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ABSTRACT	OF	THE	DISSERTATION	

 
Acoustic	Microstreaming	for	Blood	Separation	and	Disease	Diagnosis	in	Microfluidic	

Devices	
	
By	
	

Neha	Garg	
	

Doctor	of	Philosophy	in	Biomedical	Engineering	
	

	University	of	California,	Irvine,	2019	
	

Dr.	Abraham	P.	Lee,	Chair	
	
	
	

							 Numerous	 applications	 in	 biology	 and	 medicine	 requires	 efficient	 and	 reliable	

separation	of	cellular	or	sub-cellular	components	from	blood	for	disease	diagnosis,	genetic	

analysis,	 drug	 screening,	 and	 therapeutics.	 However,	 analyzing	 undiluted	 whole	 human	

blood	is	challenging	due	to	its	complex	composition	of	hematopoietic	cellular	populations,	

plasma	 and	 sub-cellular	 components	 such	 as	 nucleic	 acids,	metabolites,	 and	 proteins.	 In	

addition,	 current	 state-of-art	 for	 blood	 fractionation	 relies	 on	 multi-step	 density-based	

centrifugation	or	flow	cytometry	which	are	manual,	time-consuming	and	unable	to	process	

whole	 blood.	 In	 this	 dissertation,	 we	 aim	 to	 demonstrate	 a	 multi-functional,	 low-cost	

microfluidic	 acoustic	 streaming	 platform	 to	 enrich	 and	 characterize	 cellular	 components	

from	whole	blood	and	utilize	blood’s	sub-cellular	components	for	simultaneous	detection	of	

multiple	infections.		

First,	we	present	Lateral	Cavity	Acoustic	Transducers	(LCATs)	that	enables	(1)	the	

sorting	of	undiluted	donor	whole	blood	into	its	cellular	subsets	(platelets,	RBCs,	and	WBCs),	

(2)	the	enrichment	and	retrieval	of	breast	cancer	cells	(MCF-7)	spiked	in	donor	whole	blood	
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at	rare	cell	relevant	concentrations	(10/ml),	and	(3)	on-chip	immunofluorescent	labeling	for	

the	 detection	 of	 specific	 target	 cellular	 populations	 by	 their	 known	 marker	 expression	

patterns.	 Our	 approach	 thus	 demonstrates	 a	 compact	 system	 that	 integrates	 upstream	

sample	processing	with	downstream	separation/enrichment,	to	carry	out	multi-parametric	

cell	analysis	for	blood-based	diagnosis	and	liquid	biopsy	blood	sampling.		

	 Second,	we	 integrated	 a	 passive	 (spiral	 inertial	microfluidic	 device)	 and	 an	 active	

device	 (LCAT)	 for	 high-throughput	 separation,	 enrichment	 and	 release	 of	 specific	 target	

cellular	population	(such	as	larger	side-population	(SP)	of	DU-145	cells	from	tissue	biopsy	

or	 larger	monocytic	cell	population	 from	blood	sample).	After	optimization	with	particles	

spiked	in	blood,	this	platform	removed	>90%	of	the	smaller	cells,	such	as	RBCs	in	a	blood	

sample	or	smaller	cancer	cells	in	a	heterogeneous	cell	line,	and	provided	44,000x	enrichment	

from	remaining	sample	within	5	minutes	of	device	operation.		

Third,	 since	whole	blood	comprises	not	only	 cellular	 subsets,	but	also	sub-cellular	

components,	we	utilized	the	antibodies	in	both	blood	serum	and	saliva	for	the	multiplexed	

screening	 of	 HIV,	 HPV	 and	 HSV	 within	 17.5	 minutes.	 We	 integrated	 this	 acoustic	

microstreaming	 platform	 with	 a	 protein	 microarray	 and	 verified	 reactivity	 of	 patient	

antibodies	 with	 HIV,	 HPV	 and	 HSV	 antigens.	 This	 integrated	 microfluidic	 protein	 array	

platform	is	the	basis	of	a	potent	strategy	to	delay	progression	of	primary	infection,	reduce	

the	 risk	 of	 co-infections	 and	 prevent	 onward	 transmission	 of	 infections	 by	 point-of-care	

detection	of	multiple	pathogens.
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INTRODUCTION	

Cancer		

Cancer	is	one	of	the	major	causes	of	death	worldwide	and	can	be	cured	if	diagnosed	

and	 treated	early.	 It	 is	 a	dynamic	and	gene-altering	disease	which	 causes	oncogenes	and	

tumor	suppressor	genes	to	undergo	mutations.1	During	tumor	formation,	these	oncogenes	

mimic	 normal	 growth	 signaling	 cascade	 and	 render	 cancer	 cells	 self-sufficient	while,	 the	

tumor	suppressor	genes	acquire	resistance	to	programmed	cell	death,	apoptosis,	to	thrive	

and	 divide	 indefinitely.2	 Cancer	 cells	 evade	 anti-growth	 signals	 and	 become	 immortal	 by	

acquiring	 limitless	 replicative	 potential.2	 After	 angiogenesis	 (formation	 of	 new	 blood	

vessels),	 they	 invade	 adjacent	 tissues	 and	 other	 distant	 sites	 to	 better	 access	 space	 and	

nutrients	leading	to	metastasis.	

	

 
	

	

	

	

	

	

Figure	1:	Schematic	representation	of	the	six	hallmarks	of	cancer.	Reprinted	with	

permission	from	reference	number	2.	Copyright	©	2011	Elsevier.	
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Current	cancer	treatments	include	the	invasive	tissue	biopsy	and	minimally	invasive	

biopsies.3	Other	cancer	treatments	include	radiation	therapy	to	kill	cancer	cells	and	shrink	

tumors,4	chemotherapy	to	kill	the	cancer	cells	using	drugs,5	immunotherapy	to	help	immune	

system	 fight	 cancer,6	hormone	 therapy	 to	 slow	or	prevent	 the	 recurrence,7	 and	 stem	cell	

transplant	to	restore	blood	forming	stem	cells	especially	for	leukemia	and	lymphoma.	Non-	

invasive	 techniques	 are	 becoming	 more	 prevalent	 over	 invasive	 and	minimally	 invasive	

techniques	 due	 to	 the	 side-effects,	 chances	 of	 recurrence,	 patient	 discomfort,	 cost-

effectiveness	and	for	the	purpose	of	continuously	identifying	and	monitoring	cancer.	

Cancer	cells	bear	biomarkers	that	can	be	used	to	determine	disease	progression	and	

patient	prognosis.	Detection	of	biomarkers	like	circulating	tumor	cells	(CTCs),	nucleic	acids	

and	exosomes	in	peripheral	blood	has	been	gaining	popularity	as	an	alternative	to	invasive	

biopsies.	“Liquid	biopsy”	is	a	non-invasive	way	to	test	patient’s	blood	for	identifying	CTCs	

and	cell	 free	circulating	tumor	deoxyribonucleic	acid	(ctDNA)	released	by	primary	tumor	

and	metastatic	 sites,	 and	 has	 potential	 for	 early	 cancer	 prognosis.	 Apart	 from	providing	

accurate	information	about	cancer	progression	and	intensity	real-time,	they	are	effective	in	

gauging	the	body’s	response	to	the	chosen	treatment	method	and	allow	for	situation	specific	

responses.8	Utilization	of	CTCs	as	a	marker	in	liquid	biopsy	is	especially	useful	when	there	is	

not	enough	tissue	or	it	is	hard	to	reach,	but	it	presents	some	inherent	challenges.	First,	CTCs	

occur	 at	 very	 low	 numbers	 (1-10cells/mL	 of	 blood)	 in	 the	 presence	 of	 billions	 of	

hematopoietic	 cells	which	makes	 their	 isolation	extremely	difficult.9	 Second,	CTC	genesis	

involves	a	morphogenetic	process	 termed	as	epithelial	 to	mesenchymal	 transition	 (EMT)	

which	 enables	 a	 polarized	 epithelial	 cell	 to	go	 through	 biochemical	 changes	 and	 become	

mesenchymal,	 leading	 to	 improved	migratory	 capacity,	 invasiveness	 and	 highly	 elevated	
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extracellular	matrix	 (ECM)	component	production.10	Basement	membrane	 then	destructs	

and	causes	the	mesenchymal	CTC	to	escape	the	epithelial	layer	it	was	formed.11	Therefore,	

owing	to	rarity	of	CTCs	and	heterogeneity	with	respect	to	biomarker	expression,	any	CTC	

detection	system	should	be	sensitive	enough	to	detect	complete	population	of	these	small	

numbers	of	cells.	Hence,	for	isolation	of	CTCs	as	means	of	their	use	as	prognostic	biomarkers	

and	achieve	accurate	cancer	cell	detection	rapidly,	there	is	an	urgent	need	of	sorting	devices	

which	can	combine	high	throughput	with	high	selectivity	and	high	isolation	efficiency.	

HIV-HPV-HSV		

The	human	immunodeficiency	virus	(HIV),	human	papilloma	virus	(HPV)	and	herpes	

simplex	virus	(HSV)	can	all	be	transmitted	sexually	as	well	as	vertically.12–14	HPV	and	HSV	

can	 also	 be	 transmitted	 by	more	 casual	 contact.13,14	 HIV	 infects	 vital	 cells	 in	 the	 human	

immune	 system	 including	 CD4+	 helper	 T-cells,	 dendritic	 cells	 and	 macrophages.	 HIV	

infection	causes	a	decline	in	number	of	CD4+	T-cells,	leading	to	the	loss	of	humoral	and	cell-

mediated	immunity	and	development	of	the	acquired	immunodeficiency	syndrome	(AIDS).15	

Infection	 by	 HPV	 is	 limited	 to	 the	 basal	 cells	 (deepest	 layer	 of	 epidermis)	 of	 stratified	

epithelium	 through	micro-abrasions	which	 can	 result	 in	warts	 or	mucosal	 flat	 lesions.16	

Some	types	of	HPV,	including	HPV-16	and	18,	may	also	induce	pre-cancerous	lesions,	and	

constitute	the	primary	risk	factor	for	cervical	cancer	in	females	and	head	and	neck	cancer	in	

males.17	Herpes	simplex	virus	types	one	and	two	(HSV-1,	HSV-2)	can	be	transmitted	sexually	

or	by	direct	contact	with	the	body	fluid	or	 lesions	of	an	 infected	 individual.18	HSV	 infects	

epithelial	 cells	 in	 mucosal	 tissue	 which	 can	 result	 in	 cold	 sores	 or	 blisters.	 It	 is	 further	

transported	along	sensory	nerves	to	 the	nerve	cell	bodies,	where	HSV	can	reside	lifelong.	

Both	HSV-1	and	HSV-2,	 in	 immunocompromised	people	such	as	 those	with	HIV,	can	have	
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severe	symptoms	and	more	frequent	outbreaks.19	In	addition,	genital	lesions	caused	by	HSV-

2	increase	the	risk	of	acquiring	a	new	HIV	infection	by	approximately	three-fold.20	With	such	

a	high	prevalence	and	co-infection	capability	of	these	viral	infections,	early,	rapid	and	low-

cost	diagnosis	is	desirable.	

Microfluidics		

Microfluidics	 is	 the	 science	and	 technology	of	 systems	 that	process	or	manipulate	

small	 (10-9	 to	 10-18	 liters)	 amounts	 of	 fluid,	 using	 channels	 with	 tens	 to	 hundreds	 of	

micrometer	dimensions.21	It	is	a	multi-disciplinary	field	that	has	led	to	the	revolution	in	rapid	

sensing	and	detection	of	chemical	and	biological	samples.	The	use	of	low	sample	volumes,	

shorter	 assay	 time	 due	 to	 high	 surface-to-volume	 ratio,	 capability	 to	 multiplex	 and	

significantly	 low-cost	 rendered	 microfluidics	 in	 various	 applications	 such	 as	 biomedical	

diagnostics,	 drug	 screening	 or	 emulsification.22	 Recently,	 there	 is	 a	 great	 interest	 in	

determining	 populations	 of	 specific	 cell	 types	 such	 as	 circulating	 tumor	 cells	 for	 cancer	

diagnosis	or	deformability	of	red	blood	cells	to	determine	the	presence	of	sickle	cell	anemia.	

In	addition,	 target	proteins	and	other	biomolecules	 such	as	antibodies,	 circulating	 tumor	

DNA	 or	 exosomes	 are	 also	 of	 great	 interest	 to	 determine	 the	 presence	 of	 any	 infectious	

agents	or	for	cancer	prognosis.		

Acoustic	Microstreaming	

Acoustic	streaming	is	a	phenomenon	of	steady	flow	generation	or	circulation	near	an	

orifice	traversed	by	sound	or	due	to	vibrating	elements	such	as	solid	cylinders	or	spheres,	

and	gas	bubbles.23	It	was	the	first	time	when	Rayleigh	et	al.	analyzed	the	acoustic	streaming	

at	a	large	scale	induced	by	sound	waves	propagating	between	parallel	plates	or	a	Kundt’s	
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tube	and	is	often	called	as	Rayleigh	streaming.24	A	special	type	of	acoustic	microstreaming	

based	on	gas	and	liquid	was	studied	for	the	first	time	by	Nyborg	et	al.	in	1956.25	He	observed	

in	the	first	arrangement	that	sonic	irradiation	caused	little	motion	of	the	liquid	after	the	air	

was	excluded	from	the	cell.	However,	when	the	small	pockets	of	air	bubbles	were	introduced,	

ordered	 vortical	 motions	 were	 observed	 nearby	 after	 lowering	 the	 sound	 pressure	 and	

slowing	down	the	motion.		It	was	then	he	introduced	bubble	associated	acoustic	streaming	

to	have	associated	with	mixing	of	cell	contents,	viscous	stresses	on	boundaries	and	impacts	

on	small	objects	 trapped	temporarily	 in	 the	 flow.	Further,	 in	one	of	 the	arrangements,	he	

described	 the	use	of	 a	 tapered	cone	 to	build	up	 the	pressure	amplitude	and	observed	an	

energetic	 streaming	motion	when	 a	 bubble	 is	 placed	 or	 formed	 near	 the	 source.	 In	 this	

arrangement,	he	utilized	the	radius	of	a	resonant	bubble	at	a	frequency	f	(cps)	as		

2𝜋𝑎𝑓 = &(
3𝛾𝑃
𝜌 )	

Where,	a	is	the	bubble	radius,	γ	is	the	ratio	of	specific	heats	for	the	gas,	P	is	the	hydrostatic	

pressure	and	ρ	is	the	density	of	the	fluid	and	concluded	that	the	most	rapid	motion	will	occur	

if	bubble	radius	and	resonant	frequency	are	correlated	by	the	above	equation.	In	the	final	

arrangement,	 he	 achieved	 higher	 amplitude	 sound	 fields	 and	 encountered	 interesting	

phenomenon	on	mechanics	of	bubble	growth	when	a	liquid	contains	dissolved	gas	but	no	

visible	bubbles.	After	the	sonic	actuation,	he	observed	tiny	bubbles	appearing	and	growing	

on	the	upper	surface	of	the	liquid	film	near	the	vibrating	source.	He	attributed	the	bubble	

motion	to	the	Bjerkness	forces	and	obtained	a	steady	value	<Fx>	as:	

		< 𝐹/ >= − 2
3
	5(6

7)
5/

	cosα		
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Where,	px	is	the	pressure	amplitude	assuming	the	variation	only	in	one	direction	(x).	Hence,	

for	bubbles	well	below	resonant	sizes,	cosα	=	-1	and	the	steady	 force	 is	directed	towards	

increasing	pressure	amplitude.	He	observed	that	small	bubbles	reach	the	center	of	the	tip,	

where	the	pressure	amplitude	is	maximum.	As	they	grow	to	resonant	size,	they	will	radiate	

a	higher	amplitude	 scattered	 field	of	 their	own	which	will	 attract	 small	bubbles	 towards	

itself.	After	becoming	larger	than	resonant	size,	the	bubble	is	repelled	and	rests	where	the	

pressure	amplitude	is	minimum	(cosα	=	1).	He	studied	acoustic	streaming	motions	induced	

by	the	vibrating	tips	with	this	arrangement	to	achieve	circulatory	motion	of	small	particles	

as	shown	in	Fig.	2	He	observed	greatest	speeds	at	points	near	the	tip	which	decrease	with	

distance.	He	finally	concluded	that	near	the	rigid	surface	of	the	acoustic	source,	an	acoustic	

boundary	layer	exists,	where	the	particle	velocities	rise	quickly	from	zero	to	free-field	values	

given	 by	 standard	 non-viscous	 standard	 acoustics	 theory	 and	 that	 the	 streaming	 from	

vibrating	bubbles	at	resonance	is	attributed	to	viscous	stresses.25			

	

	

	

	

Figure	2:	Acoustic	streaming	pattern	near	the	vibrating	tip	with	maximum	velocity	and	

acceleration	just	outside	the	periphery	of	the	tip.	Reprinted	with	permission	from	

reference	number	25.	Copyright	©	1956	AIP	Publishing.		

After	 1956,	 Elder	 et	 al.	 continued	 the	 work	 of	 Kolb	 and	 Nyborg	 et	 al.	 and	 made	

significant	contribution	for	bubbles	or	cavities	undergoing	volume	resonance,	also	called	as	

cavitation	microstreaming	in	1958.26	He	utilized	a	dilute	suspension	of	aluminum	dust	and	
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made	his	experimental	observation	of	acoustic	streaming	as	a	function	of	driver	amplitude	

near	a	vibrating	air	bubble	(just	smaller	than	the	resonant	size)	situated	at	the	bottom	of	a	

vessel	filled	with	viscous	liquid.	He	found	that	the	damping	ratio	(pressure	amplitude	of	the	

incident	wave,	P0/pressure	amplitude	of	the	scattered	wave,	Ps)	for	small	viscosities	is	less	

than	the	damping	constant	of	a	free	bubble	of	same	volume,	compressed	by	the	same	amount	

due	to	a	bubble	located	on	a	rigid	boundary	being	a	better	scatterer.	He	further	attributed	

this	excess	damping	to	viscous	drag	 in	 the	acoustic	boundary	 layer,	where	the	tangential	

component	of	the	acoustic	particle	velocity	drops	to	zero.		

He	observed	 streaming	 fields	near	excited	bubbles	and	generalized	 four	modes	of	

streaming	as	a	response	to	different	amplitude	and	viscosity	of	the	fluid	as	shown	in	Fig.3.			

The	first	regime	is	observed	with	the	addition	of	a	detergent	in	a	solution	of	low	viscosity	

and	associated	with	the	presence	of	an	acoustic	boundary	layer	on	the	bubble	surface.	The	

second	regime	was	specifically	important	and	was	apparent	for	wide	range	of	amplitudes	

and	viscosities.	He	plotted	the	vorticity	 for	various	positions	(x	and	y)	and	attributed	the	

crossover	 from	 clockwise	 vortex	 to	 counter-clockwise	 for	 positive	 x	 at	 y=2.3δac	 to	 the	

presence	 of	 the	 phase	 in	 the	 first	 order	 streaming	 velocity	 solution.	 Third	 regime	 was	

specifically	 for	 liquids	 of	 low	 viscosities	 at	 sufficiently	 large	 amplitudes	 and	 was	 not	

observed	at	higher	viscosities.	The	mechanism	for	this	regime	was	not	described	but	was	

attributed	to	the	mobility	of	free	cavitation	bubbles.	Fourth	regime	occurred	only	in	least	

viscous	 solutions	 at	 very	 high	 amplitudes	 seemed	 similar	 to	 second	with	 the	 absence	 of	

lower	vortex	ring	owing	to	the	proximity	of	turbulent	bubble	surface	hindering	the	steady	

state	condition	and	rapid	speed	of	the	tracer	particles	becoming	difficult	to	follow.	Finally,	

he	concluded	that	 the	occurrence	of	different	 types	of	streaming	was	associated	with	the	



www.manaraa.com

8 
 

presence	 of	 first	 order	 effects	 and	 it	 is	 necessary	 to	 specify	 the	 surface	 condition	 of	 the	

bubble	in	order	to	accurately	predict	the	streaming	type.26		

	

	

	

	

	

	

	

	

Figure	3:	Four	regimes	of	streaming.	Reprinted	with	permission	from	reference	number	

26.	Copyright	©	1958	AIP	Publishing.	

It	was	in	early	60’s	that	theoretical	developments	took	place	in	the	field	of	oscillatory	

unsteady	boundary	layers	formed	on	solid	bodies	such	as	spheres	or	cylinders	present	in	

fluctuating	 external	 flow	 of	 small	 amplitude	 by	 Stuart	 el	 al.27	 Although	 the	 liquid-solid	

microstreaming	 phenomenon	 are	 not	 utilized	 here,	 we	 understood	 its	 importance	 in	

clarifying	the	cavitation	microstreaming	boundary	layer	fundamentals.	The	general	laminar	

boundary	layer	governing	equation	for	a	curved	surface	(surface	curvature	is	neglected,	or	

curvature	is	large)	is	given	by:	

5<
5=
+ 	𝑢 5<

5/
− 	𝑤 5<

5A
= 		 5B

5=
+ 𝑈	 5B

5/
+ 	𝜈 5

7<
5/7
			 	 	 	 	 	 	 							(1)	

57E
5A	5=

+	5E
5A
	 5

7E
5/	5A

−	5E
5/
	5
7E
	5A7

= 	 5B
5=
+ 	𝑈	 5B

5/
+ 	𝜈 5

FE
5AF

		 	 	 	 	 																					(2)	
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Where,	 𝑢	 = 	5E
5A
	 	 ,	𝑤 = −5E

5/
	 	 are	 the	 corresponding	 velocity	 components.	U	 (x,	 t)	 is	 the	

external-flow	velocity	(outside	the	boundary	layer)	defined	as:	

	𝑈(𝑥, 𝑡) = 	 J
K
	𝑈L	(𝑥)	(𝑒NO= +	𝑒PNO=)	 	 	 	 	 	 	 	 							(3)	

𝑈L	is	the	steady	potential	fluid	flow	at	the	solid	surface	and	the	oscillatory	boundary	layer	

thickness	as	mentioned	previously	is	δ	=	(ν/ω)1/2.	Dimensionless	variables	V,	ξ,	η	and	τ	were	

introduced	to	simplify	the	equation	where,	

U	(x,	t)	=	𝑈Q	𝑉	(𝜉, 𝑡),	𝑧 = 	𝜂	(2𝜈/𝜔)1/2,	𝜓 =	 (2𝜈/𝜔)1/2	𝑈Q𝜒	(𝜉, 𝜂, 𝑡),	

𝑥 = 	𝜉𝑑,	𝑡 = 	𝜏/𝜔,	𝑈L(𝑥) = 𝑈Q	𝑉L	(𝜉)	,	𝛼 =	𝑈Q/𝜔𝑑	

With	𝑈Q	as	the	characteristic	speed	of	the	solid	surface	and	d	as	the	characteristic	length,	the	

generalized	equation	then	becomes:	

𝜔𝑈Q
57]
5^5_

+	B`
7

a
	5]
5^
	 5

7]
5^5b

−	B`
7

a
	5]
5b
	5
7]
5^7

= 	𝜔𝑈Q
5c
5_
+	B`

7c
a
	5c
5b
+	O

K
	𝑈Q 	

5F]
5^F
					 	 							(4)	

57]
5^5_

− J
K
	5
F]
5^F

− 5c
5_
= α	(−	5]

5^
	 5

7]
5^5b

+	5]
5b
	5
7]
5^7

+ 𝑉	 5c
5b
	)	 													 	 	 	 							(5)	

The	above	boundary	layer	equation	is	valid	for	small	α,	where	RHS	can	be	neglected	and	a	

solution	of	𝜒	can	be	developed	in	the	form	of	power	series	expansion	as	shown	below:	

𝜒 = 	 J
K
	𝑉L(𝜉)d𝜒L(𝜂)	𝑒N_ + 𝜒Le(𝜂)	𝑒PN_f + 	𝛼	 g𝜒h	(𝜉, 𝜂) +	

J
K
	i𝜒K𝑒KN_ +	𝜒Ke	𝑒PKN_jk + 𝑂(𝛼K)						(6)	

Where,	𝜒L	is	the	first	order	oscillatory	stream	function,	𝜒h	is	the	steady	second	order	stream	

function	and	𝜒K	is	the	second	order	unsteady	oscillatory	stream	function	inside	the	boundary	

layer.	Solving	for	𝜒L	by	substituting	the	solution	independent	of	α	in	LHS	of	above	equation,	

with	the	following	initial	and	boundary	conditions:		

𝜒L	(𝜂) = 	
𝜕𝜒L
𝜕𝜂 = 0, 𝑎𝑡	𝜂 = 0	
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𝜕	𝜒L
𝜕𝜂 → 1, 𝑎𝑠	𝜂 → ∞	

N
K
	𝑉L g

5]s
5^
	𝑒N_ −	5]se

5^
	𝑒PN_k − cs

3
	g5

F]s
5^F

	𝑒N_ +	5
F]se
5^F

	𝑒PN_k −	 Ncs
K
d𝑒N_ − 𝑒PN_f = 	0					 	 							(7)	

Bringing	the	coefficients	of	𝑒N_	and	𝑒PN_	together	and	equating	the	individual	terms	to	zero:	

5F]s
5^F

− 2𝑖 5]s
5^
+ 2𝑖 = 0	 	 	 	 	 	 	 	 	 							(8)	

Hence,	𝜒L = 	𝜂 +	uv
K
	(1 − 𝑖)𝑒(JwN)^ −	𝑐K

(JPN)
K
	𝑒P(JwN)^ + 𝑐y	 	 	 		 						(9)	

Inserting	the	boundary	conditions	to	solve	constants	c1,	c2,	and	c3,	we	get	

𝜒L = 	𝜂 − J
K
	(1 − 𝑖)[1 − 𝑒P(JwN)^]		 	 	 	 	 	 	 	 					(10)		

Substituting	the	higher	order	terms	of	α	from	equation	6	to	equation	5,	we	get:	

−|
K
	5

F]}
5^F

= |
3
	𝑉L

5cs
5b
g5]s
5^
	𝑒N_ + 5]se

5^
	𝑒PN_k

K
+ |

3
	𝑉L

5cs
5b
	 d𝜒L𝑒N_ + 𝜒Le𝑒PN_f g

57]s
5^7

	𝑒N_ +	5
7]se
5^7

	𝑒PN_k +

|
3
	𝑉L

5cs
5b
[𝑒N_ + 𝑒PN_	]K		 	 	 	 	 	 	 	 	 					(12)	

Since	there	is	no	time	dependence	on	LHS,	we	get:	

5F]}
5^F

= 𝑉L
5cs
5b
	g5]s
5^
	5]se
5^
− J

K
	𝜒L

57]s
5^7

− J
K
	𝜒Le	5

7]se
5^7

− 1k		 	 	 	 	 					(13)	

Due	to	the	third	order	differential	equation,	 the	solution	should	be	of	 the	 form:	𝜒h = 𝐴 +

𝐵𝜂 + 𝐶𝜂K.	The	boundary	condition	for	obtaining	𝜒h	are	as	follows:		

𝜒h	(𝜂) = 	
𝜕𝜒h
𝜕𝜂 = 0, 𝑎𝑡	𝜂 = 0	

𝜕	𝜒h
𝜕𝜂 → 𝑓𝑖𝑛𝑖𝑡𝑒, 𝑎𝑠	𝜂 → ∞	

With	𝜒L	available	as	a	function	of	𝜂,	and	𝜒Le	as	a	complex	conjugate,	we	get,		

5F]}
5^F

+	𝑉L
5cs
5b
	gJ
K
𝑒P(JwN)^{(1 + 𝑖)𝜂 − 𝑖 + 2} + J

K
𝑒P(JPN)^{(1 − 𝑖)𝜂 + 𝑖 + 2} − 𝑒PK^k = 0							(14)	
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5F]}
5^F

= 	𝑉L
5cs
5b
	[𝑒PK^ − 𝑒P^(𝜂 + 2) cos 𝜂 − 𝑒P^ sin 𝜂 	(𝜂 − 1)]	 	 	 	 					(15)	

Where,	𝑒P(JwN)^ = 	 𝑒P^(cos 𝜂 − 𝑖 sin 𝜂)	and	𝑒P(JPN)^ = 	 𝑒P^(cos 𝜂 + 𝑖 sin 𝜂).	Integrating	three	

times	yields:	

𝜒h = 	𝑉L
5cs
5b
	g− J

�
𝑒PK^ − 𝑒P^(cos 𝜂 + sin 𝜂) +	J

3
𝑒P^(− cos𝜂 + sin 𝜂) − J

3
	𝑒P^(cos 𝜂 + sin 𝜂 +

2𝜂 sin 𝜂) +	𝑐J𝜂K +	𝑐K𝜂 + 𝑐yk		 	 	 	 	 	 	 	 					(16)	

The	boundary	condition	generates,	c1,	c2,	and	c3	as	0,	-3/4	and	13/8,	finally	giving:	

𝜒h = 	𝑉L
5cs
5b
	gJy
�
− y

3
𝜂 − J

�
𝑒PK^ − y

K
𝑒P^ cos 𝜂 − 𝑒P^(sin 𝜂) − J

K
	𝑒P^(𝜂 sin 𝜂)k						 	 					(17)	

Now,	the	steady	velocity	us	is	defined	as:	𝑢h = 	𝛼 5E}
5^
	5^
5A
,	where:	

5E}
5^

= 	𝑈Q�
K�
O
	 5]}
5^
	 	 	 	 	 	 	 	 	 	 					(18)	

𝑢h = 𝛼𝑈Q�
K�
O
	𝑉L

5cs
5b
	�− y

3
� = 	 �− y

3w
�	𝑈L	𝑈′L	 	 	 	 	 	 					(19)	

This	steady	flow	velocity,	𝑢h	is	non-zero	at	the	edge	of	the	boundary	layer.	Stuart	et	

al.	argued	the	importance	of	Reynolds	number,	𝑅h = 	
B`7

O�
	in	determining	the	decay	of	𝑢h	with	

distance	from	the	wall.	For	small	Rs,	he	mentioned	that	the	flow	outside	the	thin	boundary	

layer	 is	governed	by	 linearized	Navier-Stokes	equation	of	slow	motion.	Stuart	et	al27.	and	

Riley	et	al.28	both	determined	the	presence	of	outer	boundary	layer,	especially	at	large	Rs	and	

is	driven	by	the	above	velocity	equation.	

Following	the	streaming	patterns	near	a	spherical	drop	or	a	bubble,	Riley	et	al.29	in	

1992	considered	steady	streaming	about	a	circular	cylinder	when	plane	sound	waves	are	

incident	 upon	 it	 from	 orthogonal	 directions	 to	 determine	 the	 steady	 streaming	 velocity	
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which	drives	 the	outside	Stokes	boundary	 layer.	With	𝜓	 as	 the	 stream	 function,	 the	 flow	

around	the	cylinder	is	given	by	the	Navier-Stokes	Equation	in	two-dimensions:	

5(∇7E)
5=

− �
�
5iE,∇7Ej
5(�,�)

= �7

�}
∇3𝜓,			 	 	 	 	 	 	 	 					(20)	

Where,	the	velocity	components	are	defined	as,	𝑣� =
J
�
5E
5�
	and	𝑣� = − 5E

5�
.	Rs	is	the	Reynolds’	

number	 defined	 as	 𝑅h =
�Bs�
�
	 and	 characteristic	 amplitude	 𝑎𝜀 = 	 Bs

O
.	 Riley	 developed	 the	

solution	for	flow	variables	assuming	e	<<1	and	for	that,	the	stream	function	can	be	expanded	

in	powers	of	e	as:	

𝜓(𝑟, 𝜃) = 𝜓L	(𝑟, 𝜃, 𝑡) + 	𝜀{𝜓Jh(𝑟, 𝜃) + 𝜓J<(𝑟, 𝜃, 𝑡)} + 𝑂(𝜀K),	where	

To	conform	with	the	earlier	work,	Riley	chose	𝑥 = �
K
− 𝜃, 𝑦 = 𝑟 − 1	and	he	obtained	

𝜓� = ��}
K
E
�
, 𝜂 = ��}

K
�
�
	.		

Substituting	above	in	equation	20,	he	obtained		

𝜓L� = 𝑈(𝑥)[𝜂 − J
K
(1 − 𝑖)�1 − 𝑒P(JwN)^�]𝑒N=,	similar	to	equation	10	by	Stuart	in	1965,	where	

𝑈(𝑥) = −2𝑖�(𝜆 − 1) sin 𝑥 + 𝑖𝑒PN/�	obtained	by	no-slip	condition	at	h	=	0.		 	 					(21)	

Now	 considering	 the	 terms	 of	O(e)	 in	 equation	 29	 and	 taking	 the	 time	 average	<	∙>,	 he	

obtained	< 𝜓J
(<)  >	= 0,	and	

− J
K
5¡Ev

(}) 

5^¡
=	< 5(Es� ,57Es� 5^7)⁄

5(/,^)
>		 	 	 	 	 	 	 	 					(22)	

£Es�

5^
= 𝑈(𝑥)[1 − 𝑒P(JwN)^]𝑒N=		 	 	 	 	 	 	 	 					(23)	

57Es�

5^7
= 𝑈(𝑥)[(1 + 𝑖)i𝑒P(JwN)^j]𝑒N=	 	 	 	 	 	 	 	 					(24)	

< 5(Es� ,57Es� 5^7)⁄
5(/,^)

>	= 5Es�

5/
5FEs�

5^F
− 5Es�

5^
5FEs�

5/5^7
	 	 	 	 	 	 	 					(25)	
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Applying	the	identity,	< 𝑅𝑒	i𝑃𝑒N=j. 𝑅𝑒	i𝑄𝑒N=j >= J
K
𝑅𝑒(𝑃∗𝑄),	where	P*	denotes	the	complex	

conjugate	of	P	and	 integrating	three	times	after	substituting	the	differentials,	 the	authors	

obtained	with	cis	and	dis	as	constants,	

J
K
5Ev

(}) 

5^
= 𝑅𝑒[ga(BB

∗)
a/

	§− J
K
𝑖𝑒P(JPN)^ + (JPN)

�
𝑒PK^ + 𝑐J𝜂K + 𝑐K𝜂 + 𝑐y¨k − g𝑈∗

aB
a/
§�(JwN)

K
𝜂 + 𝑖 −

J
K
� 𝑒P(JPN)^ − J

3
𝑖𝑒PK^ + av

K
𝜂K + 𝑑K𝜂 + 𝑑y¨k]			 	 	 	 	 	 					(26)	

Applying	the	boundary	conditions	as	follows:	

5Ev
(}) 

5^
= 0	𝑎𝑡	𝜂 = 0	𝑔𝑖𝑣𝑒𝑠	𝑐y =

ªNPJ
�
	𝑎𝑛𝑑	𝑑y =

KPyN
3
	 	 	 	 	 	 					(27)	

5Ev
(}) 

5^
= 𝑏𝑜𝑢𝑛𝑑𝑒𝑑	𝑎𝑠	𝜂 → ∞	𝑔𝑖𝑣𝑒𝑠	𝑐J = 𝑐K = 𝑑J = 𝑑K = 0.	Therefore,		 	 	 					(28)	

5Ev
(}) 

5^
= a(BB∗)

a/
gJ
K
𝑒PK^ sin 𝜂 + J

�
𝑒PK^ − J

�
k − 𝑅𝑒[𝑈∗ aB

a/
§�JwN)

K
𝜂 + 𝑖 − J

K
� 𝑒P(JPN)^ − J

3
𝑖𝑒PK^ +

KPyN
3
¨]	 	 	 	 	 	 	 	 	 	 	 	 					(29)	

With	U(x)	as	in	above	expression	(equation	21),	Riley	obtained	

aB
a/
= −2𝑖(𝜆 − 1) cos 𝑥 − 2𝑖𝑒PN/ 	 	 	 	 	 	 	 	 					(30)	

aB∗

a/
= 2𝑖(𝜆 − 1) cos 𝑥 + 2𝑖𝑒N/ 	 	 	 	 	 	 	 	 					(31)	

𝑈∗ aB
a/
= 2(𝜆 − 1) sin 2𝑥 + 2(𝜆 − 1) sin 2𝑥 − 4𝑖𝜆	 	 	 	 	 	 					(32)	

𝑈 aB∗

a/
= 2(𝜆 − 1)K sin 2𝑥 + 4(𝜆 − 1) sin 2𝑥 + 4𝑖𝜆	 	 	 	 	 	 					(33)	

𝑈h	𝑎𝑠	𝜂 → ∞	𝑡ℎ𝑒𝑛	𝑏𝑒𝑐𝑜𝑚𝑒𝑠	[a(BB
∗)

a/
�− J

�
� − 𝑅𝑒[𝑈∗ aB

a/
�KPyN

3
�]	 	 	 	 					(34)	

𝑈h =
y
K
(1 − 𝜆K) sin 2𝑥 + 3𝜆	 	 	 	 	 	 	 	 	 					(35)	

Marmottant	and	Hilgenfeldt	et	al.30,	 in	2003,	 together	explained	the	mechanism	of	

sonoporation	 in	giant	unilamellar	 lipid	vesicles	 (GUVs)	by	violently	 collapsing	bubbles	 in	
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microfluidic	devices	both	theoretically	and	experimentally.	He	observed	the	vesicles	being	

alternately	 attracted	 (in	 loop-like	 trajectories)	 and	 repelled	 (radially	 upwards	 and	

downwards)	 vigorously	 around	 the	 bubble.	 They	 concluded	 second-order	 effect	 of	 the	

nonlinearity	 in	 the	 Navier-Stokes	 equation	 due	 to	 four-fold	 increase	 of	 vesicle	 speed	 at	

double	driving	amplitudes.	Qualitatively,	at	low	viscosities	(n=1x10-6	m2/s	for	pure	water),	

the	 recirculation	patterns	 they	obtained	were	 different	 than	obtained	 by	Elder	et	al.26	 in	

1958	in	millimeter	sized	bubbles.	Theoretically,	they	concluded	that	micrometer	scales	of	

the	 experiments	 lead	 to	 a	 different	 regime	 of	 streaming	 motion	 in	 contrast	 to	 ‘Stuart	

Streaming’	 as	explained	by	Lighthill	et	al.,	 1978.31	They	obtained	 small	Reynolds	number	

defined	 in	Riley	et	al.32	1971	as	~0.04,	 and	considered	secondary	streaming	as	Rayleigh-

Nyborg-Westervelt	(RNW)	streaming.30			

	

	

	

	

	

	

	

Figure	4:	Streamlines	due	to	acoustic	microstreaming	a)	Trajectories	of	the	lipid	vesicles	in	

a	side	view	obtained	experimentally	b)	Superimposition	of	the	measured	lipid	vesicle	

trajectories	along	with	streamlines	of	the	flow	achieved	computationally.	Reprinted	with	

permission	from	reference	number	30.	Copyright	©	2003	Springer	Nature.		

a)	 b)	
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Following	 the	 studies	 of	 streaming	 patterns	 by	 encapsulated	 microbubbles	 in	

microfluidic	devices,	Wiklund	et	al.	defined	cavitation	microstreaming	as	the	flow	formed	by	

the	 viscous	 dissipation	 of	 acoustic	 energy	 in	 the	 boundary	 layer	 of	 a	 stably	 oscillating	

microbubble.33	Therefore,	after	analyzing	the	mechanism	with	free	bubbles	in	liquid,	it	was	

in	 2011	 and	 2012	 when	 microstreaming	 associated	 with	 sessile	 bubbles	 were	 studied	

experimentally	 in	microfluidic	devices.34,35	 Initially,	 the	authors	experimentally	visualized	

the	bubble	induced	microstreaming	without	any	external	flow	and	observed	size	selective	

trapping	 when	 a	 mixture	 of	 2.5µm	 and	 5µm	 sized	 particles	 were	 introduced	 in	 the	

microfluidic	channel.	As	the	particles	enter	the	microchannel,	due	to	denser	streamlines	near	

the	bubble,	the	particles	crossover	to	another	streamline	and	settle	in	stable	trajectory	after	

the	application	of	streaming	flow.	Larger	particles	are	pushed	in	a	smaller	loop	while	smaller	

particles	orbit	in	larger	loops.		

	

	

	

	

	

	

	

	

Figure	5:	Particle	separation	phenomenon	a)	Schematic	illustration	of	the	circular	

streamlines	for	large	and	small	particles.	b)	Flow	field	of	the	combined	bubble	induced	

h 

a)	 b)	

c)	
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streaming	and	main-channel	Poiseuille	Flow.	c)	Schematic	of	the	boxed	region	of	(b).	

Reprinted	with	permission	from	reference	number	35.	Copyright	©	2012	AIP	Publishing.		

However,	 owing	 to	 practical	 applications	 necessitating	 the	 importance	 of	 high	

throughput,	they	superimposed	Poiseuille	flow	with	bubble	induced	microstreaming.	Here,	

at	 constant	up,	 as	 the	 streaming	velocity	 is	 increasing	at	 large	 input	voltages,	us	 starts	 to	

dominate	near	the	bubble	and	causes	two	vortex	loop	structures.	Hence,	the	Poiseuille	flow	

is	partitioned	in	two	regions	by	the	critical	streamline	at	the	hyperbolic	point	P,	and	the	fluid	

below	the	critical	streamline	has	to	pass	through	the	gap	between	the	upstream	closed	loop	

and	the	bubble	surface.	To	understand	the	mechanism	of	trapping	of	5µm	sized	particles	and	

releasing	 of	 2.5µm	 sized	 particles	 with	 superimposed	 Poiseuille	 flow,	 they	 applied	 the	

continuity	equation	and	evaluated	a	parameter	dgap	 (predicted	 critical	particle	 radius	 for	

trapping).	 	 With	 up	 and	 us	 as	 the	 mean	 Poiseuille	 velocity	 and	 streaming	 velocity,	

respectively,	they	obtained	the	following	expression:	

𝑑°�6 = 	
<±
<}
	ℎ	[3 �²

³
� − 2(²

³
)K]	 	 	 	 	 	 	 	 					(36)	

Since	the	particles	cannot	penetrate	the	bubble,	particles	with	radius	ap>dgap	will	be	pushed	

into	the	vortex	causing	them	to	be	trapped.		

Following	 the	 analytical	 expression	 and	 empirical	 observations	 for	 particle	 trapping	 and	

separation,	Rallabandi	et	al.	derived	the	steady	streaming	solution	for	a	sessile	bubble	in	a	

microfluidic	 device.	 Similar	 to	 equation	 20	 in	 Riley	 et	 al.,	 he	 developed	 an	 asymptotic	

solution	in	powers	of	e	as:		

𝜓 = 𝜓L + 𝜀𝜓J + 𝑂(𝜀K)	 	 	 	 	 	 	 	 	 					(37)	

Where,	𝜓L	is	the	leading	order	stream	function	for	first	order	oscillatory	flow	and	𝜓Jis	the	

second	order	streaming	flow	which	consists	of	both	steady	and	unsteady	components.	For	
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this,	the	authors	only	considered	the	steady	component	which	constitutes	the	Eulerian	mean	

flow	 and	 governed	 by	 the	 inhomogeneous	 Stokes	 equation	 similar	 to	 equation	 22	 in	

cylindrical	coordinates.	In	general,	since	the	steady	motion	of	individual	fluid	elements	are	

more	relevant,	they	evaluated	the	Eulerian	stream	function	with	a	Stokes	drift	term	𝜓a 	as:	

𝜓a =< [J
�
	5Es
5�
	∫−5Es

5�
𝑑𝑡] >		 	 	 	 	 	 	 	 					(38)	

Therefore,	for	periodic	interfacial	motion,	the	time-averaged	terms	can	be	expressed	in	the	

Lagrangian	stream	function	as	Ψ =< 𝜓J > +𝜓a.		

Rallabandi	et	al.	evaluated	the	bubble	dynamics	considering	both	2-D	and	3-D	configuration	

of	bubbles	and	made	significant	contribution	to	the	field	of	acoustic	microstreaming.36,37	The	

knowledge	 can	 be	 applied	 to	 the	microstreaming	 phenomenon	 in	 lateral	 cavity	 acoustic	

transducers	 as	 well	 (LCAT)	 for	 cell	 separation	 and	 fluid	 flow	 in	 microfluidic	 devices	 as	

evident	in	next	chapter.		

Lateral	Cavity	Acoustic	Transducers	(LCATs)	

In	this	thesis,	we	are	applying	the	acoustic	microstreaming	to	lateral	cavity	acoustic	

transducers	(LCAT)	for	selective	cell	capture	from	blood	and	disease	diagnosis.	LCAT	device	

generates	microstreaming	with	the	help	of	a	microfluidic	channel	comprising	an	array	of	

dead-end	side	channels	or	cavities.	When	this	device	is	primed	with	a	fluid,	air	gets	trapped	

in	the	dead-end	side	channel	and	behaves	like	a	bubble.	The	oscillation	of	these	interfaces,	

upon	actuation	by	an	acoustic	source,	leads	to	the	formation	of	a	first	order	periodic	flow	

(Fig.	3a)	within	the	fluid.	At	the	boundary,	the	magnitude	of	the	acoustically	excited	flow	is	

given	by	

𝑈L	~	𝑑w	
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Where,	U0	is	the	first	characteristic	flow	velocity	of	cavity	induced	microstreaming	which	is	

velocity	of	oscillating	 flow	due	 to	oscillatory	motion	of	 air-liquid	 interface	 in	 response	 to	

incident	 acoustic	 wave,	 d	 is	 the	 interface	 displacement	 amplitude	 and	 ω	 is	 the	 angular	

frequency	of	the	acoustic	field.	The	first	order	periodic	flow	induces	a	steady	second-order	

streaming	flow	(Fig.	3a)	near	the	air-liquid	interface	whose	magnitude	is	given	by	

𝑈h	~	
𝑈LK

w𝑟	

Where,	Us	is	the	second-order	characteristic	velocity	of	streaming	flow	which	arises	due	to	

the	net	displacement	of	fluid	parcels	during	each	air-liquid	interface	oscillation	cycle,	and	R	

is	the	equivalent	radius	of	the	air-liquid	interface.	

Previous	work	has	shown	that	microstreaming	flow	at	air-liquid	interfaces	can	trap	

particles	and	the	trajectories	are	dependent	on	particle	properties	such	as	size	and	density.38	

Wang	et	al.34	demonstrated	 that	 larger	size	particles	occupy	smaller	orbits	while	smaller	

particles	occupy	larger	orbits	in	the	perpendicular	cavities.	They	explained	that	particles	are	

unable	to	penetrate	into	the	gas	phase	of	the	air-liquid	interface,	and	that	streaming	flow	

generates	closed	 loop	vortices.	Therefore,	 the	center	of	particles	of	different	sizes	will	be	

aligned	with	different	close	loop	streamlines	resulting	in	size-dependent	orbits	as	shown	in	

Fig.	3c,	where	 the	15μm	particles	are	 forced	 into	a	 streamline	 closer	 to	 the	 center	of	 the	

vortex	compared	to	that	of	a	10μm	particle.	We	are	utilizing	an	external	syringe	pump	to	

introduce	a	bulk	 flow	 into	 the	device,	 similar	 to	Wang	et	al.35,	where	 they	observed	 that	

particle	release	from	streaming	flow	was	dependent	on	the	ratio	of	mean	bulk	flow	velocity,	

Ub	and	the	velocity	of	streaming	flow,	Us.	The	release	or	trapping	of	a	particular	sized	particle	

was	determined	by	a	value	termed	as	dgap.	They	noted	that	there	is	a	critical	streamline	that	

separates	 closed	 streamlines	 from	 open	 streamlines	 and	 the	 fluid	 below	 this	 critical	
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streamline	must	 flow	 through	 a	width	 of	 dgap,	 which	 is	 between	 the	 bubble	 surface	 and	

critical	streamline.	Since	the	particles	cannot	penetrate	the	bubble,	particles	with	a	diameter	

greater	than	2dgap	will	be	are	pushed	away	from	the	bubble	such	that	the	center	crosses	the	

closed	streamline,	causing	it	to	trap.	However,	if	the	diameter	of	the	particle	is	less	than	2dgap,	

the	center	of	the	particle	will	remain	in	the	open	streamline	causing	it	to	release	from	the	

streaming	flow	as	shown	in	Fig.	6c.		

 
	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	6:	LCAT	device	operation.	a)	Representation	of	the	first-order	(U0:	Solid	line)	and	

second-order	(US:	dashed	line)	characteristic	velocities	at	air-liquid	interface.	Reprinted	

with	permission	from	reference	number	38.	Copyright	©	2014	The	Royal	Society	of	

Chemistry.		

a)	 b
)	

c)	
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b)	Bright-field	image	showing	the	trajectory	of	the	particles	in	the	device	with	a	mixture	of	

10	µm	diameter	(million/ml)	and	15µm	diameter	particles	(10,000/ml).	c)	Schematic	of	

the	device	showing	the	open	and	closed	circular	streamlines	for	particle/cell	separation	

and	enrichment.		

This	separation	mechanism	can	be	applied	to	the	LCAT	device	as	well	and	considering	

the	symmetry	of	the	air-liquid	device	along	the	long	axis,	the	threshold	value	of	𝑈2/𝑈h	ratio	

can	 be	 determined	 to	 separate	 particles	 of	 different	 sizes.	 This	 separation	 will	 lead	 to	

trapping	of	larger	sized	particles	in	the	streaming	flow	which	further	will	help	in	enrichment	

in	a	small	volume.	Due	to	the	symmetry,	volumetric	flow	rate	can	be	assumed	to	be	divided	

evenly	along	the	long	axis	of	the	microchannel.	Based	on	continuity	theory,	the	total	flow	rate	

through	half	of	the	cross-sectional	area	of	the	microchannel	(V1)	must	be	equal	to	the	flow	

rate	through	a	narrow	gap	of	air-liquid	interface	(V2):	

𝑉J = 𝑈2
𝑤
2 𝐻	𝑎𝑛𝑑	𝑉K = 𝑈h𝑑°�6𝐻	

Where,	W	and	H	are	the	width	and	height	of	the	microchannel,	respectively.	Equating	V1	and	

V2	and	solving	for	dgap,	results	in:	

𝑑°�6 =
𝑈2
𝑈h
𝑊
2 	

Therefore,	 in	 order	 to	 allow	 10μm	 diameter	 particles	 to	 release,	 while	 trapping	 15μm	

particles,	 a	 dgap	 between	 5μm	 and	 7.5μm	would	 be	 required.	 Considering	 500μm	 as	 the	

channel	width,	10μm	particles	should	begin	to	release	from	microstreaming	vortices	when	

𝑈2/𝑈h = 0.02		while	15μm	should	begin	to	release	when	𝑈2/𝑈h = 0.03.	Hence,	an	𝑈2/𝑈h	ratio	

between	 0.02	 and	 0.03	 would	 allow	 15μm	 particles	 to	 be	 trapped	 and	 releasing	 10μm	

particles	from	microstreaming	vortices,	resulting	in	size-based	separation.	
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Materials	and	Methods	

Device	Fabrication	

1.	LCAT	alone	device:	The	LCAT	chip	is	composed	of	200	LCATs	spaced	200µm	apart	at	an	

angle	of	15°	relative	to	the	main	channel.	The	main	channel	width	and	the	side	channel	width	

were	 fixed	 to	 500µm	 and	 100µm	 respectively.	 The	 height	 of	 the	 device	 was	 remained	

constant	to	100µm.	Microfluidic	devices	were	fabricated	using	soft	lithographic	techniques.	

Silicon	wafer	was	first	cleaned	with	2%	HF	to	render	it	hydrophobic	and	dehydrated	at	120°C	

for	 15minutes.	 Negative	 photoresist,	 SU-8	 2050	 was	 spin	 coated	 per	 manufacturer’s	

(Microchem)	protocol	for	100µm	height.	Following	spin	coating,	it	was	soft-baked,	exposed,	

post	baked	and	developed.	After	hard	baking	at	200°C,	it	was	kept	in	silane	overnight.	Poly	

(dimethylsiloxane),	PDMS	(Sylgard	184,	Dow	Corning)	base	and	curing	agent	at	11.5:1	ratio	

was	mixed	and	poured	on	the	mold.	Following	degassing	in	a	desiccator,	it	was	cured	at	65°C	

overnight.	Hardened	PDMS	was	 cut	 and	 peeled	 carefully.	 Inlet	 hole	was	 punched	with	 a	

1.5mm	biopsy	punch	and	the	outlet	was	cut.	After	cleaning	the	device,	it	was	bonded	on	a	

thin	 cover	 slip	 (Fisher	 Scientific)	 using	 standard	 plasma	 procedure	 (Harrick).	 Following	

oxygen	plasma,	the	bonded	device	was	kept	on	a	hot	plate	set	at	65°C	overnight	to	make	the	

device	hydrophobic.	

2.	Spiral	iMF	+	LCAT	device:	The	devices	were	fabricated	using	standard	soft	lithography.	

PDMS	 (polydimethyl	siloxane)	was	 cast	on	a	mold	 fabricated	using	SU-8	 (MicroChem)	as	

negative	photoresist.	After	curing	PDMS	at	65ºC	for	2	hours,	it	was	peeled	and	bonded	to	a	

glass	 coverslip	 (0.17	 mm	 thick)	 using	 standard	 plasma	 bonder	 (Harrick).	 	 Bonding	 to	
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coverslip	was	done	to	ensure	efficient	actuation	and	induction	of	acoustic	field	and	the	device	

was	kept	on	a	hot	plate	at	65ᵒC	overnight	to	render	hydrophobicity.		

3.	HIV-HPV-HSV	multiplexed	device:	To	 fabricate	the	microfluidic	device,	we	patterned	

SU-8	photoresist	2050	onto	a	3-inch	silicon	wafer	following	the	manufacturer’s	protocol	for	

a	height	of	100	µm	 to	 fabricate	 the	 first	 layer	with	LCATs.	Following	 that	we	aligned	 the	

second	 layer	 (50	 µm	 height)	 with	 MA-56	 aligner	 (Karl	 Suss)	 to	 fabricate	 VCATs.	

Polydimethylsiloxane	 (PDMS)	was	 cast	 onto	 the	wafer	 at	 a	 ratio	 of	 1:11.5	 (curing	 agent:	

base).	 Following	 the	 punching	 of	 inlet	 and	 outlet	 holes,	 the	 PDMS	device	was	 reversibly	

bonded	to	a	microscope	slide	bearing	nitrocellulose	pads	using	a	solution	of	Rain-X.	

Cell	sample	preparation	and	analysis	

1.	MCF-7	cell	culture:	MCF-7	breast	adenocarcinoma	(HTB-185)	cell	line	was	procured	from	

ATCC	(Manassas,	VA)	and	cultured	per	ATCC	 instruction	 in	DMEM	(Mediatech,	Manassas,	

VA)	 supplemented	 with	 fetal	 bovine	 serum	 (10%),	 penicillin	 (100U/mL),	 streptomycin	

(100g/mL)	 (Mediatech,	 Manassas,	 VA),	 and	 Novolin	 R	 insulin	 (44U/L)	 (Novo	 Nordisk,	

Plainsboro,	NJ).	

2.	SKBR-3	cell	 culture:	 SKBR-3	breast	 adenocarcinoma	 (HTB-30)	 cell	 line	was	procured	

from	 ATCC	 (Manassas,	 VA)	 and	 cultured	 as	 per	 ATCC	 instructions	 in	 RPMI	 (Mediatech,	

Manassas,	 VA)	 supplemented	with	 fetal	 bovine	 serum	 (10%),	 penicillin	 (100U/mL),	 and	

streptomycin	(100g/mL)	(Mediatech,	Manassas,	VA).	

3.	DU-145	cell	culture:	DU-145	cells	were	cultured	as	a	monolayers	on	a	T-75	cell	culture	

flask.	ATCC-formulated	Eagle’s	minimum	essential	medium	was	used	as	the	basal	medium	

to	which	 fetal	 bovine	 serum	 (FBS)	was	 added	 (10%	 by	 volume).	 After	 the	 cells	 reached	

desired	 confluency,	 the	 culture	medium	was	 discarded	 and	 the	 adherent	 cells	 layer	was	
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rinsed	with	1X	PBS.	2.5mL	of	Trypsin	+	EDTA	was	added	 to	 the	 flask	 to	disassociate	 the	

adherent	cells.	Cells	were	observed	to	have	disassociated	in	approximately	3	minutes.	Cells	

were	then	transferred	to	10mL	Eppendorf	tube	and	7.5	mL	of	the	growth	medium	with	FBS	

was	 added.	 Cells	 were	 then	 centrifuged	 at	 1000rpms	 for	 5min	 and	 the	 pellet	 was	 re-

suspended	in	10mL	growth	medium.		

Biomarker	Staining	

1.	 Anti-Human	 EpCAM	 CD326	 antibody:	 For	 biomarker	 staining	 on	 MCF-7	 cells,	 anti-

human	EpCAM	CD326	antibody	conjugated	with	PE-Dazzle	594	(Biolegend)	was	used.	After	

obtaining	the	cell	pellet	in	an	Eppendorf	tube,	they	were	blocked	by	adding	60uL	Staining	

buffer	(1%	BSA,	0.1%	NaN3	in	1X	PBS,	pH	7.4)	to	re-	suspend	cell	pellets	with	20µL	of	FcR	

block	(Miltenyi	Biotech)	for	10	minutes.	Appropriate	volumes	of	antibody	stain	(3µg/mL)	

was	added	and	incubated	for	30	minutes	on	ice.	Following	incubation,	the	cells	were	washed	

with	staining	buffer	and	collected	by	centrifugation	at	1000rpm	for	5min.	These	pre-stained	

cells	 were	 observed	 under	 fluorescence	 and	 spiked	 in	 whole	 blood	 at	 appropriate	

concentrations.	

2.	DAPI:	 For	 nuclear	 staining	 of	WBCs,	we	 added	DAPI	 (4’,	 6-diamidino-2-phenylindole)	

stain	(Fisher	Scientific)	at	the	concentration	of	1mg/mL	and	incubated	the	sample	for	10min.	

Following	that,	we	imaged	the	stained	cells	using	DAPI	filter	of	the	fluorescent	microscope.	

Viability	assay:	Viability	of	cells	were	tested	by	using	Trypan	Blue	viability	test.	In	this	test,	

the	dye	is	taken	up	by	dead	cells	which	turns	them	blue,	whereas	live	cells	stay	clear.	Cell	

samples	(10	µL	each)	were	taken	from	inlet,	outlet	1	(non-target	cells)	and	outlet	2	(target	

cells).	10	µL	of	Trypan	Blue	was	added	to	each	of	 the	sample.	Live	cells	were	counted	by	
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ImageJ	using	a	Countess	cell	counting	chamber	slide	(Life	Technologies)	to	determine	the	

viability	of	cells	in	each	sample.		

3.	Wright-Giemsa	Staining:	The	blood	cells	 after	 separation	were	stained	using	Wright-

Giemsa	Stain	(Electron	Microscopy	Services).	After	making	the	smear	of	whole	blood	and	its	

separated	 components	 (RBCs	 and	WBCs),	 the	 cells	were	 fixed	 and	 stained	using	Wright-

Giemsa	stain	for	5	minutes.	The	glass	slide	is	then	washed	in	DI	water	carefully	and	dried	for	

observation	under	the	microscope.	

Sample	preparation	for	Monocyte	isolation	

De-identified	male	blood	sample	was	obtained	from	Institute	of	Clinical	and	translational	

science,	Irvine.	All	normal	donor	blood	was	processed	within	24	hours	after	withdrawal.	The	

blood	sample	was	diluted	to	10×	by	adding	0.9%	saline	or	1x	PBS.	This	diluted	sample	was	

then	infused	into	the	integrated	platform	using	a	single	syringe	pump	at	the	volumetric	flow	

rate	of	1.1mL/min.	The	PZT	was	actuated	at	6.5	Vpp	allowing	larger	monocytes	to	be	trapped	

in	the	micro-vortices	and	subsequent	collection	at	the	outlet	of	the	platform.	On	collection	at	

the	outlet,	the	collected	monocytes	were	stained	with	CD14	antibody	for	confirmation.	The	

protocol	 for	CD14	antibody	staining	 involved	blocking	 the	 collected	 cell	 sample	with	FcR	

block	(Miltenyi	biotec)	by	addition	of	60	µL	of	Staining	buffer	(1%	BSA,	0.1%	NaN3	in	1X	

PBS,	pH	7.4)	 for	resuspension	of	cell	pellets	and	addition	of	20µL	FcR.	The	samples	were	

incubated	on	ice	for	10	min.	4	µL	of	CD14-PE	dazzle	594	(Biolegend)	antibodies	were	added	

to	stain	the	samples	for	30min/on	ice.	The	stained	sample	was	then	washed	twice	with	1mL	

of	 staining	 buffer	 and	 then	 centrifuged	 at	 1000	 rpm	 for	 5min.	 The	 cell	 pellet	 was	 then	

resuspended	 in	 fresh	 staining	buffer	and	analyzed	on	a	 counter	 slide	using	a	 fluorescent	

microscope	(TRITC	filter).	
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Protein	Expression	and	Microarray	Printing	

Mature	HIV,	HSV	and	HPV	proteins	were	amplified	by	PCR,	inserted	into	plasmid	expression	

vectors,	expressed	by	coupled	E.	coli	based	in	vitro	transcription	and	translation	(IVTT)	and	

printed	on	nitrocellulose	coated	slides.	Approximately	1	nL	(~0.4	ng	protein	of	interest)	of	

each	IVTT	reaction	was	spotted	onto	16-pad	nitrocellulose	coated	Oncyte	Avid	Slides	(Grace	

Bio-Labs)	 using	 an	 OmniGrid	 Accent	 microarray	 printer	 (Digilab)	 equipped	 with	 a	 946	

Printhead	and	946	MP4	Spotting	Pins	 (ArrayIt).	This	array	 contains	56	of	 the	most	 sero-

reactive	HIV	proteins	produced	by	IVTT,	from	HIV-1	subtypes	A1,	A2,	B,	C	and	D	as	well	as	

HIV-2	groups	A	and	B,	plus	13	HIV	glycoproteins	produced	in	mammalian	cells	obtained	from	

the	NIH	AIDS	Reagent	Repository,	34	of	the	most	seroreactive	HSV-1	and	HSV-2	proteins	and	

24	of	the	most	sero-reactive	HPV	proteins	from	nine	publicly	available	subtypes:	HPV-1,	2,	

6,	11,	16,	18,	35,	43	and	56.	All	HSV	and	HPV	proteins	used	were	produced	by	IVTT.	

Serum	and	Saliva	Sample	Collection	and	Processing	

Anonymous	blood	and	saliva	samples	were	collected	from	normal	volunteer	donors	at	UCI	

with	IRB	approval	and	informed	consent.	Blood	samples	were	centrifuged	at	1300	rpm	for	

10	minutes	to	separate	serum	from	cells.	Saliva	was	collected	using	Sarstedt	Salivette	devices	

and	processed	according	to	the	manufacturer’s	recommendations.	Deidentified	HIV+	sera	

and	 saliva	 samples	 were	 kindly	 provided	 by	 the	 Consortium	 for	 the	 Evaluation	 and	

Performance	 of	 HIV	 Incidence	 Assays.	 One-half	 percent	 Triton	 X-100	 was	 added	 to	 the	

samples	to	inactivate	viruses.	
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Chapter	1		

LCAT	 Based	 Whole	 Blood	

Cell	Sorting,	Enrichment	and	

Characterization	

This	 chapter	 is	 adapted	 from	 the	work	 “Neha	Garg,	Trisha	M.	Westerhof,	Vick	Liu,	

Robin	Liu,	Edward	L.	Nelson,	Abraham	P.	Lee.	Whole-Blood	Sorting,	Enrichment	and	in	situ	

Immunolabeling	 of	 Cellular	 Subsets	 Using	 Acoustic	 Microstreaming.	 Microsystems	 &	

Nanaoengineering,	2018,	4,	17085.”	

1.1	Introduction	

Efficient	 separation	 of	 cellular	 populations	 from	 whole	 blood	 is	 an	 essential	

preparatory	 step	 for	many	 biological	 and	 clinical	 assays.39	 Conventional	macro-scale	 cell	

sorting	 techniques	 include	 density	 gradient	 based	 centrifugation,	 immunolabeling-based	

separation	such	as	fluorescence	activated	or,	magnetic-activated	cell	sorting	(FACS,	MACS,	

respectively)	 and	 CellSearch.	 However,	 these	 techniques	 are	 limited	 by	 separation	

sensitivity,	 large	 blood	 sample	 volume	 requirement,	 multi-step	 interventions	 prone	 to	
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artifacts,	processing	time,	and	cost.	Lab-on-a-chip	and	microfluidic	systems	developed	for	

microscale	separation	techniques	have	been	gaining	importance	over	the	past	decade.	Many	

types	 of	 unique	 cell	 sorting	 and	 enrichment	 devices	 have	 been	 devised	 but	 they	 are	 not	

usually	 able	 to	 work	 with	 unprocessed	 whole	 blood.40–43	 These	 technologies	 typically	

require	 pre-processed	 samples	 and	 cannot	 handle	 the	 physical	 properties	 and	 complex	

populations	 inherent	 in	whole	blood.44–48	They	are	 limited	 to	either	diluted	 49,50	or	 lysed	

blood	51,52,	and	in	some	cases,	density	based	centrifugation	to	reduce	blood	complexity	and	

cell-cell	interactions.53–59		

The	microfluidic	cell	sorting	technologies	that	can	handle	whole	blood,	in	general	fall	

into	two	categories:	label	free	sorting	based	on	physical	characteristics	of	the	target	cells	or	

biomarker	 labeling.	For	example,	Davis	et	al.60	utilized	deterministic	 lateral	displacement	

(DLD)	to	separate	whole	blood	components.	Nagrath	et	al.61	used	microposts	and	Stott	et	

al.62	utilized	herringbone	structures	to	capture	EpCAM+	CTCs	from	whole	blood.	In	another	

study,	Karabacack	et	al.63	 integrated	DLD	with	 inertial	 focusing	and	magnetophoresis	 for	

negative	isolation	of	CTCs	from	whole	blood.	Although	they	successfully	demonstrated	target	

cell	sorting,	they	were	unable	to	enrich	in	a	small	volume	(<50µL).	

Acoustic	microstreaming	has	been	demonstrated	in	previous	chapters	to	focus,	sort	

and	enrich	target	cells/particles	within	the	microchannel.64–66,38,35,67,34	Studies	have	shown	

negligible	 adverse	 effect	 of	 ultrasonic	 actuation	 on	 cellular	 phenotypes,	 viability	 and	

functional	 capacity.38,47,59,68	 In	 addition,	 as	 explained	 above,	 LCATs	 are	 capable	 of	 bulk	

pumping	of	the	sample	while	simultaneously	separating	particles/cells	by	size	based	on	the	

bubble	surface	oscillation	amplitude.	The	oscillation	thus	controls	the	trapping	and	releasing	

of	 particles,	 correlated	 roughly	 to	 the	 ratio	 between	 bulk	 and	 streaming	 velocities.	 As	
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depicted	in	Fig.	7a,	LCATs	integrate	the	following	sample	processing	steps	1:	separate	whole	

blood	 into	 its	 cellular	 constituents,	 2:	 enrich	 rare	 cells	 based	 on	 size,	 and	 3:	 deliver	

fluorescent	 biomolecules	 (monoclonal	 antibodies)	 to	 selectively	 label	 target	 cells.	 These	

functions	allow	one	to	identify	target	cells	based	on	two	important	characteristics	–	size	and	

surface	biomarkers	in	a	single	device.	Here,	we	are	utilizing	enrichment	ratio	(ER)	as	a	metric	

to	analyze	the	device	performance.53,69,70	It	is	defined	as	the	enhancement	of	target	cell	to	

background	cell	ratio	from	the	device	input	to	the	output	sample.70	ER	in	the	order	of	~100x	

to	1000x	 is	clinically	significant	 for	subsequent	gene	profiling	by	RT-PCR	as	discussed	by	

Tong	et	al.52,71	In	our	device,	we	enhanced	the	ER	to	170x	for	particle	mixture	(15	and	10µm	

at	 initial	 ratio	 1:1,00,000).	We	 achieved	 213x	 enrichment	 of	MCF-7	 cells	with	 respect	 to	

WBCs	when	spiked	at	10	cells/mL	in	whole	blood	while	ensuring	the	capturing	of	all	target	

cells	and	thus	avoiding	false	negatives.	
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Figure	7:	Device	schematics	for	blood	sample	preparation.	a)	Illustration	of	size-based	

separation,	enrichment	and	in	situ	immunolabeling	in	the	LCAT	device.	b)	Image	of	the	

polydimethylsiloxane	(PDMS)	based	LCAT	device.	c)	Bright-field	image	showing	the	

trapping	of	25µm	sized	particles	in	the	closed	circular	streamlines	and	release	of	10µm	

sized	particles	via	open	streamlines	
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1.2	Size	based	sorting	from	whole	blood	

At	2Vpp,	the	PZT	vibration	induced	the	pumping	of	plasma	and	small	platelets	in	the	

blood,	but	RBCs	and	WBCs	were	trapped	in	the	vortices	formed	by	the	microstreaming	flow	

(Us	).	This	resulted	in	the	collection	of	2µL	of	fluid	enriched	for	plasma	and	platelets	from	the	

outlet.	As	the	PZT	voltage	is	increased	to	2.5Vpp,	the	increase	in	𝑈2/𝑈h	results	in	RBCs	being	

released	 from	 the	microstreaming	vortices	and	collected	 from	 the	outlet.	To	 increase	 the	

purity	of	separated	sample,	excess	blood	was	pipetted	out	of	the	inlet	and	replaced	with	30μL	

of	PBS	buffer.	The	device	remained	driven	at	2.5Vpp,	until	all	RBCs	were	flushed	out	by	the	

buffer.	After	 collecting	all	 the	RBCs	 from	 the	outlet,	 the	voltage	was	 further	 increased	 to	

4.5Vpp	to	release	remaining	trapped	WBCs.	The	separated	samples	were	kept	in	individual	

vials	for	inspection.		

The	plasma	and	platelet	sample	were	viewed	in	bright	field	at	40X	on	a	countess	slide	

while	 the	 whole	 blood,	 and	 RBC	 samples	 were	 stained	 with	 Wright-Giemsa	 stain	 to	

distinguish	them	within	(Fig.8a,	8b).	WBC	samples	were	spotted	on	a	fluorescent	microscope	

using	DAPI	nuclear	stain	(Fig.	8b,	right)	followed	by	the	morphological	analysis	as	shown	in	

Fig.	8d.	By	utilizing	imageJ	software	for	enumeration,	the	plasma	sample	consists	of	96.3%	

platelets,	the	RBC	sample	consists	of	90.8%	RBCs,	and	the	WBC	sample	consists	of	66.4%	

WBCs	(Fig.	8c).	
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Figure	8:	Experimental	observations	for	sample	preparation	of	whole	blood.	a)	Smear	of	

the	whole	blood	stained	with	Wright-Giemsa	stain	(left),	10	ml	vial	of	the	whole,	

unprocessed	blood.	b)	Bright-field	image	of	the	sample	containing	platelet	rich	plasma	

(left),	Bright-field	image	of	the	smear	of	the	RBC	sample	after	sorting	from	device	(middle),	

Bright-field	and	fluorescent	image	(DAPI)	of	WBC	sample	after	device	operation	(right).	c)	

i ii iii iv v 
d 
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Bar	graph	showing	the	percentage	of	cells	in	each	sample	after	sorting	in	the	device	(n=3).	

d)	Bright-field	image	showing	intact	cell	membranes	of	different	WBC	types	(i)	Basophil,	

(ii)	Neutrophil,	(iii)	Monocyte,	(iv)	Eosinophil,	and	(v)	Lymphocyte	(stained	with	

methylene	blue,	crystal	violet	and	eosin	Y)	after	acoustic	exposure	by	LCAT	

 
1.3	Size-based	sorting	with	in	situ	immunolabelling	

In	 some	 cases,	 rare	 cells	 such	 as	 circulating	 tumor	 cells	 or	 cancer-associated	

fibroblasts	also	exist	in	our	circulatory	system.	Separation	and	enrichment	of	these	rare	cells	

is	of	prime	interest	for	both	prognosis	and	treatment	monitoring.	Post-separation	analysis	

such	as	 identification	and	enumeration	can	be	performed	by	 immunofluorescence	and	 is	

unaffected	 by	 the	 presence	 of	 non-target	 cells	 in	 the	 output	 sample.	 Currently,	 despite	

considerable	automation	along	with	blood	handling	and	separation,	detection	by	immuno-

staining	of	target	cells	is	performed	manually.	The	standard	staining	procedure	takes	at	least	

one	hour,	and	requires	expensive	centrifuges	to	collect	cells	maintained	in	suspension.	To	

maximize	the	utility	of	lab-	on-chip	devices	in	point-of-care	setting,	we	have	integrated	size-

based	separation	with	biomarker	expression	based	immunolabeling.	This	enables	our	device	

to	 integrate	 complete	 hematological	 separation	 of	 cellular	 subsets	 and	 on-chip	

immunofluorescent	 labeling	to	confirm	the	 identity	of	captured	cells	of	 interest	based	on	

both	 size	 and	 biomarker,	 reducing	 turnaround	 time,	 minimizing	 labor-intensive	 sample	

preparation,	and	limiting	cost.	

For	proof	of	concept,	MCF-7	breast	cancer	cells	(2.1x105	cells	/mL)	were	prepared	

into	a	single	cell	suspension.	The	LCAT	device	excitation	voltage	was	set	to	capture	the	larger	

MCF-7	 cells,	 followed	 by	 on-chip	 staining	 with	 anti-human	 EpCAM	 mAb	 conjugated	 to	
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PE/Dazzle	594	 (Biolegend).	30µL	of	MCF-7	 cell	 suspension	 in	PBS	was	pumped	at	2.5Vpp	

from	 the	LCAT	device	 inlet	 for	5min.	After	 the	 cells	were	 trapped	 in	 the	microstreaming	

vortices,	20µL	of	Fc	block	(Miltenyi	Biotec)	was	added	in	the	inlet	after	removing	the	extra	

cell	sample.	Fc	block	was	 flown	for	5min	followed	by	pumping	4µL	of	CD326	(0.8µg	anti-

EpCAM)	antibody	for	2min	(2µL/min).	To	prevent	the	inlet	from	emptying	and	air	entering	

the	channel,	30µL	of	staining	buffer	(1%	BSA,	0.1%	NaN3	in	1X	PBS,	pH	7.4)	was	added	to	

the	inlet	for	3min.	The	buffer	also	served	to	wash	out	any	unbound	antibodies	in	the	channel.	

After	the	cells	were	immunolabeled	in	the	device,	the	fluorescent	cells	were	imaged	on-chip	

using	a	 fluorescent	upright	microscope	 (Fig.	9a).	 Subsequently,	 stained	MCF-7	cells	were	

released	at	4.5-5Vpp	to	analyze	the	fluorescent	intensity	and	the	morphology.		
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Figure	9:	In	situ	immunolabeling	of	MCF-7	cells	from	blood.	a)	Fluorescent	image	of	

MCF-7	cells	stained	while	trapped	in	device.	Inset:	Bright-field	image	of	the	boxed	region.	

b)	Plot	of	intensity	correlation	between	staining	protocol	on	device	with	benchtop	staining	

(n=3).	c)	Fluorescent	image	of	MCF-7	cells	after	sorting,	enriching,	and	on-chip	labeling.	d)	

Bright-field	image	of	the	released	sample	containing	WBCs	(smaller)	and	MCF-7	cells.		

We	 compared	 the	 detected	 expression	 level	 of	 the	 MCF-7	 cells	 stained	 using	 a	

standard	benchtop	procedure	(0.8µg,	incubation	time	of	50-60min)	to	the	15min	in-situ	chip	

based	staining	procedure	and	a	correlation	of	91%	demonstrates	the	similar	expression	level	

detected	 via	 on-chip	 staining	 regardless	 of	 the	 shortened	 staining	 time	 (Fig.9b).	 After	

optimizing	 the	 immunostaining	 protocol,	 we	 sought	 to	 produce	 a	more	 realistic	 case	 by	

spiking	MCF-7	cells	into	normal	donor	whole	blood	samples	(50,000	cells/mL).	The	spiked	

blood	samples	were	run	through	the	device,	with	the	intent	to	separate	the	cancer	cells	from	

the	blood.	Platelets	and	RBCs	were	first	extracted,	followed	by	pumping	of	30µL	of	RBC	lysing	

buffer	 (Gibco)	 for	 5min	 to	 ensure	 complete	 removal	 of	 RBCs	 from	 the	 microstreaming	

vortices.	As	a	result,	a	mixture	of	remaining	WBCs	and	MCF-7	cells	remained	trapped	at	the	

microstreaming	vortices.	At	this	point,	we	immunostained	the	MCF-7	cells	with	anti-EpCAM	

antibody	to	discriminate	them	from	the	remaining	WBCs	on	the	device	using	the	protocol	

described	 above	 and	 released	 the	mixture	 at	4.5-5Vpp.	 The	 released	 sample	of	 20µL	was	

placed	on	a	countess	slide,	and	imaged	using	a	fluorescent	filter	(Fig.	9c),	as	well	as	bright	

field	 (Fig.	9d).	 10x	 ratio	 increment	 (ER	9.71x)	 for	 fluorescently	 labeled	MCF-7	 cells	with	

respect	 to	 WBCs	 confirms	 the	 identification	 and	 enumeration	 of	 target	 cancer	 cells	

specifically	based	on	both	size	and	marker	expression,	which	is	particularly	important	for	

clinical	blood	samples. 
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1.4	Device	optimization	at	rare	concentration	

At	this	point,	we	demonstrated	a	quick	and	portable	technique	for	separating	blood	

components	and	detecting	target	cancer	cells	by	immunolabeling	on	a	single	device.	While	

the	 size	 of	 circulating	 tumor	 cells	 ranges	 from	 15-25µm,	 the	 rate	 of	 occurrence	 is	 1-10	

cells/mL	 of	whole	 blood,	 thus	making	 them	 extremely	 difficult	 to	 track.72	 Since	 rare	 cell	

detection	requires	a	large	sample	volume	to	process	and	to	identify,	enumerate	and	analyze,	

we	used	an	external	syringe	pump.	Efficient	generation	of	bubble	induced	steady	streaming	

flow	and	 retaining	 constant	bubble	 response	 to	 the	 chosen	 resonance	 frequency	 in	LCAT	

device	depends	on	controlled	bubble	shape	and	size.	 	Since	the	LCAT	device	 is	 fabricated	

with	soft-lithography	techniques	using	PDMS,	its	gas	permeability	is	one	of	the	reasons	for	

bubble	growth	and	shrinkage.	The	LCAT	device	was	primed	with	an	aqueous	solution	of	10%	

glycerol	 in	 lipid	 to	maintain	 the	 stability	of	 air-liquid	 interfaces	and	 increase	 the	 time	of	

operation.73	Due	 to	 an	 external	 bulk	 flow,	 it	was	 imperative	 to	 optimize	 the	 device	with	

respect	to	flow	rate	and	the	voltage	applied	to	PZT.	

1.4.1	Device	Operation	

After	the	air-liquid	interfaces	were	stabilized	with	the	help	of	lipid	and	glycerol,	we	

decided	to	optimize	the	device	based	on	the	operational	parameters	such	as	voltage,	flow	

rate	and	time	of	operation.	The	sample	solution	used	for	the	characterization	of	the	device	is	

a	 mixture	 of	 10	 and	 15μm	 sized	 polystyrene	 particles	 (density	 =	 1.06g/mL)	 at	 the	

concentration	 of	million	 particles/mL	 and	 10,000	 particles/mL	 respectively.	 The	 sample	

solution	was	made	in	DI	water	with	sucrose	for	density	matching	with	BSA	and	tween	20	to	

prevent	the	coagulation	of	the	particles	and	attachment	on	the	device.	The	priming	of	the	

device	to	form	the	air-liquid	interfaces	was	done	with	aqueous	solution	of	10%	glycerol	in	
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lipid	at	10μL/min.	During	the	process	of	particle	 trapping	and	releasing,	we	collected	the	

waste	containing	10μm	sized	particle	populations	from	the	outlet	with	both	syringe	pump	

and	PZT	ON.	After	the	device	operation,	the	trapped	particles	were	released	in	20μL	after	the	

PZT	was	switched	OFF	and	pump	ON.	We	performed	the	calculations	for	particle	counts	in	

ImageJ	using	10μL	volume	in	countess	slide	by	taking	fluorescent	and	bright	field	images	of	

15	and	10μm	diameter	particles	respectively.	~100%	trapping	of	15μm	diameter	particles	

was	 confirmed	 by	 observing	 no	 fluorescent	 particle	 in	 the	 waste	 sample.	 We	 are	 using	

enrichment	ratio	as	a	quantitative	measure	to	analyze	the	performance	of	the	device	which	

is	defined	as:	

𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡	𝑅𝑎𝑡𝑖𝑜	(𝐸𝑅) =
(𝑇𝑎𝑟𝑔𝑒𝑡	𝑐𝑒𝑙𝑙𝑠 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑	𝑐𝑒𝑙𝑙𝑠)⁄ 𝑜𝑢𝑡𝑝𝑢𝑡
(𝑇𝑎𝑟𝑔𝑒𝑡	𝑐𝑒𝑙𝑙𝑠 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑	𝑐𝑒𝑙𝑙𝑠)𝑖𝑛𝑝𝑢𝑡⁄ 	

1.4.2	Flow	rate	as	a	parameter	

Bulk	flow	velocity	focusses	the	smaller	non-target	particles	along	the	center	line	of	

the	channel	also	called	as	line	of	symmetry.	To	carry	out	the	separation	from	a	larger	volume	

of	sample,	we	utilized	an	external	syringe	pump	to	introduce	the	bulk	flow	velocity,	Ub.	Flow	

rate	 has	 a	 direct	 correlation	 with	 bulk	 velocity	 (Ub).	 At	 low	 voltages,	 enrichment	 ratio	

decreases	with	an	 increase	with	 flow	rate	due	to	 increment	 in	𝑈2/𝑈h	beyond	0.03,	which	

leads	 to	 the	 release	 of	 target	 15μm	 particles	 (Fig.	 10a).	 However,	 at	 high	 amplitudes	

(>2.5Vpp),	 enrichment	 ratio	 increases	 first	 and	 then	 decrease	 as	 shown	 in	 Fig.	 10b.	With	

larger	 Us	 and	 smaller	 value	 of	 Ub,	 𝑈2/𝑈h	 falls	 within	 the	 range	 and	 goes	 to	 maximum	

enrichment	ratio	of	8.5x	at	25μL/min	and	2.75Vpp.	The	decrease	in	enrichment	ratio	at	flow	

rate	 lower	 than	25μL/min	 is	due	 to	𝑈2/𝑈h	 smaller	 than	0.02,	 leading	 to	 trapping	of	non-

target	smaller	particles	as	well.	
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Figure	10:	Dependence	of	enrichment	ratio	on	flow	rate	for	low	(a),	and	for	high	(b)	

voltage	values		

1.4.3	Voltage	as	a	parameter	

The	 efficient	 trapping	 of	 target	 larger	 particles	 in	 microstreaming	 vortices	 and	

removal	of	non-target	smaller	particles	in	bulk	flow	depends	on	the	competition	between	

microstreaming	 velocity	 (Us)	 and	 bulk	 flow	 rate	 (Ub).	 For	 complete	 trapping	 of	 15μm	

particles	and	release	of	10μm	particles,	0.02<	𝑈2/𝑈h	<0.03.	At	25μL/min	and	2.75Vpp,	highest	

enrichment	ratio	of	8.5x	was	observed	(Fig.	11b),	due	to	𝑈2/𝑈h	values	in	the	interval	[0.02,	

0.03].	Us	 increases	with	amplitude	increment	leading	to	decrease	of	𝑈2/𝑈h.	As	the	ratio	of	

𝑈2/𝑈h	becomes	lower	than	0.02,	non-target	smaller	particles	start	to	trap	in	microstreaming	

vortices.	This	leads	to	reduction	in	enrichment	ratio	for	voltage	values	greater	than	2.75Vpp.	

At	lower	values	of	amplitude,	lower	Us	makes	𝑈2/𝑈h	higher	than	0.03	where	target	15μm	

particles	are	also	not	 fully	 trapped	and	starts	 to	 release,	providing	 low	enrichment	 ratio.	

Similar	trend	was	observed	for	flow	rates	22.5μL/min	and	25μL/min.	

	

	

a)	 b)	
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1.4.4	Operation	with	particle	sample	

After	 the	operation	parameters	were	achieved,	 enrichment	 ratio	obtained	was	8.5	

due	 to	 trapping	 of	 approximately	 40%	 of	 non-trapping	 10μm	 sized	 particles	 in	

microstreaming	vortices.	To	increase	the	purity	and	ER,	we	devised	a	washing	and	voltage	

switching	procedure	by	applying	a	short	pulse	at	low	voltage	while	keeping	bulk	flow	at	the	

same	rate	(Ub	)	(Fig.	7a).	When	Us	decreases	by	reducing	the	PZT	voltage	to	2Vpp,	the	increase	

in	 𝑈2/𝑈h	 ratio	 allows	 10µm	 particles	 to	 be	 released.	 To	 prevent	 15µm	 particles	 from	

releasing,	 this	voltage	 is	maintained	 for	only	30sec.	After	 that,	 the	 flow	 from	 the	 syringe	

pump	was	switched	off	and	the	voltage	was	increased	to	3.5Vpp	for	1.5min	to	remove	10µm	

particles	by	the	LCATs	own	ability	of	generating	bulk	flow.	We	removed	78.2%	of	non-target	

10µm	particles	(Fig.	11c),	achieving	30x	ER	from	the	same	starting	material	as	above.	To	test	

at	practical	occurrence	rate,	we	reduced	the	spiking	concentration	of	15µm	particles	to	10	

particles/mL	and	achieved	170x	ER	with	~100%	trapping	efficiency	(Fig.	11d	and	11e).	

Data	 presented	 up	 until	 this	 point	 utilized	mixtures	 of	 10μm	and	 15μm	diameter	

particle.	However,	human	erythrocytes	and	other	hematopoietic	subsets	are	much	smaller	

in	size.	Therefore,	to	better	represent	the	smaller	diameter	and	heterogeneity	of	whole	blood	

samples,	we	used	a	mixture	of	7.32	(million/mL),	10	(million/mL)	and	15μm	(10,000/mL)	

diameter	particles	to	mimic	erythrocytes,	leukocytes,	and	CTCs	respectively.	This	mixture	

was	flown	in	the	device	and	15μm	particles	were	trapped	while	releasing	7.32	and	10μm	

particles	at	operation	conditions	same	as	above.	The	enrichment	ratio	15μm	particles	was	

39	with	respect	to	7.32μm	particles	and	28	with	respect	to	10μm	particles.		
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1.5	Device	validation	with	spiked	particles	and	cultured	cancer	

cells	from	unprocessed	blood	

Data	shown	at	this	point	utilized	micro-particles	to	represent	peripheral	blood	mono-

nucleated	cells	(WBCs)	and	CTCs.	So,	it	is	imperative	to	test	the	device	capability	of	handling	

non-Newtonian	whole	blood	sample	comprising	billions	of	deformable	RBCs,	platelets	and	

leukocytes.	This	has	been	confirmed	by	spiking	25	and	15μm	diameter	particles	in	whole	

blood	and	enriching	them	while	removing	non-target	RBCs	and	WBCs.		
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Figure	11:	LCAT	device	validation	with	beads.	a)	Operational	set-up	with	external	syringe	

pump.	(b)	Device	optimization	with	respect	to	flow	rate	and	voltage.	(c)	Bright-field	image	

showing	vortices	before	(left)	and	after	voltage	switching	(right).	Plot	of	(d)	trapping	

efficiency,	and	(e)	enrichment	ratio	for	15µm	sized	particles	at	different	concentrations	in	

the	presence	of	million	per	ml	non-target	10	µm	diameter	particles	(n=3).	

We	started	with	spiking	particles	with	largest	size	in	CTC	spectrum	and	chose	25μm	

diameter	 particles	 labeled	 with	 Fluoresbrite®	 fluorophore	 having	 excitation	 (excitation	

maxima	 441nm)	 and	 emission	 spectra	 (emission	 maxima	 485nm)	 similar	 to	 fluorescein	

isothiocyanate	 (FITC).	Whole	blood	 from	healthy	donors	was	obtained	 from	 Institute	 for	

Clinical	and	Translational	Science	(ICTS)	at	UCI	after	the	IRB	approval.	We	chose	the	spiking	

range	 of	 the	 particles	 from	10,000/mL	 (Fig.	 12d)	 to	10/mL	 to	 demonstrate	 the	 rarity	 in	

whole	 blood	 volume.	 The	 parameters	 for	 device	 operation	 were	 kept	 same	 as	 above:	

25μL/min	bulk	flow	rate,	2.75Vpp	and	49.8	kHz	resonating	frequency	of	PZT	and	the	air-

liquid	 interfaces	were	made	 directly	with	 blood.	 These	 interfaces	 behaved	 similar	 to	 the	

lipid-glycerol	solution	due	to	the	high	viscosity	of	blood	and	the	presence	of	lipids/proteins	

in	it.	We	imaged	the	device	with	the	help	of	an	upright	microscope	connected	with	high	speed	

camera,	phantom	and	observed	the	channel	filled	with	RBCs	as	shown	in	Fig.	12a.	After	the	

blood	flow	for	approx.	14min,	we	used	1X	PBS	to	wash	off	the	device	and	remove	non-target	

cells.	The	assembly	 for	 the	washing	step	was	kept	same	as	above	with	the	help	of	3-way	

valve.	PBS	was	flown	for	approx.	20min	which	includes	voltage	switching.	Due	to	the	larger	

size	 of	 the	 particles,	 we	 gave	 the	 short	 pulse	 at	 2.25Vpp	 for	 30sec	 to	 release	 smaller	

RBCs/WBCs	while	keeping	25μm	particles	 trapped	as	demonstrated	 in	Fig.	12b	and	12c.	

After	 the	 device	 operation	 for	 34min,	 PZT	 was	 switched	 off	 and	 the	 trapped	 cells	were	
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released	in	20μL	volume.	We	counted	the	trapped	25μm	sized	particles	in	the	fluorescent	

image	taken	on	countess	slide	with	the	help	of	imageJ	and	observed	an	enrichment	ratio	of	

70x	with	respect	to	WBCs	keeping	in	mind	their	initial	concentration	to	be	1million/mL	(Fig.	

12e).	We	repeated	the	same	procedure	at	low	concentrations	and	achieved	an	enrichment	

ratio	of	531x	at	spiking	concentration	of	10/mL	as	shown	in	Fig.	12f.		

25μm	diameter	particles	represent	the	farthest	end	of	CTC	size.	After	observing	four	

25μm	particles	from	400μL	sample	volume,	we	decided	to	spike	smaller	sized	particles	to	

represent	CTCs	and	chose	15μm	diameter	particles.	15μm	diameter	particles	were	mixed	in	

whole	 blood	 at	 low	 concentrations	 and	 the	 spiked	 sample	 was	 operated	 at	 similar	

parameters	in	the	device.	We	used	2Vpp	for	voltage	switching	to	release	non-target	RBCs	and	

WBCs.	Three	to	four	particles	were	observed	in	the	fluorescent	image	of	the	trapped	sample	

(20μL)	ultimately	giving	the	enrichment	ratio	of	479x.		
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Figure	12:	Enrichment	of	25/15µm	sized	particles	in	whole	blood.	(a)	Bright-field	image	of	

whole	spiked	blood	in	the	LCAT	device.	(b)	Bright-field	image	during	the	washing	step	in	

the	device.	(c)	Bright-field	image	of	pure	vortices	with	25µm	diameter	particles	trapped	

after	the	device	operation.	(d)	Fluorescent	image	of	initial	spiked	blood	(with	25µm	

diameter	particles)	at	10,000	per	ml	concentration.	(e)	Fluorescent	image	of	enriched	

25µm	sized	particles	after	releasing	from	device.	(f)	Plot	of	enrichment	ratio	with	varying	
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spiking	concentration	of	25and	15µm	diameter	particles	(n=3)	for	each	spiking	

concentration.	

As	 a	 final	 proof-of-concept	 experiment,	 the	 separation	 and	 enrichment	 of	 MCF-7	

breast	cancer	cells	from	whole	blood	was	demonstrated.	MCF-7	cancer	cells	in	suspension	

were	immunofluorescently	stained	with	anti-EpCAM	antibody	and	then	spiked	into	normal	

donor	whole	blood	at	concentrations	ranging	from	1,000/mL	to	10/mL.	The	trapping	and	

enrichment	of	MCF-7	cells	was	performed	using	the	same	protocol	described	in	the	sections	

above.	After	processing	400µL	of	spiked	blood	sample	(separately	spiked	with	25µm,	15µm	

and	MCF-7	cells)	for	34min,	we	could	capture	and	image	3-4	particles	(Fig.	13a,	13b)	and	4	

cells	 (Fig.	13c)	when	 they	were	 spiked	at	 initial	 concentration	of	10/mL	 in	whole	blood,	

thereby	giving	~100%	trapping	efficiency	(Fig.	13e).	After	counting	the	fluorescent	MCF-7	

cells	in	the	final	sample,	we	obtained	213x	enrichment	at	10/mL	spiking	concentration	(Fig.	

13f).	In	addition,	we	cultured	the	enriched	MCF-7	and	SKBR-3	cells	for	3	days	in	conditioned	

media	 to	 ensure	 the	 preservation	 of	 phenotypic	 and	 genotypic	 characteristics	 after	

ultrasound	exposure	and	obtained	successful	proliferation	after	acoustic	exposure	as	shown	

in	bright	field	images	(Fig.	13d).	We	immunostained	MCF-7	and	SKBR-3	cells	in	culture	with	

DAPI	antibody	and	obtained	multiple	nuclei	as	shown	in	Figure	13d	(right).				
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Figure	13:	Enrichment	of	25µm,	15µm	and	MCF-7	cells	in	whole	blood.	Fluorescent	image	

of	(a)	25µm,	(b)	15µm	and	(c)	MCF-7	cells	released	after	analyzing	400µl	of	whole	blood	

sample	in	device	at	10/ml	spiking	level.	(d)	Bright-field	and	fluorescent	image	(DAPI)	
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showing	the	MCF-7	(top)	and	SKBR-3	(bottom)	proliferating	on	the	culture	plate.	(e)	Plot	of	

the	trapping	efficiency	for	25µm,	15µm	diameter	particles	and	MCF-7	cells	at	100/ml	and	

10/ml	spiking	concentration	in	whole	blood	(n=3).	(f)	Plot	of	enrichment	ratio	with	varying	

concentration	of	MCF-7	cells	in	whole	unprocessed	blood	sample	(n=3).	

1.6	Discussion	

Rare	cells	in	the	circulatory	system	carry	significance	for	improving	cancer	prognosis	

and	monitoring	treatment	response.39	The	ultimate	goal	of	liquid	biopsy	based	detection	of	

rare	cells	requires	a	multi-modal	system	that	can	process	raw	samples	by	separating,	sorting	

and	 enriching	 for	 specific	 cell	 populations,	 and	 finally	 identifying	 the	 targeted	 cells	 via	

known	biological	markers.74	Typically,	each	of	these	processes	require	separate	instruments	

and	 the	 transfer	 of	 samples	 across	 different	 platforms,	 resulting	 in	 lowered	 sensitivity,	

specificity,	and	added	costs.	

As	 described	here,	 our	 LCAT	rare	 cell	 isolation	 platform	 can	 process	whole	 blood	

without	dilution,	separate	out	the	cellular	subcomponents,	isolate	and	enrich	the	targeted	

size-based	population,	and	perform	in	situ	immunolabeling.	There	is	no	other	liquid	biopsy	

system	that	can	achieve	this	level	of	integration	and	multi-modal	functionality.	For	example,	

the	first	category	of	rare	cell	detection	platforms	relied	on	surface	biomarkers	(e.g.	EpCAM)	

and	the	binding	to	antibody-coated	surfaces	to	filter	and	concentrate	rare	cells	such	as	CTCs.	

However,	it	is	now	well	known	that	cancer	cells	can	undergo	EMT	(epithelial	to	mesenchymal	

transition)	in	circulation,	causing	undesired	false	negatives.1	Another	promising	category	of	

microfluidic	systems	is	“label-free”,	and	they	are	able	to	sort	blood	cells	based	on	their	sizes	

using	 known	 techniques	 such	 as	 deterministic	 lateral	 displacement	 (DLD),60,75	 inertial	

microfluidics,76	and	acoustophoresis.58,59,77	However,	recent	developments	in	oncology	have	
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shown	heterogeneity	and	great	size	overlap	between	rare	cells	such	as	CTCs	and	healthy	

WBCs.57,78	Being	able	to	separate	blood	cell	sub-populations	with	fine	resolution	to	define	a	

size	 threshold	 that	 ensures	 ~100%	 capture	 of	 targeted	 rare	 cells,	 and	 then	 identify	 the	

targeted	 cells	within	 this	 concentrated	 population	 via	 gentle	 immunolabeling	 in	 situ	 is	 a	

powerful	combination	of	techniques	needed	for	liquid	biopsy.	An	integrated	system	that	is	

multimodal,	 label-free,	 biomarker	 compatible,	 low	 cost	 and	 can	 be	 fully	 automated	 has	

enormous	potential	to	make	clinical	impact.	In	this	paper,	our	device	has	demonstrated	the	

enrichment	of	MCF-7	cells	from	whole	blood	at	concentrations	as	low	as	10/mL,	at	~100%	

capture	efficiency,	and	verified	by	EpCAM	biomarker	staining	in	situ.	In	contrast,	although	

hydrodynamic	 vortices	 based	 devices	 demonstrated	 cancer	 cell	 enrichment	 up	 to	 four	

orders	of	magnitude,	it	required	significant	blood	dilution	to	avoid	cell-cell	interactions	and	

the	capture	efficiency	was	only	~20%.49	Another	enormous	advantage	of	this	LCAT	platform	

is	 in	 the	 speed	 of	 operation	 for	 cell	 enrichment	 and	 identification.	 Considering	 just	 the	

downstream	 analysis	 and	 enumeration	 of	 target	 cells	 after	 enrichment,	 benchtop	

immunostaining	and	fixation	could	take	several	hours.	However,	to	develop	an	inexpensive	

and	 automated	 point-of-care	 device,	 we	 labelled	 the	 captured	 target	 cells	 in	 situ	 within	

15mins	and	achieved	91%	correlation	in	the	fluorescence	intensity	by	optimizing	the	LCAT	

pumped	bulk	flow.	

While	 our	 system	 has	 great	 potential	 for	 liquid	 biopsy,	 it	 may	 be	 limited	 by	

throughput	 due	 to	 the	 low	 flow	 rate	 and	 the	 instability	 of	 LCATs	 over	 time.	 Inertial	

microfluidics-based	devices	are	high-throughput	(mL/min)	but	require	significant	dilution.	

Our	 strategy	 to	 improve	 throughput	 is	 to	parallelize	LCAT	devices	and	 increase	 the	 total	

blood	 sample	 volume	 it	 can	 handle.	 We	 are	 also	 optimizing	 the	 length	 of	 the	 sorting	
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microchannels	 to	maximize	microfluidic	 channel	 length	while	minimizing	 hydrodynamic	

resistance.	Another	possibility	is	to	flow	a	second	pass	of	the	enriched	20µL	sample	in	the	

device	to	reduce	the	volume	required	in	the	first	place	since	it	is	likely	the	enrichment	ratio	

will	be	greatly	improved.	

Overall,	 this	 chapter	 demonstrates	 a	 highly	 promising	 approach	 for	 integrated	

isolation,	enrichment,	release	and	identification	of	targeted	blood	cells,	and	ultimately	could	

lead	to	the	development	of	complete	point-of-care	blood	diagnosis.	The	technology,	based	

on	acoustic	microstreaming,	processes	whole	blood	and	does	not	require	centrifugation	or	

benchside	processing	of	separated	blood	components.	Thus,	an	offshoot	of	this	technology	is	

to	create	a	complete	blood	sample	preparation	front	end	device	able	to	separate	each	of	the	

blood	cellular	component	(platelets,	RBC	and	WBC),	as	each	of	 these	components	contain	

critical	 information	 for	 the	 diagnosis	 of	 physiologic	 and	 pathologic	 conditions	 such	 as	

infectious	diseases	and	inflammatory	responses.	

1.7	Conclusion	

An	acoustic	microstreaming	based	LCAT	device	that	can	process	whole	blood	and	all	

its	cellular	constituents	by	size-based	sorting,	enrichment,	and	subsequent	biomarker-based	

identification	 is	 reported.	 This	 is,	 to	 our	 knowledge,	 the	 first	 demonstration	 of	 a	 single	

microfluidic	device	 that	 combines	 the	advantages	of	both	 label-free	detection	and	 in	 situ	

immunolabeling	to	select	for	targeted	specific	cell	types.	It	is	also	the	first	device	that	can	

separate	 and	 collect	 the	major	 components	 in	whole	 blood	 (platelet	 rich	 plasma	sample,	

RBCs	and	WBCs).	Rapid	immunolabeling	(15min)	was	demonstrated	as	targeted	cells	were	

trapped	in	microstreaming	vortices.	With	these	novel	integrated	functions,	we	demonstrated	

~100%	trapping	efficiency	of	spiked	polystyrene	beads	and	MCF-7	cells	in	whole	blood	and	
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achieved	~200x	enrichment	ratio	in	the	sorted	sample	of	20µL	for	concentrations	as	low	as	

10/mL.79		
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Chapter	2		

Integrated	 Device	 for	 High-

Throughput	 Sorting	 and	

Enrichment	

This	chapter	is	adapted	from	the	work	“Nivedita.	Nivedita*,	Neha	Garg*,	Abraham	P.	

Lee,	Ian	Papautsky.	A	High	Throughput	Microfluidic	Platform	for	Size-Selective	Enrichment	

of	Cell	Populations	in	Tissue	and	Blood	Samples.	Analyst,	2017,	142,	2558-2569.”	

2.1	Introduction	

The	field	of	microfluidics	has	seen	rapid	development	in	the	last	decade,	especially	

for	applications	involving	isolation	and	enrichment	of	cells	or	particles.80,81	Enrichment	of	

cells	 is	 particularly	 critical	 to	 sample	 preparation	 of	 complex	 biological	 fluids	 and	

heterogeneous	cell	samples,	for	a	variety	of	applications.80–82	For	example,	sub-populations	

of	cancer	cells	have	been	associated	with	stem	cell	like	properties83–85	and	may	offer	insights	

into	 cancer	 progression	 and	 metastasis,83,86–88	 while	 heterogeneity	 in	 peripheral	 blood	

monocytes	has	been	linked	to	differentiation	into	mature	tissue	macrophages,	osteoclasts	
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and	dendrite	cells.89,90	The	advantages	of	using	microfluidic	sorting	and	enrichment	systems	

lie	in	ease	of	use,	small	sample	volume	requirements,	high	efficiency,	cost-effectiveness	and	

disposable	 platforms,	 along	 with	 a	 wide	 range	 of	 separation	 modalities	 based	 on	 both	

physical	and	chemical	properties	of	cells	or	particles.81,82	

Passive	microfluidic	devices	based	on	pressure	driven	flows,	hydrodynamic	forces	and	

micro-channel	 geometry	 present	 promising	 sorting	 systems	 with	 high	 throughput	 (1–2	 mL	

min−1),	 but	 they	 are	 limited	 to	 size-based	 selectivity	 and	 subsequent	 purity	 of	 the	 sample	

obtained.	In	addition,	active	approaches	based	on	an	external	force	field	for	particle/cell	isolation	

are	highly	selective	and	present	high	isolation	efficiency	but	suffer	from	low	throughput.91,92	In	

this	chapter,	we	present	a	novel	integrated	microfluidic	platform	that	combines	a	passive	

sorting	 technique	 with	 an	 active	 enrichment	 method	 for	 high	 throughput,	 size-selective	

isolation	of	cells.	The	concept	 is	 illustrated	 in	Fig.	14a.	At	 the	 front	end	of	 the	platform,	a	

spiral	 inertial	 microfluidic	 (iMF)	 separator	 (developed	 in	 collaboration	 with	 Dr.	 Ian	

Papautsky’s	lab)	exploits	inertial	focusing	and	Dean	flows	to	remove	non-target	cells	at	high	

processing	 rate	 and	 directs	 the	 remaining	 sample	 to	 a	 lateral	 cavity	 acoustic	 transducer	

(LCAT)	 at	 the	 back	 end,	 for	 further	 selective	 enrichment	 of	 the	 target	 particles/cells	

(Fig.14b).	The	integrated	platform	was	first	characterized	using	polystyrene	particles	and	

the	 limit	 of	 enrichment	 was	 tested	 by	 spiking	 particles	 in	 blood.	 Following	 parametric	

optimization,	the	integrated	platform	was	tested	for	two	applications:	enrichment	of	larger	

sub-population	of	prostate	cancer	cells	derived	from	brain	metastasis	(DU-145	cells)93,94	and	

enrichment	 of	 larger	 monocytes	 from	 human	 peripheral	 blood.	 The	 inherent	 mismatch	

between	 the	 operational	 conditions	 and	 design	 restrictions	 for	 each	 of	 the	 two	 systems	

presented	a	number	of	design	challenges	that	needed	to	be	addressed	before	 integration.	
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Thus,	we	first	optimized	each	system	individually	keeping	the	channel	height	fixed	in	both	

systems	for	ease	of	fabrication.	The	payoff	of	this	optimization	and	subsequent	integration	

was	 the	 successful	 combination	 of	 two	 distinct	 sample	 preparation	 steps	 of	 extraction,	

isolation,	 and	 enrichment	 in	 a	 single	 platform	 with	 sorting	 throughput	 of	 50	 million	

cells/min,	 >85%	 sorting	 efficiency	 and	 44,000x	 enrichment	 with	 respect	 to	 RBCs.	 The	

demonstrated	work	is	particularly	relevant	for	applications	requiring	selective	enrichment	

of	particles/	cells	from	a	complex	mixture,	such	as	biochemical	assays,	enrichment	of	a	cell	

population	from	a	tissue	biopsy	(such	as	sub-population	of	cancer	cells)	or	isolation	of	rare	

cells	(such	as	larger	monocytes)	from	blood.	
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Figure	14:	An	integrated	platform	for	the	separation	of	particles	from	blood.	(a)	A	spiral	

iMF	device	is	integrated	into	the	front	end	for	RBC	extraction,	with	an	LCAT	in	the	back	end	

for	target	cell	isolation	and	enrichment.	(b)	Schematic	illustrating	the	size-based	separation	

dynamics	in	the	integrated	platform	

2.2	Spiral	iMF	cell	extractor	

Sorting	 of	 particles	using	 the	 concept	 of	 inertial	microfluidics	 is	 facilitated	 by	 the	

effects	 of	 inherent	 hydrodynamic	 forces	 within	 a	 laminar	 Poiseuille	 flow	 on	 motion	 of	

particles	in	a	microchannel.95–97	In	flows	with	a	moderate	Reynolds	number	(Re)	(~1	<	Re	<	

~200),	these	effects	cause	the	suspended	particles	to	focus	in	distinct	streams	according	to	

their	size.	The	net	lift	force	(FL)	acting	on	these	microparticles	is	highly	dependent	on	their	

diameter	and	can	be	defined	as	

	 	 𝐹¾ = 𝜌𝐺K𝐶¾𝑎63	 (1)	

where	𝜌	 is	 the	 carrier	 fluid	 density,	ap	 is	 the	 cell	 (or	 particle)	 diameter,	CL	 is	 the	 lift	 co-

efficient,	 and	 G	 is	 the	 shear	 rate	 that	 is	 dependent	 on	 flow	 velocity	 and	 characteristic	

length.95,96,98		

	 In	 a	 curved	 rectangular	 microchannel,	 the	 net	 lift	 force	 interacts	 with	 curvature	

induced	 Dean	 drag	 (due	 to	 Dean	 vortices)	 leading	 to	 a	 single	 equilibrium	 position	 per	

particle	size.50,95,99	The	Dean	drag	force	(FD)	can	be	defined	as	

	 	 𝐹À = 3𝜋𝜇𝑈À𝑎6	 (2)	

where	µ	is	fluid	viscosity	and		𝑈À 	is	the	average	Dean	velocity.	Since	the	ratio	of	net	lift	force	

and	Dean	drag	is	highly	dependent	on	bioparticle	size	(FL/FD	α	ap3),	the	balance	of	two	forces	

can	 be	 adjusted	 to	 manipulate	 the	 focusing	 positions	 of	 particles	 according	 to	 their	

respective	sizes.95,99	Suspended	particles	migrate	towards	a	single	focusing	position	near	the	
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inner	channel	wall	where	the	force	due	to	Dean	drag	balances	the	net	lift	force,	leading	to	

particles	 equilibrating	 near	 the	 center	 of	 inner	 channel	 wall	 with	 the	 largest	 particles	

focusing	 closer	 to	 the	wall	 (Fig.	 15a).	 This	 concept	 has	 been	 exploited	 to	 develop	 spiral	

inertial	 microfluidic	 devices	 to	 successfully	 sort	 cells	 according	 to	 their	 size.50,99,100	 For	

example,	Kuntaegowdanahalli	et	al.99	used	Archimedean	spiral	to	separate	neural	cells	with	

~80%	efficiency	and	Nivedita	et	al.50		further	improved	the	spiral	sorter	for	high	throughput,	

high	efficiency	(~90%)	plasma	and	blood	sorting.	Guan	et	al.101	used	spiral	channels	with	

trapezoidal	cross	section	for	>90%	WBCs	enrichment.	In	this	work,	we	have	exploited	the	

existing	concept	of	spiral	sorting	to	develop	a	high	throughput,	continuous	RBC	extractor	

that	is	both	integrable	and	highly	efficient.		

2.2.1	Parametric	optimization	

To	confirm	the	focusing	positions	for	the	integrated	device,	we	first	optimized	the	

spiral	iMF	extractor	separately	using	polystyrene	particles	of	sizes	comparable	to	target	

cells,	WBCs	and	RBCs.	These	size-	ranges	were	selected	to	represent	blood	cells	since	blood	

is	the	most	commonly	tested	biological	fluid.	As	such,	a	number	of	other	human	biological	

samples	such	as	cancer	cell	lines	DU-145	or	HPET	(human	prostate	epithelial/hTERT	

cancer	cell	line)	often	have	the	comparable	cell	size	range	of	7-30µm.93,94	The	Archimedean	

spiral	design	was	optimized	to	an	aspect	ratio	of	0.5.	The	inner	diameter	was	fixed	at	2mm	

with	the	input	port	of	1mm	diameter.	Center-to-center	distance	between	each	of	the	spiral	

loops	was	fixed	to	200	µm,	with	the	width	of	the	channel	being	200	µm	and	height	100	µm.	

For	parametric	optimization,	we	used	a	mixture	of	polystyrene	particles	of	diameter	7.32	

µm	(standard	deviation,	σ	=	0.53	µm)	to	represent	smaller	cell	sizes/non-target	cells	and	

25	µm	(σ	=	2.5	µm)	diameter	particles	to	represent	larger	target	cells.	The	two	sizes	
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represented	the	opposite	ends	of	the	spectrum	of	the	intended	sample	mixture.	Unlike	

previous	designs,	we	designed	the	outlet	system	with	an	asymmetric	bifurcation.	This	

asymmetric	bifurcation	causes	the	majority	of	flow	to	elute	into	outlet	1	(non-target	cells)	

and	only	a	small	portion	of	the	flow	near	the	inner	channel	wall	elutes	into	outlet	2	(target	

cells	to	LCAT).	This	allows	for	a	very	efficient	separation	of	the	focused	streams	of	7.32	and	

25	µm	diameter	particles,	as	described	below.	

	 		

	 	 	

	
Figure	15:	Design	and	optimization	of	spiral	iMF	cell	extractor.	(a)	Schematic	of	formation		

of	cross-sectional	Dean	vortices	in	a	curved	rectangular	channel	and	the	cell/particle	

focusing	regime.	(b)	Intensity	plot	across	the	channel	width	at	the	outer-most	loop	and	

before	the	expansion	in	the	spiral	sorter.	Insets	show	the	images	of	the	collected	sample	at	

the	inlet,	outlet	1	and	outlet	2.	(c)	Plot	of	the	sorting	efficiency	of	25	and	7.32	µm	diameter	

particles	eluting	into	outlet	1.	



www.manaraa.com

55 
 

	 At	Re	~	160,	the	25	µm	diameter	particles	focused	in	a	single	stream	near	the	inner	

channel	wall	and	7.32	µm	diameter	particles	focused	in	a	band	near	the	center	of	the	channel.	

The	intensity	plot	across	the	channel	width	at	the	end	of	the	outer-most	loop	of	the	spiral,	

shows	the	peak	of	focused	stream	of	25	µm	diameter	particles	with	the	FWHM	(full	width	at	

half	maximum)	of	25.11	µm,	indicating	a	tightly	focused	stream	(Fig.	15b).	The	second	peak	

in	the	plot	with	the	FWHM	of	23.02	µm	shows	the	band	of	7.32	µm	diameter	particles	focused	

towards	the	center	of	the	channel	(Fig.	15b).	The	insets	in	Fig.	2b	show	samples	collected	at	

the	inlet	and	each	of	the	outlets	indicating	the	efficiency	of	separation.	Sorting	efficiency	was	

then	quantified	as	a	function	of	flow	rate	and	with	respect	to	each	of	the	particle	sizes	in	the	

mixture	(Fig.	15c).	Sorting	efficiency	(SE)	was	calculated	by	counting	the	total	number	of	

particles/cells	in	each	outlet.		

𝑆𝐸 =
𝑁�

(𝑁� + 𝑁2)
× 100	

where	Na	is	the	number	of	target	cells	in	the	desired	outlet	(outlet	2)	and	Nb	is	the	number	

of	target	cells	in	other	outlet	(outlet	1).	Flow	rate	was	not	increased	beyond	2	mL/min	as	it	

transitions	into	unstable	secondary	flow	regime	and	disturbs	the	desired	focusing	regime.	

For	Re	~	165,	>90%	efficiency	of	sorting	7.32	µm	particles	was	observed,	indicating	that	the	

spiral	 iMF	 exactor	 could	 provide	 a	 high	 throughput	 and	highly	 efficient	 solution	 for	RBC	

extraction	in	the	integrated system. The	separated	sample	with	larger	target	particles/cells	

could	then	be	further	enriched	using	LCAT.	

2.3	Integrated	Platform	

With	LCAT	alone	device	optimization	demonstrated	in	previous	chapter,	both	the	iMF	

extractor	and	LCAT	cell	 isolator	were	 integrated	to	provide	a	novel	platform	for	selective	
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particle/cell	isolation	directly	from	a	label-free,	Ht	=	0.5	blood	sample	and	sub-population	

isolation	of	DU-145	cell	line,	as	described	in	the	following	sections.	

2.3.1	Device	Operation	

Syringe	interfaced	with	clear	Tygon	tubing	and	FEP	tubing	(1/16’’	diameter)	using	

luer	connector	was	inserted	in	syringe	pump	(New	Era)	to	control	the	flow	rate.	For	acoustic	

actuation,	 function	 generator	 (Agilent	 Technologies)	 with	 voltage	 amplifier	 (Krohn-Hite	

Corp.)	was	used	to	provide	desired	amplitude	(Vpp)	square	waveform.		These	square	waves	

actuated	a	Piezoelectric	Transducer	(Steiner	and	Martins)	at	a	resonating	frequency	of	49.8	

kHz.		For	individual	spiral	iMF	and	the	integrated	device	particle	optimization,	a	mixture	of	

fluorescent	 polystyrene	 particles	 of	 diameter	 7.32	 µm	 (Bangs	 Lab,	 S.D.	 =	 0.53µm)	

(representing	 RBCs)	 and	 25	 µm	 (Polysciences	 Inc.,	 S.D.	 =	 2.5µm)	 diameter	 particles	

(representing	larger	rare	cells)	was	used.		The	distribution	of	particles	across	the	channel	

was	 observed	 using	 an	 inverted	 fluorescence	 microscope	 (IX-71,	 Olympus).	 The	 images	

captured	 by	 the	 12-bit	 CCD	 Camera	 (Retiga	 Exi,	 QImaging),	 were	 Z-stacked	 (~10-100	

images)	using	Image	J	software.	The	individual	LCAT	device	was	optimized	using	a	mixture	

of	15	µm	(Phosphorex	Inc.,	S.D.	=	0.140)	and	10	µm	(Phosphorex	Inc.,	S.D.	=1.270)	diameter	

particles.	1’’×1’’	silicon	wafer	was	glued	(Krazy	Glue)	on	the	PZT	to	make	the	surface	more	

reflective.	PZT	was	mounted	on	a	cover	of	a	standard	petri	dish	using	double	sided	tape.	

Ultrasound	gel	(Parker	Labs	Inc.)	was	used	for	improved	conduction	between	the	glass	cover	

slip	of	the	device	and	silicon	wafer	attached	to	the	PZT.		Images	were	taken	using	Phantom	

v310	(Vision	Research	Inc.)	camera	by	means	of	an	upright	microscope	(Nikon	LV150).	The	

flow	 was	 switched	 from	 sample	 to	 PBS	 from	 a	 second	 syringe	 pump	maintained	 at	 the	

original	 flow	rate	 using	 a	 2-way	 valve.	 	 PBS	 (Life	 Technologies)	was	 used	 to	 release	 the	
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trapped	particles	and	collect	 the	enriched	sample	 from	LCAT	after	 the	 function	generator	

was	switched	off.	All	cells/particles	were	counted	by	ImageJ	using	a	Countess	cell	counting	

chamber	slide	(Life	Technologies)	under	an	inverted	microscope	(Olympus).	De-identified	

male	 whole	 blood	 samples	 were	 obtained	 from	 Hoxworth	 Blood	 Center	 (University	 of	

Cincinnati)	or	from	Institute	of	Clinical	and	Translational	Science	(University	of	California,	

Irvine).	The	blood	samples	were	diluted	using	0.9%	saline	or	PBS.	For	the	spiral	iMF	section	

of	integrated	device,	bright	field	images	were	taken	with	an	exposure	of	10	µs	and	~10-20	

images	 were	 stacked	 to	 represent	 the	 focusing	 regime.	 Single	 images	 were	 taken	 at	 an	

exposure	of	300	µs	for	imaging	trapped	particles	in	microstreaming	vortices	formed	in	the	

LCAT	section	of	the	integrated	device.	

2.3.2	Particle	optimization	with	particles	

After	 the	 optimization	 and	 parameterization	 of	 the	 individual	 components	 of	 the	

whole	device,	we	 integrated	 them	 together	 to	validate	 the	 sorting	and	enrichment	 in	 the	

same,	 single	 device.	 Our	 integrated	 platform	 combines	 spiral	 iMF	 and	 LCATs	 for	 the	

extraction	of	smaller	non–target	cells	and	subsequent	enrichment	of	larger	target	cells.		As	

discussed	 earlier,	 integration	 presented	 a	 wide	 mismatch	 of	 volumetric	 flow	 rate	 (Q)	

requirements	between	the	two	components.	Spiral	iMF	device	demonstrated	optimal	sorting	

efficiency	 at	 flow	 rates	 in	 the	 order	 of	 Q	 ~	 1500	 µL/min,	 whereas	 the	 LCAT	 gave	 high	

trapping	efficiency	at	Q	~	25	µL/min.	We	resolved	this	60×	gap	between	the	operational	flow	

rates	of	the	two	devices	by	manipulating	the	pressure	drop	across	spiral	outlet	system	and	

the	interconnecting	channel	(Fig.	16a).	The	expansion	of	channel	width	to	1000	µm	in	spiral	

iMF	 outlet	 system	 aided	 in	 sorting	 by	 separating	 the	 focused	 streams	 of	 particles/cells.	

Additionally,	this	expansion	allowed	distribution	of	the	fluid/sample	volume	across	a	larger	
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width,	thereby	allowing	further	sectioning	of	the	flow	at	the	bifurcation/outlets	causing	a	

resultant	 decrease	 in	 volumetric	 flow	 rate	 at	 the	 entrance	 of	 the	 outlet	 leading	 to	 LCAT	

(expansion	causes	reduction	 in	average	velocity	 in	m/s).	Furthermore,	 the	pressure	drop	

across	 the	 bifurcation	 combined	 with	 that	 of	 the	 interconnecting	 channel	 reduced	 the	

average	flow	rate	to	~35	µL/min	at	the	point	of	entry	for	LCAT.	This	projected	reduction	in	

flow	rate	provided	LCAT	with	the	bulk	 flow	needed	 for	 trapping	of	 larger	 cells/particles,	

although	at	a	higher	voltage	(6.5Vpp)	as	compared	to	standalone	LCAT	device.	Based	on	this	

concept,	we	 designed	 an	 integrated	 device	with	 the	 capability	 of	 extraction	 of	 bulk	 non-

target	 cells	 in	 the	 first	 stage	 (spiral	 iMF)	 and	 entrapment	 of	 larger	 target	 cells	 in	

microvortices	from	the	remaining	sample	in	the	second	stage	(LCAT).	
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Figure	16:	Integrated	device	design	and	parametric	optimization.	(a)	Schematic	of	the	

integrated	device	with	the	spiral	iMF	and	LCAT	sections	integrated	into	a	single	platform.	

(b)	PIV	scan	and	subsequent	plots	of	the	velocity	magnitude	as	observed	at	(i)	the	spiral	

outlet	channel,	(ii)	expansion	channel,	and	(iii)	LCAT	entry	channel.	(c)	Intensity	scans	

across	the	channel	width	of	the	spiral	iMF	section	within	the	integrated	device.	The	scans	

were	taken	at	the	innermost	loop	and	the	outermost	look,	for	the	standard	deviation	z-

stack.	The	inset	shows	the	pseudo	colored	standard	deviation	z-stack	of	the	focused	7.32	

µm	diameter	particles	and	>18	µm	diameter	particles.	(d)	Bright-field	images	of	the	7.32	

µm	diameter	particles	eluting	into	outlet	1	and	>18	µm	diameter	particles	eluting	into	the	

LCAT	(top),	where	they	got	trapped	in	the	microvortices	actuated	at	6.5	Vpp	(bottom).	

Integration	affected	the	flow	and	operational	regime	in	both	the	components.	Since,	

the	trapping	efficiency	in	LCAT	depends	on	bulk	flow	velocity,	the	input	flow	rate	at	spiral	

iMF	inlet	needed	to	be	reduced	to	reach	the	optimum	value.	It	was	imperative	to	accomplish	

a	reduction	in	volumetric	flow	rate,	while	maintaining	the	range	of	operational	parameters	

and	projected	sorting	and	trapping	efficiencies	as	determined	in	the	individual	optimization.	

For	this	purpose,	the	height	of	the	entire	platform	was	reduced	to	~75	µm.	The	aspect	ratio	

of	spiral	iMF	was	maintained	(AR	=	0.5)	by	reducing	the	width	to	150	µm.	The	input	Re	was	

kept	at	~160	as	determined	in	the	previous	sections.		

To	confirm	the	appropriate	reduction	in	flow	rate	within	the	platform,	we	performed	

PIV	 (particle	 image	 velocimetry).	 The	 flow	 was	 seeded	 with	 fluorescently	 labeled	

polystyrene	particles	with	diameter	2.1	µm	(Fig.	16b).	Vector	plots	were	extracted	for	each	

of	the	critical	sections	in	the	design	namely,	(i)	outlet	channel	of	the	spiral,	(ii)	expansion	

channel	 after	 the	 spiral	 extractor	 and	 (iii)	 LCAT	 entry	 channel	 post	 the	 inter-connecting	
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channel.	 Fig.16b	 shows	 the	 velocity	 plots	 obtained	 for	 each	 of	 the	 aforementioned	 three	

sections.	These	plots	illustrate	the	required	reduction	in	the	functional	flow	rate	for	LCAT	to	

entrap	the	target	particles,	while	keeping	the	net/input	processing	flow	rate	high.	

We	 started	 with	 optimizing	 the	 integrated	 device	 parameters	 with	 polystyrene	

particles	before	testing	the	device	with	any	biological	sample.	We	mixed	7.32	µm	and	18+	

µm	diameter	particles	(20	µm	and	25	µm	diameter	particles)	to	simulate	the	opposite	ends	

of	the	cell	size	spectrum	in	a	blood	sample.	The	7.32	µm	diameter	particles	at	a	concentration	

of	 106/mL	 represented	 non-target	 cells	 such	 as	 RBC/WBCs,	 while	 the	 18+	 µm	 diameter	

particles	at	a	concentration	of	10,000/mL	represented	larger	target	cells	such	as	monocytes	

or	side-populations	from	tumor	biopsies.	For	the	formation	of	air-liquid	interfaces	in	LCAT	

section	of	integrated	device,	sample	solution	was	directly	infused	into	the	integrated	device	

inlet.	 At	Re	 ~	 160,	we	 observed	 that	 7.32	 µm	particles	 eluted	 into	 outlet	 1	 and	 18+	 µm	

particles	eluted	into	the	interconnecting	channel	leading	to	LCAT.	To	illustrate	the	focusing	

regime,	we	plotted	intensity	scan	across	iMF	channel	width	at	the	inner-most	loop	and	the	

outer-most	 loop	 (Fig.	 16c).	 At	 inner-loop,	 the	entire	 channel	 had	 uniform	distribution	of	

particles	and	as	the	flow	progressed	to	outer	loop,	7.32	µm	diameter	particles	focused	in	a	

band,	thereby	eluting	into	outlet	1.		The	18+	µm	diameter	particles	focused	closer	to	inner	

channel	wall,	thereby	eluting	into	the	interconnecting	channel	towards	LCAT.	The	intensity	

scan	was	taken	using	the	standard	deviation	z-stack	of	 the	bright	 field	 images	of	 focused	

particles.	 The	 bifurcation	 at	 asymmetric	 outlet	 of	 spiral	 iMF	 was	 designed	 to	 be	 blunt	

because	 sharp	 corners	 can	 often	 result	 in	 formation	 of	 microvortices	 due	 to	 acoustic	

actuation,	which	in	turn	can	interfere	with	inertial	focusing.	Hence,	when	PZT	was	turned	on,	

we	 observed	 that	 the	 particles	 stay	 in	 the	 desired	 focusing	 regions	 irrespective	 of	 slight	
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focusing	 fluctuations	 (Fig.	 16d).	 After	 the	 actuation	 of	 the	 device	 at	 6.5	 Vpp,	 the	 18+	 µm	

diameter	 particles	 were	 trapped	 in	 the	 microstreaming	 vortices	 as	 expected	 (Fig.	 16d).	

Higher	voltages	were	used	for	optimal	trapping	to	compensate	for	the	variation	of	bulk	flow	

rate	 in	 the	 integrated	 device.	 Following	 the	 parametric	 determination,	 we	 tested	 the	

integrated	device	with	particles	spiked	in	human	blood	sample.	

2.3.3	Particles	spiked	in	blood	

The	 inherent	hydrodynamic	 forces	acting	on	 cells	used	 in	 size-based	 sorting	 in	an	

inertial	microfluidic	device	are	drastically	affected	by	blood	rheology.	Whole	blood	is	highly	

viscous	and	non-Newtonian	owing	to	the	concentration	of	plasma	proteins,	hematocrit,	and	

leukocyte	and	platelet	counts.	Dean	vortices	have	been	known	to	manifest	in	viscous	fluids,	

however,	inertial	lift	forces	which	balance	the	Dean	drag	to	focus	the	cells	and	particles	in	a	

spiral	iMF	are	substantial	only	in	a	Newtonian,	Poiseuille	flow.	To	focus	cells	and	particles	in	

the	optimized	flow	conditions,	whole	blood	was	diluted	to	reduce	cellular	interactions	and	

approach	Newtonian	 flow	 regime.	 	We	 initially	 diluted	whole	 blood	with	 a	 factor	of	 20×	

(hematocrit	Ht	=	2.4%)	and	spiked	it	with	25	µm	diameter	particles	at	10,000	particles/mL	

concentration	(Fig.	17a).	At	Re	~	160,	we	observed	that	the	particles	focused	closer	to	the	

inner	channel	wall	and	eluted	into	interconnecting	channel	towards	LCAT.	RBCs	focused	in	

a	broad	band	near	the	center	of	the	channel	and	eluted	into	outlet	1	(Fig.	17b).	To	further	

optimize	the	sorting	efficiency	of	the	device,	we	tested	blood	samples	with	dilutions	ranging	

from	20×	to	200×	and	the	resulting	Ht	of	2.4%	to	0.24%.			

Since	 the	 dilution	 factor	 is	 dictated	mainly	 by	 the	 inertial	 lift	 forces	 required	 for	

focusing,	 sorting	efficiency	and	purity	of	 the	25	µm	diameter	particles	were	evaluated	 in	

spiral	iMF	section	of	the	integrated	device.	As	expected,	the	sorting	efficiency	improved	to	
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95%	 with	 higher	 dilution	 owing	 to	 reduction	 in	 cell-to-cell	 interaction	 as	 well	 as	 more	

precise	 control	 over	 inertial	 lift	 forces	 (Fig.	 17c).	 However,	 the	 ideal	 sample	 conditions	

dictate	that	there	should	be	minimum	sample	dilution	before	running	it	through	the	device.	

Since	we	 observed	~85%	 sorting	 efficiency	 at	 20×	 dilution	 in	 spiral	 iMF,	we	 decided	 to	

operate	the	integrated	device	at	20×	dilution	or	lower	and	evaluate	the	enrichment	of	25	µm	

diameter	particles	in	the	trapped	sample	by	the	LCAT	section	of	integrated	device.	

Figure	17:	Integrated	device	operation	with	particles	spiked	in	blood.	(a)	z-stack	of	

the	bright-field	images	of	25	µm	diameter	particles	spiked	in	20x	diluted	blood	sample	at	

the	inlet	of	the	integrated	device.	(b)	z-stack	of	the	bright-field	images	of	the	focused	25	µm	

diameter	particles	eluting	into	the	interconnecting	channel	towards	the	LCAT	and	RBCs	

eluting	into	outlet	1.	(c)	Sorting	efficiency	of	the	spiral	iMF	in	the	integrated	device	for	25	

µm	diameter	particles	and	the	purity	of	the	sample	that	eluted	into	the	LCAT.	(d)	Trapped	

25	µm	diameter	particles	in	microvortices	in	the	LCAT	section	of	the	integrated	device	at	



www.manaraa.com

63 
 

varying	spiked	concentrations.	(e)	Enrichment	ratio	evaluated	at	each	of	the	spiked	

concentrations	at	the	input	of	the	integrated	device	

After	the	majority	of	RBCs	were	separated	using	spiral	iMF,	the	20×	diluted	sample	

with	WBCs	and	larger	particles	(25	µm	diameter)	eluted	into	the	LCAT	section	for	further	

enrichment.	The	concentration	of	25	µm	diameter	particles	in	input	blood	sample	was	varied	

from	10,000	particles/mL	to	1	particles/	ml	to	evaluate	the	enrichment	limit	of	integrated	

LCAT.	Lower	limit	of	1	particle/mL	was	assigned	to	provide	the	baseline	for	extraction	at	

rare	 concentrations	and	evaluate	 the	 sensitivity	of	 entrapment	 to	extreme	requirements.	

Entrapment	of	the	particles	was	observed	at	PZT	actuation	of	6.5Vpp	(Fig.	17d).	In	fact,	the	

selectivity	 was	 high	 enough	 to	 allow	 entrapment	 even	 at	 the	 low	 concentration	 of	 1	

particle/mL.		After	the	collection	of	enriched	samples	by	flowing	buffer	(PBS)	through	the	

device,	we	evaluated	the	enrichment	ratio	at	each	spiked	concentration	with	respect	to	the	

remnant	of	RBCs	and	obtained	enrichment	ratios	on	the	order	of	104	(Fig.	4e).	Additionally,	

we	observed	an	increase	in	enrichment	ratio	with	decrease	in	spiked	particle	concentration,	

suggesting	 that	 the	 device	 is	 selective	 and	 sensitive	 enough	 to	 sort	 out	 even	 the	 rarest	

particle	 populations.	 The	 reduction	 in	 enrichment	 ratio	 for	 the	 concentration	 of	 1	

particle/mL	(4.4	×	104)	can	be	attributed	to	the	entrapment	of	non-target	particles	in	the	

empty	microstreaming	vortices	over	time.	Hence,	the	integrated	platform	provides	highest	

enrichment	(8.8	×	104)	at	the	target	concentration	of	10	particles/mL.	We	also	determined	

the	recovery	rate	for	enriched	particles	from	blood	to	be	66.6%.	These	results	suggest	that	

the	integrated	device	is	capable	of	successfully	extracting	smaller	non-target	cells	such	as	

RBCs	from	the	given	heterogeneous	sample	at	a	high	throughput	and	selectively	trapping	the	

desired	particles/cells,	thereby	providing	high	enrichment	of	the	target	particles	even	at	the	



www.manaraa.com

64 
 

lower	concentrations.	Following	the	optimization	with	particles	spiked	in	blood,	we	tested	

the	platform	for	two	target	applications:	1)	sub-population	isolation	of	DU-145	cells,	and	2)	

enrichment	of	monocytes	from	human	blood.	

2.3.4	Target	applications	for	cell	enrichment 

 Cell	enrichment	is	particularly	vital	in	fundamental	cell	biology	research.	One	of	the	

critical	 questions	 being	 investigated,	 particularly	 in	 cancer	 biology,	 is	 the	 mechanism	

governing	 cancer	 progression	 and	 metastasis.	 Of	 particular	 interest	 are	 the	 rare	 sub-

populations	of	cells	within	a	cancer	cell	line	that	have	been	found	to	be	therapy	resistant.83–

85,88,102	These	cells	are	often	different	in	terms	of	the	markers	they	express,	the	ability	to	self-

renew,	along	with	being	morphologically	different	from	the	rest	of	the	cancer	tissue.83–88,103	

Hence,	 size-based	 enrichment	 of	 these	 sub-populations	 provides	 an	 alternate	 sample	

preparation	 modality	 for	 further	 investigation	 into	 their	 phenotype	 as	 well	 as	 their	

migration	 and	 invasion	 properties.	 Additionally,	 size-based	 enrichment	 of	 these	 sub-

populations	can	be	used	to	determine	if	size	is	a	defining	marker	for	such	cells	to	possess	

properties	 of	 self-renewability	 (stem-cell	 like	 properties).	 Furthermore,	 size-based	

enrichment	 provides	 a	 label-free	 approach	 which	 ensures	 the	 maintenance	 of	 sample	

integrity	for	further	investigation	and	analysis.		

	 We	used	our	integrated	platform	to	significantly	enrich	(~77×)	a	sub-population	of	

larger	DU-145	cells	(>16µm).	The	DU-145	cell	line	is	derived	from	the	prostate	metastatic	

tumor	 in	 brain.93,94	 The	 cell	 size	 range	 of	 the	 DU-145	 cell	 line	 was	 found	 to	 be	 very	

heterogeneous	with	cell	sizes	ranging	 from	7µm-28µm.93,94	We	prepared	an	 input	sample	

with	average	concentration	of	25,000	cells/mL	and	infused	the	sample	with	a	rate	of	~1.1	

mL/min.	 DU-145	 cells	 are	 adherent	 cells,	 therefore,	 the	 cell	 concentration	 at	 the	 input	
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sample	was	maintained	at	25,000	cells/mL	to	ensure	that	cells	don’t	adhere	to	each	other	to	

form	aggregates.	We	observed	entrapment	of	larger	(>16	µm)	cells	in	the	microvortices	at	

the	optimized	PZT	actuation	voltage	of	6.5	Vpp	(Fig.	18a).	The	imaging	of	the	outlet	sample	

revealed	enriched	larger	DU-145	cells.	We	plotted	the	size-comparison	of	the	inlet	sample	

and	the	outlet	sample	for	comparison	as	a	box	plot,	showing	significant	enrichment	of	larger	

cells	in	the	outlet	sample	(Fig.	18b).	The	enrichment	of	DU-145	cells	was	achieved	at	a	high	

processing	rate	of	~28000	cells/mL	and	high	purity	of	~91.7%.		Additionally,	we	were	able	

to	achieve	a	recovery	rate	of	67.5%,	which	is	comparable	to	the	recovery	rate	obtained	for	

particles	spiked	in	blood.	To	assess	the	viability	of	cells	post	enrichment,	we	performed	a	

viability	 assay	 using	Trypan	Blue	 to	determine	 the	 number	 of	 viable	 cells	 obtained	 after	

passing	through	the	integrated	platform	(Fig.	18c).	We	obtained	98.7%	viable	cells	in	outlet	

1	(non-target	cells).	These	cells	passed	only	through	the	 first	stage-spiral	extractor	of	 the	

integrated	platform.	Cells	in	outlet	2	(enriched	target	cells)	were	90%	viable	having	passed	

through	 the	 entire	 integrated	 platform	 (spiral	 extractor+	 LCAT).	 	 Enrichment	 of	 a	 sub-

population	of	cells	that	are	morphologically	different	(size)	from	the	rest	of	the	cancer	cell	

population,	provides	a	unique	sample	set	for	further	investigation	into	cancer	progression	

and	metastasis.	Post	enrichment,	these	cells	can	be	grown	to	the	required	confluency	in	a	3D	

culture	and	then	specific	assays	can	be	performed	to	determine	the	migration	and	invasion	

ability,	along	with	self-renewability	of	the	enriched	cells.	This	information	will	potentially	

provide	vital	insight	into	development	of	tumor	as	well	as	regression	in	patients	undergoing	

therapy.		

	 In	 addition	 to	 cancer	 biology,	 size-	 based	 enrichment	 is	 particularly	 relevant	 to	

hematopoietic	 cells	 which	 are	 significantly	 heterogeneous	 in	 size.	 The	 monocyte	
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heterogeneity	has	been	linked	to	macrophage	lineage	and	differentiation	into	mature	tissue	

osteoclasts	 and	 dendrite	 cells.89,90,104,105	 The	 classification	 of	 monocytes	 into	 classical,	

intermediate	and	non-classical	has	been	dependent	on	expression	of	CD14	and	CD	16.89,90	

Recent	work	has	shown	that	there	may	be	sub-populations	of	monocytes	that	differ	in	size,	

granularity,	 functionality	 and	 even	 nuclear	 morphology.106	 Furthermore,	 these	 sub-

populations	have	not	yet	been	fully	characterized	and	the	surface	markers	specific	to	each	

type	 have	 not	 yet	 been	 fully	 identified.	 For	 in	 depth	 investigation	 into	 how	 this	

differentiation	is	linked	to	the	sub-populations	of	monocytes,90,104,105	it	is	significant	to	be	

able	to	sort	these	sub-populations	without	any	labeling.	The	integrated	platform	proposed	

in	this	work	can	sort	and	enrich	a	rare	sub-population	of	monocytes.	Since	this	method	is	

label	free	(size	being	the	only	marker)	the	collected	cells	can	be	further	characterized	for	

differentiation	patterns,	granularity	and	functionality.	Here,	we	have	used	our	platform	to	

enrich	 the	 extremely	 rare	 sub-population	of	 larger	monocytes	 (18µm+).	We	 infused	 10×	

diluted	 blood	 at	 the	 rate	 of	 1.1mL/min	 into	 the	 integrated	 device	 and	 were	 able	 to	

successfully	obtain	an	extremely	pure,	enriched	sample	containing	only	larger	monocytes	

(Fig.	18d).	The	presence	of	monocytes	in	the	outlet	sample	was	confirmed	by	CD14	staining.	

Owing	to	the	extreme	rarity	of	 larger	monocytes	(~2.2%	of	mononuclear	cells),89,104,105	 it	

was	difficult	to	determine	the	exact	number	of	cells	in	the	inlet	sample.	We	estimated	the	

enrichment	of	the	target	cells	(large	monocytes)	with	respect	to	non-target	cells	to	be	987.6×.	

Fig.	18e	shows	the	size	comparison	of	the	enriched	sub-population	of	larger	monocytes	(as	

compared	 to	 the	 input	 blood	 sample	 and	 the	 non-target	 cells	 (RBCs	 and	 smaller	WBCs)	

collected	at	outlet	1.	The	average	size	of	the	enriched	sub-population	of	monocytes	was	17.3	

µm.	 For	 this	 application,	 we	 used	 human	 blood	 sample	without	 any	modifications	 to	 its	
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cellular	composition.	Therefore,	exact	recovery	rate	could	not	be	calculated	because	initial	

monocyte	 percentage	 varies	 from	sample	 to	 sample,	 so	 the	 initial	 concentration	 can’t	 be	

determined.	However,	we	are	able	to	report	the	recovery	rate	of	DU-145	cells	and	particle	

spiked	blood	as	67%.	Furthermore,	use	of	microstreaming	for	acoustic	actuation	instead	of	

standing	wave	or	cavitation,	preserves	cell	physiology	and	functionality	for	further	analysis	

of	enriched	cells.107,68		

Figure	18:	Integrated	device	used	for	two	applications	in	cellular	biology.	(a)	Bright-field	

image	of	the	larger	DU-145	cells	trapped	in	the	microvortices	of	the	integrated	device	(left),	
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along	with	images	showing	the	inlet	sample	and	the	sample	at	the	outlet	(right).	(b)	Box	

plot	showing	the	range	of	cell-sizes	of	DU-145	cell	sample	at	the	inlet	and	the	sample	

obtained	after	the	enrichment	using	the	integrated	platform.	The	plot	shows	the	

enrichment	of	larger	DU-145	cells	in	the	outlet	sample.	(c)	Plot	showing	the	viability	of	DU-

145	cells.	We	obtained	90%	viability	of	enriched	target	cells.	(d)	Images	showing	the	use	of	

the	integrated	device	for	the	isolation	of	a	sub-population	of	monocytes.	The	Wright-

Giemsa	stained	inlet	sample	shows	a	majority	of	RBCs	with	a	few	WBCs	(left).	The	outlet	

sample	obtained	contained	only	monocytes,	the	presence	of	which	was	confirmed	using	the	

CD14	fluorescent	antibody	(middle).	e)	Box	plot	showing	the	size	comparison	of	cells	at	the	

inlet	(blood	sample),	outlet	1	(non-target	cells)	and	extracted	larger	monocytes	(target	

cells)	from	outlet	2.	

The	 ability	 of	 the	 device	 to	 successfully	 enrich	 sub-population	 of	 DU-145	 and	 larger	

monocytes	at	the	high	processing	rate	along	with	high	purity	of	enriched	sample,	shows	the	

potential	versatility	and	utility	of	the	platform.	Further	improvement	on	enrichment	ratio	

and	throughput	will	ensure	that	the	device	is	comparable	to	current	state	of	the	art	lab-on-

chip	enrichment	devices.		

2.4	Discussion	and	Conclusions	
	

In	this	work,	we	have	successfully	demonstrated	an	integrated	iMF+LCAT	device	for	

selective	isolation	and	enrichment	of	cells	from	a	heterogeneous	mixture	like	cancer	cell	line	

and	blood.	Our	integrated	system	combines	passive	and	active	microfluidic	components	for	

sample	extraction	and	enrichment,	despite	the	significant	disparity	in	the	operational	flow	

rates	of	 the	two	devices.	Using	this	platform,	we	demonstrated	successful	removal	(up	to	

>90%)	of	 smaller	non-target	 cells	 (smaller	DU-145	cells	 and	RBCs	and	smaller	WBCs)	 in	
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spiral	iMF	at	the	front	end	for	minimum	interference	in	the	isolation	of	larger	target	cells.	

LCAT	or	the	back	end	of	the	platform	was	used	to	trap	larger	(18+)	cells	with	~90%	viability	

(Larger	DU-145	cells	and	large	monocytes).		

	 The	platform	can	enrich	even	the	lowest	of	concentrations	of	spiked	particles	in	blood	

(1	 particle/mL)	with	 high	 purity/enrichment	 ratio	 (44,000×).	 The	 overall	 throughput	 is	

controlled	by	the	amount	of	sample	processed	by	the	entire	platform,	which	is	~1mL/min	

(for	 bulk	 non-target	 cell	 extraction).	 Additionally,	 the	 enrichment	 of	 target	 cells	 in	 50µL	

volume	 provides	 a	 highly	 concentrated	 sample	 of	 the	 target	 cell	 population.	 Using	 this	

platform,	we	were	able	 to	successfully	enrich	 larger	side-population	of	DU-145	cells	with	

>91%	purity.	Additionally,	we	were	able	to	isolate	rare	larger	monocytes	from	10×	diluted	

blood	with	enrichment	of	987×.	In	comparison	with	the	current	microfluidic	devices	that	are	

limited	 by	 shear	 induced	 stress,75	 low	 throughput	 61	 or	 reliance	 on	 labeling,61,62	 our	

integrated	platform	offers	label	free	and	size-selective	sample	sorting	and	enrichment	in	a	

single	pass.	In	fact,	our	approach	dispenses	with	the	need	for	pre-processing	of	input	sample	

such	as	RBC	lysing	45,59,52	for	pre-processing	of	a	blood	sample	prior	to	enrichment,	thereby	

maintaining	sample	integrity.		

Our	 integrated	 platform	 eliminates	 the	 trade-off	 between	 high	 purity	 and	 high	

throughput	as	experienced	 in	previous	 size-based	microfluidic	devices.	Furthermore,	our	

approach	 offers	 a	 continuous,	 flow	 through,	 single	 step	 operation,	 unlike	 the	 multi-step	

devices	such	as	the	vortex	isolator92	that	relies	on	a	two-step	process	of	trap	and	release	with	

different	flow	rates.	In	future,	we	will	be	working	on	fine-tuning	the	size-selection	criteria	of	

the	 platform	 for	 higher	 enrichment.	 Overall,	 this	work	 demonstrates	 a	 highly	 promising	
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approach	to	selective	isolation	and	enrichment	of	particles/cells,	and	ultimately	could	lead	

to	development	of	a	single-step	blood	liquid-biopsy	platform.73	
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Chapter	3	

Disease	Diagnosis	in	

Integrated	Microarray	and	

Acoustic	Microstreaming	

Platform		

This	chapter	is	adapted	from	the	work	“Neha	Garg,	Dylan	Boyle,	Arlo	Randall,	Andy	

Teng,	 Jozelyn	 Pablo,	 Xiaowu	 Liang,	 David	 Camerini*,	 Abraham	 P.	 Lee*.	 Rapid	

Immunodiagnostics	of	Multiple	Viral	Infections	in	an	Acoustic	Microstreaming	Device	with	

Serum	and	Saliva	Samples.	Lab	on	a	Chip,	2019,	19,	1524-1533”	

3.1	Introduction	

In	2016,	an	estimated	36.7	million	people	were	living	with	human	immunodeficiency	

virus	(HIV),	including		1.8	million	new	cases	and	1	million	deaths	worldwide.108	More	than	

3.7	 billion	people	under	 the	 age	 of	 50	 –	or	67%	of	 the	 population	 –	 are	 estimated	 to	 be	
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infected	with	herpes	simplex	virus	type	1	(HSV-1),	the	primary	cause	of	oral	herpes,	and	417	

million	people	aged	15-49	years	are	estimated	to	be	infected	with	HSV-2,	the	primary	cause	

of	genital	herpes.109	Human	papilloma	virus	(HPV)	 infection	 is	also	very	common	with	an	

estimated	11.7%	prevalence	worldwide	or	nearly	900	million	infected	people.110	HIV,	HSV	

and	HPV	can	all	be	transmitted	sexually	as	well	as	vertically.12–14	Moreover,	HPV	and	HSV	

can	also	be	transmitted	by	more	casual	contact.13,14		

Clinicians	have	observed	that	patients	with	one	sexually	transmitted	disease	(STD)	

are	more	likely	to	have	another,	either	concomitantly	or	subsequently.	Moreover,	both	HSV-

1	 and	 HSV-2,	 in	 immunocompromised	 people	 such	 as	 those	 with	 HIV,	 can	 have	 severe	

symptoms	 with	 more	 frequent	 outbreaks.	 Genital	 lesions	 by	 HSV-2	 increase	 the	 risk	 of	

acquiring	 new	 HIV	 infections	 by	 approximately	 three	 fold.19,20	 In	 females,	 synergism	

between	HIV	and	HPV	have	also	been	observed,	and	women	who	are	HIV-seropositive	have	

higher	 rates	 of	 HPV	 infection	 than	women	who	 are	 HIV-seronegative.111	 Higher	 rates	 of	

hysterectomy	among	HIV-infected	women	are	persistent	due	to	poor	response	to	treatment	

and	 recurrent	 neoplasia.112	 However,	 with	 early	 and	 appropriate	 diagnosis,	 HPV	 related	

cervical	 cancer	 is	 a	 preventable	 disease.	 Therefore,	 we	 developed	 a	 novel	 multiplexed	

microfluidic	device	to	diagnose	multiple	HIV,	HSV	and	HPV	antigen	reactivity	from	serum	

and	saliva	samples	within	<20	minutes.		

Standard	laboratory	methods	for	detection	of	HIV	infection	include	nucleic	acid	based	

viral	load	assay	as	well	as	western	blot,	and	enzyme	linked	immunosorbent	assays	(ELISA)	

for	 detection	 of	 anti-HIV	 antibodies.113	 Clinical	 diagnosis	 of	 HSV	 or	 HPV	 infection	 is	

confirmed	by	viral	culture	(cytological	testing)	and	DNA	detection	in	fluid	from	blisters	and	

cervical	 lesions	 for	 the	 latter.	 Cytological	 testing	 has	 low	 sensitivity	 (45%),	 and	 poor	
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specificity	as	it	is	highly	subjective	to	the	interpretation	of	the	cytologist.114,115	On	the	other	

hand,	 standard	 nucleic	 acid	 based	 testing	 is	 expensive,	 time-consuming	 (>2	 hours),	 and	

needs	genomic	amplification.116	Bench-top	western	blot	and	ELISA	take	a	long	time	(up	to	

two	days)	due	to	inefficient	mass	transport	for	immune-agents	to	move	from	a	solution	to	

the	surface,	require	trained	personnel	and	utilize	large	sample	volumes,	which	makes	them	

unsuitable	for	use	in	resource	limited	areas.117	With	such	a	high	prevalence	of	these	viral	

infections,	 integrating	 and	 incorporating,	 rapid	 (<20	minutes),	multiplexed,	 and	 low-cost	

diagnosis	is	desirable.	

	 Recent	advances	 in	microfluidic	 technologies	hold	promise	 for	the	development	of	

rapid,	portable	diagnostic	tests	for	HIV,	HPV	and	HSV.118,119	Microfluidic	devices	for	detection	

of	infectious	diseases	generally	use	either	nucleic	acids	or	immunoassays	based	on	antigen-

antibody	 interactions	 for	 detecting	 viral	 load.	 Nucleic	 acid	 based	 microfluidic	 devices,	

however,	 require	 additional	 sample	 pre-treatment	 steps	 such	 as	 cell	 lysis,	 nucleic	 acid	

extraction	and	amplification	which	adds	complexity.120,121	Lateral	 flow	immunoassays,	on	

the	other	hand,	use	capillary	forces	for	fluid	actuation	on	paper	based	microfluidic	devices	

122,123,	however,	they	generally	have	low	sensitivity	(µM-mM),	are	qualitative,	rely	on	user	

interpretation	and	are	unable	to	detect	multiple	targets	at	once.124	Microfluidic	devices	for	

capturing	 and	 detecting	 intact	HIV-1	 using	 antibody	 conjugated	 quantum	dots,	magnetic	

beads,	and	photonic	crystals	125–127	are	promising	but	they	suffer	from	added	expense	and	

typically	more	bulky	instrumentation	needs.		

ELISA	 or	 western	 blot	 based	 microfluidic	 devices	 have	 been	 developed	 with	

chemiluminescent	 128,129,	 fluorescent	 130,	 plasmonic	 131,	 or	 colorimetric	 132	 detection	 to	

measure	 the	 antibody	 concentration	 in	 bodily	 fluids.	 However,	 chemiluminescence,	
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fluorescence	and	plasmonic	detection	of	antibodies	require	expensive	instrumentation	and	

are	not	suitable	for	resource-limited	settings.	Quantitative	colorimetric	detection	which	can	

rapidly	generate	the	diagnosis	will	be	vital.	Recently,	a	microfluidic	chip	has	been	developed	

to	capture	antibodies	against	HIV-1	glycoprotein	41	and	glycoprotein	36	using	silver	ions	on	

gold	 for	 signal	 amplification.133–135	 Although,	 the	 optical	 detection	 was	 inexpensive	 and	

simple	 to	 use,	 the	 system	 was	 limited	 to	 detection	 of	 a	 handful	 of	 antigens.	 Here,	 we	

demonstrate	 a	 quick,	 portable,	multiplexed	 immunoassay	 for	 detection	 of	 infection	with	

three	viruses	simultaneously.	Moreover,	our	assay	utilized	multiple	antigens	from	each	virus	

to	increase	both	sensitivity	(<20	pM)	and	specificity.		

Here	we	integrate	a	protein	microarray	printed	on	a	nitrocellulose	coated	glass	slide	

19,136,137	with	an	acoustic	microstreaming	based	microfluidic	device	 to	pump	and	mix	 the	

ELISA	reagents.65,138	The	reagent	 flow	is	achieved	with	 lateral	cavity	acoustic	 transducers	

(LCATs)	and	the	mixing	 is	achieved	with	vertical	cavity	acoustic	 transducers	(VCATs).	As	

explained	in	chapter	1,	LCATs	are	the	dead-end	side	channels	arrayed	in	the	X-Y	plane	while	

VCATs	lead	to	the	formation	of	the	air	pockets	in	the	Z	direction	(normal	to	the	plane)	(Fig.	

19a).	An	activated	piezoelectric	transducer	(PZT)	transmits	acoustic	energy	to	the	air-liquid	

interfaces	in	both	LCATs	and	VCATs,	causing	them	to	vibrate	and	produce	streaming	patterns	

in	the	nearby	fluid.	Net	bulk	fluid	flow	is	generated	by	the	LCAT	vortices	and	fluid	mixing	is	

created	in	the	direction	perpendicular	to	fluid	flow	by	two	vortices	in	opposite	directions	

due	 to	 the	 activity	 of	 VCATs.	 This	 transitions	 the	 biomolecular	 transport	 from	 diffusion	

dominated	 to	 convective,	 thereby	 reducing	 the	 detection	 time	 by	 more	 rapid	 antigen-

antibody	binding.139	In	this	work,	we	show	the	diagnosis	from	serum	samples	of	HIV,	HPV,	

HSV	 positive	 patients	 and	 normal	 donors	 within	 17.5	 minutes	 in	 comparison	 with	 the	
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benchtop	assay	on	the	same	microarrays	which	takes	two	hours	up	to	overnight.	We	found	

antigens	that	showed	significant	reactivity	for	anti-HIV,	anti-HPV	and	anti-HSV	antibodies	

from	 serum	 samples;	 these	 are	 candidates	 for	 the	 diagnosis	 of	 these	 viral	 infections.	 To	

further	demonstrate	the	device	capability	in	a	doctor’s	or	dentist’s	office	or	where	access	to	

healthcare	and	phlebotomists	 is	 limited,	we	operate	the	device	using	saliva	samples	 from	

HIV,	HPV	and	HSV	positive	people.	Overall,	 this	work	demonstrates	a	 rapid	and	portable	

diagnostic	 platform	 for	 the	 detection	 of	multiple	 biomarkers	 as	 a	 result	 of	 single	 or	 co-

infection	 with	 HIV,	 HSV	 and	 HPV	 to	 monitor	 infections,	 reduce	 resistance	 and	 improve	

overall	healthcare.		

3.2	Assay	Details	

After	 priming,	 the	microfluidic	 device	was	 placed	 onto	 a	 piezoelectric	 transducer	

coated	with	ultrasound	gel,	subjected	to	a	square	wave	at	49.8	kHz,	7	Vpp	and	sample	(diluted	

1:25)	was	added	to	the	inlet	port.79	The	sample	was	loaded	continuously	for	five	minutes	and	

remaining	sample	was	removed	from	the	 inlet.	Blocking	buffer	was	then	pumped	for	one	

minute	to	remove	unbound	antibodies	 from	the	pad.	Next,	25	µL	of	alkaline	phosphatase	

conjugated	goat	anti-human	 IgG	or	goat	anti-human	 IgA	was	added	and	pumped	 for	 five	

minutes.	 After	 a	 second	 wash	 with	 blocking	 buffer	 for	 one	 minute	 to	 remove	 unbound	

secondary	antibodies,	25	µL	of	substrate	 (NBT/BCIP)	was	pumped	and	 incubated	 for	3.5	

minutes	to	generate	the	colored	product	on	antibody-bound	antigen	spots.	The	pad	was	then	

washed	with	blocking	buffer	and	DI	water	(one	minute	each)	to	remove	excess	substrate	and	

prevent	color	intensity	saturation.	The	pad	was	finally	dried	at	room	temperature	after	de-

laminating	 the	 PDMS	 device	 and	 imaged	 using	 a	 USB	 microscope	 (Koolertron).	 	 All	

experiments	 were	 performed	 in	 accordance	 with	 the	 Institutional	 Biosafety	 Committee	
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Guidelines	(protocol	number:	2011-1383)	and	approved	by	the	Institutional	Review	Board	

(Study	number:	2012-8675)	at	University	of	California	Irvine.	Study	participants	were	fully	

informed	regarding	the	purposes	of	the	study	and	consent	was	obtained.	

3.3	Results	

We	 previously	 utilized	 acoustic	microstreaming	 to	 demonstrate	 pumping,	mixing,	

sorting	 and	 enrichment	 of	 target	 cells/particles	 from	 complex	 biofluids	 such	 as	

blood.73,140,141	For	the	present	study,	fluid	pumping	was	accomplished	by	100	μm	wide	LCATs	

arranged	at	a	15°	angle	to	the	main	channel	(500	μm)	and	spaced	350	μm	that	were	designed	

and	 fabricated	 (Fig.	 19a).	 	 For	 fluid	 mixing,	 VCATs	 with	 100	 μm	 diameter	 and	 spacing,	

oriented	 at	 90°	 relative	 to	 the	 main	 fluid	 channel	 were	 aligned	 on	 the	 top	 wall	 of	 the	

microarray	assay	chambers	(Fig.	19a).	These	dead-end	side	channels	trap	air	and	generate	

air-liquid	interfaces	when	primed	with	an	aqueous	solution.	The	vibration	of	these	air-liquid	

interfaces	by	a	PZT	cause	first-order	periodic	flow	in	the	liquid	phase.	This	induces	a	steady	

second-order	flow	within	the	boundary	layer	and	the	slip	condition	then	drives	the	steady	

streaming	in	the	bulk	of	the	fluid.	The	cavities	at	15°	generate	a	net	force	parallel	to	the	flow	

direction.	However,	at	90°,	 two	equal	and	opposite	 force	components	parallel	 to	 the	 flow	

direction	cancel	each	other	and	the	perpendicular	component	recirculates	the	fluid	in	the	

vertical	direction,	 thereby	causing	mixing.	 	Fig.	19b	shows	the	molded	PDMS	microfluidic	

device	bonded	to	a	glass	slide	with	eight	nitrocellulose	pads	bonded	to	it	which	can	aid	in	

running	eight	patient	samples	in	parallel.		

3.3.1	Analysis	of	HSV,	HIV	and	HPV	positive	serum	samples	
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We	printed	a	12	by	13	array	(pitch:	300µm)	of	immune-reactive	HIV,	HPV	and	HSV	

proteins	 on	 nitrocellulose	 pads	 bonded	 to	 microscope	 slides.	 The	 layout	 of	 the	 spotted	

antigens	 is	 shown	 in	Fig.	19c.	Each	 spot	was	printed	with	~20	ng	 total	protein	 (~0.4	ng	

protein	of	interest).	We	first	analyzed	the	reactivity	of	pooled	purified	anti-HIV-IgG	from	the	

NIH	AIDS	Reagent	 Program	 and	 then	 five	 serum	 samples	 each	 from	HIV+,	 HIV	 and	HPV	

double+	and	HSV+	individuals	as	well	as	five	HIV,	HPV	and	HSV	triple	negative	samples	using	

the	assay	demonstrated	before.	HIV-Ig	and	secondary	antibody	(AP	conjugated	goat	anti-

human	IgG)	were	diluted	at	1:50	and	utilized	for	sample	incubation	time	optimization	from	

1	minute	to	5	minutes.	We	observed	the	maximum	normalized	intensity	at	5	minute	sample	

incubation	as	shown	in	Fig.	19d	and	to	reduce	the	noise	level	(intensity	of	negative	control	

spots)	and	reduce	the	total	assay	time,	we	decided	to	incubate	the	antibody	samples	for	5	

min.	 Subsequently,	 patient	 sera	 and	 secondary	 antibodies	were	 diluted	 1:25	 in	 blocking	

buffer	with	20%	and	2%	E.	coli	lysate,	respectively	and	substrate	incubation	was	optimized	

to	3.5	minutes	after	analyzing	the	HIV-Ig	positive	signal	to	blank	signal	intensity	ratio.	Serum	

samples	were	then	tested	for	reactivity	with	the	antigen	spots	using	the	17.5minute	assay.	

After	quantification	using	ImageJ,	the	spotted	pads	(Fig.	20a	(i)-(iv)	for	triple	negative,	HSV+,	

HIV+	as	well	as	HIV	and	HPV	double	+	samples	respectively)	were	analyzed	using	R	software	

and	the	heatmap	is	shown	in	Fig.	20b.		
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Figure	19:	Schematic	and	layout	of	an	integrated	microfluidic	device	for	multiplexed	

detection	of	viral	infection.	(a)	Device	schematic	showing	LCATs	and	VCATs	for	pumping	

and	mixing	of	patient	sample	containing	antibodies	aligned	on	the	nitrocellulose	pad	

respectively.	(b)	PDMS	device	bonded	on	the	top	of	the	nitrocellulose	pad,	ready	for	use.	(c)	

Layout	of	HSV,	HIV	and	HPV	antigens	produced	by	IVTT	and	HIV	antigens	produced	in	

eukaryotic	cells	as	well	as	primary	and	secondary	IgG	and	IgA	along	with	negative	controls.	
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(d)	Plot	of	normalized	spot	intensity	for	reactivity	against	various	spots	at	different	sample	

incubation	times.	e)	Plot	of	normalized	intensity	for	reactivity	against	HSV+	spots	for	

devices	with	and	without	VCAT	mixers	

We	used	the	rapid	microfluidic	assay	we	developed	to	test	the	reactivity	of	HSV+	sera	

with	 HSV	 antigens	 on	 the	 array.	 We	 found	 significant	 reactivity,	 compared	 to	 negative	

control	sera,	with	nine	antigens	having	~4x	intensity	differences	(p<<0.05)	(Fig.	21a).	Seven	

of	these	are	HSV-1	proteins	including	glycoproteins	G	(US4),	E	(US8),	D	(US6),	and	C	(UL42),	

viral	capsid	proteins	encoded	by	genes	UL26,	UL18	and	UL26.5	and	tegument	protein	UL21.	

Furthermore,	 virion	membrane	 glycoprotein	D	 (US6)	 and	 tegument	 protein	US9	 showed	

significant	 positive	 reactivity	 among	 HSV-2	 antigens.	 In	 addition,	 we	 assessed	 the	

importance	 of	 VCATs	 for	mixing	 by	 analyzing	 the	HSV+	 sera	 in	 an	 LCAT-only	 device.	 As	

shown	in	Fig.	19e,	we	observed	higher	signal-to-noise	ratio	of	the	antibodies	with	spotted	

antigens	when	VCATs	were	utilized	 for	mixing.	This	 is	due	to	efficient	 fluid	displacement,	

especially	 during	 washing	 of	 non-specific	 antibodies,	 which	 resulted	 in	 lower	 intensity	

(noise)	of	negative	controls.		

Similarly,	Fig.	21b	(i)	shows	the	top	ten	HIV	antigens	produced	by	IVTT	that	were	

found	to	be	most	significantly	reactive	with	HIV+	sera	compared	to	the	reactivity	of	negative	

sera	(p<10-4).	These	antigens	represent	HIV-1	group	M	viruses,	clades	B,	D	and	A2	which	are	

responsible	for	a	large	part	of	the	global	AIDS	pandemic.	In	addition	to	HIV-1	subtypes,	the	

HIV+	patient	samples	also	showed	positive	reactivity	with	HIV-2	antigens	from	both	major	

groups,	A	and	B.	Furthermore,	we	compared	the	reactivity	of	the	HIV+	and	negative	sera	with	

purified	HIV	glycoproteins	produced	in	eukaryotic	cells.	We	found	ten	HIV	glycoproteins	that	

had	>5x	intensity	differences	and	were	statistically	significant	with	p	<<0.05	(Fig.	21b	(ii)).	
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These	antigens	were	derived	 from	HIV-1	 clades	A-F,	which	 together	 comprise	more	 than	

90%	of	the	worldwide	AIDS	pandemic.	The	HIV+	sera	also	showed	significant	reactivity	with	

HSV-1	glycoprotein	G	(US4)	with	~2x	intensity	and	p	<0.05	which	might	be	due	to	HSV-1	

infection.		

Figure	20:	Serum	antibody	reactivity	with	HSV,	HIV	and	HPV	proteins	on	microarray.	(a)	

Microarrays	following	17.5	minute	assay	with	(i)	triple	negative	donor	sera	(n=4	patient	

samples,	two	repeats),	(ii)	HSV+	donor	sera	(n=4	patient	samples,	two	repeats),	(iii)	HIV+	

donor	sera	(n=5	patient	samples,	two	repeats),	and	(iv)	HIV+,	HPV+	sera	(n=5	patient	

samples).	(b)	Heat	map	of	serum	antibody	reactivity	with	the	color	histogram	on	right	

indicating	the	spot	intensity	on	a	log	base	2	scale.	

HIV-infected	individuals	have	higher	levels	of	HPV	seropositivity,	with	an	increased	

frequency	of	 infection	with	multiple	HPV	types	simultaneously	compared	to	HIV	negative	

people.	 Therefore,	 we	 analyzed	 HIV+	 sera	 which	 were	 reactive	 with	 HPV	 antigens	 and	

compared	their	reactivity	with	that	of	triple-virus	negative	samples.	To	increase	the	signal	
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intensity,	we	 added	AP	 conjugated	 goat	 anti-human	 IgA	 antibodies	 along	with	 goat	 anti-

human	 IgG	 secondary	 antibodies	 at	 1:25	 dilution	 for	 this	 assay	 only.	HPV	 reactivity	was	

weaker	than	HIV	or	HSV	reactivity,	but	we	observed	near-significant	reactivity	with	three	

HPV	 antigens:	 HPV-1	 E7,	 HPV-2	 E7	 (p	 <0.1),	 and	 HPV-16	 E5,	 with	 ~2x	 intensity	 in	

comparison	to	the	negative	spots	as	shown	in	Fig.	21c.	In	addition,	we	observed	significant	

reactivity	(~2x	intensity,	p<0.05)	of	these	patient	samples	with	HSV-1	antigens	glycoprotein	

G	(US4),	and	capsid	protein	(UL26).	HSV-2	antigens	such	as	DNA	polymerase	subunit	(UL42)	

and	 trans-activator	 tegument	 protein	 of	 early	 genes	 (UL48)	 also	 demonstrated	 near	

significant	positive	reactivity	with	p	<0.1.	This	is	likely	due	to	HSV-1	and	HSV-2	infection	in	

one	or	more	of	these	HIV-infected	subjects.	
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Figure	21:	Most	significantly	reactive	proteins	with	positive	serum	antibodies	in	

comparison	to	triple	negative	serum	samples.	(a)	reactivity	of	HSV+	serum	samples	with	
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HSV	protein	on	the	microarray.	(b)	(i)	reactivity	of	HIV+	serum	samples	with	HIV+	proteins	

produced	by	IVTT,	(ii)	reactivity	of	HIV+	serum	samples	with	HIV+	proteins	produced	in	

eukaryotic	cells.	(c)	reactivity	of	HIV	and	HPV	dual	positive	serum	samples	with	HPV	IVTT	

proteins.	***	Denotes	significance	with	p	<	10-4,	**	indicates	significance	for	p	<	0.05,	*	

shows	significance	for	p<0.1.	Y-axis	displays	the	average	intensity	of	the	spots	with	log	

base	2.	

3.3.2	Analysis	of	HSV,	HIV	and	HPV	positive	saliva	samples	

After	 demonstrating	 the	 device’s	 potential	 using	 serum	 samples,	 we	 wanted	 to	

develop	 a	 diagnostic	 test	 which	 can	 utilize	 oral	 samples	 to	 minimize	 invasive	 sample	

collection.	We	tested	saliva	samples	from	four	HIV+,	four	HIV	and	HSV	double+,	four	HIV	and	

HPV	double+	and	4	triple	negative	 individuals.	Since,	saliva	has	 lower	antibody	titers,	we	

reduced	the	dilution	from	1:25	to	1:1	in	blocking	buffer	(anti-IgG	secondary	antibody:	1:25)	

and	used	the	same	17.5	minute	assay.	Images	of	the	post-assay	protein	microarrays	and	a	

heat	map	of	the	reactivity	(Fig.	22a	and	22b)	show	reactivity	of	the	positive	saliva	samples	

in	comparison	to	triple	negative	samples.		
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Figure	22:	Saliva	antibody	reactivity	with	HSV,	HIV	and	HPV	proteins	on	microarray.	(a)	

Microarrays	following	17.5	minute	assay	with	(i)	triple	negative	donor	saliva	(n=4	patient	

samples),	(ii)	HIV+,	HSV+	donor	saliva	(n=6	patient	samples),	(iii)	HIV+	donor	saliva	(n=4	

patient	samples,	two	repeats),	and	(iv)	HIV+,	HPV+	saliva	(n=5	patient	samples).	(b)	Heat	

map	of	saliva	antibody	with	the	color	histogram	on	right	indicating	intensity	on	a	log	base	2	

scale.	

HIV,	HSV	double+	saliva	showed	slightly	greater	reactivity	in	comparison	to	the	triple	

negative	saliva	with	HSV-1	glycoprotein	G	(US4)	and	(UL42)	DNA	polymerase	subunit	from	

HSV-1	and	HSV-2	(Fig.	23a).	The	large	error	bars	are	due	to	the	relatively	weak	signals	and	

the	small	number	of	samples	used.		

After	 comparing	the	 reactivity	of	HIV+	saliva	 samples	 to	 the	 reactivity	of	negative	

saliva	 samples,	we	 ranked	 the	most	 significantly	 reactive	 antigens	 based	 on	 the	 p-value.	
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These	 donors	 showed	 6-30	 fold	 intensity	 differences	 for	 reactivity	 with	 HIV-1	 proteins	

produced	 by	 IVTT	 such	 as	 the	 transmembrane	 glycoprotein,	 gp41	 from	 clade	 D,	 capsid	

protein,	p24	from	clades	A2,	B	and	D	and	matrix	protein,	p17	from	clades	A2	and	B.	The	top	

nine	most	significantly	reactive	antigens	 from	HIV-1	and	HIV-2	are	shown	in	Fig.	23b	(i).	

Similar	to	HIV+	sera,	the	positive	reactivity	among	HIV-1	antigens	were	from	clades	B,	D	and	

A2.	The	saliva	samples	also	showed	reactivity	with	HIV-2	matrix	antigens	from	groups	A	and	

B.	 The	HIV+	 saliva	 samples	 demonstrated	 significant	 reactivity	with	 seven	 glycoproteins	

produced	 in	 eukaryotic	 cells	 (p<<0.05);	 6-30	 fold	 more	 intense	 than	 in	 triple	 negative	

samples	 as	 shown	 in	 Fig.	 23b	 (ii).	 HIV	 single	 positive	 saliva	 samples	 didn’t	 present	 any	

significant	HSV+	or	HPV+	reactivity.	

We	 then	 compared	 the	 HIV	 and	 HPV	 double	 positive	 saliva	 samples	 with	 triple	

negative	 saliva	 samples	 and	 similar	 to	 serum	samples,	we	 added	AP	 conjugated	 anti-IgA	

antibodies	to	increase	the	signal	intensity.	As	shown	in	Fig.	23c,	HIV,	HPV	double	+	saliva	

showed	significant	and	near	significant	reactivity	(~2x	intensity)	with	HPV-2	E7	(p<0.05),	

HPV-35	E7	(p<0.1),	HPV-18	E5	(p<0.1),	HPV-56	E4,	HPV-56	E7,	HPV-18	E7,	and	HPV-6	E4.	

In	addition,	we	observed	significant	reactivity	(~2x	intensity)	of	these	samples	with	HSV-1	

tegument	protein	(UL21,	p<0.05)	and	near	significant	reactivity	with	HSV-2	large	tegument	

protein	(UL36,	p<0.1),	HSV-1	glycoprotein	G	(US4),	capsid	protein	(UL18),	glycoprotein	C	

(UL44),	and	virion	protein	VP16	(UL48).	As	for	the	HIV+,	HPV+	serum	samples,	this	likely	

resulted	from	HSV-1	and	HSV-2	infection	of	one	or	more	of	the	subjects.	
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Figure	23:	Most	significantly	reactive	proteins	with	positive	saliva	sample	antibodies	in	

comparison	to	triple	negative	saliva	samples.	(a)	reactivity	of	HSV+	saliva	samples	with	

HSV	proteins	on	the	microarray.	(b)	(i)	reactivity	of	HIV+	saliva	samples	with	HIV	proteins	
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produced	by	IVTT.	(ii)	reactivity	of	HIV+	saliva	samples	with	HIV	proteins	produced	in	

eukaryotic	cells.	(c)	reactivity	of	HIV	and	HPV	dual	positive	saliva	samples	with	HPV	IVTT	

proteins.	***	Denotes	significance	with	p	<	10-4,	**	indicates	significance	for	p	<	0.05,	*	

shows	significance	for	p<0.1.	Y-axis	displays	the	average	intensity	of	the	spots	with	log	

base	2.	

3.4	Discussion	

	Currently,	the	diagnosis	and	treatment	of	viral	infections	with	HIV,	HPV	and	HSV	is	based	

on	a	handful	of	highly	expressed	biomarkers	and	each	infection	is	diagnosed	with	different	

assays	which	causes	delayed	diagnoses	and	added	expense.141	Many	co-infections	by	HPV	

and	HSV	in	HIV	infected	people	go	undetected	which	then	results	in	full	blown	infections	and	

encompass	huge	epidemiological	burden.142	While	a	multiplexed	HIV,	HBV,	HCV	and	syphilis	

screening	is	in	development;	the	combined	and	simultaneous	infections	by	HIV,	HPV	and	HSV	

are	 at	 high-risk	 and	 needs	 continuous	 monitoring.142	 Although	 metagenomic	 shotgun	

sequencing	is	powerful	in	screening	a	broad	range	of	viruses	and	detected	both	HPV	and	HSV	

(combined)	in	a	dermal	swab	sample,	it	is	limited	due	to	longer	assay	times	(72	hours)	with	

high	 costs	 143	 and	 needs	 nucleic	 acid	 extraction	 and	 amplification.	 Bonito	 et	 al.	 utilized	

Luminex-based	multiplexed	platform	and	found	the	presence	of	both	HPV-SD2	and	HSV-1	in	

raw	sewage	samples.144	Cao	et	al.	utilized	DNA	microarray	to	simultaneously	characterize	

pathogens	 including	HSV	and	HPV	with	high	sensitivity	(102	–	103	copies),	but	 the	target	

genes	were	specific	for	single	biomarker	(glycoprotein	B	gene	for	HSV	and	L1	gene	for	HPV)	

and	the	hybridization	process	took	~1.5	hours.145	In	this	work,	we	demonstrate	for	the	first	

time	a	novel	microfluidic	platform	capable	of	detecting	multiple	biomarkers	as	a	result	of	

single	viral	infection	or	co-infection	with	HIV	(both	HIV-1	and	HIV-2),	HSV	(both	HSV-1	and	
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HSV-2)	and	HPV	(L1,	E4,	E7	for	HPV-1,	2,	6,	11,	16,	18,	35,	56)	within	17.5	minutes.	This	may	

be	particularly	relevant	for	HIV	infected	populations	who	often	have	other	infections	that	

interact	with	HIV	and	vice	versa.	For	example,	genital	HSV	infection	increases	the	acquisition	

risk	of	HIV	infection	which	leads	to	worsened	clinical	presentation	of	HSV	infection	due	to	

the	HIV	induced	immune-suppression.	In	addition,	HIV-infected	persons	encompass	a	heavy	

burden	 of	 HPV-associated	 disease	 linked	mostly	 to	 progressive	 immune	 suppression.146	

With	the	presented	microfluidic	device,	we	observed	that	HIV+	serum	and	saliva	samples	

showed	significant	reactivity	with	both	HSV	(US4,	UL26,	UL21)	and	HPV	(HPV-2	E7	and	HPV-

35	E7)	antigens.	Therefore,	in	order	to	avoid	false	negatives	and	achieve	precise	diagnosis,	

we	 demonstrate,	 for	 the	 first	 time,	 diagnosis	of	 all	 three	 pathogens	within	 17.5	minutes,	

necessitating	the	importance	of	a	multiplexed	assay.	On	the	other	hand,	we	observed	varied	

reactivity	of	US4	in	both	HSV+	serum	and	saliva	samples	which	can	lead	to	test	ambiguities	

and	incomplete	diagnosis.	In	order	to	minimize	these	risks	and	provide	improved	diagnosis	

of	HSV	 infection,	we	 identified	multiple	 antigens	 such	 as	 capsid	 proteins	 (UL26,	UL26.5,	

UL18),	 glycoprotein	 E	 (US8),	 tegument	 protein	 (UL21,	 US9),	 and	 DNA	 polymerase	

processivity	factor	(UL42),	that	are	characteristic	of	antibodies	produced	during	HSV	(type	

1	 and	 type	 2)	 infection.	 Therefore,	 contrary	 to	 the	 tests	 based	 on	 single	 antigens	 for	

diagnosing	HIV	and	HSV	147,	this	technology	will	be	able	to	provide	clear,	distinct	antigens	or	

antigen	sets	for	serodiagnostic	biomarker,	vaccine,	and	therapeutic	product	development.	

Although	significant	reactivity	was	obtained	with	serum	samples,	its	sample	preparation	

is	 time	 consuming	 and	 needs	 phlebotomists	 to	 draw	 blood.	 Therefore,	 to	 develop	 a	

diagnostic	test	for	large	scale	detection	at	community	health	centers	and	dental	clinics,	we	

validated	our	platform	with	saliva	samples.	This	is	particularly	important	while	handling	of	
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pediatric	and	geriatric	patients	in	order	to	reduce	the	number	of	blood	draws	or	when	access	

to	 healthcare	 is	 limited	 in	 remote	 locations	 where	 phlebotomists	 are	 unavailable	 148.	

Although,	antibody	detection	for	HIV	from	oral	fluids	has	been	developed,	its	dependence	on	

single	antigen	(p24)	might	lead	to	false	negatives.	In	addition,	both	HPV	and	HSV	from	saliva	

samples	were	detected	with	antibodies	specific	to	secretory	IgA	by	nephelometry	and	ELISA,	

respectively,	which	takes	time	and	 lacks	specificity.	 In	 this	work,	with	saliva	samples,	we	

obtained	significant	reactivity	of	multiple	proteins	from	all	three	viruses,	HIV,	HSV	and	HPV	

similar	to	serum	samples.	Although	antibody	titers	in	saliva	are	generally	low,	we	obtained	

six	common	antigens	from	serum	and	saliva	samples	which	belongs	to	both	HIV-1	(CA-B,	CA-

D,	MA-A2,	CA-A2,	MA-B)	and	HIV-2	(MA-B,	p24)	and	can	be	utilized	as	antigen	sets	for	HIV	

diagnosis.	While	saliva	reactivity	was	not	found	to	be	significant	for	HSV,	US4	and	UL42	from	

HSV-1	showed	positive	reactivity	in	both	serum	and	saliva	samples.	HPV-2	E7	was	common	

between	HPV+	serum	and	saliva	samples	but	due	to	asymptomatic	nature	of	both	HSV	and	

HPV	infections	and	sample	preparations,	it	seems	more	appropriate	to	utilize	serum	samples	

for	HSV	and	HPV	diagnosis.	Therefore,	this	device	can	also	be	used	at	the	point-of-care	in	

doctor’s	or	dentist’s	office	to	screen	for	infections	that	affect	care,	using	saliva	samples.	For	

example,	HPV	has	been	implicated	in	oropharyngeal	cancer	and	identifying	its	symptoms	via	

oral	 or	 dental	 examinations	 (saliva)	may	 be	 the	 key	 to	 early	 detection	 and	 diagnosis.	 In	

addition,	an	oral	test	for	detection	of	antibodies	will	allow	large-scale	population	testing	at	

community	health	centers,	STD	clinics	and	dental	settings,	thereby	reducing	the	number	of	

deaths	worldwide.148		

Overall,	this	work	demonstrates	a	highly	promising	approach	for	identification,	analysis,	

and	monitoring	 of	 antibodies	 to	 specific	 antigens	 or	 antigen	 sets	 as	 a	 result	 of	 single	 or	
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multiple	 infections.	 This	 technology,	 based	 on	 acoustic	 microstreaming,	 assesses	 the	

reactivity	of	serum	and	saliva	samples	with	the	spotted	antigens	in	less	than	twenty	minutes.	

We	observed	diverse	antibody	 responses	and	significant	positive	 reactivity	with	multiple	

antigens	from	each	virus.	Hence	this	platform	enables	simultaneous	screening	of	multiple	

antigens	 from	various	 infections	 in	different	samples	at	reduced	cost	and	time	which	are	

especially	relevant	for	use	in	resource	limited	settings.		

3.5	Conclusions	

An	acoustic	microstreaming	based	LCAT-VCAT	device	that	can	assess	the	reactivity	

of	antibodies	from	both	serum	and	saliva	samples	to	detect	multiple	infections	is	reported.	

Within	 17.5	 minutes	 of	 operation,	 diverse	 antibody	 responses	 and	 significant	 positive	

reactivity	 with	 multiple	 antigens	 from	 HSV,	 HIV	 and	 HPV	 to	 prevent	 false	 negatives	 is	

demonstrated.	 This	 study	 validates	 the	 use	 of	 integrated	 high-throughput	microarray	 to	

show	significant	 cross-reactivity	between	HSV	and	HIV	 infected	 serum	samples,	HSV	and	

HIV-HPV	dual	positive	serum	and	saliva	samples.	Finally,	colorimetry-based	analysis	applied	

in	 the	 present	 work	 enables	 easy	 on-site	 testing	 which	 is	 suitable	 for	 point-of-care	

diagnosis.149	

	

	

	

	

	

	

	



www.manaraa.com

91 
 

Chapter	4		

Summary	 and	 Future	

Directions	

4.1	Summary	

Individual	 cellular	 and	 sub-cellular	 populations	 from	 unprocessed	 blood	 carry	

plethora	of	information	about	the	proper	functioning	of	all	tissues	and	organs	in	the	body.	

This	makes	 its	 separation	 and	 analysis	 of	 prime	 interest	 for	 both	medical	 and	 scientific	

applications	while	playing	an	important	role	in	disease	diagnosis	and	prognosis.	However,	

to	 adequately	 understand	 the	 information	 provided	 from	 its	 subsets,	 it	 requires	 efficient	

technologies.	 Currently,	 blood	 is	 separated	 into	 different	 components	 by	 density-based	

centrifugation	methods	using	ficoll	histopaque	which	is	labor	intensive,	expensive	and	does	

not	allow	for	high-resolution	sorting	of	blood.	Although	antibody-based	approaches	such	as	

fluorescence	 activated	 cell	 sorting	 (FACS)	 or	 magnetic-activated	 cell	 sorter	 (MACS)	 are	

available	 commercially,	 they	 are	 time-consuming,	 expensive	 and	 does	 not	 process	whole	

blood.					

	 Lab-on-chip	systems	have	been	developed	as	efficient	and	powerful	approaches	for	

high-throughput	 blood	 separation	 (both	 cellular	 and	 sub-cellular	 components),	 owing	 to	
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their	precise	control	of	fluid	behavior,	utilize	small	sample	volumes	and	achieve	continuous	

molecular	and	functional	analysis	down	to	single-cell	level.	In	the	research	presented	here,	

we	developed	lateral	cavity	acoustic	transducers	(LCATs)	as	simple	geometric	features	that	

utilize	 an	 array	 of	 acoustically	 actuated	 air-liquid	 interfaces	 to	 generate	 acoustic	

microstreaming	flows	and	manipulate	cells/particles.	In	addition,	when	these	are	oriented	

at	an	angle,	they	create	a	net	bulk	flow	from	inlet	to	outlet.		

	 In	this	dissertation,	we	first	demonstrated	the	LCATs	capability	to	utilize	whole	blood	

and	sort	different	cellular	components	(platelets,	RBCs	and	WBCs)	owing	to	their	difference	

in	size.	Further,	we	extended	 its	application	to	sort	and	enrich	rare	cells	such	as	CTCs	or	

cancer-associated	fibroblasts	from	whole	blood	and	characterized	them	on	chip	using	in	situ	

immunolabeling.	 Although	we	 achieved	 highly	 efficient	 trapping	 (>99%)	 and	 enrichment	

(~200x)	of	these	rare	cells	at	10/ml	spiking	concentrations	in	whole	blood,	rare	cells	can	

exist	at	concentrations	as	low	as	1	per	7.5	ml	of	whole	blood.	And	for	that,	we	integrated	the	

active	 LCAT	 device	 with	 a	 high	 throughput,	 passive	 spiral	 iMF	 microfluidic	 device	 and	

demonstrated	the	selective	sorting	and	enrichment	of	side	populations	from	tissue	biopsy	

and	blood.		

Following	that,	due	to	the	existence	of	numerous	sub-cellular	components	such	as	

antibodies	 in	blood,	we	 showed	 the	diagnosis	of	 three	 infectious	diseases	 (HIV,	HPV	and	

HSV)	 simultaneously	 using	 an	 LCAT-VCAT	 (Vertical	 cavity	 acoustic	 transducers)	 device	

integrated	with	proteomic	microarray.	In	addition,	to	demonstrate	the	device’s	potential	as	

a	point-of-care	device,	in	limited	resource	settings	or	where	phlebotomists	are	unavailable,	

we	validated	the	device	with	saliva	samples	containing	antibodies	for	HIV,	HPV	and	HSV	and	

demonstrated	significant	positive	reactivity	within	17.5	minutes.	To	the	author’s	knowledge,	
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this	is	the	first	demonstration	of	a	multi-functional	device	which	can	not	only	process	whole,	

unprocessed	blood	for	sorting	and	enrichment	of	cellular	populations,	but	also	utilize	sub-

cellular	populations	for	rapid	and	multiplexed	disease	diagnosis.		
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4.2	Plasma	Extraction	

With	rising	healthcare	costs,	lack	of	highly	trained	personnel,	and	the	trend	to	bring	

healthcare	closer	to	the	patient,	easy-to-use,	low	complexity	healthcare	solutions,	that	allow	

for	rapid,	low	cost	preparation	of	whole	blood	samples	is	critical	for	effective	point-of-care	

(POC)	 diagnostics.150	 Consolidation	of	 core	 labs	 as	 a	 reaction	 to	 high	 price	 pressure	 and	

increasing	throughput	are	driving	the	need	for	faster	time	to	result,	error-minimized	sample	

preparation	 and	 robust	 automation	 of	 the	 diagnostic	 process.	 The	 efficient	 separation	 of	

plasma/serum	from	whole	blood	is	an	important	step	to	prevent	blood	components	(both	

cellular	and	sub-cellular)	from	interfering	with	assay	analyses	downstream.	In	the	absence	

of	 an	automated	and	sensitive	blood-plasma	separation	method,	 extra	washing	 steps	are	

required,	thus,	increasing	complexity,	more	complicated	automation	and	longer	sample-to-

answer	times.	

Current	 methods	 to	 achieve	 plasma/serum	 separation	 are	 manual	 and	 laborious,	

often	requiring	mixing	by	hand,	centrifugation,	and	final	manual	transfer	of	serum/plasma	

to	 a	 fresh	 tube.151	 As	with	 any	manual	 process,	 these	 steps	 are	 subject	 to	 human	 error.	

Centrifuging	can	damage	blood	cells	resulting	in	loss	of	sample	integrity,152	and	the	entire	

time-consuming	 process	 contains	 inherent	 variability	 due	 to	 inconsistencies	 in	 manual	

handling	between	technicians.	Some	methods	include	a	porous	membrane	to	trap	blood	cells	

and	allow	blood	plasma	to	flow	through.153,154	Others	have	fabricated	comb	and	weir-type	

filter	structures	and	reported	a	cross-flow	based	microfluidic	devices	for	continuous	plasma	

separation.	However,	both	weir-based	and	membrane-based	devices	suffer	from	utilization	

of	whole	 blood,	 complex	 fabrication	 of	 small	 pore	 sized	 filters,	 RBCs	 contamination	 and	
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clogging.155	Still	others	may	use	hemolysis	reagents	to	lyse	various	blood	cells,	leaving	the	

blood	plasma	and	cellular	contents	in	suspension.	

Other	 microfluidic	 research	 groups	 have	 also	 made	 important	 innovations	 to	

separate	blood	components.	Son	et	al.	achieve	hemolysis	free	blood	separation	by	integrating	

a	porous	membrane	into	a	microfluidic	flow	channel.156	Another	example	includes	Zhang	et	

al.,	 who	 used	 gravitational	 sedimentation	 and	 bifurcation	 in	 a	 laminar	 flow	 channel	 to	

delaminate	blood	cells	from	blood	plasma,	creating	a	continuous	flow	of	blood	plasma	that	

can	run	for	up	to	four	hours.157	Finally,	Yang	et	al.	separated	blood	based	on	the	Zweifach-

Fung	 effect	 in	 a	 microfluidic	 device.158	 Although	 successful	 plasma	 separation	 was	

demonstrated,	 these	 technologies	 suffered	 from	 low-throughput	 and	 could	 not	 process	

whole	blood.		

A	 chip	 design	 capable	 of	 processing	 a	 whole	 blood	 sample	 with	 no	 previous	

preparation	is	desired.	Due	to	LCAT’s	capability	of	pumping	and	successful	operation	with	

whole	blood,	we	decelerated	the	cellular	components	such	as	platelets,	RBCs	and	WBCs	by	

trapping	in	the	vortices.	During	the	process,	the	fluidic	component	of	blood,	plasma,	travelled	

with	the	device’s	bulk	velocity	causing	it	to	separate	and	flow	dominantly.	Once	the	whole	

unprocessed	blood	was	poured	in	the	inlet	of	the	device,	plasma	was	separated	through	the	

and	pulled	by	the	end	user.	For	the	extraction,	we	started	with	the	current	device	primed	

with	1x	PBS	buffer,	and	extracted	80µl	of	the	plasma	by	running	multiple	devices.	To	analyze	

the	quality	and	compare	with	the	current	gold	standard	(centrifuged),	we	utilized	Beckman	

Coulter	AU	Analyzer	for	glucose	concentration.	However,	we	obtained	only	2mg/dl	glucose	

concentration	in	comparison	to	77mg/dl	in	centrifuged	plasma	as	shown	in	Fig.	24a	(patient	

1)	which	is	due	to	the	presence	of	PBS	buffer	while	forming	the	air-liquid	interfaces,	leading	
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to	 ~33x	 dilution.	 Following	 that,	 we	 reduced	 the	 PBS	 priming	 and	 utilized	 LCAT’s	 oqn	

capability	of	pumping	whole	blood	to	form	air-liquid	interfaces.	We	primed	the	first	4	rows	

of	LCAT	and	started	the	PZT	actuation.	As	a	result,	we	extracted	40µL	(3µL	of	plasma	from	

30µL	whole	blood	per	device)	and	obtained	similar	glucose	concentration	(Patient	2,	Fig.	

24a)	compared	to	centrifuged	plasma.	We	then	moved	one	step	 further	and	analyzed	the	

extracted	 sample	 for	 wider	 spectrum	 of	 analytes	 such	 as	 total	 protein	 (TP),	 alanine	

transferase	(ALT),	Vancomycin,	and	IgG	in	heparinized	blood	(compared	to	EDTA	blood).	We	

obtained	 similar	 concentrations	of	TP	 (Patient	3,	Figure	24b),	 and	ALT	 (Patient	3,	Figure	

24c).	In	order	to	increase	the	throughput,	we	scaled	up	the	current	device	4x	by	increasing	

the	main	 channel	width	 to	1mm	(From	500µm)	and	height	 to	200µm	(from	100µm)	and	

utilized	a	 chrome	mask	 (in	 comparison	 to	 thin	 film	 transparency	mask)	 to	obtained	high	

resolution	features.	We	obtained	~12µl	of	plasma	from	120µl	of	whole	blood	within	5min.	

After	running	6	devices,	we	collected	~70µl	of	plasma	to	analyzed	for	glucose,	total	protein,	

and	 IgG	 in	 LCAT	 extracted	 plasma	 and	 centrifuged	 plasma.	 We	 obtained	 similar	

concentration	of	glucose	(Patient	4,	Figure	24a),	TP	(Patient	4,	Figure	24b),	and	IgG	(Patient	

4,	Figure	24d).	We	repeated	the	similar	procedure	with	another	blood	sample	and	obtained	

similar	concentration	of	glucose	(Patient	5,	Fig.	24a),	TP	(Patient	5,	Fig.	24b)	and	Vancomycin	

(Patient	5,	Fig.	24c)	concentrations.	

During	 the	 process,	we	 also	measured	 lactate	 dehydrogenase	 (LDH)	 concentration	 in	

LCAT	extracted	plasma	and	centrifuged	plasma	and	obtained	240.9U/L	in	LCAT	device	vs	

50U/L	in	centrifuged	plasma.	This	is	due	to	sensitivity	of	LDH	assay	with	hemoglobin	and	

hemolysis	in	the	plasma	extracted	by	LCAT.		
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Figure	24:	Comparison	of	various	analytes	(a)	Glucose,	(b)	Total	protein	(TP),	(c)	

Vancomycin	and	Alanine	Transferase	(ALT),	(d)	IgG	measured	in	LCAT	extracted	plasma	

with	centrifuged	plasma.	

	

Although	the	device	is	very	promising	in	comparison	to	other	technologies,	several	points	

need	to	be	addressed	in	future	such	as:	

• Hemolysis		

• Improvement	in	extraction	efficiency	from	10%	(with	respect	to	whole	blood)	within	

<10min	

• High-throughput	fabrication	

• process	clinical	sample	with	high	protein	or	lipid	content	
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4.3	OSTE	based	LCAT	Device	Fabrication	

Many	academic	researchers	around	the	world	are	developing	unique	and	innovative	

microfluidic	devices,	but	most	of	the	field	still	relies	on	the	polydimethylsiloxane	polymer	

(PDMS)	as	a	standard.159	Although	the	polymer	is	cost	and	time	effective	for	small	prototype	

batches,	 the	 material	 is	 difficult	 to	 transfer	 to	 large	 scale	 industrial	 methods.160	

Consequently,	 the	microfluidic	 field	has	a	gap	between	research	prototypes	and	proof-of-

concept	devices	that	are	closer	to	a	manufacturable	product.	Carlborg	and	van	der	Wijngaart	

et	al.	in	2011,	showcased	Off-Stoichiometry	Thiol-Ene	polymers	(OSTE)	as	an	alternative	to	

PDMS,	with	potential	to	bridge	the	gap	between	academia	and	industry.161	As	described	in	

their	 work,	 OSTE	 can	 form	 both	 soft	 and	 rigid	 parts,	 can	 be	 bonded	 in	 minutes	 under	

ultraviolet	 exposure	 (UV),	 and	 can	 be	 treated	 to	 create	 hydrophobic	 features.	 This	 Off-

Stoichiometry	 Thiol-Ene	 polymer	 is	 created	 by	 mixing	 monomers	 with	 thiol	 functional	

groups,	 and	monomers	with	 allyl	 functional	 groups,	 in	 unequal	 parts	 so	 that	 there	 is	 an	

excess	of	one	of	the	monomers.	When	the	two	are	uniformly	mixed	and	cured	under	UV	light,	

the	monomer	with	the	lesser	ratio	completely	polymerizes	with	its	pairing	component,	and	

forms	 a	 solid	 polymer.	 However,	 an	 excess	 quantity	 of	 the	 other	monomer	 still	 remains	

dispersed	throughout	the	polymer.	To	differentiate	between	different	mixtures,	the	authors	

used	the	terminology	OSTE-Thiol	(90)	to	represent	a	polymer	 in	which	90	percent	of	 the	

thiol	groups	are	in	excess,	while	OSTE-Allyl	(30)	has	30	percent	of	the	allyl	groups	in	excess.	

By	changing	the	degree	of	off-stoichiometry,	the	resulting	polymer	can	range	from	rigid	in	

strength	(1300	MPa	Young’s	modulus)	to	pliable	(down	to	120	MPa	Young’s	modulus).	The	

best	advantage	of	this	polymer	is	the	ability	of	the	excess	thiol	or	allyl	groups	to	pair	with	

each	other	under	UV	exposure;	when	one	surface	of	excess	thiol	is	brought	into	contact	with	
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a	surface	of	excess	allyl,	 the	two	readily	bond	under	UV.	This	“click”	reaction	allows	easy	

bonding	 of	 device	 layers,	 and	 allows	 the	 device	 surfaces	 to	 be	 treated	 with	 chemicals	

functionalized	with	thiol	or	allyl	groups.162	In	addition	to	the	above,	OSTE	has	many	desirable	

features	which	can	improve	the	functionality	of	microfluidic	devices	(Table	1).	

Qualities	Considered	 PDMS	Polymer	 OSTE	Polymer	
Rigidity	 Pliable,	often	requires	a	stiff	

carrier	or	mounting	
Can	be	formulated	to	be	
pliable	or	rigid	

Reactivity	to	Solvents	 May	dissolve	in	or	swell	in	
many	organic	solvents	

Resistant	to	most	organic	
solvents	

Fabrication	Time	 Requires	up	to	a	day	for	
curing	of	polymer	and	
baking	after	plasma	
bonding	

Devices	can	be	polymerized	
and	bonded	in	2	to	3	UV	
step,	15	minutes	or	less	
each	

Bonding	Process	 Requires	plasma	bonding	 Performed	more	cheaply,	
using	ultraviolet	exposure	

Alignment	of	Multiple	
Layers	

After	plasma	treatment,	
layers	must	be	aligned	in	
under	one	minute,	before	
bond	strength	is	lost	

Layers	can	be	aligned	freely	
before	UV	exposure	

Permeability	 Permeable	to	gases	and	
some	liquids	

Not	permeable	to	gases	or	
liquids	

	

Table	1:	Comparison	of	OSTE	fabricated	devices	with	PDMS	fabrication	

To	successfully	fabricate	the	LCAT	device	with	OSTE	polymer,	we	changed	the	OSTE-

Allyl	stoichiometry	from	30%	excess	allyl	to	20%	excess	allyl,	to	improve	polymerization.	

We	 created	 thin,	 flat	 layers	 of	 soft	 OSTE-Thiol	 (90)	 by	 spin	 coating,	 and	 we	 molded	

microfluidic	channels	in	the	stiff	OSTE-Allyl	(20),	as	shown	in	Figure	25b,	respectively.	To	

achieve	a	thin	layer	of	OSTE-Thiol	(90),	we	spun	the	polymer	on	a	glass	slide	or	glass	cover	

slip	using	a	Laurell	Spin	Coater	(WS-650-23)	at	400	rotations	per	minute	 for	10	seconds,	

then	at	1,000	rotations	per	minute	for	60	seconds.	After	the	spin	coating	was	finished,	we	
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exposed	the	OSTE-Allyl	(20)	layer	to	UV	light	in	a	Jelight	UVO	Cleaner	(model	342)	for	15	

minutes.	

 
 

	

	

	

	

	

	

	

	

	

Figure	25:	An	overview	of	the	fabrication	process	to	make	OSTE	devices.	(A)	Shown	

here	are	two	methods	for	producing	OSTE-Allyl	(20)	chips;	Process	I	use	molding	of	OSTE	

directly	from	a	silicon	wafer,	while	Process	II	uses	PDMS	as	the	mold	for	OSTE.	(B)	

Photograph	of	a	glass	cover	slip	with	a	coating	of	soft	OSTE-Thiol	(90),	and	an	LCAT	device	

made	from	stiff	OSTE-Allyl	(20).	(C)	A	10X	magnification	view	of	LCAT	features	created	by	

Process	I,	which	can	cause	unwanted	bubbles	and	tearing	of	features.	(D)	A	10X	view	of	the	

same	chip	created	by	Process	II,	showing	features	with	higher	detail	and	resolution	
We	molded	microfluidic	channels	into	the	device	by	molding	the	stiff	OSTE-Allyl	(20)	

onto	a	silicon	wafer	with	SU-8	photoresist	patterns.	Although	we	were	able	to	achieve	the	

fabrication	using	OSTE,	the	resolution	was	significantly	low.	As	shown	in	Fig.	25c,	when	the	

cured	OSTE-Allyl	(20)	was	peeled	from	the	mold,	small	microfluidic	features	would	fracture	
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and	break	off	from	the	device	due	to	the	polymer’s	brittle	nature	and	the	mold’s	non-flexible	

patterns.	To	 improve	 the	 feature	 resolution,	we	decided	 to	add	 an	additional	 step	 to	 the	

molding	process.	Instead	of	molding	the	OSTE-Allyl	(20)	from	a	silicon	mold,	we	fabricated	

flexible	molds	 from	polydimethylsiloxane	 (PDMS),	 allowing	 the	 flexible	mold	 to	be	easily	

peeled	from	the	stiff	OSTE	chip.	

	 To	create	the	flexible	PDMS	secondary	mold,	we	first	fabricated	a	silicon	wafer	with	

SU-8	patterns	as	a	primary	mold.	To	accommodate	the	correct	mold	features	on	the	PDMS	

mold,	we	used	an	inverted	UV	mask	to	create	inverted	features	on	the	silicon	wafer.	Figure	

25A	shows	a	comparison	between	direct	molding	of	the	OSTE	from	a	silicon	mold,	versus	

molding	of	the	OSTE	from	a	PDMS	mold.	After	the	PDMS	mold	was	cast	from	the	wafer,	we	

cut	the	PDMS	into	smaller	sections,	and	wrapped	the	PDMS	with	Scotch	tape	to	form	a	small	

area	 in	which	to	pour	the	OSTE	polymer.	After	pouring	the	OSTE,	 the	polymer	was	cured	

under	UV	for	15	minutes.	Once	the	OSTE	was	cured,	the	flexible	PDMS	can	be	easily	peeled	

away	 from	 the	 OSTE	 chip	 under	 room	 temperature.	 Using	 this	 method,	 we	 created	

microfluidic	channels	with	smaller	features	and	with	higher	repeatability,	as	shown	in	Figure	

25D.	 This	 improvement	 in	 feature	 resolution	was	 especially	 important	 in	 fabricating	 the	

LCAT	device,	which	requires	well	defined	features	to	create	vortices	in	the	chip.	

Hydrophobic	Coating	

	 After	improving	the	feature	quality	in	the	OSTE	devices,	we	set	out	to	create	chips	

with	hydrophobic	surfaces	as	detailed	by	Carlborg	et	al.161	In	order	to	make	both	materials	

(stiff	OSTE-Allyl	(20),	soft	OSTE-Thiol	(90)),	it	is	necessary	to	use	a	hydrophobic	molecule	

with	either	a	thiol	group	or	an	allyl	group	to	properly	match	the	excess	groups	in	the	OSTE	

polymer.	As	a	result,	we	purchased	Poly(vinylmethylsiloxane)	(ABCR-GmBH	AB109396)	and	
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[2-3%	 (Mercaptopropyl)methylsiloxane]-dimethylsiloxane	 copolymer	 (ABCR-GmBH	

AB113727).	 Both	 of	 the	 substances	 are	 essentially	 hydrophobic	 PDMS	 particles,	 with	

Poly(vinylmethylsiloxane)	 having	 an	 exposed	 thiol	 group	 capable	 of	 bonding	with	OSTE-

Allyl,	 and	 [2-3%	 (Mercaptopropyl)methylsiloxane]-dimethylsiloxane	 having	 an	 exposed	

allyl	 group	 capable	 of	 bonding	with	OSTE-Thiol.	 To	 create	 hydrophobic	OSTE	 layers,	we	

made	dissolved	solutions	of	each	molecule	by	adding	10%	weight	by	weight	of	the	respective	

hydrophobic	 molecule	 and	 0.5%	 weight	 by	 weight	 ITX	 photoinitiator	 (Sigma-Aldrich	

406317-25)	to	a	toluene	solution.	We	submerged	the	OSTE-Thiol	and	OSTE-Allyl	parts	in	the	

respective	solution	in	a	glass	petri	dish,	and	then	exposed	the	parts	to	UV	for	5	minutes.	Once	

complete,	we	washed	the	parts	with	toluene,	and	dried	them	with	compressed	nitrogen	gas.	

	 Reported	Here	 Reported	by	Carlborg	et	al.161		

	 Untreated	 Treated	 Untreated	 Treated	

OSTE-Allyl	(20/30)	 32°	 79°	 68°	 77°	

OSTE-Thiol	(90)	 45°	 83°	 76°	 97°	

	

Table	2:	Comparison	of	contact	angles	achieved	by	us	and	others	

As	a	result	of	the	treatment,	we	observed	a	significant	improvement	in	the	contact	angles.	

However,	further	improvement	is	needed	for	successful	operation	of	the	LCAT	device	which	

strongly	 relies	 on	 the	 bubble	 formation	 on	 hydrophobic	 PDMS	 (contact	 angle:	 105°).	 In	

addition,	 it	 is	 imperative	that	 the	air	bubbles	within	the	LCAT	remain	 in	a	uniform	shape	

which	 changes	 drastically	within	 20min.	 Although	 due	 to	 because	 gas	 impermeability	 of	

OSTE	and	its	hard	nature,	the	interfaces	remained	stable	for	5hours,	further	optimization	

and	 device	 consistency	 need	 to	 be	 observed.	 Furthermore,	 the	 applications	 of	 particle	
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separation	and	pumping	need	further	analysis	in	OSTE	devices	in	order	to	utilize	it	as	a	gap-

bridging	alternative	to	PDMS.		
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