	electrical	currents	
(Figure	4.2,	blue)	and	a	model	for	the	hydrodynamic	fluxes	in	the	system	(Figure	
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4.2,	green).	The	model	is	limited	in	its	scope	as	it	does	not	provide	a	description	of	
the	formation	of	the	different	analyte	zones	in	the	E-field	gradient	zone.	However,	
it	serves	as	a	model	to	understand	the	coupling	of	the	electrical	and	hydrodynamic	
phenomena	of	the	device.	

	
	
Figure	4.2	-	Schematic	of	the	1D	model	for	our	ICPF	extraction	device.	Each	resistance	and	
current	is	a	function	of	the	parameters	stated	in	the	brackets	next	to	it.	The	electric	model	
describes	the	electric	response	of	the	system	and	the	growth	of	the	depletion	zone	(Ö¦

Z

Ö\
)	due	

to	 ICP.	 The	 inputs	 for	 the	electric	model	 are	 the	actuation	 potentials	 and	 some	 system	
parameters	such	as	dimensions,	conductivities	and	concentrations.	The	outputs,	which	are	
Ö¦Z

Ö\
	and	all	the	potentials	(in	each	node	Vi)	between	bulk	and	depletion	zone	interfaces,	are	

fed	 to	 the	 fluidic	model.	The	fluidic	model	with	 the	use	of	 the	potentials	and	zone	 sizes	
(provided	by	the	electric	model)	calculates	the	E-fields	and	EOFs	(represented	as		current	
sources)	 in	 each	 zone.	 The	 unequal	 current	 sources	 induce	 a	 secondary	 current	
(representing	induced	pressure-driven	flow)	through	the	hydraulic	resistors	(RØÙ).	The	total	
current	(Ö¦

Ú

Ö\
)		(i.e.	bulk	flow	=	EOF+PDF+PDFind)	is	calculated	and	updates	the	zone	sizes	

which	 is	 fed	 back	 to	 electric	 circuit.	The	 process	 is	 repeated	until	 convergence	 and	 the	
converged	 solution	 for	 focusing	 position	 (𝑙Û),	 bulk	 flow	 in	 the	 separation	 channel	
(concentration	rate)	and	extraction	flow	for	each	time	step	is	exported.	

4.2.2|	Electric	model	(Figure	4.2)	
As	mentioned	above,	the	cation-permselective	Nafion	membrane	creates	a	 local	
gradient	 of	 the	 cation	 and	 anion	 fluxes,	 creating	 the	 depletion	 zone	 in	 the	
separation	 channel.	 For	 simplicity	 of	 the	model	we	 assume	 that	 the	 current	 is	
carried	exclusively	by	the	background	electrolyte	(not	by	the	analytes)	and	that	
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the	cation	and	anion	transport	numbers	in	the	bulk	solution	are	equal.	We	also	
assume	 that	 the	 membrane	 is	 perfectly	 cation	 selective.	 We	 denote	 the	 salt	
concentration	in	the	depletion	zone	as	𝐶ÖÜ.	Under	these	conditions,	the	growth	rate	
of	the	depletion	zone	length	in	the	channel,	𝑑𝑙H/𝑑𝑡	[𝑚	𝑠9<],	depends	on	the	current	
running	through	the	Nafion	membrane	as	
	

𝑑𝑙H
𝑑𝑡 =

𝐼
2(CÞ − 𝐶ÖÜ)𝐹𝐴 

(4.2)	

	
where	 𝐼[𝐴]	 is	 the	 electric	 current	 through	 the	 membrane,	 𝐹[𝐶	𝑚𝑜𝑙9<]	 is	 the	
Faraday	 constant,	CÞ[𝑚𝑜𝑙	𝑚9�]	 is	 the	 bulk	 ion	 concentration	 and	𝐴 [𝑚:]	 is	 the	
cross-sectional	area	of	the	separation	channel.	The	growth	rate	of	the	depletion	
zone	thus	scales	linearly	with	the	electric	current	through	the	Nafion	membrane.	
The	conductivity	in	the	depletion	zone	is	generally	measured	to	be	several	orders	
of	magnitude	lower	than	in	the	bulk4,	and	hence	the	total	resistance	of	the	system	
increases	when	the	depletion	zone	grows	and	occupies	an	increasing	part	of	the	
channel.	 Since	 constant	 potentials	 are	 applied	 to	 the	 reservoirs,	 the	 current	
through	the	channel	and	the	Nafion	membrane	decreases	as	the	depletion	zone	
grows,	 resulting	 in	 a	 reduced	 growth	 rate	 of	 this	 zone	 as	 time	 proceeds.	 The	
electric	model	shown	in	Figure	4.2	was	created	to	calculate	at	any	moment	in	time	
the	size	of	each	zone	(bulk,	depletion	zone)	both	upstream	and	downstream	from	
the	Nafion	membrane,	as	well	as	the	various	currents	and	the	potentials	at	each	
interface	between	the	zones.	
	
4.2.3|	Fluidic	model	(Figure	4.2)	
The	 fluxes	of	 the	analyte	 ions	𝑖,	𝑱s[𝑚𝑜𝑙	𝑚9:𝑠9<]	 are	given	by	 the	Nernst-Planck	
equation.	We	formulate	the	fluxes	as	a	function	of	axial	position	x	as:	
	

𝑱s(𝑥) = 𝑱s,Ösßß(𝑥) + 𝑱s, §�à(𝑥) + 𝑱s,HQÃ(𝑥)	(4.3)	
	
Here	 Ji,diff,	 Ji,conv	 and	 Ji,eph	 are	 the	 flux	 contributions	 of	 diffusion,	 convection	 and	
electrophoresis	of	analyte	 ions	 i,	 respectively.	 In	our	 initial	analysis	we	neglect	
diffusion	for	reasons	of	simplicity	(Ji,diff(x)=0).		
	
We	will	now	discuss	the	separate	contributions	to	the	flux	of	analyte	i	in	equation	
(4.3)	in	more	detail.	
The	contribution	by	convection	is	
	

𝑱s, §�à(𝑥) = 𝒗𝒄𝒐𝒏𝒗𝐶s(𝑥)	(4.4)	
	
Here	𝐶s	[𝑚𝑜𝑙	𝑚9�]	is	the	concentration	of	the	species	𝑖	and	𝒗𝒄𝒐𝒏𝒗	[m	s9<]	the	linear	
convective	 liquid	 velocity	assuming	constant	channel	 cross	 section.	 It	 has	 been	
demonstrated	 that	 the	 area-averaged	 bulk	 flow	 velocity	 in	 a	 channel	 can	 be	
obtained	 by	 a	 linear	 combination	 of	 pressure-driven	 (vPDF	 [m	s9<])	 and	
electroosmotic	 flow	 (vEOF	 [m	s9<]).16	 In	 our	 channel	 a	 pressure	 distribution	 is	
created	by	the	suction	that	is	applied	at	the	extraction	channels,	as	well	as	by	the	



Continuous	Focusing,	Fractionation	and	Extraction	of	Anionic	Analytes	in	a	
Microfluidic	Chip.	
	
	

	 	72	

	

axial	 variation	 of	 EOF	 stemming	 from	 the	 conductivity	 gradient,	 that	 by	 the	
requirement	of	mass	conservation	locally	generates	a	restoring	pressure-driven	
flow.	Below	we	will	briefly	treat	both	contributions.	
	
Electroosmotic	flow	–	The	EOF	magnitude	varies	along	the	channel	length,	as	it	is	
determined	by	the	local	electric	field,	which	results	from	the	potential	difference	
between	upstream	(Vu)	and	downstream	(Vd)	reservoirs	and	the	local	resistivity	
(equation	 (4.1)).	 At	 any	 location	 along	 the	 channel	 the	 magnitude	 of	 the	 EOF	
follows	from	the	Helmholtz-Smoluchowski	equation:	
	

𝒗æçb(𝑥) =
𝜀𝜀[𝜁
𝜂 𝑬(𝑥)	(4.5)	

	
where	 𝜂[𝑘𝑔𝑚9<𝑠9<]	 is	 the	 viscosity	 of	 the	 liquid,	 𝜁[𝑉]	 is	 the	 zeta	 potential	
(assumed	constant	 in	 the	model)	 and	𝜀, 𝜀[[𝐹𝑚9<]	 	are	 the	 relative	and	 vacuum	
permittivity.	In	our	system	EOF	generally	is	the	dominant	convective	velocity	so	
the	 net	 convective	 velocity	 vector	 follows	 the	 EOF	 direction.	 Since	we	 have	 a	
negative	zeta	potential	and	Vu	>Vd	the	bulk	solution	flows	from	the	upstream	to	the	
downstream	reservoir.	In	the	depletion	zone	of	the	separation	channel,	the	high	E-
field	results	in	a	high	EOF	velocity	while	in	the	remainder	of	the	channel	the	low	
E-field	results	in	a	low	EOF	velocity.	EOF	is	also	significantly	affected	by	the	zeta	
potential	 (ζ)	 which	 is	 directly	 influenced	 by	 the	 pH.	 Mogi	 et	 al.17	 reports	 a	
significant	change	of	 the	pH	close	 the	depletion	zone.	Here	we	will	neglect	 this	
effect.	
	
EOF-induced	 pressure	 driven	 flow	 –Since	 aqueous	 electrolytes	 are	 non-
compressible	and	because	of	mass	conservation,	a	pressure-driven	flow	is	induced	
towards	the	interface	between	the	bulk	and	the	depletion	zone,	where	a	negative	
pressure	is	generated.	An	EOF-induced	pressure	is	for	example	also	reported	by	
Herr	et	al.16	in	the	case	of	channels	with	a	non-uniform	zeta	potential.		
In	addition,	close	to	the	membrane	a	space	charge	region	exists	due	to	ICP18–22.	The	
space	charge	region	has	a	large	net	positive	charge,	so	the	action	of	the	electrical	
field	in	the	bulk	is	to	move	it	to	the	cathodic	reservoir	(same	direction	as	the	main	
EOF).	Because	this	EOF	(usually	named	electroosmosis	of	the	second	kind11)	is	so	
much	larger	than	anywhere	else	in	the	channel,	we	get	the	PDF	back-flow	vortices.	
A	small	part	of	the	extra	‘push’	on	the	solution	is	translated	to	a	PDF	towards	the	
cathode.	Summarizing,	the	space	charge	region	at	the	Nafion	acts	as	a	small	and	
strong	pump.	
The	 device	 is	 operated	 in	 the	 over-limiting	 current	 regime19	where	 these	 EOF	
induced	vortices	have	a	strong	contribution	to	the	local	2D	flow	velocity	profile.	
The	2D	flow	velocity	profile	that	will	result	from	the	combination	of	all	PDF	and	
EOF	 contributions	 is	a	 rich	 scientific	 topic4,11,23,24,	which	 for	 simplicity	we	here	
reduce	to	an	area-averaged	1D	flow	velocity	(Figure	4.1e).	
Adding	both	contributions	to	the	bulk	flow	velocity	(𝑣 §�à = 𝑣æçb(𝑥) + 𝑣21b(𝑥)),	
we	can	write	the	convectional	flux	as:		
	



Chapter	4	
	

	 73	

	

𝑱s, §�à(𝑥) = 𝒗æçb(𝑥)𝐶s(𝑥) + 𝒗21b(𝑥)𝐶s(𝑥)	(4.6)	
	
Extraction	 pressure	 driven	 flow	 –	 The	 extraction	 channels	 are	 electrically	
floating;	 hence	 they	 have	 no	 contribution	 of	 EOF.	 We	 extract	 the	 analytes	 by	
applying	 an	 external	 pressure	 at	 the	 extraction	 channel	 intersections	with	 the	
separation	 channel	 (Pext),	 which	 pressure	 must	 be	 lower	 than	 the	 local	 EOF-
induced	negative	pressure	(Pext	<	Pind).	It	must	be	noted	that	without	an	applied	
extraction	 pressure,	 or	 when	 the	 applied	 pressure	 is	 lower	 than	 the	 induced	
pressure	 (Pind),	 the	 flow	 is	 directed	 from	 the	 extraction	 channels	 towards	 the	
separation	channel.	In	our	system	this	effect	can	however	be	neglected,	as	the	thin	
and	long	extraction	channels	have	high	hydrodynamic	resistance	and	the	induced	
and	applied	external	pressures	result	in	minute	volume	flows,	approximately	two	
orders	of	magnitude	smaller	than	the	EOF	volume	flow.		
Analyte	electrophoresis	and	focusing	–	Anions	migrate	in	the	opposite	direction	
of	the	convective	flow	with	an	electrophoretic	velocity	(vi,eph)	which	scales	linearly	
with	the	local	electric	field	(𝑬(𝑥)[𝑉	𝑚9<]).	
	

𝒗𝒊,𝒆𝒑𝒉(𝑥) = 𝜇s,HQÃ𝑬(𝑥)	(4.7)	
	
Here	𝜇s,HQÃ[𝑚:𝑠9<𝑉9<]	is	the	electrophoretic	mobility.	At	the	interface	between	the	
depletion	zone	and	the	bulk	a	region	exists	with	a	concentration	and	thus	E-field	
gradient.	The	further	the	analytes	move	up	the	electric	field	in	this	zone,	the	higher	
their	electrophoretic	velocity.	Within	a	certain	mobility	window,	each	ionic	species	
will	have	a	specific	point	in	the	gradient	where	its	electrophoretic	velocity	is	equal	
and	 opposite	 to	 the	 convective	 flow	 velocity,	 at	which	 point	 it	 will	 be	 focused	
(Figure	 4.1d)2.	 The	 analytes	 will	 thus	 be	 separated	 and	 create	 focused	 bands,	
sorting	themselves	out	based	on	their	electrophoretic	mobilities	with	the	lowest	
mobility	ion	closest	to	the	depletion	zone,	where	the	E-field	is	highest.		
Analyte	extraction	-	By	tuning	the	focusing	location	of	a	specific	analyte	by	the	
applied	potentials	to	the	intersection	point	of	separation	channel	and	extraction	
channels,	and	by	applying	a	low	negative	pressure	at	the	extraction	channels,	we	
will	be	able	to	selectively	extract	the	focused	analytes	whose	mobilities	fall	within	
a	specific	electrophoretic	mobility	window.	This	mobility	window	will	depend	on	
the	electric	field	gradient	and	the	width	of	the	extraction	channel.	
Fluidic	model	–	The	fluidic	model	(figure	4.2)	derives	the	convective	bulk	flow	in	
the	main	channel.	An	electric	equivalent	of	the	fluidic	system	is	used	where	the	
volumetric	 flows,	 pressures	 and	 hydraulic	 resistances	 are	 represented	 by	
currents,	potentials	and	electric	resistances,	respectively.	Similar	approaches	have	
been	 reported	 before25–29,	 but	 in	 our	 system	 the	 local	 magnitude	 of	 the	 EOF	
(generated	by	the	local	E-field)	is	provided	by	the	coupled	electric	model.	The	EOF	
of	the	second	kind	can	be	accounted	in	the	model	via	the	use	of	high	zeta	potential	
in	 the	 upstream	depletion	 zone.	 The	EOF	 in	 each	 section	 of	 the	 channel	 (bulk,	
depletion	zone)	is	modelled	as	a	current	source	with	a	current	magnitude	that	is	
calculated	from	the	linear	velocity	(equation	4.4)	multiplied	by	the	cross-sectional	
area.		The	length	of	each	zone,	and	the	potential	differences	applied	across	it	are	
provided	by	the	coupled	electric	model.	The	zone	lengths	are	denoted	as	𝑙Û 	and	𝑙Ö 	
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for	the	depletion	zone,	𝐿 − 𝑙Û		and	𝐿 − 𝑙Ö		for	the	bulk	solution	located	upstream	
and	downstream,	where	L	is	the	distance	from	reservoir	to	the	Nafion	membrane	
(Figure	4.2).	In	addition	to	the	EOF,	the	model	derives	the	induced	hydrodynamic	
pressure	 by	 introducing	 feedback	 hydraulic	 resistances	 based	 on	 the	 length	 of	
each	zone	and	the	channel	cross-sectional	geometry.	The	feedback	current	that	is	
induced	 through	 the	 resistors	 to	 equalize	 the	 difference	 between	 the	 current	
sources,	 results	 in	 a	 feedback	 voltage	 over	 the	 hydraulic	 resistances,	 which	
represents	the	induced	hydrodynamic	pressure.	Finally,	the	extraction	pressure	
and	PDF	are	simulated	via	a	potential	source	at	the	end	of	the	extraction	channel	
(extraction	 resistance,	𝑅ßH]\).	 The	 resulting	 current	 through	 the	 separation	 and	
extraction	 channel	 corresponds	 to	 the	 sum	of	 the	 convective	 flows	 (EOF,	 PDF)	
described	by	equation	4.5.		
The	basic	principle	of	the	model	 is	shown	in	Figure	4.2.	An	in-depth	analysis	 is	
presented	in	the	Appendix	B	along	with	a	description	of	the	effect	of	the	down-
stream	and	up-stream	potential	 on	 the	 size	 of	 the	 depletion	 zone	 (i.e.	 focusing	
location),	 on	 the	 concentration	 rate	 and	 on	 the	 maximum	 induced	 negative	
pressure.	In	the	Appendix	B	the	model	results	are	compared	and	explained	based	
on	previous	theoretical	and	experimental	works16–21.	The	fitting	parameters	of	the	
model	are	 the	zeta	potential	 in	 the	bulk	and	 in	 the	depletion	zone,	and	 the	salt	
concentration	 in	 the	 depletion	 zone.	 For	 the	 latter	 we	 used	 the	 parameter	
“depletion	factor”	which	describes	how	many	times	the	average	concentration	in	
the	depletion	zone	is	lower	than	the	bulk.	An	estimate	for	the	depletion	factor	was	
taken	from	literature.24	
	
4.2.4|	Separation	and	extraction	resolution	
To	 determine	 the	 separation	 resolution	 of	 the	 system,	 we	 need	 to	 distinguish	
between	two	operational	modes,	namely	peak	mode	and	plateau	mode,	as	can	be	
found	also	 in	other	 focusing	 techniques	 such	as	 ITP2,35.	A	 schematic	of	 the	 two	
modes	is	shown	in	figure	4.3.	
	
Operation	in	peak	mode	–	In	this	mode	(figure	4.3a)	the	analytes	are	in	very	low	
concentration	compared	to	the	bulk	electrolyte	so	that	we	can	assume	that	they	do	
not	contribute	to	the	conductivity	and	the	local	E-field	in	the	E-field	gradient	zone.	
This	 is	 the	most	common	mode	for	 typical	applications.	 In	our	experiments	 for	
example	the	transport	number	of	the	analyte	(Bodipy)	is	approximately	2 ∙ 109ì	
making	 its	 contribution	 to	 the	 electric	 field	 negligible.	 In	 the	 peak	 mode	 the	
concentrating	analytes	form	a	Gaussian	concentration	profile.	Since	the	early	days	
of	 separation	 sciences36,37	 the	 shape	 of	 the	 concentrated	 peak	 has	 been	
investigated.	In	our	analysis	we	follow	the	approach	from	J.C.	Giddings38	where	a	
focusing	 influence	 (in	 our	 case	 an	 electric	 field	 gradient)	 works	 against	 a	
defocusing	 influence	 (i.e.	 diffusion).	 We	 also	 assume	 a	 constant	 electric	 field	
gradient	�Ö

Ñ𝑬
Ö]Ñ

= 0�.	This	approach	results	in	the	concentration	profile:	
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(4.8)	

	
	

	
Figure	4.3	-	a)	Peak	mode	accumulation	in	the	E-field	gradient	zone.	The	analytes	are	in	low	
concentration,	so	they	do	not	affect	the	local	electric	field	(green	concentration	peaks	not	in	
scale).	The	analytes	are	focused	at	the	E-field	magnitude	(𝐸<,𝐸:)	where	they	acquire	a	zero	
net	velocity	b)	Plateau	mode.	The	analyte	reaches	the	maximum	concentration	that	satisfies	
the	Kohlrausch	regulation	function	(KRF)	and	forms	a	plateau	at	its	concentration	and	the	
local	electric	field.	c)	Using	a	plateau	mode	analyte	as	an	electrophoretic	spacer.	The	plateau	
mode	analyte	pushes	the	peak	mode	analytes	further	apart.	The	peak	mode	analytes	focus	
at	the	same	𝐸<,𝐸:	values	as	in	(a).	
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where	𝑧s 		is	the	valence	of	the	analyte	i,	𝐶[	[𝑚𝑜𝑙/𝑚�]	is	the	maximum	concentration	
of	the	focused	analyte,	𝑥[𝑚]	is	the	direction	along	the	separation	channel	with	x=0	
denoting	the	location	between	bulk	and	depletion	zone	where	the	E-field	gradient	
starts	 and	𝐸[	 the	 electric	 field	 in	 the	 bulk	 solution.	 Furthermore	𝑉ð[𝑉]	 is	 the	
thermal	 potential	 (𝑉ð = 𝑘�𝑇/𝑒	 with	 T	 [K]	 the	 temperature	 and	 kb	 [J	 K-1]	
Boltzmann’s	constant).	Equation	4.8	describes	a	Gaussian	profile	with	mean	
	

𝑥Hõ,s =
𝒗𝒄𝒐𝒏𝒗 − 𝑬𝟎𝜇s,HQÃ

𝑑𝑬
𝑑𝑥 𝜇s,HQÃ

(4.9)	

	
and	variance	𝜎:[𝑚:]		
	

𝜎s: =
𝑉ð

𝑧s
𝑑𝑬
𝑑𝑥

(4.10),	

	
The	derivation	of	equations	(4.8)	and	(4.9)	is	presented	in	the	ESI.	The	focusing	
location	of	 species	𝑖	 is	given	by	equation	4.9.	 In	peak	mode	we	 then	obtain	 the	
resolution	𝑅�		
	

𝑅� =
𝛥𝑥	

2(𝜎< + 𝜎:)
(4.11)	

	
as	

𝑅� =
𝒗𝒄𝒐𝒏𝒗

2�𝑑𝑬𝑑𝑥 𝑉ð

∙
� 1𝜇<

− 1
𝜇:
�

d 1
√𝑧<

+ 1
√𝑧:

f
(4.12)	

	
In	equation	4.12	the	first	term	is	device-	and	actuation	potential-dependent	while	
the	 second	 term	 depends	 on	 analyte	 properties.	 As	 shown	 in	 equation	 4.9	 the	
focusing	 location	 is	 inversely	 proportional	 to	 the	 mobility.	 Analytes	 with	 low	
electrophoretic	mobility	will	thus	focus	closer	to	the	depletion	zone	where	the	E-
field	 is	 high.	 It	 follows	 from	 equation	 4.12	 that	 the	 resolution	 of	 such	 slower	
analytes,	for	constant	Dµ	=	µ1	-	µ2,	will	be	better	than	for	the	faster	analytes	that	
focus	at	a	location	with	lower	E-field.	
	
If	the	analytes	are	in	peak	mode,	the	mobilities	of	the	analytes	that	are	extracted	
from	their	focusing	position	by	an	extraction	channel	of	determined	width	lie	in	a	
mobility	window	that	can	be	calculated	by	equating	𝛥𝑥	to	the	extraction	channel	
width.	If	 the	mobility	difference	between	 two	analytes	 in	peak	mode	 is	 smaller	
than	 that	 mobility	 window	 for	 a	 specific	 extraction	 channel	 width,	 then	 the	
extraction	 of	 a	 single	 analyte	 is	 impossible,	 and	 adjacent	 analyte(s)	 will	 be	
extracted	along	at	varying	concentration.	
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Finally,	only	analytes	within	a	specific	mobility	window	will	 focus	in	the	device,	
which	 window	 is	 given	 by	 the	 maximum	 and	 minimum	 electric	 field	 and	 the	
convective	flow	velocity.	As	the	analytes	require	an	electrophoretic	velocity	equal	
and	opposite	to	the	convective	flow	hence	this	mobility	window	(assuming	that	
the	analyte	𝑖	is	peak	mode	and	does	not	contribute	to	the	local	conductivity	and	
electric	field)	is	given	by		
	

𝑣 §�à
𝐸[

> 𝜇s >
𝑣 §�à
𝐸ÖÜ

(4.13)	

	
Operation	in	plateau	mode	–	If	the	concentration	of	an	analyte	approaches	the	
background	 electrolyte	 concentration,	 it	 will	 significantly	 contribute	 to	 the	
conductivity	and	its	effect	on	the	electric	field	cannot	be	neglected.	In	this	case	the	
analyte	will	concentrate	no	further	and	instead	of	a	Gaussian	peak	a	plateau	will	
be	formed	at	the	maximum	concentration	(Figure	4.3b),	which	will	widen	in	time.	
At	 the	 location	 of	 the	 plateau	 the	 E-field	 will	 be	 constant	 (𝑑𝐸/𝑑𝑥 = 0).	 The	
maximum	 concentration	 for	 a	 specific	 analyte	 can	 be	 calculated	 from	 the	
Kohlrausch	regulation	function	(KRF	[mol	V	s	m-5]	)39	
	

𝐾𝑅𝐹 =�
𝑧s𝐶s
𝜇ss

(4.14)	

	
A	 conservation	 law	 can	 be	 derived	 that	 requires	 that	 the	 KRF	 value	 remains	
constant	across	all	zones	in	a	capillary	(i.e.	the	bulk	zone	and	any	plateau	formed	
from	an	analyte)	on	application	of	an	electrical	 field.	The	E-field	gradient	is	not	
affected	on	either	side	of	the	plateau	hence	other	less	abundant	analytes	will	still	
be	focusing	there	in	peak	mode.	A	known	substance	can	be	added	to	the	solution	
with	an	electrophoretic	mobility	intermediate	to	the	two	analytes	to	push	them	
apart	 (Figure	 4.3c).	 Such	 a	 compound	 is	 usually	 named	 electrophoretic	 spacer	
which	has	been	previously	reported	in	ICPF3,40.	
	
4.3|	Experimental	
In	order	to	test	the	proposed	system	and	procedure,	polydimethyl	siloxane	(PDMS,	
DOWSILä	 184	 Silicone	Elastomer	 kit)(1:10	crosslinker	 to	 polymer	 ratio)	 chips	
were	fabricated.	A	silicon	wafer	was	spin	coated	with	35μm	of	MicroChemâ	SU-8	
2050	 negative	 photoresist	 and	 patterned	 with	 photolithography	 mask	 of	 the	
pattern	of	figure	4.1a.	The	supplier’s	instructions	for	exposure	and	development	
were	followed	to	create	the	SU-8	soft	lithography	mould.	The	mould	was	used	for	
standard	 soft	 lithography	 of	PDMS	 chips41	which	were	bonded	 after	O2	 plasma	
treatment	to	microscopy	glass	slides.	
A	droplet	of	Nafionâ	perfluorinated	resin	solution	(20wt.	%	-	Sigma-Aldrich)	was	
introduced	 in	 the	 two	 reservoirs	marked	with	 blue	 in	 Figure	 4.1a.	 The	Nafion	
solution	filled	and	pinned	in	the	channel	via	capillary	forces.	The	Nafion	solution	
was	 dried	 at	 60°C	 for	 30	 minutes	 to	 create	 the	 solid	 cation	 selective	 Nafion	
membrane.	During	the	drying	process	Nafion	experiences	a	significant	shrinkage.	
Because	of	the	shrinkage	occasionally	Nafion	detaches	from	the	PDMS	and	gaps	
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are	formed	that	allow	undesired	flow	from	the	separation	to	the	buffer	channels.	
To	eliminate	 this	 flow,	 the	buffer	channels	were	 filled	with	2%	wt.	UltraPureä	
Agarose	(Invitrogen)	in	1x	phosphate	buffered	saline	(PBS)	(Sigma-Aldrich).	
For	 the	 fluorescent	microscopy	 an	Olympus	 IX51	was	used	 and	 images/videos	
were	captured	with	FLIR	Grasshopperâ3	color	camera.	As	model	cation	analytes	
BODIPY™	492/515	Disulfonate	(BDP)	(Invitrogen),	Alexa	Fluor™	647	Carboxylic	
Acid,	 tris(triethylammonium)	 (AF647)	 (Invitrogen)	 salt,	 and	 Cascade	 Blue™	
hydrazide	trisodium	salt	(CB)	(Invitrogen)	were	chosen	and	diluted	in	1x	PBS	or	
0.1x	PBS	which	served	as	a	background	electrolyte	buffered	at	pH	7.4.	A	calibration	
curve	 between	 fluorescent	 analyte	 concentration	 and	 fluorescent	 intensity	 for	
each	analyte	was	prepared	for	the	specific	microscope	and	camera	settings	used	in	
the	experiments.	The	concentration	factors	were	then	calculated	using	this	curve.	
The	 electric	 potentials	were	 applied	 by	 two	Keithley	 2410	 sourcemeter	 power	
supplies	and	the	extraction	pressure	via	a	Fluigent	MFCS-EZ.	
	

	
	

Figure	 4.4	 -	 Fluorescent	 microscopy	 images	 demonstrating	 focusing,	 band	 formation,	
control	and	extraction	(1.5μM	BDP	in	0.1x	PBS).	a)	Focusing	of	the	analyte	away	from	the	
extraction	channel.	The	concentration	of	the	dye	in	the	extraction	channel	is	similar	to	the	
bulk.	 b)	 Movement	 of	 the	 focused	 analyte	 towards	 the	 extraction	 channel	 and	 partial	
release.	c)	Focusing	and	simultaneous	extraction.	d)	Focusing	at	the	other	side	of	extraction	
channel.	If	a	second	slower	analyte	was	present	it	could	be	extracted.	Scale	bar	-	100μm.	

4.4|	Results	and	discussion	
4.4.1|	Analyte	position	control	
As	described	in	the	model,	the	analyte	focusing	position	is	regulated	by	regulating	
the	size	of	the	depletion	zone,	which	scales	with	the	ratio	of	the	upstream	over	
downstream	 potential.	 An	 example	 of	 the	 analyte	 position	 control	 is	 shown	 in	
figure	4.4	where	the	potential	control	is	used	to	locate	the	focused	analyte	band	at	
the	intersection	with	the	two	extraction	channels.	The	device	could	subsequently	
successfully	be	used	for	prolonged	extraction	of	a	single	fluorescent	concentrated	
analyte.	In	our	devices	we	achieved	reproducible	and	stable	extraction	for	up	to	20	
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minutes	with	the	limit	being	only	posed	by	the	small	size	of	our	reservoirs.	Longer	
extractions	 require	 larger	 reservoirs	 in	 order	 to	 avoid	 hydrostatic	 pressure	
changes	and	pH	changes	due	to	electrolysis.	
In	figure	4.5	the	focusing	position	is	plotted	against	the	ratio	of	upstream	(Vu)	and	
downstream	(Vd)	potential.	The	upstream	potential	was	kept	steady	at	110V	and	
the	downstream	potential	was	varied	from	110V	to	10V	and	back	to	110V	with	
steps	of	10V	over	a	period	of	35	minutes.	The	blue	points	denote	the	measured	
position	of	the	analyte	over	time,	while	the	red	line	connects	the	average	values	
for	each	potential	ratio	(red	bars:	standard	deviation	of	the	focusing	location	over	
time).	The	instabilities	in	the	position	mainly	stem	from	electroconvective	vortices	
and	instabilities	in	the	depletion	zone24,31.	The	higher	the	flow	rate	(higher	Vu	:	Vd	
)	the	smaller	the	deviation	from	the	mean	focusing	value	(standard	deviation	of	
9μm	at	Vu	:	Vd	of	11),	while	for	lower	flow	rates	the	standard	deviation	increases	
(19μm	for	Vu	:	Vd	of	1.22).		

	
Figure	4.5	-	Analyte	position	vs	upstream	over	downstream	potential	ratio.	The	blue	points	
correspond	to	the	distance	of	the	analyte	(BDP	in	1x	PBS)	from	the	Nafion	membrane.	The	
red	line	connects	the	average	value	for	each	potential	ratio	and	the	red	bars	correspond	to	
the	standard	deviation.	The	black	line	shows	the	behaviour	predicted	by	our	model.	

4.4.2|	Analyte	selection	control	
We	also	investigated	the	use	of	the	analyte	positioning	control	for	the	selection	of	
focused	analyte	to	be	extracted.	In	figure	4.6	the	selection	between	two	negatively	
charged	analytes,	namely	BDP	and	AF647	is	shown.	The	electrophoretic	mobilities	
of	the	two	analytes	as	determined	by	on-chip	electrophoresis	were	μBDP	=	2.11·10-
8	m2V-1s-1	(a	mobility	of	1.76·10-8	m2V-1s-1	is	reported	in	the	literature42)	and	μAF647	
=	1.58·10-8	m2V-1s-1.	The	slower	analyte	(i.e.	the	red	AF647)	is	expected	to	focus	
closer	to	the	depletion	zone	at	the	right	of	the	figure	where	the	E-field	is	higher,	
while	the	green	BDP	will	focus	closer	to	the	bulk	solution	on	the	left	of	the	figure,	
at	 the	 lower	 E-field.	 By	 tuning	 the	 actuation	 potentials	 (Vu,Vd)	we	 could	 select	
which	of	 the	 focused	analytes	positionally	overlaps	with	 the	extraction	channel	
and	will	be	extracted.		
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As	 shown	 in	 experiment	 A	 of	 figure	 4.6,	 in	 the	 extraction	 channels	 only	 the	
fluorescence	of	the	targeted	analyte	(BDP)	is	present,	while	the	fluorescence	of	the	
“interfering”	 analyte	 (AF647)	 remains	 below	 the	 limit	 of	 detection	 of	 our	
microscope.	A	similar	result	 is	shown	for	experiment	B	but	now	with	AF647	as	
target	analyte	and	BDP	as	 “interfering”	analyte.	The	 lack	of	 fluorescence	of	 the	
interfering	species	in	the	extraction	channel	demonstrates	that	our	method	in	this	
case	could	be	used	for	selective	extraction.	

	
	

Figure	4.6	-	Separation	and	extraction	of	single	analytes	from	a	mixture	(BDP	(green)	and	
AF647(red)	in	0.1x	PBS).	Red	filter	column	indicates	the	AF647	concentration,	Green	filter	
column	the	BDP	and	Red+Green	the	composite	image.	We	focus	and	create	bands	of	both	
analytes	for	approximately	15s	and	then	by	changing	the	potentials	we	release	BDP	(A)	or	
AF647(B).	The	extraction	channels	remain	dark	 in	 the	red	filter	(A)	 and	green	 filter	(B)	
which	 indicates	 that	 only	 the	 targeted	 analyte	 is	 extracted.	 In	 both	 experiments	 an	
extraction	 pressure	 of	 -3mBar	 was	 applied	 at	 T=20sec(A)	 and	 T=30sec(B).	 Before	 the	
application	of	the	extraction	pressure	the	extraction	channels	contain	bulk	liquid.		Note:	A	
and	 B	 are	 two	 separate	 experiments	 and	 the	 time	 values	 are	 not	 related.	 Actuation	
potentials	during	extraction	(A):	Vu=60V	and	Vd=30V,	(B)	Vu=60V	and	Vd=55V.	Scale	Bars	
-	100μm.	

As	 shown	 in	 figure	 4.6	 there	 is	 a	 clear	 difference	 in	 the	 resolution	 between	
experiments	 A	 and	 B	 before	 the	 extraction.	 This	 difference	 is	 caused	 by	 the	
difference	in	potential	difference	applied	in	the	two	experiments	(30V	in	A	and	5V	
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in	B).	As	described	by	equation	4.12	the	resolution	improves	with	a	lower	electric	
field	gradient	(i.e.	lower	potential	difference)	at	the	cost	of	the	concentration	rate.	
The	poor	resolution	results	in	the	substantial	overlap	between	the	concentrated	
analytes	seen	in	figure	4.6A.	A	selective	extraction	of	analyte	in	that	case	is	still	
possible	but	requires	a	small	width	of	the	extraction	channel	relative	to	the	width	
of	the	desired	concentrated	analyte	band.	
The	 extraction	 of	 fluorescent	 analytes	 is	 a	 straightforward,	 reproducible	 and	
robust	 process,	 since	we	 can	monitor	 our	 analyte	 of	 interest	 until	 its	 position	
overlaps	with	the	extraction	channel.	Extraction	of	non-fluorescent	analytes	would	
be	a	more	cumbersome	process,	since	the	electrophoretic	mobility	of	the	analyte	
of	 interest	must	be	known	with	 respect	 to	 the	electrophoretic	mobilities	 to	 the	
other	 species	 in	 the	 solution.	 A	 possible	 experimental	 	 solution	 is	 to	 use	 a	
fluorescent	 substance	with	 a	mobility	 close	 to	 analyte	 of	 interest	 as	 a	marker,	
placing	it	adjacent	to	the	extraction	channel.		
	

	
Figure	4.7	-	Concentration	factor	as	(concentration)/(bulk	concentration)	of	analytes	in	the	
extraction	channel	versus	time.	i)	At	t=0s	the	device	is	turned	on	with	actuation	potentials	
of	Vu=80V	and	Vd=20V	and	an	extraction	pressure	of	-15mBar.	The	analytes	are	focusing	at	
a	location	that	does	not	overlap	with	the	extraction	channel	hence	the	concentration	at	the	
extraction	 channel	does	not	 change.	 ii)	At	 t=60s	potentials	 are	 changed	 to	Vu=80V	 	 and	
Vd=45V	 which	 moves	 the	 focused	 analytes	 to	 the	 extraction	 channel.	 The	 extraction	
pressure	of	-15mBar	creates	an	extraction	flux	that	is	lower	than	the	incoming	flux	in	the	
separation	channel	hence	a	constant	increase	in	the	concentration	is	seen.	iii)	At	t=160s	the	
actuation	potentials	remain	constant	and	the	pressure	is	reduced	to	-13mBar	hence	an	even	
lower	extraction	flux	results	in	a	higher	concentration	increase	in	the	extraction	channel.	
iv)	At	t=200s	the	actuation	potentials	remain	constant	and	the	pressure	is	increased	back	
to	-15mBar.	It	was	expected	that	the	original	concentration	increase	rate	(slope	between	ii	
and	iii)	will	be	restored,	but	that	only	occurred	after	approximately	40s.	Electrolyte:	1xPBS.	
Analytes:	100nM	BDP,	100nM	AF647.	
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4.4.3|	Higher	concentration	factors	
The	 factor	with	which	 the	extracted	analyte	can	be	concentrated	 is	 tuneable.	A	
steady	extracted	concentration	factor	is	achieved	when	the	extracted	analyte	flux	
matches	the	arriving	analyte	flux	through	the	main	channel	towards	the	extraction	
location.	 A	 typical	 operational	 scheme	 for	 this	 purpose	 is	 the	 following:	 i)	 The	
process	is	initiated	with	actuation	potentials	such	that	the	focusing	location	of	the	
analyte	 is	 not	 overlapping	 the	 extraction	 channel;	 ii)	 A	 sufficient	waiting	 time	
(typically	 a	 concentration	 rate	 is	 1	 times	 the	 bulk	 concentration	 per	 second)	
ensures	that	the	desired	concentration	factor	is	achieved;	 iii)	The	potentials	are	
adjusted	to	move	the	focused	analyte	band	to	the	extraction	channel;	iv)	A	negative	
pressure	 is	 applied	 at	 the	 extraction	 channel	 to	 create	 an	 extraction	 flux	 that	
approximately	matches	 the	 incoming	analyte	 flux.	 An	 example	 of	an	 extraction	
attempting	to	follow	this	scheme	is	shown	in	figure	4.7.	We	obtained	an	average	
concentration	 factor	 of	 about	 200	 in	 the	 continuously	 extracted	 analyte	 over	
several	minutes.	During	the	experiments	(as	also	can	be	seen	in	figure	4.7)	a	slow	
response	time	of	the	pressure-driven	flow	was	noticed	varying	between	5	to	40	
seconds.	We	attribute	 this	 to	 instabilities	 of	 the	 pressure	 controller	which	was	
operated	at	its	resolution	limit.	In	addition,	as	can	be	seen	in	figure	4.7,	the	change	
of	 only	 2mBar	 in	 extraction	 pressure	 introduced	 at	 moment	 iii	 has	 a	 strong	
influence	on	the	extraction	rate.	We	conclude	that	a	better	controllability	of	the	
extraction	process	is	needed	In	future	devices,	which	can	be	implemented	e.g.	by	
increasing	the	hydraulic	resistance	of	the	extraction	channel.		
Despite	 the	 high	 concentration	 factor	 of	 AF647	 as	 seen	 in	 figure	 4.7,	 in	 this	
experiment	 we	 obtained	 low	 selectivity	 since	 also	 BDP	 was	 extracted	 (at	 a	
concentration	factor	approximately	2/3	of	AF647).	Similar	to	figure	4.6A	this	was	
due	to	the	poor	separation	resolution	caused	by	the	high	potential	difference.		
As	described	in	the	theory	section	the	separation	resolution	can	be	improved	using	
an	electrophoretic	spacer.	In	figure	4.8	an	example	of	the	use	of	a	spacer	is	shown.	
A	third	fluorescent	marker	(CB)	was	added	with	a	mobility	higher	than	BDP	and	
the	added	phosphate	 of	 the	 buffer,	 causing	 the	 phosphate	 (H2PO4-)	 to	 reach	 its	
plateau	concentration	and	act	as	a	spacer,	while	AF647	and	BDP	remained	in	peak	
mode	and	at	their	initial	position.		
	



Chapter	4	
	

	 83	

	

	
Figure	4.8	-	Normalised	concentration	profile	of	three	focused	fluorescent	analytes	in	peak	
mode.	a)	t=10s.	The	concentration	of	the	electrophoretic	spacer	is	still	low	comparable	to	
the	 background	 electrolyte	 hence	 also	 the	 spacer	 Is	 still	 in	 peak	mode.	 b)	 t=150s.	 The	
concentration	of	the	spacer	has	increased	hence	now	it	is	in	plateau	mode	pushing	CB	peak	
away	 from	AF647	and	 BDP.	The	 concentration	was	 normalized	based	 on	 the	maximum	
fluorescent	 intensity	 for	 each	 	 fluorescent	 analyte	 independently.	 Electrolyte:	 1xPBS.	
Analytes:	100nM	BDP,	100nM	AF647.	Vu=60V	and	Vd=35V.	

	
4.4.4|	Comparison	to	the	theoretical	model	
In	 the	 experiments	 characterizing	 the	 analyte	 positioning	 (Figure	 4.4)	 a	 single	
fluorescent	analyte	was	used	and	the	focusing	position	(i.e.	depletion	zone	length)	
was	 found	 to	scale,	 as	predicted	by	our	model,	with	 the	ratio	of	upstream	over	
downstream	potential.	We	found	experimentally	that	the	baseline	width	(4σ)	of	
the	 focused	analyte	varied	between	57μm	(for	Vu=60V,	Vd=0V)	and	141μm	(for	
Vu=60V,	Vd=55V).	Equation	4.10	allows	us	to	derive	the	local	E-field	gradients	from	
these	measured	peak	widths.	As	the	model	provides	us	with	the	electric	field	in	the	
bulk	section	of	the	channel	and	in	the	depletion	zone	at	the	applied	potentials,	the	
length	 of	 the	 E-field	 gradient	 zone	 can	 now	 be	 estimated	 assuming	 a	 constant	
electric	 field	 gradient.	With	 this	 approach	we	 derived	 an	 E-field	 gradient	 zone	
length	 of	 approximately	 500μm.	 Since	 the	 extraction	 channels	 have	 a	width	 of	
20μm,	this	allows	us	safe	overlap	and	a	steady	extraction	of	an	analyte	even	in	the	
case	of	a	slight	variation	in	the	position	of	the	focused	analyte	over	time	(standard	
deviation	19μm	in	the	focusing	position	as	calculated	from	Figure	4.5).	
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Figure	4.9	-	Maximum	concentration	factor	of	three	fluorescent	analytes	over	time	in	the	
separation	channel	(a)	and	the	extraction	channel	(b).	a)	Concentration	factor	of	analytes	in	
the	separation	channel.	All	analytes	are	concentrating	with	the	same	rate	till	t=150s	when	
the	extraction	pressure	of	-17mBar	is	applied.	Once	the	extraction	starts	then	the	maximum	
concentration	of	AF647	and	BDP	drops	in	the	separation	channel	while	the	concentration	
increase	of	CB	is	unaffected.	b)	Concentration	factor	of	analytes	in	the	extraction	channel.	
Before	the	application	of	extraction	pressure	at	 t=150s	no	enrichment	 in	the	separation	
channel	can	be	seen.	Once	the	pressure	is	applied	only	AF647	and	BDP	are	observed	in	the	
extraction	channel.	

The	 σ	 of	 the	 Gaussian	 (green	 and	 red)	 peaks	 in	 the	 experiments	 at	 higher	
concentration	factors	(figure	4.8b)	is	approximately	26μm	indicating	an	electric	
field	gradient	of	1.849∙106	V/m2	(based	on	equation	4.10).	At	this	field	gradient	our	
model	predicts	a	spacing	between	the	peaks	of	BDP	and	AF647	of	23μm	comparing	
well	to	the	experimentally	observed	spacing	of	19μm.	Interestingly	it	was	found	
that	the	σ	of	the	blue	peak	(CB)	increased	from	19μm	(Figure	4.8a)	to	31μm	(figure	
4.8b)	during	the	experiment	indicating	that	the	electric	field	gradient	is	less	steep	
further	away	from	the	depletion	zone.	Figure	9	shows	the	maximum	concentration	
factor	of	the	three	analytes	over	time	in	the	separation	channel	(Figure	4.9a)	and	
in	the	extraction	channel	(4.9b).	Our	model	predicts	a	concentration	rate	of	2.7	
times	the	bulk	concentration	per	second	while	an	average	concentration	rate	of	2.1	
can	be	seen	in	figure	4.9a.	Before	the	extraction	pressure	was	applied	(t<150s)	all	
three	analytes	focussed	with	approximately	the	same	concentration	rate.	Once	the	
extraction	 pressure	 was	 applied,	 AF647	 was	 extracted	 together	 with	 a	 lower	
concentration	of	BDP,	similarly	to	figure	4.7.	However,	no	detectable	amount	of	the	
CB	 was	 extracted	 as	 it	 was	 pushed	 away	 from	 the	 extraction	 channel	 by	 the	
electrophoretic	spacer.	
In	figure	4.7	and	4.9b	a	strong	variation	can	be	seen	in	the	maximum	concentration	
of	the	extracted	analytes.	This	can	be	attributed	to	hydrodynamic	instabilities	in	
the	focusing	location	at	high	potentials	in	ICPF,	causing	variations	in	the	spatial	
overlap	between	the	focused	analyte	band	and	the	extraction	channel.		
Summarizing,	the	high	electric	field	gradients	that	result	in	narrowly	focused	and	
highly	concentrated	bands,	also	drastically	reduce	the	resolution	of	the	method	as	
can	be	seen	from	the	denominator	in	Equation	4.12.	The	resolution	of	the	system	
will	 thus	 be	 superior	 for	 lower	 potential	 differences	 between	 upstream	 and	
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downstream	reservoirs.	This	is	further	theoretically	described	in	the	Appendix	B	
and	can	also	be	seen	 in	 figure	4.6B.	There	 thus	exists	a	 trade-off	between	high	
resolution	 and	 high	 concentration	 rate.	 This	 conundrum	 can	 be	 solved	 by	
increasing	 increase	 the	 value	 of	 the	 numerator	 in	 Equation	 4.12	 by	 a	method	
independent	of	EOF.	This	can	be	done	e.g.	by	additional	PDF.	The	addition	of	a	PDF	
will	also	shift	the	mobility	window	of	analytes	that	will	be	focused	in	the	device.		
We	can	thus	envision	two	potential	future	uses	of	this	method.	If	the	main	interest	
is	to	obtain	extracted	analytes	at	enhanced	concentration	in	continuous	flow,	the	
default	operation	 (i.e.	without	 the	addition	of	 spacers	and/or	added	convective	
flow)	of	 the	device	can	be	used,	 if	needed	 in	combination	with	pressure-driven	
flow.	If	the	main	interest	is	the	purity	of	the	extract,	electrophoretic	spacers	can	be	
used	(if	the	mobility	of	the	analyte	is	known)	or	an	external	pressure	driven	flow	
can	be	added	for	improved	separation	resolution.		
	
4.5|	Conclusions	and	outlook	
We	demonstrated	a	device	capable	of	 selective	extraction	and	concentration	of	
anionic	 analytes	 out	 of	 a	 complex	 background	 solution.	 The	 maximum	
concentration	factor	of	the	extracted	analytes	found	was	above	300,	as	measured	
by	an	increased	fluorescence	intensity.	In	order	to	investigate	the	dynamics	of	the	
system	and	deepen	our	understanding	of	the	phenomena	at	play,	a	simple	two-
part	 one-dimensional	model	 (i.e.	 an	 electric	 and	 a	 fluidic)	was	 developed	 that	
describes	the	input-output	relations	of	the	system	(applied	potentials,	extraction	
pressure	–	 focusing	position,	 concentration	rate,	extraction	rate)	 to	a	 level	 that	
allowed	prediction	of	the	system	behaviour.	Different	future	modes	of	operation	
are	described	based	on	the	model	and	the	experiments.	
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Chapter 5 
Free	Flow	Ion	Concentration	

Polarization	Focusing	(FF-ICPF) 
 
Electrokinetic	 separation	 techniques	 in	microfluidics	 are	 a	 powerful	 analytical	
chemistry	tool,	although	an	inherent	limitation	of	microfluidics	is	their	low	sample	
throughput.	 In	 this	 chapter	 we	 report	 a	 free-flow	 variant	 of	 an	 electrokinetic	
focusing	 method,	 namely	 ion	 concentration	 polarization	 focusing	 (ICPF).	 The	
analytes	flow	continuously	through	the	system	via	pressure	driven	flow	while	they	
separate	and	concentrate	perpendicularly	 to	 the	flow	by	 ICPF.	We	demonstrate	
free-flow	 ion	 concentration	 polarization	 focusing	 (FF-ICPF)	 in	 two	 operating	
modes,	namely	peak	and	plateau	modes.	Additionally,	we	showed	the	separation	
resolution	could	be	improved	by	the	use	of	an	electrophoretic	spacer.	We	report	a	
concentration	factor	of	10	in	human	blood	plasma	in	continuous	flow	at	a	flow	rate	
of	15μl	min-1.	
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5.1|	Introduction	
Lab-on-chip	 (LOC)	 systems	 provide	 an	 appealing	 platform	 for	 electrophoretic	
separations	due	to	their	high	controllability	of	fluid	flow	and	electric	field	at	the	
micrometer	 scale.	 A	 subclass	 of	 electrophoretic	 separation	 methods	 combines	
separation	 and	 focusing	 such	 as	 electric	 field	 gradient	 focusing	 1,	 isoelectric	
focusing	 (IEF)	 and	 isotachophoresis	 (ITP).	 Also,	 ion	 concentration	 polarization	
focusing	 (ICPF)	 belongs	 to	 this	 special	 class	 of	 techniques.	 In	 contrast	 to	 other	
techniques	of	the	same	class	(e.g.	ITP	and	IEF)	ICPF	does	not	require	any	sample	
preparation	or	specific	electrolytes	that	can	prove	to	be	a	tedious	process.		
Wang	et	al	2	specifically	introduced	ICPF	as	a	method	capable	of	achieving	focusing.	
They	demonstrated	extremely	high	concentration	factors	in	the	order	of	millions.	
Later	Quist	et	al	3	also	demonstrated	separation	of	anionic	analytes	in	a	similar	
system.	Since	its	introduction,	additional	research	has	been	performed	with	this	
technique	 3–8.	 Though	 ICPF	 offers	 a	 very	 powerful	 analytical	 tool,	 an	 inherent	
disadvantage	of	miniaturizing	any	separation	technique	in	LOC	systems	is	the	low	
throughput	 of	 sample.	 Additionally,	 in	 many	 cases	 the	 separated	 analytes	 are	
effectively	trapped	in	chip,	thereby	prohibiting	any	downstream	analysis	such	as	
by	mass	spectrometry.		
In	order	to	overcome	this	limitation,	a	“free	flow”	variant	of	a	separation	method	
can	be	used.	The	term	“free	flow”	refers	to	methods	where	the	separation	direction	
is	 perpendicular	 to	 the	 flow	 direction	 allowing	 continuous	 high-throughput	
separation	and	extraction.	Several	electrophoretic	separation	methods	have	been	
adapted	and	demonstrated	to	free-flow	variants	9,10	including	focusing	techniques	
such	as	ITP	 11	and	 IEF	 12,13,	as	 reviewed	by	Kohlheyer	et	al	 14.	Also	attempts	 to	
extract	preconcentrated	analytes	have	been	reported,	but	the	use	of	Quake	valves	
15	or	magnetically	actuated	valves	16	makes	the	extraction	non-continuous	and	low	
throughput	 (i.e.	 flow	 rates	 in	 the	 nl	min-1	 range17.	 ICPF	 has	 been	 used	 in	 high	
throughput	 applications	 for	 separation	 particles	 (1μl	 min-1)	 18,	 bacterial	 lysis	
(>1ml	 min-1)	 19	 and	 desalination	 (<20μl	 min-1)	 20.	 The	 required	 flow	 rate	
(throughput)	is	dependent	on	the	specific	application.	Specifically	the	throughput	
is	determined	by	the	sensitivity	of	the	detection	method	and	the	concentration	of	
the	analyte	of	interest	present	in	the	sample	21.		In	this	article	we	propose	a	setup	
for	continuous	high	throughput	concentration	and	separation	of	anionic	analytes	
based	on	free-flow	ICPF	(FF-ICPF).	
	
5.2|	Theory	
A	schematic	of	the	FF-ICPF	process	is	shown	in	figure	5.1.	The	microfluidic	device	
consists	of	a	chamber	where	the	separation	takes	place,	which	is	connected	via	a	
Nafion	patterned	region	 to	a	microchannel.	An	electric	field	 is	applied	in	 the	y-
direction	and	a	pressure-driven	flow	(PDF)	perpendicular	to	the	electric	field	(x-
direction,	 figure	 5.1).	We	will	 first	 give	 a	 short	 description	 of	 ICPF	 in	 order	 to	
understand	the	dynamics	of	our	system.	ICPF	is	a	concentration	and	separation	
method	of	 ionic	species	based	on	their	differential	migration	in	an	electric	field	
gradient.	 In	 ICPF	 the	 electric	 field	 gradient	 is	 created	 via	 a	 constant	 electric	
potential	 across	 a	 background	 electrolyte	 concentration	 gradient.	 The	
concentration	 gradient	 is	 thereby	 created	 via	 the	 phenomenon	 of	 ion	
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concentration	polarization	 (ICP)	 22.	When	a	potential	 is	applied	across	a	cation	
perm-selective	membrane,	 the	 biggest	 fraction	 of	 the	 current	 is	 carried	 by	 the	
cations.	 The	 flux	 imbalance	 between	 cations	 and	 anions	 through	 the	 perm-
selective	region	removes	anions	from	the	anodic	side	resulting	in	a	zone	with	low	
concentration	 of	 all	 species	 known	 as	 the	 depletion	 zone.	 Such	 a	 cation	 perm-
selective	zone	can	be	a	nanochannel	 22	or	a	cation	perm-selective	polymer	 (e.g.	
Nafion	7).		

	
Figure	5.1	-	 a)	Design	of	 the	device	and	a	 typical	actuation	 scheme	 (Scale	bar-1mm).	b)	
Schematic	 of	 operation	 principle	 of	 FF-ICPF.	 The	 sample	 enters	 and	 flows	 across	 the	
separation	 chamber	 by	 PDF	 (main	 contribution	 to	 𝑣 §�à(𝑥))	 and	 an	 E-field	 is	 applied	
perpendicular	to	the	flow	(in	contrast	to	simple	ICPF	where	the	E-field	and	flow	have	the	
same	direction).	The	analytes	focus	at	the	position	where	the	EOF	(main	contribution	to	
𝑣 §�à(𝑦))	 and	electrophoretic	 flow	(𝑣HQÃ(𝑦))	 are	equal	 and	opposite.	A	different	analyte	
with	a	different	electrophoretic	mobility	requires	a	different	electric	 field	to	acquire	the	
same	𝑣HQÃ(𝑦)	 hence	 it	will	 focus	at	 a	 different	 position	 in	 the	 E-field	 gradient	 (present	
between	depletion	zone	and	bulk	solution).	

The	 requirement	 of	 a	 constant	 current	 density	 in	 all	 regions	 (due	 to	 charge	
conservation)	 dictates	 that	 the	 application	 of	 a	 constant	 potential	 across	 the	
separation	chamber	will	result	in	a	high	electric	field	in	the	depletion	zone	(low	
conductivity),	 a	 low	electric	 field	 in	 the	bulk	 region	 (high	 conductivity)	and	 an	
electric	field	gradient	in	between.	The	fluxes	of	ions	are	described	via	the	Nernst-
Planck	equation	as	the	sum	of	the	diffusive,	convective	and	electrophoretic	flux.	If	
we	 neglect	 diffusion	 for	 simplicity,	 we	 can	 write	 the	 total	 flux	 of	 analyte	 ion	
𝑖,	𝑱s[𝑚𝑜𝑙	𝑚9:𝑠9<]	as	follows:	
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𝑱s = 𝑱s, §�à + 𝑱s,HQÃ	(5.1)	
𝑱s = 𝒗𝒄𝒐𝒏𝒗𝐶s + 𝒗𝒊,𝒆𝒑𝒉𝐶s	(5.2)	

	
Here	𝑱s, §�à 	and	𝑱s,HQÃ 	are	the	convective	and	electrophoretic	flux,	𝒗𝒄𝒐𝒏𝒗	[𝑚	𝑠9<]	the	
linear	 convective	 bulk	 velocity,	 𝒗𝒊,𝒆𝒑𝒉	[𝑚		𝑠9<]	 and	 𝐶s	[𝑚𝑜𝑙	𝑚9�]	 the	
electrophoretic	velocity	and	concentration	of	species	𝑖	respectively.		
	
We	are	now	going	to	investigate	the	velocity	contributions	separately	in	the	x-	and	
y-direction	(see	figure	5.1).	
	
5.2.1|	Convection		
The	convective	velocity	is	a	combination	of	a	PDF	and	electroosmotic	flow	(EOF).	
The	PDF	is	applied	via	two	syringe	pumps;	one	is	pushing	liquid	through	the	inlet	
and	the	other	is	sucking	liquid	from	the	outlet	with	the	same	flow	rate.	The	use	of	
two	 syringe	 pumps	 in	 combination	 with	 the	 high	 hydraulic	 resistance	 of	 the	
channels	connected	 to	 the	 chamber	 in	 the	 vertical	 direction	 ensures	 a	 uniform	
horizontal	PDF	(𝒗 §�à,] = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡).	The	equivalent	hydraulic	resistance	of	all	the	
vertical	channels	is	approximately	5	times	higher	than	the	total	resistance	of	the	
chamber	in	the	x-direction.		
The	electroosmotic	velocity	follows	the	electric	field	according	to	the	Helmholtz-
Smoluchowski	equation:	
	

𝒗æçb =
𝜀𝜀[𝜁
𝜂 𝑬	(5.3)	

	
Here	 𝜂	[𝑘𝑔𝑚9<𝑠9<]	 is	 the	 viscosity	 of	 the	 liquid,	 𝜁	[𝑉]	 is	 the	 zeta	 potential,	
𝜀, 𝜀[	[𝐹𝑚9<]		are	the	relative	and	vacuum	permittivity	and	𝑬	[𝑉𝑚9<]	is	the	electric	
field.	A	high	positive	potential	is	applied	to	the	top	reservoir	(figure	5.1)	and	the	
bottom	reservoirs	are	grounded.	The	high	electric	resistance	(12	times	higher)	of	
the	channel	array	connecting	the	left-	and	right-hand	reservoirs	to	the	chamber	(in	
the	 horizontal	 direction	 in	 figure	 5.1)	 ensures	 that	 only	 a	 small	 fraction	 of	 the	
current	will	flow	through	them.	Hence,	we	assume	that	the	electric	field	direction	
points	along	the	y-direction	from	top	to	bottom	in	the	separation	chamber	(𝐸] =
0).	The	magnitude	of	the	electric	field	is	not	uniform	along	the	y-direction	due	to	
the	 depletion	 zone	 that	 forms	 as	 described	 above.	 As	 a	 result,	 as	 described	 by	
equation	5.3,	the	electroosmotic	velocity	in	the	y-direction	is	not	uniform.	Due	to	
the	incompressibility	of	aqueous	electrolytes	and	because	of	mass	conservation,	a	
negative	pressure	 is	 induced	at	 the	 location	of	 the	electric	 field	gradient17.	The	
hereby	 induced	 PDF	 creates	 a	 constant	 and	 uniform	 flow	 in	 the	 y-direction	
(𝑣 §�à,ù = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡).	 EOF-induced	 pressures	 have	 been	 previously	 reported	 at	
electric	field	gradients	23–25	or	at	channels	with	non-uniform	zeta	potential	26.	It	is	
worth	mentioning	that	the	Nafion	membrane	does	not	hydrodynamically	close	the	
system,	since	it	does	not	completely	block	the	channel.	The	Nafion	membrane	thus	
resembles	the	one	in	the	system	reported	by	Ko	et	al	7,	where	they	demonstrated	
ICPF	 in	 a	 microchannel	 where	 only	 the	 bottom	 was	 patterned	with	 a	 strip	 of	
Nafion.	Despite	the	convective	flow	on	top	of	the	Nafion,	the	cationic	flux	through	
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the	 Nafion	 was	 much	 higher	 than	 in	 the	 bulk	 and	 sufficient	 to	 create	 the	 ICP	
phenomenon7.	
5.2.2|	Analyte	electrophoresis		
	Anions	 will	 migrate	 in	 the	 direction	 opposite	 to	 the	 electric	 field	 and	 the	
electrophoretic	velocity	(𝒗𝒊,𝒆𝒑𝒉)	of	anion	𝑖	scales	linearly	with	the	electric	field,	
	

𝒗𝒊,𝒆𝒑𝒉 = 𝜇s𝑬	(5.4)	
	
where	𝜇s	[𝑚:𝑠9<𝑉9<]	 is	 the	 electrophoretic	mobility	 of	 species	𝑖.	 As	 described	
earlier	we	assume	no	electric	field	in	the	x	direction,	hence	no	electrophoresis	in	
that	direction.	
	
5.2.3|	Analyte	focusing		
We	first	summarize	the	velocities	in	the	x	and	y	direction	for	an	anionic	species	𝑖.	
	

𝑣],s = 𝑣], §�à + 𝑣],s,HQÃ 	 𝑣ù,s = 𝑣ù, §�à + 𝑣ù,s,HQÃ 	 (5.5)	
𝑣], §�à=constant,	𝑣],s,HQÃ = 0	 𝑣ù, §�à=constant,	𝑣ù,s,HQÃ = 𝜇s𝐸ù	 (5.6)	
	
An	 anion	will	 be	 transported	 in	 the	x-direction	with	 a	constant	 velocity	 in	 the	
separation	 chamber,	 as	 is	 used	 for	 the	 continuous	 extraction	 of	 the	 focused	
analytes.	The	focusing	of	the	analytes	occurs	in	the	y-direction.	In	the	y-direction	
the	 velocity	 of	 the	 anion	 is	 the	 sum	 of	 a	 constant	 convective	 velocity	 and	 an	
opposite,	 electric	 field-dependent	 electrophoretic	 velocity.	 As	 the	 field	 is	 non-
uniform	in	the	y-direction,	the	total	velocity	depends	on	the	location	in	the	electric	
field	gradient.	If	the	anion	is	far	away	from	the	depletion	zone	(the	buffer	zone	in	
figure	5.1)	the	electric	field	is	low	and	𝒗𝒚,𝒄𝒐𝒏𝒗	is	the	dominant	contribution,	moving	
the	anion	towards	the	depletion	zone.	If	the	anion	is	in	the	depletion	zone	where	
the	electric	field	is	the	highest,	electrophoresis	dominates	and	migrates	the	anion	
upwards	towards	the	buffer	zone.	At	some	location	in	the	electric	field	gradient	
between	 bulk	 and	 depletion	 zone,	 the	 y-contributions	 of	 convective	 and	
electrophoretic	velocities	are	equal	and	opposite	resulting	in	a	zero	net	y-direction	
velocity	 and	 hence	 focusing	 of	 the	 anion.	 A	 different	 anion	 with	 a	 different	
electrophoretic	mobility	 requires	a	 different	electric	 field	 to	 acquire	a	 zero	 net	
velocity,	and	hence	will	focus	at	a	different	location	in	the	electric	field	gradient.	
	
5.2.4|	Operation	modes		
In	many	focusing	techniques,	such	as	ITP	3,27	two	distinct	operation	modes	can	be	
found,	namely	peak	mode	and	plateau	mode.	In	peak	mode	 the	analytes	are	in	
very	low	concentration	compared	to	the	background	electrolyte	so	that	we	assume	
they	do	not	contribute	to	the	local	conductivity	of	the	solution.	Hence	the	analytes	
do	not	affect	the	local	electric	field	and	the	concentration	process.	This	is	the	most	
common	 operation	 mode	 of	 focusing	 methods	 where	 the	 main	 goal	 is	 the	
concentration	 of	 low	 abundant	 species.	 In	 peak	 mode	 the	 analytes	 are	
concentrating	 and	 forming	 a	 Gaussian	 concentration	 profile	 (in	 the	 separation	
direction).	The	concentration	profile	of	analytes	in	separation	sciences	is	a	 long	
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and	well	 investigated	 topic	 28–30.	 As	 described	 in	 previous	work17	 the	 variance	
(𝜎s:[𝑚:])	of	the	Gaussian	profile	of	a	species	𝑖	is	given	by		
	

𝜎s: =
𝑉ð

𝑧s
𝑑𝑬𝒚
𝑑𝑦

(5.7),	

	
where	𝑉ð	[𝑉]	is	the	thermal	potential	(𝑉ð = 𝑘�𝑇/𝑒	with	𝑇	[K]	the	temperature	and	
𝑘�	[J	K-1]	Boltzmann’s	constant	and	𝑒	[𝐶]	the	elementary	charge)	𝑧s 	the	valence	of	
the	species	𝑖	and	𝑑𝐸/𝑑𝑥	[V	m-2]	the	electric	field	gradient	between	the	bulk	and	
depletion	zone.	We	assume	that	the	electric	field	gradient	is	constant.	In	addition,	
the	separation	resolution	RS	for	two	species	can	be	calculated	as	
	

𝑅� =
𝑑]

2(𝜎< + 𝜎:)
(5.8𝑎)	

𝑅� =
𝒗𝒚,𝒄𝒐𝒏𝒗

2�𝑑𝑬𝑑𝑦 𝑉ð
∙
� 1𝜇<

− 1
𝜇:
�

d 1
√𝑧<

+ 1
√𝑧:

f
(5.8𝑏)	

	
Here	𝜎<	[𝑚]	and	𝜎:	[𝑚]	are	the	standard	deviations	of	the	analyte	Gaussian	peaks	
and	𝑑]	[𝑚]	is	the	distance	between	the	peaks	(i.e.	the	difference	of	the	mean	value).	
In	equation	5.8b	the	first	term	is	dependent	on	the	applied	potential	and	device	
geometry	and	the	second	term	dependent	on	the	analyte	properties.		
	
In	 contrast,	 if	 the	 concentrated	 analyte	 approaches	 the	 background	 electrolyte	
concentration,	its	contribution	to	the	conductivity	and	electric	field	can	no	longer	
be	neglected.	In	this	case	the	analyte	is	in	plateau	mode.	As	indicated	by	the	name,	
the	 analyte	will	 concentrate	 until	 a	 maximum	 concentration	 is	 reached	 and	 a	
plateau	is	formed	in	the	concentration	profile	which	will	then	widen	over	time.	The	
constant	concentration	of	 the	plateau	 locally	creates	a	 constant	electric	 field.	A	
known	analyte	in	plateau	mode	(of	which	the	electrophoretic	mobility	is	between	
two	analytes	of	interest)	can	be	used	as	an	electrophoretic	spacer	to	push	these	
two	 analytes	 apart	 and	 thereby	 improving	 their	 separation	 resolution.	
Electrophoretic	spacers	have	been	reported	before	in	various	focusing	techniques	
27,28,31,	including	ICPF	8,32.	
In	standard	ICPF,	there	is	a	continuous	supply	of	analytes	towards	their	focusing	
location.	Therefore	a	theoretical	infinite	concentration	factor	can	be	achieved	until	
the	analyte	reaches	plateau	mode.	Quist	et	al	8	report	concentration	factors	up	to	
107	 using	 ICPF.	 In	 FF-ICPF	 there	 is	 no	 continuous	 supply	 of	 analyte	 in	 the	
separation	direction,	hence	the	maximum	concentration	is	limited	by	the	length	of	
the	chamber	in	the	y-direction.	As	the	analytes	move	along	the	chamber	(in	the	x-
direction),	they	are	getting	“squeezed”	down	to	either	a	Gaussian	profile	in	peak	
mode	or	a	plateau	in	the	plateau	mode.	When	the	analytes	reach	peak	mode,	the	
maximum	concentration	can	be	calculated	by	the	ratio	of	the	chamber	width	(W	
[m])	compared	to	the	standard	deviation	of	the	Gaussian	peak.		
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𝐶ü¥],QH¥ý =
𝑊

𝜎s√2𝜋
𝐶�Û¦ý(5.9)	

	
given	 that	 the	 area	 (𝐶�	[𝑚𝑜𝑙/𝑚:	])	 under	 a	 Gaussian	 peak	 equals	 𝐶� =
𝐶ü¥],QH¥ý𝜎s√2𝜋.	 In	 the	 case	 of	 plateau	mode,	 the	 plateau	 concentration	 can	 be	
calculated	from	the	Kohlrausch	regulation	function	(KRF)	33.	KRF	is	a	conservation	
function	or	conservation	law	34	which	requires	the	KRF	value	(equation	5.10)	to	be	
constant	in	all	regions	(bulk,	depletion	zone	and	any	plateau	mode	zones).	
	

𝐾𝑅𝐹 =�
𝑧s𝐶s
𝜇ss

(5.10)	

	
5.3.5|	Throughput	
The	 throughput	 of	 the	 device	 is	 determined	 by	 the	 volumetric	 flow	 rate	
(𝑄�	[𝑚�𝑠9<])	of	the	sample.	If	we	assume	that	the	PDF	applied	by	the	syringe	pump	
is	 the	only	contribution	 for	 flow	 in	 the	x-direction	 (i.e.	 throughput),	 it	 takes	an	
analyte	to	cross	the	length	of	chamber	(𝐿]	[𝑚])	a	time	(𝑡][𝑠]):	
	

𝑡] =
𝐿]𝐿ùℎ
𝑄�

(5.11)	

	
where	𝐿ù	[𝑚]	is	the	length	of	the	chamber	in	the	y-direction	and	ℎ	[𝑚]	is	the	height	
of	the	chamber.	In	order	for	the	analytes	to	separate	they	need	to	travel	to	their	
focusing	position.	If	we	take	the	worst	case	where	the	focusing	position	is	at	the	
bottom	of	the	chamber	adjacent	to	the	Nafion	membrane	and	an	analyte	is	at	the	
top	of	the	chamber,	 it	needs	to	travel	the	entire	length	of	the	chamber	in	the	y-
direction	 (𝐿ù).	 If	 for	 simplicity	 we	 assume	 that	 the	 only	 contribution	 to	
𝑣 §�à,ù[𝑚	𝑠9<]	is	the	electroosmotic	flow	using	equation	5.3	we	can	calculate	the	
time	(𝑡ù[𝑠])	that	an	analyte	needs	to	travel	through	the	chamber	in	the	y-direction.	
	

𝑡ù =
𝐿ù𝜂

𝜀𝜀[𝜁𝜠𝒚
(5.12)	

	
In	all	 cases	𝑡ù	 should	be	smaller	 than	𝑡] .	 If	we	equate	 the	 two,	we	can	derive	a	
relation	between	the	two	means	of	actuation	(by	pressure-driven	flow	and	electric	
field)	needed	to	satisfy	the	condition	of	proper	focusing:	
	

𝑄� =
𝜀𝜀[𝜁𝐿]ℎ

𝜂 𝑬𝒚(5.13)	

	
Once	again	assuming	that	there	are	no	effects	due	to	ICPF	influencing	the	electric	
field,	 we	 can	 state	 𝐸ù = 𝑉/𝐿ù	 where	 𝑉[𝑉]	 is	 the	 applied	 potential	 across	 the	
chamber,	and	we	obtain	
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𝑄� =
𝜀𝜀[𝜁𝐿]ℎ
𝜂𝐿ù

𝑉(5.14)	

	
In	 this	 simplified	 scaling	 law,	 the	 applied	 potential	 is	 linearly	 related	 to	 the	
throughput	for	a	specific	device.	When	it	comes	to	device	design	parameters,	the	
larger	𝐿] 	 and	ℎ,	 the	 higher	 the	 throughput	 for	 a	 specific	 potential,	 since	 these	
parameters	 increase	 𝑡] .	 In	 contrast,	 the	 larger	 𝐿ù ,	 the	 lower	 the	 throughput	
because	of	the	increase	in	𝑡ù .	In	Appendix	C	we	furthermore	calculate	the	effect	of	
electric	power	on	the	stability	of	the	system.	A	high	electric	power	can	affect	the	
stability	in	two	ways:	(1)	in	the	form	of	heat	and;	(2)	in	the	form	of	changes	in	pH	
due	to	electrochemical	reactions	in	the	reservoirs.	
	
5.3|	Experimental	
In	order	to	characterize	our	proposed	method,	microfluidic	chips	were	fabricated	
out	of	polydimethyl	siloxane	(PDMS,	DOWSILä	184	Silicone	Elastomer	kit)	(1:10	
crosslinker	to	polymer	ratio).	A	mould	was	used	for	standard	soft	lithography	[34]	
of	the	PDMS	chips,	which	were	bonded	on	standard	microscopy	glass	slides	after	
45	sec	of	O2	plasma	treatment	(in	a	FemtoScience	Cute	device).	The	mould	was	
made	 out	 of	 a	 silicon	 wafer	 and	 35	 μm	 of	 MicroChemâ	 SU-8	 2050	 negative	
photoresist	which	was	patterned	using	a	photolithography	mask.	The	supplier’s	
instructions	were	followed	for	the	exposure	and	development	of	the	photoresist.		
A	 small	 amount	 (approximately	 5	 μl)	 of	 Nafionâ	 perfluorinated	 resin	 solution	
(20wt.	%	-	Sigma-Aldrich)	was	introduced	to	one	of	the	reservoirs	(marked	with	
yellow	 in	 figure	5.1).	The	Nafion	solution	was	 filled	and	patterned	via	capillary	
forces	 [5],	 [35].	 Nafion	 was	 dried	 at	 60°C	 for	 30	 minutes	 to	 form	 a	 solid	
permselective	 polymer.	Nafion	 resin	 solution	 experiences	 significant	 shrinkage	
during	the	drying	process	due	to	solvent	evaporation.	The	shrinkage	causes	the	
solid	 Nafion	 to	 detach	 from	 the	 channel	 walls	 creating	 gaps	 which	 allow	
hydrodynamic	flow	around	the	solid	Nafion.	
An	 O2	 plasma	 treatment	 preceded	 the	 testing	 of	 each	 chip	 to	 ensure	 high	
hydrophilicity	of	the	PDMS	walls	to	avoid	any	bubble	formation	during	the	filling	
process.	The	anodic	and	cathodic	 reservoirs	of	 the	microfluidic	 chip	were	 filled	
with	 a	 buffer	 solution	 (dilutions	 of	 PBS	 (Sigma-Aldrich)).	 The	 inlet	 and	 outlet	
reservoirs	were	connected	to	a	NEMESIS	syringe	pump	(two	4605	dosing	units,	
Cetoni	Gmbh).	Platinum	wires	(Alfa	Aesar	0.01inÆ)	were	introduced	to	the	anodic	
and	cathodic	 reservoirs	and	connected	 to	a	Keithley	2410	source	meter	power	
supply.	 For	 the	 fluorescent	 microscopy,	 an	 Olympus	 IX51	 was	 used	 and	
images/videos	 were	 captured	 with	 a	 FLIR	 Grasshopperâ3	 color	 camera.	 The	
syringe	pump	and	power	supply	were	operated	via	neMESYS	UI	(Cetoni	Gmbh)	
and	an	in-house	made	LabVIEW	program	respectively.	The	results	were	analysed	
with	ImageJ	(V.	1.51)	and	Matlab	(R2016a).	
As	sample,	PBS	dilutions	or	human	blood	plasma	spiked	with	fluorescent	anionic	
markers	were	used.	Whole	human	blood	(with	3.2%	sodium	acetate)	was	provided	
by	 the	 Experimental	 Centre	 for	 Technical	 Medicine	 (ECTM,	 Technical	 Medical	
Centre,	University	of	Twente).	The	whole	blood	was	centrifuged	(within	4	hours	
after	 donation)	 for	 15	min	 at	 500	 g	 in	 an	 Allegra	 X-12R	 Centrifuge	 (Beckman	
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Coulter)	and	the	blood	plasma	was	extracted,	aliquoted	and	stored	at	-80°C.	As	
model	 anion	 analytes	BODIPY™	492/515	Disulfonate	 (BDP)	 (Invitrogen),	 Alexa	
Fluor™	647	Carboxylic	Acid,	 tris(triethylammonium)	 (AF647)	 (Invitrogen)	 salt,	
fluorescein	sodium	salt	(Sigma-Aldrich)	and	Cascade	Blue™	hydrazide	trisodium	
salt	(CB)	(Invitrogen)	were	chosen.	

	
Figure	5.2	-	a)	Fluorescent	microscopy	image	of	FF-ICPF	in	0.1xPBS.	Focused	streams	of	CB,	
BDP	and	AF647	can	be	seen	(5	μl	min-1	at	200	V).	Nafion	is	marked	with	the	yellow	box.	b)	
Close-up	fluorescent	microscopy	image	of	the	extracted	streams	c)	Normalized	fluorescence	
intensity	profiles	of	CB,	BDP	and	AF647	(along	the	yellow	line	of	image	b	with	y=0	at	the	
Nafion	membrane),	the	maximum	intensity	is	approximately	17	times	higher	than	the	bulk	
intensity	for	all	three	dyes.	The	fluorescent	intensity	is	normalized	independently	for	each	
color.	Note:	The	contrast	and	color	balance	of	microscopy	images	a	and	b	have	been	altered	
for	better	visibility.	The	fluorescent	intensity	profiles	have	been	extracted	from	the	original	
images	(which	can	be	found	in	Appendix	C).	
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5.4|	Results	and	discussion	
5.4.1|	Peak	mode	
In	 peak	 mode	 the	 analytes	 are	 in	 very	 low	 concentration	 compared	 to	 the	
background	electrolyte	so	their	contribution	to	the	conductivity	can	be	neglected,	
and	 they	 will	 form	 a	 Gaussian	 concentration	 peak	 during	 the	 focusing.	 We	
prepared	our	model	sample	of	70μM	BDP,	AF647	and	CB	in	0.1xPBS.	Our	model	
analytes	are	approximately	 in	a	 three	orders	of	magnitude	 lower	concentration	
than	the	dominant	ions	(15.7	mM	Na+	and	14.0	mM	Cl-)	in	0.1xPBS.	Our	sample	was	
flown	through	the	chip	with	a	flow	rate	of	5	μl	min-1	and	a	potential	of	200	V	was	
applied.	Fluorescent	microscopy	images	were	taken	after	approximately	3	minutes	
as	 shown	 in	 figure	5.2.	 A	 depletion	 zone	was	 formed	on	 the	 anodic	 side	 of	 the	
Nafion	and	the	analytes	were	focused	at	the	region	between	bulk	and	depletion	
zone	as	they	flowed	from	left	to	right	due	to	the	PDF	and	from	top	to	bottom	due	
to	 EOF.	 As	 shown	 in	 figure	 5.2c,	 the	 analytes	 formed	 focused	 streams	with	 a	
Gaussian	concentration	profile	 in	the	y-direction.	The	added	analyte	CB	has	the	
highest	electrophoretic	mobility,	followed	by	BDP	and	AF647	[36].	This	means	that	
AF647,	with	the	lowest	mobility,	focused	at	a	region	of	higher	E-field	(closer	to	the	
depletion	 zone)	 compared	 to	 BDP	 and	 CB.	 Similarly,	 the	 CB	 with	 the	 highest	
mobility	 focused	 at	 a	 lower	 E-field	 compared	 to	 BDP.	 Despite	 the	 high	
concentration	of	the	focused	analytes,	a	clear	overlap	of	the	three	focused	streams	
can	be	seen	(Figure	5.2c).	Due	to	the	very	high	electric	field	gradients	in	the	ICPF,	
an	 inherent	 disadvantage	 of	 the	 method	 is	 the	 poor	 resolution	 in	 peak	 mode	
(Equation	5.8a).	 	In	the	example	shown	in	figure	5.2c,	the	separation	resolution	
between	 AF647	 (red)	 and	 CB	 (blue)	 is	 0.26	 (σAF647	 =	 27	 μm,	 σCB	 =	 29	 μm	 and	
distance	between	peaks	was	30	μm	as	calculate	from	figure	5.2c).	
	
5.4.2|	Plateau	Mode	
In	order	to	demonstrate	the	plateau	mode,	0.1xPBS	was	spiked	with	1mM	of	CB,	
AF647	and	BDP.	In	this	solution	the	analytes	have	approximately	a	10	times	lower	
concentration	than	the	background	electrolyte.	As	shown	in	figure	5.3,	once	the	
analytes	concentrate	to	their	maximum	allowed	concentrations	(Equation	5.10),	
they	form	wide	plateaus	instead	of	Gaussian	concentration	profiles.	
In	figure	5.3	two	different	plateaus	of	blue	can	be	seen.	We	attribute	this	to	the	fact	
that	CB	has	a	pKa	at	7.3.	[37]	If	a	small	pH	gradient	exists	in	the	chip,	both	CB3-	and	
CB2-	will	be	present.	AF647	is	an	acidic	salt	and	the	addition	of	1mM	in	0.1xPBS	is	
expected	to	result	in	a	sample	pH	of	approximately	6.9,	hence	a	pH	gradient	exists	
between	 the	 buffer	 in	 the	 anodic	 reservoir	 (0.1xPBS	 -	 7.4pH)	 and	 the	 sample	
(6.9pH).	The	more	mobile	CB3-	then	forms	the	right-hand	peak	in	figure	5.3c,	with	
the	second	and	less	bright	band	of	blue	corresponding	to	CB2-.		
In	figure	5.4	the	evolution	of	the	focusing	process	can	be	seen.	The	analytes	move	
with	a	constant	velocity	along	the	x-direction	due	to	the	PDF.		Once	the	analytes	
enter	the	separation	chamber,	they	will	start	moving	in	the	y-direction	towards	
their	 focusing	 location	 by	 a	 combination	 of	 convective	 flow	 (EOF)	 opposed	 by	
electrophoresis	(Figure	5.4	-	 i).	As	the	analytes	flow	in	the	x-direction,	they	are	
moving	continuously	towards	their	focusing	location	(Figure	5.4-i,ii,iii).	Once	they	
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form	 their	 plateaus	 the	 concentration	 profiles	 remain	 constant	 until	 they	 get	
extracted	(Figure	5.4-iii,iv,vi).	
	

	
Figure	5.3	-	a)	Fluorescent	microscopy	image	of	FF-ICPF	in	0.1xPBS.	Focused	streams	of	CB,	
BDP	and	AF647	can	be	seen	(5	μl	min-1	at	200	V).	Nafion	is	marked	with	the	yellow	box.	b)	
Close-up	fluorescent	microscopy	image	of	the	extracted	streams	c)	Normalized	fluorescence	
intensity	profiles	of	CB,	BDP	and	AF647	(along	the	yellow	line	of	image	b	with	y=0	at	the	
Nafion	membrane),	the	maximum	intensity	is	approximately	4-5	times	higher	than	the	bulk	
intensity	for	all	three	dyes.	Nevertheless,	because	of	the	high	starting	concentration	of	the	
fluorescent	dyes	the	fluorescent	intensity	is	no	longer	linearly	related	to	concentration	of	
the	analyte	due	to	self-quenching.	The	analytes	create	plateaus	instead	of	Gaussian	peaks.	
The	fluorescent	intensity	is	normalized	independently	for	each	color.	Note:	the	contrast	and	
color	 balance	 of	 microscopy	 images	 a	 and	 b	 has	 been	 altered	 for	 better	 visibility.	 The	
fluorescent	intensity	profiles	have	been	extracted	from	the	original	images	(which	can	be	
found	in	Appendix	C).	



Chapter	5	
	

	101	

	

	
Figure	5.4	–	Evolution	of	concentration	profiles	along	the	x-direction.	The	profile	projected	
on	the	y-z	plane	corresponds	at	the	location	just	before	the	extraction	channels	(y=300	μm).	

	
5.4.3|	Electrophoretic	spacers	
Analytes	which	are	focused	in	their	plateau	mode	can	be	used	as	electrophoretic	
spacers	to	improve	the	resolution	of	analytes	in	peak	mode.	In	figure	5.5,	CB	and	
AF647	(spiked	in	70	μM	to	the	bulk	solution)	are	in	peak	mode	and	BDP	(spiked	in	
1	mM	to	the	bulk	solution)	is	in	plateau	mode.	Since	the	electrophoretic	mobility	
of	BDP	lies	in	between	AF647	and	CB,	it	acts	as	a	spacer,	improving	the	separation	
resolution	of	the	two	analytes	of	interest	(in	this	case	AF647	and	CB).	In	this	case	
the	separation	resolution	between	AF647	(red)	and	CB	(blue)	is	1.96	(σAF647	=	46	
μm,	σCB	=	36	μm	and	the	distance	between	peaks	was	323	μm	as	calculated	from	
figure	 5.5c)	 compared	 to	 a	 resolution	 0.26	 in	 peak	 mode.	 A	 higher	 starting	
concentration	 of	 BDP	 will	 result	 in	 a	 wider	 plateau	 further	 increasing	 the	
separation	resolution.	
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Figure	5.5	-	a)	Fluorescent	microscopy	image	of	FF-ICPF	in	0.1xPBS.	Focused	streams	of	CB,	
BDP	and	AF647	can	be	seen	(5μl	min-1	at	200	V).	Nafion	is	marked	with	the	yellow	box.	b)	
Close-up	 fluorescent	 microscopy	 image	 of	 the	 extracted	 streams.	 c)	 Normalized	
fluorescence	intensity	profiles	of	CB,	BDP	and	AF647	(along	the	yellow	line	of	image	b	with	
y=0	 at	 the	 Nafion	 membrane.	 BDP	 in	 plateau	 mode	 acts	 as	 an	 electrophoretic	 spacer	
between	the	CB	and	AF647.	The	fluorescent	intensity	is	normalized	independently	for	each	
color.	Note:	The	contrast	and	color	balance	of	microscopy	images	a	and	b	has	been	altered	
for	better	visibility.	The	fluorescent	intensity	profiles	have	been	extracted	from	the	original	
images	(which	can	be	found	in	Appendix	C).	

5.4.4|	Concentration	rate	and	extraction	position	
Both	the	concentration	of	the	focused	analytes	and	the	extraction	position	of	the	
streams	can	be	 tuned	by	 the	applied	potential	and	 flow	rate	of	 the	sample.	We	
characterised	 the	 influence	 of	 both	 using	 human	 blood	 plasma	 spiked	 with	 a	
fluorescent	analyte	(BDP).	The	results	are	shown	in	figure	5.6.	Since	the	analytes	
focus	 at	 the	 position	 in	 the	 electric	 field	 gradient	 where	 the	 convective	 and	
electrophoretic	 velocities	 cancel	 in	 the	 y-direction	 and	 where	 an	 electric	 field	
gradient	 exists	 between	 the	 depletion	 zone	 and	 the	 bulk,	 we	 can	 control	 the	
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extraction	 location	 of	 our	 focused	 streams	 of	 analytes	 in	 the	 y-direction	 by	
controlling	 the	 size	 of	 the	 depletion	 zone.	 The	 higher	 the	 applied	 potential	 the	
wider	the	depletion	zone	and	the	further	away	from	the	Nafion	the	analytes	will	
focus	 (Figure	 5.6c).	 In	 addition,	 the	 depletion	 zone	 grows	 over	 distance	 (x-
direction)	as	the	liquid	flows	from	left	to	right.	A	faster	flow	rate	allows	less	time	
for	the	depletion	zone	to	grow,	and	therefore	the	analytes	will	focus	closer	to	the	
Nafion	membrane	(Figure	5.6c).	Finally,	the	analytes	are	brought	to	their	focusing	
location	by	the	convective	flow	in	the	y-direction.	The	dominant	contribution	of	
convective	flow	in	that	direction	is	EOF.	The	higher	the	EOF,	the	more	analytes	are	
brought	to	the	focusing	location	and	the	higher	the	concentration	factor	(Figure	
5.6b).	A	higher	 flow	rate	 (in	 the	x-direction)	 reduces	 the	 time	 that	 the	analytes	
spend	in	the	separation	chamber,	resulting	in	a	lower	amount	of	analyte	reaching	
the	 focusing	 location	 and	 a	 lower	 concentration	 factor.	 As	 we	 mentioned,	 the	
maximum	concentration	factor	is	furthermore	dependent	on	the	operation	mode.	

	
	
Figure	5.6	-	a)	Fluorescent	microscopy	image	of	FF-ICPF	of	human	blood	plasma	(5	μl	min-1	
at	200	V).	A	highly	concentrated	stream	of	BDP	can	be	seen	to	form.	b)	Concentration	factor	
versus	potential	for	two	flow	rates.	Each	point	(*)	corresponds	to	a	different	measurement	
of	the	same	experiment	at	a	different	time	over	a	duration	of	100	seconds	to	demonstrate	
the	stability	of	the	system.	The	lines	show	a	linear	fit	with	R2	of	0.9999	and	0.9934	and	a	
slope	of	0.0697	and	0.0337	V-1	for	5	and	10	μl	min-1,	respectively.	c)	Extraction	position	as	
distance	from	Nafion	membrane	(𝑙H	in(a))	versus	flow	rate	for	different	applied	potentials.	
As	extraction	position	the	location	of	the	maximum	intensity	of	BDP	was	chosen.	Each	point	
(*)	corresponds	to	a	separate	experiment	with	the	same	device	and	the	lines	connect	the	
average	values.	For	a	flow	rate	of	1μl	min-1	the	extraction	position	of	60	V	and	90	V	was	
outside	the	observation	window.	

The	system	was	tested	for	stability	over	a	period	of	20	minutes	with	no	significant	
change	in	the	focusing	location	in	0.1xPBS	at	150	V	(data	not	shown).	We	report	a	
maximum	flow	rate	of	200	μl	min-1	in	10x	dilute	blood	plasma	at	500	V,	while	still	
having	separation	and	focusing.	Nevertheless,	after	approximately	1	minute	the	
formation	of	bubbles	could	be	seen	in	the	thin	channels	where	the	current	density	
is	the	highest.	We	believe	that	these	bubbles	were	the	result	of	local	heating	that	
reduces	the	solubility	of	gas	in	water.	We	expect	that	a	higher	stable	throughput	
can	be	achieved	with	the	use	of	active	cooling	of	the	device,	possible	making	the	
device	suitable	for	sample	preparation	applications.	A	stable	separation	of	non-
dilute	human	blood	plasma	was	achieved	at	a	lower	throughput	(15	μl	min-1)	at	
120	V.	
	
	



Free	Flow	Ion	Concentration	Polarization	Focusing	(FF-ICPF)	
	

	 	104	

	

5.5|	Conclusions	and	outlook	
We	 have	 demonstrated	 the	 feasibility	 of	 the	 continuous	 separation	 and	
concentration	 of	 anionic	 analytes	 via	 free-flow	 ion	 concentration	 polarization	
focusing	(FF-ICPF).	The	two	different	operation	modes,	namely	peak	and	plateau	
mode,	of	the	technique	were	investigated	and	demonstrated.	In	addition,	analytes	
with	 known	 electrophoretic	 mobility	 in	 plateau	 mode	 could	 be	 used	 as	
electrophoretic	 spacers	 in	 order	 to	 improve	 the	 separation	 resolution,	 and	 a	
resolution	of	7.5	was	demonstrated.	Finally,	we	investigated	the	tunability	of	the	
extraction	location	and	concentration	rate	by	the	applied	electric	potential	and	the	
sample	 (human	 blood	 plasma)	 flow	 rate.	 We	 believe	 that	 FF-ICPF	 could	 be	 a	
promising	candidate	for	sample	preparation	of	biological	samples	and	with	the	use	
of	more	heat	conductive	substrates	or	active	cooling	even	higher	throughputs	can	
be	achieved	making	it	suitable	for	a	wide	variety	of	applications.	
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Chapter 6 
Continuous	or	on-Demand	Droplet	

Generator	for	Extraction	of	
Electrokinetically	Focused	Anionic	

Analytes	on	Chip	
 
Similar	 to	 the	 two	 previous	 chapters,	 this	 chapter	 reports	 on	 our	 attempts	 to	
extract	 analytes	 that	 were	 concentrated	 and	 separated	 via	 ion	 concentration	
polarization	 focusing.	As	 the	analyte	concentration	 factor	 is	prone	 to	 reduction	
after	extraction	due	to	diffusion,	we	propose	in	this	chapter	the	integration	of	a	
droplet	generator	with	a	ICPF	device.	The	droplet	generator	should	not	interfere	
with	the	focusing	technique	and	allow	continuous	concentration,	separation	and	
continuous,	or	on-demand	“packaged”	extraction	of	analytes.	These	properties	will	
make	it	ideal	for	integration	with	a	variety	of	electrokinetic	separation	techniques.	
We	 demonstrate	 extraction	 of	 droplets	 containing	 analytes	 concentrated	 by	 a	
factor	of	100.		
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6.1|	Introduction	
In	microfluidic	systems	electrokinetic	focusing	techniques	can	be	used	to	separate,	
purify	and	increase	the	effective	concentration	of	analytes,	finding	applications	in	
various	research	and	industry	sectors.	However,	the	focused	analytes	are	trapped	
in	the	microchannel,	making	the	integration	of	a	detection	system	in	a	lab-on-a-
chip	 device	 mandatory.	 This	 integration	 requirement	 significantly	 limits	 the	
detection	methods	and	processes,	namely	to	those	that	can	be	integrated	on	chip	
and	 that	are	compatible	with	 the	electrokinetic	method.	Powerful	 tools	 such	as	
mass	spectrometry	cannot	be	used	as	they	are	impossible	to	be	implemented	on	
chip.	 Downstream	 processing	 increases	 the	 choice	 of	 detection	 methods,	 but	
requires	the	focused	analytes	to	stay	separated	and	concentrated	while	they	are	
transported	off	chip.	A	typical	method	for	transporting	analytes	is	by	the	use	of	
droplet	microfluidics.	Droplet	microfluidics	has	been	investigated	over	the	years	
and	has	seen	many	versatile	applications	in	research	and	industry	areas	such	as	
for	material	science	and	biological/chemical	platforms	1.	Droplet	microfluidics	is	
used	 to	compartmentalize	 reactants	 into	picolitre	volumes	 2	and	allows	control	
over	transport	in	space	and	time.	The	surface	to	volume	ratio	is	high	at	this	scale,	
facilitating	shorter	heat	and	mass	transfer	times,	shorter	diffusion	distances,	and	
faster	reaction	times	making	the	droplets	highly	efficient	microreactors.	Moreover,	
droplet	microfluidics	allows	 the	production	of	 size-controlled	and	reproducible	
droplets,	generated	at	high	frequency,	while	having	the	ability	to	independently	
control	each	droplet.	Also,	droplets	can	be	transported,	sorted,	merged	and	split	3–
5.	These	characteristics	make	it	a	versatile	technique	and	countless	examples	can	
be	found	in	literature	1,2,4–7.	
	
The	integration	of	a	droplet	generator	with	an	electrokinetic	separation	technique	
has	been	demonstrated	before,	allowing	the	encapsulation	of	separated	analytes	
while	maintaining	their	spatial	concentration	profile.	An	example	of	this	is	given	
by	Edgar	et	al.	8	where	capillary	electrophoresis	was	used	to	separate	the	analytes	
in	 bands	 and	 propagated	 these	 towards	 a	 flow	 focusing	 droplet	 generator.	 In	
another	paper,	Chen	et	al.	9	used	ion	concentration	polarization	focusing	(ICPF)	to	
accumulate	biomolecules	into	a	plug.	Once	a	sufficient	concentration	factor	was	
reached,	 the	 ICPF	 process	was	 stopped	 and	 the	 plug	 was	 pushed	 towards	 the	
droplet	generator	where	the	analytes	were	encapsulated	in	droplets.	Though	the	
sample	was	concentrated	a	100-fold,	an	increase	in	concentration	of	only	20-fold	
was	measured	in	the	droplets	due	to	diffusion	of	the	analytes	before	they	were	
encapsulated	in	droplets9.	While	the	first	example	mainly	concerns	separating	the	
analytes,	and	the	second	example	concentrating	the	sample,	van	Kooten	et	al.	 10	
used	isotachophoresis	(ITP)	to	separate	and	concentrate	analytes,	and	selectively	
extract	them	by	droplet	microfluidics.	Nevertheless,	the	droplet	generator	in	that	
work	disrupted	the	electrokinetic	separation,	not	allowing	continuous	extraction.	
In	this	chapter	we	propose	a	droplet	generator	suitable	for	both	continuous	and	
on-demand	droplet	generation	that	does	not	disrupt	the	electrokinetic	separation	
and	concentration	process.	We	demonstrate	droplet	generator	functionality	when	
integrating	it	with	an	ICPF	chip.	
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Figure	6.1	-	a)	Outline	of	the	ICPF	device	integrated	with	the	droplet	generator	and	a	typical	
actuation	scheme.	The	separation	channel	(dispersed	phase	-	light	blue)	is	filled	with	the	
sample.	The	green	channels	represent	the	continuous	phase	channels	filled	with	oil.	Nafion	
membrane	is	patterned	in	the	grey	channels.	The	dark	blue	channels	are	filled	with	buffer	
and	are	electrically	grounded.		b)	Schematic	of	the	ICPF	process.	The	electric	field	across	the	
Nafion	 creates	 a	 depletion	 zone	 (DZ).	 A	 second	 electric	 field	 across	 the	 concentration	
gradient	creates	an	electric	field	gradient	in	the	separation	channel.	All	analytes	approach	
the	 depletion	 zone	 with	 a	 constant	 convective	 velocity.	 Anions	 experience	 an	 opposite	
electrophoretic	velocity	which	scales	linearly	with	the	electric	field.	The	anions	will	focus	at	
the	 location	 were	 their	 electrophoretic	 velocity	 is	 equal	 to	 the	 convective	 velocity.	 C)	
Principle	 of	 the	 proposed	 droplet	 on	 demand	 method.	 The	 pressure	 conditions	 for	
equilibrium	 and	 droplet	 formation	 are	 shown.	 PLP	 is	 the	 oil-water	 interface	 Laplace	
pressure,	Pd	is	the	pressure	in	the	disperse	phase	(arising	from	hydrostatic	pressure	and/or	
any	induced	pressure	of	the	ICPF	process)	and	Pc	is	the	pressure	at	the	interface	resulting	
from	the	actuation	pressures	at	the	reservoirs	(Pin	and	Pout).	

6.2|	Theory	
6.2.1|	Ion	concentration	polarization	focusing	
Electrokinetic	focusing	techniques	are	a	powerful	tool	in	analytical	chemistry.	ICPF	
is	 such	a	 focusing	 technique	and	 it	was	chosen	 for	 integration	with	 the	droplet	
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generator	because	of	its	ease	of	use	compared	to	other	focusing	techniques	such	
as	isoelectric	focusing	or	ITP	that	require	application	of	specific	electrolytes.	ICPF	
was	introduced	by	Wang	et	al.	11	who	demonstrated	concentration	of	biomolecules	
by	a	factor	of	106.	Later	Quist	et	al.	12	also	showed	separation	of	anionic	analytes	
using	 ICPF.	 Since	 then	 a	 vast	 amount	 of	 research	 has	 been	 done	 in	 ion	
concentration	polarization	(ICP)	and	ICPF9,13–23.	We	will	give	a	short	theoretical	
background	of	ICPF	in	order	to	define	the	requirements	of	the	droplet	generator.	
For	a	deeper	theoretical	background	of	ICPF	the	reader	is	referred	to	Chapter	4	or	
the	work	of	Ouyang	et	al.	24	and	the	more	recent	work	of	Gong	et	al.	25,26.		
ICPF	is	based	on	the	differential	migration	of	charged	analytes	in	an	electric	field	
gradient.	The	 electric	 field	 gradient	 is	 created	 via	a	 salt	 concentration	gradient	
caused	by	the	phenomenon	of	ICP	27.	When	two	microchannels	are	connected	by	
an	 ion	 perm-selective	 zone	 and	 an	 electric	 potential	 is	 applied	 across	 it,	 the	
difference	in	flux	between	anion	and	cations	creates	ICP.	In	the	case	of	a	cation	
perm-selective	region	(in	our	case	Nafion),	the	majority	of	the	current	through	that	
region	is	carried	by	cations.	The	cations	are	being	removed	from	the	anodic	side	of	
the	Nafion	resulting	 in	a	 local	 reduction	of	 their	concentration.	The	anions	will	
migrate	to	the	anode	away	from	the	Nafion	so	their	concentration	is	also	reduced	
on	the	anodic	side.	This	results	in	a	depletion	zone:	a	region	in	the	anodic	side	close	
to	 the	 perm-selective	 region	 (Nafion)	where	 the	 concentration	 of	 all	 species	 is	
much	 lower	 than	 the	 bulk	 concentration.	When	 subsequently	 a	 current	 is	 sent	
across	the	concentration	gradient	that	arises	between	the	bulk	and	the	depletion	
zone,	 an	 electric	 field	 gradient	 is	 created	 along	 the	 channel	 (Figure	 1b).	When	
introducing	 analytes	 in	 the	 microchannel,	 they	 will	 move	 due	 to	 different	
influences.	Firstly,	all	ions	will	move	towards	the	depletion	zone	with	a	constant	
convective	velocity	towards	the	cathode,	mainly	due	to	the	electroosmotic	flow.	
Anionic	 analytes	 also	 experience	 an	 electrophoretic	 velocity	 in	 the	 opposite	
direction	 (𝒗𝒊,𝒆𝒑𝒉	 [m	 s-1]	 )	 which	 scales	 linearly	 with	 the	 local	 electric	 field	
(𝑬[𝑉	𝑚9<])	by:	

𝒗𝒊,𝒆𝒑𝒉 = 𝜇s,HQÃ𝑬	(6.1)	
	
with	𝜇s,HQÃ[𝑚:𝑠9<𝑉9<]	 the	 electrophoretic	mobility.	 As	 the	anions	move	up	 the	
electric	field	gradient,	the	electrophoretic	velocity	increases	until	it	matches	their	
convective	velocity.	The	position	in	the	E-field	gradient	were	the	two	velocities	are	
equal	is	their	focusing	position.	A	different	analyte	with	different	electrophoretic	
mobility	(and	thus	velocity)	requires	a	different	electric	field	to	acquire	the	same	
velocity	hence	it	will	focus	at	a	different	location	in	the	E-field	gradient.	The	result	
is	a	separation	of	analytes	based	on	their	electrophoretic	mobilities.	
	
The	convective	flow	in	ICPF	has	multiple	contributions.	Firstly,	the	electric	field	
across	the	separation	channel	creates	an	electroosmotic	flow	(EOF)	which	scales	
according	to	the	Helmholtz-Smoluchowski	equation:	
	

𝒗æçb =
𝜀𝜀[𝜁
𝜂 𝑬	(6.2)	
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with	 𝜂	[𝑘𝑔	𝑚9<𝑠9<]	 the	 viscosity	 of	 the	 liquid,	 𝜁	[𝑉]	 is	 the	 zeta	 potential	 and	
𝜀, 𝜀[	[𝐹	𝑚9<]	 	 are	 the	 relative	 and	 vacuum	 permittivity.	 The	 EOF	 is	 of	 unequal	
magnitude	in	different	parts	of	the	separation	channel.	As	mentioned	earlier,	there	
is	an	electric	field	gradient	due	to	the	concentration	gradient	in	the	depletion	zone.	
The	high	electric	field	in	the	depletion	zone	results	in	a	higher	EOF	in	the	depletion	
zone	than	in	the	bulk	region.	In	addition	to	the	depletion	zone,	there	also	is	a	space	
charge	region	close	to	the	Nafion	28–32.	This	space	charge	region	has	a	net	positive	
charge	creating	a	secondary	EOF	(a.k.a	EOF	of	the	second	kind	24)	with	the	same	
direction	 as	 the	 main	 EOF.	 This	 EOF	 of	 the	 second	 kind	 further	 increases	 the	
difference	 in	 EOF	 between	 the	 bulk	 and	 the	 depletion	 zone.	 Due	 to	 the	
incompressibility	 of	 the	 liquid,	 this	 EOF	 induces	 vortices	 and	 therefore	 a	 local	
negative	pressure	is	created	resulting	in	a	complex	2D	velocity	profile	29,33,34.		
Analytes	that	are	in	low	concentration	compared	to	the	bulk	electrolyte	will	form	
a	 Gaussian	 peak	when	 they	 concentrate	with	 ICPF.	 In	 our	 previous	work35	we	
derived	the	variance	𝜎s:	[𝑚:]	of	this	Gaussian	distribution	as:	
	

𝜎s: =
𝑉ð

𝑧s
𝑑𝑬
𝑑𝑥

(6.3),	

	
where	𝑧s 		is	the	valence	of	the	analyte	i,	𝑉ð[𝑉]	thermal	potential	(𝑉ð = 𝑘�𝑇/𝑒	with	
T	[K]	the	temperature	and	kb	[J	K-1]	Boltzmann’s	constant).	In	the	same	work	the	
peak	width	(4σ)	of	the	focused	analytes	was	experimentally	determined	and	it	was	
ranging	from	57	μm	to	141	μm	depending	on	the	actuation	potentials	applied	in	
that	work.	In	this	chapter	a	similar	design	(and	dimensions)	and	the	same	analytes	
are	used	hence	a	similar	peak	size	is	expected.	
	
6.2.2|	Droplet	generator	
After	 this	 short	 description	 of	 ICPF,	 the	 set	 of	 requirements	 for	 the	 droplet	
generator	is	now	formulated:	
i. The	continuous	phase	(oil)	should	not	cross/fill	the	separation	channel,	as	

the	goal	is	to	package	the	focused	analytes	without	interrupting	the	ICPF	
process.	 ICPF	 requires	 an	 electric	 field	 (and	 hence	 a	 current)	 running	
through	the	whole	separation	channel.	If	the	non-conductive	oil	protrudes	
in	the	separation	channel,	the	electric	current	will	be	interrupted	causing	
the	focusing	process	to	stop.	

ii. The	pressure	of	the	dispersed	phase	(applied	to	the	separation	channel	
reservoirs)	should	not	be	directly	controlled.	As	described	in	Chapter	4,	
the	 separation	 and	 focusing	 of	 analytes	 is	 strongly	 affected	 by	 the	
convective	flow.	The	addition	of	pressure	in	the	separation	channel	can	
easily	affect	the	convective	flow	with	undesired	results.	Pressure	control	
of	 the	 dispersed	 phase	 is	 feasible	 but	 not	 trivial	 and	 hence	 it	 will	 be	
avoided.	

iii. The	 droplet	 generator	 should	 allow	 both	 continuous	 and	 droplet-on-
demand	(DoD)	operation.	In	the	DoD	operation	the	generator	should	be	
able	to	form	a	predetermined	number	of	droplets	(one	or	more).	In	the	
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continuous	droplet	formation	operation,	the	volumetric	flow	rate	of	the	
dispersed	phase	should	be	smaller	than	the	volumetric	flow	rate	due	to	
ICPF.	

iv. The	droplet	size	should	be	smaller	than	the	size	of	a	concentrated	analyte	
peak,	as	otherwise	the	analyte	will	be	diluted	in	the	volume	of	the	droplet.	
Assuming	the	aforementioned	peak	size	and	considering	the	height	(30	
μm)	and	the	width	(50	μm)	of	our	channel,	we	arrive	at	a	focused	analyte	
volume	ranging	 from	42.8	pL	 to	105.8	pL	for	2σ	width	of	 the	Gaussian	
peak.	Thus	the	droplets	should	be	smaller	than	42.8	pL.	

	
There	are	many	types	and	layouts	of	droplet	microfluidic	systems	with	different	
purposes,	advantages	and	limitations.	Generally,	two	or	more	immiscible	fluids	are	
injected	in	a	microfluidic	system	to	form	stable	interfaces	in	the	form	of	droplets.	
Operationally,	 two	categories	can	be	distinguished	in	which	either	droplets	are	
generated	passively	by	means	of	hydrodynamics	and	capillary	effects,	or	actively	
by	integration	of	actuators	into	the	devices	36.	Passive	droplet	generators	rely	on	
fluid	 instabilities	 on	 introduction	 of	 an	 immiscible	 fluid	 (dispersed	phase)	 into	
another	liquid	(continuous	phase).	No	active	elements	are	part	of	the	chip	and	the	
flows	of	both	phases	are	controlled	outside	of	the	microfluidic	chip.	In	contrast,	in	
active	 droplet	 generators	 active	 elements,	 such	 as	 valves,	 facilitate	 the	 droplet	
formation	and	increase	the	controllability	of	the	formation	process	by	modifying	
the	 force	 balance.	 This	 can	 be	 done	 by	 introducing	 additional	 forces,	 such	 as	
electrical,	 magnetic,	 and	 centrifugal	 forces,	 or	 by	 modifying	 locally	 intrinsic	
parameters	 such	 as	 flow	 velocity	 or	 material	 properties.	 Since	 active	 droplet	
generators	increase	the	device	complexity	in	both	fabrication	and	operation,	we	
propose	a	passive	droplet	generator.		
	
In	both	the	passive	and	active	droplet	microfluidic	systems,	five	device	geometries	
can	be	distinguished:	i)	cross	flow	(e.g.	T-junction),	ii)	co-flow,	iii)	flow	focusing,	
iv)	step	emulsification,	and	v)	microchannel	emulsification	37.	To	satisfy	our	first	
requirement	(the	continuous	phase	not	crossing	into	the	separation	channel)	we	
are	limited	to	a	T-junction	geometry.	T-junction	droplet	generators	are	extensively	
used	in	microfluidics	and	the	droplet	formation	and	break-up	mechanisms	have	
been	 investigated	 in	 numerous	 review	 papers	 3,37–39.	 The	 T-junction	 is	
characterized	 by	 two	 immiscible	 flows	 meeting	 at	 an	 angle	 to	 produce	
monodispersed	droplets	 in	 the	carrier	phase.	The	standard	T-junction	was	 first	
reported	by	Thorsen	et	al.	40	who	used	pressure-induced	flow	to	form	droplets	by	
shearing	one	phase	by	a	second	immiscible	one.		
	
Thorsen	 stated	 that	 the	 droplet	 formation	 in	 this	 case	 is	 the	 result	 of	 the	
competition	between	interfacial	tension	and	shear	forces.	Generally,	three	break-
up	modes	are	distinguished	for	T-junctions:	squeezing,	dripping,	and	jetting	37,	of	
which	the	latter	two	are	shear-driven.	For	a	precise	control	over	droplet	formation	
in	DoD	systems	(our	third	requirement)	the	break-up	should	be	in	the	squeezing	
regime	41.	The	pressure	balance	between	the	dispersed	and	carrier	phase	interface	
at	the	junction	dominates	the	droplet	formation	in	the	squeezing	regime.		
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The	capillary	number	can	be	used	to	determine	in	which	mode	the	device	operates.	
The	capillary	number	(Ca)	is	defined	as	
	

𝐶𝑎 =
𝜂𝑣
𝛾 (6.4)	

	
where	 𝑣	[𝑚/𝑠]	 is	 the	 linear	 velocity	 and	 𝛾	[𝑁/𝑚]	 is	 the	 surface	 tension.	 The	
capillary	number	compares	the	capillary	to	the	viscous	forces.	De	Menech	et	al.	39	
define	a	 critical	 value	 of	 Ca	 >	 0.015	 for	 the	 transition	 of	 squeezing	 to	 dripping	
regime.		
	
In	 short,	 the	 droplet	 formation	 mechanism	 in	 the	 squeezing	 regime	 can	 be	
described	as	follows.	At	the	orifice,	the	two	immiscible	phases	form	an	interface.	
As	the	dispersed	phase	penetrates	into	the	continuous	phase	channel,	 the	shear	
stress	exerted	by	the	continuous	phase	is	not	enough	to	break	off	the	droplet	and	
the	disperse	phase	penetrates	deeper	into	the	continuous	channel	until	it	fills	its	
cross-section.	This	leaves	only	a	thin	wetting	film	of	continuous	phase	on	the	walls,	
giving	rise	to	an	increased	pressure	at	the	interface.	The	resulting	pressure	force	
pushes	the	droplet	in	the	downstream	direction	and	a	neck	is	formed	connecting	
the	emerging	droplet	with	the	bulk	dispersed	phase.	The	neck	thins	as	the	droplet	
elongates	in	the	downstream	direction.	As	the	neck	approaches	the	downstream	
edge	of	the	orifice,	it	breaks	off	and	a	droplet	is	formed	inside	the	carrier	channel.	
The	droplet	is	transported	downstream	by	the	carrier	phase,	while	the	dispersed	
phase	stream	retracts	into	the	orifice.	
	
Presently,	 not	many	 examples	 are	 known	 in	 literature	 in	which	 a	passive	 (i.e.	
without	any	active	elements	on	chip	such	as	valves)	DoD	is	used,	and	even	less	in	
combination	with	a	T-junction	geometry.	Vanapalli	et	al.	42,	and	in	a	similar	setup	
Hamidovic	et	al.	41,	used	simple	pressure	actuation	to	form	a	single	water	droplet	
in	oil	in	a	T-junction.	In	this	case,	the	oil	phase	was	driven	by	hydrostatic	heads.	A	
droplet	was	 created	 by	 using	 short	 pressure	 pulses	 on	 the	 dispersed	 phase	 to	
squeeze	a	small	volume	of	water	into	the	oil	channel.	Churski	et	al.	43	in	another	
approach	used	external	valves	coupled	to	the	dispersed	and	continuous	phase	to	
demonstrate	DoD	in	a	T-junction	setup.	In	both	cases	the	pressure	of	the	dispersed	
phase	was	actively	controlled.	Teo	et	al.	44	used	negative	pressure	to	produce	DoD	
in	a	flow-focusing	configuration.	The	water	pressure	and	oil	pressure	were	first	
balanced	 to	 form	 a	 stable	 interface.	 By	 applying	 a	 negative	 pressure	 on	 the	
continuous	phase	at	the	outlet,	a	droplet	was	formed.		
	
Our	 proposed	 passive	 droplet	 generator	 (capable	 of	 both	 DoD	 and	 continuous	
actuation)	 is	 shown	 in	 figure	 1c.	 A	continuous	 phase	 (oil)	 channel	 intercepts	 a	
dispersed	phase	via	a	small	sampling	channel.	The	sampling	channel	is	connected	
perpendicularly	to	the	separation	channel.	An	oil-water	interface	is	established	at	
the	 orifice	 of	 the	 sampling	 channel	with	 the	 continuous	 phase	 channel.	 Three	
pressures	 act	 on	 this	 oil-water	 interface,	 namely	 Laplace	 pressure	 (PLP),	
continuous	phase	pressure	(Pc)	and	dispersed	phase	pressure	(Pd).		
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A	number	of	factors	contribute	to	the	Pd	at	the	water-oil	interface.	The	reservoirs	
of	the	dispersed	phase	channel	(separation	channel)	are	open	to	the	atmospheric	
pressure	and	the	pressure	is	not	actively	controlled.	Based	on	the	height	of	the	
liquid	in	the	reservoirs	there	is	a	small	hydrostatic	pressure	contribution	and	in	
addition	there	is	also	small	pressure	created	due	to	ICPF	(see	Chapter	4).	All	these	
factors	contribute	to	the	Pd	at	the	water-oil	interface.	
The	 two	 reservoirs	 of	 the	 continuous	 phase	 are	 connected	 to	 two	 pressure	
controllers.	 A	 positive	 pressure	 is	 applied	 to	 the	 Pin	 reservoir	 and	 a	 negative	
pressure	to	the	Pout	reservoir,	resulting	in	a	net	pressure	driven	flow	from	Pin	to	
Pout.		Due	to	the	flow	there	is	a	pressure	drop	along	the	oil	channel.	The	pressure	at	
the	oil-water	interface	will	range	between	Pin	and	Pout	(Pin>	Pc	>	Pout),	depending	on	
the	 hydraulic	 resistance	 of	 channel	 from	 the	 inlet	 (where	Pin	 is	 applied)	 to	 the	
droplet	 generator	 and	 the	 resistance	 from	 the	 droplet	 generator	 to	 the	 outlet	
(where	Pout	is	applied).	
The	Laplace	pressure	at	the	oil-water	interface	equals	(Chapter	345):	
	

𝑃"2 = −𝛾 d2cos𝜃
ℎ + 𝑤
𝑤ℎ

f (6.5)	
	
where	θ	is	the	water-solid	contact	angle	and	ℎ[𝑚],𝑤[𝑚]	are	the	height	and	width	
of	the	channel,	respectively.	Note	that	equation	6.5	does	not	take	into	account	the	
curvature	 of	 the	meniscus.	 Since	 the	 chip	material	 is	 hydrophobic	 (θ>90),	 the	
Laplace	pressure	is	positive	resulting	in	a	normal	force	to	the	interface	pointing	
from	the	oil	side	to	the	water	side.	
An	electric	equivalent	circuit	can	be	used	for	the	calculation	of	the	pressures	and	
of	 their	 sum	 in	 the	system	as	shown	 in	 figure	6.2.	 It	 is	 common	 to	 represent	a	
(complex)	microfluidic	 network	 by	 an	 electric	 network	 [41].	 	 All	 the	 pressure	
sources	are	thereby	represented	as	voltage	sources,	the	hydraulic	resistances	as	
electric	resistances	and	the	volumetric	flow	as	electric	current.	
If	 the	 sum	of	all	 the	 pressures	at	 the	 interface	 is	 zero	 then	 the	 system	 is	 at	 an	
equilibrium	 state,	 the	 meniscus	 remains	 stagnant	 at	 the	 site	 of	 the	 droplet	
generator	and	no	droplets	are	created.	
	

𝑃"2 + 𝑃Ö + 𝑃  = 0	(6.6)	
	
Note	 that	𝑃"2 	 and	 𝑃 	 have	 the	 opposite	 sign	 of	 𝑃Ö .	 Once	 the	 system	 is	 in	 the	
equilibrium	 state,	 the	 ICPF	 process	 can	 concentrate	 and	 separate	 the	 analytes	
unhindered.	If	the	sum	of	all	the	pressure	is	smaller	than	zero,	the	dispersed	phase	
is	pushed	in	the	continuous	phase	and	the	squeezing-regime	droplet	formation	and	
break	up	will	take	place.	

𝑃"2 + 𝑃Ö + 𝑃  < 0	(6.7)	
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Figure	6.2	-	Electric	network	equivalent	of	the	microfluidic	network.	Where	Vd	represent	
the	pressure	at	 the	 reservoirs	of	 the	disperse	phase.	Vin	and	Vout	represent	 the	pressure	
applied	 at	 the	 Pin	 and	 Pout	 reservoirs	 (Figure	 6.1a).	 Vc	 is	 the	 pressure	 at	 the	 oil-water	
interface	 due	 to	 the	 Vin	 and	 Vout.	 VLP	 represent	 the	 Laplace	 pressure	 at	 the	 oil-water	
interface.	 Rd,1	 and	 Rd,2	 represent	 the	 hydraulic	 resistance	 from	 the	 disperser	 phase	
reservoirs	 to	 the	oil-water	 interface.	R1	 represents	the	hydraulic	resistance	from	the	Pin	
reservoir	to	the	oil	water	interface	and	R2	represents	the	hydraulic	resistance	from	the	Pout	
reservoir	to	the	oil	water	interface.	

The	condition	expressed	in	equation	6.7	can	be	created	in	the	following	way.	By	
applying	a	short	negative	pressure	pulse	of	Pout	(Figure	3)	the	pressure	equilibrium	
is	temporarily	disturbed,	creating	(a)	droplet(s)	sampling	the	highly	concentrated	
focused	 analytes	without	 interrupting	 the	 ICPF	 process.	 Once	 the	 droplet(s)	 is	
formed	 the	 pressure	 equilibrium	 is	 regained.	 The	 length	 of	 the	 pressure	 pulse	
determines	 the	 number	 of	 droplets	 created	 by	 the	 droplet	 generator.	 If	 a	
continuous	negative	step	pressure	is	applied	instead	of	a	pulse,	then	equation	6.7	
will	continuously	be	satisfied	and	droplets	will	continuously	be	formed.	
	
4.3|	Experimental	
A	30	μm	layer	of	Microchem	SU-8	2050	photoresist	was	spin-coated	on	a	silicon	
wafer	and	the	instructions	of	the	manufacturer	were	followed	for	exposure	and	
development.	Polydimethyl	siloxane	(PDMS)	and	curing	agent	(10:1	ratio)	were	
mixed	and	PDMS	chips	were	fabricated	using	standard	soft	lithography	46	with	the	
prepared	silicon	wafer	as	a	mold.	The	chips	were	bonded	to	standard	microscopy	
glass	slides	after	O2	plasma	treatment.	
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Figure	6.3	-	Schematic	of	 the	setup	and	a	typical	pressure	actuation	scheme	for	a	single	
droplet	generation	(DoD).	

A	droplet	of	Nafion	perfluorinated	resin	solution	 (20wt%)	(Sigma-Aldrich)	was	
introduced	 at	 their	 dedicated	 reservoirs	 (Figure	 6.1a)	 and	 the	 solution	 was	
patterned	via	capillary	forces47	followed	by	a	drying	step	of	30min	at	60°C.	During	
the	drying	process	Nafion	occasionally	lost	a	considerable	fraction	of	its	volume,	
creating	microchannels/-gaps	 between	 the	 separation	 and	buffer	channels.	 For	
this	reason,	a	solution	of	2wt%	agarose	(Sigma-Aldrich)	in	1x	phosphate	buffered	
saline	(PBS,	Sigma-Aldrich)	was	later	added	in	the	buffer	channels	(Figure	6.1a)	to	
seal	the	gaps	in	the	Nafion	and	prevent	any	convective	flow	from	the	separation	
channel	into	the	buffer	channels.		
The	aqueous	sample	used	is	1x	PBS	spiked	with	the	fluorescent	markers	Bodipy	
492/515	Disulfonate	(BDP,	Invitrogen)	and	Alexa	Fluor	647	(AF647,	Invitrogen).	
This	aqueous	sample	was	added	in	the	separation	channel	followed	by	filling	the	
continuous	 phase,	 mineral	 oil	 (GE	 Healthcare	 Life	 Sciences).	 To	 prevent	
coalescence	of	the	droplets,	surfactant	Span80	(Sigma-Aldrich)	was	added	to	the	
oil	in	3	wt%	percent.		
The	 continuous	 phase	 inlet	 and	 outlet	 were	 connected	 to	 a	 Fluigent	 MFCS-EZ	
pressure	 controller	 which	 was	 operated	 via	 the	 MAESFLO	 software.	 Platinum	
wires	 (Alfa	Aesar	0.01inÆ)	 	were	 introduced	 in	 the	other	six	 reservoirs	 (buffer	
channels	 and	 separation	 channel)	 and	 were	 connected	 to	 two	 Keithley	 2410	
SourceMeters	 (Figure	 6.3).	 The	 power	 supplies	were	 operated	 and	 the	 current	
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recorded	 via	 in-house	 built	 LabVIEW	 software.	 The	 formation	 of	 droplets	 and	
focusing	of	analytes	was	optically	captured	via	an	Olympus	IX51	microscope	and	a	
FLIR	Grasshopper3	color	camera.	The	droplet	size	and	frequency	were	analysed	
with	Droplet	morphometry	and	velocimetry	(DMV)	software	provided	by	Basu	48.	
The	fluorescent	image	analysis	was	done	via	ImageJ	and	Matlab(R2016a).	
	
6.4|	Results	and	discussion	
6.4.1|	Equilibrium	state	
Initially	the	droplet	generator	was	evaluated	without	the	use	of	ICPF	to	test	several	
designs.	The	main	variations	were	applied	at	the	channel	widths	of	the	disperse	
and	continuous	(small	sampling	channel)	phase	(three	of	these	are	shown	in	figure	
6.4).	The	initial	aim	was	to	determine	the	equilibrium	pressures	Pin	and	Pout	(i.e.	a	
stable	meniscus	and	no	visible	droplet	formation)	for	each	design,	starting	from	
the	expected	values	based	on	 the	dimensions	shown	in	 the	Appendix	D.	For	all	
designs,	 we	 noticed	 a	 difference	 between	 the	 theoretical	 and	 experimental	
equilibrium	pressures	of	-2.8	±	5.1	mBar.	We	ascribe	this	difference	to	inaccuracies	
in	the	calculation	of	the	hydrostatic	pressure	at	the	reservoirs	of	the	separation	
channel	(Pd)	and	in	the	measurement	of	the	contact	angle	for	the	calculation	of	the	
Laplace	pressure	(PLP).	In	addition,	the	pressure	applied	by	the	pressure	controller	
(Pin	and	Pout)	was	fluctuating	by	±	1	mBar.	Considering	all	these	errors	we	believe	
that	our	model	reasonably	fits	the	system’s	behavior.	

	
Figure	 6.4	 -	 Three	 examples	 of	 variations	 of	 the	 droplet	 generator	 geometries	 of	 the	
ICPF/droplet	extraction	chips	

6.4.2|	Droplet	on	demand	
Once	 the	 equilibrium	 state	was	 achieved	 a	 small	 negative	 pressure	 pulse	was	
applied	to	Pin	or	a	negative	pressure	pulse	on	Pin	and	on	Pout.	Note	that	Pout	 is	a	
negative	pressure	hence	a	negative	pulse	will	result	in	a	higher	flow	towards	Pout.	
Pin	is	a	positive	pressure	hence	a	negative	pulse	results	in	a	lower	pressure.	In	both	
cases	a	negative	pulse	at	Pin	and/or	Pout	tilts	the	pressure	balance	towards	the	same	
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direction	(equation	6.7).	For	the	formation	of	a	single	droplet,	 the	duration	and	
magnitude	of	the	pulse	was	found	to	be	dependent	on	the	design.	Typically,	the	
pulse	duration	ranged	between	3	and	5	s	for	a	step	size	between	5	and	20	mbar.	A	
possible	 DoD	 pressure	 scheme	 is	 shown	 in	 figure	 6.5	 and	 in	 figure	 6.6	 the	
formation	of	the	droplet	over	time	is	shown.	
In	addition,	we	investigated	the	success	rate	of	the	DoD	generators.	Either	a	single	
or	five	droplets	were	requested	of	each	design	and	the	success	rate	established.	If	
the	 generator	 created	 more	 or	 less	 droplets	 than	 the	 requested	 number,	 the	
attempt	was	counted	as	a	fail.	In	figure	6.7	the	percentage	of	success	per	design	for	
a	 single	 droplet	 is	 shown.	 On	 average	 in	 77%	 of	 the	 cases,	 a	 successful	 single	
droplet	was	produced.	For	12%	of	the	cases,	no	droplet	was	created	and	in	11%	of	
the	 cases	 two	droplets	were	created.	 Taking	 into	 account	 also	 the	multiple	 (5)	
droplets	requests	out	of	the	total	213	requests	(for	all	the	designs)	on	average	74%	
of	cases	were	successful.	
	

	
Figure	6.5	-	Pressure	actuation	schemes	(a.	and	b.)	for	a	single	DoD	with	Pin	(purple)	and	
Pout	(black).	The	dotted	line	indicates	the	pressure	command	that	was	given,	and	the	solid	
line	is	the	actual	pressure	measured	by	the	pump.	The	volumetric	flow	was	also	measured	
(red).	Note	that	Pout	is	a	negative	value,	but	it	is	given	here	as	an	absolute	value.	a)	a	single	
DoD	by	decreasing	Pin	for	5	seconds.	b)	a	single	DoD	by	decreasing	Pin	and	increasing	Pout	
for	4	seconds.	Note	that	Pout	is	a	negative	value,	but	it	is	given	here	as	an	absolute	value.	The	
system	was	returned	to	the	equilibrium	state	after	the	application	of	the	pulse.	

	
Figure	6.6	-	Formation	of	a	droplet	in	design	6.	At	t	=	0s	the	DoD	was	started.	The	aqueous	
slug	penetrated	the	oil	channel	and	grew	until	it	blocked	the	channel.	The	slug	was	then	
pushed	downstream	by	the	pressure	built	up	at	the	rear	end	and	the	neck	thinned.	At	some	
point	 the	droplet	broke	off	 and	 the	aqueous	 slug	 retreated	 into	 the	orifice	 to	 regain	 its	
equilibrium.	The	droplet	size	is	approximately	13.7	pL.	
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Figure	6.7	-	The	percentage	of	success	of	DoD	formation.	The	designs	with	0%	success	were	
not	capable	of	forming	a	stable	equilibrium.	In	the	table,	the	design	number,	the	number	of	
attempts	and	the	success	rate	is	given.	The	success	of	a	single	DoD	was	77%	and	the	overall	
success	was	74%.	

6.4.3|	Droplet	size	
As	previously	mentioned,	a	critical	requirement	for	the	droplet	generator	is	the	
droplet	volume	which	 is	 required	 to	be	smaller	 than	 the	volume	of	 the	 focused	
analyte	plug.	In	figure	6.8	the	droplet	volume	for	each	design	is	shown.	For	every	
design,	80%	of	the	droplets	are	smaller	than	20	pL	with	the	largest	droplet	being	
27	pL	which	is	well	below	the	required	42.8	pL	for	2σ	of	the	smallest	Gaussian	of	
a	 focused	 analyte	 in	 ICPF	 in	 the	 present	 structures.	 Figure	 6.8	 also	 shows	 the	
volumetric	 flow	 rate	 of	 the	 continuous	 phase.	 Although	 there	 is	 no	 significant	
correlation	between	flow	rate	and	droplet	size,	in	all	cases	the	capillary	number	is	
below	0.001	which	indicates	that	the	device	is	in	the	desired	squeezing	regime.	
The	droplet	size	is	mainly	determined	by	the	geometry	of	the	T-junction	and	more	
specifically	the	size	(width)	of	the	continuous	phase	channel.	For	designs	1,2,12,15	
and	16	the	width	of	the	continuous	phase	channel	is	20	μm	compared	to	10	μm	for	
the	 remainder	 of	 the	 designs.	 From	 figure	 6.8,	 it	 is	 clear	 that	 the	 20	 μm	wide	
designs	produce	on	average	larger	droplets.		
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Figure	6.8	-	The	average	volume	of	droplets	and	the	volumetric	flow	rate	of	the	continuous	
phase	for	each	design	in	the	same	pressure	range.	The	error	bars	represent	the	standard	
deviation	(the	number	of	tests	N	per	design	is	shown	at	the	table	on	the	right).	Droplets	
were	generally	smaller	than	20	pL.	

6.4.4|	Integration	of	DoD	and	ICPF	
Some	initial	experiments	were	performed	with	the	integrated	DoD	generator	and	
ICPF	process.	An	example	of	the	proposed	experimental	process	is	shown	in	figure	
6.9.	First	the	aqueous	sample	(dispersed	phase	–	2	μΜ	BDP	and	8	μM	AF647	in	
1xPBS)	was	 introduced	 in	 the	separation	channel,	 followed	by	 the	 filling	of	 the	
continuous	phase	channels	with	mineral	oil.	The	equilibrium	state	was	established	
by	 tuning	 the	 Pin	 and	Pout	 (Figure	 6.9-1).	 The	 ICPF	process	 started	 by	 applying	
suitable	 potentials	 to	 the	 two	 reservoirs	 of	 the	 separation	 channel	 to	 have	 the	
analytes	 focusing	 at	 a	 location	 that	 did	 not	 overlap	with	 the	 droplet	 generator	
(Figure	6.9-2).	By	allowing	sufficient	time	for	the	ICPF,	the	desired	concentration	
of	 analyte	 was	 reached.	 The	 focusing	 location	 can	 be	 tuned	 by	 the	 actuation	
potentials	 as	 shown	 in	 Chapter	 4.	 By	 subsequently	 tuning	 the	 potentials,	 the	
focusing	location	could	be	moved	to	the	droplet	generator	(Figure	6.9-3).	Once	the	
analytes	 properly	 overlapped	 the	 droplet	 generator,	 the	 pressure	 scheme	was	
applied	and	droplets	with	highly	concentrated	analyte	were	formed	and	extracted.	
In	addition,	we	found	that	the	droplet	formation	did	not	affect	the	ICPF	process,	
which	continued	concentrating	the	analytes.	
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Figure	6.9	-	Sequence	of	ICPF	and	DoD.	Microscopy	image	-	left,	Fluorescent	intensity	profile	
-	 right	1)	The	 initial	 condition	2)	A	potential	difference	 is	 applied,	 and	 the	analytes	are	
focused,	with	BDP	in	green	and	AF647	in	red.	The	concentration	of	the	focused	analytes	is	
so	 high	 that	 the	 camera	 sensor	 is	 saturated	 making	 the	 distinction	 between	 colors	
(analytes)	difficult.	3)	Adjusting	the	potential	difference	enables	the	control	of	the	focusing	
location.	4)	Once	the	focused	plug	has	settled	in	front	of	the	droplet	generator,	DoDs	are	
created.	

In	 order	 to	 investigate	 the	 concentration	 recovery	 (i.e.	 ration	 of	 the	 droplet	
concentration	to	the	concentration	of	the	focused	analyte)	of	the	droplet	generator	
setup	 in	 continuous	mode,	 the	 analyte	 (1	 μΜ	BDP	 in	 1xPBS)	was	 focused	 in	 a	
location	 that	 does	 not	 intercept	with	 the	 droplet	 generator.	 In	 contrast	 to	 the	
previous	DoD	approach,	now	the	droplet	generator	was	set	to	continuous	droplet	
generation.	Once	 the	 focused	 analyte	 plug	 by	 voltage	 tuning	was	moved	 to	 the	
location	of	the	droplet	generator,	pressures	were	changed	such	that	the	analyte	
plug	 became	 continuously	 “packaged”	 and	 extracted	 in	 a	 stream	of	 droplets.	 A	
video	of	 this	process	was	recorded,	and	 the	concentration	of	 the	newly	formed	
droplet	 was	 compared	 to	 the	 concentration	 in	 the	 separation	 channel	 (at	 the	
intercept	with	the	droplet	generator	averaged	over	the	separation	channel	width)	
of	 the	 same	 video	 frame	 (Figure	 6.10).	 We	 report	 an	 average	 concentration	
recovery	 of	 84%	with	 a	minimum	of	 62%	and	 a	maximum	of	 100%.	 Since	 the	
droplet	and	focused	concentration	are	compared	in	the	same	frame,	in	some	cases	
the	droplet	concentration	was	found	to	be	higher	than	the	concentration	in	the	
separation	channel.	In	addition,	a	relative	high	exposure	time	was	required	for	the	
microscopy	images	which	results	in	non-sharp	images	of	the	fast-moving	droplets	
which	may	cause	underestimation	of	their	fluorescent	intensity.	Despite	the	low	
accuracy	of	this	method	for	evaluating	the	concentration	recovery,	we	believe	it	
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gives	 a	 good	 estimate	 of	 the	 process.	 In	 the	 future	 a	 downstream	 processing	
method	can	be	used	for	a	more	accurate	droplet	concentration	quantification.	
	

	
Figure	6.10	-	Example	of	a	video	analysis	for	concentration	recovery	evaluation.	a)	A	frame	
of	 the	actual	 video	of	 the	 separation	 channel.	Two	droplets	 can	be	 identified	 left	of	 the	
separation	channel.	b)	Spatiotemporal	intensity	profile	of	the	separation	channel	along	the	
x-axis	of	figure	a.	c)	Spatiotemporal	intensity	profile	of	the	oil	channel.	The	vertical	lines	
represent	droplets	that	move	through	the	channel	along	the	x-axis	defined	in	a.	A	zoom-in	
is	 given	 for	 frame	number	7000-8500.	d)	The	mean	 intensity	 in	 the	 separation	 channel	
(black)	and	oil	channel	(red).	Every	red	peak	represents	a	droplet.	The	intensity	recovery	is	
given	in	the	histogram	for	the	droplets	produced	between	frame	number	6750-8000.	 In	
total	91	droplets	were	analyzed	with	an	average	recovery	of	84%	

High	concentration	droplet	extraction	–	Using	one	of	our	devices	we	allowed	a	
single	low	concentration	analyte,	namely	100nM	of	BDP	in	0.1xPBS,	to	concentrate	
via	 ICPF	 for	 approximately	 15	 minutes.	 Subsequently,	 several	 (19)	 highly	
concentrated	single	droplets	were	extracted	on	demand	(DoD).	The	concentration	
of	the	droplets	was	calculated	via	a	calibration	curve	and	ranged	between	84.7μM	
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and	100.3μM	(corresponding	to	a	concentration	factor	ranging	from	847	to	1003).	
The	variation	in	the	concentration	of	the	extracted	droplets	can	arise	from	various	
factors:	 i)	 Since	 the	 focused	 analytes	 are	 in	 peak	 mode	 (i.e.	 have	 	 Gaussian	
concentration	profile),	the	positioning	of	the	focused	analytes	with	respect	to	the	
orifice	of	the	droplet	generator	determines	the	extracted	concentration.	ii)	Since	
the	ICPF	process	is	not	interrupted	during	the	droplet	generation,	the	analyte	in	
the	 separation	 channel	 continuously	 concentrates	 hence	 droplet	 extraction	 at	
different	times	results	in	different	droplet	concentrations.	iii)	The	extraction	of	a	
droplet	 removes	some	of	 the	concentrated	analyte	 from	the	separation	channel	
reducing	its	concentration	hence	the	time	interval	between	droplets	also	affects	
the	concentration	of	the	extracted	droplets.	
	
Continuous	or	DoD	extraction	of	separated	analytes	-			In	order	to	demonstrate	
the	extraction	of	 separated	droplets,	0.1xPBS	was	spiked	with	1mM	of	Cascade	
blue(CB),	 1mM	 of	 Alexa	 Fluor	 647(AF647)	 and	 1mM	 of	 BDP.	 Because	 of	 the	
relatively	high	concentration	of	analytes	compared	to	the	background	electrolyte,	
the	 ICPF	will	 be	 in	 plateau	mode	as	 described	 in	chapter	 435.	 The	 analytes	are	
allowed	 to	 focus	and	separate	into	wide	plateaus	for	approximate	1	minute.	By	
tuning	the	actuation	potentials	the	plateau	can	then	be	moved	to	overlap	with	the	
orifice	of	the	droplet	generator.	In	figure	6.11	we	demonstrate	this	process	for	DoD	
generation.	

	
	
Figure	6.11	–	Extraction	of	separated	droplets	on	demand.	i)	Initial	condition.	ii)	Start	of	
ICPF	process	(t~1s).	iii)	After	approximately	1	minute	the	AF647	plateau	(red)	is	moved	to	
the	droplet	generator	by	tuning	the	actuation	potentials	and	a	command	for	a	single	droplet	
is	given	to	the	droplet	generator.	iv)	The	BDP	plateau	is	moved	to	the	droplet	generator	and	
a	droplet	is	generated.	v)	Similarly	a	single	drop	of	CB	is	extracted.	vi)	An	array	of	droplets	
created	 over	 a	 duration	 of	 5	 minutes.	 Note	 that	 image	 vi	 corresponds	 to	 a	 different	
experiment	than	i-v.	

In	figure	6.12	another	instance	of	multiple	DoD	droplets	is	shown	and	the	purity	
of	each	droplet	is	investigated.	Depending	on	the	placement	of	the	plateaus	with	
respect	to	the	droplet	generator	orifice	either	pure	droplets	or	a	mixture	between	
adjacent	plateaus	is	extracted.	For	example,	the	droplet	(i)	in	figure	6.12	contains	
a	mixture	of	AF647	and	BDP	and	droplet	(ii)	contains	a	mixture	of	BDP	and	CB.	In	
figures	6.11	and	6.12	the	diameter	of	all	the	extracted	droplets	ranged	between	
20μm	and	22μm.	
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Figure	6.12	–	DoD	extraction	of	separated	analytes.	Top:	fluorescent	microscopy	image	of	
the	extracted	droplets.	The	image	aspect	ratio	and	contrast	have	been	altered	for	improved	
readability.	Below:	the	red	(AF647),	green	(BDP)	and	blue	(CB)	fluorescent	intensities	are	
plotted.	

In	addition	to	the	droplet	on	demand	operation,	the	same	device	can	be	used	for	
continuous	droplet	generation.	Two	examples	of	continuous	droplet	extraction	are	
shown	in	figure	6.13.	As	shown	in	the	two	examples	of	figures	6.12	and	6.13,	pure	
and	 variously	 mixed	 droplets	 can	 be	 extracted.	 Since	 in	 ICPF	 analytes	 sort	
themselves	based	on	their	mobility,	a	possible	application	of	continuous	droplet	
extraction	could	be	as	follows:	The	analytes	of	a	complex	sample	(e.g.	proteins	in	
human	serum)	are	separated	and	allowed	sufficient	time	to	concentrate	via	ICPF.	
The	 longer	 the	 focusing	 time	 the,	 higher	 the	 concentration	 of	 low	 abundance	
analytes,	while	 the	 concentration	 of	 the	 highly	 abundant	 analytes	 is	 limited	 by	
their	plateau	concentration.	After	the	desired	focusing	time,	a	continuous	droplet	
generation	begins	while	the	actuation	potentials	are	tuned	so	the	sample	is	“swept”	
across	the	droplet	generator’s	orifice.	The	resulting	droplets	then	contain	highly	
concentrated	analytes	and	they	are	sorted	based	on	their	electrophoretic	mobility,	
creating	in	a	sense	an	electrophoretic	mobility	“memory”	of	the	sample.		
	
6.6|	Conclusion	and	outlook	
We	have	demonstrated	a	versatile	droplet	generator	that	is	capable	of	either	DoD	
(an	average	success	rate	of	77%)	or	continuous	droplet	generation	without	the	
need	of	any	active	elements	on	chip	or	external	valves.	We	have	demonstrated	that	
the	generator	can	be	successfully	integrated	with	ICPF.	The	droplet	generator	did	
not	affect	the	ICPF	process,	which	was	able	to	continuously	concentrate	analytes	
while	 highly	 concentrated	 analyte	 droplets	 could	 be	 extracted	 on	 demand.	We	
report	droplets	with	concentration	of	up	to	1000	times	the	original	concentration.	
In	case	the	ICPF	duration	for	concentrating	analytes	is	prolonged,	we	expect	that	a	
much	 higher	 concentration	 factor	 would	 still	 be	 possible.	 The	 recovery	 of	 the	
concentration	of	our	system	(84%)	improved	the	results	earlier	reported	by	Chen	
et	al.	9	(20%)	and	van	Kooten	et	al.	10	(60%).	In	addition	to	the	improved	recovery,	
our	 device	 does	 not	 interrupt	 or	 affect	 the	 ICPF	 process	 compared	 to	 the	
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aforementioned	 works,	 making	 it	 suitable	 for	 integration	 with	 a	 plethora	 of	
electrokinetic	separation	techniques.	
	
	

	
Figure	6.13	-	Continuous	droplet	extraction	of	separated	analytes.	 i)	 Initial	condition.	 ii)	
After	approximately	1	minute	a	continuous	generation	of	droplets	begins	and	the	AF647	
plateau	(red)	is	moved	to	the	droplet	generator	by	tuning	the	actuation	potentials	iii)	The	
BDP	plateau	is	moved	to	the	droplet	generator	iv)	The	plateau	of	CB	is	moved	to	the	droplet	
generator.	v-vi)	Examples	of	the	extracted	droplets	as	the	sample	is	swept	across	the	droplet	
generator.	The	droplet	diameters	were	20μm	and	25μm	in	v	and	vi,	respectively.	

We	 demonstrated	 separation	 and	 selective	 the	 droplet	 extraction	 in	 a	 simple	
sample	with	three	analytes.	We	showed	selective	droplet	extraction	either	in	DoD	
or	continuous	droplet	generation.	A	possible	application	of	the	continuous	droplet	
generation	mode,	 since	 analytes	 focus	 in	 bands	 based	 on	 their	 electrophoretic	
mobility,	could	be	the	focusing	via	ICPF	of	a	complex	sample	such	as	human	serum	
followed	by	sequential	extraction	of	all	analytes	in	concentrated	form,	creating	in	
a	 sense	 an	electrophoretic	mobility	 “memory”	 of	 the	 sample,	with	 the	 analytes	
spatially	sorted	by	electrophoretic	mobility	in	the	droplets.		
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Chapter 7 
Current	Monitoring	for	

Fluorescence-free	Analyte	Extraction	
Control	in	Ion	Concentration	

Polarization	Focusing	
In	 all	 our	 experiments	 and	 most	 of	 the	 reported	 work	 in	 literature	 the	 ion	
concentration	 polarization	 focusing	 process	 is	 monitored	 by	 microscopy	 of	
fluorescent	analytes.	This	approach	allows	the	direct	observation	of	the	focusing	
location	of	the	analytes	of	interest,	nevertheless	it	is	not	applicable	in	most	cases	
in	an	industry	environment.	In	this	chapter	we	propose	a	method	to	control	and	
predict	 the	 focusing	 location	 of	 analytes	 in	 the	 chip	 by	monitoring	 the	 electric	
current	 through	 the	microfluidic	 system.	 Current	monitoring	 has	 been	 used	 in	
other	electrokinetic	methods	and	is	highly	integrable	and	suitable	for	automation	
of	the	ICPF	process.	
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7.1|	Introduction	
As	described	in	earlier	chapters,	electrokinetic	separation	techniques	have	found	
extensive	 applications	 in	 lab-on-chip	 systems.	 A	 subset	 of	 electrokinetic	
techniques	combines	separation	with	focusing	(such	as	isoelectric	focusing	(IEF)	
and	 isotachophoresis	 (ITP)),	 locally	 increasing	 the	 concentration	 of	 analytes.	
These	 focusing	 techniques	 have	 attracted	 a	 lot	 of	 attention	 in	 research	 in	
microfluidic	 systems	 for	 more	 than	 a	 decade.	 Ion	 concentration	 polarization	
focusing	 (ICPF)	 is	 such	 a	 focusing	 technique	which	 is	 capable	 of	 concentration	
factors	in	the	order	of	millions1.		
ICPF	 has	 been	 intensively	 investigated	 and	 various	 applications	 have	 been	
reported	since	its	introduction2–12.	The	popularity	of	ICPF	is	a	result	of	its	ease	of	
use	and	its	versatility.	Where	other	focusing	techniques	such	as	ITP	or	IEF	require	
the	preparation	of	application-specific	electrolytes,	this	is	not	the	case	for	ICPF.	A	
wide	variety	of	 focused	analytes	have	been	focused	with	this	technique	ranging	
from	fluorescent	anions13	to	biomolecules14.	Furthermore	ICPF	can	be	applied	for	
cells4	 and	 enhanced	 antigen-antibody	 binding15.	 	 The	 focusing	 location	 of	 the	
analytes	 can	 be	 tuned	 by	 the	 actuation	 potentials2,	 making	 it	 an	 easy-to-tune	
process.	 Despite	 of	 all	 these	 advantages,	 most	 of	 the	 research	 has	 been	
demonstrated	 with	 the	 use	 of	 fluorescently	 labeled	 analytes	 and	 the	 focusing	
location	was	investigated	via	fluorescent	microscopy.	In	this	chapter	we	propose	
a	 method	 to	 determine	 the	 focusing	 location	 without	 the	 need	 for	 optical	
monitoring.	
	
7.2|	Theory	
As	described	in	chapter	3	and	4,	at	the	start	of	the	ICPF	process	the	analytes	start	
focusing	 in	 the	 electric	 field	 gradient	 between	 two	 regions	 with	 different	
conductivities:	the	depletion	zone	with	low	conductivity	(low	salt	concentration)	
and	the	bulk	liquid	with	high	conductivity	(high	salt	concentration)	(Figure	7.1).	
The	 ion	 concentration	 is	 the	 determining	 factor	 for	 the	 conductivity	 of	 a	
microchannel	(𝜅),	specifically:	
	

𝜅 = 𝐹	�𝜇s𝑐s
s

	(7.1)	

	
where	𝐹[𝐶	𝑚𝑜𝑙9<]	is	the	Faraday	constant,	and	𝜇s[𝑚:	𝑉9<𝑠9<]	and	𝑐s[𝑚𝑜𝑙	𝑚9�]	are	
the	electrophoretic	mobility	and	average	concentration	of	the	ionic	species	𝑖.	The	
resulting	electric	resistance	of	the	channel	(or	a	zone)	𝑗	is:	
	

𝑅$ =
𝑙$
𝐴𝜅 (7.2)	

	
where	𝑙$ 	[𝑚]	is	the	length	of	the	channel	(or	zone)	𝑗	and	𝐴	[𝑚:]	the	cross-sectional	
area	 of	 the	channel.	 Since	 there	 is	a	 conductivity	 difference	 between	depletion	
zone	and	bulk	zone,	our	separation	channel	can	be	electrically	represented	as	two	
resistors	in	series,	namely	one	for	the	depletion	zone	(𝑅1%)	and	one	for	the	bulk	
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zone	 (𝑅)Û¦ý)	with	𝜅1% ≪ 𝜅)Û¦ý	 their	 respective	 conductivities	 (Figure	 7.1c).	We	
assume	 that	 all	 the	 focused	 analytes	 are	 in	 peak	 mode;	 hence	 they	 do	 not	
contribute	significantly	to	the	concentration,	conductivity	and	electric	field	in	the	
E-field	gradient.	In	the	simple	case	of	two	resistors,	the	electric	current	running	
through	the	channel	equals:	
	

𝐼 =
𝑉Û − 𝑉ü

𝑅1% +𝑅)Û¦ý
	(7.3)	

	
Here	𝑉Û 	is	the	upstream	potential	and	𝑉ü 	the	potential	at	the	location	of	the	Nafion	
membrane	 (Figure	 7.1).	Note	 that	 the	 potential	 at	 the	membrane	 position	will	
depend	on	the	resistances	of	all	other	zones	(including	the	buffer	channels)	and	
the	upstream	(𝑉Û)	and	downstream	(𝑉Ö)	potentials.	As	shown	in	equation	7.2	and	
3,	the	total	current	in	the	separation	channel	will	depend	on	the	length	^𝑙$a	of	each	
zone.	Thus	a	 longer	depletion	zone	will	 result	 in	a	 lower	current,	which	can	be	
easily	monitored	and	used	for	determination	of	the	analyte	peak	position.	A	similar	
current	 monitoring	 approach	 was	 reported	 by	 Karsenty	 et	 al.16	 for	 another	
electrokinetic	focusing	technique,	namely	ITP.	According	to	Quist	et	al.2,	the	size	of	
the	depletion	zone	can	be	tuned	by	the	two	actuation	potentials	at	the	upstream	
and	 downstream	 reservoir.	 Since	 the	 analytes	 are	 focusing	 in	 the	 interface	
between	the	depletion	zone	and	bulk	zone,	knowing	the	size	of	the	depletion	zone	
results	in	a	known	location	of	focused	analytes.	A	linear	relationship	is	predicted	
between	depletion	zone	size	and	current,	as	calculated	by	equations	7.2	and	7.3;	
hence,	monitoring	the	current	(𝐼Û)	sourced	by	𝑉Û 	correlates	to	the	length	of	the	
depletion	zone	and	can	therefore	predict	the	location	of	the	concentrated	analytes.		
	
Nevertheless,	variations	between	chips	and	between	sample	conductivities	may	
shift	or	change	the	slope	of	the	relation	between	current	and	depletion	zone	size	
while	maintaining	the	linearity.	Simply	put,	a	specific	current	value	will	not	always	
correspond	to	the	same	depletion	zone	size	and	focused	analyte	position.	In	order	
to	overcome	this	limitation,	we	decided	to	use	another	variable	from	equation	7.2.	
The	 resistance	 of	 each	 zone	 also	 depends	 on	 the	 cross-sectional	 area	 of	 the	
channel.	Since	all	the	fluidic	chip	channels	have	the	same	height	in	our	devices,	the	
cross-sectional	area	can	be	modified	by	modifying	the	channel	width.	By	varying	
the	 channel	width	 at	 a	 specific	 location	 in	 the	 channel	we	will	 vary	 the	 linear	
relation	between	depletion	zone	size	and	current	once	the	depletion	zone	grows	
over	 the	 channel	 part	 with	 the	 width	 variation16.	 The	 (non-linear)	 current	
response	now	is	coupled	to	a	specific	 location	of	the	channel	rather	than	to	the	
sample	conductivity.		
Starting	from	this	idea,	various	channel	variations	were	designed	and	tested.	We	
strongly	 recommend	Appendix	E	 to	 the	reader	where	 the	reasoning	behind	 the	
design	of	the	channel	variations	along	with	the	applicability	of	the	same	reasoning	
for	a	variety	of	microfluidic	applications	(e.g.	Coulter	counters)	is	presented.	
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Figure	 7.1	 -	 a)	 Schematic	 representation	 of	 the	 setup	 for	 ICPF.	 A	 separation	 channel	 is	
connected	 to	 two	 buffer	 channels	 via	 an	 ion	 permselective	 membrane	 (Nafionâ).	 A	
potential	is	applied	to	the	upstream	(Vu)	and	downstream	(Vd)	reservoirs	and	the	buffers	
channels	are	grounded.	Due	to	ion	concentration	polarization	a	depletion	zone	is	formed	in	
the	separation	channel	with	a	locally	very	low	salt	concentration	compared	to	the	bulk	salt	
concentration.	b)	Schematic	of	ICPF	with	a	width	variation	in	the	separation	channel	at	a	
specific	 location.	 c)	 A	 simple	 electric	 equivalent	 of	 the	 separation	 channel	 from	 the	
upstream	reservoir	to	the	Nafionâ	membrane,	with	Vm	the	potential	at	the	location	of	the	
membrane.	d)	Schematic	of	current	(Iu)	vs	depletion	zone	length	(lDZ).	In	the	first	case	(a)	
there	is	a	linear	relation	between	the	depletion	zone	length	and	the	current.	In	the	second	
case	(b)	the	resistance	of	the	depletion	zone	will	increase	non-linearly	when	the	depletion	
zone	overlaps	the	width	variation	in	the	channel	and	the	linearity	between	the	current	and	
the	depletion	zone	size	will	be	broken.	

7.3|	Experimental	
The	chip	 fabrication	and	preparation	are	similar	 to	 those	given	 in	 the	previous	
chapters.	 In	 short,	 polydimethyl	 siloxane	 (PDMS)	 chips	were	 prepared	 by	 soft	
lithography17.	The	soft	lithography	molds	were	made	by	30	μm	thick	MicroChemâ	
SU-8	 2050	 features	 patterned	 with	 photolithography	 on	 silicon	 wafers.	 	 The	
outline	 of	 the	 photolithography	 mask	 is	 shown	 in	 figure	 7.2.	 The	 Nafionâ	
perfluorinated	resin	solution	(20wt.	%	-	Sigma-Aldrich)		was	filled	and	patterned	
via	capillary	forces18,19.	Nafion	was	dried	at	60°C	for	30	minutes	to	form	a	solid	
permselective	polymer.	2%	wt.	UltraPureä	Agarose	(Invitrogen)	in	1x	phosphate	
buffered	saline	 (PBS)	 (Sigma-Aldrich)	was	 introduced	 in	 the	buffer	channels	 to	
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prevent	 bulk	 liquid	 flow	 between	 separation	 and	 buffer	 channel	 due	 to	 gaps	
formed	in	the	Nafion	channel	during	its	drying	process.	
BODIPY™	492/515	Disulfonate	(BDP)	(Invitrogen)	was	chosen	as	a	model	anionic	
analyte	and	it	was	used	as	a	tracer	for	the	focusing	location.	1xPBS	was	chosen	as	
a	background	electrolyte	 for	 its	biological	 relevant	properties	and	applications.	
For	 the	 fluorescent	microscopy	 an	Olympus	 IX51	was	used	 and	 images/videos	
were	 captured	 with	 a	 FLIR	 Grasshopperâ3	 color	 camera.	 The	 videos	 were	
analysed	via	Matlab	(R2016a).	Platinum	wires	(Alfa	Aesar	0.01in	diameter)	were	
introduced	in	the	separation	and	buffer	channels	reservoirs	as	electrodes	to	which	
electric	potentials	were	applied	and	the	current	measured	by	two	Keithley	2410	
sourcemeter	power	supplies	controlled	by	an	in-house	made	LabVIEW	program.	
The	 2D	 simulations	 were	 performed	 in	 Comsol	 (Multiphysics	 5.3)	 using	 the	
transport	of	dilute	species,	electrostatics	and	laminar	flow	physics	modules	which	
were	 coupled	 via	 flow	 coupling,	 space	 charge	 density	 coupling	 and	 potential	
coupling	multiphysics.	
	

	
Figure	7.2	-	Overview	of	the	ICPF	design	with	some	typical	actuation	potentials.	Various	
width	variations	were	fabricated	in	the	separation	channel.	Three	examples	are	shown	(red	
scale	bars	–	200	μm).	

7.4|	Results	and	discussion	
In	a	PDMS	device	with	a	separation	channel	with	no	variations	(constant	cross-
sectional	 area)	we	 tested	 the	 assumption	 that	 the	 current	 (𝐼Û)	 sourced	 by	𝑉Û 	
correlates	to	the	size	of	the	depletion	zone	and	hence	to	the	concentrated	analyte	
location.	One	of	the	actuation	potentials	(𝑉Û)	was	kept	constant	at	110	V	and	the	
other	 one	 (𝑉Ö)	 varied	 from	 0	 to	 110	 V	 and	 back	 while	 the	 location	 of	 the	
concentrated	analyte	and	the	current	was	recorded.	The	location	of	the	maximum	
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concentration	 of	 the	 focused	 analyte	was	 taken	 as	 the	 focusing	 position.	 Since	
there	 is	 a	 single	 analyte	 in	 our	 system,	 it	 will	 focus	 at	 the	 gradient	 between	
depletion	zone	and	bulk	(in	the	electric	field	gradient)	hence	the	focusing	position	
can	be	correlated	to	the	depletion	zone	size	(assuming	that	the	concentration	and	
electric	field	gradient	have	a	constant	length).	The	results	are	shown	in	Figure	7.3.	
A	linear	relation	between	current	and	depletion	zone	length	can	be	seen	in	figure	
7.3b	as	indeed	expected	from	equation	7.2	and	7.3.		The	electric	current	(measured	
by	the	power	supply)	and	the	focusing	position	(measured	via	microscopy)	were	
sampled	with	the	same	sampling	frequency,	as	a	mismatch	in	time	and	frequency	
between	 the	 two	 devices	 could	 result	 in	 an	 error	matching	 the	 current	 to	 the	
focusing	 position.	Nevertheless,	 the	 instabilities	 in	 the	 focusing	 location	 due	 to	
electroconvective	vortices	which	cause	variations	faster	than	the	sampling	rate	of	
10	Hz,	and	the	non-perfectly	stable	sampling	rate	of	the	power	supply	(ranging	
from	 9-11Hz)	 introduces	 an	 error	 in	 matching	 the	 current	 samples	 to	 the	
microscopy	frames.	We	conclude	that	despite	this	error,	monitoring	the	current	
can	predict	the	size	of	the	depletion	zone	and	hence	the	focusing	location.	

	
Figure	7.3	-	a)	Focusing	position	versus	time	and	potential	difference	(Vu-	Vd)	versus	time.	
b)	Current	(Iu)	versus	focusing	position.	A	linear	relation	with	a	R2	value	of		0.87	can	be	seen	
between	current	and	focusing	position	x.	The	focusing	position	is	taken	as	the	distance	from	
the	Nafion	membrane.	

As	we	mentioned	in	the	theory	section,	differences	in	the	conductivity	between	
samples	along	with	fabrication	variations	between	chips	may	change	the	slope	or	
shift	the	current-position	curve	of	figure	7.3b.	To	overcome	this	limitation,	varying	
the	channel	cross	section	was	proposed.	Various	designs	of	channels	with	varying	
cross	section	were	first	 investigated	in	Comsol.	For	this	purpose,	a	front	of	 low	
concentration	was	flown	across	the	channel	variation	to	simulate	a	depletion	zone	
of	 increasing	 length,	 and	 the	 current	 running	 through	 the	 entire	 channel	 was	
simulated	(Figure	7.4).	A	clear	disruption	of	the	linear	relationship	between	the	
current	and	the	length	of	the	low	concentration	front	can	be	seen.	As	seen	in	figure	
7.4	 the	 concentration	 profile	 is	 disturbed	 as	 it	 passes	 the	 channel	 expansion-
constriction	stemming	from	the	non-uniform	flow	velocity	through	them	(for	more	
information	see	Appendix	E).	
In	the	simulations	a	concentration	of	100mM	and	1mM	was	used	for	the	high	and	
low	 concentration	 of	 a	 monovalent	 symmetric	 electrolyte	 with	 a	 diffusion	
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coefficient	of	10-9	m2s-1	for	both	species.	The	front	was	flown	by	pressure	driven	
flow	(slip	boundary	condition	on	the	walls)	with	a	linear	velocity	of	1000μm/s.	The	
channel	width	was	100μm	and	length	to	800μm	resulting	in	a	Peclet	number	of	
800.	
	

	
Figure	7.4	-	Comsol	simulations	of	the	two	designs	shown	at	the	top	of	the	figure.	A	front	of	
low	concentration	(blue	color)	flows	across	a	channel	expansion	and	constriction	while	the	
current	is	monitored.	

	
The	designs	with	the	most	promising	simulation	results	in	terms	of	disturbance	to	
the	concentration	profile	and	fabrication	feasibility	were	fabricated	in	PDMS	and	
integrated	in	an	ICPF	device	shown	in	figure	7.2.	Two	of	the	experimental	results	
are	shown	in	figure	7.5.	Similar	to	the	previous	results,	the	high	potential	(Vu)	was	
kept	 constant	 at	 100	V	 and	Vd	was	 varied	 from	0	 to	 100	V	 and	back	while	 the	
current	 (Iu)	 and	 the	 maximum	 concentration	 location	 were	 measured.	 The	
maximum	 concentration	 location	 was	 measured	 in	 the	 middle	 of	 the	 channel,	
averaged	over	the	yellow	area	shown	in	figure	7.5.	As	can	be	seen	in	the	current	
versus	focusing	position	graph,	the	linear	relation	between	the	two	is	broken	at	
the	locations	of	the	expansion	and	constriction	features.	As	a	result,	a	distinct	drop	
in	the	current	can	be	observed	when	the	channel	feature	is	crossed,	and	thus	the	
current	response	can	be	related	to	a	specific	location	in	the	channel	as	was	our	aim.	
In	figure	7.6	the	concentration	profile	(averaged	over	the	red	area)	for	each	video	
frame	is	shown	in	a	spatiotemporal	graph.	From	that	graph	one	can	see	that	not	
only	the	current	but	also	the	focusing	position	has	distinct	“jumps”,	i.e.	the	analytes	
focus	at	the	expansion	location	rather	than	in	the	constriction.	Once	the	depletion	
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zone	is	large	enough,	the	focusing	location	will	“jump”	to	the	next	expansion.	We	
believe	that	this	is	an	effect	of	the	expansion	and	constriction	features,	influencing	
the	 convective	 flow	 velocity	 in	 the	 channel.	 The	 analytes	 are	 focusing	 at	 the	
location	where	the	electrophoretic	velocity	is	equal	and	opposite	to	the	convective	
flow	velocity.	In	the	constriction	the	convective	flow	velocity	is	much	higher	than	
in	 the	 expansion,	 hence	 it	 is	 possible	 that	 the	 focusing	 condition	 of	 equal	
electrophoretic	 and	 convective	 velocities	 is	 locally	 not	 met.	 An	 additional	
contribution	 can	 be	 provided	 by	 the	 electroconvective	vortices.	Ouyang	 et	 al.10		
demonstrated	 the	 importance	 of	 the	 electroconvective	 vortices	 in	 the	 focusing	
mechanism	during	ICPF.	We	expect	that	these	vortices	are	altered	or	suppressed	
in	the	constriction	due	to	its	high	hydraulic	resistance.	Further	experimental	and	
theoretical	research	is	required	for	the	investigation	of	the	distinct	jumps	in	the	
focusing	 position.	 Nevertheless,	 our	 assumption	 that	 variation	 in	 the	 channel	
width	will	result	 in	a	non-linear	relation	between	current	and	focusing	location	
clearly	 holds.	 Compared	 to	 the	 case	 of	 the	 straight	 microchannel,	 the	 current	
response	in	this	case	is	coupled	to	the	location	of	the	expansion/constriction.	An	
electrolyte	with	different	conductivity	will	 result	 in	different	absolute	values	of	
current	but	a	distinct	change	in	the	current	will	be	noticed	once	the	depletion	zone	
expands	across	the	channel	feature.	

	
Figure	7.5	- Effect	of	the	channel	width	on	the	current	versus	peak	position	response.	(top)	
Fluorescence	microscopy	 image	 of	 the	 channel.	 (bottom)	 Peak	 position	 versus	 current	
plotted	with	blue	dots.	The	channel	width	is	shown	as	a	black	line.	
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Figure	7.6	-	a)	Fluorescent	microscopy	image	of	ICPF	with	channel	variations	at	t=50s	(Scale	
bar	200	μm)	b)	Spatiotemporal	concentration	graph.	The	concentration	profiles	were	taken	
by	averaging	the	fluorescent	intensity	over	the	red	region	in	(a).	c)	Applied	potential	in	the	
downstream	reservoir	versus	time.	b)	and	c)	share	the	same	time	axis.	The	current	response	
of	this	experiment	is	shown	in	figure	7.5a.	

7.5|	Conclusions	and	outlook	
We	demonstrated	that	current	monitoring	can	be	used	in	ICPF	as	an	indication	for	
the	focusing	position	of	analytes.	In	the	typical	case	of	ICPF	where	a	simple	straight	
channel	 is	 used	 for	 separation,	 the	 focusing	 position	 scales	 linearly	 with	 the	
current	 running	 through	 the	 system.	Although	current	monitoring	 in	a	 straight	
channel	 thus	 is	a	 good	qualitative	method	 for	 estimating	 the	 focusing	 position,	
sample	and	chip	variations	make	an	absolute	location	determination	challenging.	
To	 eliminate	 this	 challenge,	 we	 introduced	 one	 or	 multiple	 channel	 width	
variations	close	to	the	focusing	location	that	will	disrupt	the	linear	dependence	of	
current	on	focusing	location.	We	showed	that	the	current	response	can	be	used	as	
a	fingerprint	to	determine	the	exact	focusing	location	in	the	channel.	In	addition,	
we	observed	that	the	focusing	location	is	also	affected	by	channel	constrictions	and	
expansions.	This	is	a	rich	theoretical	and	experimental	research	topic	and	worthy	
of	further	investigation.	We	believe	that	our	approach	can	help	ICPF	escape	the	
research	environment	by	allowing	full	electrical	control,	and	in	this	manner	find	
more	industry	applications.	
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8.1|	Summary	and	recommendations	
The	research	work	presented	in	this	thesis	was	aimed	at	developing	a	microfluidic	
system	capable	of	separating	and	concentrating	specific	biomarkers	out	of	human	
blood	for	early	diagnosis	of	cardiovascular	diseases	(CVD)	in	a	point	of	care	testing	
(POCT)	device.	The	thesis	also	includes	novel	techniques	that	were	developed	to	
reach	this	aim,	and	spin-offs	of	the	applied	techniques	for	other	applications.	Since	
research	and	technology	is	a	never-ending	process,	recommendations	for	future	
work	will	here	be	combined	with	the	chapter-by-chapter	summary.	
	
Porous	 particles	 find	 a	 wide	 variety	 of	 applications	 in	 research	 and	 industry,	
specifically	catalytic	particles	used	in	the	oil	industry	are	of	great	importance.	The	
catalytic	properties	of	such	particles	are	greatly	dependent	to	their	porosity	and	
pore	size.	A	quick,	inexpensive	and	easy	to	use	tool	for	porosity	characterization	
at	 the	 single	 particle	 level	 could	 provide	 valuable	 information	 to	 the	 catalysis	
industry.	 In	 chapter	 2	 we	 demonstrated	 the	 use	 of	 the	 ion	 concentration	
polarization	(ICP)	phenomenon	as	a	tool	for	differentiating	mesoporous	particles	
based	on	their	porosity.	The	one-dimensional	analytical	model	of	the	process	we	
developed	 was	 sufficient	 to	 predict	 the	 general	 behavior	 of	 the	 system.	
Nevertheless,	we	believe	that	a	two-	or	three-dimensional	numerical	model	would	
significantly	improve	our	understanding	of	the	process	and	help	us	determine	the	
relations	 between	 the	 physical	 properties	 of	 the	 particles	 (e.g.	 pore	 size,	 pore	
shape)	 and	 ICP.	 Once	 these	 relations	 are	 determined,	 ICP	 can	 evolve	 from	 a	
porosity	differentiation	tool	to	a	porosity	quantification	tool.	
	
Antibody	patterning	is	of	great	importance	for	medical	Lab-on-a-chip	devices.	In	
such	device	 typically	antibodies	are	patterned	on	a	 flat	 chip	with	standard	and	
well-established	methods,	such	as	micro-contact	printing.	After	the	patterning,	a	
second	chip	containing	the	required	fluidic	features	is	aligned	and	bonded	to	the	
antibody	 patterned	 chip.	 This	 approach	 has	 two	 disadvantages;	 i)	 It	 requires	
precise	alignment	during	bonding.	ii)	Any	bonding	methods	tools	that	can	harm	
the	antibodies,	such	as	UV	or	Plasma	treatment,	are	prohibited.	In	chapter	3	we	
demonstrated	 the	 use	 of	 capillary	 forces	 for	 patterning	 liquids	 inside	 a	 closed	
microfluidic	chip.	The	proposed	geometry	is	using	a	combination	of	capillary	stop	
valves	and	open	microfluidics.	We	demonstrated	antibody	patterning	followed	by	
immunodetection	of	a	cardiac	biomarker.	We	derived	a	simple	theoretical	model	
that	can	be	used	as	a	design	tool	for	tailoring	three	dimensional	valves	for	various	
applications,	 solutions	 and	 materials	 as	 long	 as	 the	contact	 angle	 and	surface	
tension	are	known.	In	the	future	we	would	like	to	demonstrate	the	functionality	of	
our	design	for	different	application	e.g	for	patterning	hydrogels,	pattering	phase	
change	 materials	 (such	 as	 Nafion	 resin)	 and	 local	 surface	 functionalization.	
Appendix	A	provides	supplementary	information	for	this	chapter.	
	
Ion	concentration	polarization	focusing	(ICPF)	has	been	proven	a	very	powerful	
electrokinetic	 separation	 and	 concentration	 technique.	 Nevertheless,	 the	
separated	 and	 concentrated	 analytes	 become	 effectively	 trapped	 in	 the	
microchannel	in	picoliter	volumes,	making	mandatory	the	integration	of	a	sensor	
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for	 the	 analysis	 of	 the	 sample.	 Another	 solution	 to	 this	 problem	 could	 be	 the	
extraction	of	the	concentrated	and	separated	analytes	out	the	chip.	In	chapter	4	
we	 demonstrated	 selective	 extraction	 of	 concentrated	 and	 separated	 anionic	
analytes	by	pressure	application.	The	analytes	were	separated	and	concentrated	
by	ICPF.	The	analytes	were	concentrated	by	a	factor	of	300	and	were	extracted	
with	a	 low	 throughput	 in	 the	 range	 of	 nl	min-1.	 In	 the	 future	we	would	 like	 to	
demonstrate	the	selective	extraction	of	concentrated	proteins	out	of	human	blood	
serum.	 In	 addition,	 the	 purity	 of	 the	 extracted	 analytes	 could	 in	 future	 be	
investigated	by	integrating	the	chip	with	a	downstream	processing	method	such	
as	mass	spectrometry.	Appendix	B	provides	supplementary	information	on	this	
chapter.	
	
For	 some	 applications,	 such	 as	 sample	 preparation,	 the	 throughput	 of	 our	
proposed	 device	 in	 chapter	 4	 is	 too	 low.	 In	 chapter	 5	high-throughput	 (up	 to	
sample	 flows	 in	 the	 μl	 min-1	 range)	 selective	 extraction	 and	 concentration	 of	
anionic	analytes	was	shown	with	the	use	of	a	novel	method,	namely	free-flow	ion	
concentration	polarization	focusing	(FF-ICPF).	 	We	demonstrated	two	operating	
modes,	namely	peak	and	plateau	mode.	In	addition,	an	analyte	in	plateau	mode	
was	 used	 as	 an	 electrophoretic	 spacer	 improving	 the	 separation	 resolution	
between	two	analytes	in	peak	mode.	Finally,	we	characterized	the	device	in	human	
blood	 serum	 showing	 the	 applicability	 of	 the	 method	 for	 sample	 preparation	
applications.	In	the	future	we	expect	that	the	fabrication	of	the	device	from	more	
heat	conductive	materials	(such	as	silicon)	in	combination	with	active	cooling	will	
result	 in	 significant	 improvement	 in	 the	 throughput,	 widening	 the	 range	 of	
potential	 applications	 of	 FF-ICPF.	 Appendix	 C	 provides	 supplementary	
information	on	this	chapter.	
	
Notwithstanding	their	merits,	in	both	approaches	presented	in	the	chapters	4	and	
5	the	analytes	are	prone	to	diffusion	and	mixing	after	extraction.	A	solution	to	this	
problem	can	be	a	selective	“packaging”	and	extraction	of	the	focused	analytes.	In	
chapter	 6	 we	 developed	 a	 droplet	 generator	 suitable	 for	 integration	 with	
electrokinetic	 separations,	 capable	of	droplet-on-demand	or	continuous	droplet	
generation	without	interfering	with	the	separation	process.	We	demonstrate	the	
“packaging”	and	extraction	of	highly	concentrated	(by	a	factor	of	100)	droplets	in	
ICPF	without	interrupting	the	separation	and	concentration	process.	In	the	future	
we	would	like	to	investigate	the	purity	of	the	extracted	droplets	and	demonstrate	
a	selective	droplet	extraction	in	real	sample	(human	blood	serum).	Appendix	D	
provides	supplementary	information	on	this	chapter.	
	
Despite	the	power	of	ICPF,	to	our	current	knowledge	there	are	not	many	(if	any)	
commercial	 products	 that	 use	 the	 method.	 Currently	 in	 research	 on	 ICPF	
(including	 this	 thesis)	 fluorescent	 analytes	 are	monitored	 via	microscopy.	 This	
approach	requires	the	labelling	of	the	analytes	with	fluorescent	markers	and	the	
use	 of	 a	 bulky	 microscope	 limiting	 ICPF’s	 applicability	 outside	 a	 research	
environment.	 In	 chapter	 7	 we	 investigated	 how	 the	 electric	 current	 running	
through	 the	 separation	 channel	 is	 related	 to	 the	 focusing	 position	 in	 ICPF.	The	
combination	of	current	monitoring	with	a	channel	cross-section	variation	can	be	
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used	for	predicting	the	exact	focusing	location	during	the	separation	process.	In	
the	 future	 we	 would	 like	 to	 demonstrate	 a	 fully	 automated	 ICPF	 process	 by	
monitoring	and	adjusting	the	current,	making	it	suitable	for	integration	in	a	POCT	
device.	 Such	 a	 device	 would	 represent	 a	 significant	 advance	 compared	 to	 the	
present	 situation	 where	 fluorescent	 analytes	 and	 optical	 detection	 must	 be	
employed.		
Finally,	in	Appendix	E	we	try	to	deepen	our	understanding	of	the	phenomena	of	
chapter	7.	We	propose	that	the	electric	current	response	of	a	microchannel	can	be	
described	by	a	convolution	between	the	conductivity	profile	and	the	channel	cross-
section.	This	hypothesis	can	find	a	wide	range	of	application	from	ICPF	control	to	
tailoring	Coulter	counters	for	specific	particle	shapes.	Comsol	modeling	was	used	
to	prove	our	hypothesis.	In	the	future	we	would	like	to	also	experimentally	prove	
this	hypothesis.	
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A.1|	Capillary	stop	valves	
During	operation,	 capillary	stop	valves	can	be	analyzed	 in	 three	stages,	namely	
pinning,	pivoting	and	“breaking”1,	which	are	shown	in	figure	A.1	As	described	in	
the	article	the	capillary	pressure	can	be	calculated	by	the	following	formula.	
	

𝑃 =
𝑑𝑈\
𝑑𝑉 = −𝛾¦¬ j𝑐𝑜𝑠𝜃	

𝑑𝐴�¦
𝑑𝑉 −

𝑑𝐴¦¬
𝑑𝑉 k	(A. 1)	

	
At	the	channel	expansion,	Alg	increases	more	strongly	than	Asl	for	a	given	volume	
change,	and	thus	creates	a	positive	pressure.	This	positive	pressure	barrier	forces	
the	 liquid	 to	stop	and	 to	become	pinned	at	 the	expansion	site	 (pinning	region).	
Such	valves	can	be	broken	when	external	pressure/energy	is	applied	(i.e.	increase	
of	V)	to	the	pinned	liquid.	In	such	a	case	the	curvature	of	the	meniscus	will	change	
from	concave	to	convex	(pivoting	region).	This	results	in	a	geometrical	change	of	
Alg	upon	which	the	pressure	barrier	depends.	If	the	volume	of	the	liquid	further	
increases,	the	meniscus	angle	will	become	equal	to	the	equilibrium	contact	angle	
(θc)	at	the	walls	of	the	widened	part	and	the	liquid	will	proceed	filling	the	channel.	
Meeting	the	equilibrium	contact	angle	at	the	walls	of	the	widened	section	is	the	
condition	for	“breaking”	the	geometric	stop	valve.	During	the	normal	operation	of	
our	 device	 the	 capillary	 valve	 should	 not	 break,	 since	 no	 external	 pressure	 is	
applied.	The	pressure	barrier	of	the	valve	equals	the	external	pressure	that	needs	
to	be	applied	for	the	valve	to	break.	

	
	
Figure	A.1	 -	Three	 stages	of	 capillary	valve	operation.	 i)	Pinning	of	 the	meniscus	at	 the	
abrupt	opening.	ii)	Pivoting	of	the	meniscus	curvature	from	concave	to	convex.	iii)	When	
the	meniscus	meets	the	new	equilibrium	contact	angle	the	valve	“breaks”	and	the	 liquid	
advances.	

A.2|	Flow	velocity	calculation	
A.2.1|	Capillary	filling	
The	equation	describing	the	capillary	pressure	in	a	rectangular	channel	is	given	in	
section	3.2.1:	
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P = −𝛾¦¬ d2𝑐𝑜𝑠𝜃
ℎ +𝑤
𝑤ℎ

f (A. 2)	
	
Using	a	contact	angle(θ)	of	38°	and	a	surface	tension(γlg)	of	24.87e-32,3,	a	width(w)	
of	10μm	and	a	height(h)	of	70μm	results	in	a	capillary	pressure	of	-4.47kPa.		The	
hydraulic	resistance,	Rh	is	given	by:	
	

𝑅Ã =
8𝜇𝐿
𝜋𝑅) (A. 3)	

	
Where	R	is	the	hydraulic	radius,	μ(8.9e-4Pa	s)	is	the	viscosity,	L(400μm)	the	length	
of	the	channel	and	R	the	hydraulic	radius.	An	equivalent	hydraulic	radius	can	be	
calculated	 for	 rectangular	 channels.	 This	 results	 in	 a	 hydraulic	 resistance	 of	
2.47e15	Pa	s	m-3.	
The	volumetric	pressure	driven	flow	(Q)	is	given	by:	
	

𝑄 =
𝑃
𝑅Ã
(A. 4)	

	
And	the	linear	velocity(v)	of	the	liquid	front:	
	

𝑣 =
𝑃
𝑅Ã𝐴

(A. 5)	

	
Where	A	 is	 the	 crossectional	 area.	 Using	 the	 results	 of	 pressure	 and	 hydraulic	
resistance	we	can	calculate	the	linear	velocity	which	equals	to	2.6mm/s.	
A.2.2|	Open	microfluidics	
As	described	in	the	article	the	capillary	pressure	in	a	rectangular	open	microfluidic	
structure	is	given	by:	
	

𝑃 = −𝛾¦¬ d𝑐𝑜𝑠𝜃
2ℎ + 𝑤
𝑤ℎ −

1
ℎ
f (A. 6)	

	
If	we	use	the	same	values	for	surface	tension,	contact	angle,	and	width	as	before	
and	a	height	of	35μm	we	get	a	capillary	pressure	of	-3.80kPa.	
	
Equation	 A.2	 for	 the	 hydraulic	 resistance	 also	 holds	 for	 open	 microfluidic	
structures	 and	 an	 equivalent	 hydraulic	 radius	 can	 be	 acquired	 for	 arbitrary	
geometries	by4:	

𝑅 = 4
𝐴
𝑝�¦
	(A. 7)	

	
Where	A	is	the	channel	cross-sectional	area	and	psl	the	wetted	perimeter.	
The	hydraulic	resistance	of	an	open	microfluidic	feature	is	lower	since	it	has	one	
less	 solid	 liquid	 interface	compared	 to	a	closed	channel.	For	examples	a	 typical	
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open	microfluidic	feature	(100μm	long,	10μm	wide,	and	45μm	deep)	results	in	a	
hydraulic	resistance	of	5.5e-14Pa	s	m-3.		
	
Using	 equation	 A.4	 for	 calculating	 the	 linear	 velocity	 in	 the	 open	 microfluidic	
structure	we	calculate	a	velocity	of	15.3mm/s.	
	
As	it	can	be	seen	also	in	the	attached	video	the	velocity	of	the	filling	liquid	is	high	
enough	to	fill	the	whole	device	in	less	than	a	second	and	the	time	depended	flow	
velocity	that	is	typical	in	capillary	systems	it	can	be	neglected.	
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B.1|	Ion	concentration	polarization	focusing	(ICPF)	model	
In	order	to	extract	the	analytes,	the	focused	analyte	peaks	must	be	precisely	placed	
at	the	location	where	the	extraction	channels	intersect	the	sample	channel.	Since	
different	 analytes	 are	 focused	 in	 different	 locations	 in	 the	 E-field	 gradient,	 the	
gradient	needs	to	be	moved	so	that	the	concentrated	band	of	the	analyte	of	interest	
overlaps	 with	 the	 location	 of	 the	 extraction	 channel	 and	 it	 can	 be	 selectively	
extracted.	 In	 order	 to	 change	 the	 position	 of	 the	 E-field	 gradient	 we	 need	 to	
regulate	the	length	of	depletion	zone(dz).	
The	length	of	the	dz,	𝑙Û ,	can	be	regulated	by	two	phenomena	that	have	an	opposite	
effect,	namely	ICP	and	the	linear	convective	flow	which	is	dominated	by	EOF.	Both	
phenomena	 are	 driven	 by	 an	 E-field;	 ICP	 by	 the	 E-field	 across	 the	 Nafion	
membrane	and	EOF	by	the	E-field	between	up-	and	downstream	reservoirs.	The	
EOF	 velocity	 scales	 linearly	 with	 the	 potential	 difference	 between	 up-	 and	
downstream	reservoirs	as	shown	in	Helmholtz-Smoluchowski	equation	(equation	
(4.5)	of	the	Chapter	4).	In	this	way	the	electric	and	the	fluidic	model	are	coupled.	
The	 simulation	 is	 performed	 in	 incremental	 time	 steps.	 For	 each	 time	 step	 the	
electric	model	calculates	the	expansion	of	dz	due	to	ICP(Ö¦Z

Ö\
)	equation	4.2	of	the	

Chapter	4).	The	volumetric	flow	and	linear	flow	velocity	(
Ö¦Ú
Ö\
)	are	then	calculated	

by	the	fluidic	model	and	fed	back	to	the	electric	model.	
As	described	in	literature1	and	as	also	follows	from	our	model,	the	length	of	dz	due	
to	ICP	under	a	no-flow	condition	(no	EOF	or	PDF,	𝑉Û = 𝑉Ö,

Ö¦Ú
Ö\
= 0)	),	grows	with	

the	square	root	of	time	under	constant	voltage	actuation	(Figure	B.1).	
	

𝑙Û = −𝑙Ö = 𝛽𝑡
<
:(B. 1)	

𝑑𝑙Û

𝑑𝑡 =
1
2𝛽𝑡

9</:(B. 2)	
	
The	 scaling	 factor	β	 depends	 on	 various	 parameters	 of	 the	 system,	 i.e.	 applied	
potentials,	 channel	 dimensions,	 Nafion	 properties,	 bulk	 and	 depletion	 zone	
conductivity,	bulk	and	depletion	zone	concentrations.	
When	 EOF	 from	 upstream	 to	 downstream	 reservoir	 (𝑉Û > 𝑉Ö)	 is	 introduced,	
upstream	 from	 the	 Nafion	 the	 flow	 opposes	 the	 growth	 of	 dz	 and	

Ö¦Ú
Ö\
	 ,	 Ö¦Z

Ö\
	 are	

opposite	and	the	iteration	process	will	result	in	a	stable	depletion	zone	length	(𝑙Û).	
In	contrast,	downstream	from	the	Nafion	

Ö¦Ú
Ö\
	and	Ö¦Z

Ö\
	have	the	same	sign	and	the	

depletion	 zone	 (𝑙Ö)	 will	 grow	 until	 the	 downstream	 reservoir	 is	 reached.	 The	
focusing	position	depends	on	𝑙Û(i.e.	scaling	factor	β)	and	the	zeta	potential	in	the	
bulk	and	the	depletion	zone.		
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Figure	B.1	-	Depletion	zone	length	upstream	(𝑙Û)	and	downstream	(𝑙Û)	vs	time	under	no	
convective	flow	condition	(𝑉Û = 𝑉Ö = 30𝑉)		following	from	the	model.	The	expected	square	
root	of	time	behavior	can	be	seen.	

The	focusing	position	of	the	analytes	can	be	regulated	by	adjusting	the	reservoir	
potentials.	As	shown	in	figure	B.2	the	smaller	the	difference	between	upstream	and	
downstream	potential	the	further	away	the	stable	focusing	position	will	become	
located	 from	 the	 Nafion	 interface.	 If	 the	 reservoir	 potentials	 are	 changed	 in	
magnitude	but	the	ratio	between	both	remains	constant,	then	the	focusing	position	
is	 constant.	 In	 contrast	 the	 concentration	 rate	 and	 the	 induced	 pressure	 scale	
directly	with	the	magnitude	of	the	applied	potential	difference	between	upstream	
and	 downstream	 (Figure	 B.3,	 B.4).	 A	 typical	 approach	 to	 increase	 the	
preconcentration	rate	in	standard	ICPF	devices	is	to	apply	an	extra	PDF	between	
the	upstream	and	downstream	reservoir2.	This	behavior	can	also	be	described	by	
our	 model	 by	 applying	 the	 corresponding	 potentials	 (pressures)	 on	 the	 now	
grounded	reservoir	nodes	of	the	fluidic	model.	Though	the	model	can	describe	the	
general	behaviour	of	the	system,	exact	prediction	is	a	challenging	process	since	
some	 parameters	 of	 the	 system	 are	 unknown.	 Specifically,	 the	 concentration,	
conductivity	and	zeta	potential	 in	the	depletion	zone	are	unknown.	We	used	an	
estimate	of	 the	concentration	based	on	experimental	 results	of	 similar	devices.	
Kim	et	al[4]	report	a	33-fold	increase	in	the	E-field	in	the	depletion	zone	compared	
to	 bulk	 E-field,	 which	 translates	 to	 a	 33-fold	 decreased	 conductivity	 in	 the	
depletion	 zone	 compared	 to	 the	 bulk	 buffer	 (1mM	 phosphate	 (dibasic	 sodium	
phosphate)).	Nevertheless,	 in	depletion	zone	systems	electroconvective	vortices	
enhance	 the	 conductivity	 in	 the	 depletion	 zone	 by	 introducing	 extra	 charge	
carriers3,4	 hence	 only	 an	 approximation	 of	 the	 average	 concentration	 can	 be	
obtained	from	the	conductivity.	The	low	salt	concentration	in	the	depletion	zone	
is	expected	also	 to	 locally	 increase	 the	zeta	potential.	The	zeta	potential	 is	also	
greatly	influenced	by	the	pH5,6	which	is	reported7	to	be	more	acidic	close	to	the	
depletion	zone.	Finally,	our	model	neglects	the	effect	of	diffusion	between	bulk	and	
depletion	zone.	
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Figure	B.2	-	Focusing	position	(𝑙Û)	shown	in	color	map	(as	distance	from	Nafion	in	meters)	
vs	actuation	potentials(V-,V.)	at	t=5s	(Note:	the	position	is	constant	over	time	after	t~3s).	
The	smaller	the	potential	difference,	the	further	the	focusing	position	from	the	Nafion	(i.e.	
the	 bigger	 the	 depletion	 zone).	 The	 response	 of	 the	 focusing	 position	 versus	 potential	
difference	is	shown	in	the	inset	figure.	In	case	that	the	𝑉Û < 𝑉Ö	the	depletion	zone	will	reach	
a	stable	size	towards	the	downstream	reservoir	and	it	will	grow	all	the	way	to	upstream	
reservoir.	If	the	ratio	between	potentials	is	kept	constant,	a	constant	focusing	position	is	
achieved.	

The	preconcentration	rate	describes	the	local	increase	of	concentration	of	analyte	
over	time	and	is	expressed	as	the	number	of	times	increase	of	the	analyte	relative	
to	its	starting/bulk	concentration	per	unit	of	time.	We	assume	all	the	anions	that	
arrive	at	the	interface	between	depletion	zone	are	focused	as	described	in	the	main	
article,	 hence	 the	 preconcentation	 rate	 simply	 scales	with	 the	 flux(𝑱𝒊)	 of	 each	
species	in	the	separation	channel	arriving	to	the	depletion	zone.	
	

𝑱𝒊 = 𝑣 §�à𝐶s�(B. 3) 

	
Here	𝑣 §�à	is	the	convective	flow	and		𝐶s�	is	the	bulk	concentration	of	species	𝑖.	The	
preconcentration	rate	thus	simply	scales	with	the	bulk	volumetric	flow,	as	bulk	
flow	brings	analytes	to	their	focusing	position	in	the	E-field	gradient	between	bulk	
liquid	and	depletion	zone.	The	higher	the	flow,	the	higher	the	number	of	analytes	
arriving	at	the	location	at	the	E-field	gradient	where	they	have	zero-net	velocity,	
and	the	highest	the	preconcentration	rate.	
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Figure	 B.3	 -	 Induced	 negative	 pressure	 vs	 actuation	 potentials	 (𝑉Û,𝑉Ö)	 at	 t=5sec.	 The	
induced	pressure	scales	linearly	with	the	potential	difference	between	𝑉Û	and	𝑉Ö	as	shown	
by	the	inset	figure.	

	
Figure	B.4	-	Preconcentration	rate	(number	of	times	the	bulk	concentration	(Cb)	per	second)	
vs	 actuation	potentials	 (𝑉Û,𝑉Ö)	 at	 t=5sec	assuming	a	 focused	analyte	plug	of	125μm	 in	
width.	 The	 preconcentration	 rate	 scales	 approximately	 linearly	 with	 the	 potential	
difference	between	𝑉Û	and	𝑉Ö	as	shown	by	the	inset	figure.	
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B.2|	 Derivation	 of	 focused	 analyte	 peak	 size	 and	
distribution	
We	will	follow	the	approach	of	J.C.	Gidding8	for	focusing	techniques.	Neglecting	the	
incoming	flux	of	analyte,	the	peak	profile	follows	from	the	opposing	electrical	and	
diffusional	fluxes.	For	steady	state	we	can	write:			
	

𝐽s,[ = 𝑣s𝐶s(𝑥) − 𝐷s
𝑑𝐶s
𝑑𝑥 = 0	(B. 4)	

	
Here	 𝑣s	 is	 the	 linear	 analyte	 velocity,	𝐶s	 is	 concentration	 and	𝐷s	 the	 diffusion	
coefficient	of	species	𝑖.	From	this	we	can	write	the	differential	equation	
	

1
𝐶s
𝑑𝐶s
𝑑𝑥 =

𝑣s(𝑥)
𝐷s

		(B. 5)	

	
The	velocity	𝑣s	of	anion	𝑖	equals	
	

𝑣s(𝑥) = 𝒗 §�à + 𝒗HQÃ(𝑥)	

𝑣s(𝑥) = 𝒗 §�à − 𝜇s𝑬(𝒙) = 𝑣 §�à − 𝜇1 d𝛦[ +
𝑑𝐸
𝑑𝑥 𝑥

f (B. 6)	
	
Here	 𝐸[	 is	 the	 electric	 field	 in	 the	 bulk	 and	 𝜇s 	 the	 electrophoretic	 mobility.	
Substitution	in	equation	(B.4)	gives		
	

1
𝐶s
𝑑𝐶s
𝑑𝑥 =

𝑣 §�à − 𝜇1 �𝛦[ +
𝑑𝐸
𝑑𝑥 𝑥�

𝐷s
		(B. 7)	

	
From	this	we	can	write	the	integral	
	

¡
1
𝐶s
𝑑𝐶s

V3,4

V3,£
= ¡

𝑣 §�à − 𝜇1 �𝛦[ +
𝑑𝐸
𝑑𝑥 𝑥�

𝐷s

]

[
	𝑑𝑥	(B. 8)	

	
Assuming	a	constant	E-field	gradient	Öæ

Ö]
	we	obtain	

	

𝑙𝑛 j
𝐶s,]
𝐶s,[

k =
(𝑣 §�à − 𝜇1𝛦[)𝑥 −

1
2
𝑑𝐸
𝑑𝑥 𝜇s	𝑥

: + 𝛽
𝐷s

(B. 9)	

	
We	thus	obtain	the	expression	for	the	concentration	profile	of	an	analyte	in	peak	
mode,	
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𝐶s(𝑥) = 𝐶s,[ exp³
(𝑣 §�à − 𝜇1𝛦[)𝑥 −

1
2
𝑑𝐸
𝑑𝑥 𝜇s	𝑥

: + 𝛽
𝐷s

µ (B. 10)	

	
The	 constant	 𝛽	 can	 be	 calculated	 via	 the	 known	 value	 of	 𝐶s^𝑥Hõa = 𝐶s,[	 	 The	
focusing	position	𝑥Hõ	where	the	electrophoretic	and	convective	flow	are	equal	and	
opposite,	and	where	the	anion	has	zero	net	velocity	(i.e.	where	Equation	B.6	equals	
to	0)	is	
	

𝑥Hõ,s =
𝑣 §�à − 𝐸[𝜇s

𝑑𝐸
𝑑𝑥 𝜇s

(B. 11)	

	
The	focusing	location	𝑥Hõ	 is	shown	in	figure	B.5	as	a	function	of	electrophoretic	
mobility	for	a	typical	actuation	potential	(𝑉Û − 𝑉Ö = 60𝑉).		

	
Figure	B.5	-	Focusing	location	vs	electrophoretic	mobility.	

After	calculating	𝛽	we	can	rewrite	equation	B.10	in	its	final	form:	
	

𝐶s(𝑥) = 𝐶s,[ exp

⎝

⎜
⎜
⎜
⎛

−

³𝑥 − 𝑣 §�à − 𝐸[𝜇s𝑑𝐸
𝑑𝑥 𝜇s

µ

:

2 𝐷s
𝜇s
𝑑𝐸
𝑑𝑥

⎠

⎟
⎟
⎟
⎞

(B. 12)	

	
Equation	B.12	describes	a	Gaussian	distribution	with	a	mean	equal	to	𝑥Hõ(Equation	
B.11)	At	𝑥Hõ	the	analyte	will	focus	and	create	a	Gaussian	peak	with	a	variance	of		
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𝜎: =
𝐷s

𝜇s
𝑑𝐸
𝑑𝑥
	(B. 13)	

	
Since	 the	 diffusion	 coefficients	 and	 electrophoretic	 mobilities	 are	 related	 via	
Einstein’s	relation,	
	

𝐷s =
𝑘�𝑇
𝑞s

𝜇s =
𝑉ð
𝑧s
𝜇s(B. 14)	

	
(with	𝑘�	is	the	Boltzmann	constant,	𝑇	the	temperature,	𝑉ð 	the	thermal	voltage	and	
𝑧s 	the	valence	of	the	ion),	we	can	rewrite	the	variance	in	a	simpler	form,	
	

𝜎: =
𝑉ð

𝑧s
𝑑𝐸
𝑑𝑥
	(B. 15)	

	
Equation	 B.15	 might	 appear	 counterintuitive	 since	 it	 is	 independent	 of	
electrophoretic	mobility	and	diffusion	coefficient	of	a	specific	analyte,	but	since	at	
the	focusing	location	the	ion	has	zero	net	velocity	any	size-dependent	variables	
drop	out.	Simply	put,	the	ionic	thermal	energy	(𝑉ð)	increases	the	variance	while	
the	electric	field	gradient	reduces	it.	
	
Resolution	
As	shown	in	equation	4.12	of	the	chapter	4	the	resolution	of	the	separation	method	
equals	to:	

𝑅� =
𝒗𝒄𝒐𝒏𝒗

2�𝑑𝑬𝑑𝑥 𝑉ð

∙
� 1𝜇<

− 1
𝜇:
�

d 1
√𝑧<

+ 1
√𝑧:

f
	(B. 16)	

	
Our	model	allow	us	to	calculate	the	total	convective	flow	in	the	separation	channel	
along	 with	 the	 electric	 field	 in	 the	 bulk(𝐸))	 and	 depletion	 zone(𝐸ÖÜ)	 and	 the	
electric	field	difference(𝛥𝐸 = 𝐸ÖÜ − 𝐸)).	One	still	unknown	variable	is	the	size	of	
the	 concentration	 gradient	 between	 bulk	 and	 depletion	 zone	 (electric	 field	
gradient	size).	According	to	Mani	et	al.9	the	size	of	such	gradient	(𝑙¬~¥Ö)		scales	with	
the	average	diffusion	coefficient	(𝐷)	and	the	characteristic	velocity	of	the	system	
in	our	case	the	convective	velocity.	

𝑙¬~¥Ö~
𝐷

𝑣 §�à
(B. 17)	

	
Intuitively	equation	B.17	describes	that	diffusion	acts	towards	a	flatter	gradient	
while	 the	 opposing	 flow	 act	 towards	 a	 steeper	 gradient	 assuming	 constant	
concentration	 in	 the	 depletion	 zone	 and	 in	 the	 bulk.	 Using	 equation	 B.17	 and	
assuming	a	constant	electric	field	gradient	we	can	write	
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𝑑𝑬
𝑑𝑥 =

𝛥𝛦
𝑙¬~¥Ö

(B. 18)	

	
On	figure	B.6	the	resolution	for	separation	of	Bodipy	(μBDP=1.76·10-8	m2V-1s-1)	and	
Alexa	fluor	647	(μAF647	=	1.58·10-8	m2V-1s-1	).	As	it	can	be	seen	for	 low	potential	
difference	 the	 resolution	 is	 drastically	 improved	 compared	 to	 high	 potential	
difference	where	 poor	 and	 constant	 resolution	 can	 be	 seen.	 Nevertheless,	 the	
improved	resolution	comes	at	a	cost	of	concentration	rate	since	as	it	shown	on	
figure	B.4	the	lower	the	potential	difference	the	lower	the	concentration	rate.		

	
Figure	B.6	-	Resolution	vs	potential	difference	(V- = 60V,	and	V.	ranged	from	0	to	59V).	
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C.1|	 Effect	 of	 high	 electric	 power	 to	 the	 stability	 of	 the	
system	
A	high	throughput	of	the	device	requires	high	velocities	in	the	separation	direction	
and	hence	a	high	electric	field	generating	high	electric	power.	The	high	electric	
power	can	affect	the	stability	in	two	ways:	(1)	in	the	form	of	heat	and;	(2)	in	the	
form	of	changes	in	pH	due	to	electrochemical	reactions.	
	
C.1.1|	Heat	analysis		
The	electric	current	running	through	the	system	results	in	Ohmic	heating.	In	the	
typical	experiments	we	performed,	the	maximal	applied	voltage	is	approximately	
100	V,	resulting	in	approximately	100	μA	of	current	(in	0.1xPBS)	and	a	dissipated	
power	in	the	order	of	magnitude	of	0.1	W.	The	heat	can	be	dissipated	in	the	system	
via	water	cooling	due	to	the	flow	of	the	sample	through	the	chip	or	via	heat	transfer	
to	the	environment.	The	water	cooling	power	(P7	[W])	can	be	calculated	via:		
	

P7 = QØρC;ΔΤ(C. 1)	
	
where	QØ	[m	�s-<]	is	the	volumetric	flow	of	the	liquid,	ρ	[kg		m-�]	the	liquid	density,	
C;	[J	K-<	kg-<)	]	 is	 the	 specific	 heat	 capacity	 of	 the	 liquid	 and	 ΔΤ	[Κ]	 is	 the	
temperature	difference	between	inlet	and	outlet.	Using	the	heat	capacity	of	water	
(4.19	kJ	K-1	kg-1))	and	a	flow	rate	of	10	μl	min-1,	we	calculate	a	water	cooling	power	
of	approximately	0.7	mW	which	is	almost	three	orders	of	magnitude	lower	than	
the	applied	electric	heat	power.	Hence	the	cooling	of	the	device	due	to	the	liquid	
flow	can	be	neglected.	
Heat	can	also	be	dissipated	from	the	separation	chamber	by	conduction	through	
the	glass	at	the	bottom	of	the	device	to	the	environment.	The	heat	transfer	power	
(PC[W])	can	be	calculated	as:	
	

PC = κC	A
ΔΤ
x (C.2)	

	
where	κC	[W	m-<	K-<]	 is	the	thermal	conductivity,	A	[m:]	 is	the	total	area	of	that	
heat	flows	through,	in	our	case	the	size	of	the	separation	chamber,	x	[m]	is	the	heat	
transfer	 distance	 (i.e.	 glass	 thickness)	and	ΔΤ	[Κ]	 is	 the	 temperature	 difference	
between	the	two	sides	of	the	glass.	If	we	equate	the	Ohmic	heating	power	to	the	
heat	transfer	power	and	assume	that	the	temperature	of	the	side	of	the	glass	to	the	
environment	is	constant	we	calculate	a	temperature	increase	in	the	liquid	of	0.95	
K	 compared	 to	 the	 environment	 (using	 κE,FÙGÑ=1.05	 W	 m-1	 K-1),	 proving	 that	
passive	 cooling	 of	 the	 device	 is	 sufficient	 for	 typical	 operation	 potentials.	
Nevertheless,	higher	throughputs	in	combination	with	highly	conductive	samples	
may	require	active	cooling	or	the	use	of	materials	with	higher	thermal	conductivity	
compared	to	glass	such	as	silicon.	
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C.1.2|	Electrochemical	reactions		
The	electric	current	applied	to	the	system	is	transformed	to	an	ionic	current	via	
electrochemical	 reactions	 on	 the	 surface	 of	 the	 electrodes,	 whereby	 gaseous	
products	can	be	formed	(O2,	Cl2,	H2).	Water	electrolysis	thereby	changes	the	pH	of	
the	solution.	The	rate	of	formation	of	H+	and	OH-	(assuming	water	electrolysis	is	
the	only	reaction	taking	place)	(j	[mol	s-<])	can	be	simply	calculated	via	Faraday’s	
law:	
	

j =
I
FzÙ

(C. 3)	

	
where	 I	[A]	 is	 the	 electric	 current	 and	 F[C	mol-<]	 is	 the	 Faraday’s	 constant.	 A	
current	of	100	μA	will	add	approximately	1	nmol	s-1	of	H+	to	the	anodic	reservoir.	
The	smaller	the	reservoir,	the	stronger	the	effect	of	the	added	acid	on	the	local	pH.	
In	our	device	we	therefore	used	large	reservoirs	of	1	ml.	The	application	of	100	μA	
for	 1000	 s	will	 cause	 a	 pH	 reduction	 of	 0.81	 and	 0.19	 in	 0.1xPBS	 and	 1xPBS,	
respectively.		
	
C.2|	Original	microscopy	images	
In	 the	 following	 figures	 the	 original	 fluorescent	microscopy	 images	 are	 shown	
upon	which	the	analysis	of	Chapter	5	is	based.	

	
Figure	C.1	-	Unedited	fluorescent	microscopy	images	upon	which	the	analysis	for	peak	mode	
was	based	for	Chapter	5,	Figure	5.2.	

	
Figure	C.2	-	Unedited	fluorescent	microscopy	images	upon	which	the	analysis	for	plateau	
mode	was	based	for	Chapter	5,	Figure	5.3.	
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Figure	 C.3	 -	 Unedited	 fluorescent	 microscopy	 images	 upon	 which	 the	 analysis	 for	 the	
electrophoretic	spacers	was	based	for	Chapter	5,	Figure	5.5.	
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D.1|	Chip	designs	and	dimensions	
On	 figure	D.1	all	 the	 different	 droplet-on-demand(DoD)	 generator	 designs	 that	
were	tested	are	shown.	

	
Figure	D.1	–	Representation	of	the	designs	tested	for	the	DoD	generator.	The	dimensions	
were	 kept	 the	 same	 for	 the	 integrated	 designs	 with	 the	 ICPF	 chips,	 where	 the	 sample	
channel	(marked	with	“Sample	Inlet”	at	the	reservoirs)	was	used	as	the	separation	channel	
a)	Full	design.	The	red	square	indicates	the	location	of	the	droplet	generator.	b)	individual	
designs.	The	sample	channel	is	50μm	wide	and	orifice	and	oil	channel	widths	range	between	
10-40μm.	

D.2|	Equilibrium	pressure	calculations	and	observations	
Based	 on	 the	 droplet	 generator	 dimensions	 the	expected	pressures	 in	 order	 to	
achieve	 equilibrium	were	 calculated	 for	 every	 design	 shown	 in	 table	 D.1.	 The	
experimentally	 observed	 pressures	 that	 were	 required	 for	 the	 pressure	
equilibrium	are	shown	in	table	D.2	
	
Table	D.1	–	Expected	theoretical	pressures	in	mbar	for	Pin	and	Pout	resulting	in	Pc,	and	the	
expected	PLP	at	the	oil	water	interface.	The	hydrostatic	pressure	Pd	is	assumed	to	be	2mbar	
for	all	designs.	The	sum	of	pressure	equals	to	zero	(equilibrium	state)	

Design	 1	 2	 6	 10	 12	 15	 16	 17	 19	 24	
Pin	 43.8	 38.0	 36.4	 50.2	 37.5	 39.0	 37.1	 37.1	 43.0	 43.0	
Pout	 -60	 -60	 -60	 -60	 -60	 -60	 -60	 -60	 -60	 -60	
Pc	 -3.4	 -6.6	 -6.5	 -4.4	 -6.5	 -3.3	 -4.4	 -4.4	 -2.4	 -3.4	
PLP	 5.3	 8.5	 8.5	 6.4	 8.5	 5.3	 6.4	 6.4	 4.3	 5.3	
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Table	D.2	–	Observed	pressures	in	mbar	for	Pin	and	Pout	resulting	in	zero	pressure	at	the	
interface.	The	hydrostatic	pressure	Pd	and	Laplace	pressure	are	assumed	to	be	the	same	as	
in	the	expected	theoretical	pressures	case.	The	sum	of	pressure	equals	to	zero	(equilibrium	
state).	Pdiff	 indicates	 the	 pressure	 difference	at	 the	 interface	between	 observed	 and	 the	
theoretically	expected	values	

Design	 1	 2	 6	 10	 12	 15	 16	 17	 19	 24	
Pin	 34	 41	 31	 40	 27	 37	 30	 38	 30	 55	
Pout	 -60	 -60	 -60	 -36	 -70	 -60	 -69	 -70	 -59	 -70	
Pdiff	 -5.4	 1.6	 -3.0	 -6.7	 -10.3	 -1.1	 -7.9	 -3.8	 -6.9	 2.1	
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E.1|	Introduction	
In	chapter	7	we	described	how	the	current	can	be	monitored	for	determination	of	
the	 focusing	 location	 in	 ion	 concentration	 polarization	 focusing	 (ICPF).	 In	 this	
appendix	we	will	attempt	to	provide	a	more	general	framework	to	explain	how	the	
current	 response	 of	 the	 system	 changes	 with	 the	 cross-sectional	 area	 of	 a	
microfluidic	channel.	From	Ohm’s	law	we	can	write	for	the	electric	current	(𝐼	[𝐴]):	
	

𝐼 = 𝐺𝑉(E. 1)	
	
where	 𝐺	[𝑆]	 is	 the	 electric	 conductance	 and	 𝑉	[𝑉]	 is	 the	 applied	 potential	
difference.	The	electric	 current	 in	 liquids	 is	not	 carried	by	electrons	but	by	 the	
charged	species	present	in	the	electrolyte	(i.e.	ions).	The	electrolyte	conductivity	
(𝜅[𝑆	𝑚9<])	of	a	solution	equals:	
	

𝜅 = 𝐹	�𝜇s𝑐s
s

	(E. 2)	

	
where	𝐹[𝐶	𝑚𝑜𝑙9<]	is	the	Faraday	constant		𝜇s[𝑚:	𝑠9<𝑉9<]	and	 	𝑐s	[𝑚𝑜𝑙	𝑚9�]	are	
the	 electrophoretic	 mobility	 and	 average	 concentration	 of	 the	 ionic	 species	 𝑖,	
respectively.	As	shown	in	equation	E.2	the	dominant	factor	for	the	conductivity	is	
the	 concentration	 of	 the	 charged	 species.	We	will	 investigate	 the	case	where	a	
current	 is	 sent	 through	 a	 solution	with	 a	 non-uniform	 concentration	 in	 the	 x-
direction	(1D	approach),	so	that	the	concentration	profile	and	the	conductivity	will	
be	a	function	of	x	(𝜅(𝑥) = 𝑓(𝑥)).	
The	 conductance	 (𝐺[𝑆])	 of	 a	 liquid-filled	 channel	 in	 microfluidic	 chip	 can	 be	
described	by	
	

𝐺(𝑥) =
𝐴
𝑙 𝜅
(𝑥)	(E. 3)	

	
Here	𝐴	[𝑚:]	 and	 𝑙	[𝑚]	 are	 the	 channel	 cross-sectional	 area	and	 channel	 length	
respectively.	In	the	case	were	there	is	a	variation	of	the	cross-sectional	area	along	
the	x-axis,	A	will	also	be	a	function	of	x,	(𝐴(𝑥) = 𝑔(𝑥)).		
When	there	is	a	conductivity	(i.e.	concentration)	profile	moving	through	a	channel	
with	varying	cross-sectional	area,	we	can	write	the	conductance	for	every	offset	
position	(𝜒)	of	the	conductivity	profile	as	(Figure	E.1):	
	

𝐺(𝜒) =
1
𝑙 	
¡ 𝐴(𝑥)
¦

[
𝜅(𝑥 + 𝜒)	𝑑𝑥(E. 4)	
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Figure	E.1	-	Schematic	of	a	conductivity	gradient	moving	towards	a	channel	expansion	and	
symbol	definition.	

The	integral	of	equation	E.4	represents	a	cross-correlation	function	in	the	space	
domain.	Convolution	is	a	similar	function	but	requires	the	reversal	of	one	of	the	
functions.	 However,	 for	 symmetric	 functions	 (that	 we	 will	 investigate	 in	 this	
chapter)	or	if	the	conductivity	profile	moves	in	the	opposite	direction	of	the	cross-
sectional	variation,	convolution	and	cross-correlation	produce	the	same	result.	In	
such	a	case,	we	can	write	the	current	as	the	convolution	(⨂)	of	the	cross-sectional	
area	with	the	conductivity	profile,	as	a	function	of	the	position	of	the	conductivity	
profile.	
	

𝐼(𝜒) =
𝑉
𝑙 	(𝐴⨂𝜅)(E. 5)	

	
E.2|	Convolution	
A	very	short	introduction	to	convolution	will	be	given	in	this	section,	the	reader	is	
referred	 to	 the	 book	 of	 Smith	 (Chapter	 13	 -	 Convolution)1	 for	 a	 deeper	 look.	
Convolution	 is	 a	 mathematical	 operation	 between	 two	 functions	 (𝑓	 and	 𝑔)	
(typically	in	the	time	domain(𝑡)	for	1D	functions)	and	it	is	defined	as:	
	

(𝑓⨂𝑔)(𝑡) ≜ ¡ 𝑓(𝜏)𝑔(𝑡 − 𝜏)𝑑𝜏
R

9R
(E. 6)	

	
Where	 𝜏	 is	 a	 dummy	 variable.	 Convolution	 describes	 how	 the	 shape	 of	 one	
functions	is	altered	by	the	other	one.	“The	convolution	formula	can	be	described	
as	a	weighted	average	of	the	function	𝑓(𝜏)	at	the	moment	𝑡	where	the	weighting	is	
given	by	g(–τ)	simply	shifted	by	amount	𝑡.		As	𝑡	 changes,	 the	weighting	 function	
emphasizes	different	parts	of	the	input	function.”1	
	
The	neutral	element	in	convolution	is	the	Dirac	delta	function	(𝛿(𝑡)),	𝑓⨂𝛿(𝑡) =
𝑓(𝑡)	.	Dirac	delta	functions	(𝛿(𝑡))	is	defined	as		
	

𝛿(𝑡) = T+∞	𝑜𝑟	1		𝑡 = 0
0																𝑡 ≠ 0	(E. 7)	

	
The	convolution	of	a	function	𝑓(𝑡)	with	a	function	𝑘(𝑡)	consisting	of	positive	Dirac	
delta	function	and	negative	Dirac	delta	function	spaced	𝑑𝑡	apart	results	at	Öß

Ö\
.	
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𝑘(𝑡) = U
	1																					𝑡 = 0
−1																					𝑡 = 𝑑𝑡
0				𝑡 ≠ 0	𝑎𝑛𝑑	𝑡 ≠ 𝑑𝑡

	(E. 8)	

	

(𝑓⨂𝑘)(𝑡) =
𝑑𝑓
𝑑𝑡 (E. 9)	

	
Finally	the	convolution	theorem	states	that:	
	

ℱ{𝑓⨂𝑔} = 𝑘 ∙ℱ{𝑓} ∙ℱ{𝑔}(E. 10)	
	
where	ℱ{𝑓}	is	the	Fourier	transform	of	𝑓	and	𝑘	is	a	constant.	
	
E.3|	Application	of	convolution	
In	order	to	test	our	hypothesis	that	the	current	response	of	a	conductivity	profile	
moving	 through	 a	 channel	 with	 varying	 cross-sectional	 area	 is	 a	 convolution	
between	the	conductivity	profile	and	the	cross-sectional	area	(Equation	E.5),	we	
can	try	to	replicate	the	results	of	the	above	convolution	in	a	microfluidic	equivalent	
constructed	 by	 Comsol	 simulation.	 In	 all	 simulations	 the	 “Transport	 of	 diluted	
species	 (tds)”,	 ”Electrostatics	(es)”	and	 “Laminar	 flow	(lf)”	physics	modules	were	
used,	which	were	coupled	by	“Space	charge	density	coupling	(tdsà	es)”,	“Potential	
coupling	 (esà	 tds)”	 and	 “flow	 coupling	 (lfà	 tds)”	 multiphysics	 modules.	 A	
symmetric	monovalent	electrolyte	was	used	with	diffusion	coefficient	of	1e-9m2s-
1	for	both	spieces.	The	current	was	measured	as	the	flux	of	charged	species	through	
the	 inlet	 (left	 side	of	 the	channel	Figure	E.2d).	We	assumed	a	constant	channel	
height,	hence	the	cross-sectional	area	changes	of	the	channel	simply	translated	to	
changes	in	the	channel	width.	
	
The	neutral	element	in	the	convolution	function	is	the	Dirac	delta	function.	Since	
fabricating	a	Dirac	function	in	the	width	of	the	channel	is	impossible,	we	used	a	
square	channel	expansion	 instead	 (Figure	E.2a).	A	high-concentration	plug	was	
flown	across	the	expansion	and	the	current	response	was	simulated	and	compared	
to	the	result	of	a	convolution	of	a	square	step	function	with	a	concentration	profile	
(Figure	E.2b).	 	 The	maximum	concentration	was	 100mM	while	 the	 lowest	was	
1mM.	The	profile	was	 flown	by	pressure	driven	 flow	(slip	boundary	condition)	
with	a	linear	velocity	of	1000μm/s	(Peclet	number	of	1000).	As	shown	in	Figure	
E.2d	the	2D	concentration	distribution	profile	is	affected	after	 it	passes	through	
the	expansion	of	 the	channel,	which	also	affects	 the	current	 response	shown	 in	
figure	E.1e,	altering	it	from	the	convolution	result	show	in	Figure	E.2c.	The	origin	
of	this	disturbance	is	the	non-uniform	velocity	profile	along	the	channel.	
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Figure	E.2	-	a,b,c)	Direct	convolution	of	channel	width	(a)	with	the	concentration	profile	(b)	
aÄ	 b=c.	 d)	 Three	 instances	 of	 the	 Comsol	 simulation	 at	 different	 times.	 The	 colormap	
indicates	the	concentration	magnitude.	The	concentration	plug	is	flowing	from	left	to	right.	
The	red	lines	indicate	the	boundary	on	which	the	current	was	measured.	e)	The	normalized	
current	response	obtained	in	the	simulation.		

	

	
Figure	E.3	-	a,b,c)		Direct	convolution	of	channel	width	(a)	with	the	concentration	profile	(b)	
aÄ	 b=c.	 d)	 Three	 instances	 of	 the	 Comsol	 simulation	 at	 different	 times.	 The	 colormap	
indicates	the	concentration	magnitude.	The	concentration	plug	is	flowing	from	left	to	right.	
e)	The	normalized	current	response	obtained	in	the	simulation.	

As	mentioned	earlier	a	convolution	of	a	function	with	two	opposite-in-sign	Dirac	
functions	results	in	the	gradient	of	the	original	function.	Once	again,	instead	of	a	
Dirac	function,	we	used	a	square	channel	expansion	and	constriction	in	Comsol	
and	the	results	of	the	Comsol	simulation	are	compared	to	a	direct	convolution	of	
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the	 two	 functions	 (Figure	 E.3).	 Also	 in	 this	 case	we	 see	 that	 the	 concentration	
profile	 is	 affected	 by	 the	 channel	 expansion	 and	 constriction	 due	 to	 the	 non-
uniform	flow	velocity	along	the	channel.	
	
The	same	principle	of	convolution	can	be	used	for	the	more	widely	used	case	of	
Coulter	counters.	In	this	case	we	used	a	uniform	concentration	profile	(100mM)	
and	calculated	 the	current	 response	created	during	 the	movement	of	a	particle	
through	a	channel	with	a	varying	cross-section	as	a	 convolution	of	 the	channel	
cross-sectional	area	minus	the	particle	cross-sectional	area,	with	the	local	channel	
cross-sectional	 area	 (Equation	 E.4)	 (assuming	 a	 non-conducting	 particle	 and	
neglecting	surface	conduction	effects).	The	particle	area	locally	“modulates”	the	
total	channel	area	as	it	moves	through	it.	We	used	a	capsule-shaped	particle	and	
assumed	that	the	particle	is	an	ideal	dielectric.	The	particle	was	moved	by	steps	of	
2μm	 and	 the	 simulation	 was	 allowed	 enough	 time	 (2	 seconds)	 till	 a	 steady	 a	
current	value	was	reached	for	each	particle	movement	step.	We	assume	that	the	
particle	flows	in	the	center-line	of	the	channel.	Similar	to	the	previous	example,	we	
can	compare	the	convolution	results	with	the	simulation	results.	In	figure	E.4	the	
results	are	presented	for	a	channel	with	a	semicircular	constriction	and	in	figure	
E.5	 the	 results	 for	 a	 channel	with	 a	 semicircular	 constriction	 and	 semicircular	
expansion.	

	
Figure	E.4	-	a,b,c)	Direct	convolution	of	the	channel	width	(a)	with	the	particle	width	(b)	aÄ	
b=c.	d)	Three	instances	of	the	Comsol	simulation	at	different	times.	The	colormap	indicates	
the	electric	 field	magnitude.	The	particle	 is	moving	from	left	 to	right.	e)	The	normalized	
current	response	of	the	simulation	
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Figure	E.5	-	a,b,c)	Direct	convolution	of	the	channel	width	(a)	with	the	effect	of	particle	in	
the	channel	width	(b).	aÄ	 b=c.	d)	Three	 instances	of	 the	Comsol	 simulation	at	different	
times.	The	colormap	indicates	the	electric	field	magnitude.	The	particle	is	moving	from	left	
to	right.	e)	The	normalized	current	response	obtained	in	the	Comsol	simulation.	

As	 can	 be	 seen	 in	 figure	 E.5e,	 the	 response	 is	 not	 symmetrical	 between	 the	
expansion	and	the	constriction,	with	the	channel	expansion	resulting	in	a	smaller	
change	in	the	current.	We	believe	this	 is	due	to	electric	field	lines	not	following	
perfectly	the	channel	profile.	Since	the	electric	current	follows	the	path	of	 least	
resistance,	a	sharp	and	wide	expansion	in	the	channel	cross-sectional	area	will	not	
contribute	linearly	to	the	local	conductance	as	described	by	equation	E.3.	
	
E.4|	Applications	of	deconvolution	
Notwithstanding	 the	 limitations	 and	 non-idealities	 brought	 out	 by	 the	 Comsol	
simulations,	based	on	the	aforementioned	results	we	believe	that	convolution	can	
reasonably	 describe	 the	 current	 response	 of	 a	 microfluidic	 channel	 when	 a	
concentration/conductivity	gradient	or	a	particle	moves	through	a	local	channel	
cross-sectional	area	variation.	Therefore	we	can	use	deconvolution	(Ä-1)	to	tailor	
a	current	response	for	a	specific	 input.	For	example,	we	might	want	to	design	a	
Coulter	counter	that	produces	a	specific	current	response	when	a	capsule-shape	
particle	passes	(similar	to	the	previous	experiments).	The	capsule	shape	(input)	
and	the	requested	current	response	(output)	are	shown	in	figure	E.6a	and	E.6b	
respectively.	The	desired	current	response	was	thereby	chosen	arbitrarily.	If	we	
deconvolute	the	specific	current	response	with	the	specific	particle	shape,	we	get	
the	required	channel	shape	(Figure	E.6c)	which	should	be	unique	for	the	specific	
particle	shape.	Since	deconvolution	is	not	always	possible,	the	correct	result	of	the	
deconvolution	can	be	verified	if	we	convolute	it	with	the	particle	shape	(Figure	
E.6d-f)	and	compare	it	to	the	requested	response	(Figure	E.6a	and	Figure	E.6f).	
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Figure	E.6	-	a)	Arbitrary	requested	current	response.	b)	Effect	of	particle	in	channel	width.	
c)	The	deconvolution	of	a	and	b.	aÄ	-1b=c.	d,e,f)	Verification	of	the	deconvolution.	dÄ	e=f.	

Obviously,	the	shape	shown	in	figure	E.6c	is	impossible	to	fabricate.	In	figure	E.6a	
we	plot	the	spatial	frequency	of	this	shape.	We	can	now	apply	a	low	pass	filter	in	
order	to	get	a	shape	with	smooth	changes	which	should	be	suitable	for	fabrication.	
In	this	case	we	applied	a	low	pass	filter	with	a	cut	off	spatial	frequency	of	0.06	μm-

1	(Figure	E.7b).	This	 frequency	 indicates	we	can	have	a	 periodic	 change	with	a	
length	of	16.7	μm.	The	filtered	result	is	shown	in	figure	E.7c.	

	
Figure	E.7	-	a)	Spatial	 frequency	spectrum	of	the	original	deconvolution	shown	in	figure	
E.5c.	 b)	 Spatial	 frequency	 spectrum	 of	 the	 filtered	 deconvolution.	 c)	 The	 filtered	
deconvolution	in	the	space	domain.	
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Figure	E.8	-	a,b,c)	Direct	convolution	of	the	channel	width(a)	with	the	effect	of	particle	in	
the	channel	width(b).		aÄ	b=c.	d)	Three	instances	of	the	simulation	at	different	times.	The	
colormap	indicates	the	electric	field	magnitude.	The	particle	is	moving	from	left	to	right.	e)	
The	normalized	current	response	of	the	simulation.	

Once	 again,	 we	 test	 the	 convolution	 response	 (shown	 in	 figure	 E.8a-c)	 to	 the	
Comsol	simulation	response.	We	created	a	channel	with	the	width	variation	shown	
in	figure	E.7c,	imported	it	in	Comsol	and	simulated	a	Coulter	counter	experiment	
for	the	capsule	shaped	particle	that	it	was	designed	for.	The	results	are	shown	in	
Figure	E.8d-e.	
	
The	simulation	current	response	Figure	E.8e	creates	a	much	wider	peak	than	the	
expected	result	of	 the	convolution.	We	believe	once	again	 this	 is	a	 result	of	 the	
unequal	 contribution	 between	 expansions	 and	 constrictions	 in	 the	 local	
conductivity.	Furthermore,	in	order	to	check	the	uniqueness	of	the	response	to	the	
specific	particle	shape	we	also	simulated	three	more	Coulter	counter	experiments	
in	the	channel	shape	provided	in	Figure	E.8d.	We	compared	the	responses	to	three	
different	particles:	a	sphere,	a	capsule	of	the	length	it	was	designed	for	and	a	25%	
longer	capsule.	All	of	the	particles	have	the	same	width.	The	results	are	shown	in	
figure	E.9.		
	
Despite	the	fact	that	current	response	does	not	precisely	match	the	results	of	the	
convolution,	the	current	response	is	clearly	different	for	the	different	particles	and	
easily	can	be	used	to	differentiate	between	the	shapes.	Finally,	the	particle	that	the	
channel	was	designed	for	(capsule)	creates	a	clear	symmetric	peak	as	it	crosses	
this	complicatedly	shaped	channel.		
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Figure	E.9	-	i)	The	Comsol	mesh	of	the	simulation	showing	the	differences	in	the	shape	of	
the	 three	 particles.	 ii)	 The	 normalized	 current	 responses	 obtained	 in	 the	 Comsol	
simulations.	iii)	The	convolution	results	between	the	particle	and	the	channel	width.	Box	a)	
Results	for	the	longer	capsule	particle.	Box	b)	Results	of	the	capsule	particle	that	the	channel	
was	designed	for.	Box	c)	Results	of	a	spherical	particle.	
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E.5|	Conclusion	and	outlook	
We	proposed	that	the	current	response	when	a	conductivity	profile	moves	through	
a	channel	with	a	non-constant	cross-sectional	area	can	be	reasonably	match	the	
result	of	a	convolution	of	the	conductivity	profile	to	the	cross-sectional	area.	The	
convolution	 is	 applicable	 when	 the	 conductivity	 profile	 arises	 from	 a	
concentration	 profile	 or	 from	 a	 dielectric	 particle	 (Coultier	 counter).	 We	
demonstrated	 the	 use	 of	 deconvolution	 for	 tailoring	 Coultier	 counters	 that	 can	
differentiate	 between	 particle	 shapes.	 In	 the	 future	 we	 would	 like	 to	
experimentally	confirm	the	simulation	results.	
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Samenvatting 
Het	 onderzoek	 dat	 beschreven	 wordt	 in	 dit	 proefschrift	 had	 als	 doel	 het	
ontwikkelen	 van	 een	 microfluïdisch	 systeem	 dat	 in	 staat	 is	 om	 specifieke	
biomarkers	 uit	 humaan	 bloed	 te	 scheiden	 en	 concentreren	 voor	 de	 vroege	
diagnostiek	 van	 cardiovasculaire	 ziektes	 in	 een	 point	 of	 care	 testing	 (POCT)	
apparaat.	Dit	proefschrift	bevat	nieuwe	technieken	die	zijn	ontwikkeld	om	dit	doel	
te	 bereiken	 en	 variaties	 van	de	 toegepaste	 techniek	 voor	 andere	 toepassingen.	
Omdat	onderzoek	en	technologie	een	eindeloos	proces	is,	worden	aanbevelingen	
voor	 toekomstig	 onderzoek	 hier	 gecombineerd	 met	 een	 samenvatting	 van	 elk	
hoofdstuk.		
	
Poreuze	deeltjes	hebben	veel	mogelijke	toepassingen	in	onderzoek	en	industrie.	
Met	name	katalytische	deeltjes	gebruikt	in	de	olie	industrie	zijn	van	groot	belang.	
De	 katalytische	 eigenschappen	 van	 zulke	 deeltjes	 zijn	 erg	 afhankelijk	 van	 hun	
porositeit	 en	 porie	 grootte.	 Een	 snelle,	 goedkope	 en	 makkelijke	 manier	 voor	
porositeit	 karakterisatie	 op	 het	 niveau	 van	 een	 enkel	 deeltje	 zou	 waardevolle	
informatie	 geven	 voor	 de	 katalysator	 industrie.	 In	 hoofdstuk	 2	 tonen	 we	 het	
gebruik	van	het	ion	concentratie	polarisatie	(ICP)	fenomeen	als	gereedschap	voor	
het	differentiëren	van	mesoporeuze	deeltjes	op	basis	van	hun	porositeit.	Het	één-
dimensionele	analytische	model	van	het	proces	dat	we	ontwikkeld	hebben	was	
voldoende	 om	 het	 algemene	 gedrag	 van	 het	 systeem	 te	 voorspellen.	
Desalniettemin,	we	denken	dat	een	twee-	of	drie-dimensioneel	numeriek	model	
het	begrip	van	het	proces	significant	zou	verbeteren,	en	het	ons	kan	helpen	in	het	
bepalen	van	de	relaties	 tussen	de	 fysische	eigenschappen	van	de	deeltjes	 (bijv.	
porie	 grootte,	 porie	 vorm)	en	 ICP.	Wanneer	 deze	 relaties	 zijn	bepaald,	 kan	 ICP	
ontwikkelen	 van	 een	 porositeit	 differentiatie	 method	 naar	 een	 porositeit	
kwantificatie	gereedschap.		
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Antibody	patterning	(het	maken	van	patronen	van	antilichamen	op	een	oppervlak)	
is	 erg	 belangrijk	 voor	medische	 Lab-on-a-chip	 apparaten.	 Vaak	wordt	 in	 zulke	
apparaten	 een	 patroon	 van	 antilichamen	 gemaakt	 op	 een	 platte	 chip	 met	
standaard	methoden,	zoals	micro-contact	printen.	Na	het	maken	van	het	patroon,	
wordt	een	tweede	chip	met	de	benodigde	fluïdische	eigenschappen	uitgelijnd	en	
gebonden	 op	 de	 chip	 met	 het	 antilichaam	 patroon.	 Deze	 aanpak	 heeft	 twee	
nadelen;	i)	het	vereist	precieze	uitlijning	tijdens	het	binden.	ii)	Methodes	voor	het	
binden	die	de	antilichamen	kunnen	beschadigen,	zoals	UV	of	plasma	behandeling,	
kunnen	niet	worden	gebruikt.	In	hoofdstuk	3	demonstreren	we	het	gebruik	van	
capillaire	krachten	voor	het	maken	van	vloeistof	patronen	in	een	microfluïdische	
chip.	De	voorgestelde	geometrie	maakt	gebruik	van	de	combinatie	van	capillaire	
stop	kleppen	en	open	microfluïdica.	We	hebben	de	antibody	patterning,	gevolgd	
door	de	immunodetectie	van	een	cardiac	biomarker	aangetoond.	We	hebben	een	
simpel	 theoretisch	model	afgeleid	 dat	kan	worden	 gebruikt	 als	een	 design	 tool	
voor	het	ontwerpen	van	drie	dimensionale	kleppen	voor	verschillende	applicaties,	
oplossingen	 en	 materialen,	 zolang	 de	 contact	 hoek	 en	 oppervlaktespanning	
bekend	zijn.	 In	de	toekomst	willen	we	graag	de	functionaliteit	van	ons	ontwerp	
voor	verschillende	toepassingen	aantonen,	bijvoorbeeld	voor	hydrogel	patterning,	
fase	 veranderende	 materialen	 (zoals	 Nafion	 resin)	 patterning,	 en	 lokale	
oppervlakte	functionalisering.	Appendix	A	bevat	aanvullende	informatie	voor	dit	
hoofdstuk.		
	
Ion	 concentratie	 polarisatie	 focussen	 (ICPF)	 is	 bewezen	 een	 erg	 krachtige	
elektrokinetische	scheidings-	en	concentratie	techniek	te	zijn.	Echter,	worden	de	
gescheiden	en	geconcentreerde	biomarkers	effectief	gevangen	in	het	microkanaal	
in	picoliter	volume,	waardoor	de	integratie	van	een	sensor	voor	de	analyse	van	het	
monster	vereist	wordt.	Een	andere	oplossing	voor	dit	probleem	zou	de	extractie	
van	de	geconcentreerde	en	gescheiden	biomarkers	uit	de	chip	zijn.	In	hoofdstuk	
4	tonen	we	de	selectieve	extractie	van	geconcentreerde	en	gescheiden	anionische	
biomarkers	aan	door	het	toepassen	van	druk.	The	biomarkers	zijn	gescheiden	en	
geconcentreerd	door	ICPF.	De	biomarkers	zijn	geconcentreerd	met	een	factor	300	
en	 zijn	 geëxtraheerd	 met	 een	 lage	 throughput	 in	 de	 orde	 van	 nl	 min-1.	 In	 de	
toekomst	zouden	we	graag	de	selectieve	extractie	van	geconcentreerde	eiwitten	
uit	humaan	bloed	serum	laten	zien.	Daarnaast,	zou	in	de	toekomst	de	zuiverheid	
van	de	geëxtraheerde	biomarkers	kunnen	worden	onderzocht	door	het	integreren	
van	 een	 verwerkingsmethode	 als	massa	 spectrometrie	 gekoppeld	 aan	 de	 chip.	
Appendix	B	bevat	aanvullende	informatie	voor	dit	hoofdstuk.		
	
Voor	sommige	toepassingen,	zoals	de	voorbereiding	van	een	monster,	is	het	debiet	
van	het	door	ons	voorgestelde	apparaat	in	hoofdstuk	4	te	laag.	Hoofdstuk	5	laat	
een	 hoog	 debiet	 (met	 monster	 vloeistofsnelheden	 in	 de	 orde	 van	 µl	 min-1)	
selectieve	extractie	en	concentratie	of	anionische	biomarkers	zien	met	behulp	van	
een	 nieuwe	 methode	 genaamd	 free-flow	 ion	 concentratie	 polarisatie	 focussing	
(FF-ICPF).	We	laten	twee	werkzame	manieren	zien	genaamd	de	piek	en	plateau	
manier.	Daarnaast	werd	 een	 biomarkers	 in	 de	 plateau	manier	 gebruikt	als	 een	
elektroforetische	tussenlaag,	wat	de	scheidingsresolutie	tussen	twee	biomarkers	
in	piek	modus	verbetert.	Ten	slotte	hebben	we	het	apparaat	gekarakteriseerd	met	
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humaan	bloed	serum,	wat	de	toepasbaarheid	laat	zien	van	de	methode	voor	het	
voorbereiden	van	monsters.	In	de	toekomst	verwachten	we	dat	de	fabricatie	van	
het	apparaat	uit	meer	warmtegeleidende	materialen	(zoals	silicium)	in	combinatie	
met	actieve	koeling	zal	resulteren	in	een	significante	verbetering	van	het	debiet,	
waardoor	 FF-ICPF	 meer	 mogelijke	 toepassingen	 krijgt.	 Appendix	 C	 bevat	
aanvullende	informatie	over	dit	hoofdstuk.		
	
Ondanks	hun	verdiensten	zijn	beide	aanpakken	genoemd	in	de	hoofdstukken	4	en	
5	gevoelig	voor	diffusie	en	menging	na	extractie.	Een	oplossing	voor	dit	probleem	
kan	een	selectieve	 ‘verpakking’	en	extractie	van	het	geconcentreerde	biomarker	
zijn.	 In	hoofdstuk	6	 hebben	we	een	druppelgenerator	ontwikkeld	 die	geschikt	
voor	het	combineren	met	elektrokinetische	scheidingen,	geschikt	voor	druppel-
op-aanvraag	 of	 continue	 druppelvorming	 zonder	 het	 scheidingsproces	 te	
verstoren.	We	laten	het	‘verpakken’	en	het	extraheren	van	sterk	geconcentreerde	
(met	 een	 factor	 100)	 druppels	 in	 ICPF	 zonder	 het	 scheidings-	 en	
concentratieproces	te	verstoren	zien.	In	de	toekomst	willen	we	de	zuiverheid	van	
de	geëxtraheerde	druppels	onderzoeken	en	een	selectieve	druppel	extractie	in	een	
echt	monster	(humaan	bloed	serum)	laten	zien.	Appendix	D	bevat	aanvullende	
informatie	over	dit	hoofdstuk.			
	
Ondanks	de	kracht	van	ICPF	zijn	er	naar	onze	huidige	kennis	niet	veel	commerciële	
producten	die	deze	methode	gebruiken.	Momenteel	worden	in	onderzoeken	naar	
ICPF	 (inclusief	 dit	 proefschrift)	 fluorescente	 biomarkers	 gebruikt	 die	 worden	
geobserveerd	met	behulp	van	een	microscoop.	Deze	aanpak	vereist	het	labelen	van	
de	biomarkers	met	fluorescente	markers	en	het	gebruik	van	een	grote	microscoop	
die	 de	 toepasbaarheid	 van	 ICPF	 buiten	 een	 onderzoeksomgeving	 beperkt.	 In	
hoofdstuk	 7	 hebben	 we	 onderzocht	 hoe	 de	 elektrische	 stroom	 die	 door	 het	
scheidingskanaal	stroomt	gerelateerd	is	aan	de	focuspositie	in	ICPF.	De	combinatie	
van	stroommetingen	in	een	kanaal	met	variërende	dwarsdoorsnede	kan	worden	
gebruikt	om	de	exacte	focus	locatie	tijdens	het	scheidingsproces	te	voorspellen.	In	
de	toekomst	zouden	we	graag	een	compleet	geautomatiseerd	ICPF	proces	laten	
zien	door	het	meten	en	aanpassen	van	de	stroom,	wat	het	geschikt	maakt	voor	de	
integratie	 in	 een	 POCT	 apparaat.	 Een	 apparaat	 als	 deze	 zou	 een	 significante	
vooruitgang	betekenen	in	vergelijking	met	de	huidige	situatie	waarin	fluorescente	
biomarkers	en	optische	detectie	moeten	worden	gebruikt.		
Ten	 slotte	 hebben	we	 geprobeerd	 ons	 begrip	 van	de	 fenomenen	beschreven	 in	
hoofdstuk	 7	 te	 verdiepen,	 beschreven	 in	Appendix	 E.	We	 stellen	 voor	 dat	 de	
elektrische	stroomreactie	van	een	microkanaal	kan	worden	beschreven	door	een	
convolutie	 tussen	 het	 geleidbaarheidsprofiel	 en	 de	 kanaaldoorsnede.	 Deze	
hypothese	kan	een	breed	 toepassingsgebied	vinden,	van	 ICPF	besturing	 tot	het	
aanpassen	 van	 Coulter-tellers	 voor	 specifieke	 deeltjes	 vormen.	 Comsol	
modellering	werd	gebruikt	om	onze	hypothese	te	bewijzen.	In	de	toekomst	willen	
we	deze	hypothese	ook	experimenteel	bewijzen.		
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