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The	ability	to	simultaneously	identify,	recover,	and	study	cellular	subsets	within	a	

tumor	has	remained	a	challenge	for	all	except	the	hematopoietic	lineages,	due	in	part	to	the	

limited	tools	available	for	the	analyses	of	adherent	cells.	The	recognition	that	distinct	

cellular	elements,	such	as	cancer	stem	cells,	within	tumors	confer	biological	characteristics	

has	increased	the	need	for	the	development	of	platforms	to	permit	studies	of	rare	cellular	

subsets	contained	within	heterogeneous	cell	populations.	

The	micropallet	array	platform	is	a	platform	consisting	of	micro-scale	pedestals,	

termed	micropallets	arrayed	on	a	glass	slide.	Each	micropallet	holds	a	single	adherent	cell	

in	culture	and	can	be	selectively	recovered	with	minimal	perturbation	to	the	cell	permitting	

isolation,	selection,	and	recovery	of	single	cells.	We	proposed	to	utilize	this	technology	to	

analyze	a	rare	tumor	cell	subset,	the	putative	cancer	stem	cell.		

We	made	significant	advancements	to	this	technologic	platform	most	notably	

incorporation	of	multichannel	immunofluorescent	confocal	imaging	to	identify	specific	

cellular	subsets	within	complex	mixtures,	such	as	would	be	obtained	from	a	tumor	biopsy.	

As	there	is	no	one	marker	that	identifies	cancer	stem	cells,	panels	of	cell	surface	markers	
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were	required.	The	ability	to	interrogate	the	marker	expression	patterns	of	six-molecules	

provided	a	critical	functionality	that	enabled	the	identification	and	enumeration	of	single	

cells	with	defined	surface	phenotype.	We	established	panels	for	the	analysis	of	breast,	

prostate,	and	pancreatic	epithelial	tumors	to	demonstrate	the	flexibility	of	the	multicolor	

panel.	We	provided	proof	of	concept	for	gene	expression	analyses	using	recovered	single	

cells,	by	both	qRT-PCR	and	Nanostring.	These	advancements	to	the	platform	enabled	the	

analysis	of	breast	tumor	specimens.		

We	optimized	1)	the	enzymatic	dissociation	conditions	to	obtain	single	cell	

suspensions,	2)	selection	of	micropallet	extracellular	matrix	coating,	and	3)	determination	

of	an	appropriate	incubation	time	to	facilitate	tumor	cell	adherence.	Finally,	we	

demonstrated	proof	of	concept	for	the	analysis	of	breast	tumor	specimens	from	which	

putative	single	breast	cancer	stem	cells,	defined	by	their	surface	marker	expression	profiles	

were	collected	off	the	arrays	and	profiled	for	their	expression	of	stem-cell	related	genes.	
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Chapter	1	

INTRODUCTION	

1.1	Tumor	Heterogeneity	

	 Rationally	designed,	individualized	therapeutic	strategies	have	been	a	long-desired	

objective	for	breast	cancer	patients	and	clinicians	(1,	2)	as	in	2015	alone,	a	total	of	231,840	

new	cases	of	invasive	breast	cancer	were	diagnosed	in	the	United	states	alone,	along	with	

60,290	new	cases	of	non-invasive	breast	cancer	(3).	Remarkably,	breast	cancer	patients	

with	identical	tumor	histology	experience	substantial	variability	in	clinical	behavior	and	

response	to	treatment	strategies.	Our	ability	to	accurately	identify	which	women	will	

benefit	from	any	specific	therapy	remains	elusive.		

The	evolving	appreciation	of	tumor	heterogeneity	at	the	cellular,	molecular,	and	

genetic	level	provides	the	opportunity	for	individualized	approaches	to	the	treatment	of	

breast	cancer.	Recent	gene	expression	diagnostics	have	become	clinically	available,	such	as	

OncotypeDx	for	breast,	colon,	and	prostate	cancers	(4),	and	MammaPrint	(5,	6),	that	

accentuate	tumor	heterogeneity	and	demonstrate	the	possibility	to	effectively	tailor	

individual	patient	treatment	based	upon	genetic	characteristics	of	their	tumor	(7).	These	

analyses	are	able	to	more	accurately	characterize	a	patient’s	prognosis,	potential	benefit	

from	adjuvant	chemotherapy,	and	risk	of	metastasis	(8-13).	The	assays	profile	the	gene	

expression	patterns	from	gross	tumor	tissue	obtained	by	lumpectomy,	mastectomy,	or	core	

biopsy	and	are	therefore	unable	to	link	any	of	their	detected	characteristics	towards	

specific	entities	found	within	the	tumor	tissue.		

The	recognition	of	unique	cellular	elements	of	a	tumor,	i.e.,	breast	cancer	stem	and	

endothelial	progenitor	cells,	within	the	bulk	malignant	epithelium	have	raised	important	
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biological	and	clinical	questions	as	to	the	role	of	these	cell	populations	and	their	

contribution	to	a	patient’s	tumor	biology	(14-16).	The	relative	content	of	these	cellular	

subsets	within	a	tumor	likely	contribute	to	the	patient’s	unique	tumor	biology	and	

treatment	(17).	Differences	in	the	cellular	profile	of	tumors,	such	as	the	proportion	of	

cancer	stem	cells	within	a	tumor,	may	be	a	source	of	clinical	variability	and	contribute	to	

the	observed	molecular	heterogeneity	between	tumors	of	identical	tumor	histology	(18).	

Understanding	the	heterogeneity	and	complexity	of	an	individual’s	tumor	will	only	be	

characterized	when	individual	cellular	subsets	can	effectively	be	identified,	isolated,	

recovered,	and	studied.	

1.2	Cellular	Subsets	of	Breast	Cancer	Tumors	

	 The	following	cell	subsets	may	be	found	within	a	breast	cancer	tumor	and	are	of	

interest	for	this	study	(19).	It	is	proposed	that	each	of	the	following	cell	subsets	is	

positively	identifiable	by	the	detection	of	its	expression	or	lack	of	expression	of	one	or	

more	cell	surface	markers.	One	panel	of	cell	surface	markers	for	breast	tumor	cell	subset	

identification	is	given	in	Table	1.1.	

	

Table	1.1	Breast	Tumor	Cell	Subset	Marker	Expression	Profiles.	 
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Cancer	Stem	Cells,	otherwise	known	as	tumor	initiating	cells,	express	stem	cell	

markers	and	possess	the	capacity	to	self-renew,	and	have	been	detected	in	patients	with	

several	forms	of	solid	tumors	including	breast	(20),	pancreatic	(21-23),	prostate	(24),	colon	

(25),	brain	(26,	27),	lung	(28,	29),	ovarian	(30,	31),	and	endometrial	cancers	(32,	33).	

These	cancer	stem	cells	(CSCs)	are	believed	to	represent	an	extremely	small	population	of	

cells	within	the	tumor	mass,	possibly	as	low	as	0.1	to	0.01%,	which	has	complicated	the	

identification	and	study	of	this	cell	population	(34).	Cancer	stem	cells	are	commonly	

enriched	for	by	generating	in	vitro	spheroid	cultures	or	expanded	in	immune	deficient	mice	

to	obtain	enough	cells	for	analysis	(35,	36).	These	methods	inevitably	perturb	the	biology	

of	the	primary	tumor	cells	and	naturally	select	for	more	aggressive	forms	of	cancer,	as	

often	times	only	cellular	samples	dissociated	from	more	advanced	forms	of	cancer	are	able	

to	be	successfully	expanded	in	culture	or	in	mice.		

Within	neoplastic	tissues	it	is	postulated	that	the	proportion	of	putative	cancer	stem	

cells,	or	tumor	initiating	cells,	is	related	to	resistance	to	therapy	and	early	metastasis	(37,	

38).	Thus,	it	is	believed	that	the	elimination	of	this	cell	population	is	essential	for	the	

development	of	more	effective	therapies	(39,	40).	However,	it	remains	to	be	determined	

which,	if	any,	of	the	current	available	treatment	strategies	have	activity	in	this	cell	

population	(41,	42).	There	is	no	single	cell	surface	marker	that	unambiguously	identifies	

mammary	stem	cells,	but	combinations	of	markers	have	proved	useful,	Table	1.1.	Breast	

cancer	stem	cells	are	epithelial	in	nature	and	express	ESA	and	CD44.	Unlike	cancer	stem	

cells	of	other	tumor	types,	breast	cancer	stem	cells	do	not	express	CD133	and	CD24,	and	

also	lack	expression	of	other	cell-lineage	markers	CD309	and	CD45	(43-47).		
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Epithelial	Tumor	Cells	comprise	the	bulk	malignant	tumor	mass	and	are	therefore	

regularly	targeted	for	destruction	by	therapeutics	(48).	The	malignant	epithelial	

component	of	breast	cancer	has	been	divided	into	subtypes	based	on	histology,	

immunohistology,	and	more	recently,	on	gene	expression	profiles	(49,	50).	The	ability	to	

discriminate	all	malignant	epithelial	tumor	cells,	regardless	of	subtype,	from	cancer	stem	

cells	and	other	cellular	subsets	found	within	a	tumor	provides	an	opportunity	to	address	

the	relative	contribution	of	the	bulk	malignant	epithelium	to	specific	biologic	processes	

that	confer	characteristics	to	the	tumor,	such	as	sensitivity	or	resistance	to	treatment,	

recurrence,	and	metastasis.	

Endothelial	Cells	and	their	Progenitors.	Abnormal,	increased	vasculature	is	a	

hallmark	of	cancer	and	tumor	growth	(51).	Insights	into	angiogenesis	led	to	the	

identification	and	characterization	of	endothelial	progenitor	cells	(EPCs)	and	circulating	

endothelial	cells	(CECs)	(52-55).	The	advent	of	effective	anti-angiogenic	therapies	

heightened	the	importance	of	understanding	the	role	of	EPCs	in	tumors	(56,	57).	The	

numbers	of	EPCs	correlate	well	with	microvascular	density	(58),	and	it	is	believed	that	the	

proportion	of	EPCs	is	associated	with	an	angiogenic	phenotype	and	potential	response	to	

anti-angiogenic	therapies	(59).		As	with	breast	CSCs,	there	is	no	single	cell	surface	marker	

that	unambiguously	identifies	EPCs	(Table	1.1),	but	limited	combinations	of	cell	surface	

markers	can.	EPCs	and	mature	endothelial	cell	at	the	sprouting	tip	of	an	angiogenic	blood	

vessel	express	CD309	(60,	61)	and	are	distinguished	by	their	expression	or	lack	of	the	stem	

cell	marker	CD133	(62).	EPCs	express	CD24,	while	mature	endothelial	cells	may	express	

CD24	and	CD44.	Both	cell	subsets	lack	the	expression	of	the	leukocyte	marker	CD45	(63,	

64).		



	 5	 	

Hematopoietic	and	Mesenchymal	cells.	Although	there	are	several	cell	types	that	

comprise	the	hematopoietic	(65-67)	and	mesenchymal	(68,	69)	cell	subsets	with	equally	

interesting	contributions	to	a	patient’s	tumor	biology,	the	CD45	marker	in	Table	1.1	was	

used	as	a	lineage	marker	to	identify	all	hematopoietic	cells	(70),	the	majority	of	which	are	

non-adherent.	Fibroblast	(71,	72),	myoepithelial	(69,	73,	74),	and	other	cell	types	

comprising	the	mesenchymal	cell	subset	are	identifiable	by	their	lack	of	expression	of	the	

three	cell-lineage	markers	ESA,	CD309,	and	CD45	(Table	1.1).	

1.3	Existing	Cell	Profiling	and	Sorting	Technologies	

	 Various	strategies	exist	to	identify	and	collect	non-adherent	cells	from	a	mixed	

population,	most	notably	fluorescence-activated	cell	sorting	(FACS)	or	magnetic	bead	

labeled	sorting.	While	ideal	for	non-adherent	cells	such	as	peripheral	blood	mononuclear	

cells	(PBMCs),	the	application	of	either	of	these	techniques	towards	adherent	cells	requires	

the	user	to	enzymatically	or	mechanically	remove	cells	from	their	growth	substrate.	This	

process	can	be	extremely	damaging	to	fragile	cells	and	sensitive	cell	surface	molecules;	

while	also	eliminating	the	possibility	of	using	cell	morphology	as	sorting	criteria.	FACS	also	

requires	large	amounts	of	cells	in	order	to	provide	all	the	necessary	staining	controls	(75).	

Consequently,	there	has	been	motivation	to	create	technologies	that	enable	the	sorting	of	

cells	adhered	to	a	growth	substrate.		

Laser	capture	microdissection	(LCM)	enables	the	user	to	obtain	single	adherent	cells	

from	tissue	sections	for	genetic	or	proteomic	studies,	such	as	the	MicroBeam	system	by	

Zeiss	P.A.L.M.	However,	this	system	requires	the	user	to	utilize	fixed	and	dehydrated,	or	

frozen	specimens	because	the	laser	energy	is	attenuated	by	fluids	during	microdissection	

(76).	Methods	to	isolate	live	cells	from	tissue	using	LCM	have	been	demonstrated,	but	are	
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low	throughput,	inefficient,	and	do	not	maintain	cell	viability,	as	the	ejection	and	collection	

system	offer	little	protection	from	the	laser	to	the	cell	samples	during	the	collection	

process	(77).	Thus,	these	technologies	are	not	readily	applicable	to	the	identification	and	

recovery	of	unperturbed	cells	that	require	multi-parameter	detection	and	limit	pre-

analysis	perturbation	of	the	cells.		Thus,	there	is	a	critical	need	to	be	able	to	sample	

complex	tissues	composed	of	adherent	cells,	define	the	cellular	profile	of	those	tissues,	and	

recover	individual	viable	cells	of	defined	phenotype	for	further	study.	Existing	technologies	

are	not	readily	applicable	to	the	identification	and	recovery	of	rare	cells	that	require	multi-

parameter	detection	and	are	poorly	suited	for	evaluation	of	multiple	discrete	cell	

populations	within	a	tumor	sample.	

1.4	Overall	Research	Objectives	

	 In	order	to	understand	the	interplay	between	individual	cellular	elements	in	a	

tumor,	development	of	technologies	to	simultaneously	identify	and	evaluate	these	cellular	

subsets	from	a	patient’s	tumor	are	required.	Thus,	a	technology	that	enables	rapid	

identification,	isolation,	and	evaluation	of	rare	cells	from	a	patient’s	tumor	at	the	time	of	

diagnosis,	prior	to	treatment,	would	have	the	potential	to	direct	individualized	treatment	

strategies	and	more	accurately	characterize	a	patient’s	prognosis.	This	dissertation	details	

our	development	of	such	a	capable	platform,	which	employs	the	Micropallet	Array	as	its	

foundational	technology,	towards	the	analysis	of	putative	cancer	stem	cells	within	human	

primary	tumor	specimens.		

	 The	standard	Micropallet	Array	is	an	adherent	single	cell	sorting	technology	that	has	

been	developed	at	UC	Irvine,	and	holds	great	promise	for	cell	biology	and	medical	research	

(75).	The	Micropallet	Array	has	been	previously	demonstrated	for	use	with	immortalized	



	 7	 	

cancer	cell	lines,	but	has	not	been	demonstrated	with	primary	cells.	Our	objectives	were	to	

functionalize	this	platform	technology	towards	the	analysis	of	putative	cancer	stem	cells	

from	human	breast	tumor	biopsies,	and	identify	relevant	cellular	subsets	within	the	tumor.		

	 To	accomplish	these	objectives,	several	biological	advancements	to	the	base	

Micropallet	Array	technology	were	made.	Some	modifications	to	the	existing	Micropallet	

Array	fabrication	were	made	and	are	detailed	in	Chapter	2.	Chapter	3	describes	our	main	

advancement	to	the	base	micropallet	array	platform	that	allows	cells	adhered	to	the	

micropallet	array	to	be	profiled	by	their	surface	molecular	receptor	expression	patterns	for	

identification.	Chapter	4	covers	the	regulatory	oversight	for	tumor	tissue	procurement	and	

details	the	tumor	dissociation	to	single	cell	suspension	and	application	to	the	Micropallet	

Array	platform.	Chapter	5	details	the	work	performed	to	refine	our	single	cell	molecular	

methodologies	and	the	analysis	of	single	putative	cancer	stem	cells.	These	biological	

advancements	to	the	Micropallet	Array	technology	produce	a	powerful	platform	capable	of	

analyzing	the	cellular	makeup	of	small	tumor	biopsy	specimens,	and	recovering	individual	

cells	from	the	specimen	for	gene	expression	analyses.		

	 Appendices	A-E	chronicle	my	collaborative	efforts	within	the	biomedical	

engineering	field	to	provide	proof	of	principle	of	other	exciting	nanotechnology	in	

development,	including	the	development	of	three	new	generations	of	Micropallet	Arrays	

for	different	utilities	and	a	novel	microfluidic	device.	Specifically,	1)	ferromagnetic	

micropallets	for	single	cell	sorting	(78),	2)	embossed	micropallets	out	of	dried	1002F	

photoresist	for	applications	with	sacrificial	coatings	beneath	the	micropallets,	where	all	

engineering	work	was	performed	by	me,	3)	glass	micropallets	for	enhanced	microscopic	
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imaging	capabilities,	4)	ferro-core	micropallets	for	cell	colony	sorting,	and	5)	a	device	for	

dissociation	of	solid	tissues	and	tumors	using	microfluidics	were	developed.	 	
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Chapter	2	

THE	STANDARD	MICROPALLET	ARRAY	PLATFORM		

2.1	Description	of	the	Standard	Micropallet	Array		

	 The	basic	Micropallet	Array	platform	is	a	unique	micro-	and	nanotechnology	that	

permits	the	isolation,	selection,	and	recovery	of	single	adherent	cells	from	large	

heterogeneous	populations	(1).	This	platform	consists	of	micro-scale	pedestals,	termed	

“micropallets”	that	are	patterned	in	an	array	on	a	glass	microscope	slide,	and	each	

micropallet	is	designed	to	hold	a	single	adherent	cell	(Figure	2.1A).	The	micropallets	are	

fabricated	using	standard	photolithography	of	high-aspect	negative	photoresist,	1002F	(2)	

and	are	treated	post-fabrication	to	impart	specific	qualities;	including	the	creation	of	

“virtual	air	walls”	(3),	to	limit	cellular	access	to	the	channels	between	micropallets.	The	top	

surfaces	of	the	micropallets	are	coated	with	any	of	several	extracellular	matrix	(ECM)	

components	to	facilitate	cell	adherence	to	only	the	top	surfaces	of	the	micropallets	(Figure	

2.1B)	(4).	The	development	of	each	of	these	elements	to	the	functionalized	platform	was	

completed	at	the	time	I	joined	the	project.		
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	 	In	use,	the	complex	cellular	mixtures	to	be	analyzed	are	applied	to	ECM-coated	

micropallet	arrays	as	single	cell	suspensions	in	cell	culture	media.		The	cells	are	incubated	

in	a	cell	culture	incubator	for	several	hours	to	allow	single	cells	to	settle	and	adhere	to	

individual	micropallets.	These	adhered	cell	populations	can	be	interrogated	via	

immunofluorescent	imaging	methods	to	identify	unique	cellular	subsets	by	their	surface	

molecule	expression	patterns,	as	described	in	Chapter	3.	Targeted	single	cells	of	interest	

identified	using	immunofluorescent	imaging	can	be	recovered	from	the	array	by	releasing	

A

B.

Figure	2.1	Micropallet	Arrays.	Micropallet	arrays	are	comprised	of	microscale	polymer	pedestals,	
termed	micropallets	that	are	uniformly	arranged	in	an	array	pattern	on	a	glass	microscope	slide.	(A)	
Scanning	electron	microscope	(SEM)	micrographs	of	a	micropallet	array	consisting	of	micropallets	
with	40	x	40	μm	cross	sections	(green	arrows),	50	μm	height	(yellow	arrow),	and	30	μm	spacing	
between	adjacent	micropallets	(pink	arrow).	(B)	The	array	surface	is	made	to	be	hydrophobic	by	
adsorption	of	an	organosilane	monolayer	onto	the	surfaces	of	the	array.	The	array	hydrophobicity	
causes	air	to	be	trapped	between	the	micropallets	when	an	aqueous	solution	is	applied	to	the	array.	
The	resulting	network	of	virtual	air	walls	prevents	cells	from	falling	between	the	micropallets	and	
constrains	them	to	the	top	of	the	surfaces	of	the	micropallets. 
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and	collecting	the	individual	micropallet	containing	a	single	adherent	cell	for	analysis	at	the	

molecular	level,	as	described	in	Chapter	5.		

2.2	Advantages	of	the	Micropallet	Array	Technology	for	Cell	Sorting	over	other	Cell	

Sorting	Methods		

	 An	additional	problem	with	many	cell-sorting	systems	such	as	FACS	is	that	they	are	

designed	to	use,	and	typically	require,	a	relatively	large	sample	size	for	analysis	(>100,000	

cells).	Therefore,	large	excised	samples	of	tissue	are	required	to	gain	enough	single	cells	for	

analysis.	Likewise,	the	rare	cell	detection	compatibility	of	FACS	systems	(generally	

accepted	at	2	in	10,000	(5))	is	insufficient	for	the	effective	analysis	of	breast	cell	subsets,	

specifically	for	the	cancer	stem	cell	population	which	may	be	as	rare	as	<	1	per	100,000	in	

some	cases	(6).		

To	compare	the	rare	cell	detection	rates	of	the	micropallet	array	platform	against	a	

bench-top	flow	cytometer	(BD	Accuri	C6),	multiple	rare	cell	detection	experiments	were	

performed,	each	with	sets	of	rare	cell	dilutions	ranging	from	1:10	to	1:10,000	(rare	cells	

3T3	stably	transfected	to	express	rat	Neu	(rNeu):	background	3T3	wild	type	(WT)	cells).	In	

the	experiments	of	greatest	dilution,	as	few	as	one	or	two	3T3	rNeu	cells	across	the	entire	

array	of	~40,000	micropallets	were	detected	in	the	background	population	of	10,000-

15,000	3T3	WT	cells.	Figure	2.2	shows	one	such	experiment	in	which	a	single	rNeu	

expressing	cell	was	identified	in	the	entire	LabTek	chamber.	Analysis	with	the	Micropallet	

Array	platform	has	a	true	zero	background	false-positive	rate	for	rare	cells.	This	is	due,	in	

part,	to	the	Array’s	imaging	capacity,	in	that	a	trained	operator	can	visually	inspect	each	

rare	cell	event	for	positive	confirmation.	False	positives,	debris	such	as	dirt/dust,	

fragmented	cells,	or	cellular	aggregates	can	be	quickly	dismissed.	
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	 The	data	from	the	complete	set	of	rare	cell	detection	experiments	performed	is	

presented	in	Figure	2.3.	This	graph	depicts	the	data	from	all	3T3	rNeu	rare	cell	detection	

experiments	as	a	plot	of	the	experimentally	determined	percentage	of	rare	rNeu-

expressing	cells	versus	the	target	percentages	of	the	prepared	dilutions	of	rare	3T3	rNeu	

cells	in	background	populations	of	3T3	WT	cells.	Experimentally	determined	cell	

percentages	were	performed	using	either	the	Micropallet	Array	or	flow	cytometry	using	a	

BD	Accuri	C6	cytometer.	Each	dilution	of	cells	was	made	up	in	excess	so	that	direct	

comparisons	of	identical	populations	could	be	made	using	both	techniques.		

Figure	2.2	Micropallet	arrays	enable	rare	cell	detection.	Example	rare	cell	detection	experiment	in	
which	a	single	neu-expressing	3T3	cell	(green	channel)	was	identified.	In	this	experiment,	the	nuclei	
of	all	cells	were	stained	with	Hoechst	33342	(red	channel)	for	ease	of	identification.	The	inset	shows	
the	locale	within	the	array	of	the	single	positive	neu	cell.	The	inset	comprises	81	micropallets,	the	
neu-expressing	3T3	cell,	and	67	adherent	3T3-WT	cells.		
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	 The	Micropallet	Array	analyses	of	mixed	cell	populations	closely	correlate	with	each	

targeted	percentage	of	rare	3T3	rNeu	cell	populations,	demonstrating	the	platform	

technology’s	ability	to	detect	instances	of	extremely	rare	cells.	Importantly,	no	false	

positive	cells	were	detected	on	Micropallet	Arrays	containing	only	wild	type	3T3	cells,	in	

stark	contrast	to	the	inherent	background	false	positive	rate	of	the	flow	cytometer	used	for	

this	experiment	(BD	Accuri	C6).		

2.3	Fabrication	of	Micropallet	Arrays	
	
	 Micropallet	arrays	were	fabricated	from	1002F	negative	photoresist	in	a	similar	

manner	to	that	previously	described	(1,	4).	The	1002F	photoresist	was	made	by	dissolving	

Figure	2.3	Micropallet	rare	cell	detection	is	superior	to	FACS.	This	graph	depicts	multiple	replicate	
(n=3	to	n=5)	data	for	experimentally	determined	percentage	of	rat	neu	expressing	3T3	cells	in	a	
background	of	wild	type	non-neu	expressing	3T3	cells	as	determined	by	micropallet	array	and	flow	
cytometry	analyses	on	identical	populations.	Error	bars	represent	standard	error	for	the	replicate	
determinations.	Importantly,	no	background	neu	positive	cells	were	detected	in	the	0%	neu	mixture	
using	micropallets,	plotted	as	0.001%	on	this	log	scale	graph.	This	is	in	contrast	to	flow	cytometry,	
which	had	a	background	level	of	≈0.015%.	The	dotted	blue	line	depicts	identity	between	target	and	
experimental	values.	The	grey	box	denotes	percentages	that	are	below	the	widely	accepted	limit	of	
detection	for	flow	cytometry	(<0.02%).	
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EPON	resin	1002F	(phenol,	4,4’-(1-methylethyldiene)bis-,	polymer	with	2’2(1-

methylethylidene)bis(cyclohexane-4,1-dioxymethylene))bisoxirane)	(Miller-Stephenson,	

Sylmar,	CA)	and	UCI-6976	photoinitiator	(triarylsulfonium	hexafluoroantimonate	salts	in	

propylene	carbonate)	(Dow	Chemical,	Torrance,	CA)	in	Υ-butyrolactone	(GBL)	(Sigma-

Aldrich,	St.	Louis,	MO)	at	a	ratio	of	61%	1002F	resin/6.1%	photoinitiator/32.9%	solvent	

(weight	percentage).	To	fabricate	micropallet	ararys	using	1002F	photoresist,	50	μm	thick	

coatings	of	1002F	photoresist	were	obtained	by	spin-coating	and	baking	the	photoresist	on	

clean	24x60	mm	high	precision	cover	glass	slides.	The	arrays	were	patterned	by	exposure	

to	collimated	UV	light	(Oriel,	Newport	Stratford	Inc.,	Stratford,	CT)	through	a	photomask	to	

achieve	a	total	energy	of	1200J/cm2,	whose	exposure	time	varied	depending	on	the	power	

measurement	of	the	UV	light.	The	arrays	were	then	post-exposure	baked,	and	developed	

with	SU-8	developer	(MicroChem,	Newtown,	MA).	Figure	2.4	illustrates	the	steps	of	

micropallet	array	fabrication.	For	the	vast	majority	of	the	work	described	in	the	following	

chapters,	and	unless	otherwise	specified,	the	micropallets	had	dimensions	of	40	x	40	μm	

cross-sections,	50	μm	height,	with	30	μm	gaps.		
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	 After	microfabrication,	virtual	air	walls	were	constructed	around	the	micropallets	

by	creating	a	highly	hydrophobic	surface	through	silane	vapor	deposition	to	restrict	access	

of	the	cells	to	the	top	surfaces	of	the	micropallets	(3).	This	hydrophobic	silane	layer	is	

responsible	for	producing	the	Cassie-Baxter	wetting	conditions	to	generate	the	“virtual	air	

walls”	upon	wetting	of	the	array.	Up	to	six	micropallet	arrays	were	pre-cleaned	with	a	

nitrogen	air	stream	then	placed	in	a	microscope	slide	rack	within	a	dry-seal	dessicator.	A	

small	plastic	weigh	boat	containing	250	μL	of	(heptadecafluoro-1,1,2,2-

tetrahydrodecyl)trichlorosilane	(Gelest,	Morrisville,	PA)	was	also	placed	on	the	bottom	of	

the	dessicator	before	placing	the	lid.	The	dessicator	was	then	attached	to	an	oil-free	

vacuum	pump	for	one	minute,	followed	by	a	standing	time	of	24	hours	under	vacuum	at	

Figure	2.4	Micropallet	fabrication	using	photolithography.	(A)	Micropallet	array	fabrication	
begins	with	a	clean	and	dehydrated	glass	slide.	(B)	The	1002F	negative	photoresist	is	spin-
coated	and	soft-baked	on	the	glass	slide.	(C)	The	light-sensitive	photoresist	is	patterned	by	
exposure	to	collimated	UV	light	through	a	photomask	(D)	The	unexposed,	and	thus	
noncrosslinked	photoresist	is	removed	using	SU-8	developer,	leaving	finished	micropallets	
adhered	to	the	glass	slide.		



	 21	 	

room	temperature.	The	dessicator	was	then	purged	to	remove	any	residual	unreacted	

silane	molecules	before	removing	the	silanized	micropallet	arrays.	

	 Plastic	4-well	Lab-Tek	chamber	slides	were	attached	to	the	micropallet	arrays	using	

polydimethylsiloxane	(PDMS)	to	demarcate	areas	of	the	array	and	to	hold	in	cell	culture	

media	and	various	buffers	used	for	immunofluorescent	cell	staining	methods.	For	the	vast	

majority	of	the	experiments	described,	and	unless	otherwise	specified,	plastic	4-well	or	8-

well	chambers	taken	from	LabTek	chamber	slides	(Nunc	Inc.,	Naperville,	IL)	were	used	for	

this	purpose.	An	individual	4-well	sized	chamber	demarcated	a	discrete	9mm	x	20mm	area	

of	the	array,	containing	roughly	40,000	micropallets,	and	each	Lab-tek	chamber	held	a	

maximal	volume	of	1.5mL	of	fluid.	The	Micropallet	Arrays	were	sterilized	in	70%	molecular	

biology	grade	ethanol	and	allowed	to	dry	in	a	biosafety	cabinet	for	24	hours.		Sterilized	

Micropallet	Arrays	were	maintained	in	sterile	disposable	petri	dishes	with	lids	until	use.	

Figure	2.5	shows	completed	micropallet	arrays	with	attached	Lab-Tek	chambers.		

	
	

Figure	2.5	Complete	standard	micropallet	array.	A	1	x	3	inch	glass	slide	carrying	a	micropallet	array	
over	its	entire	surface	was	completed	by	the	attachment	of	Lab-tek	chambers	to	demarcate	4	distinct	
9	x	20mm	wells	containing	approximately	40,000	micropallets	per	well.		
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2.4	Coating	of	Micropallet	Arrays	with	Extracellular	Matrix		

	 To	facilitate	cellular	adhesion,	the	micropallets	were	coated	with	ECM	proteins,	

human	fibronectin	(huFN)	and	rat	laminin-5	(rL5)	in	a	similar	manner	as	previously	

demonstrated	(4).	For	the	vast	majority	of	the	work	described	in	the	following	chapters,	

and	unless	otherwise	specified,	the	following	methodologies	were	used	to	coat	micropallets	

with	huFN	and	rL5.	

	 Human	fibronectin	was	diluted	to	20μg/mL	in	sterile	1X	phosphate	buffered	saline	

(PBS),	pH	7.4	without	Ca	and	Mg	and	applied	to	the	Lab-tek	chamber	wells	demarcating	the	

micropallet	arrays	for	one	hour	at	room	temperature,	then	gently	washed	three	times	with	

sterile	1X	PBS,	pH	7.4	without	Ca	and	Mg	to	remove	non-adhered	huFN.	The	arrays	were	

then	subject	to	three	half-volume	exchanges	with	70%	ethanol	(molecular	biology	grade),	

to	remove	excess	huFN	bridging	across	micropallet	structures.	The	resulting	huFN	coated	

array	was	allowed	to	dry	in	a	sterile	environment	at	room	temperature	for	24	hours	before	

use.		

	 The	coating	protocol	for	rat	laminin-5	required	the	utility	of	a	poly-L-Lysine	(PLL)	

primer	coating.	One	mL	of	PLL	at	0.01%	stock	concentration	(0.1mg/mL	in	1X	PBS,	pH	7.4	

without	Ca	and	Mg)	was	applied	to	the	arrays	for	one	hour	and	maintained	at	37°C.	The	rL5	

ECM	was	diluted	to	1μg/mL	in	1X	PBS,	pH	7.4	for	application	to	the	arrays	at	37°C	for	one	

hour.	The	arrays	were	gently	washed	twice	with	1X	PBS,	pH	7.4	without	Ca	and	Mg	to	

remove	excess	unbound	rL5,	then	immediately	used	for	experiments.			

2.5	Targeted	Release	of	Individual	Micropallets	using	2-Photon	Laser	(Mai	Tai)	on	a	

Confocal	Microscope	(Zeiss	LSM780)	
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	 Once	a	cell	of	interest	is	identified	on	a	micropallet	array,	it	is	recovered	by	

selectively	ejecting	a	single	micropallet	from	the	glass	slide	using	a	short	laser	pulse	

focused	at	the	interface	of	the	micropallet	and	underlying	glass	slide	(7-9).	The	laser	pulse	

creates	a	localized	plasma	due	to	high	electric	field	generated	within	the	focal	volume	of	

the	laser.	A	shock	wave	is	produced	and	the	plasma	ablates	the	polymer	micropallet	

material	within	the	focal	volume.	Rapidly	expanding	gas	created	from	the	ablative	process	

is	trapped	between	the	micropallet	and	glass	substrate,	dislodging	the	micropallet	from	the	

glass.	The	micropallet	is	ejected	into	the	fluid	and	comes	to	rest	on	the	surface	of	the	array,	

generally	within	a	few	millimeter	of	its	initial	position.	The	laser	release	mechanism	is	

illustrated	in	Figure	2.6.	

	

Past	investigators	have	used	this	laser	release	methodology	have	employed	Nd:YAG	

(7,	8)	and	Chameleon-Ultra	(9)	2-photon	lasers	with	success.	It	was	of	importance	to	

demonstrate	the	utility	of	this	laser	release	method	utilizing	the	same	system	as	that	for	

Figure	2.6	2-Photon	laser	release	of	individual	micropallets.	(A)	A	single	pulse	from	a	2-photon	laser	
dislodges	the	targeted	micropallet	by	forming	a	rapidly	expanding	cavitation	bubble	at	its	interface	
with	the	glass	substrate.	(B)	Video	frames	of	laser	release	of	a	single	micropallet	with	single	adhered	
cell.	After	release	from	the	glass	substrate,	the	micropallet	with	adhered	cell	comes	to	rest	on	the	
top	of	neighboring,	unperturbed	micropallets.	
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immunofluorescent	analysis	of	the	adhered	cells	to	improve	ease	of	use	and	throughput	of	

micropallet	collection.		

	 The	Zeiss	Laser	Scanning	Microscope	(LSM)	780	confocal	system	managed	by	

UCIrvine’s	Optical	Biology	Core,	is	equipped	with	several	fixed	excitation	lasers	(405,	458,	

488,	514,	561,	and	633nm)	and	is	well-suited	to	perform	multicolor	immunofluorescent	

imaging.	The	LSM780	is	also	linked	to	a	Mai	Tai	(Spectra-Physics)	tunable	2-photon	laser	

that	is	normally	used	for	gentle	long-term	fluorescence	imaging,	deep	tissue	imaging,	and	

techniques	like	Fluorescence	Recovery	After	Photobleaching	(FRAP)	but	has	not	been	

tested	and	demonstrated	for	laser-based	release	of	microstructures.	The	following	

approach	was	developed	for	use	of	the	LSM780	system	for	micropallet	laser-release.	For	

the	vast	majority	of	the	work	described	in	the	following	chapters,	and	unless	otherwise	

specified,	this	method	was	utilized.	

	 The	LSM780	and	laser	modules	are	controlled	by	Carl	Zeiss	Zen	software	on	a	

connected	computer.	The	software	offers	several	scanning	modes	to	tailor	the	microscopes	

imaging	capacity	towards	the	users	specific	need.	The	Region	of	Interest	(ROI)	scanning	

mode	was	utilized	for	laser-based	release	of	the	micropallets.	This	mode	was	used	to	draw	

a	square	ROI	(75	x	75	μm)	centered	in	the	footprint	of	the	micropallet	to	be	released,	as	

shown	in	Figure	2.7.	Prior	to	firing	the	laser	to	release	the	targeted	micropallet,	the	focus	of	

the	microscope	was	adjusted	down	from	the	plane	used	for	cellular	imaging	(the	plane	

established	by	the	top	surfaces	of	the	micropallets)	to	the	plane	containing	the	interface	of	

the	micropallet	and	glass	substrate.	The	autofluoresence	of	the	micropallets,	and	the	focus	

of	the	condensation	droplets	and	small	debris	were	used	as	visual	aids	to	determine	the	

correct	plane	of	focus.	The	pinhole	aperture	was	set	to	1.17	Airy	Unit	(2.4	μm)	to	achieve	a	
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very	narrow	confocal	slice	distance.	These	microscope	settings	are	able	to	reproducibly	

eject	micropallets,	with	only	fine	adjustments	to	the	laser	power	and	focus	needed	(Figure	

2.8).	Once	the	appropriate	focus	and	an	ROI	established,	the	laser	was	delivered	using	the	

continuous	scanning	mode	of	the	Zen	software.	The	Mai	Tai	laser	was	tuned	to	760nm,	and	

the	laser	was	allowed	to	continuously	raster	the	ROI	for	roughly	1-2	seconds,	after	which	it	

was	manually	stopped.	To	achieve	micropallet	release	it	was	necessary	to	deliver	the	laser	

at	60-80%	power.		

	

Figure	2.7	Targeting	single	micropallet	for	release	using	ROI	scanning	mode.	(A)	The	delivery	of	the	2-
photon	laser	energy	is	constrained	to	the	footprint	of	a	single	micropallet	array	by	the	use	of	the	
Region	Of	Interest	(ROI)	mode	built	into	the	Zeiss	Zen	software.	In	this	mode	the	laser	is	delivered	in	
a	raster	pattern	only	in	the	area	bounded	by	the	75	x	75	μm	sized	ROI.	(B)	Image	of	successfully	
released	micropallets	using	the	ROI	scanning	mode.	Note	that	some	of	the	micropallet	ejections	
result	in	the	breakdown	of	the	virtual	walls	in	the	vicinity	of	the	ejected	pallet,	whereas	some	pallets	
are	successfully	ejected	while	leaving	the	virtual	walls	intact.	

A. B.
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	 After	a	single	micropallet	is	laser	released,	a	P20	pipetteman	with	according	sterile	

RNase/DNase	free	filter	tip	was	utilized	to	recover	single	ejected	micropallets	in	0.5μL	

volume	without	disturbing	nearby	cells	adhered	to	the	array.	This	methodology	was	

utilized	when	using	the	standard	micropallet	array	technology,	although	magnetic	

adaptations	are	described	in	Appendices	A	and	D.	Single	collected	cells	using	micropallet	

arrays	were	immediately	transferred	to	PCR	tubes	for	analysis	at	the	molecular	level	as	

detailed	in	Appendix	A	and	Chapter	5.		

	

A. B.

Figure	2.8	Zeiss	Zen	software	configuration	for	micropallet	release	using	the	Zeiss	LSM	780/Mai	
Tai	laser	system.	(A)	A	Mai	Tai	2-photon	laser	tuned	to	760nm	(blue	arrow)	is	set	to	60-80%	laser	
power	(red	arrow)	to	facilitate	micropallet	ejection.	The	microscope	pinhole	was	adjusted	to	1.17	
Airy	Units.	A	fluorescence	channel	pseudolabeled	“AF488”	was	utilized	to	record	the	
autofluorescence	of	the	micropallet	1002F	by	significantly	increasing	the	gain	of	the	channel.	A	
phase	contrast	channel	was	also	recorded	for	overlay	images	and	to	monitor	micropallet	ejection.	
(B)	A	20X	Plan	Apo	objective	with	N.A.	of	0.8	was	utilized	for	pallet	ejection.	Acquisition	settings	
included	a	1024	x	1024	frame	rate		(green	arrow)	and	a	scan	speed	of	10	(purple	arrow)	with	no	
line	averaging.	Lastly,	the	laser	direction	was	set	to	bidirectional	(yellow	arrow).		
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2.6	Quality	Controls	for	Reproducible	Fabrication	of	Micropallet	Arrays	

	 The	duty	to	fabricate	standard	micropallet	arrays	dedicated	for	this	project	has	been	

passed	through	the	hands	of	several	biomedical	engineers	over	the	years.	Dr.	Nicholas	M.	

Gunn	fabricated	micropallet	arrays	for	this	project	during	his	time	as	a	graduate	student	at	

UC	Irvine	until	2010.	Renee	Pham	then	took	over	the	micropallet	fabrication	duties	until	

2012.	Dr.	W.	Aki	Cox-Muranami,	a	graduate	student	at	the	time,	fulfilled	the	micropallet	

fabrication	duty	from	2012-2014.	Currently,	Dr.	Richard	Cheng,	a	cleanroom	specialist	at	

the	Integrated	Nanosystems	Research	Facility	(INRF),	fabricates	the	micropallet	arrays.	Up	

until	this	point	in	time,	the	only	quality	control	in	place	for	micropallet	fabrication	was	a	

final	microscopic	inspection	of	the	array.	This	was	to	1)	check	the	pallet	shape	and	to	make	

sure	the	photoresist	between	the	micropallets	is	dissolved	away,	and	2)	quickly	scan	

through	the	micropallet	slide	to	make	sure	all	micropallets	remained	adhered	to	the	glass	

surface.	These	quality	controls	ensured	that	the	micropallets	arrays	used	appeared	to	be	

the	same	dimensions	(Figure	2.9A-B).	However,	we	discovered	that	some	batches	of	

micropallet	arrays	successfully	passed	these	two	quality	controls	but	were	unable	to	be	

reproducibly	laser	released	using	the	established	Zeiss	LSM780	microscope	system	(Figure	

2.9C).	Instead	of	ejecting	micropallets	from	the	array,	the	2-photon	laser	induced	

immediate	damage	on	the	micropallet	that	resembled	melting	of	the	1002F	photoresist	

despite	adjustment	of	the	laser	power	and	plane	of	focus.	It	was	therefore	imperative	to	

establish	additional	quality	controls	to	test	micropallet	batches	for	their	success	in	their	

intended	use.			
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The	melting	of	the	1002F	photoresist	upon	contact	with	the	laser	pulse	suggested	

that	the	micropallet	photoresist	was	insufficiently	crosslinked	during	fabrication.	The	

power	output	of	the	UV	lamp	used	for	exposure	is	recorded	monthly	by	the	INRF,	and	

adjustments	of	the	exposure	time	need	to	be	made	to	maintain	a	total	exposure	energy	of	

1200J/cm2.	The	exposure	time	was	extended	to	as	long	as	2-3	minutes	to	achieve	the	total	

exposure	energy.	

Figure	2.9	Micropallet	batch-to-batch	inconsistencies	necessitate	quality	controls.	(A-B)	
Representative	images	of	micropallet	array	batches	that	do	not	pass	visual	inspection.	(A)	During	
fabrication,	the	UV	exposure	period	of	the	arrays	was	too	long,	allowing	the	UV	light	to	penetrate	
slightly	beyond	the	photomask	margins,	creating	micropallets	with	round	edges.	(B)	During	the	
development	stage,	the	developer	is	used	to	wash	away	uncrosslinked	1002F	photoresist,	leaving	
behind	the	crosslinked	micropallet	structures.	Underdevelopment	of	the	arrays	leads	to	
micropallets	that	are	linked	together	by	bridges	of	residual	1002F.	(C)	A	representative	image	of	a	
micropallet	array	batch	that	passed	visual	inspection	of	micropallet	shape,	but	failed	to	be	laser-
released	using	the	Zeiss	LSM780	Microscope	paired	with	a	Mai-Tai	2-photon	laser	system.		The	
micropallets,	instead	of	ejecting	from	their	position	in	the	array,	instantly	melted	upon	contact	
with	the	laser	pulse.	

A. B.

C.

C.
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To	test	if	the	micropallets	were	sufficiently	crosslinked,	a	micropallet	

deformity/rigidity	test	was	utilized	using	a	thin	needle	commonly	used	in	cell	patch	clamp	

systems	to	pierce	the	micropallets	(Figure	2.10A).	The	needle	is	able	to	differentiate	

between	sufficiently	crosslinked	and	un-crosslinked	micropallets.	Sufficiently	crosslinked	

pallets	are	scratched	by	the	needle,	and	detach	from	the	glass	under	the	pressure	of	the	

needle	(Figure	2.10B-C).	These	micropallets	can	be	reproducibly	ejected	from	the	array	

using	the	laser-release	methodology	(Figure	2.11A).	More	commonly,	batches	of	

micropallets	were	made	that	produced	sufficiently	crosslinked	pallets	but	with	superior	

adhesion	to	the	glass	slide.	Despite	the	pressure	exerted	by	the	needle,	the	micropallets	

would	not	detach	from	the	surface	(Figure	2.10D)	and	therefore	were	not	laser-releaseable	

(Figure	2.11B).	We	had	to	further	revise	the	micropallet	protocol	to	maintain	reproducible	

micropallet	adherence	to	the	glass	slides	but	provide	reproducible	laser-release	without	

micropallet	damage.		
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Figure	2.10	Micropallet	rigidity	test	using	needle.	(A)	A	thin	flexible	needle	used	in	patch-clamp	
systems	(left	side)	is	used	to	test	the	micropallet	rigidity.	A	28	½	gauge	insulin	needle	is	included	in	
the	image	(right	side)	for	a	size	comparison.	(B)	An	example	of	a	micropallet	array	fabricated	by	Dr.	
Nick	Gunn	after	piercing	the	micropallets	with	the	needle.	The	micropallets	were	sufficiently	
crosslinked	and	primarily	scratched	with	no	signs	of	deformity.	The	micropallets	also	detached	from	
the	glass	surface	with	applied	force	from	the	needle.	(C)	Representative	batch	of	current	micropallet	
arrays	that	pass	the	needle	rigidity	test.	These	micropallets	again	primarily	scratched	and	could	be	
detached	using	the	needle.	(D)	Representative	batch	of	current	micropallet	arrays	that	do	not	pass	
the	needle	rigidity	test.	Although	the	micropallets	primarily	scratched,	they	were	not	detachable	
from	the	glass	slide.	These	arrays	exhibited	superior	adhesion	to	the	glass	slide	and	are	not	able	to	be	
laser-released.	

A. B.

C. D.
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	 The	final	micropallet	fabrication	protocol	involved	fine	adjustments	of	the	main	

photolithography	steps.	Thin	glass	coverslips	are	first	cleaned	with	piranha	solution	then	

rinsed	in	dIH20	and	baked	on	a	250°C	hotplate	for	30	minutes	for	dehydration.	Prepared	

1002F-50	photoresist	was	spin	coated	onto	the	clean	glass	slides	using	a	spinner	

programmed	to	spin	the	sample	at	500rpm	acceleration,	112rpm	for	10	seconds,	and	then	

2200rpm,	acceleration	448rpm	for	30	seconds	to	create	an	even	50μm	coating	of	1002F.	

These	initial	steps	remain	unaltered	from	the	previous	micropallet	fabrication	

methodology.	The	next	main	steps,	the	soft-bake,	UV-exposure	time,	post-bake	and	

development	required	minor	adjustments	and	are	tabulated	in	Table	2.1.	Supplementing	a	

15-minute	UV	re-exposure	step	after	development	in	place	of	the	final	hard	bake	step	

maintained	micropallet	adhesion	to	the	glass	slide	but	allowed	them	to	be	reproducibly	

laser	released.		

Figure	2.11	Micropallet	laser	release	confirmation	is	necessary	to	perform	for	each	micropallet	
array	fabrication	batch.	(A)	Micropallet	arrays	that	are	sufficiently	crosslinked,	as	verified	using	the	
needle	rigidity	test,	can	be	reproducibly	laser-released	using	the	Zeiss	LSM780	microscope/Mai	Tai	
2-photon	laser	system.	(B)	Micropallet	arrays	that	are	sufficiently	crosslinked	but	not	removable	
with	the	needle	are	not	laser-releasable.	This	is	due	to	the	superior	adhesion	of	the	micropallet	to	
the	glass	slide.		

A. B.
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Table	2.1	Final	recommended	micropallet	array	fabrication	protocol.	The	soft	bake	was	performed	
on	a	hot	plate	within	an	appropriate	chemical	fume	hood.	UV	exposure	time	was	calculated	based	on	
the	10mW/cm

2
	intensity	of	the	light.	The	post-bake	step	was	performed	in	two	ovens	pre-set	to	the	

indicated	temperatures.			
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Chapter	3	

MULTICOLOR	IMMUNOFLUORESCENT	SURFACE	MOLECULE	DETECTION	OF	SINGLE	

ADHERENT	CELLS:	APPLICATION	OF	THE	MICROPALLET	ARRAY	TOWARDS	THE	

ANALYSIS	OF	HUMAN	PRIMARY	TUMOR	CELL	SUBSETS	

3.1	Introduction	to	the	Chapter		

	 The	missing	capacity	of	the	standard	micropallet	array	platform,	in	its	previous	

form	(1-3),	was	its	lack	of	capacity	to	differentiate	different	cell	types	of	interest	within	a	

complex	cellular	mixture.	Unlike	immune	or	hematopoietic,	non-adherent	cells,	which	

frequently	have	single	cell	surface	molecule	expression	that	defines	a	subset,	adherent	

cellular	subsets	are	often	characterized	by	a	profile	of	expression	for	several	molecules.	

Therefore,	to	permit	the	application	of	the	micropallet	array	platform	to	translational	

studies	of	defined	cellular	subsets	from	primary	tissues,	it	was	necessary	to	develop	

methodologies	to	identify	and	characterize	specific	phenotypes	of	individual	adherent	cells	

captured	on	a	micropallet	array.			

We	established	the	ability	to	discriminate	between	multiple	populations	of	adherent	

cells	by	utilizing	multicolor	immunofluorescent	confocal	imaging	of	a	panel	of	up	to	six	cell	

surface	molecules.	This	panel	permits	identification	of	a	variety	of	cells	of	interest	that	are	

present	in	various	proportions	in	primary	human	breast	and	pancreatic	tumors,	and	nodal	

metastases	(Chapter	1.2).	The	cell	surface	molecule	panel	was	devised	to	specifically	

identify	key	breast	tumor	cell	subsets	that	are	likely	to	contribute	to	a	patient’s	tumor	

biology	(e.g.	metastasis,	angiogenesis,	response	or	resistance	to	therapy)	such	as	cancer	

stem	cells	(4,	5),	endothelial	progenitor	cells	(6,	7),	leukocytes	(8,	9),	and	epithelial	tumor	

cells	(10,	11),	Table	1.1.	Thus,	the	employment	of	this	novel	technology	in	conjunction	with	
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the	described	immunofluorescent	confocal	imaging	methodology	will	allow	for	its	future	

use	in	the	isolation	and	study	of	single	cells	of	defined	phenotype	that	are	contained	within	

human	primary	breast	tumor	specimens.		

3.2	Characterization	of	Control	Cell	Lines	for	Establishment	of	a	Multicolor	Marker	

Panel	

A	total	of	five	cell	types,	MCF7,	D283	Med,	PBMCs	with	depletion	of	the	T-cell	subset,	

and	transiently	transfected	HEK	293T	expressing	CD309	were	selected	based	on	their	

reported	expression	of	the	desired	cell	surface	markers	comprising	the	breast	marker	

panel,	including	ESA,	CD44,	CD24,	CD133,	CD309,	and	CD45	(Table	3.1.).		The	T-cell	

depleted	PBMC	sample	is	comprised	predominantly	of	adherent	cellular	subsets	

(monocytes)	that	may	adhere	to	the	ECM	coatings	used	for	the	micropallet	array.	Thus,	the	

CD45	marker	and	PBMC	subset	was	omitted	from	the	marker	panels	for	demonstration	of	

the	imaging	capacity	for	developmental	experiments,	but	were	included	in	the	final	

complex	cellular	mixture	when	utilizing	the	marker	panels	for	flow	cytometric	analyses.	A	

BD	Accuri	C6,	BD	FACS	Aria,	and	Acea	Novocyte	cytometers	were	utilized	to	profile	all	flow	

cytometry	samples	where	specified.	All	flow	cytometry	data	reported	was	analyzed	using	

FlowJo	software.			 	

Purified	monoclonal	antibodies	(mAbs)	specific	for	each	cell	surface	marker	of	

interest	were	tested	against	each	cell	line	to	confirm	their	antigen	reactivity	and	visualized	

with	appropriate	fluorophore	labeled	secondaries	using	flow	cytometry	(Figure	3.1).	Based	

on	these	findings	the	following	cell	surface	marker	expression	patterns	were	determined	

for	each	cell	line	(Table	3.1):		MCF7	are	ESA+,	CD24+,	CD44low,	CD133-,	CD309-	and	CD45-;	

D283	Med	are	ESA-,	CD24-,	CD44+,	CD133+,	CD309-,	and	CD45-;	HEK	293T	cell	line	
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transiently	transfected	with	

pBLAST2-hFlk1	express	ESAlow,	

CD24-,	CD44-,	CD133-,	CD309+	

and	CD45;	and	lastly,	various	cell	

subsets	comprising	PBMCs	

express	CD44,	CD24,	and/or	CD133,	but	are	identifiable	by	their	expression	of	CD45	and	

lack	of	expression	of	CD309	and	ESA	(Table	3.1).	It	is	worthwhile	to	note	that	the	efficiency	

of	transfection	is	relatively	low	(30-50%),	thus	many	of	the	HEK	293T	cells	do	not	express	

CD309	and	represent	a	cell	subset	that	is	ESAlow,	CD24-,	CD44-,	CD133-,	CD309-,	and	CD45-.	

Similar	to	the	expression	patterns	of	primary	cell	subsets	comprising	breast	and	pancreatic	

tumors,	there	is	no	single	marker	that	uniquely	identifies	one	cell	type	from	another,	

Figure	3.1	Expression	of	cell	surface	molecules	on	cell	lines.	Representative	flow	cytometry	
histograms	of	cell	surface	molecule	expression	on	MCF7,	D283	Med,	and	HEK	293T	cells	transiently	
transfected	for	CD309	expression.	Grey	histograms	depict	isotype	matched	control	antibody	and	
FITC-conjugated	secondary	antibody	fluorescence.	Black	line	open	histograms	depict	fluorescence	
obtained	from	mAbs	directed	against	the	designated	molecule	noted	above	each	column.	Each	plot	
depicts	mean	channel	fluorescence	by	percent	maximal	fluorescence.	Histograms	were	constructed	
from	≥	50,000	events	recorded	as	live	cells	using	propidium	iodide	exclusion	on	a	BD	Accuri	C6	
cytometer.		

Table	3.1	Control	cell	line	breast	marker	expression	profiles.	
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necessitating	the	need	for	the	entire	panel	of	cell	surface	markers	to	be	used	to	verify	both	

the	expression	and	lack	thereof	the	markers	in	order	to	uniquely	identify	each	cell	type.		

The	candidate	cell	lines	were	also	tested	to	confirm	adherence	to	ECM	proteins	

human	fibronectin	(huFN)	and	rat	laminin-5	(rL5).	These	ECM	proteins	are	used	to	coat	the	

top	surfaces	of	the	micropallets	in	order	to	improve	cellular	adherence.	The	majority	of	the	

MCF-7,	D283,	and	HEK	293T	cell	lines	were	able	adhere	to	either	of	the	ECM	coatings	

(Figure	3.2.)	after	three	hours	of	incubation.	Therefore,	the	MCF-7,	D283,	and	HEK	293T	

cell	lines	had	the	necessary	characteristics	to	be	an	appropriate	model	system	to	

demonstrate	proof	of	principle	of	the	multicolor	immunofluorescent	marker	panel	on	

micropallet	arrays.				

	

Figure	3.2	Control	cell	lines	adhere	to	human	fibronectin	coated	micropallet	arrays.	Representative	
confocal	fluorescent	microscopy	images	of	cells	from	designated	cell	lines	on	huFN	coated	
micropallet	arrays,	stained	with	the	primary	mAb	and	FITC-conjugated	secondary	antibody.	Panels	
are	an	overlay	of	phase	contrast	and	fluorescence	images.	
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3.3	Primary	Antibody-Fluorophore	Conjugation	Chemistries	

	 To	interrogate	the	cell	surface	molecule	expression	using	multicolor	laser	scanning	

confocal	microscopy	or	flow	cytometry,	the	purified	mAbs	were	conjugated	directly	to	

fluorophores	using	established	conjugation	chemistries.	Given	the	limited	diversity	of	

isotype	and	host	species	for	the	desired	antibodies,	covalent	fluorophore-conjugated	

primary	antibodies	were	utilized	for	the	multicolor	imaging	studies	to	exclude	the	

possibility	of	non-specific,	cross-reactivity	of	secondary	fluorophore	reagents.	

	 One	of	the	selection	criteria	used	to	choose	the	individual	fluorophores	for	the	

multicolor	imaging	strategy	was	based	upon	the	fluorophore’s	photostability	and	

brightness.	Each	individual	micropallet	array	is	roughly	9mm	x	20mm	in	size,	containing	

roughly	40,000	individual	micropallets.	The	individual	micropallet	array	will	be	subject	to	

multicolor	confocal	imaging	to	scan	the	entire	surface	of	the	micropallet	array	in	several	z-

stack	images.	As	a	result	of	the	repeated	scanning	and	large	scanning	area,	the	fluorophores	

of	choice	needed	to	be	highly	photostable.	This	is	to	ensure	the	user	will	be	able	to	image	

the	entire	micropallet	array	without	experiencing	confounding	photobleaching	of	the	

fluorophores.	Additionally,	the	overall	thickness	of	the	micropallet	array	mandates	a	long	

working	distance,	necessitating	the	use	of	bright	fluorophores	in	order	to	be	adequately	

imaged	within	a	reasonable	time	frame.	For	these	reasons,	Alexa	Fluor	dyes	and	Brilliant	

Violet	dyes	were	utilized.	Cross-linking	chemistries	were	also	developed	to	covalently	link	

monoclonal	antibodies	to	Quantum	dots	(Qdots),	but	were	ultimately	omitted	from	the	

panels	because	the	antibody-Qdot	conjugates	exhibited	increased	background	non-specific	

signal	that	was	unsuitable	for	imaging	purposes.		
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3.4	Alexa	Fluor	Conjugations	to	Monoclonal	Antibodies	

	 The	Alexa	Fluors	are	organic	fluorophores	that	are	exceptionally	bright	and	

photostable	in	comparison	to	other	more	traditional	fluorophores,	but	which	are	similar	in	

excitation	and	emission	spectra	(12).	There	are	several	Alexa	Fluor	dyes	available	for	use,	

however	the	ability	to	combine	these	dyes	in	a	multiplex	analysis	is	contingent	on	using	

multiple	excitation	sources	to	accommodate	the	individual	excitation	of	each	Alexa	Fluor	

dye.	The	Alexa	Fluor	dyes	can	be	obtained	as	succinimidyl	esters	that	react	with	primary	

amines	located	on	the	mAb	surface	to	create	an	Alexa	Fluor	(AF)-mAb	conjugate	through	a	

stable	carboxamide	bond	(Figure	3.3).	After	purifying	the	AF-mAb	conjugates,	aliquots	of	

each	conjugate	were	tested	to	determine	the	Degree	of	Labeling	(DOL),	the	number	of	Alexa	

Fluor	dyes	conjugated	to	an	individual	mAb.	It	was	determined	that	a	DOL	between	2-4	

moles	of	Alexa	Fluor	per	mole	of	antibody	produced	the	best	mAb-AF	conjugate	in	terms	of	

optimal	antigen	reactivity	of	the	mAb	and	relative	brightness	obtained	from	individual	

mAb-AF	conjugates.	Reaction	conditions	to	achieve	the	optimal	DOL	for	each	mAb-AF	

conjugate	was	unique	for	each	mAb	and	Alexa	Fluor	dye,	and	had	to	be	optimized	for	each	

mAb-AF	conjugation.	
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	 Several	successful	mAb-Alexa	Fluor	conjugations	using	a	variety	of	purified	anti-

human	mAb	clones	and	Alexa	Fluor	carboxylic	acid,	succinimidyl	esters	(LifeTechnologies,	

Grand	Island,	NY),	have	been	created	to	immunofluorescently	label	cells	for	analysis	via	

flow	cytometry	or	confocal	microscopy.	ESA	mAb	clone	1B7	(eBioscience,	San	Diego,	CA)-

AF405,	CD309	mAb	clone	EIC	(ReliaTech,	Wolfenbüttel,	Germany)-AF488,	ESA	mAb	clone	

1B7(eBioscience)-AF546,	CD133	mAb	clone	AC133	(Miltenyi	Biotec)-AF647,	and	according	

isotype	Ab	conjugations	to	each	respective	fluorophore	have	been	performed	using	the	

following	methodology.		

Each	mAb	was	concentrated	and	exchanged	into	1X	PBS,	pH	7.4	using	Amicon	Ultra	

0.5	mL	centrifugal	filter	units	with	a	Nominal	Molecular	Weight	Limit	(NMWL)	of	50	kDa	

(Millipore,	Billerica,	MA).	A	Nanodrop	ND-1000	(ThermoFisher,	Waltham,	MA)	was	used	to	

quantify	the	antibody	protein	in	1X	PBS.	Additional	1X	PBS,	pH	7.4	was	used	to	adjust	the	

solution	to	1μg/μL	antibody	concentration,	then	1.0M	sodium	bicarbonate,	pH	8.0	was	

supplemented	to	a	final	concentration	of	0.1M.	The	reactive	Alexa	Fluor	dyes	are	procured	

Figure	3.3	Antibody-Alexa	Fluor	conjugation	chemistry.	Schematic	of	the	Alexa	Fluor-mAb	
conjugation	strategy.		Alexa	Fluor	dyes	are	succinimidyl	esters	that	react	with	primary	amines	on	
the	surface	of	the	monoclonal	antibodies	to	create	stable	amide	bonds	between	the	Alexa	Fluor	
dye	and	the	antibody.	
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as	lyophilized	pellets.	Upon	initial	use,	a	0.5mL	aliquot	of	anhydrous	N,N-

dimethylformamide	(DMF)	(Sigma,	St.	Louis,	MO)	was	drawn	from	the	DMF	stock	bottle	

with	a	septum	cap	using	an	insulin	syringe	and	transferred	to	an	eppendorf	tube	containing	

five	pellets	of	molecular	sieve.	The	DMF	was	pre-treated	for	approximately	one	hour	to	

absorb	moisture	in	the	DMF	prior	to	dissolving	the	Alexa	Fluor	dye	to	4mg/mL	

concentration.	The	dissolved	Alexa	Fluor	dyes	are	then	immediately	added	to	the	mAb	

solutions	at	5-10X	molar	excess	for	conjugations	and	were	unique	to	each	mAb	clone.	The	

stock	Alexa	Fluor	tubes	must	be	immediately	flooded	with	N2	gas	then	capped	tightly,	

sealed	with	parafilm,	and	stored	with	desiccant	at	-20°C	until	use.	These	storage	conditions	

maintain	the	reactivity	of	the	Alexa	Fluor	dye	stocks	for	roughly	a	year.	mAb-Alexa	Fluor	

conjugations	were	incubated	at	room	temperature	for	one	hour	and	overnight	at	4°C	with	

continuous	mixing	at	300	RPM,	resulting	in	the	formation	of	an	amide	bond	between	the	

fluorophore	and	primary	amines	of	the	mAb.	The	antibody-Alexa	Fluor	conjugate	was	

desalted	and	exchanged	into	1X	PBS,	pH	7.4	again	using	Amicon	centrifugal	filter	units	

removing	excess	unconjugated	Alexa	Fluor	dye.		The	DOL	for	each	AF-antibody	conjugate	

was	determined	as	instructed	by	protocols	provided	by	Molecular	Probes	(12),	and	was	

optimized	for	each	mAb	used	in	the	cell	surface	marker	panel.	Appropriate	isotype	mAbs	

were	also	conjugated	to	each	of	the	Alexa	Fluor	dyes	under	conditions	that	led	to	a	similar	

DOL	as	their	respective	experimental	mAb-Alexa	Fluor	dye	conjugates. 

3.5	Quantum	Dot	Conjugations	to	Monoclonal	Antibodies	

	 Fluorescent	nanocrystals	come	in	a	variety	of	formats	and	surface	chemistries.	We	

utilized	water-soluble	quantum	dots	(Qdots)	whose	characteristics	are	attractive	for	our	

multicolor	imaging	application	(13).	Quantum	dots	exhibit	extreme	photostability	and	are	
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exceptionally	bright.	The	Qdots	have	enormous	multiplexing	potential,	as	they	

characteristically	have	very	narrow,	symmetrical	emission	spectra	and	are	all	excited	by	a	

single	ultraviolet	excitation	source	(14).	We	performed	several	conjugation	chemistries	

that	each	had	their	inherent	disadvantages	and	reasons	for	failure.	The	following	sections	

describe	two	conjugation	chemistries	that	reproducibly	produced	the	most	successful	

antibody-Qdot	conjugates.		

3.6	Covalently	Bonded	Antibody-Qdot	Conjugates	

The	Qdot-mAb	conjugates	are	created	by	independently	modifying	the	amine-

functionalized	Qdots	with	sulfosuccinimidyl	4-(N-maleimidomethyl)cyclohexane-1-

carboxylate	(Sulfo-SMCC)	to	add	maleimide	groups	to	the	Qdot	surface,	and	by	reacting	the	

mAb	with	Traut’s	Reagent	to	add	sulfhydryl	moieties	to	free	amine	groups	on	the	antibody	

surface	(15).	The	amount	of	sulfhydryl	groups	added	per	antibody,	or	Molar	Substitution	

Ratio	(MSR),	is	an	integral	step	in	the	conjugation	chemistry;	if	an	antibody	were	to	be	

excessively	modified	with	sulfhydryl	groups,	attenuation	of	antigenic	reactivity	can	occur.	

Conversely,	the	incorporation	of	an	insufficient	amount	of	sulfhydryl	moieties	will	

comprise	the	efficiency	of	the	conjugation	to	the	Qdot.	For	our	application,	an	MSR	of	1.5-2	

mole	sulfhydryls	per	mole	antibody	was	determined	to	be	optimal,	and	was	determined	

using	Ellman’s	Reagent	(5,5’-Dithiobis-(2-Nitrobenzoic	Acid))	prior	to	conjugation	with	the	

maleimide-modified	Qdots.	Ellman’s	Reagent	reacts	with	sulfhydryl	groups	to	yield	a	

colored	product	(λmax=	412nm,	ε	=	14,150M-1cm-1)	to	quantify	free	sulfhydryls.	MSR	

quantification	was	performed	using	the	extinction	coefficient,	or	by	comparison	to	a	

cysteine	standard	curve.	Unmodified	antibody	clones	had	no	detectable	free	sulfhydryl	

groups	prior	to	Traut’s	modification.			
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When	utilizing	each	of	the	sulfhydryl-modified	mAbs	via	flow	cytometry	to	

interrogate	their	appropriate	antigen,	all	the	modified	mAbs	were	able	to	react	to	their	

antigen	as	efficiently	as	the	unmodified	mAb	control,	indicating	the	MSR	of	1.5-2	moles	of	

sulfhydryl	groups	per	moles	of	antibody	did	not	hinder	the	antibody’s	antigen	reactivity.		

When	mixed	together,	the	maleimide	groups	on	the	Qdots	and	the	sulfhydryl	

moieties	on	the	mAbs	react	together	to	form	the	final	antibody-Qdot	via	a	covalent	amide	

bond	(Figure	3.4).	The	ratio	of	Qdot:mAb	for	all	conjugation	reactions	was	1:1	to	achieve	

the	brightest	fluorescence	emitted	per	single	antibody	conjugate.		The	Sulfo-SMCC/Traut’s	

Reagent	conjugation	strategy	is	advantageous	over	other	available	crosslinking	methods	in	

that	the	reaction	is	specific	between	the	sulfhydryl	and	maleimide	groups	to	eliminate	the	

formation	of	undesirable	homoconjugates	of	mAb-mAb	or	Qdot-Qdot	conjugates	in	

solution;	the	Traut’s	Reagent	used	to	modify	the	antibody	with	sulfhydryl	groups	for	the	

conjugation	reaction	retains	the	biological	function	of	the	antibody.   
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Primary	amine	groups	on	the	mAbs	were	modified	by	treating	with	25	molar	excess	

of	Traut’s	Reagent	for	one	hour	at	room	temperature	with	continuous	mixing	at	300	RPM.		

To	determine	the	MSR	of	the	sulfhydryl	modified	monoclonal	antibodies,	aliquots	of	

modified	antibodies	were	treated	with	10	mM	Ellman’s	Reagent	for	15	minutes	at	room	

temperature	continuously	mixing	as	above	in	0.1mM	sodium	phosphate,	1mM	EDTA,	pH	

8.0.		The	2-nitro-5-thiobenzoic	acid	product	was	quantified	by	Abs412	using	a	ND-1000	

nanodrop	spectrophotometer	(16,	17).		A	MSR	of	1.5-2.0	mole	sulfhydryls	per	mole	

antibody	was	achieved	for	each	aliquot	of	monoclonal	antibody	used	in	a	conjugation	

reaction.		Unmodified	aliquots	of	each	monoclonal	antibody	were	also	treated	with	

Ellman’s	Reagent	to	ascertain	how	many	naturally	occurring	free	sulfhydryl	groups	were	

Figure	3.4	Antibody-Quantum	dot	conjugation	chemistry.	Amines	on	the	surface	of	the	Quantum	dot	
react	with	Sulfo-SMCC	to	produce	a	maleimide-modified	Qdot,	and	the	amine	groups	on	the	surface	
of	the	monoclonal	antibody	react	with	Traut’s	reagent	to	produce	a	sulfhydryl-modified	monoclonal	
antibody.		When	mixed	together,	the	maleimide	and	sulfhydryl	groups	react	together	to	form	a	
stable	thioether	bond	between	the	Qdot	and	antibody.	
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present	on	the	antibodies	surface	before	being	subjected	to	modifications	using	Traut’s	

Reagent.		Aliquots	of	the	Traut’s	Reagent	modified	mAbs	were	also	subjected	to	analysis	via	

flow	cytometry	to	ensure	maintenance	of	antigen-specific	reactivity.		Cells	verified	to	

express	the	surface	markers	of	interest,	as	described	above,	were	labeled	with	0.5µg	of	the	

Traut’s	reagent	modified	mAb,	followed	with	3.0µg	of	the	appropriate	FITC	labeled	

secondary	antibody	using	the	aforementioned	flow	cytometry	staining	protocol.			

Amine	groups	on	the	Qdot	surface	were	modified	with	Sulfo-SMCC	under	

manufacturers	recommended	conditions	at	100x	molar	excess	of	Sulfo-SMCC	after	Qdots	

were	desalted	and	exchanged	into	100	mM	sodium	phosphate,	150	mM	NaCl,	1	mM	EDTA,	

pH	7.0.		The	modified	mAb	was	similarly	desalted	and	exchanged	into	100	mM	sodium	

phosphate,	150	mM	NaCl,	1	mM	EDTA,	pH	7.0.		Co-incubation	at	a	ratio	of	1:1,	modified	

Qdot	:	modified	mAb,	for	two	hours	at	room	temperature	and	then	4°C	overnight,	with	

continuous	mixing	at	300	RPM	permitted	formation	of	a	stable	covalent	thioether	bond	

(Figure	1B).		Qdot-Antibody	conjugates	were	then	concentrated	and	exchanged	using	

Amicon	centrifugal	filter	units	as	above,	into	1X	PBS,	pH	7.4,	according	to	the	

manufacturer’s	instructions.	

When	interrogating	cell	samples	adhered	to	coverslips	with	antibody-Qdot	

conjugates,	several	disadvantages	became	apparent	that	contributed	to	their	omission	from	

the	multicolor	panel	(Figure	3.5).	The	increased	non-specific	fluorescent	background	

exhibited	by	the	isotype-Qdot	conjugates	significantly	decreased	the	margin	of	positive	

fluorescent	signal	by	the	mAb-Qdot	conjugate	captured	by	the	microscope.	The	staining	

pattern	exhibited	by	the	mAb-Qdot	conjugates	was	consistently	punctated	across	cell	

membranes,	which	is	inconsistent	with	the	staining	pattern	visualized	using	purified	mAbs	
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of	the	same	clone,	as	determined	previously	(Figure	3.2).	Most	crucially,	the	antibody-Qdot	

stained	samples	suffered	extreme	dampening	of	their	detectable	fluorescent	signal	after	

sample	fixation.	At	this	point	in	time,	cell	samples	stained	with	the	antibody-fluorophore	

panel	on	a	micropallet	array	need	to	be	fixed	to	accommodate	confocal	imaging	of	a	

micropallet	array	in	its	entirety	and	collect	single	cells	from	the	array	without	cells	de-

adhering	from	the	array	over	time.		

	

3.7	Bi-orthogonal	Antibody-Qdot	Conjugation	Strategy	

	 A	novel	antibody-Qdot	coupling	strategy	using	in	situ	bi-orthogonal	amplification	

(18)	has	been	recently	refined	in	Dr.	Jered	Haun’s	lab	for	applications	using	antibody-

Figure	3.5	Antibody-Qdot	staining	is	affected	by	sample	fixation.	MCF7	cells	attached	to	
fibronectin-coated	coverslips	were	stained	with	either	CD44-QD605	antibody	conjugate	or	RIgG2b-
QD605	isotype	antibody	conjugate	control	at	40nM	concentration	for	45	minutes	at	37°C.	After	
washing	the	stained	cell	samples	to	remove	excess	unbound	antibody,	samples	were	either	fixed	in	
2%	paraformadelhyde	or	maintained	as	live	samples,	and	supplemented	with	2.5μg/mL	propidium	
iodide	(PI)	to	assess	cell	viability.	Samples	were	imaged	using	a	Zeiss	LSM780	confocal	microscope	
recording	CD44-QD605	(green),	PI	(blue),	and	phase	contrast	channels.	

CD44-QD605
Propidium Iodide

RIgG2b-QD605
Propidium Iodide

Paraformaldehyde Fixed Live cells, buffers with 0.1% NaN3
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quantum	dot	couplings	(19).	The	coupling	strategy	involves	a	covalent,	bi-orthogonal	

reaction	between	a	monoclonal	antibody	modified	with	trans-cycloctene	(TCO)	moieties	

(Figure	3.6A-B)	and	a	1,2,4,5-tetrazine	(Tz)-labeled	quantum	dot	(Figure	3.6C).	Cell	

samples	are	first	interrogated	with	the	TCO-modified	mAb,	and	then	subsequently	stained	

with	Tz-modified	Qdots	to	obtain	amplification	of	the	signal	(Figure	3.6D).	This	

primary/secondary	labeling	technique	has	its	inherent	advantages	and	disadvantages.		

	 The	cognate	partners	of	the	chemical	reaction,	the	TCO	sites	on	the	antibody	and	Tz	

sites	on	the	quantum	dots,	do	not	react	nonspecifically	with	endogenous	functional	groups,	

highlighting	a	chemoselective	advantage	of	utilizing	this	bi-orthogonal	chemistry	within	a	

biological	system.	The	small	footprint	of	the	TCO	moiety	attaches	to	free	amines	on	the	

antibody	and	allows	multiple	TCOs	to	be	added	to	each	antibody	to	enhance	the	coupling	

functional	density	and	signal	generated.	Several	Tz-modified	Qdots	can	bind	to	a	single	

antibody	labeled	with	TCO	sites	to	amplify	the	signal	generated	from	the	primary	antibody,	

enabling	the	detection	of	markers	that	are	expressed	at	low	levels.		

The	main	disadvantage	of	the	methodology	is	that	it	can	only	be	utilized	for	one	

marker,	since	the	cell	samples	must	first	be	interrogated	with	the	TCO-antibody,	then	

subsequently	with	Tz-Qdots	to	allow	the	TCO-antibody	to	bind	its	antigen	without	steric	

hindrance	from	several	covalently	bound	Qdots.	The	TCO	modification	must	be	critically	

optimized	for	each	monoclonal	antibody,	as	the	TCO	moiety	is	also	reactive	to	available	

amine	functional	groups	within	the	interior	region	of	the	antibody	and	can	alter	its	

reactivity.	

We	sought	to	test	this	novel	bi-orthogonal	labeling	system	for	potential	

incorporation	into	our	multicolor	panel.	The	ability	of	this	system	to	amplify	lowly	



	 48	 	

expressed	signals	is	an	attractive	methodology	to	detect	the	basal	levels	of	CD309	

expression	on	cell	types	that	naturally	express	this	marker,	such	as	Human	Umbilical	Vein	

Endothelial	Cells	(HUVECs).	It	was	initially	desired	to	utilize	HUVECs	as	a	control	cell	line	

for	development	of	the	multicolor	panel.	However,	our	inability	to	reproducibly	detect	the	

expression	of	CD309	with	an	antibody-fluorophore	conjugate	compelled	us	to	transiently	

transfect	HEK	293Ts	for	detection	of	the	marker	expression.	Two	preparations	of	CD309	

modified	with	TCO	were	made,	using	30X	and	50X	molar	excess	of	TCO	per	antibody	

modification	reaction	accordingly	(termed	CD309-TCO	30X	or	50X).	Mouse	IgG1	isotype	

antibody	was	also	modified	in	the	same	manner	at	30X	and	50X	TCO	molar	excess	

concentrations.	Separately,	amine-functionalized	Qdot	605	(LifeTechnologies)	was	labeled	

with	Tz	moieties.	Each	reaction	was	purified	and	quantified	prior	to	use.		
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	 HUVECs	and	transiently	transfected	293Ts	were	analyzed	using	flow	cytometry	(BD	

Accuri	C6)	using	purified	CD309	mAb	and	a	FITC	secondary	antibody	to	measure	the	level	

of	expression	detected	prior	to	modification	of	the	antibody	clone.	A	purified	mouse	IgG1,	K	

isotype	antibody	with	FITC	secondary	was	also	included	as	a	negative	control	(Figure	3.7).	

HUVECs	and	transiently	transfected	293Ts	grown	on	fibronectin	coverslips	overnight	were	

interrogated	using	our	current	CD309-AF488	conjugate	and	according	MIgG1-AF488	

+ =

A.

B.

C.

Figure	3.6	Biorthogonal	antibody-Qdot	conjugation	chemistry.	(A)	The	base	conjugation	chemistry	
involves	the	reaction	of	trans-cycloctene	(TCO)	with	tetrazine,	a	reaction	that	occurs	readily	and	is	
in	the	class	of	chemical	reactions	involving	4-Dibenzocyclooctynols	and	Azide	groups.	(B)	TCO	with	
a	PEGn	chain	is	converted	to	the	reactive	succinimidyl	carbonate	form,	and	conjugated	to	free	
amines	on	the	antibody	surface	by	forming	a	carbamate	linkage.	(C)	TCO-modified	mAbs	recognize	
their	respective	antigens	on	target	cells	and	are	applied	prior	to	the	application	the	Tz-modified	
Qdots,	which	multiplex	with	the	TCO-modified	mAbs	to	amplify	the	signal.			
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isotype	conjugate	(Figure	3.7B)	as	a	standard	for	comparison	against	samples	stained	with	

the	CD309-TCO	30X	or	50X,	and	50nM	QD605-Tz	or	according	MIgG1-TCO	with	50nM	

QD605-Tz	isotype	control	(Figure	3.7C-D).	

	 The	expression	of	CD309	on	HUVECs,	although	detectable	via	flow	cytometry	

(Figure	3.7A)	remained	largely	undetectable	using	CD309-AF488	(Figure	3.7B)	and	

completely	undetectable	using	the	CD309-TCO	30X	and	50X	modifications	with	Tz-QD605	

(Figure	3.7C).	Unfortunately	the	bi-orthogonal	amplification	system	did	not	facilitate	

enhanced	detection	of	the	basal	expression	of	this	marker.	The	CD309	marker,	however,	

could	be	detected	using	the	bi-orthogonal	amplification	system	on	HEK	293T	cells	

transiently	transfected	to	express	CD309	using	the	CD309-TCO	30X	modification	with	

QD605-Tz	and	demonstrated	an	increase	in	signal	when	utilizing	CD309-TCO	50X	(Figure	

3.7D).	The	overall	signal	detected	utilizing	CD309-TCO	50X	with	QD605-Tz	was	no	greater	

than	CD309-AF488	(Figure	3.7B),	the	direct	mAb-fluorophore	conjugate.	Unfortunately	this	

labeling	system	did	not	provide	enhanced	sensitivity	to	warrant	further	investigation.		
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A. B.

C. HUVEC Live Cell Samples

D. Transiently Transfected 293T Expressing CD309 Live Cell Samples

HUVEC
Unstained
MIgG1 + FITC IgG Ab
CD309 + FITC IgG Ab

Transiently transfected 
293T expressing CD309
MIgG1 + FITC IgG Ab
CD309 + FITC IgG Ab

MIgG1-AF488 CD309-AF488

HUVEC

Transiently 
Transfected 

293T expressing 
CD309

MIgG1-TCO 30X +
50nM QD605-Tz

MIgG1-TCO 50X +
50nM QD605-Tz

CD309-TCO 30X +
50nM QD605-Tz

CD309-TCO 50X +
50nM QD605-Tz

MIgG1-TCO 30X +
50nM QD605-Tz

MIgG1-TCO 50X +
50nM QD605-Tz

CD309-TCO 30X +
50nM QD605-Tz

CD309-TCO 50X +
50nM QD605-Tz

Figure	3.7	Bi-orthogonal	antibody-Qdot	conjugation	does	not	increase	detected	fluorescence	of	low	
CD309	expression	of	HUVECs.	(A)	CD309	surface	expression	of	HUVECs	and	transiently	transfected	HEK	
293T	cells	is	visualized	using	purified	CD309	mAb	and	according	FITC	secondary	antibody	to	validate	
the	expression	levels	of	CD309.	Cell	samples	were	analyzed	using	flow	cytometry	on	a	BD	Accuri	C6	
cytometer.	(B)	HUVECs	and	transiently	transfected	293Ts	adhered	to	fibronectin	coated	coverslips	
were	stained	with	primary	antibody–fluorophore	conjugate	CD309-AF488	and	according	MIgG1-AF488	
isotype	control	and	imaged	using	immunofluorescent	confocal	microscopy	on	a	Leica	Sp8.	Detected	
AF488	fluorescence	was	pseudo-colored	green,	and	overlaid	upon	phase	contrast	images.	This	baseline	
expression	level	was	utilized	as	a	comparison	against	the	bi-orthogonal	conjugation	stained	samples	(C-
D).		HUVEC	(C)	and	transiently	transfected	293T	(D)	cells	on	fibronectin	coated	coverslips	were	first	
interrogated	with	either	30X	or	50X	modified	CD309-TCO	or	MIgG1-TCO,	then	stained	with	50nM	
QD605-TCO	prior	to	imaging.	QD605	fluorescence	was	pseudo-colored	orange	and	overlaid	against	
phase	contrast	images.	
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3.8	The	Final	Multicolor	Panel	provides	up	to	Six	Channels	for	Multi-Parameter	

Detection	

	 The	capacity	for	multiplexed,	multicolor	imaging	is	critically	dependent	upon	both	

the	emission	and	excitation	spectra	of	the	selected	fluorophores	and	the	methods	of	

detection.	The	multitude	of	available	fluorophores	and	the	refinement	of	conjugation	

chemistries	along	with	the	ever-increasing	repertoire	of	monoclonal	antibodies	have	

overcome	some	of	the	traditional	limitations	to	multicolor/multiplex	imaging.	Many	

commercially	available	fluorophores	have	overlapping	emission	spectra	such	that	the	

selection	of	a	fluorophore	panel	can	be	challenging	and	must	be	strategically	constructed.		

Although	algorithms,	such	as	emission	fingerprinting	and	linear	unmixing,	can	spectrally	

separate	fluorophores	whose	emission	spectra	overlap	and	have	been	implemented	into	

imaging	software	packages,	these	techniques	require	several	control	samples	to	be	

available,	prepared	and	imaged	each	time	the	algorithm	is	to	be	used	in	order	to	calibrate	

the	system.		Such	methods	are	not	feasible	for	analyzing	primary	cells	obtained	from	

human	tumor	specimens	or	other	primary	tissue	samples,	because	of	the	large	quantity	of	

cells	necessary	for	all	of	the	appropriate	controls	for	the	fingerprinting	or	unmixing	

software.		The	potential	variability	between	cell	line	expression	levels	and	that	expected	in	

primary	cells	argues	against	using	cell	lines	for	the	unmixing	controls.	Therefore,	a	

separate	consideration	for	selecting	a	fluorophore	to	incorporate	into	the	multicolor	panel	

for	this	platform,	is	the	need	to	avoid	spectral	overlap	between	the	emission	spectra	of	the	

fluorophores.	This	allowed	the	user	to	define	gates	to	detect	each	fluorophore	without	the	

need	to	deconvolute	one	or	more	of	the	fluorophore’s	spectra.	
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	 We	specifically	selected	Brilliant	Violet	dyes	421	and	605,	Alexa	Fluor	dyes	488	and	

647,	Phycoerythrin	(PE),	and	APC-Cy7	tandem	dye	because	all	of	their	emission	spectra	can	

be	spectrally	separated	(Figure	3.8).	PE,	Alexa	Fluor	488,	and	APC-Cy7	were	paired	with	

the	three	main	cell-lineage	markers	within	the	panel,	ESA,	CD309,	and	CD45	respectively.	

PE	and	Alexa	Fluor	488	are	extremely	bright	fluorophores	which	enable	the	detection	of	

the	moderately	expressed	ESA	and	CD309	markers	by	epithelial	and	endothelial	cell	

subsets	accordingly.	CD45	was	paired	with	APC-Cy7,	the	dimmest	fluorophore	within	our	

multicolor	panel,	because	of	the	high	expression	of	CD45	by	the	leukocyte	population.	The	

488nm	laser	line	excites	AF488	and	PE,	and	APC/Cy7	is	excited	by	the	640nm	laser.	The	

Brilliant	Violet	dyes	are	exceptionally	bright	fluorophores	that	are	excited	by	the	405nm	

laser.	CD24,	the	main	marker	used	to	discriminate	putative	cancer	stem	cells	from	the	bulk	

malignant	epithelium	was	paired	with	Brilliant	Violet	421.	CD44,	the	other	remaining	

cancer	stem	cell	marker,	was	paired	with	Brilliant	Violet	605.	The	last	remaining	marker	in	

the	panel,	CD133,	was	paired	with	AF647.		
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Each	fluorophore	was	paired	with	a	mAb	such	that	the	brightest	fluorophores	were	

paired	with	mAbs	with	specificity	for	the	cell	surface	molecules	expressed	at	lower	levels	

Figure	3.8	Fluorophores	selected	for	multicolor	panel.	The	reported	excitation	(dotted	lines)	and	
emission	(solid,	filled)	spectra	vs.	fluorescence	intensities	for	each	fluorophore	are	separated	by	
excitation	laser	(vertical	solid	line)	and	can	be	detected	using	conventional	channels	(filled	bars).	(A)	
The	405nm	laser	is	used	to	excite	both	Brilliant	Violet	421	(blue)	and	605	(red).	(B)	A	488nm	
excitation	laser	is	used	for	AF488	(green)	and	PE		(orange)	profiling,	although	PE	may	be	alternatively	
excited	with	a	561nm	laser.	(C)	Either	a	633	or	640nm	laser	is	suitable	for	AF647	(maroon)	and	APC-
Cy7	(purple)	excitation	and	detection.		
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Brilliant Violet 605

Alexa Fluor 488

Brilliant Violet 421
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PE

APC-Cy7Alexa Fluor 647
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and	vice	versa,	to	maximize	the	capacity	to	detect	the	expression	of	all	the	molecules	within	

a	given	sample	(Table	3.2).	To	detect	the	presence	of	any	nonspecific	background	staining	

from	the	specific	monoclonal	antibody	staining,	isotype	control	antibodies,	1)	mouse	IgG1,	

K,	the	appropriate	isotype	for	anti-human	ESA,	CD133,	CD309,	and	CD45,	2)	rat	IgG2b,	for	

anti-human	CD44	mAb,	and	3)	mouse	IgG2a,	for	anti-human	CD24	mAb,	were	procured	

directly	conjugated	to	their	respective	fluorophores	and	used	at	the	same	concentration	as	

their	respective	conjugates.			

	

3.9	Confirmation	of	Multicolor	Surface	Molecule	Panels	Using	Flow	Cytometry	of	

Complex	Cellular	Mixtures	

	 Individual	control	cell	lines	MCF7,	D283	Med,	CD309	transiently	transfected	293T,	

and	T-cell	depleted	PBMCs	were	interrogated	with	the	breast	mAb-fluorophore	panel,	or	

according	isotype	panel	and	analyzed	via	flow	cytometry	using	an	ACEA	Novocyte.	This	

analysis	was	performed	prior	to	mixing	the	cell	lines	to	confirm	the	surface	expression	

patterns	detected	by	the	mAb-fluorophore	panel	of	each	cell	line.	Six	aliquots	of	UltraComp	

Table	3.2	Antibody-Fluorophore	comprising	the	breast	tumor	cell	subset	marker	panel.	
Pseudocolors	represented	for	each	fluorophore	were	used	for	the	coloring	of	the	majority	of	

multicolor	images	unless	specified	otherwise.	
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eBeads	(eBioscience,	La	Jolla,	CA)	were	separately	labeled	with	each	mAb-fluorophore	and	

used	for	compensation	between	each	fluorescent	channel.	Individual	cell	line	samples	

labeled	with	the	isotype	marker	panel	were	used	to	set	the	gates	for	each	fluorescent	

marker	channel.	All	data	analysis	and	construction	of	the	compensation	panel	were	

performed	using	FlowJo	software,	version	10.0.8r1.		

	 The	surface	marker	expression	patterns	of	each	control	cell	line	when	profiled	using	

the	breast	mAb-fluorophore	multicolor	panel	recapitulate	the	expression	patterns	

previously	validated	when	assaying	for	a	single	marker	per	sample.	MCF-7	cells	express	

high	levels	of	ESA,	low	levels	of	CD44,	moderate	levels	of	CD24,	and	do	not	express	CD133,	

CD309,	and	CD45	(Figure	3.9A).	D283	Med	cells	express	CD44	and	CD133	but	lack	ESA,	

CD24,	CD309,	and	CD45	expression	(Figure	3.9B).	Transiently	transfected	293T	cell	

cultures	are	comprised	of	a	percentage	of	cells	that	express	CD309	that	varied	from	30-

50%	depending	on	transfection	efficiency.	The	293T	cells	endogenously	express	low	levels	

of	ESA	but	lack	detectable	expression	of	all	other	markers	in	the	panel,	CD44,	CD24,	CD133,	

and	CD45	(Figure	3.9C).	Lastly,	T-cell	depleted	PBMCs	were	identifiable	by	the	high	

expression	of	CD45	and	lack	of	expression	of	CD309	and	ESA.	Portions	of	the	T-cell	

depleted	PBMCs	did	express	CD24,	CD133,	and	CD44	(Figure	3.9D).	These	marker	

expression	profiles	were	used	to	resolve	each	population	within	a	complex	cellular	mixture	

of	MCF-7,	D283	Med,	transiently	transfected	293T,	and	T-cell	depleted	PBMCs.				
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	 Fluorescence	Minus	One	(FMO)	controls	were	prepared	using	mixtures	of	the	four	

control	cell	lines	to	properly	interpret	the	flow	cytometry	data.	The	FMO	controls	were	

utilized	to	confirm	the	expression	of	each	marker	in	the	context	of	data	spread	and	to	

establish	gating	boundaries	for	each	fluorescent	channel.	A	total	of	six	samples	were	

prepared	containing	five	isotype	Ab-fluorophore	conjugates,	and	with	a	single	mAb-

fluorophore	of	the	multicolor	panel	to	measure	the	expression	of	each	mAb-fluorophore	

Figure	3.9	Individual	cell	line	multicolor	panel	analysis.	Each	control	cell	line	was	prepared	as	a	single	cell	
suspension	and	interrogated	with	the	breast	multicolor	mAb-fluorophore	panel	or	isotype	Ab-fluorophore	
panel	as	a	control.	Representative	flow	cytometry	dot	plots	depicting	cell	surface	molecule	expression	of	
each	control	cell	line	A)	MCF-7,	B)	D283	Med,	C)	transiently	transfected	293T	expressing	CD309,	and	D)	T-
cell	depleted	PBMCs	recorded	using	an	Acea	Novocyte	cytometer.	Each	plot	depicts	channel	fluorescence	
by	SSC-H.	Dot	plots	were	constructed	from	≥	50,000	events	recorded	as	single	cells	using	FSC-A	versus	
FSC-H. 
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(Figure	3.10).	Each	individual	mAb-fluorophore	was	positively	detected	in	the	intended	

channel	of	the	flow	cytometer	with	minimal	spillover	to	other	channels.	Five	of	the	six	

isotype	Ab-fluorophores	exhibited	low	background	with	the	exception	of	the	MIgG1-

APC/Cy7.	Noticeable	levels	of	non-specific	binding	of	the	APC/Cy7	isotype	antibody	were	

detected,	but	contributed	≤	5%	background	fluorescence.	The	recorded	MIgG1-APC/Cy7	

background	was	negligible	and	could	be	easily	discriminated	from	CD45-APC/Cy7	positive	

PBMCs.	The	gates	for	each	fluorescent	channel	established	using	the	FMO	controls	were	

utilized	to	identify	the	percentages	of	each	control	cell	line	comprising	the	heterogeneous	

mixture.		
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Figure	3.10	Fluorescence-minus-one	(FMOs)	controls	for	multiparameter	flow	cytometry.	Mixtures	of	
the	four	control	cell	lines,	MCF7,	D283	Med,	transiently	transfected	293T,	and	PBMCs	were	prepared	
and	interrogated	with	one	of	six	FMO	panels	containing	six	antibody-fluorophores.	The	FMO	panels	
contained	one	mAb-fluorophore	for	positive	staining,	and	isotype	Ab-fluorophore	conjugates	as	
negative	controls	for	the	five	channels	remaining.	Samples	were	profiled	using	an	Acea	Novocyte	
cytometer,	and	dot	plots	were	constructed	from	≥	50,000	events	recorded	as	single	cells	using	FSC-A	
versus	FSC-H.	Each	plot	depicts	channel	fluorescence	by	SSC-H	of	each	cell	surface	molecule	
expression	pattern.	A	sample	interrogated	with	all	six	isotype	Ab-fluorophores	and	another	with	all	
six	mAb-fluorophores	were	included	as	references.			

Isotype
Ab-Fluorophore

Panel

mAb-Fluorophore
Panel

FMO 1:
+CD24-BV421

FMO 2:
+CD309-AF488

FMO 3:
+ESA-PE

FMO 4:
+CD44-BV605

FMO 5:
+CD133-AF647

FMO 6:
+CD45-APC/Cy7

CD24-BV421 CD309-AF488 ESA-PE CD44-BV605 CD133-AF647 CD45-APC/Cy7



	 60	 	

	 A	sequential	gating	scheme	was	devised	to	characterize	the	percentages	of	each	

control	cell	line	comprising	the	complex	mixture	by	their	unique	surface	marker	expression	

profiles	(Figure	3.11).	Creating	a	large	FSC-A	versus	SSC-A	gate	excluding	the	origin	first	

eliminates	debris.	Aggregates	and	cell	doublets	are	eliminated	from	analysis	using	a	FSC-A	

versus	FSC-H	gate	to	focus	the	analysis	on	single	cells.	The	T-cell	depleted	PBMC	fraction	is	

then	detected	by	its	expression	of	CD45.	Cells	that	do	not	express	CD45	are	then	stratified	

by	their	expression	of	ESA	or	CD309	to	distinguish	three	main	subsets	for	further	

characterization.	MCF-7	cells	express	ESA	but	lack	CD309	expression.	They	also	express	

CD24,	are	variable	in	their	expression	of	CD44,	and	do	not	express	CD133.	The	second	main	

subset	lacks	expression	of	ESA	but	expresses	CD309	and	represents	positively	transiently	

transfected	293T	cells.	This	cell	subset	population	lacks	the	expression	of	all	remaining	

markers,	CD24,	CD44,	and	CD133.	The	third	and	final	main	subset	represents	the	cell	

population	that	lack	detectable	expression	of	both	ESA	and	CD309,	representing	D283	Med	

and	untransfected	293Ts.	These	cell	subsets	can	be	differentiated	by	their	expression	

patterns	of	CD44	and	CD133.	D283	Med	express	CD44	and	CD133,	and	lack	expression	of	

CD24.	The	untransfected	293T	cell	subset	lacks	detectable	expression	of	all	markers	

including	CD44,	CD133,	and	CD24.	Taken	together,	this	panel	collectively	identifies	five	cell	

subsets	that	were	initially	mixed	together	to	form	the	complex	cellular	mixture,	1)	MCF7,	2)	

D283	Med,	3)	CD309+	transfected	293T,	4)	CD309-	untransfected	293T,	and	5)	T-cell	

depleted	PBMCs.		
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	 Representative	flow	cytometry	dot	plots	of	a	complex	cellular	mixture	profiled	using	

the	breast	marker	panel	and	analyzed	using	the	sequential	gating	scheme	are	displayed	in	

Figure	3.12.	This	strategy	accurately	identifies	each	cell	subset	by	their	unique	defined	

surface	phenotypes;	MCF7	are	CD45-,	CD309-,	ESA+,	CD24+,	CD44+/-,	and	CD133-,	D283	Med	

are	CD45-,	CD309-,	ESA-,	CD24-,	CD44+,	and	CD133+,	transiently	transfected	293T	are	CD45-,	

CD309+/-,	ESA+/-,	CD24-,	CD44-,	and	CD133-,	and	finally,	T-cell	depleted	PBMCs	are	CD45+,	

CD309-,	ESA-,	CD24+/-,	CD44+/-,	and	CD133+/-.	The	percentages	of	each	cell	subset	within	the	

Figure	3.11	Sequential	Gating	Scheme	for	Determination	of	Cell	Subset	Percentages	using	Flow	
Cytometry.	Complex	cellular	mixtures	comprised	of	four	control	cell	lines,	MCF7,	D283	Med,	
transiently	transfected	293T	expressing	CD309,	and	T-cell	depleted	PBMCs,	are	interrogated	with	
the	breast	mAb-fluorophore	panel	then	profiled	using	an	Acea	Novocyte	cytometer.	The	acquired	
data	was	subject	to	the	following	sequential	gating	scheme	to	identify	cell	subsets	by	their	marker	
expression	profiles.		
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complex	cellular	mixture	reveal	the	makeup	of	the	heterogeneous	combination	of	control	

cell	lines	(Figure	3.13)	and	demonstrate	proof	of	principle	of	the	use	of	the	six	color	panel	

via	flow	cytometry.		
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Figure	3.12	Detection	of	individual	cell	lines	within	a	complex	cellular	mixture	using	the	breast	mAb-
fluorophore	panel	and	analyzed	using	a	sequential	gating	scheme.	Complex	cellular	mixtures	
comprised	of	four	control	cell	lines,	MCF7,	D283	Med,	transiently	transfected	293T	expressing	
CD309,	and	T-cell	depleted	PBMCs,	are	interrogated	with	the	breast	mAb-fluorophore	panel	then	
profiled	using	an	Acea	Novocyte	cytometer.	The	acquired	data	was	subject	to	the	represented	
sequential	gating	scheme	to	identify	cell	subsets	by	their	marker	expression	profiles	depicted	as	
dot	plots	or	contour	plots	for	T-cell	depleted	PBMCs	(blue	box),	MCF-7	(green	box),	D283	Med	(red	
box),	and	the	transiently	transfected	293T	cell	subsets	that	express	CD309	(purple	box)	and	
untransfected	293Ts	(pink	box).		
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3.10	Multicolor	Surface	Molecule	Panel	Imaging	of	Complex	Cellular	Mixtures	on	

Micropallet	Arrays	

	 The	cell	surface	marker	expression	patterns	were	detected	by	fluorescent	confocal	

microscopy.	Each	individual	control	cell	type	was	adhered	to	rat	Laminin-5	coated	

micropallet	arrays,	stained	with	the	breast	multicolor	panel	of	mAb-fluorophores,	and	

recapitulated	the	expression	patterns	of	each	cell	line	(Figure	3.14),	as	previously	

characterized	by	flow	cytometry	(Figure	3.9)	and	by	confocal	imaging	of	cells	interrogated	

with	the	purified	mAb	(prior	to	conjugation)	and	FITC	secondary	(Figure	3.2).	Duplicate	

individual	control	cell	lines	adhered	to	arrays	were	also	interrogated	with	the	isotype	Ab-

fluorophore	breast	panel	as	a	negative	control.	None	of	the	isotype-fluorophore	conjugates	

could	be	detected	on	the	samples,	establishing	that	under	these	conditions	non-specific	

Figure	3.13	Composition	of	cell	mixture	using	breast	surface	marker	panel.	Compilation	of	control	
cell	subset	percentages	identified	within	the	complex	cellular	mixture	via	flow	cytometry	by	marker	
expression	profiling	using	the	breast	marker	panel.	The	cell	subsets	identified	within	the	complex	
cellular	mixture	included	MCF7	(green),	D283	Med,	(red),	CD309+	transfected	293T	(purple),	
CD309-	untransfected	293T	(pink),	and	PBMCs	(blue).		
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background	staining	is	very	limited	and	essentially	undetectable	(Figure	3.14A).	ESA,	CD24,	

and	low	CD44	surface	molecule	expression	were	simultaneously	detected	on	the	MCF-7	

cells,	whereas	no	expression	of	CD309	and	CD133	was	visualized.	The	D283	Med	cells	

interrogated	with	the	breast	multicolor	panel	show	expression	of	CD44	and	CD133,	but	

lack	detectable	expression	of	CD24,	ESA,	and	CD309.	HEK	293Ts	transiently	transfected	

with	expression	plasmid	pBLAST2-hFLK1	expressed	CD309	and	low	levels	of	ESA,	and	

lacked	expression	of	CD24,	CD133,	and	CD44	when	imaged	48	hours	post-transfection	

(Figure	3.14B).		

	

	 A	roughly	equal	part	mixture	of	the	three	cell	lines	was	applied	to	the	micropallet	

array,	simultaneously	stained	using	the	breast	mAb	multicolor	panel,	and	imaged	on	an	

entire	single	micropallet	array	demarcating	roughly	40,000	micropallets.	The	multicolor	

Figure	3.14	Expression	of	cell	surface	molecules	on	cell	lines	using	micropallet	arrays.	(A)	
Representative	multicolor	immunofluorescent	images	of	designated	cell	lines	adhered	to	rL5	coated	
micropallet	arrays	and	stained	with	the	respective	primary	fluorophore	conjugated	isotype	antibody	
panel	(imaged	as	negative	controls).	(B)	Depicts	representative	multicolor	immunofluorescent	images	
using	the	mAb-fluorophore	multicolor	panel	and	imaged	to	reveal	each	cell	type’s	surface	molecule	
expression	pattern.		
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imaging	strategy	correctly	identifies	each	individual	cell	population	with	no	significant	

photobleaching	(Figure	3.15A).	Individual	cell	types	adhered	to	the	micropallet	array	were	

identified	by	their	surface	molecule	expression	patterns.	Magnified	regions	are	provided	

for	increased	visualization	(Figure	3.15B-D),	enabling	discrimination	of	four	cell	types:	

CD309	transfected	and	untransfected	HEK	293T	cells,	MCF-7,	and	D283	Med.		

	

	

	

Figure	3.15	Multicolor	Imaging	of	Complex	Heterogeneous	Cell	Mixtures	for	the	Identification	of	
Cellular	Subsets.	(A)	Depicts	representative	multicolor	immunofluorescent	image	of	a	heterogeneous	
mixture	comprised	of	MCF7,	D283	Med,	and	HEK	293T	cells	transiently	transfected	to	express	CD309,	
adhered	to	a	rat	laminin-5	coated	micropallet	array	and	stained	with	the	panel	of	fluorophore	
conjugated	mAbs	directed	against	the	five	selected	cell	surface	molecules.	Simultaneous	
immunofluorescent	imaging	using	a	Leica	Sp8	laser	scanning	confocal	microscope	to	image	an	entire	
micropallet	array	containing	approximately	40,000	micropallets.	(B-D)	Representative	areas	of	(A)	
containing	cells	identifiable	by	their	surface	molecule	expression	patterns,	including	the	phase	
contrast	channel	for	reference.	
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3.11	Development	of	Marker	Panels	for	the	Identification	of	Cellular	Subsets	in	Other	

Tumor	Tissues	

After	the	successful	development	of	the	combination	of	fluorophores	utilized	to	

create	the	breast	mAb-fluorophore	panel,	it	was	apparent	that	the	targeted	surface	

markers	could	be	exchanged	as	necessary	to	refine	the	panel	for	identification	of	tumor	cell	

subsets	of	other	solid	tumor	types	with	evidence	of	cancer	stem	cells.	To	this	end,	tumor	

cell	subset	marker	panels	were	developed	for	prostate,	pancreatic,	ovarian,	and	

endometrial	cancers	Table	3.3.	Isotype	Ab-fluorophores	for	each	mAb-fluorophore	in	the	

panel	were	matched	for	appropriate	negative	controls,	Table	3.4.	Marker	expression	

profiles	for	each	tumor	type	are	tabulated	in	Table	3.5	for	pancreatic	(20),	Table	3.7	for	

prostate	(21,	22),	Table	3.9	for	ovarian	(23-25),	and	Table	3.11	for	endometrial	tumor	cell	

subsets	(26,	27).	Appropriate	control	cell	lines	have	been	identified	and	confirmed	to	

collectively	express	each	marker	panel;	pancreatic	(Table	3.6),	prostate	(Table	3.8),	ovarian	

(Table	3.10),	and	endometrial	(Table	3.12).	During	the	process	of	profiling	new	cell	lines	as	

potential	candidates	for	quality	controls,	a	human	erythroleukemia	cell	line	(HEL)	was	

discovered	that	is	semi-adherent	and	was	able	to	adhere	to	fibronectin	coated	micropallet	

arrays.	The	HELs	express	CD45,	and	facilitate	the	ability	to	reproducibly	profile	CD45-

APC/Cy7	expression	on	the	micropallet	array	as	well	as	via	flow	cytometry	without	the	use	

of	primary	PBMCs	that	can	vary	by	donor	and	must	be	freshly	isolated	from	peripheral	

blood	for	each	use.	Therefore,	the	HELs	may	be	substituted	as	a	CD45	marker	control	as	a	

replacement	for	primary	PBMCs	for	all	marker	panels.			
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Table	3.3	Tumor	Cell	Subset	Marker	Panels.	
Monoclonal	antibodies	with	specificity	to	each	

surface	molecule	were	procured	or	
conjugated	directly	to	each	fluorophore.	

Table	3.4	Isotype	antibody	–fluorophore	controls	
for	each	tumor	cell	subset	marker	panel.	

Table	3.5	Marker	expression	profiles	of	pancreatic	
tumor	cell	subsets.	

Table	3.6	Control	cell	line	panel	that	
collectively	express	the	pancreatic	marker	

panel.	

Table	3.7	Marker	expression	profiles	of	prostate	
tumor	cell	subsets.	

Table	3.8	Control	cell	line	panel	that	
collectively	express	the	prostate	marker	

panel.	

Table	3.9	Marker	expression	profiles	of	
ovarian	tumor	cell	subsets.	

Table	3.10	Control	cell	line	panel	that	collectively	
express	the	ovarian	marker	panel.	
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3.12	Conclusions	of	this	Chapter	

	We	have	demonstrated	proof	of	principle	of	the	micropallet	array	platform	to	

identify	cellular	subsets	of	defined	cellular	phenotype	within	heterogeneous	cell	

populations	by	the	incorporation	of	multichannel	(six	channels)	multicolor	

immunofluorescent	laser	scanning	confocal	imaging.	The	micropallet	array	is	a	well-

developed	platform	capable	of	isolating	and	collecting	single	adherent	cells	with	minimal	

perturbation	that	is	suitable	for	a	wide	range	of	applications.	The	unique	combination	of	

fluorophores	utilized	in	this	particular	multicolor	imaging	strategy	allows	the	user	to	

detect	each	individual	fluorophore	without	the	utility	of	spectral	unmixing,	thereby	

providing	the	opportunity	to	examine	biospecimens	with	limited	cell	numbers.	Although	

we	have	focused	on	cell	surface	molecule	expression,	intracellular	molecules	can	also	be	

detected,	provided	that	an	acceptable	monoclonal	antibody	is	available,	but	at	the	expense	

of	cell	fixation	and	permeabilization	and	potentially	higher	non-specific	background	

staining.	These	data,	along	with	the	previously	reported	refinements	to	this	platform,	

presents	an	innovative	methodology	that	1)	permits	the	simultaneous	enumeration	and	

identification	of	various	cellular	elements	present	within	a	complex	adherent	cell	sample,	

2)	provides	the	opportunity	to	assess	the	molecular	profiles	of	single	collected	cells	from	

various	defined	cellular	subsets,	3)	can	accommodate	high	throughput	analyses,	and	4)	

Table	3.11	Marker	expression	profiles	of	
endometrial	tumor	cell	subsets.	

Table	3.12	Control	cell	line	panel	that	collectively	
express	the	endometrial	marker	panel.	
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overcomes	sample	size	and	throughput	limitations	to	existing	technologies,	such	as	laser	

capture	microdissection	or	fluorescence-activated	cell	sorting.	This	new	functional	capacity	

for	the	micropallet	array	platform	yields	a	novel	tool	to	allow	investigators	to	address	a	

multitude	of	fundamental	biological	questions	involving	complex,	heterogeneous,	normal	

and	pathological	primary	tissues	dominated	by	adherent	cells.	

	 	



	 71	 	

Chapter	3	References	

1.	 Gunn	NM,	Bachman	M,	Li	GP,	Nelson	EL.	Fabrication	and	biological	evaluation	of	
uniform	extracellular	matrix	coatings	on	discontinuous	photolithography	generated	
micropallet	arrays.	Journal	of	biomedical	materials	research	Part	A.	2010;95(2):401-12.	
2.	 Gunn	NM,	Chang	R,	Westerhof	T,	Li	GP,	Bachman	M,	Nelson	EL.	Ferromagnetic	
micropallets	for	magnetic	capture	of	single	adherent	cells.	Langmuir	:	the	ACS	journal	of	
surfaces	and	colloids.	2010;26(22):17703-11.	
3.	 Salazar	GT,	Wang	Y,	Young	G,	Bachman	M,	Sims	CE,	Li	GP,	et	al.	Micropallet	arrays	
for	the	separation	of	single,	adherent	cells.	Analytical	chemistry.	2007;79(2):682-7.	
4.	 Wolfe	AR,	Woodward	WA.	Breast	Cancer	Stem	Cell	Correlates	as	Predicative	Factors	
for	Radiation	Therapy.	Seminars	in	radiation	oncology.	2015;25(4):251-9.	
5.	 Luo	M,	Clouthier	SG,	Deol	Y,	Liu	S,	Nagrath	S,	Azizi	E,	et	al.	Breast	cancer	stem	cells:	
current	advances	and	clinical	implications.	Methods	in	molecular	biology.	2015;1293:1-49.	
6.	 Wang	L,	Du	F,	Zhang	HM,	Zhang	WJ,	Wang	HX.	Changes	in	circulating	endothelial	
progenitor	cells	predict	responses	of	multiple	myeloma	patients	to	treatment	with	
bortezomib	and	dexamethasone.	Brazilian	journal	of	medical	and	biological	research	=	
Revista	brasileira	de	pesquisas	medicas	e	biologicas	/	Sociedade	Brasileira	de	Biofisica		[et	
al].	2015;48(8):736-42.	
7.	 Moccia	F,	Zuccolo	E,	Poletto	V,	Cinelli	M,	Bonetti	E,	Guerra	G,	et	al.	Endothelial	
progenitor	cells	support	tumour	growth	and	metastatisation:	implications	for	the	
resistance	to	anti-angiogenic	therapy.	Tumour	biology	:	the	journal	of	the	International	
Society	for	Oncodevelopmental	Biology	and	Medicine.	2015;36(9):6603-14.	
8.	 Ruffell	B,	Au	A,	Rugo	HS,	Esserman	LJ,	Hwang	ES,	Coussens	LM.	Leukocyte	
composition	of	human	breast	cancer.	Proceedings	of	the	National	Academy	of	Sciences	of	
the	United	States	of	America.	2012;109(8):2796-801.	
9.	 Krneta	T,	Gillgrass	A,	Chew	M,	Ashkar	AA.	The	breast	tumor	microenvironment	
alters	the	phenotype	and	function	of	natural	killer	cells.	Cellular	&	molecular	immunology.	
2015.	
10.	 Rouzier	R,	Perou	CM,	Symmans	WF,	Ibrahim	N,	Cristofanilli	M,	Anderson	K,	et	al.	
Breast	cancer	molecular	subtypes	respond	differently	to	preoperative	chemotherapy.	
Clinical	cancer	research	:	an	official	journal	of	the	American	Association	for	Cancer	
Research.	2005;11(16):5678-85.	
11.	 Iwamoto	T,	Bianchini	G,	Booser	D,	Qi	Y,	Coutant	C,	Shiang	CY,	et	al.	Gene	pathways	
associated	with	prognosis	and	chemotherapy	sensitivity	in	molecular	subtypes	of	breast	
cancer.	Journal	of	the	National	Cancer	Institute.	2011;103(3):264-72.	
12.	 Panchuk-Voloshina	N,	Haugland	RP,	Bishop-Stewart	J,	Bhalgat	MK,	Millard	PJ,	Mao	F,	
et	al.	Alexa	dyes,	a	series	of	new	fluorescent	dyes	that	yield	exceptionally	bright,	
photostable	conjugates.	The	journal	of	histochemistry	and	cytochemistry	:	official	journal	of	
the	Histochemistry	Society.	1999;47(9):1179-88.	
13.	 Jennings	TL,	Becker-Catania	SG,	Triulzi	RC,	Tao	G,	Scott	B,	Sapsford	KE,	et	al.	
Reactive	semiconductor	nanocrystals	for	chemoselective	biolabeling	and	multiplexed	
analysis.	ACS	nano.	2011;5(7):5579-93.	
14.	 Hildebrandt	N.	Biofunctional	quantum	dots:	controlled	conjugation	for	multiplexed	
biosensors.	ACS	nano.	2011;5(7):5286-90.	



	 72	 	

15.	 Betting	DJ,	Kafi	K,	Abdollahi-Fard	A,	Hurvitz	SA,	Timmerman	JM.	Sulfhydryl-based	
tumor	antigen-carrier	protein	conjugates	stimulate	superior	antitumor	immunity	against	B	
cell	lymphomas.	Journal	of	immunology.	2008;181(6):4131-40.	
16.	 Hansen	RE,	Winther	JR.	An	introduction	to	methods	for	analyzing	thiols	and	
disulfides:	Reactions,	reagents,	and	practical	considerations.	Analytical	biochemistry.	
2009;394(2):147-58.	
17.	 Thakur	ML,	DeFulvio	JD.	Determination	of	reduced	disulfide	groups	in	monoclonal	
antibodies.	BioTechniques.	1990;8(5):512-6.	
18.	 Haun	JB,	Devaraj	NK,	Hilderbrand	SA,	Lee	H,	Weissleder	R.	Bioorthogonal	chemistry	
amplifies	nanoparticle	binding	and	enhances	the	sensitivity	of	cell	detection.	Nature	
nanotechnology.	2010;5(9):660-5.	
19.	 Rahim	MK,	Kota	R,	Haun	JB.	Enhancing	reactivity	for	bioorthogonal	pretargeting	by	
unmasking	antibody-conjugated	trans-cyclooctenes.	Bioconjugate	chemistry.	
2015;26(2):352-60.	
20.	 Fitzgerald	TL,	McCubrey	JA.	Pancreatic	cancer	stem	cells:	association	with	cell	
surface	markers,	prognosis,	resistance,	metastasis	and	treatment.	Advances	in	biological	
regulation.	2014;56:45-50.	
21.	 Matsika	A,	Srinivasan	B,	Day	C,	Mader	SA,	Kiernan	DM,	Broomfield	A,	et	al.	Cancer	
stem	cell	markers	in	prostate	cancer:	an	immunohistochemical	study	of	ALDH1,	SOX2	and	
EZH2.	Pathology.	2015;47(7):622-8.	
22.	 Smith	BA,	Sokolov	A,	Uzunangelov	V,	Baertsch	R,	Newton	Y,	Graim	K,	et	al.	A	basal	
stem	cell	signature	identifies	aggressive	prostate	cancer	phenotypes.	Proceedings	of	the	
National	Academy	of	Sciences	of	the	United	States	of	America.	2015;112(47):E6544-52.	
23.	 Wei	Z,	Wang	Y,	Yu	X,	Zhang	S.	[Identification	and	characterization	of	stem	cells	in	an	
ovarian	cancer	cell	line	and	examination	their	drug	resistance].	Zhonghua	fu	chan	ke	za	zhi.	
2015;50(6):452-7.	
24.	 Zhou	Q,	Chen	A,	Song	H,	Tao	J,	Yang	H,	Zuo	M.	Prognostic	value	of	cancer	stem	cell	
marker	CD133	in	ovarian	cancer:	a	meta-analysis.	International	journal	of	clinical	and	
experimental	medicine.	2015;8(3):3080-8.	
25.	 Liao	J,	Qian	F,	Tchabo	N,	Mhawech-Fauceglia	P,	Beck	A,	Qian	Z,	et	al.	Ovarian	cancer	
spheroid	cells	with	stem	cell-like	properties	contribute	to	tumor	generation,	metastasis	
and	chemotherapy	resistance	through	hypoxia-resistant	metabolism.	PloS	one.	
2014;9(1):e84941.	
26.	 Elbasateeny	SS,	Salem	AA,	Abdelsalam	WA,	Salem	RA.	Immunohistochemical	
expression	of	cancer	stem	cell	related	markers	CD44	and	CD133	in	endometrial	cancer.	
Pathology,	research	and	practice.	2015.	
27.	 Kyo	S,	Kato	K.	Endometrial	Cancer	Stem	Cell	as	a	Potential	Therapeutic	Target.	
Seminars	in	reproductive	medicine.	2015;33(5):341-9.	
	

	 	



	 73	 	

Chapter	4	

PROCESSING	AND	APPLICATION	OF	TUMOR	BIOPSIES:	TRANSLATION	OF	THE	

MICROPALLET	ARRAY	TO	PRIMARY	HUMAN	TUMOR	TISSUES	

4.1	Introduction	to	the	Chapter	

	 After	demonstrating	the	proof	of	concept	of	the	micropallet	array	using	cell	lines,	we	

sought	to	apply	the	platform	towards	the	analysis	of	human	tumor	biopsies.	We	obtained	

all	necessary	regulatory	oversight	to	obtain	tumor	biopsies,	and	then	worked	to	optimize	

the	application	of	human	tumor	tissue	to	the	micropallet	array.	A	total	of	four	primary	

breast	tumors	and	one	paired	nodal	metastasis	were	analyzed	using	the	developed	

methods	to	apply	tumor	biopsies	to	the	micropallet	array.				

4.2	Obtaining	Regulatory	Oversight	for	Tumor	Tissue	Procurement	

	 De-identified	human	tumor	biopsies	were	obtained	from	two	sources	for	this	

project.	Freshly	resected	primary	breast	adenocarcinoma	cutting	needle	biopsies	deemed	

excess	by	Hoag	Hospital	Pathology,	Newport	Beach,	CA	through	Dr.	Scott	Heinemann	were	

obtained	through	a	Material	Transfer	Agreement	established	on	May	12,	2013.	In	order	to	

utilize	the	UCIrvine	Medical	Center	as	a	resource,	we	received	determination	from	the	

Institutional	Regulatory	Committee	(IRB)	that	our	study	did	not	involve	human	subjects,	

and	was	therefore	not	subject	to	IRB	review	and	approval	(determined	March	3,	2014).	

Freshly	procured	tumor	samples	were	provided	by	the	UCIrvine	Experimental	Tissue	Core,	

a	shared	Bio-Repository	source	through	Anne	Sawyers	and	Dr.	Robert	Edwards.	Our	

agreement	(established	April	29,	2014)	included	the	procurement	of	cutting	needle	biopsy	

samples	from	epithelial	tumors	of	the	breast,	colon,	lung,	pancreas,	prostate,	stomach	and	

esophagus,	head	and	neck,	along	with	high-grade	brain	tumors	(Glioblastoma	Multiforme,	
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GBM).	Any	specifications	regarding	tumor	subtype,	stage/grade,	or	other	unique	

characteristics	were	recorded	when	available	from	the	pathologist	and	described	as	

necessary	within	the	section	of	text	in	which	the	tumor	was	used	for	experimentation.	

The	first	two	cutting	needle	biopsies	of	tumors,	both	of	which	were	breast	

adenocarcinomas,	were	first	procured	by	the	pathologists	but	were	found	to	be	difficult	to	

acquire.	The	breast	tumor	tissues	were	very	mucinous	and	often	times	became	lodged	

inside	the	cutting	biopsy	needle	and	could	not	be	released.	Instead,	small	slices	of	tumors	

deemed	excess	by	pathology	were	transferred	to	15mL	conical	polypropylene	tubes	or	

20mL	glass	Erlenmeyer	flasks	containing	7mL	of	media	(DMEM	supplemented	with	4.5g/L	

glucose,	2mM	L-Glutamine,	100U/mL	penicillin,	and	100μg/mL	streptomycin)	for	safe	

shipment	of	the	biohazardous	material.	All	tumor	specimens	were	maintained	on	ice	

during	transfer	to	the	Nelson	laboratory.	

All	experiments	performed	with	tumor	tissue	biopsies	are	reported	in	Table	4.1.	

Each	tumor	biopsy	was	devoted	towards	a	specific	purpose	to	first	optimize	the	application	

of	tumor	biopsies	to	the	micropallet	array,	then	to	demonstrate	cancer	stem	cell	analysis	at	

the	single	cell	level	using	the	developed	platform.	Tumor	dissociation	to	single	cell	

suspension	was	optimized	using	the	first	set	of	tumors.	The	second	set	of	tumors	was	

devoted	towards	optimizing	a	qPCR-based	assay	to	determine	an	appropriate	extracellular	

matrix	(ECM)	to	provide	tumor	epithelial	cell	adherence	to	the	micropallets.	The	third	set	

of	tumors	was	analyzed	using	the	developed	qPCR	assay	to	select	the	appropriate	ECM.	

These	first	three	sets	of	tumor	experiments	were	performed	sans	micropallets	for	

optimization	purposes.	The	remaining	tumors	obtained	were	applied	to	ECM	coated	

micropallet	arrays	first	for	optimization,	then	analysis.	Lastly,	single	cancer	stem	and	
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epithelial	tumor	cells	were	collected	from	two	of	the	breast	tumors	identified	using	the	

micropallet	array	platform	for	stem	cell	gene	profiling.			

	

4.3	Optimization	of	Tumor	Dissociation	to	Single	Cell	Suspension	

	 Analysis	of	patient	tumor	biopsy	samples	using	micropallet	arrays	requires	the	

sample	to	be	in	single	cell	suspension	form.	Tumor	dissociations	to	single	cell	suspension	

using	combinations	of	enzymes	and	mechanical	disruption	methods	have	been	commonly	

Table	4.1	Experiments	(columns)	performed	with	procured	tumor	biopsies	(rows).	Breast	tumors	
numbered	one	through	four	were	analyzed	using	micropallet	arrays.	 

Blue:	Data	displayed. 
Grey:	Data	obtained	from	tumor	biopsies	was	used	for	optimization	purposes	and	are	not	included	in	
analyses. 
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reported	in	the	literature	with	focus	on	dissociation	and	analysis	of	the	bulk	tumor	cell	

subset	population	[1-3].	However,	few	reports	have	focused	on	the	successful	and	complete	

dissociation	of	cancer	stem	cells	from	bulk	tumor	populations	[4],	although	there	is	

evidence	of	a	link	between	tumor	cell	subset	populations	found	in	dissociated	tumor	

samples	and	the	method	of	dissociation	used	[5].	Thus,	we	selected	and	tested	the	use	of	

three	enzymes	and	cocktails	for	efficient	tumor	dissociation	to	single	cell	suspension	while	

maintaining	cell	viability;	1)	A	mixture	of	Collagenase,	Hyaluronidase,	and	DNase	I,	2)	

Accutase,	and	3)	Trypsin-EDTA.	

A	mixture	of	300U/mL	collagenase,	100U/mL	hyaluronidase	

(Collagenase/Hyaluronidase,	StemCell	Technologies),	and	100U/mL	DNase	I	(Roche),	

termed	CHD,	was	selected	for	testing	with	the	belief	that	this	dissociation	method	would	

provide	gentle	yet	effective	dissociation	that	maintained	cell	viability.	The	collagenase	and	

hyaluronidase	enzymes	do	not	directly	target	cell	surface	receptors	to	facilitate	

dissociation	and	instead	cleave	the	network	of	collagen	and	hyaluronan	ECM	components	

within	the	extracellular	space	of	the	tumor	tissue	to	extract	cells	[6].	DNase	I	was	

supplemented	for	removal	of	extracellular	DNA	that	may	promote	dissociation	of	cellular	

aggregates	over	single	cells.	The	use	of	CHD	cocktails	for	tumor	dissociation	is	commonly	

used	[7].	Tumor	dissociation	using	CHD	were	performed	in	dissociation	media	(DMEM	

supplemented	with	4.5g/L	glucose,	2mM	L-glutamine,	1mM	sodium	pyruvate,	100U/mL	

penicillin,	and	100μg/mL	streptomycin)	as	recommended	by	the	manufacturer.	

Accutase™	is	a	commercially	available	mixture	reported	to	have	proteolytic,	

collagenolytic,	and	DNase	enzyme	activities	[8],	and	was	commercialized	specifically	to	

dissociate	clusters	of	human	stem	cells	while	maintaining	cell	viability	and	pluripotency	
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compared	to	trypsin	or	collagenase	[9,	10].	Therefore,	we	hypothesized	that	Accutase™	

could	be	a	suitable	candidate	for	tumor	tissue	disruption,	with	the	intention	of	analyzing	

the	cancer	stem	cell	population.		

Lastly,	enzymatic	tumor	dissociation	was	tested	using	a	solution	of	0.25%	trypsin,	

0.1%	EDTA	in	1X	PBS,	pH	7.4.	Trypsin	is	active	against	both	the	extracellular	matrix	and	

cell	surface	receptors,	and	therefore	may	effect	detection	of	the	markers,	as	this	enzyme	

cuts	the	adhesion	receptor	proteins	in	cell-cell	and	cell-matrix	interactions	at	the	carboxyl	

end	of	the	amino	acids	lysine	or	arginine,	except	when	followed	by	proline.	[11]	EDTA	is	a	

calcium	chelator,	and	detaches	cells	by	sopping	up	excess	Mg2+	and	Ca2+	ions	that	are	

needed	to	maintain	cell	adhesion	through	cation-dependent	integrins.	These	cations	also	

suppress	trypsin	activity.	Therefore,	EDTA	serves	a	dual	purpose	in	this	dissociation	

enzyme	mixture	[11].	The	use	of	Trypsin-EDTA	is	well	documented	in	early	tumor	

processing	literature	[12,	13],	but	it	is	now	acknowledged	that	Trypsin’s	activity	has	an	

effect	on	surface	proteins	on	cells,	and	can	alter	marker	expression	patterns	[14,	15].	Thus,	

the	marker	expression	patterns	of	trypsinized	cells	must	be	confirmed	against	profiles	of	

cells	dissociated	without	activity	against	the	cell	surface	markers	to	ensure	the	detection	of	

each	marker	is	not	severely	compromised	or	altered.			

	 To	test	the	dissociation	efficiency	of	CHD,	Accutase,	and	Trypsin-EDTA,	a	single	

primary	breast	tumor	biopsy	was	aseptically	transferred	to	a	sterile	glass	petri	dish	

containing	5mL	1X	PBS,	pH	7.4.	The	biopsy	was	equally	divided	into	three	sections	using	a	

sterile	disposable	11-blade	scalpel.	Each	section	was	individually	minced	to	1mm3	

fragments	then	transferred	using	sterile	forceps	to	a	50mL	conical	tube	containing	5mL	1X	

PBS,	pH	7.4.	This	was	repeated	for	all	three	tumor	sections.	The	remaining	5mL	of	1X	PBS,	
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pH	7.4	remaining	in	the	glass	petri	dish	after	mincing	the	tumor	specimen	was	equally	

divided	between	each	minced	sample	(1.6mL/sample).	Minced	tumor	samples	were	

centrifuged	at	1000RPM	for	five	minutes	at	room	temperature	to	collect	samples.	The	1X	

PBS	fraction	was	decanted,	and	then	each	sample	was	resuspended	in	5mL	of	either	CHD	in	

DMEM,	Trypsin-EDTA	in	1X	PBS,	pH	7.4,	or	Accutase	solution.	All	three	enzymatic	

dissociations	were	incubated	at	37°C	with	constant	mixing	on	a	rotating	tube	platform	at	

300RPM.	Aliquots	of	100μL	volume	were	assayed	every	30	minutes	using	a	hemacytometer	

and	trypan	blue	exclusion	to	monitor	cell	counts	and	dead	cell	percentages.	Enzymatic	

dissociations	were	stopped	after	single	cell	counts	plateaued	and	a	small	proportion	of	

dead	cells	were	detectable,	which	correlated	to	2-2.5	hours	for	all	three	enzymatic	

dissociation	reactions.	All	three	dissociated	cell	suspensions	were	diluted	to	15mL	volume	

using	dissociation	media	then	filtered	through	40μm	cell	strainers	to	remove	residual	gross	

tissue	fibers	and	undigested	cellular	aggregates.	The	final	samples	were	centrifuged	at	

1000RPM	for	five	minutes	at	room	temperature	to	collect	cells	and	decant	the	media	

containing	dissociation	enzymes,	then	resuspended	in	cold	FACS	Buffer	(1%	BSA,	0.1%	

NaN3	in	1X	PBS,	pH	7.4)	for	analysis.		

Final	live	cell	counts	dissociated	using	each	enzyme	mixture	were	determined	using	

a	hemacytometer	and	trypan	blue	exclusion	(Table	4.2).	The	remainder	of	each	

enzymatically	dissociated	cell	sample	was	equally	divided	into	two	equal	aliquots	and	

prepared	for	examination	using	flow	cytometry	using	propidium	iodide	(PI)	exclusion.	The	

first	aliquot	was	left	unstained	as	a	negative	control	the	second	sample	was	interrogated	

with	2.67μg/mL	PI	for	15	minutes	on	ice.	Cells	were	immediately	analyzed	using	an	Accuri	

C6	flow	cytometer	(BD	Accuri	Cytometers,	San	Jose,	CA),	with	acquired	data	analyzed	using	
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FlowJo	software.	To	remove	debris	from	the	analysis,	a	broad	Forward	Scatter	Area	(FSC-

A)	vs.	Side	Scatter	Area	(SSC-A)	gate	was	created	to	include	all	cellular	data	but	excluded	

debris	at	the	origin.	Single	cell	percentages	were	determined	from	cellular	aggregates	by	

comparison	of	Forward	Scatter	Area	(FSC-A)	vs.	Height	(FSC-H),	Table	4.2.	Lastly,	within	

the	single	cell	subset,	negative	PI	staining	identified	the	percentage	of	live	single	cells	

dissociated	using	each	enzyme	mixture	(Table	4.2).		

	 The	dissociation	characteristics	measured,	including	live	cell	counts,	viability,	and	

single	cell	percentages	revealed	all	three	enzyme	mixtures	successfully	dissociated	breast	

tumors	to	single	cell	suspensions	with	metrics	within	an	acceptable	range	for	each	

characteristic	(Table	4.2).	CHD	and	Accutase	dissociation	enzyme	mixtures	produced	

similar	amounts	of	cells	extracted,	live	cell	percentages,	and	single	cell	percentages.	In	

comparison	to	Trypsin-EDTA	CHD	and	Accutase	produced	superior	cell	counts	at	the	

expense	of	slightly	reduced	cell	viability	and	single	cell	percentages.	Although	CHD	

dissociation	produced	the	lowest	percentage	of	single,	live	cells,	it	generated	enhanced	cell	

counts	over	Accutase	and	Trypsin-EDTA.	As	cancer	stem	cells	represent	a	potentially	rare	

Table	4.2	Breast	tumor	dissociation	to	Single	Cell	Suspension	using	
Collagenase/Hyaluronidase/Dnase	(CHD),	Accutase,	and	Trypsin-EDTA.	A	single	

breast	tumor	biopsy	was	equally	divided	into	three	sections	then	minced	to	1mm
3
	

pieces	then	enzymatically	dissociated	with	CHD,	Accutase,	or	Trypsin-EDTA	at	37°C.	
Each	enzymatic	dissociation	was	filtered	through	a	40μM	cell	strainer	to	remove	

gross	residual	tissue,	counted	with	a	hemacytometer	using	trypan	blue	exlusion,	and	
analyzed	using	flow	cytometry	for	viability	using	propidium	iodide	and	single	cell	

determinations	using	FSC-A	vs.	FSC-H.	
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tumor	cellular	subset,	the	ability	to	dissociate	the	maximum	amount	of	cells	from	a	tumor	

biopsy	is	a	critical	consideration.	For	this	reason,	CHD	was	ultimately	selected	to	

enzymatically	dissociate	tumor	tissues	for	this	project,	pending	one	final	determination.	

	 Before	proceeding	to	dissociate	tumor	biopsies	using	CHD,	it	was	important	to	

determine	the	effect	of	CHD	dissociation	on	the	surface	marker	expression	patterns	

necessary	to	identify	tumor	cellular	subsets.	The	control	cell	lines	MCF-7,	D283	Med,	HEL,	

and	transiently	transfected	293T	expressing	CD309	with	validated	expression	of	surface	

markers	ESA,	CD44,	CD24,	CD133,	CD309,	and	CD45	comprising	the	breast	tumor	cell	

subset	marker	panel	(Chapter	3)	were	utilized	for	this	test.	The	expression	patterns	of	

these	cell	lines	have	been	characterized	using	Trypsin-EDTA	as	a	dissociation	agent	during	

routine	cell	culture	of	these	cell	lines.	Therefore,	we	compared	the	expression	profiles	of	

these	cell	lines	when	dissociated	with	CHD	to	those	dissociated	with	Trypsin-EDTA	as	a	

standard	quality	control.	Samples	dissociated	using	Cell	Stripper	(EDTA)	were	also	

included	for	a	comparison	to	a	non-enzymatic	dissociation	method	that	is	less	likely	to	

perturb	cell	surface	marker	expression	patterns.	

MCF-7,	D283	Med,	and	HEL	cells	were	separately	seeded	into	tissue	culture	treated	

dishes	and	allowed	to	grow	to	confluence	for	48-hours	at	37°C	with	10%	CO2.	HEK	293T	

cells	were	transiently	transfected	in	six	well	tissue	culture	treated	dishes	as	described	

previously	(Chapter	3)	and	used	for	experimentation	at	48-hours	post-transfection.	

Individual	control	cell	lines	were	washed	with	1X	PBS,	pH	7.4	then	dissociated	from	their	

culture	vessels	using	0.25%	Trypsin,	0.1%	EDTA	in	1X	PBS,	pH	7.4,	Cell	Stripper,	(EDTA	

solution),	and	CHD	in	dissociation	media	at	37°C,	10%	CO2.	Trypsin-EDTA	treated	cells	

detached	from	culture	vessels	in	2-3	minutes,	whereas	cells	treated	with	Cell	Stripper	or	
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CHD	detached	more	slowly	and	were	completely	detached	after	30	minutes.	Dissociated	

samples	were	collected	in	10mL	excess	cell	culture	media,	centrifuged	to	collect	cells	at	

1000RPM	for	five	minutes	at	room	temperature,	and	decanted	excess	media	containing	

enzymes.	The	samples	were	resuspended	in	FACS	Buffers	then	evenly	divided	to	flow	

cytometry	samples	to	stain	for	the	isotype	and	mAb	specific	for	each	marker	in	the	breast	

panel	using	the	same	primary	and	secondary	antibody	staining	methodology	and	flow	

cytometric	analysis	using	a	BD	Accuri	C6	Cytometer	as	described	in	Chapter	3.			

	 Overall,	the	surface	markers	profiled	on	each	control	cell	line	recapitulated	the	same	

validated	expression	patterns	regardless	of	the	method	of	dissociation.	Therefore,	only	

surface	markers	positively	expressed	by	each	cell	line	are	displayed	in	Figure	4.1,	with	

omission	of	the	unexpressed	markers.	The	Mean	Fluorescence	Intensity	(MFI)	of	the	flow	

cytometry	plots	in	Figure	4	was	calculated	by	subtracting	the	isotype	MFI	from	the	mAb	

MFI	for	quantification	(Table	4.3).	Although	marker	expression	profiles	revealed	decreased	

MFIs	of	CHD	dissociated	cell	lines	in	Table	4.3	for	several	markers	(ESA,	CD24,	CD133,	and	

CD309),	they	could	be	confidently	distinguished	from	the	negative	populations	(Figure	4.1).	

However,	this	was	taken	into	consideration	when	designing	the	multicolor	marker	panel	to	

ensure	detection	of	all	intended	markers	(Chapter	3).	The	mAbs	specific	for	the	four	

markers	that	may	be	impaired	by	CHD	dissociation	were	paired	with	the	four	brightest	

fluorophores	in	the	multicolor	panel:	ESA-PE,	CD24-BV421,	CD133-AF647,	and	CD309-

AF488.						
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Figure	4.1	Effect	of	dissociation	enzymes	on	expression	patterns	of	control	cell	lines.	
Individual	control	cell	lines	were	treated	with	CHD,	Trypsin-EDTA,	or	Cell	Stripper	to	
dissociate	cells	to	single	cell	suspensions,	interrogated	for	a	single	marker	(blue)	or	according	
isotype	antibody	(red)	and	according	secondary,	then	profiled	for	their	marker	expression	
profiles	using	a	BD	Accuri	C6	cytometer.		
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4.4	Selection	of	Extracellular	Matrices	for	Adherence	of	Epithelial	Cellular	Fractions	

to	Micropallet	Arrays	

	 Evidence	of	cellular	adherence	to	the	micropallet	array	via	micropallet	coatings	of	

laminin-5,	fibronectin,	collagen,	or	basement	membrane	extract	has	been	previously	

demonstrated	using	several	cell	lines	[16]	but	needed	to	be	confirmed	for	primary	tumor	

cells.	Our	selection	of	ECMs	to	test	tumor	epithelial	cell	adherence	was	based	off	the	

available	ECM	coatings	that	could	be	immediately	applied	to	the	micropallet	array	without	

optimization.	We	proceeded	to	test	fibronectin	and	laminin-5	ECM	for	reasons	described	

below.	

The	human	fibronectin	coating	(Millipore,	Billerica,	MA)	has	been	commonly	used	

for	control	cell	line	adherence	to	the	arrays	because	its	coating	procedure	is	quick	and	

simple.	Within	the	tumor	microenvironment,	fibronectin	is	widely	distributed,	as	it	is	

produced	by	both	epithelial	(benign	and	malignant)	and	mesenchymal	cells	[17]	suggesting	

that	fibronectin	may	provide	tumor	cell	adherence.	Laminin-5	is	enriched	in	the	basement	

membrane	of	breast	tumors	[18,	19],	and	is	therefore	proposed	to	be	an	ideal	candidate	to	

facilitate	tumor	cell	adherence.	

Table	4.3	Surface	marker	Mean	Fluorescence	Intensities	(MFIs)	of	
cell	lines	dissociated	with	Collagenase/Hyaluronidase/Dnase	(CHD),	
Trypsin-EDTA,	or	Cell	Stripper	(EDTA).	The	background	isotype	MFI	
was	subtracted	from	the	mAb	MFI	for	cells	dissociated	with	CHD,	

Trypsin-EDTA,	or	Cell	Stripper	and	tabulated	below.	



	 84	 	

	 An	ECM	adherence	assay	was	developed	to	monitor	the	adherence	patterns	of	

epithelial	cells	to	either	laminin-5	or	fibronectin	using	qRT-PCR,	Figure	4.2.	Tumor	biopsies	

dissociated	to	single	cell	suspensions	were	applied	to	glass	coverslips	demarcated	by	Lab-

tek	two-well	sized	chambers	coated	with	either	fibronectin	or	laminin-5	(80,000	cells	per	

well),	and	were	allowed	to	adhere	overnight	at	37°C	10%	CO2	in	DMEM	supplemented	with	

4.5g/L	glucose,	10%	FBS,	2mM	L-Glutamine,	1mM	sodium	pyruvate,	100U/mL	penicillin,	

and	100μg/mL	streptomycin,	termed	tumor	cell	seeding	media.	Each	sample	was	gently	

washed	with	1X	PBS,	pH	7.4	to	collect	non-adherent	cells	into	eppendorf	tubes.	Both	cell	

fractions	remaining	adhered	to	the	coverslip	and	the	non-adherent	cells	collected	in	an	

eppendorf	tube	were	lysed	for	their	RNA	content	using	the	Qiagen	RNeasy	mini	kit.	RNA	

was	then	reverse	transcribed	to	cDNA	and	analyzed	via	qPCR	using	Applied	Biosystem’s	

Taqman	Cells	to	Ct	kit	on	a	Roche	Lightcycler	480	system.		Each	taqman	probe	was	FAM	

labeled,	verified	from	Applied	Biosystems,	and	assayed	in	triplicates.	Epithelial	cell	

adhesion	molecule	(EPCAM)	and	protein	tyrosine	phosphatase	receptor	type	C	(PTPRC,	

also	known	as	CD45)	Ct	values	were	normalized	to	the	average	Ct	values	of	housekeeping	

genes	ACTB,	PUM1,	and	HPRT1	before	calculating	dCt	values.	
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	 A	pilot	experiment	of	the	ECM	adherence	assay	was	performed	using	EPCAM-

expressing	MCF-7	cells	and	human	normal	donor	PBMCs	for	a	positive	PTRC-expressing	

control.	Pure	samples	of	each	cell	type	and	mixtures	were	applied	to	fibronectin-coated	

coverslips	only	for	proof	of	concept,	following	the	methodology	as	explained	in	Figure	4.2.	

Fibronectin	Coated	Coverslip Laminin-5	Coated	Coverslip 

EPCAM+ 

PTPRC	(CD45)+ 

	 	

	

	

	

	

		 	

	

	

	

	

	
	

		 	

	

	

		 	

	 	 	

1.	Seed	Tumor	Cell	Single	Cell	Suspensions	
onto	ECM	Coated	Coverslips 

2.	Wash	and	Collect	Unadhered	Cells 

	

		

	

		 	

	

3.	Harvest	RNA	from	Unadhered	and	Adhered	Cell	Fractions	for	qRT-PCR 

	

		

	

		 	 	

Figure	4.2	Determination	of	epithelial	cell	adherence	to	ECM	matrices	fibronectin	and	laminin-5	
using	qRT-PCR.	(1)	Tumor	biopsies	dissociated	to	single	cell	suspensions	were	applied	to	coverslips	
coated	with	either	fibronectin	or	laminin-5,	and	were	allowed	to	adhere	overnight	at	37°C	10%	CO2	
in	tumor	cell	seeding	media.	Each	sample	was	gently	washed	with	1X	PBS,	pH	7.4	to	collect	non-
adherent	cells	into	eppendorf	tubes.	(2)	Both	cell	fractions	remaining	adhered	to	the	coverslip	and	
the	non-adherent	cells	collected	in	an	eppendorf	tube	were	(3)	lysed	for	their	RNA	content,	reverse	
transcribed	to	cDNA	and	analyzed	via	qPCR	using	Applied	Biosystem’s	Taqman	Cells	to	Ct	kit	on	a	
Roche	Lightcycler	for	EPCAM	and	PTPRC	(CD45)	gene	expression.	
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Average	dCt	values	±	the	standard	deviation	of	three	technical	triplicates	of	EPCAM	and	

PTPRC	expression	by	the	adherent	and	non-adherent	cell	fractions	are	displayed	in	Tables	

4.4	and	4.5	respectively.	

The	adherent	characteristic	of	the	MCF-7	epithelial	cells	on	fibronectin	ECM	was	

successfully	monitored	by	the	gene	expression	distribution	of	EPCAM.	Increased	EPCAM	

dCt	levels	were	detected	in	adherent	fractions	when	compared	to	non-adherent	fractions	of	

MCF-7	alone	or	when	mixed	with	normal	donor	PBMCs	(Table	4.4).	EPCAM	expression	was	

undetectable	within	the	PBMC	adherent	and	non-adherent	fractions,	but	could	be	

monitored	using	PTPRC	gene	expression.	PBMCs	were	observed	in	both	adherent	and	non-

adherent	fractions,	most	likely	representing	monocyte	and	leukocyte	cell	subsets,	

accordingly	(Table	4.5).	Taken	together,	these	results	demonstrate	the	known	adherence	

patterns	of	these	cell	types	and	demonstrate	proof	of	concept	of	the	qPCR-based	ECM	

adherence	assay.	

Table	4.4	EPCAM	gene	expression	detects	adherence	
patterns	of	MCF-7.	

Table	4.5	PTPRC	(CD45)	gene	expression	detects	
adherence	patterns	of	PBMCs.		



	 87	 	

	 A	total	of	two	breast	tumor	biopsies	and	a	single	prostate	tumor	biopsy	were	

analyzed	using	the	qPCR	adherence	assay	to	test	both	laminin-5	and	fibronectin	as	suitable	

ECM,	again	following	the	methodology	in	Figure	4.2.	Average	EPCAM	dCt	values	±	the	

standard	deviation	of	three	technical	triplicates	of	adherent	and	non-adherent	cell	subsets	

to	laminin-5	and	fibronectin	are	reported	in	Table	4.6.	EPCAM	expression	was	detected	in	

both	the	adherent	and	non-adherent	fractions	of	all	three	tumor	single	cell	suspensions	

applied	to	either	laminin-5	or	fibronectin	ECM.		

The	two	breast	tumors	processed	were	of	different	subtypes,	one	a	LumA	(ER+),	and	

the	second	a	Triple	Negative	Breast	Cancer	(TNBC)	tumor.	Single	cell	suspensions	from	

both	breast	tumor	types	preferentially	did	not	adhere	to	fibronectin,	as	elevated	EPCAM	

dCt	levels	were	detected	in	the	non-adherent	fraction	compared	to	the	low	levels	EPCAM	

dCt	levels	detected	from	the	adherent	cellular	fractions	(Table	4.6).	When	subject	to	

laminin-5	for	cellular	adherence,	average	EPCAM	dCt	levels	were	more	evenly	detected	

between	the	adherent	and	non-adherent	fractions,	demonstrating	an	improvement	in	

adherence	of	the	EPCAM	cellular	subset	(Table	4.6).		

EPCAM	expression	was	also	monitored	on	adherent	and	non-adherent	single	cell	

fractions	of	a	prostate	tumor	biopsy	for	a	comparison	to	the	breast	ECM	adherence	

findings.	Both	fibronectin	and	laminin-5	appear	to	be	suitable	candidates	for	prostate	

epithelial	tumor	cell	adherence,	as	increased	EPCAM	dCt	values	were	detected	over	the	

non-adherent	EPCAM	fraction	for	both	ECM	coatings	(Table	4.6).	Laminin-5,	because	of	its	

superior	ability	over	fibronectin	to	facilitate	adherence	of	EPCAM-expressing	cells,	was	

selected	as	the	base	ECM	coating	of	the	micropallet	array.				
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	 PTPRC	(CD45)	gene	expression	was	also	monitored	to	track	the	characteristic	non-

adherent	pattern	of	leukocytes	liberated	during	tumor	dissociations	as	a	quality	control.	

Average	PTPRC	dCt	values	±	the	standard	deviation	of	three	technical	triplicates	of	

adherent	and	non-adherent	cell	subsets	to	laminin-5	and	fibronectin	are	reported	in	Table	

4.7.	For	the	LumA	breast	and	prostate	tumors,	the	large	majority	of	PTRC-expressing	cells	

were	contained	in	the	non-adherent	fractions	as	expected	(Figure	4.7).	Unexpectedly,	the	

TNBC	adherent	PTPRC	dCt	values	when	adhered	to	Laminin-5	were	greater	than	those	of	

the	non-adherent	fraction	(Table	4.7).	Elevated	levels	of	PTPRC	were	also	seen	in	the	

adherent	fraction	to	fibronectin,	albeit	the	majority	remained	non-adherent	(Table	4.7).	

Taken	together,	the	presence	of	adherent	PTPRC	positive	cells,	such	as	monocytes	or	

tumor-infiltrating	macrophages	can	adhere	to	either	ECM,	perhaps	more	preferentially	

laminin-5.		

Table	4.6	Laminin-5	and	Fibronectin	ECM	adherence	patterns	of	two	breast	and	one	prostate	tumor	
epithelial	cells	using	EPCAM	gene	expression	via	qRT-PCR.	
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4.5	Determining	Optimal	Incubation	Time	for	Primary	Tumor	Cell	Adherence	to	

Laminin-5	Coated	Micropallet	Arrays	

	 	We	utilized	our	five	color	breast	marker	mAb-fluorophore	panel,	demonstrated	in	

Chapter	3,	to	assess	breast	tumor	cell	subset	adherence	to	laminin-5	coated	micropallet	

arrays.	Instead	of	manually	counting	cellular	subsets	adhered	to	laminin-5	arrays,	non-

adherent	tumor	cellular	fractions	seeded	on	laminin-5	coated	micropallet	arrays	were	first	

analyzed	using	flow	cytometry	to	quickly	assess	subset	adherence	patterns.	Similar	to	the	

demonstration	of	the	breast	multicolor	panel	in	Chapter	3,	a	sequential	gating	scheme	was	

devised	to	identify	breast	cancer	stem,	bulk	epithelial	tumor,	leukocytes,	mesenchymal,	and	

mature/progenitor	endothelial	cells	(Figure	4.3).		

As	depicted	in	Figure	4.3,	FSC-A	vs.	SSC-A	gate	eliminated	debris	at	the	origin,	and	a	

sequential	FSC-A	vs.	FSC-H	gate	focused	the	analysis	on	single	cells.	CD45-APC/Cy7	

expression	was	first	examined	to	enumerate	the	CD45+	leukocyte	cell	subset.	Cells	that	

were	CD45-	were	then	profiled	for	expression	of	ESA-AF546	and	CD24-BV421	to	

discriminate	two	populations:	CD45-,	ESA+	epithelial	cells,	and	CD45-,	ESA-	mesenchymal	

and	endothelial	cellular	subsets.	CD24	expression	was	utilized	to	discriminate	breast	

cancer	stem	from	bulk	epithelial	tumor	cells.	CD44-BV605	vs.	CD133-AF647	and	CD309-

Table	4.7	Laminin-5	and	Fibronectin	ECM	adherence	patterns	of	leukocytes	from	two	breast	and	one	
prostate	tumors	using	PTPRC	(CD45)	gene	expression	via	qRT-PCR.	



	 90	 	

AF488	vs.	SSC-A	were	used	to	discriminate	the	CD44+,	CD133-,	and	CD309-	expression	

profiles	of	cancer	stem	cells	for	final	identification	of	this	subset.	CD45-,	ESA-	mesenchymal	

and	endothelial	cellular	subsets	were	discriminated	by	CD309-AF488	vs.	SSC-A	to	detect	

CD309+	endothelial	cells.	CD45-,	ESA-,	CD309-	cells	were	designated	as	mesenchymal	cells	

due	to	the	lack	of	expression	of	the	three	lineage	markers.	CD24+	endothelial	cells	were	

analyzed	for	CD44-BV605	and	CD133-AF647.	CD44+,	CD133+	cells	were	designated	as	

endothelial	progenitor	cells.		

	

Figure	4.3	Flow	cytometry	breast	tumor	cell	subset	marker	panel	gating	scheme.	A	sequential	gating	
scheme	was	devised	to	identify	breast	cancer	stem,	epithelial	tumor,	mesenchymal,	leukocytes,	and	
endothelial	cells	with	their	progenitors	by	their	defined	surface	marker	expression	profiles.	A	FSC-A	
vs.	SSC-A	gate	was	drawn	to	exclude	debris	at	the	origin	of	the	plot.	Single	cells,	as	determined	using	
FSC-A	vs.	FSC-H,	were	then	profiled	for	their	surface	marker	expression	patterns	to	identify	each	
tumor	cell	subset.		
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	 A	primary	breast	tumor	specimen	was	dissociated	to	single	cell	suspension	using	

CHD	methods	previously	described,	applied	to	laminin-5	coated	micropallet	arrays	tumor	

seeding	media	pre-warmed	to	37°C,	and	allowed	to	adhere	for	two,	five,	or	eight	hours	at	

37°C,	10%	CO2	before	collecting	non-adherent	cell	fractions.	Non-adherent	cell	fractions	at	

each	time	point	were	split	into	two	equal	fractions	and	interrogated	with	the	breast	

isotype-fluorophore	as	a	control	or	the	mAb-flurophore	five	color	panel,	excluding	CD45-

APC/Cy7	and	according	MIgG1-APC/Cy7	isotype	conjugate.	Grouped	hematopoietic	and	

mesenchymal,	endothelial,	epithelial,	and	cancer	stem	cell	subset	percentages	were	

visualized	using	multicolor	flow	cytometry	on	a	BD	FACS	Aria	and	identified	using	the	

sequential	gating	scheme,	Figure	4.4.		

	 Hematopoietic	and	mesenchymal	cellular	subsets	represented	the	vast	majority	of	

the	non-adherent	breast	tumor	cell	fraction,	ranging	from	85.43-91.38%	and	did	not	

fluctuate	at	each	time	point	observed	(Figure	4.4).	The	endothelial	cell	subset	constituted	a	

small	percentage	of	the	non-adherent	fraction		(1.98-2.61%),	and	adhered	to	laminin-5	

coated	arrays	within	two	hours	incubation	time,	as	non-adherent	endothelial	cell	

percentages	did	not	decrease	significantly	after	five	and	eight	hours	incubation	(Figure	

4.4).	Breast	cancer	stem	cells	un-adhered	to	laminin-5	coated	arrays	represented	the	most	

rare	cell	subset	identified	within	the	non-adherent	fraction,	whose	non-adherent	

percentages	decreased	more	sharply	between	two	to	five	hours	than	the	five	to	eight	hour	

interval	(Figure	4.4).	Lastly,	epithelial	tumor	cells	displayed	an	interesting	laminin-5	

adherence	pattern.	The	largest	fraction	of	non-adherent	epithelial	tumor	cells	was	detected	

at	the	five-hour	time	point	(Figure	4.4),	providing	evidence	that	a	subset	of	the	epithelial	

cells	was	dynamically	adhering	to	and	releasing	from	the	laminin-5	substrate.	Based	on	the	
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non-adherent	percentages	found	in	the	cancer	stem	and	epithelial	tumor	cell	subsets,	we	

predicted	six	hours	would	be	a	sufficient	time	to	permit	cancer	stem	and	epithelial	tumor	

cell	adherence	to	the	micropallet	arrays.			

	

4.6	Analysis	of	Breast	Tumor	Single	Cell	Suspensions	Using	Laminin-5	coated	

Micropallet	Arrays	

	 After	optimization	of	1)	tumor	dissociation	to	single	cell	suspension,	2)	selection	of	

ECM	for	epithelial	cell	adherence,	and	3)	incubation	time	determination	to	permit	cancer	

stem	and	epithelial	tumor	cell	adherence,	the	micropallet	array	platform	was	poised	to	

Figure	4.4	Time	course	monitoring	unadherent	cell	subset	fraction	from	laminin-5	coated	micropallet	
arrays.	A	breast	tumor	biopsy	was	dissociated	to	single	cell	suspensions	using	previously	defined	
methods,	then	applied	to	three	wells	of	laminin-5	coated	micropallet	arrays.	Cells	applied	to	each	
well	were	allowed	to	adhere	to	the	micropallets	for	either	two,	five,	or	eight	hours	at	37°C,	10%	CO2.	
The	micropallets	were	gently	washed	at	each	time	point	to	collect	non-adherent	cell	fractions.	Cells	
collected	in	the	wash	fractions	were	stained	using	the	breast	antibody-fluorophore	multicolor	panel	
and	analyzed	using	flow	cytometry	(BD	FACS	Aria).		Cellular	subset	percentages	of	the	unadhered	
fractions	are	depicted	for	each	time	point.		
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analyze	breast	tumor	biopsy	specimens.	We	utilized	a	multi-step	workflow	outlined	in	

Figure	4.2	for	the	examination	of	breast	tumor	specimens.	Breast	tumor	biopsies	were	first	

dissociated	to	single	cell	suspensions	using	CHD	and	filtered	through	a	40	μm	strainer.	The	

single	cell	suspensions	were	counted	using	a	hemacytometer	using	trypan	blue	exclusion	

and	divided	into	three	aliquots	for	analyses.		

The	first	aliquot	was	used	to	assess	cell	viability	after	tumor	dissociation	using	

propidium	iodide	exclusion	visualized	on	a	BD	Accuri	C6	flow	cytometer.	The	second	

aliquot	was	applied	to	laminin-5	coated	micropallet	arrays	and	allowed	to	adhere	for	six	

hours.	The	third	aliquot	was	stained	using	the	antibody-fluorophore	marker	panel	and	

analyzed	using	multicolor	flow	cytometry	on	a	BD	FACS	Aria	to	determine	gross	

percentages	tumor	cell	subsets	prior	to	application	to	the	micropallet	array.	Cell	fractions	

that	did	not	adhere	to	laminin-5	coated	micropallets	were	collected,	stained	with	the	

antibody-fluorophore	panel,	and	also	analyzed	using	flow	cytometry.		Adherent	cells	on	the	

laminin-5	micropallet	arrays	interrogated	with	the	antibody-fluorophore	panel	were	

imaged	using	immunofluorescent	multicolor	confocal	microscopy	to	enumerate	adherent	

percentages	of	tumor	cell	subsets	contained	on	micropallets	with	a	Leica	Sp8	confocal	

microscope.	Single	cancer	stem	and	epithelial	tumor	cells	identified	by	their	marker	

expression	profiles	on	the	micropallet	arrays	were	selectively	targeted	for	release	and	

collected	using	a	P2	pipette	in	0.5μL	volume	for	gene	expression	analysis.	A	Zeiss	LSM780	

confocal	microscope	paired	with	a	Mai	Tai	2-photon	laser	was	utilized	for	pallet	ejection.		
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Figure	4.5	Tumor	biopsy	processing	workflow	for	application	to	the	micropallet	array.	Tumor	biopsies	
were	first	dissociated	to	single	cell	suspensions	using	collagenase/hyaluronidase/DNase	and	filtered	
through	a	40	μm	strainer.	The	single	cell	suspensions	were	counted	using	a	hemacytometer	using	
trypan	blue	exclusion	and	divided	into	three	aliquots	for	analyses.	1)	Used	to	assess	cell	viability	after	
tumor	dissociation	using	propidium	iodide	exclusion	visualized	on	a	BD	Accuri	C6	flow	cytometer.	2)	
Was	applied	to	Laminin-5	coated	micropallet	arrays.	3)	Was	stained	using	the	antibody-fluorophore	
marker	panel	and	analyzed	using	multicolor	flow	cytometry	on	a	BD	FACS	Aria.	Cell	fractions	that	did	
not	adhere	to	the	laminin-5	coated	micropallets	were	collected,	stained	with	the	antibody-
fluorophore	panel,	and	also	analyzed	using	flow	cytometry.		Adherent	cells	on	the	micropallet	arrays	
were	also	interrogated	with	the	antibody-fluorophore	panel,	and	imaged	using	immunofluorescent	
multicolor	confocal	microscopy.	Single	cancer	stem	and	epithelial	tumor	cells	identified	by	their	
marker	expression	profiles	on	the	micropallet	arrays	were	selectively	targeted	for	release	and	
collected	and	collected	using	a	P2	pipette	in	0.5μL	volume	for	gene	expression	analysis.	
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4.7	Collagenase/Hyaluronidase/DNase	Dissociation	of	Human	Breast	Tumor	

Biopsies	

We	recorded	gross	tumor	weight,	volume,	and	size	measurements	for	each	breast	

biopsy	procured	prior	to	mincing.	These	measurements	were	converted	to	tumor	size	

expressed	in	cm3	and	averaged	for	a	comparison	to	the	cells	extracted.	An	average	of	15	

million	cells	per	cm3	of	tissue	was	achieved	using	our	established	dissociation	methodology	

using	CHD.	This	is	consistent	with	the	expected	amount	of	tumor	cells	per	cm3	of	tissue	

[20]	when	taking	into	consideration	the	abundance	of	stromal	tissue	within	the	breast	

epithelial	tumors	obtained.	Several	breast	tumors	were	also	extremely	lipid-rich,	and	

excess	fat	was	buoyant	in	cell	culture	media,	preventing	collection	of	cells	caught	in	

residual	lipids.	An	average	of	80%	cell	viability,	visualized	using	propidium	iodide	

exclusion,	was	maintained	after	breast	tumor	dissociations	to	single	cell	suspension	to	be	

analyzed	using	micropallet	arrays	(Figure	4.7).				
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Cells extracted per cm3 of tumor
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Figure	4.6	Cells	extracted	per	cm3	tumor	from	dissociated	tumor	biopsies.	Breast	(n=4),	and	
breast	nodal	metastases	(n=1)	were	measured	for	their	dimensions	(mass,	volume,	and	size)	
before	dissociation	to	single	cell	suspensions.	Cell	counts	were	determined	using	a	
hemacytometer	and	trypan	blue	exclusion.	Box	and	whisker	plot	depicts	cells	dissociated	
(milions)	per	cm

3
	of	tumor	tissue	by	tumor	type.	Whiskers	represent	the	maximum	and	minimum	

values	for	each	tumor	type,	and	horizontal	bar	represents	the	mean.	
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4.8	Tumor	Cell	Subset	Marker	Profiling	using	Flow	Cytometry	Reveals	Percentages	of	

Cancer	Stem	Cells	Available	for	Collection	using	Micropallet	Arrays	

After	breast	tumor	dissociation,	gross	single	cell	suspensions	were	interrogated	

with	the	six	marker	breast	antibody-fluorophore	panel	and	visualized	using	multicolor	flow	

cytometry	(BD	FACS	Aria).	The	tumor	cell	subset	gating	scheme	(Figure	4.3)	was	utilized	

for	identification	of	each	subset	based	on	their	marker	expression	profiles.		

Overall,	mesenchymal	and	leukocyte	cell	subsets	constituted	the	majority	of	cells	

found	within	primary	breast	tumors	(Figure	4.8).	Gross	cancer	stem	cell	percentages	varied	

considerably	for	each	primary	breast	tumor	analyzed	and	ranged	from	0.5-3.3%.	The	

percentage	of	cancer	stem	cells	identified	correlate	with	the	grade	or	stage	of	each	breast	

Figure	4.7	Single	cell	viability	from	dissociated	tumor	biopsies.	Breast	(n=4),	and	breast	nodal	
metastases	(n=1)	were	dissociated	using	collagenase/hyaluronidase/DNase,	and	filtered	through	
40μm	strainers	to	obtain	single	cell	suspensions.	Cell	viability	after	tumor	dissociation	was	assessed	
using	propidium	iodide	exclusion	visualized	using	flow	cytometry	(BD	Accuri	C6).	Box	and	whisker	
plot	depicts	percent	viable	cells	by	tumor	type.	Whiskers	represent	the	maximum	and	minimum	
values	for	each	tumor	type,	and	horizontal	bar	represents	the	mean.	
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tumor	collected.	The	first	breast	biopsy	profiled	(Figure	4.8,	Breast	1,	0.5%)	was	classified	

a	grade	2	tumor	with	unknown	subtype,	and	contained	the	smallest	fraction	of	cancer	stem	

cells.	The	three	remaining	breast	tumors	profiled	exhibited	elevated	percentages	of	cancer	

stem	cells	(Figure	4.8,	Breast	2,	1.9%	CSC,	Breast	3,	2.0%	CSC,	and	Breast	4,	3.3%	CSC),	and	

were	derived	from	patients	with	invasive	lobular	carcinoma	and	were	of	high	grade.	Two	of	

the	three	invasive	lobular	carcinoma	primary	tumors	(Breast	2,	1.9%	CSC,	and	Breast	4,	

2.2%	CSC)	had	formed	metastases,	one	of	which	we	were	able	to	obtain	a	single	paired	

nodal	metastasis	to	supplement	our	analysis	(paired	with	Breast	2,	1.9%	CSC).	Although	

6.7%	ESA+	epithelial	tumor	cells	were	identified	within	the	paired	nodal	metastases,	the	

rare	cancer	stem	cell	population	percentage	was	at	the	limit	of	detection	of	the	flow	

cytometer,	albeit	a	small,	0.05%	population	was	visualized.	Bulk	epithelial	tumor	cells	

represented	the	largest	gross	adherent	cell	fraction	enumerated	and	ranged	considerably	

from	12.7-26.0%.	Lastly,	percentages	of	mature	and	progenitor	endothelial	cell	populations	

could	be	discriminated	from	the	breast	tumor	biopsies.	Taken	together,	we	had	

demonstrated	evidence	of	positive	breast	cancer	stem	cell	identification	using	our	breast	

antibody-fluorophore	marker	panel.		
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4.9	Identification	of	Single	Putative	Cancer	Stem	and	Epithelial	Tumor	Cell	Subsets	

on	ECM	Coated	Micropallet	Arrays	

	 Breast	tumor	adherent	fractions	to	laminin-5	coated	micropallet	arrays	were	

interrogated	with	the	breast	mAb-fluorophore	panel	and	imaged	using	multicolor	

immunofluorescent	confocal	microscopy.	Both	a	Zeiss	LSM780	and	Leica	SP8	confocal	

microscopes	were	utilized	to	visualize	surface	marker	expression	patterns	of	cells	on	

pallets.	Single	breast	epithelial	tumor	cells	were	identified	on	laminin-5	micropallets	by	

their	surface	marker	expression	profile;	ESA+,	CD44+,	CD24+,	CD309-,	CD133-,	and	CD45-	

	

Figure	4.8	Gross	tumor	cell	subset	percentages	as	determined	using	flow	cytometry.	Tumor	single	
cell	suspensions	were	stained	with	the	breast	antibody-fluorophore	panel	and	analyzed	using	
multicolor	flow	cytometry	(BD	FACS	Aria.)	Tumor	cell	subset	percentages	defined	by	their	
marker	expression	profiles	are	depicted	for	each	biopsy	processed	prior	to	application	to	the	
micropallet	arrays. 
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(Figure	4.9).	Putative	breast	cancer	stem	cells	were	also	discriminated	by	their	defined	

surface	marker	profile;	ESA+,	CD44+,	CD24+,	CD309-,	CD133-,	and	CD45-	(Figure	4.10).		

	

Figure	4.9	Bulk	epithelial	tumor	cells	(A-G)	can	be	identified	on	Laminin-5	coated	micropallets	by	their	
marker	expression	profiles.	Representative	images	of	single	breast	epithelial	tumor	cells	adhered	to	
Laminin-5	coated	micropallets,	stained	with	the	breast	antibody-fluorophore	panel,	and	imaged	
using	a	Zeiss	LSM	780	confocal	microscope	capturing	the	fluorescence	of	each	antibody-fluorophore	
and	phase	contrast.	Depicted	are	the	phase	contrast	channel	overlaid	with	single	fluorescence	
channels,	phase	contrast	alone,	and	an	overlay	of	phase	contrast	and	all	six	fluorescent	channels.	
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4.10	Enumeration	of	Cellular	Subsets	Adhered	and	Un-Adhered	to	Laminin-5	coated	

Micropallet	Arrays	

	 Immunofluorescent	images	of	breast	tumor	single	cells	adhered	to	laminin-5	

micropallet	arrays	interrogated	with	the	mAb-fluorophore	panel	were	recorded	using	a	

Leica	Sp8	confocal	microscope	to	visualize	single	cell	marker	expression	profiles	along	the	

entirety	of	a	four	well	sized	array.	The	Leica	LASX	acquisition	software	was	set	up	to	scan	

several	images	over	the	entirety	of	the	array	(8x19	images)	then	stitch	them	together	to	

form	one	composite	image	of	the	entire	well	of	an	array.	Four	z-stacks	were	also	acquired	

at	each	position	to	ensure	correct	focus	of	the	cells	adhered	to	the	top	surface	of	the	pallets.		

	 Breast	cancer	stem,	epithelial	tumor,	and	endothelial	cell	subsets	adhered	to	

micropallet	arrays	were	enumerated	by	their	surface	expression	patterns	of	ESA,	CD44,	

CD24,	CD309,	CD45,	and	CD133,	Figure	4.11.	Immunofluorescent	images	of	individual	

Figure	4.10	Putative	breast	cancer	stem	cells	(A-C)	can	be	identified	on	Laminin-5	coated	
micropallets	by	their	marker	expression	profiles.	Representative	images	of	single	breast	cancer	
stem	cells	adhered	to	Laminin-5	coated	micropallets,	stained	with	the	breast	antibody-
fluorophore	panel,	and	imaged	using	a	Zeiss	LSM	780	confocal	microscope	capturing	the	
fluorescence	of	each	antibody-fluorophore	and	phase	contrast.	Depicted	are	the	phase	contrast	
channel	overlaid	with	single	fluorescence	channels,	phase	contrast	alone,	and	an	overlay	of	
phase	contrast	and	all	six	fluorescent	channels.	
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mAb-fluorophore	expression	profiles	were	overlaid	with	the	DIC	image	to	form	final	

fluorescent	composite	images	for	analysis	using	the	LASX	software.	A	non-fluorescent	

Differential	Interference	Contrast	(DIC)	and	overlay	image	of	all	acquired	channels	and	DIC	

were	also	acquired	and	processed.	Each	image	file	was	imported	into	Microsoft	PowerPoint	

for	analysis.		

Using	Microsoft	Powerpoint,	white	lines	were	placed	to	demarcate	individual	tiles	

within	the	composite	image	as	a	visual	aid	to	quickly	locate	single	cells	of	interest.	ESA+	

cells	were	first	enumerated	off	the	ESA-AF546	(PE)	image	and	tagged	by	drawing	a	circle	

around	each	positive	cell	(yellow).	After	analyzing	the	entire	well	for	ESA+	cells,	all	yellow	

circles	were	grouped,	copied,	and	pasted	onto	the	CD44-BV605	image	to	confirm	all	ESA+	

cells	also	expressed	CD44.	This	ensured	reproducible	placement	of	the	identification	circles	

to	compare	the	expression	profile	of	each	marker	of	each	single	cell.	ESA+,	CD44+	cells	were	

then	profiled	for	their	expression	of	CD24.	CD24+	bulk	tumor	epithelial	cells	were	

maintained	as	yellow	circles,	whereas	CD24-	cancer	stem	cells	were	changed	to	red	tags.	

Their	shared	expression	pattern	of	CD45-,	CD309-,	and	CD133-	were	confirmed	last.	

CD309+,	ESA-	endothelial	cells	were	encircled	in	blue,	then	confirmed	to	be	CD45-.	

Mature/progenitor	discrimination	of	the	endothelial	cell	population	and	other	remaining	

cell	subsets	was	possible	using	the	breast	mAb-fluorophore	panel	but	not	analyzed	for	

these	experiments.	Tumor	cell	subset	counts	for	each	biopsy	sample	were	performed	three	

times	for	precision.	
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	 A	compilation	of	the	abbreviated	adherent	breast	tumor	cell	subsets	identified	on	

micropallet	arrays	reveals	elevated	levels	of	the	cancer	stem	cell	population	(Figure	4.12A).	

To	ensure	the	majority	of	cancer	stem	cells	were	captured	on	the	micropallet	array	

platform,	the	non-adherent	tumor	cell	subset	percentages	were	also	collected	and	analyzed	

for	comparison	(Figure	4.12B).	The	vast	majority	of	cancer	stem	cells	adhered	to	laminin-5	

micropallets,	as	putative	cancer	stem	cell	percentages	within	the	adherent	cell	fraction	

were	increased	over	the	cancer	stem	cell	percentages	found	within	the	non-adherent	cell	

fraction.		

Conversely,	endothelial	and	epithelial	cell	subset	adherence	patterns	varied	

substantially.	Overall,	the	tumor	epithelial	cell	subset	did	not	adhere	well	to	laminin-5	but	

varying	percentages	of	the	subset	were	able	to	adhere	(4.0-74.7%),	as	non-adherent	

epithelial	cell	fraction	percentages	ranged	from	67.0-85.5%,	and	at	one	occasion	at	27.6%.	

Figure	4.11	Representative	image	acquired	of	a	breast	tumor	biopsy	sample	adhered	to	a	laminin-5	
coated	micropallet	array	and	stained	with	the	breast	antibody-fluorophore	panel.	The	entire	
micropallet	array	was	immunofluorescently	imaged	using	a	Leica	Sp8	confocal	microscope	to	profile	
the	expression	pattern	of	all	markers	(CD44,	ESA,	CD24,	CD133,	CD309,	and	CD45).	Epithelial	tumor	
(yellow),	cancer	stem	(red),	and	endothelial	cell	subsets	(blue),	enumerated	by	their	surface	marker	
expression	patterns,	are	circled	for	identification.	
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On	the	other	hand,	the	endothelial	cell	subset	displayed	widely	varying	percentages	in	both	

the	adherent	(3.6-69.2%)	and	non-adherent	fractions	(11.0-68.2%).		

	

Figure	4.12	Breast	tumor	cellular	subset	distribution	of	adherent	and	nonadherent	fractions	applied	to	Laminin-
5	coated	micropallet	arrays.	(A)	Breast	cancer	stem,	epithelial	tumor	and	endothelial	cells	were	enumerated	on	
whole	field	images	of	tumor	biopsy	single	cell	suspensions	adhered	to	micropallets	and	stained	with	the	breast	
antibody-fluorophore	panel.	(B)	Cell	subsets	in	(A)	detected	in	the	un-adhered	cell	fraction	to	the	micropallets.	 
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Gross	tumor	cell	subsets	within	the	non-adherent	fractions	of	laminin-5	coated	

arrays	were	profiled	using	flow	cytometry.	An	expansion	of	the	unadhered	cell	subsets	

identified	by	their	marker	expression	patterns	(Figure	4.12B)	is	provided	in	Figure	4.13.	

Mesenchymal	and	leukocyte	tumor	cellular	subsets	comprised	the	majority	(60-90%)	of	

the	non-adherent	cell	fractions.	Varying	percentages	of	endothelial	and	epithelial	tumor	

cells	were	also	identified,	ranging	from	1.8-15.4%	and	3.8-32.2%,	respectively.	Most	

importantly,	non-adherent	cancer	stem	cells	were	largely	absent	and	represented	0.1-0.9%	

of	the	non-adherent	fraction.	

	

Figure	4.13	Flow	cytometric	analysis	of	cellular	subsets	unadhered	to	Laminin-5	coated	micropallets.	Cell	
fractions	that	did	not	adhere	to	Laminin-5	coated	micropallets	were	collected,	stained	with	the	breast	
antibody-fluorophore	panel	and	analyzed	using	multicolor	flow	cytometry	(BD	FACS	Aria.)	Tumor	cell	
subset	percentages	defined	by	their	marker	expression	profiles	of	the	non-adherent	cell	fractions	are	
depicted	for	each	tumor	biopsy	applied	to	laminin-5	coated	micropallet	arrays. 

1 2 3 4 	
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4.11	Enrichment	of	Putative	Adherent	Breast	Cancer	Stem	Cells	using	Laminin-5	

	 Our	data	supported	the	enrichment	of	putative	breast	cancer	stem	cells	using	

laminin-5	to	facilitate	cellular	adherence	to	the	micropallets.	Comparison	of	cancer	stem	

cell	percentages	within	the	epithelial	cell	subset	adhered	to	Laminin-5	coated	micropallets	

reveal	that	22.5-92.3%	of	epithelial	cells	identified	are	cancer	stem	cells,	Figure	4.14A.	This	

is	in	stark	contrast	to	the	cancer	stem	cell	percentage	within	the	epithelial	cell	lineage	of	

the	gross	tumor	single	cell	suspension	originally	applied	to	the	micropallet	array	(2.6-

20.6%),	Figure	4.14B.	
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We	also	directly	compared	the	percentage	of	adherent	and	non-adherent	fractions	

for	each	tumor	cell	subset	to	demonstrate	enrichment.	A	range	of	70.9-90.9%,	and	one	

occurrence	of	37.0%	adherent	cancer	stem	cells	from	primary	breast	tumors	were	

Figure	4.14	Cancer	stem	cells	preferentially	adhere	to	laminin-5	coated	micropallets.	(A)	Epithelial	cell	
subset	percentages	identified	on	Laminin-5	coated	micropallet	arrays	compared	to	(B)	gross	epithelial	cell	
subset	percentages	determined	using	flow	cytometry	prior	to	application	to	the	micropallet	arrays.	 
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identified	on	laminin-5	coated	pallets,	Figure	4.15.	Decreased	percentages	of	cancer	stem	

cells	from	the	breast	nodal	metastasis	that	adhered	to	the	micropallets	were	also	detected	

(33.3%).	The	enrichment	capacity	of	laminin-5	was	not	recapitulated	for	the	bulk	epithelial	

tumor	(Figure	4.16)	and	endothelial	cell	subsets	(Figure	4.17).	

	

	

Figure	4.15	Breast	cancer	stem	cell	adherence	to	laminin-5.	Putative	breast	cancer	stem	cell	percentages	
identified	on	Laminin-5	coated	micropallet	arrays	(Green)	versus	unadhered	cancer	stem	cell	percentages	
determined	using	flow	cytometry	(Grey). 

1 3 4 	 2 

Figure	4.16	Breast	epithelial	tumor	cells	do	not	preferentially	adhere	to	Laminin-5.	Bulk	malignant	
epithelial	tumor	cell	percentages	identified	on	Laminin-5	coated	micropallet	arrays	(Green)	and	
unadhered	epithelial	tumor	cell	percentages	determined	using	flow	cytometry	(Grey).	 

1 3 4 	 2 
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4.12	Characterization	of	Non-Traditional	Epithelial	Tumor	Cells	Expressing	ESA	and	

CD309	

	 During	the	analysis	of	breast	tumor	biopsies,	it	was	noted	that	there	were	a	small	

percentage	of	ESA+	cells	that	also	expressed	CD309.	These	ESA+,	CD309+	cells	were	not	

included	in	the	analyses	above	because	the	marker	expression	pattern	does	not	fit	the	

characteristic	epithelial	tumor	or	endothelial	profile.	A	body	of	evidence	supports	the	

ability	of	tumor	cells	to	generate	an	epithelial-to-mesenchymal	transition	(EMT),	a	process	

to	facilitate	the	migration	of	metastatic	cells	to	distant	sites	[21,	22].	These	epithelial	cells	

undergoing	EMT	can	express	detectable	levels	of	CD309	[23],	were	detected	at	extremely	

low	levels	within	single	cell	suspensions	prepared	of	the	gross	tumor	(0.0-1.3%),	and	were	

more	rare	than	the	cancer	stem	cell	population	(Figure	4.18).		

Figure	4.17	Endothelial	cells	do	not	preferentially	adhere	to	Laminin-5.	Endothelial	cell	percentages	
identified	on	Laminin-5	coated	micropallet	arrays	(Green)	and	unadhered	epithelial	tumor	cell	
percentages	determined	using	flow	cytometry	(Grey). 

1 3 4 	 2 
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Inclusion	of	the	epithelial	tumor	cell	subset	undergoing	EMT	in	micropallet	array	

analyses	revealed	variable	success	in	facilitating	the	adherence	of	this	cellular	subset	to	

laminin-5	micropallet	arrays.	Variable	percentages	of	epithelial	cells	undergoing	EMT	were	

visualized	on	arrays.		A	range	of	0.0-14.3%	of	epithelial	cells	undergoing	EMT	were	

detected	by	their	dual	expression	of	ESA	and	CD309	(Figure	4.19A).	Increased	percentages	

of	epithelial	cells	undergoing	EMT	were	captured	on	the	micropallet	array	for	the	majority	

of	biopsies	profiled	compared	to	the	rare	percentages	initially	detected	within	dissociated	

tumor	speciments	prior	to	micropallet	analysis	(Figure	4.19B).		

Figure	4.18	Tumor	cell	subset	percentages	as	determined	using	flow	cytometry	including	epithelial	tumor	
cell	subset	undergoing	EMT.	Tumor	single	cell	suspensions	were	stained	with	the	breast	antibody-
fluorophore	panel	and	analyzed	using	multicolor	flow	cytometry	(BD	FACS	Aria.)	Tumor	cell	subset	
percentages	defined	by	their	marker	expression	profiles	are	depicted	for	each	biopsy	processed	prior	to	
application	to	the	micropallet	arrays. 

	1 2 3 4 
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	 Adherent	and	non-adherent	tumor	cell	undergoing	EMT	cell	percentages	were	

compared	in	Figure	4.20	for	demonstration	of	the	variability	in	adherence	patterns	of	this	

tumor	cell	subset.	Out	of	the	four	breast	tumors	processed,	two	tumors	possessed	a	large	

percentage	of	epithelial	cells	undergoing	EMT	that	adhered	to	laminin-5	(66.7	and	38.3%	

Figure	4.19	Epithelial	cell	subset	percentages	identified	on	Laminin-5	coated	micropallet	arrays	(A)	and	
gross	cell	subset	percentages	determined	using	flow	cytometry	(B).	(A)	Epithelial	cell	subset	percentages	
including	epithelial	tumor	cell	subset	undergoing	EMT	identified	on	Laminin-5	coated	micropallet	arrays	
compared	to	(B)	gross	epithelial	cell	subset	percentages	determined	using	flow	cytometry	prior	to	
application	to	the	micropallet	arrays. 

A. 

B. 

1 2 3 4 	

1 2 3 4 	
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adherent).	The	tumor	cells	in	EMT	derived	from	the	two	remaining	breast	tumors	did	not	

adhere	to	laminin-5	and	the	large	majority	was	detected	in	the	non-adherent	cell	fraction	

(100	and	98.9%	non-adherent).	This	may	be	representative	of	a	unique	characteristic	of	

tumor	cells	in	different	states	of	EMT.		

	

4.13	Conclusions	of	this	Chapter	

	 We	have	demonstrated	the	successful	application	of	the	micropallet	array	platform	

towards	the	analysis	of	human	breast	tumor	biopsies.	Optimization	of	enzymatic	tumor	

tissue	dissociation	was	first	performed	to	select	Collagenase/Hyaluronidase/DNase	as	a	

suitable	mixture	for	effective	dissociation	that	maintains	cell	viability.	Laminin-5	was	

selected	as	an	ECM	coating	for	the	micropallet	array	over	fibronectin	using	a	qRT-PCR	test	

monitoring	the	EPCAM	gene	expression	of	adherent	and	non-adherent	tumor	cell	fractions.	

Using	our	developed	breast	mAb-fluorophore	marker	panel,	cancer	stem	cell	populations	

were	identified	in	gross	breast	tumor	biopsies	dissociated	to	single	cell	suspensions.	Single	

Figure	4.20	Breast	epithelial	tumor	cells	undergoing	epithelial-to-mesenchymal	transition	(EMT)	do	not	
preferentially	adhere	to	Laminin-5.	Percentages	of	epithelial	tumor	cells	in	EMT	identified	on	Laminin-5	
coated	micropallet	arrays	(Green)	versus	percentages	of	unadhered	epithelial	tumor	cells	in	EMT	
determined	using	flow	cytometry	(Grey). 

1 3 4 	 2 
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cancer	stem	and	epithelial	tumor	cells	adhered	to	laminin-5	coated	micropallets	were	

interrogated	by	the	breast	mAb-fluorophore	multicolor	panel	and	visualized	by	their	

surface	marker	expression	patterns.		Tumor	cellular	subsets	adhered	to	pallets	were	

enumerated	from	whole-field	images	of	each	breast	tumor	analyzed.	Evidence	suggests	

laminin-5	provides	enhanced	adherence	of	breast	cancer	stem	cells	relative	to	the	other	

cellular	subsets	of	interest.	Lastly,	a	subset	of	epithelial	cells	expressing	ESA	and	CD309,	

termed	epithelial	cells	undergoing	EMT,	were	discovered.	This	cell	subset,	which	in	all	

cases	was	more	rare	than	the	cancer	stem	cell	population,	was	also	more	easily	identified	

using	laminin-5	coating	of	the	micropallet	array.	These	data	represent	the	groundwork	and	

first	utility	of	the	standard	micropallet	array	platform	towards	the	isolation	and	

enumeration	of	human	breast	tumor	biopsy	specimens.		
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Chapter	5	
	

GENE	EXPRESSION	ANALYSIS	OF	PUTATIVE	BREAST	CANCER	STEM	CELLS	

IDENTIFIED	AND	COLLECTED	USING	MICROPALLET	ARRAYS	

5.1	Introduction	to	the	Chapter	

	 It	is	known	that	tumors	display	both	inter-	and	intra-tumor	heterogeneity	[1,	2]	at	

the	cellular	(demonstrated	in	Chapter	4)	and	genetic	levels,	addressed	herein.	The	ability	to	

profile	cells	at	the	single	cell	level	has	become	an	important	tool	to	study	tumor	

heterogeneity	[3-6].	Current	methods	to	profile	breast	cancer	stem	cells	focuses	on	the	

isolation	of	single	or	subsets	of	progenitor	cells	that	have	been	enriched	for	in	cell	culture	

by	mammosphere	culture	[7,	8]	or	passaged	through	immune	deficient	mice	to	

demonstrate	tumorigenicity	[9-11].	Although	such	methods	are	the	gold	standard	to	

designate	cell	subsets	as	cancer	stem	cells,	these	methods	inevitably	perturb	the	inherent	

biology	of	the	cells.	The	majority	of	the	literature	and	current	knowledge	of	cancer	stem	

cells	are	based	off	cancer	stem	cells	enriched	for	using	these	methodologies.	The	

Micropallet	Array	platform	allows	single	cancer	stem	cells	to	be	identified	and	isolated	for	

molecular	profiling	without	prior	enrichment.	We	sought	to	uncover	the	stem	cell	gene	

expression	profiles	of	relatively	unperturbed	single	breast	cancer	stem	cells	collected	using	

micropallet	arrays.		

5.2	Nanostring	nCounter	Digital	Gene	Profiling	Technology	

	 We	elected	to	utilize	the	Nanostring	nCounter	system	to	analyze	the	gene	profiles	of	

single	cancer	stem	cells	[12].	The	technology	relies	on	the	use	of	two	DNA	probes,	termed	

capture	and	reporter	probes.	The	reporter	probe	is	composed	of	a	fluorescent	barcode	of	

several	fluorescent	signals	in	tandem	attached	to	a	DNA	probe	specific	for	the	gene	of	
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interest.	The	novelty	of	using	the	fluorescent	barcode	allows	hundreds	of	unique	barcode	

combinations	to	be	possible	within	a	single	sample	to	accommodate	the	analysis	of	large	

gene	panels.	All	capture	probes	each	have	specificity	to	the	genes	of	interest,	but	also	

contain	an	anchor	to	immobilize	the	DNA	complexes	onto	a	cartridge	for	data	collection.	

Barcodes	on	the	surface	of	the	cartridge	are	counted	and	tabulated	for	each	target	gene	[12,	

13].		

	 We	selected	to	utilize	Nanostring	for	several	reasons.	Gene	expression	profiling	

using	this	methodology	has	been	stringently	compared	to	qPCR	and	displayed	superior	

advantages	in	sensitivity	and	accuracy	[14,	15].	Single	cell	cDNA	processing	kits,	validated	

barcode	sets,	and	detailed	protocols	had	recently	become	available	for	purchase	from	

Nanostring,	indicating	their	success	in	adapting	their	methodology	to	resolve	the	gene	

profiles	of	single	cells.	Since	the	release	and	availability	of	Nanostring	single	cell	analyses,	

there	have	been	reports	in	the	literature	of	the	utility	of	single	cell	Nanostring	[16,	17]	

using	the	manufacturer’s	protocol,	suggesting	this	technique	is	successful	and	accepted	in	

the	field.	

5.3	Selection	of	Molecular	Targets	for	Analyses	by	Single	Cell	Nanostring	

Nanostring	released	a	pre-validated	single	human	stem	cell	panel	consisting	of	187	

genes,	six	of	which	were	internal	reference	genes.	The	final	panel	was	comprised	of	the	

standard	single	cell	stem	cell	gene	panel	that	was	customized	to	include	ten	additional	

genes,	including:	ALDH1,	Bmi1,	TAZ,	ALDH1,	BMP7,	FGFR2,	SNAIL1,	TWIST1,	TWIST2,	

KLF17,	and	KLF4.	Overall,	the	panel	featured	the	major	stem	cell	regulator	genes,	(Nanog,	

Oct3,	Sox2),	was	composed	of	genes	from	several	major	cancer	and	stem	cell	related	

pathways	(not	limited	to	but	including	BMP	[18],	Hh	[19],	FGF	[20],	Hippo	[21,	22],	JNK	
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[23],	Notch	[24],	and	Wnt	[25]),	and	featured	genes	important	for	migration	and	metastasis	

[26,	27].		

5.4	Selection	of	Fixative	Applied	to	Preserve	Tumor	Biopsy	Specimens	Adhered	to	

Micropallet	Arrays	

	 During	optimization	studies	to	apply	tumor	single	cell	suspensions	to	micropallet	

arrays,	it	was	noted	that	during	long-term	imaging	experiments,	noticeable	proportions	of	

live	cells	would	de-adhere	off	the	micropallets.	To	prevent	cell	de-adherence,	fixation	with	

2%	paraformaldehyde	was	performed	after	staining	samples	with	the	antibody-

fluorophore	panel	as	a	final	step	to	crosslink	cells	to	the	pallet	surface.	We	discovered	RNA	

integrity	to	be	severely	compromised	with	paraformaldehyde	fixation	(data	not	shown).	

Thus,	we	searched	for	alternative	methods	of	fixation	that	preserve	and	maintain	RNA	

integrity,	and	opted	to	test	two	fixatives,	70%	ethanol	and	a	novel	zinc-based	fixative.	

Ethanol	fixation	is	a	commonly	used	methodology	on	histological	sections	for	preservation	

of	RNA	[28,	29].	A	novel	zinc-based	fixative	of	0.5%	zinc	chloride,	0.5%	zinc	acetate,	and	

17.16mM	zinc	trifluoroacetate	in	0.1M	Tris-HCl,	pH	6.4-6.7	was	reported	to	exhibit	

superior	abilities	to	preserve	RNA	for	qPCR	analyses	[30].	Both	methodologies	

demonstrated	fixation	of	gross	tissue	prior	to	embedment	in	wax	or	other	means.	We	

postulated	single	cell	suspensions	could	be	fixed	using	the	same	methodology	sans	final	

embedment	in	wax	for	RNA	preservation.	

	 Single	cell	suspensions	of	MCF-7	cells	were	fixed	in	70%	ethanol	or	zinc	fixative	for	

20	minutes	at	room	temperature	then	rinsed	twice	with	1X	PBS,	pH	7.4	for	70%	ethanol	

fixed	cells,	and	1X	PBS,	pH	6.4	for	zinc	fixed	samples.	The	cells	were	counted	using	a	

hemacytometer	and	serially	diluted	to	single	cell	suspensions	in	0.5μL	volume	within	a	96-
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well	plate.	Each	droplet	containing	a	single	cell	was	visually	inspected	using	phase	contrast	

microscopy	to	confirm	the	presence	of	a	single	cell	before	proceeding.	Single	live,	ethanol-

fixed,	and	zinc-fixed	cells	were	lysed	for	the	RNA	content,	transcribed	to	cDNA,	

preamplified,	and	analyzing	via	qPCR	using	methodologies	previously	described	[31].	Pre-

validated	taqman	gene	expression	assays	(Applied	Biosystems)	for	Bmi1,	Sox2,	Nanog,	

Oct4,	and	Taz,	ACTB,	PUM1,	and	HPRT1	were	utilized	for	this	experiment.	Average	Ct	

values	of	Bmi1,	Sox2,	Nanog,	Oct4,	and	Taz	were	normalized	to	the	average	of	three	

housekeeping	genes	(ACTB,	PUM1,	and	HPRT1)	before	calculating	dCT	values	(Table	5.1).	

Single	zinc-fixed	MCF-7	cells	most	closely	resembled	the	live	MCF-7	cell	gene	expression	

patterns	and	exhibited	increased	dCt	values	over	ethanol	fixed	MCF-7	cells.	It	was	decided	

that	the	zinc-based	fixative	was	to	be	utilized	to	fix	single	primary	tumor	cells	adhered	to	

the	micropallet	array	after	sample	interrogation	with	the	mAb-fluorophore	panel.		

	

5.5	Single	Putative	Breast	Cancer	Stem	and	Epithelial	Tumor	Cell	Collection	using	

Micropallet	Arrays	

	 A	total	of	five	single	breast	cancer	stem	and	three	epithelial	tumor	cells	were	

identified	by	their	surface	marker	expression	patterns	profiled	using	the	micropallet	array	

from	two	breast	tumor	biopsies	analyzed	using	the	platform	in	Chapter	4	(Figure	5.1).	Each	

micropallet	carrying	a	single	cell	was	released	and	collected	in	0.5μL	volume	using	a	P2	

Table	5.1	Average	dCt	values	of	stem	cell	related	genes	normalized	to	the	average	of	three	
housekeeping	genes	(ACTB,	PUM1,	and	HPRT1)	from	live	single	MCF-7	cells	or	fixed	with	either	

70%	ethanol	or	zinc-based	fixative	for	RNA	preservation	and	analyzed	using	qRT-PCR.		
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pipette.	The	collected	cells	were	transferred	to	0.2mL	PCR	tubes	to	prepare	cDNA	for	

Nanostring	analysis.		

	

	

Figure	5.1	Single	putative	breast	cancer	stem	and	epithelial	tumor	cell	identification	and	collection	
using	Micropallet	Arrays	for	Nanostring	gene	expression	profiling.	Representative	images	of	single	
breast	cancer	stem	and	epithelial	tumor	cells	collected	for	Nanostring	analysis.	Single	cells	were	

adhered	to	laminin-5	coated	micropallets,	stained	with	the	breast	antibody-fluorophore	panel,	and	
imaged	using	a	Zeiss	LSM780	confocal	microscope	capturing	the	fluorescence	of	each	antibody-
fluorophore	and	phase	contrast.	Depicted	are	the	phase	contrast	channel	overlaid	with	single	

fluorescence	channels,	phase	contrast	alone,	and	an	overlay	of	phase	contrast	and	all	six	channels.	

Overlay Phase Contrast ESA CD44 CD24 CD309 CD133 CD45
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5.6	Single	Putative	Cancer	Stem	and	Tumor	Cell	cDNA	Preparations	for	Nanostring	

Analysis		

	 After	collection	using	micropallets,	single	cell	cDNA	processing	for	Nanostring	was	

performed	following	manufacturer’s	recommendation	(Figure	5.2).	Single	micropallet	

containing	cells	were	transferred	to	0.2mL	PCR	tubes	containing	4.5μL	Cells-to-Ct	lysis	

buffer	(Applied	Biosystems)	and	lysed	for	their	RNA	content	for	five	minutes	at	room	

temperature.	Lysis	was	halted	with	the	addition	of	0.5μL	Stop	Solution	(Applied	

Biosystems)	for	two	minutes	at	room	temperature.	For	all	future	handling,	the	samples	

remained	on	ice.	RNA	was	reverse	transcribed	to	cDNA	using	1.5μL	SuperScript	Vilo	2X	

Mastermix,	then	preamplified	using	2X	PreAmp	Mastermix	(Applied	Biosystems)	for	18,	25,	

or	26	cycles.	The	amplified	cDNA	concentration	as	determined	using	a	Quant-iT	dsDNA	

High	Sensitivity	Assay	quantified	using	a	Qubit	Fluorometer	(LifeTechnologies).	A	total	of	

100ng	cDNA	diluted	to	15μL	volume	with	PCR-grade	H20	(Roche)	of	each	sample	was	

submitted	for	Nanostring	analysis.	This	protocol	was	completed	for	single	cells	and	also	for	

empty	micropallets	containing	no	cells	as	a	negative	control.	

	Figure	5.2	Single	cell	cDNA	preparation	for	Nanostring	analysis	workflow.		
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	 Pools	of	human	embryonic	stem	cell	(H9	cell	line,	WiCell)	RNA	were	utilized	as	a	

positive	gene	expression	control	[32].	The	H9	human	embryonic	stem	cells	(hESCs)	are	a	

feeder-free	line	that	was	grown	on	gelatin-coated	six-well	tissue	culture	treated	dishes	

within	the	Stem	Cell	Core.	Upon	confluence,	cells	were	trypsinized	to	collect	cells	and	

counted	using	a	hemacytometer	with	Trypan	Blue	exclusion.	One	million	and	10,000	cell	

aliquots	were	transferred	to	eppendorf	tubes	and	snap	frozen,	and	stored	at	-80°C	to	

preserve	RNA.	hESC	RNA	isolations	were	performed	using	an	RNeasy	mini	kit	(Qiagen)	

according	to	manufacturer’s	instruction	and	reverse	transcribed	to	cDNA	using	SuperScript	

Vilo	mastermix.	cDNA	concentrations	were	determined	as	described	above,	and	100ng	

cDNA	was	submitted	for	Nanostring	analysis	of	this	sample.	

After	profiling	five	putative	breast	cancer	stem	cells	and	three	epithelial	tumor	cells	

using	nanostring,	we	were	unable	to	detect	the	majority	of	housekeeping	genes	(Figure	

5.3A)	and	genes	comprising	the	stem	cell	gene	panel	(Figure	5.3).	The	hESC	control	

validated	the	quality	of	the	assay	itself,	as	the	pooled	hESC	cDNA	generated	strong	signal	

for	the	majority	of	the	gene	panel	and	all	of	the	housekeeping	genes.		
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5.7	Single	Cell	Nanostring	Analysis	for	Comparison	of	Expression	Profiles		

Although	quantification	and	normalization	cannot	be	provided	from	the	current	

Nanostring	gene-profiling	data	obtained,	we	were	able	to	determine	subsets	of	genes	that	

expressed	signal	above	the	background	level	in	the	breast	cancer	stem	and	epithelial	tumor	

cells,	providing	evidence	that	these	genes	may	represent	the	most	highly	expressed	genes	

within	the	cell	subsets.	

Figure	5.3	Percentage	of	detected	and	undetected	(A)	housekeeping	and	stem	cell	panel	genes	(B)	
using	nanostring	profiling.	Nanostring	gene	counts	were	categorized	as	detectable	or	undetectable	
by	comparing	the	gene	count	to	the	background	detection	level	of	empty	micropallets	containing	no	
cells	processed	in	the	same	manner	and	submitted	for	Nanostring.	Percentages	of	detectable	and	

undetectable	genes	for	each	cell	sample	analyzed	are	displayed.	

B. 

A. 
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The	first	set	of	19	genes	were	highly	expressed	by	the	majority	of	the	cancer	stem	

cells	(CSCs)	profiled	and	remain	undetectable	in	the	tumor	cell	subset	(Table	5.2).	The	CSC	

gene	profiles	1-3	were	collected	from	a	single	breast	tumor	biopsy	for	comparison	of	

intratumor	heterogeneity.	The	last	two	CSC	gene	profiles	four	and	five	were	collected	from	

CSCs	from	a	different	breast	tumor	biopsy	for	comparison	of	two	breast	tumor	biopsies	

derived	from	different	patients.	Only	three	genes	were	expressed	by	all	five	CSCs	collected;	

FBXW2,	MME,	and	NANOG.	Five	genes	were	expressed	by	four	out	of	the	five	CSCs;	CCNE1,	

DLL3,	EP300,	WNT1,	and	WNT10B	and	accentuated	several	characteristics	of	cancer	stem	

cells.	Nanog	expression	is	involved	in	maintenance	of	self-renewal	and	pluripotency	[33].	

CCNE1	[34]and	EP300	[35,	36]	are	involved	in	cell	cycle	and	transcriptional	regulation	and	

have	implications	in	cancer.	DLL3,	a	ligand	for	notch	signaling,	and	WNT1,	WNT10b	genes	

[37]	were	also	detected	in	multiple	single	cancer	stem	cells,	demonstrating	the	presence	of	

hallmark	cancer	signaling	pathways	[37].	FBXW2,	involved	in	ubiquitin-mediated	

degradation	of	cellular	regulatory	proteins	[38],	was	also	detected.	Lastly,	MME,	an	

endopeptidase	that	neutralizes	peptide	hormones	[39]	and	is	also	involved	in	generating	

hypoxic	environments	[40]	was	detected	in	several	cancer	stem	cells.		
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A	second	set	of	nine	genes	was	detected	in	both	the	breast	epithelial	tumor	and	

cancer	stem	cell	subsets	(Table	5.3)	that	varied	extensively	from	cell	to	cell.	Cancer	stem	

cells	1-2,	and	epithelial	tumor	cell	one	were	collected	from	the	same	breast	tumor.	

Similarly,	cancer	stem	cells	3-5	and	epithelial	tumor	cells	2-3	were	collected	from	the	same	

breast	tumor.	Interestingly,	Sox2	remained	the	single	commonly	expressed	gene	amongst	

both	the	epithelial	tumor	cells	and	putative	cancer	stem	cells.	All	five	cancer	stem	cells	

expressed	Sox2,	whereas	Sox2	was	detected	in	two	of	three	epithelial	tumor	cells	profiled.	

Sox2	is	critically	involved	in	stem	cell	maintenance	[41],	whose	detection	in	the	tumor	cell	

Table	5.2	Nanostring	gene	panel	detected	in	single	putative	breast	cancer	
stem	cells	(CSCs)	and	remain	undetectable	in	bulk	epithelial	tumor	cell	

subset.	
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population	is	puzzling.	Sox2	gene	profiling	does	not	seem	to	be	specific	towards	the	cancer	

stem	cell	population.	

	

	 Lastly,	there	was	a	third	set	of	eight	genes	that	were	detected	in	the	breast	tumor	

cell	subset	but	not	the	cancer	stem	cells	analyzed	(Table	5.4).	Two	genes	were	detected	in	

all	three	tumor	cells;	MYOD1	and	POU5F1,	both	of	which	were	puzzling	to	be	detected	in	

this	cell	subset.	POU5F1,	also	known	as	Oct4,	regulates	stem	cell	gene	expression	and	

maintained	pluripotency	[33].	However,	POU5F1	remained	undetectable	in	all	the	breast	

cancer	stem	cells	profiled.	MYOD1	is	a	transcription	factor	normally	involved	in	regulating	

muscle	cell	differentiation	by	inducing	cell	cycle	arrest	[42],	and	is	therefore	involved	in	

muscle	regeneration.	The	ability	of	MYOD1	to	control	cell	cycle	progression	may	be	

exploited	by	the	epithelial	tumor	cells	in	some	fashion,	although	the	association	of	MYOD1	

with	breast	cancer	has	little	literature	to	support	this	[43].	

Table	5.3	Shared	gene	profiles	detected	in	both	putative	breast	cancer	stem	(CSC)	and	epithelial	
tumor	cell	subsets.	



	 127	 	

	

5.8	Optimization	of	Single	Cell	Gene	Expression	Profiling	using	qRT-PCR	

	 Although	single	cell	processing	protocols	were	provided	by	Nanostring	to	generate	

cDNA	from	RNA	extractions,	we	sought	to	optimize	two	steps	within	the	recommended	

protocol	to	improve	our	Nanostring	gene	detection	percentage,	particularly	the	reverse	

transcription	and	cDNA	preamplification	steps.	Reverse	transcription	(RT)	of	RNA	to	cDNA	

has	been	performed	using	Superscript	Vilo	RT	enzyme	(Applied	Biosystems)	per	

recommendations	of	Nanostring.	An	improved	version	of	Superscript,	termed	Superscript	

IV,	has	been	recently	released	and	was	acquired	for	testing.	Superscript	IV	has	been	

marketed	for	its	enhanced	reverse	transcription	efficiency	of	degraded	RNA	templates	and	

robustness	in	the	presence	of	reaction	inhibitors	over	Superscript	Vilo.	Additionally,	

preamplification	of	cDNA	to	generate	detectable	levels	of	cDNA	has	been	performed	using	

2X	Preamplification	mastermix	(Applied	Biosystems)	again	as	per	the	recommendations	of	

Nanostring.	However,	a	more	concentrated	version	of	the	Preamplification	mastermix	(5X)	

is	now	available	that	is	tailored	for	single	cell	gene	expression	analyses.	Several	single	3T3	

Table	5.4	Nanostring	gene	panel	detected	in	breast	epithelial	
tumor	cells	and	are	undetectable	in	cancer	stem	cell	subset.	
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cells	stably	transfected	to	express	rat	neu,	both	live	and	zinc-fixed,	were	prepared	for	qRT-

PCR	using	unique	combinations	of	reverse	transcription	enzymes	(Superscript	Vilo	or	IV)	

and	Preamplification	mastermixes	(2X	or	5X	concentration)	for	qRT-PCR	(Figure	5.4).	Rat	

neu	and	mouse	β-actin	transcripts	were	profiled	using	pre-validated	Taqman	gene	

expression	assays	(Applied	Biosystems).	

	

	 Out	of	all	cDNA	processing	combinations	tried,	the	original	workflow	using	

SuperScript	Vilo	for	reverse	transcription	and	the	2X	preamplification	mastermix	provided	

the	lowest	average	Ct	values	(Table	5.5)	and	most	distinguishable	dCt	values	that	

resembled	the	expression	pattern	of	live	single	3T3	neu	cells	processed	in	the	same	

manner.	Thus,	single	cancer	stem	cells	processed	for	future	Nanostring	experiments	most	

likely	simply	require	more	preamplification	cycles	to	obtain	cDNA	gene	concentrations	

within	detectable	levels.		

Figure	5.4	Single	cell	cDNA	preparation	optimization	for	Nanostring	analysis	workflow	using	single	
cell	qRT-PCR.	
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	After	completing	these	analyses,	it	was	apparent	that	additional	hESC	controls	

needed	to	be	included	to	properly	address	differences	between	the	single	cell	cDNA	

processing	and	amplification	to	the	pooled	hESC	cDNA	generation	steps.	Single	hESCs	

isolated	using	limiting	dilution	in	96-well	plate	will	be	incorporated	in	future	analyses	and	

Figure	5.5	Average	dCt	values	of	single	3T3	neu	cell	cDNA	preparations	in	
Table	5.5	using	qRT-PCR.	β-Actin	Ct	values	were	subtracted	from	rat	neu	
Ct	values	before	dCt	values	were	calculated.	The	average	dCt	values	of	

technical	triplicates	are	displayed.		

Table	5.5	Optimization	of	single	cell	cDNA	preparation	for	Nanostring	analysis	using	qRT-PCR	of	3T3	
cells	stably	transfected	to	express	rat	neu.	Single	3T3	neu	cells	were	prepared	for	qPCR	using	the	

following	reverse	transcription	and	cDNA	preamplification	reagents.	Average	Ct	values	of	technical	
triplicates	for	rat	neu	and	β-actin	±	standard	deviation	are	reported.	
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processed	in	the	same	manner	as	the	single	cancer	stem	cells	as	positive	controls	(Table	

5.6).	

	

5.9	Conclusions	of	this	Chapter	

	 We	have	demonstrated	our	current	efforts	to	profile	single	cancer	stem	cells	

collected	using	micropallet	arrays	for	their	unique	gene	signatures	using	Nanostring.	

Optimization	of	the	fixative	used	to	preserve	tumor	cells	adhered	to	micropallets	was	

imperative	to	maintain	RNA	integrity.	A	novel	zinc-based	fixative	of	0.5%	zinc	chloride,	

0.5%	zinc	acetate,	and	17.16mM	zinc	trifluoroacetate	in	0.1M	Tris-HCl,	pH	6.4-6.7	was	

demonstrated	to	be	a	superior	RNA-preservation	fixative	over	70%	ethanol,	and	was	

utilized	to	fix	adherent	single	tumor	cell	samples	interrogated	with	the	breast	mAb-

fluorophore	panel	to	the	micropallet	array	for	single	cell	collection.	Single	breast	cancer	

stem	and	epithelial	tumor	cells	were	collected	using	the	micropallet	array	technology	and	

profiled	using	the	Nanostring	workflow.	Unfortunately	this	work	is	still	ongoing,	and	

efforts	to	test	our	optimized	workflow	are	underway.	Based	on	this	early	demonstrative	

work,	it	is	evident	that	single	breast	cancer	stem	cells	of	defined	surface	phenotype	display	

a	heterogeneous	profile	of	gene	signatures.	Evidence	suggests	the	putative	breast	cancer	

stem	cell	population	may	not	exclusively	express	Oct4	and	Sox2.	However,	we	have	

Table	5.6	Intended	cDNA	samples	for	next	Nanostring	analysis.	
Nanostring	runs	are	performed	in	groups	of	12	samples.	
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uncovered	a	unique	set	of	genes	exclusively	expressed	by	breast	cancer	stem	cells	that	

accentuate	characteristics	that	could	potentially	be	utilized	as	markers	or	targets	for	CSC-

specific	therapies.			 	
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Chapter	6	

CONCLUSIONS	

6.1	Future	Directions	

	 We	have	demonstrated	methods	(Chapter	3),	the	capacity	to	utilize	the	micropallet	

array	technology	for	the	evaluation	of	breast	tumor	cellular	subsets	(Chapter	4),	and	

collection	of	single	cancer	stem	cells	of	defined	surface	marker	phenotype	(Chapter	5).	

Single	breast	cancer	stem	cell	gene-profiling	analyses	using	Nanostring	will	be	performed	

following	the	single	cell	processing	methodology	optimized	and	demonstrated	in	Chapter	4.	

Other	efforts	to	employ	the	micropallet	array	technology	for	tumor	cell	subset	

analysis	is	being	conducted	by	Dr.	Jill	Alldredge,	an	M.D.	Fellow	in	Gynecology/Oncology.	

Her	project	is	focusing	on	the	development	and	utility	of	tumor	cell	subset	marker	panels	

tailored	to	identify	ovarian	and	endometrial	tumor	cellular	subsets.	Collaborative	efforts	to	

design	both	marker	panels	are	discussed	in	Chapter	3.	Proof	of	concept	of	the	ovarian	

tumor	cell	subset	marker	panel	has	been	obtained	using	cell	lines	MCF-7,	D283,	transiently	

transfected	293T	expressing	CD309,	and	HEL.	The	focus	of	her	work	is	to	profile	putative	

ovarian	cancer	stem	cells	collected	from	primary	tumors	and	pleural	effusions	to	compare	

the	metastatic/stem	gene	profiles	of	cancer	stem	cells	collected	from	the	primary	and	

metastatic	sites.	

Whole-field	enumeration	of	tumor	cellular	subsets	adhered	to	a	single	micropallet	

array	well	by	expression	pattern	of	surface	molecules	has	been	completed	manually	using	

Microsoft	Powerpoint	to	encircle	cells	of	interest.	This	was	an	extremely	time-consuming	

process	that	became	the	rate-limting	step	in	tumor	analyses	using	the	micropallet	arrays.	

Development	of	software	is	necessary	to	reproducibly	identify	and	tabulate	tumor	cellular	
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subsets.	An	extension	of	this	concept	is	to	transform	the	micropallet	imaging	analysis	and	

single	cell	collection	into	a	completely	automated	platform	(Figure	6.1).	We	will	work	to	

combine	the	image	analysis	software	to	enable:	the	complete	analysis	of	full	micropallet	

array	multicolor	marker	images,	the	ability	to	identify	micropallets	holding	cells	with	

specific	surface	marker	expression	profiles,	the	targeting	of	any	micropallet	for	release,	and	

automatic	effectuation	of	the	release	event.	Such	software	will	enable	expedited	single	cell	

subset	population	analyses	and	high-throughput	sequential	recovery	of	multiple	

micropallets	from	an	array.	

	

	

Figure	6.1	Marker	Profiling	Imaging	Software.	Automated	marker	profiling	analysis	would	begin	by	
first	completing	whole-field	multichannel	analysis	to	profile	each	marker	and	indicating	which	single	
cells,	defined	by	their	marker	expression	profiles,	are	of	interest	to	be	collected.	During	the	whole	
field	scan,	all	tumor	cellular	subsets	are	enumerated	and	tabulated	by	the	software.	Once	a	cell	of	
interest	is	identified,	the	imaging	software	will	momentarily	pause	to	release	and	collect	the	single	
pallet	containing	the	cell	of	interest.	A	robotic	arm	would	handle	the	collection	and	transfer	of	the	
single	cell	to	a	96-well	plate.	After	collecting	the	single	cell,	the	multicolor	imaging	software	would	
resume	and	continue	to	scan	the	array	surface	until	another	cell	of	interest	is	identified.	This	process	
would	be	repeated	until	the	entire	array	is	interrogated	for	single	cell	collection.	This	process	could	
be	completed	in	a	single	pass	over	the	array.			
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6.2	Summary	and	Significance	

	 At	the	onset	of	this	work	the	base	micropallet	array	platform	was	well	reported	on	

for	the	basic	separation	and	collection	of	cell	lines.	The	missing	capacity	of	the	technology,	

in	its	existing	form,	was	its	inability	to	discriminate	cellular	subsets	within	complex	cellular	

mixtures.	The	new	integrated	surface	marker	expression	profiling	via	antibody-

fluorophore	panels	enabled	the	discrimination	of	tumor	cellular	subsets	of	defined	surface	

phenotype.		The	breast	mAb-fluorophore	panel	was	utilized	in	the	described	work,	but	

proof	of	concept	of	prostate,	pancreatic,	ovarian,	and	endometrial	tumor	cell	subsets	have	

also	been	demonstrated	using	cell	lines.	The	six-color	fluorophore	panel	can	theoretically	

be	conjugated	to	any	antibody	with	specificity	towards	inter-	or	intra-cellular	epitopes	for	

marker	profiling,	at	the	expense	of	cell	permeabilization	for	probing	of	intracellular	

markers.	This	capacity	tremendously	advanced	the	platform.	

	The	remaining	work	accomplished	was	devoted	towards	the	final	development	of	

the	micropallet	array	platform	towards	the	analysis	human	primary	tumor	biopsies.	Tumor	

dissociation	methods	to	single	cell	suspensions,	testing	of	extracellular	matrix	to	facilitate	

tumor	cell	adherence,	and	time	course	studies	exploring	the	adherence	patterns	of	tumor	

cellular	subsets	all	fine-tuned	the	advancement	of	this	technology.	We	were	able	to	profile	

several	breast	tumor	biopsies	using	the	micropallet	array	platform	to	demonstrate	the	

application	of	this	technology	to	freshly	resected	cancer	patient	samples.		

The	work	accomplished	using	this	technology,	summarized	above,	provides	a	solid	

foundation	for	the	clinical	study	of	this	technology	at	the	time	of	diagnosis	early	in	the	

treatment	planning	of	patients	to	assess	the	relative	proportions	of,	and	the	molecular	

profiles	of	single	cancer	stem	cells	within	a	tumor,	with	minimal	perturbation.	This	
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technology	has	the	potential	to	direct	the	design	of	personalized	therapy	for	cancer	

patients.		The	micropallet	array	provides	benefits	over	existing	cancer	stem	cell	enrichment	

methodologies	such	as	mammosphere	culture	and	passage	through	immune	deficient	mice,	

in	that	it	significantly	limits	pre-analysis	perturbation	of	primary	cells.	The	single	cell	

sorting	capacity	of	the	micropallet	array	is	also	advantageous	over	other	sorting	

technologies	such	as	FACS,	image	cytometers,	and	LCM	in	its	capacity	to	simultaneously	

and	unambiguously	identify	disparate	cell	populations	of	interest,	maintain	adherent	cell	

happiness,	is	superior	in	its	rare	cell	detection	capacity,	is	designed	to	profile	limited	

numbers	of	cells,	such	as	those	obtained	from	a	fine	needle	aspirate	biopsy,	and	the	ability	

to	quickly	recover	and	analyze	these	cells.	Thus,	the	demonstration	of	the	micropallet	array	

technology	to	profile	single	cancer	stem	cells	enables	a	wide	range	of	clinical	and	basic	

science	investigations	to	address	important	unanswered	questions	in	cancer	biology,	such	

as:	

1. Do	putative	cancer	stem	cells	respond	to	the	same	chemotherapy	that	kills	

the	bulk	malignant	tumor	epithelia?	

2. Are	there	better	therapeutic	targets	for	the	elimination	of	the	cancer	stem	

cell	population?	

3. To	what	extent	do	gene	expression	profiles	defined	for	tumor	specimens	hold	

across	the	various	cell	populations?	

4. Do	shifts	in	the	relative	proportion	of	the	cancer	stem	population	within	a	

tumor	at	the	time	of	diagnosis	equate	with	clinical	behavior	or	response	to	

therapy?	
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5. Can	we	use	knowledge	of	the	representation	of	the	cancer	stem	cells	within	a	

tumor	with	their	unique	biology	to	rationally	design	individualized	therapy	

that	maximizes	benefit	and	minimizes	toxicity?	For	example,	is	there	a	level	

of	endothelial	progenitor	cells	that	predict	response	to	anti-angiogenic	

therapy?	

6. Are	there	specific	molecules	present	in	CSCs	that	are	not	present	in	normal	

stem	cell	pools,	which	could	be	the	target	for	immunotherapeutic	strategies	

to	enhance	control	of	occult	micrometastatic	tumors.	

These	are	but	a	small	sample	of	tumor	biology	and	clinical	oncology	questions	that	

can	be	addressed	using	micropallet	arrays,	which	was	made	possible	by	the	research	

efforts	presented	in	this	dissertation.	The	micropallet	array	platform	in	its	final	form	is	

capable	of	any	analysis	involving	complex,	heterogeneous,	normal	and	pathological	

primary	tissues	dominated	by	adherent	cells.	Any	number	of	these	investigations	could	

quickly	lead	to	improved	determination	of	patient	prognoses	and	personalized	medicine.		
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APPENDIX	A	

FERROMAGNETIC	MICROPALLET	ARRAYS	FOR	MAGNETIC	CAPTURE	OF	SINGLE	

ADHERENT	CELLS;	SINGLE	CELL	QRT-PCR	PROOF	OF	PRINCIPLE	

A.1	Introduction	

Pipette-based	collection	methods	for	laser-released	pallets	are	difficult	and	time-

consuming	because	of	the	precision	required	by	the	user.	The	pipette	tip	needs	to	be	

positioned	very	close,	nearly	contacting	the	released	micropallet	in	order	to	successfully	

collect	the	released	pallet	using	weak	vacuum	forces	from	the	pipette.		Such	methodologies	

are	relatively	low-throughput	when	collecting	single	micropallets	in	0.5μL	volume.		

	 We	developed	a	new	strategy	to	collect	and	transfer	micropallets	after	they	are	

targeted	for	laser	release	from	the	micropallet	array	(1).	The	cornerstone	of	this	strategy	

was	to	endow	the	micropallets	with	susceptibility	to	magnetic	fields,	which	was	

accomplished	by	incorporating	ferromagnetic	nanoparticles	into	their	structure.	The	

resultant	ferromagnetic	micropallets	displayed	ferromagnetic	responsiveness	sufficient	to	

allow	its	manipulation	using	low-strength	magnetic	fields,	enabling	capture	of	individual	

micropallets	using	small	permanent	or	electro-	magnets	and	transfer	to	analysis	vessels	

with	limited	fluid	volumes	(Figure	A.1).	The	magnetic	micropallet	arrays	ability	to	be	

coated	with	ECM,	its	biocompatibility,	and	transparency	at	the	wavelengths	of	visible	and	

UV	light	with	low	autofluorescence,	should	not	be	compromised	if	this	refinement	to	the	

micropallet	array	technology	is	to	be	broadly	applicable	to	biological	studies.	This	section	

represents	our	work	to	realize	a	ferromagnetic	micropallet	with	preservation	of	these	

critical	biophysical	properties	in	which	each	individual	micropallet	can	be	magnetically	

manipulated	after	its	release	from	the	array	surface.		
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A.2	Preparation	of	Ferromagnetic	Photoresist	

	 Ferromagnetic	magnetic	photoresist	(FM1002F)	was	prepared	by	mixing	dry	iron	

(II,	III)	oxide	nanoparticles	(<50nm	particles	size	(TEM),	≥98%	trace	metals	basis)(Sigma-

Aldrich,	St.	Louis,	MO)	into	1002F	photoresist.	The	1002F	photoresist	was	prepared	as	

described	in	Section	2.2.1.	Iron	oxide	nanoparticles	(FeNPs)	were	added	to	1002F	

photoresist	at	seven	different	doping	ratios,	measured	by	weight,	to	create	FM1002F	with	

different	levels	of	FeNP	content.	The	set	of	doped	photoresists	ranged	from	1:200	to	1:2	

doping	by	weight	(nanoparticles:1002F)	and	consisted	of	1:200,	1:100,	1:50,	1:20,	1:10,	

1:5,	and	1:2.	The	dry	nanoparticles	were	mixed	into	1002F	photoresist	via	mechanical	

stirring	using	a	RW	20	digital	mechanical	stirrer	(IKA,	Wilmington,	NC)	at	300	RPM	for	30	

minutes	to	create	a	suspension	of	nanoparticles	in	1002F	photoresist.	The	suspension	was	

centrifuged	at	2600	x	g	for	30	minutes	to	pellet	aggregates	of	nanoparticles	and	the	

supernatant	was	collected	as	the	final	preparation	of	FM1002F.	The	FM1002F	was	used	

Figure	A.1	Schematic	illustration	showing	micropallet	release	and	recovery.	(A)	Single	cell	suspensions	
are	applied	to	the	micropallet	array	and	allowed	to	adhere	to	the	ECM-coated	micropallets.	(B)	Single	
micropallets	can	be	selectively	released	using	a	pulsed	laser	that	is	focused	at	the	interface	of	the	
micropallet	and	glass	substrate.	After	laser-release,	the	micropallet	comes	to	rest	on	the	array	
surface	nearby	its	point	of	release(C)	The	released	micropallet	can	be	collected	using	a	magnetic	
probe.	When	the	probe	is	brought	near	the	micropallet,	the	micropallet	moves	into	contact	with	it	
due	to	magnetic	attraction.	The	micropallet	and	adhered	cell	can	be	delivered	precisely	to	any	
location	or	downstream	analysis	vessel,	e.g.,	a	PCR	tube.	

A.

B. 

C.



	 142	 	

within	48	hours	to	avoid	further	settling	of	nanoparticles,	even	though	noticeable	settling	

was	not	observed	for	up	to	one	week	after	preparation.	A	sample	illustration	of	the	method	

used	to	create	magnetic	photoresist	is	as	represented	in	Figure	A.2.		

	

A.3	Fabrication	of	Magnetic	Micropallet	Arrays	

	 To	assess	the	impact	of	incorporation	of	FeNPs	into	1002F	photoresist	on	its	

capacity	to	construct	microstructures,	the	set	of	FM1002F	photoresists	were	patterned	into	

microstructures.	Photolithographic	patterning	was	performed	according	to	the	recipe	for	

plan	1002F	photoresist,	which	uses	standard	lithographic	techniques	and	is	described	in	

Chapter	2.2.1.	FM1002F	photoresists	at	doping	ratios	1:200	to	1:10	were	used	to	fabricate	

micropallet	arrays	with	standard	dimensions:	each	micropallet	had	a	40	x	40μm	cross	

section,	50μm	height,	and	30μm	spacing	between	neighboring	micropallets.	Briefly,	50μm	

thick	coatings	of	FM1002F	photoresist	were	obtained	by	spin-coating	and	baking	the	

magnetic	photoresist	on	clean	1	x	3	in	glass	slides.	The	microstructures	were	patterned	by	

Figure	A.2	Preparation	of	magnetic	1002F	photoresist	for	magnetic	micropallet	fabrication.	Magnetic	
iron	oxide	nanoparticles	are	evenly	mixed	in	1002F	photoresist	before	centrifugation	to	remove	
clumps	or	aggregates	of	magnetic	nanoparticles	from	the	bulk	magnetic	resist.	Thus	structures	that	
are	fabricated	from	the	photoresist	possess	magnetic	properties.			
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exposure	to	collimated	UV	light	(Oriel,	Newport	Stratford,	Inc.,	Stratford,	CT)	through	a	

photomask	for	200s	(total	energy	of	1200mJ/cm2	and	post-exposure	baked,	and	developed	

with	SU-8	developer	(MicroChem,	Newtown,	MA),	and	hard	baked	at	120°C.	As	described	in	

Section	2.2.1,	magnetic	micropallet	arrays	were	treated	with	silane	vapor	deposition	using	

(heptadecafluoro-1,1,2,2-tetrahydrodecyltrichlorosilane	(Gelest,	Morrisville,	PA)	to	create	

a	highly	hydrophobic	silane	monolayer	on	the	micropallet	array	and	glass	surfaces	for	

support	of	virtual	walls.	To	complete	fabrication,	LabTek	chamber	slides	were	attached	to	

the	micropallet	arrays	using	PDMS	as	previously	described.		

A.4	Adherence	of	Extracellular	Matrix	Coatings	to	Magnetic	Micropallets	

	 To	support	cellular	adhesion,	particularly	for	primary	cells,	micropallets	must	be	

coated	with	an	appropriate	biomolecule	or	ECM	coating.	Chapter	2	details	methods	to	

effectively	coat	micropallet	arrays	with	huFN	or	rL5	coatings	such	that	each	individual	

micropallet	has	a	uniform	and	well-adhered	coating	on	its	top	surface.	The	adhesion	and	

uniformity	of	fibronectin	coatings	on	micropallet	arrays	fabricated	from	1:50	and	1:10	

preparations	of	FM1002F	were	investigated	and	compared	to	fibronectin	coatings	on	

micropallet	arrays	made	from	standard	1002F.		

	 Fibronectin	was	applied	to	the	ferromagnetic	micropallets	as	described	in	Chapter	

2.	For	characterization	of	coating	efficiency	using	fluorescent	imaging,	fibronectin	was	

detected	by	immunofluorescence	using	anti-fibronectin	rabbit	polyclonal	antibody	(catalog	

number	F3648,	Sigma-Aldrich,	St.	Louis,	MO)	as	the	primary	antibody	and	FITC-conjugated	

AffiniPure	F(ab’)2	fragment	donkey	anti-rabbit	IgG	(H+L)	as	the	secondary	antibody	

(Catalog	number	711-096-152,	Jackson	ImmunoResearch,	West	Grove,	PA).	The	antibodies	

were	used	according	to	the	manufacturers’	instructions.	Negative	controls	to	measure	
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nonspecific	binding	of	the	antibodies	included	1)	arrays	not	coated	with	fibronectin	and	

subjected	to	the	full	staining	protocol,	and	2)	omission	of	the	primary	anti-fibronectin	

antibody.	Imaging	was	done	using	an	LSM	510	Meta	laser	scanning	confocal	microscope	

with	appropriate	FITC	filter	set.		

	 Immunofluorescent	imaging	confirmed	that	the	deposition	and	adherence	of	

fibronectin	on	micropallets	was	not	detrimentally	affected	by	incorporation	of	FeNPs.	

Figure	A.3A	is	a	control	image	showing	minimal	background	fluorescence	from	a	standard	

uncoated	micropallet	array	that	was	subjected	to	the	full	staining	protocol.	Figure	A.3.B-D	

show	a	standard	micropallet	array	and	arrays	made	from	1:50	and	1:10	FM1002F,	

respectively,	which	were	coated	with	fibronectin	and	subsequently	evaluated	by	

immunofluorescence	for	the	integrity	of	the	fibronectin	coatings.	The	fibronectin	coatings	

appear	similar	across	all	three	arrays,	although	some	heterogeneity	in	the	fluorescent	

signal,	visualized	as	bright	areas,	is	observed	for	the	array	made	from	1:10	FM1002F.	While	

a	centrifuge	treatment	was	employed	to	remove	large	aggregates	of	nanoparticles	from	the	

ferromagnetic	photoresists,	some	small	aggregates	remain	and	are	more	prevalent	with	

increasing	amounts	of	FeNPs,	possibly	accounting	for	the	apparent	slight	heterogeneity	in	

the	fibronectin	coating	at	higher	doping	ratios.	Overall	this	experiment	suggests	that	a	

similar	amount	of	fibronectin	was	deposited	on	micropallets	made	from	FM1002F	as	

compared	to	standard	1002F	and	that	the	fibronectin	was	well-adhered	and	extended	to	

the	boundary	of	all	the	micropallets	in	all	cases.		
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A.5	Immunofluorescent	Imaging	of	Cells	on	Magnetic	Micropallets	

	 Immunofluorescent	detection	of	rare	cells	on	micropallets	is	a	critical	attribute	of	

the	overall	research	plan	for	which	this	technology	is	being	developed.	As	such,	it	was	

important	to	study	the	impact	on	immunofluorescent	imaging	capabilities	due	to	

incorporation	of	iron	oxide	nanoparticles	into	the	micropallets.	Rat	neu-expressing	

NIH/3T3	cells	(CRL-1915,	ATCC,	Manassas,	VA)	were	plated	onto	fibronectin-coated	

micropallet	arrays	made	from	FM1002F	doped	at	1:50	and	1:10	ratios.	After	an	incubation	

period	of	3	hours	at	37°C/10%	CO2	to	allow	for	cellular	adherence,	the	cells	were	stained	

with	antibodies	against	rat	neu	and	the	Hoechst	33342	nuclear	stain	as	follows.	The	array	

was	washed	twice	with	blocking	buffer	(Hanks	Buffered	Saline	Solution	(HBSS)	with	6%	

Bovine	Serum	Albumin	(BSA)	and	0.1%	sodium	azide),	followed	by	incubation	in	blocking	

Figure	A.3	Capacity	of	magnetic	micropallets	to	support	extracellular	matrix	coatings.	Micropallets	
made	from	standard	1002F	or	magnetic	1002F	photoresist	were	coated	with	fibronectin	that	was	
subsequently	immunofluorescently	labeled.	Immunofluorescent	micrographs	were	obtained	using	a	
scanning	laser	confocal	microscope.	Micropallets	are	40	x	40	μm	(A)	Control	image	for	which	the	full	
staining	protocol	was	performed	on	micropallets	made	from	standard	1002F,	but	not	coated	with	
fibronectin.	(B,	C,	and	D)	Fluorescent	images	of	fibronectin-coated	micropallets	made	from	standard	
1002F,	1:50	doped	magnetic	1002F,	and	1:10	doped	magnetic	1002F,	respectively.	
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buffer	for	30	min.	The	array	was	washed	twice	with	staining	buffer	(HBSS	with	1%	BSa	and	

0.1%	NaN3),	followed	by	30	min	incubation	with	0.5μg/mL	rat	neu	monoclonal	antibody	

(clone	7.16.4,	EMD/Calbiochem,	San	Diego,	CA)	in	staining	buffer	supplemented	with	

20μg/mL	Hoechst	33342	(Invitrogen,	Carlsbad,	CA).	The	array	was	washed	five	times	with	

staining	buffer,	incubated	for	30	min	with	4μg/mL	goat	anti-mouse	secondary	antibody	

conjugated	to	Alexa	Fluor	488	(Invitrogen),	and	finally	washed	five	times	with	staining	

buffer	to	remove	unbound	secondary	antibody.	All	incubations	were	at	37°C	and	10%	CO2	

and	all	buffers	were	pre-warmed	to	37°C	

	 The	immunofluorescently-labeled	rat	neu-expressing	3T3	cells	were	imaged	in	2	

fluorescence	channels	and	phase	contrast	using	an	LSM510	Meta	laser	scanning	confocal	

microscope.	As	seen	in	Figure	A.4A,	the	FeNP	content	of	the	micropallets	made	with	1:50	

FM1002F	had	nearly	zero	impact	on	image	quality	and	the	cells	are	clearly	visible	in	all	

channels.	The	phase	contrast	image	and	fluorescent	signals	are	bright	and	undisrupted.	

However,	as	the	amount	of	FeNPs	in	the	micropallets	is	increased,	the	impact	on	imaging	

quality	also	increases	(Figure	A.4B).	The	fluorescent	signals	from	the	cell	surface	marker	

and	nuclear	stain	remain	strong	and	undistorted,	thereby	allowing	easy	identification	of	

cells	in	these	channels.	Overall,	lower	doping	ratios	of	FeNPs	prove	to	be	more	

advantageous	for	imaging	purposes	and	depending	on	specific	applications,	e.g.,	need	for	

cellular	identification	using	the	phase	contrast	channel,	a	tradeoff	of	improved	imaging	

quality	versus	decrease	in	magnetic	attractive	force	can	be	made.		
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A.6	Single	Cell	Recovery	using	Magnetic	Micropallets	

	 Targeted	single	micropallets	released	from	the	array	can	be	individually	recovered	

with	a	magnetic	collection	probe.	Individual	magnetic	micropallets	with	single	adhered	

cells	were	released	from	the	glass	substrate	of	the	array	using	a	high-powered	pulsed	

Chameleon-Ultra	2-Photon	laser.	During	release	the	micropallet	is	projected	into	the	fluid	

and	comes	to	rest	on	the	surface	of	the	array,	generally	within	a	few	millimeters	of	its	

initial	position.	A	collection	probe	based	on	disk-shaped	neodymium	rare	earth	magnets,	

1mm	in	diameter	and	0.5mm	in	thickness,	was	used	to	easily	collect	released	micropallets.	

The	magnet	was	held	at	the	end	of	a	thin,	~0.5mm	diameter	non-metal	sheath,	from	which	

it	could	be	removed	after	collection	of	a	micropallet,	as	described	below.	A	concave	void	

was	created	on	the	probe	tip	so	that	collected	magnetic	micropallets	can	be	transferred	to	

Figure	A.4	Immunofluorescent	cellular	imaging	on	magnetic	micropallets.	NIH/3T3	cells	expressing	
rat	neu	were	plated	onto	micropallet	arrays	made	from	1:50	and	1:10	doped	magnetic	1002F	and	
stained	with	Hoechst	33342,	a	primary	mouse	antibody	against	neu,	and	a	FITC-labeled	secondary	
anti-mouse	antibody.	Dual	channel	immunofluorescent	imaging	was	performed	using	a	laser	
scanning	confocal	microscope.	Micropallets	are	40	x	40	μm.	(A,	B)	Micropallets	are	made	from	1:50	
doped	magnetic	1002F	or	1:10	doped	magnetic	1002F,	respectively.	Disruption	of	signal	in	phase	
contrast	images	is	increased	with	increased	magnetic	nanoparticle	content,	but	the	signals	in	the	
fluorescent	channels	are	largely	unaffected.		
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PCR	tubes	for	downstream	analysis	while	remaining	submerged	in	liquid	throughout	the	

transfer	process	(Figure	A.5).		

	
During	collection	the	rare	earth	magnet	probe	is	simply	brought	into	proximity	of	

the	released	micropallet.	At	sufficiently	close	distance,	the	force	of	gravity	is	overcome	by	

the	magnetic	force	and	the	micropallet	moves	into	contact	with	the	magnet.	The	distance	at	

which	the	micropallet	was	captured	was	dependent	on	the	amount	of	FeNPs	present	in	the	

micropallet.	For	example,	micropallets	made	from	1:50	FM1002F	were	captured	at	a	

distance	of	roughly	102mm,	whereas	micropallets	made	from	1:10	FM1002F	could	be	

captured	at	a	distance	of	5mm	or	more.	Captured	magnetic	micropallets	made	from	all	

doping	ratio	preparations	of	FM1002F	(1:2-1:200)	were	collectable,	although	attraction	

was	especially	weak	at	the	lower	end	of	the	set	(1:200).	The	cell	that	is	held	on	the	

magnetically	collectable	micropallet	can	then	be	delivered	to	a	downstream	vessel,	e.g.,	a	

PCR	tube,	by	touching	the	tip	of	the	probe	to	the	buffer	in	the	PCR	collection	tube.	The	

Figure	A.5	Magnetic	probe	design.	The	magnetic	probe	is	designed	to	maintain	the	collected	cell	on	a	
micropallet	continuously	wetted	throughout	the	transfer	process.	A	concave	void	was	created	at	the	
collection	tip	of	the	PPMA	sheath-based	collection	probe.	Surface	tension	effects	cause	a	droplet	of	
fluid	to	the	void,	keeping	the	collected	magnetic	micropallet	continually	wetted	and	preventing	
restriction	issues.	This	design	enabled	extremely	efficient	transfer	of	collected	micropallets,	with	an	
approximate	98%	successful	transfer	rate.		
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surfaces	of	the	liquid	in	the	collection	vessel	and	the	liquid	in	the	void	of	the	collection	tube	

unite	and	the	micropallet	falls	from	the	collection	probe	into	the	collection	PCR	tube.	The	

process	occurs	rapidly	and	the	probe	is	required	to	be	held	in	this	position	for	only	a	short	

time	(1-2	seconds).	Collection	and	delivery	of	individual	micropallets	is	extremely	efficient	

using	this	design	of	collection	probe.			

	 Micropallets	made	from	1:50	FM1002F	were	used	for	single	micropallet/cell	

collection	experiments	as	this	preparation	was	found	to	offer	the	best	compromise	

between	optical	clarity	and	magnetic	responsiveness.		Figure	A.6	show	a	single	micropallet	

with	adhered	cell	being	released	from	the	array	coming	to	rest	on	the	array’s	surface	near	

the	point	of	release.	The	micropallet	is	collected	directly	from	this	position.	Single	

micropallets	can	be	released	and	collected	without	any	disturbance	of	neighboring	

micropallets	or	nearby	cells.	Figure	A.6	show	the	micropallet	and	single	cell	after	recovery	

being	held	by	a	1mm	diameter	neodymium	rare	earth	magnet.	
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A.7	Single	Cell	qRT-PCR	Analysis	using	Magnetic	Micropallets	for	Collection	
	

Magnetic	micropallets	were	used	to	isolate	and	recover	cells	for	single	cell	reverse	

transcription	quantitative	PCR	(RT-qPCR)	analysis	as	a	demonstration	of	the	utility	of	

magnetic	micropallets.	Rat	neu-expressing	NIH/3T3	cells	were	plated	on	a	micropallet	

array	made	from	1:50	FM1002F,	which	was	cleaned	with	RNaseZap	(Ambion,	Austin,	TX),	

and	70%	ethanol	before	being	coated	with	fibronectin,	as	described	previously.	Cells	were	

allowed	to	adhere	during	a	3	hour	incubation	at	37°C/10%	CO2,	and	then	micropallets	

Figure	A.6	Release	and	collection	of	single	magnetic	micropallet	and	adherent	cell.	Single	
magnetic	micropallets	containing	NIH/3T3	cells	stably	expressing	rat	neu	(green).	Cell	samples	
were	also	stained	with	Hoechst	33342	nuclear	stain	(red).	(A)	A	micropallet	holding	a	cell	of	
interest	is	identified	using	microscopy.	(B)	The	targeted	micropallet	is	released	by	firing	a	pulsed	
laser	focused	at	the	glass-micropallet	interface,	which	ablates	micropallet	material,	producing	
rapidly	expanding	gas	that	ejects	the	micropallet	from	its	position.	Remnants	of	a	bubble	formed	
by	the	ablative	process	can	be	seen	in	the	footprint	from	where	the	micropallet	was	released.	(C)	
Released	micropallet	resting	on	the	surface	of	the	array,	approximately	500	μm	from	its	initial	
position.	The	cell	remains	adhered	to	the	micropallet	and	minimally	perturbed.	At	this	point	the	
magnetic	collection	probe	is	brought	into	proximity	of	the	micropallet,	and	the	micropallet	rises	
from	its	resting	place	and	into	contact	with	the	probe.	(D)	The	micropallet	is	magnetically	
attracted	and	held	to	the	magnet	after	collection.	The	cell	remains	adhered	to	the	micropallet.	
The	three	panels	on	left	are	the	phase	contrast	(top),	and	two	fluorescent	channels,	Hoechst	
33342	nuclear	stain,	red	(middle),	and	rat	neu	surface	marker,	green	(bottom).	It	was	noted	that	
although	the	laser	ablative	technique	of	micropallet	release	delivers	a	concentrated	dose	of	light	
energy,	discernable	photobleaching	of	the	fluorescent	markers	has	not	been	observed.	The	
series	of	photomicrographs	in	this	figure	depict	results	that	have	been	reproduced	>50X.	
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holding	single	cells	were	released	and	magnetically	recovered.	Recovered	single	cells	were	

lysed	for	total	RNA	content,	reverse	transcribed	for	cDNA,	cDNA	preamplified,	and	

analyzed	for	specific	gene	expressions	by	quantitative	polymerase	chain	reaction	(qPCR),	

all	using	the	TaqMan	PreAmp	Cells-to-Ct	Kit	(Applied	Biosystems,	Foster	City,	CA)	

according	to	manufacturer’s	instructions.	Briefly,	single	magnetic	micropallets	with	

adhered	single	cells	were	transferred	into	PCR	tubes	containing	1μL	cold	1X	PBS,	pH	7.4	

and	10μL	Lysis	Solution	supplemented	with	DNase	I	at	1:100	dilution	for	cell	lysis	to	

release	total	RNA	content.	Empty	micropallets	were	also	collected	and	processed	

identically	for	no	template	controls	(NTC).	For	reverse	transcription	(RT)	processing,	25μL	

RT	Buffer,	2.5μL	RT	Enzyme	Mix,	and	12.5μL	Nuclease-free	water	was	added	directly	to	the	

PCR	tube.	For	–RT	controls,	the	RT	Enzyme	Mix	was	replaced	with	PCR	grade	water.	

Subsequently,	12.5μL	of	cDNA	was	pre-amplified	prior	to	qPCR	analysis	for	mouse	β-actin	

and	ray	neu	by	Taqman	Gene	Expression	Assays	(Mm01205647_g1	for	mouse	β-actin	and	

Rn0056651_m1	for	rat	neu,	Applied	biosystems.)	

Because	one	long-term	goal	of	this	work	is	to	tailor	this	technology	towards	

personalized	therapeutics,	it	was	of	interest	to	establish	the	feasibility	of	analyzing	the	

gene	expression	of	recovered	individual	cells	using	single	cell	RT-qPCR.	The	expression	

levels	of	both	β-actin	and	rat	neu	genes	were	detected	and	quantified	with	RT-qPCR	

analysis	of	cDNA	that	was	reverse	transcribed	and	amplified	from	RNA	of	single	cells	

recovered	using	magnetic	micropallets	and	delivered	to	PCR	tubes	using	small	rare	earth	

magnets	as	described	above.	Figure	A.7	shows	the	amplification	curves	of	3	individual	sets	

of	cells	that	were	recovered	and	analyzed.	Each	set	included	an	individual	micropallet	with	

a	single	rat	neu-expressing	3T3	cell.	Transcripts	for	both	β-actin	and	rat	neu	could	be	



	 152	 	

detected	for	each	individual	cell	and	–RT	controls	were	negative	for	gDNA	presence.	The	

average	threshold	cycle	(Ct)	values	for	all	single	cell	samples	were	26.8	±	0.26	for	β-actin	

and	22.99	±	2.20	for	rat	neu.	There	is	some	variability	in	the	expression	of	rat	neu	of	the	

three	single	cells	that	were	analyzed,	but	this	is	not	unexpected	as	the	cells	were	not	

synchronized	nor	recently	subcloned	and	some	variance	in	rat	neu	mRNA	levels	is	

anticipated	between	individual	cells.	Micropallets	without	cells	(NTCs)	did	not	yield	a	

detectable	signal	over	three	separate	experiments.	These	data	provide	proof	of	principle	

for	the	quantitative	detection	of	specific	mRNA	sequences	from	single	cells	recovered	from	

the	micropallet	array.	
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APPENDIX	B	

EMBOSSED	MICROPALLETS	FOR	THE	INCLUSION	OF	SACRIFICIAL	LAYERS	

B.1	Introduction	

	 Current	micropallet	arrays	are	fabricated	using	standard	photolithographic	wet	

processing	methods	with	1002F	photoresist	dissolved	in	solvent	(2).	Traditional	spin	

coating,	a	wet-processing	technique	used	in	photolithography,	is	used	to	deposit	a	uniform	

layer	of	1002F	photoresist	of	the	desired	height	on	the	glass	substrate	(Figure	B.1).	The	

resulting	layer	of	1002F	is	then	patterned	using	a	photomask	and	collimated	UV	light	

source	and	developed	to	obtain	the	final	micropallet	array.	Multiple	layers	of	various	types	

of	positive	and	negative	photoresists	or	other	materials	can	be	spin-coated,	patterned,	and	

developed	to	create	intricate	features.	However,	wet-process	techniques	are	limited	to	

materials	that	can	withstand	the	strong	solvents	necessary	to	dissolve	the	photoresist.	The	

desire	to	incorporate	materials	that	breakdown	in	the	presence	of	strong	solvents,	such	as	

materials	that	could	provide	easier	micropallet	release/detachment	using	the	laser-release	

method,	was	the	driving	force	of	this	project.	



	 154	 	

The	ability	to	process	1002F	photoresist	to	remove	the	harsh	solvent	has	recently	

been	developed	in	the	Li/Bachman	lab.	The	process	involves	dehydrating	prepared	1002F	

liquid	photoresist	to	allow	the	solvent	to	completely	evaporate.	The	remaining	1002F	

product	is	then	melted	and	pressed	between	glass	slides	coated	with	PDMS	to	form	

uniform	sheets	of	dried	1002F	photoresist.	The	final	dried	1002F	photoresist	is	free	of	

solvent	and	could	theoretically	be	utilized	in	combination	with	other	materials	that	are	

normally	destroyed	by	the	solvent.		Figure	B.2	shows	a	sample	of	dried	1002F	photoresist.		

Figure	B.1	Wet	photoresist	spin	coating	is	used	to	achieve	height	dimensions	of	photoresist	
features.	(A)	A	photoresist	spinner	commonly	used	in	wet-processing	methods.	(B)	1002F	dissolved	
in	solvent	is	poured	onto	a	glass	slide	mounted	on	a	photoresist	spinner.	The	spinner’s	
acceleration,	spin	speed,	and	length	of	time	is	programmed	to	achieve	the	desired	thickness	of	the	
1002F	photoresist.		

A B
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It	was	of	interest	to	first	ascertain	whether	dried	1002F	could	be	used	to	fabricate	

standard	micropallet	arrays.	Dried	1002F	photoresist,	unlike	solvent-dissolved	photoresist,	

can	be	embossed	using	a	hot	press	(Figure	B.3),	and	replaces	the	utility	of	a	spinner	for	

spin-coating	solvent-dissolved	photoresist	to	obtain	a	uniform	height.	After	pressing	the	

dried	1002F	photoresist	to	a	uniform	height,	the	samples	are	subject	to	the	same	processes	

used	when	fabricating	standard	micropallet	arrays	involving	UV	patterning	and	photoresist	

development.	

Figure	B.2	Dried	1002F	photoresist.	Representative	image	of	dried	1002F	photoresist	that	is	free	of	
solvent.	Pieces	of	dried	1002F	photoresist	can	be	used	to	emboss	features	with	defined	height	and	
can	be	patterned	using	standard	photolithography	methods.		
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B.2	Preparation	of	Dried	1002F	Photoresist	

	 Traditional	1002F	wet	photoresist	is	prepared	as	described	previously	in	Section	

2.1	then	dried	in	a	vacuum	oven	to	evaporate	the	solvent.	A	PDMS	mold	is	constructed	to	

hold	the	wet	1002F	during	the	drying	process	using	a	laser	cutter	to	cast	rectangular	

shapes	(Figure	B.4).	The	PDMS	mold	is	surface	treated	using	oxygen	plasma	1.5	hours	prior	

to	use.	To	dehydrate	the	1002F	wet	photoresist,	the	wet	1002F	is	poured	into	the	PDMS	

molds	and	spread	for	even	dispersion,	then	baked	in	a	vacuum	oven	for	1	hour	at	65°C	

before	increasing	the	temperature	to	110°C	for	3-4	days	until	the	acetone	solvent	in	the	

1002F	resist	has	completely	evaporated,	leaving	behind	solid	dried	1002F	photoresist	with	

no	visible	air	bubbles	(Figure	B.4).			

	

	

	

	

Figure	B.3	Hot	press	used	for	embossing	dried	1002F	photoresist.		
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B.3	Embossing	Method	of	Dried	1002F	Photoresist	to	Fabricate	Micropallet	Arrays		

	 	Standard	50	x	50μm	size	micropallets	were	fabricated	using	dried	1002F	

photoresist	with	an	embossment/stamping	method.	1	x	3	inch	high	precision	glass	slides	

were	cleaned	with	a	piranha	solution,	a	3:1	solution	of	sulfuric	acid:	hydrogen	peroxide	for	

15	min	at	120°C.	The	slides	were	then	rinsed	thoroughly	with	dH20	to	remove	excess	

piranha	solution	and	dehydrated	on	a	hot	plate	at	250°C	for	1	hour.	A	small	1x2	inch	piece	

of	dried	1002F	was	placed	on	the	heated	glass	slide	and	allowed	to	melt	for	15	min	at	

121°C.		

	 To	emboss	the	dried	1002F	to	a	desired	height,	metal	spacers	of	50μm	thickness	

were	first	utilized	to	set	the	height	of	the	micropallets.	The	metal	spacers	were	placed	on	

each	edge	of	the	slide	face	containing	the	melted	1002F.	Layers	of	material	to	press	the	

sample,	consisting	of	a	metal	plate,	rubber,	and	a	glass	slide	coated	with	PDMS	were	placed	

on	top	of	the	1002F	sample,	along	with	a	second	glass	slide	coated	with	PDMS,	rubber	and	a	

metal	plate	beneath	the	1002F	sample	(Figure	B.5).	This	pressing	assembly	was	then	baked	

for	2	minutes	on	the	hot	press	with	the	press	making	direct	contact	with	the	metal	end	

pieces	on	the	top	and	bottom	of	the	press	assembly,	then	baked	an	additional	2	minutes	

Figure	B.4	PDMS	molds	constrain	liquid	1002F	during	dehydration	process.	(A)	Representative	
plasma-treated	PDMS	molds.	(B)	Image	depicting	1002F	photoresist	within	a	PDMS	mold	after	the	
dehydration	process.		

A. B.
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with	the	press	firmly	contacting	the	pressing	assembly.	After	cooling,	the	press	assembly	

and	metal	spacers	are	removed	and	the	sample	contains	a	uniform	distribution	of	the	

1002F	photoresist	over	the	glass	substrate.	Micropallet	fabrication	after	embossing	the	

1002F	resist	onto	the	glass	slide	proceeds	as	stated	in	need	Chapter	2	and	follows	the	

standard	micropallet	fabrication	protocol.	Briefly,	the	samples	were	exposed	to	collimated	

UV	light	for	45	seconds	through	a	mask	demarcating	50	x	50μm,	50μm	gap	standard-sized	

micropallets,	then	post-exposure	baked	and	developed.			

	

	 Standard	size	micropallet	arrays	were	successfully	fabricated	using	dried	1002F	

photoresist.	Features	made	by	patterning	the	pressed	1002F	with	collimated	UV	light	were	

of	expected	dimensions	as	dictated	by	the	mask	demarcating	50	x	50μm	micropallets	with	

50μm	gaps	(Figure	B.6).	Micropallet	height,	however,	was	created	by	evenly	pressing	the	

Figure	B.5	Pressing	assembly	for	embossing	dried	1002F	photoresist.	(A)	Graphical	representation	of	
the	components	of	the	pressing	assembly.	Metal	spacers	of	50	μm	height	are	placed	at	the	edges	of	
the	glass	slide	containing	the	dried	1002F.	A	thick	glass	slide	coated	with	a	thin	film	of	PDMS	is	
placed	on	top	of	and	below	the	micropallet	slide.	Thin	pieces	of	rubber	and	metal	plates	are	then	
placed	above	and	below	the	sandwich	and	make	direct	contact	with	the	hot	press.	(B)	
Representative	image	of	a	complete	pressing	assembly	for	embossing	dried	1002F	photoresist.	
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dried	1002F	to	the	height	of	the	50μm	metal	spacers	and	the	micropallet	height	

measurements	were	much	larger	than	desired	(Figure	B.6).	The	micropallet	height	formed	

when	pressing	dried	1002F	with	50	μm	metal	spacers	consistently	yielded	micropallet	

arrays	with	uniform	heights	ranging	from	100-300μm.	Although	the	pressing	method	

produced	inaccurately	tall	micropallets,	the	ability	to	create	such	tall	structures	out	of	thick	

layers	of	dried	1002F	photoresist	cannot	be	achieved	using	wet	1002F	photoresist	because	

the	solvent	is	never	able	to	completely	evaporate	out	of	the	thick	layer	of	resist	during	the	

post-bake	process.	This	newfound	ability	to	create	tall	structures	out	of	a	solid	single	layer	

of	thick	resist	enables	the	ability	to	create	tall	micropallets	whose	added	height	is	

advantageous	to	protect	the	cells	from	the	laser	pulse	during	the	release	process.		

	

To	improve	the	accuracy	of	the	pressing	method,	alternate	spacers	such	as	glass	

beads	and	metal	wire	were	sampled.	The	pressing	process	was	performed	as	described	

above	with	the	exception	of	including	either	metal	wire	or	a	line	of	glass	beads	along	the	

perimeter	of	the	glass	slide	containing	the	dried	1002F	photoresist	to	dictate	the	desired	

height	of	the	1002F	layer.	Neither	the	wire	or	glass	beads	improved	the	accuracy	of	the	

Figure	B.6	Standard	micropallet	array	fabricated	using	dried	1002F	photoresist.	(A)	Micropallet	arrays	
with	50x50μm	square	micropallets	with	50μm	gaps	were	constructed	out	of	dried	1002F	photoresist	
using	embossing	methods.	(B)	Area	of	the	micropallet	array	surface	with	micropallets	laying	on	their	
side	to	expose	the	height	of	the	pallets	(75μm).		

A. B.
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micropallet	height	and	proved	to	be	difficult	to	remove	from	the	pressed	1002F	layer	

(Figure	B.7).	The	utility	of	50μm	metal	spacers	provided	the	most	precise	albeit	inaccurate	

pallet	height.		

	

B.4	Decreasing	Footprint	of	Micropallets	using	Embossing	Method	

	 We	have	next	demonstrated	that	the	dried	1002F	pressing	methodology	can	also	be	

incorporated	into	standard	photolithographic	wet-processing	methods.	To	provide	proof	of	

principle,	large-scale	200	x	200	μm	1002F	pallets	were	pressed	and	patterned	onto	smaller	

scale	20	x	20	μm	cross	section,	5μm	tall	1002F	micropallets	demarcated	by	10μm	streets	

fabricated	of	Shipley,	a	positive	photoresist	that	is	spin-coated	to	the	desired	height	via	

wet-process.	This	yielded	large-scale	1002F	pallets	with	decreased	footprints	demarcated	

by	the	smaller-scale	Shipley	micropallet	streets.	The	characteristics	of	these	large-scale	

pallets	are	advantageous	for	the	pallet	laser-release	method,	in	that	it	requires	less	laser	

energy	to	release	a	pallet	with	fewer	contact	points	to	the	glass	substrate	from	the	array.			

To	fabricate	large	pallets	with	decreased	footprints,	piranha-cleaned	and	

dehydrated	1	x	3	inch	glass	slides	were	spin-coated	with	Shipley	positive	photoresist	and	

patterned	and	developed	in	INF-319	to	yield	20	x	20μm	square	holes	between	streets	with	

Figure	B.7	Spacers	used	to	dictate	the	height	of	the	pressed	1002F	photoresist.	(A)	Standard	50μm	
thick	metal	spacers	placed	at	the	edge	of	the	glass	slide	provide	a	set	height	for	dried	1002F	
photoresist	embossment.	(B)	Wire	with	a	50μm	diameter	was	distributed	throughout	the	dried	
1002F	photoresist	to	provide	a	set	height	during	embossment	omitting	the	utility	of	the	50μm	metal	
space	at	the	edge	of	the	glass	slide.	

A. B.
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a	width	of	10μm	and	height	of	5μm.	Dry	1002F	photoresist	was	then	melted	over	the	

Shipley	street	surface	and	pressed	to	form	a	layer	of	1002F	over	the	Shipley	streets.	The	

samples	were	then	exposed	with	collimated	UV	light	through	a	mask	demarcating	200	x	

200	μm	pallets	and	developed	in	SU-8	developer	to	create	large-scale	1002F	pallets	with	20	

x	20	μm	smaller	1002F	micropallets	in	an	array	of	10	μm	Shipley	streets.	As	a	final	step,	the	

Shipley	streets	were	removed	by	developing	the	array	in	acetone,	leaving	behind	the	final	

product-	large-scale	pallets	with	smaller	micropallet	footprints.		

During	the	fabrication	process	there	were	a	couple	related	encumbrances	

encountered	that	hindered	the	quality	of	the	micropallet	1002F	footprints.	When	applying	

the	dried	1002F	to	the	array	and	allowing	it	to	melt,	the	1002F	was	able	to	fill	the	square	

20	x	20μm	square	holes	formed	by	the	Shipley	streets,	but	this	resulted	in	air	bubbles	

forming	within	the	melted	1002F	that	had	to	be	removed	manually	before	proceeding	to	

press	the	melted	1002F	(Figure	B.8).	Additionally,	after	patterning	the	large-scale	1002F	

pallets	the	SU-8	developer	could	not	effectively	penetrate	beneath	the	large	pallets	to	fully	

saturate	the	Shipley	streets	beneath	the	large	pallets.	This	resulted	in	the	

underdevelopment	of	the	features	beneath	the	center	of	the	large	pallets.		
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	 Scanning	electron	microscopic	images	of	the	bottom	side	of	the	large-scale	pallets	

that	make	direct	contact	with	the	glass	slide	reveal	the	ability	of	the	developer	solutions	to	

dissolve	the	Shipley	streets,	leaving	behind	small	micropallets	with	roughly	defined	edges	

and	areas	of	un-dissolved	Shipley	streets	where	the	developer	could	not	reach	(Figure	B.9).	

Despite	the	encumbrances,	this	demonstrates	the	ability	to	incorporate	dried	1002F	

embossing	methods	with	wet-process	photolithography	techniques.		

Figure	B.8	Pressed	1002F	pallets	before	removal	of	Shipley	streets.	(A)	Large	scale	200x200μm	
micropallets	of	dried	1002F	photoresist	were	embossed	over	a	10μm	width	lattice	constructed	of	
Shipley	photoresist	streets	with	20x20μm	square	holes.	(B)	Single	embossed	200x200μm	micropallet	
with	areas	beneath	the	micropallet	where	seepage	of	the	1002F	photoresist	filled	the	20x20μm	
square	holes,	as	anticipated,	and	an	area	with	a	residual	air	pocket	that	prevented	the	creation	of	the	
1002F	micropallet	footprint.			

A. B.
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Figure	B.9	SEM	images	of	embossed	pallets	with	decreased	footprint	after	removal	of	Shipley	
streets.	(A)	Representative	image	of	a	micropallet	array	with	decreased	footprints	fabricated	using	
embossing	methods	of	dried	1002F	photoresist.	The	final	embossed	micropallet	array	was	removed	
from	the	glass	substrate	and	imaged	on	the	bottom	side	using	SEM.	(B)	Area	of	the	micropallet	
array	where	an	air	bubble	prevented	the	creation	of	the	micropallet	footprint.	

A. B.
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APPENDIX	C	

GLASS	MICROPALLETS	FOR	ADHERENT	CELL	ANALYSIS	AND	RECOVERY	

C.1	Introduction	

	 The	original	micropallet	array	technology	was	developed	using	one	of	two	high-

aspect	ratio	photoresists:	SU-8	(3,	4)	or	1002F	(2).	Herein	we	report	the	advancement	of	

the	micropallet	array	technology	and	take	advantage	of	new	manufacturing	methods	to	

improve	the	technology	in	several	aspects.	Glass	micropallet	arrays	offers	the	same	

fundamental	cell	sorting	and	collection	capabilities,	but	with	a	fully	glass	structure	

fabricated	using	glass	machining	methods.	The	creation	of	an	all-glass	micropallet	array	

offers	important	advantages	versus	the	standard	micropallet	array	technology,	for	which	

photolithographic	methods	were	employed	to	fabricate	polymeric	micropallets.	

C.2	Fabrication	of	Glass	Micropallet	Arrays	

	 Glass	micropallets	were	fabricated	by	mechanical	machining	methods,	as	illustrated	

in	Figure	C.1.	A	No.	1	glass	coverslip	was	attached	to	a	2x2	inch	precision	glass	slide	with	

~200μL	cyanoacrylate	and	application	of	pressure	until	cured.	The	glass	micropallet	array	

was	then	created	by	cutting	two	orthogonal	sets	of	parallel	channels	into	the	glass	

sandwich	(coverslip	and	substrate	glass)	using	a	K&S	780	dicing	saw.	The	cut	depth	

extended	past	the	cyanoacrylate	layer	and	into	the	substrate	glass,	creating	glass	pedestals	

with	the	top	portion	non-permanently	attached	by	the	cyanoacrylate	layer.	The	array	was	

hydrophobically	modified	by	vapor	deposition	of	a	silane	monolayer	to	support	the	virtual	

air	wall	barriers	that	sequester	cells	to	individual	pallets	during	use.	Finally,	lab-tek	

chambers	were	placed	using	PDMS	and	the	array	was	subsequently	sterilized	using	70%	

ethanol	and	dried	under	sterile	conditions.	The	array	was	coated	with	huFN	immediately	
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prior	to	use	to	support	cell	adhesion,	as	previously	described	in	Chapter	2.	Figure	C.2	

shows	a	completed	glass	micropallet	array.	

	

	
C.3	Characterizing	Light	Transmission	and	Autofluorescence	Qualities	of	Micropallet	

Arrays	

	 The	optical	transmission	spectra	of	the	various	chemicals	(SU-8,	1002F,	glass)	used	

to	fabricate	micropallet	arrays	were	analyzed	using	a	USB2000	spectrometer	(Ocean	

Optics,	Dunedin,	FL)	to	measure	the	transmittance	of	light	from	a	DT1000CEUV/vis	light	

source	(Analytical	Instrument	Systems,	Fleminton,	NJ).	An	Olympus	IX71	with	build-in	

Figure	C.1	Fabrication	of	a	glass	micropallet	array.	(A)	Cyanoacrylate	is	applied	to	substrate	glass	
microscope	slide.	(B)	A	high	precision	coverslip	glass	is	placed	atop	substrate	glass	and	pressure	
applied.	(C)	Non-permanently	bonded	glasses.	(D)	A	dicing	saw	cuts	numerous	parallel	cuts	into	the	
glass,	which	extend	through	the	full	thickness	of	the	coverslip.	(E)	Perpendicular	cuts	complete	the	
creation	of	glass	micropallets.	

Figure	C.2	Glass	micropallet	array.	Two	views	of	a	glass	micropallet	array	featuring	a	macroscopic	
image	of	the	cut	glass	micropallets	(left	side)	and	a	microscopic	view	(right	side).	All	glass	
micropallets	herein	are	220μm	per	side.		
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fluorescent	module	was	used	to	characterize	the	autofluorescent	properties	of	the	

materials.		

	 Glass	micropallet	arrays	are	effective	for	the	isolation	and	recovery	of	adherent	

mammalian	cells	and	have	several	advantages	over	previous	micropallet	arrays	made	from	

polymeric	materials.	As	seen	in	Figure	C.3,	glass	is	more	optically	transparent	than	the	SU-8	

or	1002F	photopolymers	and,	importantly	for	fluorescent	cellular	analyses,	exhibits	

essentially	zero	autofluorescence	(Figure	C.4).	These	attributes,	along	with	excellent	optical	

clarity,	greatly	improve	the	capability	for	morphologic	and	fluorescent	analysis	of	cells	held	

on	the	micropallets.	The	clarity	of	the	glass	micropallet	allows	much	finer	microscopic	

details	of	cells	held	on	the	micropallets	to	be	resolved	than	possible	with	polymeric	

micropallets.	We	believe	the	clarity	is	improved	due	to	the	clearer	materials,	which	

contributes	greatly	to	internal	reflections,	aberrations,	and	geometrical	distortions.	The	

clarity	afforded	by	the	glass	micropallet	is	as	demonstrated	in	Figure	C.5.	When	examining	

cells	with	minor	phenotypic	differences,	e.g.,	very	low	expression	of	specific	surface	

markers	or	minor	morphological	differences,	these	improvements	can	be	critically	

important.	Additionally,	glass	is	a	proven	substrate	for	adherent	cell	culture	and	is	more	

familiar	to	scientists	than	SU-8	and	1002F,	with	established	protocols	for	surface	

modification,	antibody	coupling,	etc.		
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Figure	C.3	Light	transmission	of	materials	used	to	fabricate	micropallets.	Light	transmission	was	
measured	through	a	150μm	thick	specimen	of	each	material	and	five	measurements	were	averaged	
for	each	data	point.	Glass	offers	improved	light	transmission,	especially	at	shorter	wavelengths	
(useful	for	applications	requiring	UV	excitation)	vs.	1002F	and	SU-8.	

Figure	C.4	Autofluorescence	of	materials	used	to	fabricate	micropallets.	Autofluorescence	intensity	
was	measured	through	a	150μm	thick	specimen	of	each	material	and	five	measurements	were	
averaged	for	each	data	point.	A	FITC	filter	set	was	used,	as	autofluorescence	is	most	greatly	exhibited	
in	the	green	spectrum	of	light.	The	essentially	zero	autofluorescence	of	glass	greatly	improves	the	
ability	to	detect	minimally	expressed	markers	using	fluorescent	labeling	methods.		
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C.4	Immunofluorescent	Imaging	and	Collection	of	Cells	on	Glass	Micropallets	

	 For	cellular	imaging	and	collection	experiments,	NIH/3T3	cells	were	maintained	in	

culture	and	seeded	onto	micropallet	arrays	that	had	been	coated	with	huFN.	Cells	were	

incubated	for	3h	at	37°C/10%	CO2	to	allow	them	to	adhere	to	the	micropallets.	Individual	

micropallets	holding	single	cells	were	released	using	a	pulsed	laser	focused	at	the	

micropallet	and	glass	substrate	interface,	as	previously	described	(5,	6).	Any	individual	

glass	micropallet	can	be	released	from	the	array	using	mechanical	dislodgement	or	via	

laser	ablation	of	the	cyanoacrylate	adhesion	layer.	Released	micropallets	can	be	collected,	

enabling	the	recovery	of	individual	targeted	cells	from	a	bulk	population.	Figure	C.6	shows	

our	ability	to	release	and	recover	specific	glass	micropallets	that	hold	single	cells.	

Figure	C.5	Superior	imaging	ability	is	afforded	by	using	glass	as	the	micropallet	structural	material.	
(A)	NIH/3T3	cells	stably	transfected	with	rat	neu	growing	on	glass	micropallets	with	fluorescently	
labeled	rat	neu	surface	marker	with	Alexa	Fluor	488	Anti-Mouse	IgG	secondary	(green)	and	
fluorescent	nuclear	stain	Hoechst	33342,	(blue).	(B)	Enlargement	of	center	micropallet	to	show	detail	
(phase	contrast	channel).	



	 169	 	

	
	 The	glass	micropallet	array	eliminates	previous	shortcomings	of	the	base	

micropallet	array	technology	and	provides	an	elegant	solution	for	sorting	adherent	cells.	

We	have	employed	a	unique	approach	to	the	fabrication	of	large	areas	with	many	

microscale	features,	namely	the	use	of	mechanical	machining	methods,	which	was	made	

possible	by	the	repetitive,	orthogonal	layout	of	the	micropallet	array,	combined	with	the	

precise	capabilities	of	dicing	saw	technology	that	has	been	adapted	from	the	integrated	

circuit	industry.	We	demonstrated	the	glass	micropallet	array’s	improved	optical	

properties	over	the	polymer	micropallet	array	and	its	use	for	recovery	of	selected	adherent	

cells	from	a	large	background	population.		

	 	

Figure	C.6	Single	glass	micropallet	release	and	collection.	The	weak	cyanoacrylate	bond	enables	the	
release	of	individual	micropallets.	(A)	A	glass	micropallet	array	that	has	had	a	single	micropallet	
selectively	dislodged.	(B)	A	recovered	glass	micropallet	held	on	the	tip	of	a	26-gauge	needle.	(C)	A	
recovered	glass	micropallet,	which	holds	a	small	cell	colony	on	its	surface.	
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APPENDIX	D	

HIGHLY	EFFICIENT	PURIFICATION	OF	TRANSFECTED	CELL	COLONIES	USING	FERRO-

CORE	MICROPALLET	ARRAYS	

D.1	Introduction	

	 Biological	scientists	use	a	wide	array	of	genetically	modified	cells	as	tools	to	dissect	

biologic	mechanisms.	The	utility	of	these	reagents	is	critically	dependent	upon	having	a	

pure	cell	population	of	defined	phenotype.	This	requires	the	isolation	and	purification	of	

clonally	expanded	colonies	of	manipulated	cells	from	a	heterogeneous	population.	

Examples	include	clonal	cell	lines	that	are	altered	to	have	transient	or	stable	

overexpression,	or	knocked	down	(decreased)	expression	of	a	particular	molecule.	These	

cellular	transfections	commonly	result	in	the	desired	product	representing	a	small	fraction	

of	the	total	population.	Additionally,	differential	growth	rates	of	desired	versus	undesired	

cells	can	lead	to	the	desired	transfected	population	being	difficult	to	isolate	because	they	

may	be	outcompeted	by	the	undesired	population	(7).		Thus,	cell	transfections	often	

require	further	sorting	or	isolation	steps	to	obtain	pure	cultures	of	transfected	cells	for	

generation	of	cell	lines.	Although	extensive	research	has	been	invested	in	the	development	

of	superior	transfection	methodologies	and	reagents	(8-12),	little	attention	has	been	given	

to	improve	cell	colony	isolation	and	sorting	methods.		

Modern	methods	to	isolate	transfected	cell	cultures	are	labor	intensive	and	often	

need	to	be	repeated	several	times	to	achieve	pure	transfected	cell	colony	populations.	

Fluorescence-activated	cell	sorting	(FACS),	a	commonly	used	methodology	utilized	to	

isolate	cell	populations	of	interest,	involves	sorting	cells	via	the	detection	of	fluorescent	

tags	specific	for	intra-	or	extra-cellular	markers	on	the	cell(s)	of	interest	(13).		Single	
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transfected	cells	are	commonly	sorted	into	individual	wells	of	a	multi-well	plate	(96,	384,	

or	1536	wells/plate)	and	clonally	expanded	in	culture	to	achieve	pure	transfected	cell	

colonies.		The	limitations	of	FACS	methodology	include:	1)	the	cellular	trauma	intrinsic	to	

the	methodology,	often	times	compromising	the	viability	of	the	isolated	cells,	2)	the	

requirement	for	a	relatively	large	starting	population	for	the	isolation	process,	3)	a	small,	

but	present,	background	contaminating	population,	and	4)	the	expense	of	the	sorting	

instrument.	While	this	methodology	has	proved	to	be	successful,	many	cell	types	are	

unable	to	clonally	expand	from	a	single	cell	alone,	even	with	conditioned	cell	culture	

medium	to	provide	growth	factors	from	an	active	cell	culture.		Traditionally,	FACS	has	been	

more	effective	for	non-	or	loosely	adherent	cells.		For	adherent	cells,	isolation	of	clonal	

populations	has	traditionally	involved	the	use	of	limiting	dilution	(14)	or	cloning	rings.		The	

former	involves	either	serial	dilution	and	culturing	dissociated	cells	or	plating	cells	at	a	

ratio	of	cells	to	wells	of	1:3.	Obviously	this	requires	screening	of	a	large	number	of	cell	

culture	wells	for	colony	growth	and	phenotype.	The	latter	involves	the	use	of	small,	several	

mm	diameter	rings,	that	are	used	to	encircle	adherent	cell	colonies	grown	on	a	cell	culture	

dish,	to	selectively	harvest	cells	within	the	rings	(15).	The	main	advantage	of	this	method,	

known	as	colony	isolation,	is	that	the	selected	transfected	cell	colonies	have	demonstrated	

their	ability	to	grow	in	culture.	However,	the	isolated	population	of	cells	is	rarely	pure,	

often	representing	a	mixture	of	transfected	and	non-transfected	cells.	Thus,	transfected	cell	

colonies	must	be	purified	several	times	using	cloning	rings	to	achieve	pure	transfected	cell	

cultures,	making	the	achievement	of	pure	cell	colonies	a	laborious	and	extremely	time-

consuming	process.	
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The	basic	micropallet	array	platform	has	been	refined	and	adapted	for	the	

interrogation	of	adherent	cells	(1,	16-18).	We	recently	reported	a	new	adaptation	to	the	

micropallet	array	platform	to	enable	adherent	cell	colony	sorting	using	large	area	magnetic	

micropallet	arrays	(19).	Herein,	we	report	improvements	to	the	features	of	the	ferro-core	

micropallet	array	design	and	its	utility	for	rapidly	isolating	clonal	populations	of	defined	

phenotype	from	heterogeneous	populations	of	adherent	cells,	in	the	context	of	genetically	

modified	cells	that	have	been	stably	transfected	with	fluorescent	markers	as	well	as	those	

that	have	undergone	oncogenic	cellular	transformation.	

D.2	Micropallet	Arrays	with	Internal	Ferromagnetic	Cores	

	 (Ferro-core	micropallet	arrays)	were	fabricated	using	methods	previously	

described	(19)	and	were	comprised	of	4	main	components.	A	high-precision	glass	

slide	provided	the	base	substrate	for	fabrication.	A	200	Å	thick	gold	thin	film	was	

evaporated	onto	the	surface	of	the	glass	slide	to	facilitate	electroplating	at	a	later	

stage	in	fabrication.	Specialized	large-scale	micropallets	fabricated	of	1002F	

photoresist	(2)	provided	the	footprint	for	cell	colony	contact.	This	generation	of	

micropallets	featured	a	unique	labeling	system	for	long-term	monitoring	of	specific	

cell	colonies,	and	contained	hollow	square	cores	for	the	deposition	of	magnetically	

attractable	cores,	Figure	D.1.		
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Standard	photolithography	was	used	to	fabricate	the	micropallet	arrays	out	of	

1002F	negative	photoresist	(Figure	D.2A)	demarcating	250	x	250	μm	pallets	that	are	

50	μm	tall	on	gold	thin	film	coated	glass	slides.	Square	regions	of	5	x	5	micropallets	

were	patterned	with	1	of	9	different	markers	by	creating	30	x	30	μm	square	holes	on	

varying	side	edges	of	the	micropallets.	Additionally,	square	hollow	60	x	60	μm	cores	

on	the	bottom	left-hand	side	of	each	individual	micropallet	were	incorporated	into	

the	design.	These	cores	are	filled	with	an	electroformed	ferromagnetic	core	(Figure	

D.2B),	which	provided	the	ability	to	collect	single	released	micropallets	via	magnetic	

A.

B.

Glass Slide

Gold Layer

1002F Micropallets 

Nickel FerroCore

C.

Figure	D.1	Schematic	overview	of	the	ferro-core	micropallet	array.	(A)	Cross-sectional	
schematic	of	(B)	representing	the	3	main	components	comprising	the	ferro-core	colony	
micropallet	array.	(C)	Phase	contrast	image	with	focus	on	a	cross-section	of	a	completed	
ferro-core	micropallet	array.	
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collection	strategies	(10,	13).	Plastic	4	or	8-well	sized	lab-tek	chambers	were	

attached	to	completed	ferro-core	micropallet	arrays	using	poly(dimethylsiloxane)	

(PDMS)	to	demarcate	areas	of	775	or	1550	micropallets	respectively	(Figure	D.2C).		

	

Ferro-core	micropallet	arrays	were	coated	with	fibronectin	extracellular	matrix	to	

promote	cellular	adherence	to	the	top	surfaces	of	the	micropallets	(Figure	D.3).	Physical	

liquid	walls	were	constructed	on	fibronectin	coated	ferro-core	micropallet	arrays	by	

applying	fluorinert	FC43	to	fill	the	void	between	the	micropallets.	These	liquid	walls	

remained	stable	throughout	the	7-day	cell	culture	period	to	restrict	any	interaction	of	cells	

from	neighboring	micropallets,	allowing	the	single	cells	attached	to	individual	micropallets	

to	clonally	expand	in	culture	(Figure	D.4).		

A. B. C.

Figure	D.2	Fabrication	of	the	 ferro-core	cell	colony	micropallet	array.	(A)	Phase	contrast	 image	of	
colony	micropallet	arrays	fabricated	on	gold-coated	glass	slides	prior	to	the	deposition	of	the	ferro-
core	 magnet.	 (B)	 Phase	 contrast	 image	 of	 completed	 ferro-core	 colony	 micropallet	 array.	 (C)	
Macroscopic	 image	 of	 completed	 ferro-core	 colony	micropallet	 arrays.	 Plastic	 Lab-tek	 chambers	
were	attached	to	the	arrays	using	PDMS	to	demarcate	8	sample	wells,	each	containing	roughly	775	
ferro-core	colony	micropallets.	
  



	 175	 	

	

	

Figure	D.3:	Ferro-core	micropallet	top	surfaces	can	be	coated	with	extracellular	matrix.	
Colorimetric	histochemical	detection	of	(A)	fibronectin	extracellular	matrix	coating	on	a	ferro-
core	colony	micropallet	array	and	(B)	non-specific	histochemical	staining	negative	control.	

	 

A. B.

Figure	D.4	Biocompatibility	of	liquid	fluorinert	walls	directing	cell	adherence	to	the	top	surface	of	
the	ferro-core	colony	micropallets.	The	liquid's	biocompatibility	at	low	percentages	was	confirmed	
by	Trypan	blue	exclusion	assays	with	R208f	WT	and	3T3	WT	cell	lines.	Cells	were	cultured	in	their	
standard	culture	media	doped	with	three	distinct	concentrations	of	FC43	at	0.0%,	0.5%,	1.0%,	
1.5%,	and	2.0%	in	volume	for	seven	days	on	polystyrene	culture	dishes	then	interrogated	with	
Trypan	Blue	dead	cell	stain.	Live	and	dead	cells	were	enumerated	from	three	colorimetric	phase	
contrast	images	recorded	for	both	cell	types	cultured	in	each	FC43	doping	percentage.	An	average	
of	850	cells	were	contained	per	field	of	view	for	all	images	acquired.	Both	R208f	and	3T3	WT	cell	
types	exhibited	insignificant	loss	in	viability	with	each	concentration	of	FC43	exhibiting	no	less	than	
99%	viability	after	7	days,	the	standard	length	of	time	cells	are	grown	on	the	magnetic	micropallet	
arrays.		
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D.3	JSRV	ENV	Transfection	Causes	Transformation	of	Rat	208f	Cells	

	 The	presence	of	oncogenic	viruses	is	well	documented	(20).	For	instance,	human	

papillomavirus	infection	is	involved	in	essentially	100%	of	cervical	cancers	(21).	The	

mechanistic	understanding	and	study	of	viral	oncogenic	transformation	requires	

purification	of	transformed	cell	colonies	for	further	evaluation.	For	the	purposes	of	this	

study,	we	utilized	an	expression	plasmid	encoding	for	Jaagsiekte	sheep	retrovirus	(JSRV)	

envelope	(ENV)	protein	with	a	FLAG	tag	epitope	for	detection	(JSRV	ENV-FLAG)	(22),	as	the	

expression	of	JSRV	ENV	alone	has	been	demonstrated	to	be	sufficient	to	transform	the	

rodent	fibroblasts	Rat	208f	cell	line	(R208F)	(23).	Although	the	FLAG	tag	could	be	

visualized	by	intracellular	immunofluorescent	staining	and	fluorescent	microscopy,	this	

staining	results	in	loss	of	cellular	viability.		Unique	morphological	changes	observed	in	

transformed	R208f	cells	were	sufficient	to	differentiate	transformed	and	non-transformed	

cells	Thus,	we	used	this	oncogenic	transformation	system	for	cell	colony	sorting	using	the	

ferro-core	micropallet	arrays	as	a	proof	of	principle	for	a	clonal	isolation	procedure	with	no	

fluorescent	detection	of	target	cells.	

Although	morphologic	differences	were	observed	in	previously	established	JSRV	

ENV-FLAG	and	wild	type	R208f	cell	lines,	it	could	be	argued	that	longstanding	cell	lines	are	

a	poor	model	for	the	identification	and	isolation	of	de	novo	transformed	cells.		Therefore,	

R208f	cultures	in	6-well	culture	plates	were	transfected	with	JSRV	ENV-FLAG	and	

maintained	in	culture	for	1	month	post-transfection	to	allow	time	for	cellular	

transformation	to	occur.	After	1	month	post-transfection,	5.98%	of	the	R208Fs	expressed	

JSRV	ENV-FLAG	via	flow	cytometry	(Figure	D.5A),	indicative	of	the	representative	

percentage	of	transformed	R208F	cells	within	the	non-transformed	background.	The	small	
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percentage	of	transformed	R208Fs	exhibited	the	expected	change	in	morphology,	losing	

contact	inhibition	and	their	characteristic	fibroblast	cell	morphology,	and	when	reaching	

confluence	resembled	transformed	spherical	cell	colonies.	The	transformed	R208Fs	could	

also	be	distinguished	from	the	non-transformed	cells	by	their	morphology	and	by	

expression	of	JSRV	ENV-FLAG	using	immunofluorescent	confocal	microscopy	(Figure	D.5B).	

This	provided	evidence	that	the	previously	established	cell	lines	were	reasonable	

surrogates	for	cell	populations	undergoing	de	novo	transformation.	

	

A. B.JSRV ENV-FLAG
Transformed R208F Cells

Un-transfected
R208F Cells

Overlay Image
JSRV-ENV FLAG expression

FLAG mAb + FITC Secondary Ab 

Sytox Red
Nucleic Acid Stain

Differential Interference 
Contrast Image
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C-
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Figure	D.5	JSRV	ENV-FLAG	transfection	induces	transformation	of	R208f	cells.	R208F	cells	transfected	
with	 JSRV	 ENV-FLAG	 were	 analyzed	 using	 flow	 cytometry	 (BD	 Accuri	 C6)	 and	 using	 fluorescent	
confocal	 microscopy	 (Zeiss	 LSM780).	 (A)	 JSRV	 ENV-FLAG	 expression	 of	 transfected	 cell	 cultures	 4	
weeks	 post-transfection	 (top	 panel)	 and	 Un-transfected	 R208F	 negative	 control	 (bottom	 panel)	
visualized	using	flow	cytometry.	(B)	Unpurified	JSRV	ENV-FLAG	transfected	cell	culture	with	the	same	
expression	 level	 of	 JSRV	 ENV-FLAG	 as	 (A)	 was	 visualized	 using	 immunofluorescent	 confocal	
microscopy.	Sytox	red	DNA	stain	was	utilized	to	detect	all	cells	within	the	field	of	view.	 
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D.4	Transformed	JSRV	ENV-FLAG	Cell	Colonies	can	be	Distinguished	from	Non-

Transformed	Cells	on	Ferro-Core	Micropallet	Arrays	

	 Wild	type	untransfected	R208f	cells	and	the	previously	established	transformed	

JSRV	ENV-FLAG	R208f	cell	line,	purified	using	traditional	cloning	ring	methods,	were	

separately	seeded	onto	fibronectin	coated	micropallet	arrays	and	incubated	at	37°C	with	

10%	CO2	to	facilitate	cell	adherence	and	expansion.	Single	R208f	cells	settled	onto	

individual	fibronectin	coated	ferro-core	micropallets	within	1	hour	and	made	adherent	

contact	with	the	pallets	after	3	hours.	While	single	cell	sequestering	was	observed,	

distinguishing	wild	type	from	transformed	R208f	cells	was	not	possible	at	this	early	time	

point	due	to	the	morphologic	similarity	of	the	cells	before	they	reached	confluence.	

However,	after	seven	days	of	growth,	while	sequestered	on	individual	ferro-core	

micropallets,	JSRV	ENV-FLAG	R208f	cells	could	be	morphologically	distinguished	from	the	

non-transfected	wild	type	R208f	cells	when	visualized	using	confocal	and	phase	

microscopy	(Zeiss	LSM780),	(Figure	D.6A-B)	based	on	both	their	phenotypic	features	as	

well	as	differential	growth	rates	(Figure	D.6C).	Pure	colonies	composed	of	JSRV	ENV-FLAG	

transformed	R208F	cells	were	noted	to	have	spheroid-like	morphology	and	exhibited	near	

double	the	growth	of	wild	type	cells,	consistent	with	the	oncogenic	nature	of	these	

transformed	cells.	
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Figure	D.6	Transformed	JSRV	ENV-FLAG	Rat	208f	cell	colonies	can	be	distinguished	from	
untransformed	cells	by	their	morphology	and	growth	rates	using	ferro-core	micropallet	arrays.	(A)	
R208F	oncogenic	cell	transformation	by	JSRV	ENV-FLAG	can	be	distinguished	on	ferro-core	
colony	micropallet	arrays	by	their	morphology	and	loss	of	contact	inhibition	compared	to	(B)	
R208F	wild	type	un-transformed	cells.	(C)	Identification	of	transformed	vs.	wild	type	R208F	cells	
by	growth	rate.	R208F	JSRV	ENV-FLAG	and	WT	cells	were	grown	on	fibronectin	coated	ferro-
core	micropallet	arrays	for	7-days.	Each	day,	the	number	of	cells	per	micropallet	were	recorded	
for	every	micropallet	containing	cells	within	each	sample.	An	average	of	95	micropallets	
containing	R208F	JSRV	ENV-FLAG	cells	were	counted	(n=102,	77,	99,	74,	98,	114,	and	100	for	
days	1-7	accordingly),	and	an	average	of	35	micropallets	containing	R208F	WT	cells	were	
counted	daily	(n=38,	38,	40,	41,	35,	28,	and	28	for	days	1-7).	 
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D.5	Ferro-Core	Micropallet	Arrays	Enable	the	Purification	of	Cell	Colonies	Stably	

Transfected	with	Fluorophore-Labeled	Reporter	Construct	H2b-mCherry	

	 To	unambiguously	demonstrate	the	purity	of	JSRV	ENV-FLAG	transformed	R208F	

colony	sorting	using	ferro-core	micropallet	arrays,	it	was	necessary	to	establish	a	means	of	

positively	identifying	desired	and	undesired	cellular	populations	within	a	mixture.		This	

capacity	permitted	us	to	address	the	potential	for	occult	contamination	of	presumed	clonal	

colonies.	We	selected	a	fluorescent	identification	system	for	use,	in	addition	to	cell	

morphology,	to	distinguish	between	non-transformed	R208f	and	transformed	JSRV	ENV-

FLAG	R208f	cell	colonies.	We	generated	a	R208f	cell	line	with	stable	expression	of	H2b-

mCherry	from	wild	type	R208f	(24).	

Wild	type	Rat	208f	cells	seeded	in	6-well	dishes	were	transfected	with	H2b-mCherry	

and	cultured	for	6-weeks	post-transfection.	The	G418	resistance	gene	encoded	by	H2b-

mCherry	expression	construct	permitted	positive	selection	with	the	antibiotic	at	600	

μg/mL	introduced	2	days	post-transfection.	G418	was	maintained	in	the	cell	culture	media	

for	all	R208F	H2b-mCherry	transfected	cell	cultures.	Four-weeks	post	transfection,	28.2%	

cells	were	mCherry	positive	(Figure	D.7A).	At	the	time	of	seeding	onto	fibronectin	coated	

ferro-core	micropallet	arrays,	the	unpurified	transfected	R208f	H2b-mCherry	culture	was	

6-weeks	post	transfection	and	contained	11%	mCherry	positive	cells	as	demonstrated	by	

flow	cytometry	(Figure	D.7A).	The	decrease	in	positively	transfected	cells	expressing	the	

mCherry	fluorescent	protein	over	time	is	not	uncommon.	This	can	occur	when	transduced	

cells	expressing	the	heterologous	protein	exhibit	slower	cell	growth	than	transduced	cells	

that	retain	antibiotic	resistance	but	silence	or	lose	expression	of	the	heterologous	protein	

or	when	antibiotic	resistance	results	in	antibiotic	degradation	thereby	allowing	non-
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transduced	cells	to	survive	and	gain	a	competitive	advantage	(25).	Cells	with	heterologous	

protein	expression	can	therefore	be	outcompeted	by	the	non-expressing	cells	in	culture.	

This	can	necessitate	the	re-purification	or	re-derivation	of	the	desired	cell	clone	from	the	

heterogeneous	population.	

One	hour	after	being	seeded	to	the	ferro-core	micropallet	arrays,	single	cells	of	the	

H2b-mCherry	transfected	R208f	population		(11%	expressing	the	mCherry	heterologous	

protein)	made	contact	with	individual	fibronectin	coated	pallets,	and	were	firmly	adhered	

after	3	hours	of	culture.	Attached	cells	were	cultured	and	allowed	to	clonally	expand	for	7	

days.	On	the	seventh	day,	confirmation	of	single	cell	colony	sequestering	and	the	existence	

of	successfully	transfected	cells	on	fibronectin	coated	ferro-core	micropallet	arrays	were	

made	by	observing	the	micropallet	arrays	with	a	Zeiss	LSM	780	confocal	microscope	with	

settings	appropriate	for	mCherry	fluorescent	detection	and	phase	contrast	(Figure	D.7B).	

All	micropallets	imaged	contained	pure	R208F	cell	colonies	that	expressed	H2b-mCherry,	

or	pure	non-expressing	cell	populations,	indicating	the	successful	separation	of	single	cells	

during	clonal	expansion	in	culture,	and	that	the	discontinuous	surface	of	the	micropallet	

array	provided	sustained	separation	of	nearby	untransfected	or	non-expressing	cells.	

Single	R208f	cell	colonies	expressing	H2b-mCherry	residing	on	the	ferro-core	micropallet	

arrays	were	selectively	targeted	for	laser	release	(Figure	D.7C)	and	collected	via	

ferromagnetic	attraction	of	the	ferro-core	within	the	micropallet	to	a	previously	utilized	

collection	probe	housing	a	rare	earth	magnet	(1).	Single	collected	cell	colonies	retrieved	

using	the	ferro-core	micropallet	array	technology	were	transferred	to	a	48-	well	dish	

containing	1	mL	of	1	part	conditioned	media,	1	part	fresh	media	per	well	and	clonally	

expanded	for	7	days	in	culture	before	re-imaging	the	cells	in	culture	using	confocal	
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microscopy	(Figure	D.7D-E)	and	flow	cytometry	(Figure	D.7F)	to	confirm	successful	

purification	of	stably	transfected	H2b-mCherry	R208F	cell	colonies	and	establishment	of	

clonal	cell	lines.	

	

	

Figure	D.7	Ferro-core	micropallet	arrays	enable	the	purification	of	cell	colonies	stably	transfected	with	H2b-
mCherry	 reporter	 construct.	 (A)	 R208F	 cells	 transfected	 with	 H2b-mCherry	 were	 analyzed	 using	 flow	
cytometry	 (BD	 LSR	 II)	 and	 using	 fluorescent	 confocal	 microscopy	 (Zeiss	 LSM780).	 Appropriate	 mCherry	
detection	channels	and	561nm	excitation	were	utilized.	(A)	mCherry	expression	of	 transfected	R208Fs	4-
weeks	 post-transfection	 (left	 panel)	 and	 6-weeks	 post	 transfection	 (middle	 panel)	 with	 600μg/mL	 G418	
selective	pressure	and	Untransfected	R208F	negative	control	(right-panel)	visualized	using	flow	cytometry.	
(B)	Unpurified	R208F	mCherry	 transfected	cell	culture	6-weeks	post-transfection	from	(A)	was	applied	to	
fibronectin	coated	ferro-core	colony	micropallets	and	allowed	to	adhere	and	grow	on	the	micropallets	for	7	
days	 prior	 to	 imaging	 using	 fluorescent	 confocal	 microscopy.	 (C)	 Laser-released	 ferro-core	 colony	
micropallet	 carrying	 an	 R208F	 mCherry	 expressing	 colony	 of	 cells.	 (D)	 Magnetically	 collected	 ferro-core	
micropallet	carrying	R208F	mCherry	expressing	colony	was	transferred	to	cell	culture	media	and	allowed	to	
clonally	 expand	 for	 7	 days	 prior	 to	 re-imaging	 using	 fluorescent	 confocal	 microscopy.	 (E)	 Expanded	
fluorescent	confocal	image	of	inset	of	(D).	(F)	mCherry	expression	of	clonally	expanded	mCherry	expressing	
R208F	colony	collected	using	ferro-core	colony	micropallet	arrays	and	visualized	using	flow	cytometry.	
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D.6	Ferro-Core	Micropallet	Collection	and	Expansion	of	JSRV	ENV	Transformed	Rat	

208f	Cell	Colonies	Within	H2b-mCherry	Labeled	Non-Transformed	Background	

	 Pure	cultures	of	H2b-mCherry	expressing,	non-oncogene	transformed,	R208f	

cells	and	transformed	JSRV	ENV-FLAG	R208f	cells	were	mixed	at	a	ratio	of	4.15%	

JSRV	ENV-FLAG	R208f	cells	within	H2b-mCherry	R208f	background	as	determined	

using	flow	cytometry	(Figure	D.8A)	performed	prior	to	seeding	onto	fibronectin	

coated	ferro-core	micropallet	arrays.	Mixing	JSRV-ENV-FLAG	transformed	R208f	

cells	with	R208f	cells	transfected	with	H2b-mCherry	for	cell	colony	sorting	allowed	

for	a	dual-color	purification	and	purity	check.	R208f	cell	colonies	stably	transfected	

with	H2b-mCherry	exclusively	express	the	mCherry	fluorescent	signal,	lack	any	

detection	of	FITC-labeled	JSRV	ENV-FLAG,	and	did	not	show	morphological	signs	of	

transformation.	Conversely,	cell	colonies	from	the	stably	transfected	JSRV	ENV-FLAG	

R208f	cells	did	not	express	the	H2b-mCherry	fluorescent	signal	but	could	be	

detected	by	JSRV	ENV-FLAG	expression	by	immunofluourescence	and	their	distinct	

morphological	features.		

The	heterogeneous	cell	sample	was	seeded	to	the	arrays	as	dissociated	cells	

and	grown	for	7	days.	On	the	7th	day,	pure	colonies	of	JSRV	ENV-FLAG	R208f	cells	

could	be	distinguished	from	mCherry	expressing	R208f	cells,	confirming	that	

sequestering	of	cells	on	a	given	micropallet	was	successfully	maintained	through	the	

time	span	of	the	experiment	(Figure	D.8B).	JSRV	ENV-FLAG	R208f	cell	colonies	

grown	on	the	ferro-core	micropallet	arrays	as	identified	by	their	lack	of	H2b-

mCherry	expression	and	distinct	cell	morphology	were	targeted	for	laser	release	and	

magnetically	transferred	to	48-well	plates	containing	cell	culture	media	for	clonal	
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expansion.	After	7-days	post-collection,	the	transformed	JSRV	ENV-FLAG	cell	

colonies	successfully	re-expanded	in	culture	(Figure	D.8C)	and	were	confirmed	to	be	

pure	using	immunofluorescent	staining	against	the	JSRV	ENV-FLAG	tag	and	flow	

cytometry	analysis	(Figure	D.8D).	The	collected	JSRV	ENV-FLAG	R208f	cell	colonies	

expressed	the	FLAG	tag	but	did	not	express	H2b-mCherry,	demonstrating	the	ability	

of	the	ferro-core	micropllet	arrays	to	efficiently	sort	a	pure	population	of	cells	from	a	

heterogeneous	cellular	mixture.	
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D.7	Cell	Viability	Post	Micropallet	Release	and	Recovery	

Laser	pulse	release	of	micropallets	has	been	previously	described	(19).	Briefly,	the	

confocal	microscope	was	set	up	for	dual	photon	exposure,	focused	at	the	gold	film	layer	

beneath	a	target	micropallet,	and	set	to	emit	at	a	790	nm	wavelength.	The	pallet	was	

typically	released	with	an	average	total	applied	energy	of	88	mJ.	Rather	than	relying	on	the	
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Figure	D.8	Transformed	JSRV	ENV-FLAG	R208f	cell	colonies	can	be	sorted	from	untransformed	H2b-mCherry	
R208f	cell	background	using	ferro-core	micropallet	arrays.	(A)	Analysis	of	pure	JSRV	ENV-FLAG	(left-panel),	
pure	H2b-mCherry	(middle	panel),	and	mixture	of	4%	 JSRV	ENV-FLAG	R208f	cells	within	a	background	of	
H2b-mCherry	R208f	cells	(right-panel)	using	flow	cytometry	(BD	LSR	II).	(B)	The	mixture	containing	4%	JSRV	
ENV-FLAG	 within	 a	 background	 of	 H2b-mCherry	 cells	 was	 applied	 to	 fibronectin	 coated	 ferro-core	
micropallet	 arrays	 and	 cultured	 for	 7	 days	 before	 imaging	 using	 fluorescent	 confocal	 microscopy	 to	
discriminate	 between	 the	 R208f	 H2b-mCherry	 clonal	 cell	 colonies	 (untransformed	 fibroblasts	 with	 red	
nuclei)	 and	 JSRV	 ENV-FLAG	 cell	 colonies	 (non-fluorescent	 transformed	 cells).	 (C)	 Ferro-core	micropallets	
containing	 pure	 JSRV-ENV	 cell	 colonies	were	 collected	 and	 expanded	 in	 culture	 for	 7	 days.	 (D)	 Clonally	
expanded	 JSRV	ENV-FLAG	cell	 colonies	collected	using	 ferro-core	micropallet	arrays	were	analyzed	using	
flow	 cytometry	 (BD	 LSR	 II)	 for	 expression	 of	 the	 FLAG	 tag.	 For	 all	 flow	 cytometry	 data,	 dot	 plots	 are	
representative	of	≥50,000	single	cell	events	as	gated	by	FSC-A	vs.	SSC-A	to	remove	debris,	and	sequentially	
by	FSC-A	vs.	FSC-H	to	include	single	cells	only	for	analysis	of	fluorescent	signals	FITC	and	mCherry.	Samples	
were	stained	with	either	FLAG	mAb	and	a	FITC	secondary	Ab	to	enable	detection	of	JSRV	ENV-FLAG	cells	or	
a	Mouse	IgG1	Ab	isotype	control	Ab	and	FITC	secondary	Ab	(data	not	shown).	
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pure	laser	energy	itself	to	release	the	pallet,	the	gold	layer	below	absorbed	the	laser	energy	

and	heated	up.	The	heating	of	the	layer	resulted	in	the	formation	of	vapor	bubbles	beneath	

the	targeted	pallet,	which	caused	it	to	release	from	the	array	and	be	propelled	upwards	

into	the	media.	The	ejected	micropallet	with	adherent	cells	was	recovered	as	previously	

described	(19).	

One	consideration	for	any	new	process	that	involves	laser	release	of	a	

micropallet	and	subsequent	recovery	of	the	micropallet	with	its	adherent	cells,	is	the	

resultant	cellular	viability.	We	tested	several	adherent	cell	lines	to	demonstrate	

retention	of	viability.	In	addition	to	the	R208f	cell	lines	used	previously,	we	also	

employed	mouse	NIH/3T3	fibroblasts,	which	were	independently	infected	with	two	

separate	strains	of	murine	leukemia	virus,	N-Akv	and	FrKP.	These	cell	lines	were	

plated	separately	onto	ferro-core	micropallet	arrays	and	clonally	expanded.	Selected	

ferro-core	micropallets	were	targeted	for	laser	release	using	methods	previously	

described	(19),	and	magnetically	collected	to	transfer	cell	colonies	to	cell	culture	

media	in	48-well	plates	to	expand	in	culture.	We	observed	excellent	cell	colony	

viability	after	laser	release	and	magnetic	recovery	for	all	cell	lines	tested	(Figure	

D.10).	We	selected	representative	cell	lines,	excluding	particularly	robust	cell	lines	

(e.g.	Hela).	These	data	support	the	ability	to	use	this	platform	with	standard	cell	

lines	employed	broadly	within	biological	laboratories	and	potentially	for	primary	

cells.	
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D.8	Conclusions	

	 Ferro-core	micropallet	arrays	are	a	powerful	tool	for	cell	colony	manipulation.	

Ferro-core	micropallet	arrays	consisting	of	large,	biocompatible	1002F	photoresist	pallets	

with	gold-coated	ferromagnetic	nickel	cores,	and	indexing	cut	outs,	were	fabricated	on	the	

surface	of	gold-coated	glass	slides.	Individual	micropallets	could	be	released,	ejected	from	

the	array	via	absorption	of	the	laser	energy	by	the	gold	film,	and	recovered	through	a	

magnetic	collection	method.	Fibronectin	extracellular	matrix	was	utilized	to	facilitate	cell	

adherence	to	the	micropallets.	Liquid	barriers	around	the	ferro-core	micropallet	arrays	

restricted	the	interaction	of	cells	to	the	top	surfaces	of	the	micropallets.	

Figure	D.9	Ferro-core	micropallet	targeted	release	and	magnetic	collection	maintains	cell	
colony	viability.	Several	cell	lines	were	used	to	demonstrate	retention	of	cell	viability	after	
micropallet	laser	release	and	magnetic	recovery.	R208f	WT,	JSRV-ENV	FLAG,	and	H2b-mCherry	
cells,	as	well	as	3T3	WT,	N-Akv,	and	FrKP	cells	were	separately	cultured	for	7	days	to	form	
colonies	on	fibronectin	coated	ferro-core	micropallets.	A	total	of	42,	40,	and	11	R208F	WT,	
JSRV	ENV-FLAG,	and	H2b-mCherry	and	n	=	20,	21,	22	3T3	WT,	N-Akv,	and	FrKP	cell	colonies	
were	released	and	collected	respectively.	Cell	viablity	of	each	collected		colony	was	
determined	post-release	using	Trypan	Blue	exclusion	assays.	
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We	have	demonstrated	proof	of	principle	of	the	ferro-core	micropallet	array	

platform	to	efficiently	isolate	pure,	clonal	cellular	populations	from	a	heterologous	mixture	

in	a	single	step	process.	We	demonstrated	efficient	sorting	of	H2b-mCherry	R208f	cells	

from	untransfected	R208f	cells	remaining	in	the	transfection	mixture,	and	purification	of	

JSRV	ENV-FLAG	R208f	cells	within	an	H2b-mCherry	R208f	cell	background,	based	on	either	

fluorescence	or	observation	of	distinct	morphological	differences.	Cell	colonies	grown	on	

ferro-core	micropallets	were	targeted	for	laser	release,	magnetically	recovered	in	a	high	

throughput	capacity,	and	maintained	cell	viability.	Complete	purification	of	transfected	

cells	from	low	concentrations	within	heterogeneous	mixtures	could	be	achieved	in	as	little	

time	as	two	weeks.	The	procedure	only	required	a	single	cell	collection	event	and	was	

much	faster	than	typical	purification	procedures	which	can	take	anywhere	from	3	to	6	

months	to	complete.	Single	cell	sequestering	to	the	large	area	micropallets	eliminated	

issues	associated	with	varied	cell	growth	characteristics	among	transfected	and	

untransfected	cells	in	culture,	ensuring	that	slow	growing	transfected	cells	could	be	

purified	from	populations	consisting	of	more	rapidly	growing	cell	populations.	

We	believe	that	this	improved	ferro-core	micropallet	array	technology	has	great	

implications	beyond	cellular	transfections	and	can	be	broadly	applied	towards	enhancing	

adherent	cell	colony	sorting	assays,	such	as	the	sorting	of	epithelial	tumor	cells	from	

predominating	fibroblasts	facilitating	the	generation	of	tumor	spheroids	from	primary	

tumor	specimens.	This	new	addition	to	the	variety	of	micropallet	arrays	that	have	been	

previously	reported	(1)	provides	a	novel	tool	to	allow	investigators	to	address	a	multitude	

of	fundamental	biological	questions	involving	hetereogeneous,	normal,	and	pathological	

primary	tissues	dominated	by	adherent	cells.	
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D.9	Experimental	

Materials	and	methods.	All	chemicals,	cell	culture	media,	media	supplements,	

disposables,	and	reagents	were	procured	from	Fisher	Scientific	(Pittsburgh,	PA)	unless	

otherwise	noted.	Human	fibronectin	extracellular	matrix	protein	(huFN,	Millipore,	Billerica,	

MA)	was	deposited	onto	the	top	surfaces	of	ferro-core	micropallets	to	facilitate	cell	

adhesion	as	previously	described	(1).	Visualization	of	huFN	coatings	was	performed	using	

antifibronectin	rabbit	polyclonal	antibody	(Sigma-Aldrich,	St.	Louis,	MO).	Colorimetric	

detection	was	obtained	using	goat	anti-rabbit	IgG	(H+L)	conjugated	to	horseradish	

peroxidase	(Jackson	ImmunoResearch,	West	Grove,	PA)	and	reacted	with	TrueBlue	

peroxidase	substrate	(KPL,	Gaithersburg,	MD)	according	to	manufacturer’s	instructions	

(17).	

R208f	wild	type	cell	transfections	were	performed	using	Fugene6	transfection	

reagent	(Roche	Diagnostics,	Indianapolis,	IN)	for	expression	of	H2b-mCherry	(Addgene,	

Cambridge,	MA),	or	previously	described	JSRV-ENV-FLAG	expression	construct	(26).	A	

solution	of	4%	paraformaldehyde,	400	mM	sucrose	in	0.1M	sodium	phosphate	buffer,	pH	

7.4	and	a	1X	permeabilization	buffer	(Biolegend,	La	Jolla,	CA)	were	utilized	for	cell	fixation	

and	permeabilization	to	prepare	samples	for	intracellular	staining	against	the	FLAG	tag.	

Mouse	monoclonal	antibody	recognizing	the	FLAG	tag	epitope	(Cell	Signaling,	Danvers,	MA)	

and	a	FITC-labeled	goat	anti-mouse	IgG	(H+L)	secondary	antibody	(Jackson	

Immunoresearch	West	Grove,	PA)	facilitated	the	detection	of	the	FLAG-tagged	JSRV-ENV	

expression	construct.	Mouse	IgG1,	K	isotype	control	antibody	was	also	procured	

(Biolegend,	La	Jolla,	CA)	as	an	appropriate	negative	staining	control.	



	 190	 	

Ferro-core	micropallet	array	fabrication.	Magnetic	micropallet	arrays	were	

photolithographically	fabricated	onto	the	surface	of	gold	coated	glass	microscope	slides	

and	electroplated,	as	described	previously	(13).	Briefly,	standard	microscope	slides	(VWR,	

Radnor,	PA)	were	cleaned	in	piranha	etchant	solution	(3:1	ratio	of	sulfuric	acid	and	

hydrogen	peroxide	respectively)	and	coated	with	a	20	Å	titanium	seed	layer	followed	by	a	

200	Å	gold	layer	by	electron	beam	vapor	deposition.	The	Ti	/	Au	coated	slides	were	

optically	translucent.	Demarcated	micropallet	arrays	were	fabricated	from	1002F	

photoresist	(2)	according	to	previously	described	methods	(19).	In	short,	arrays	consisting	

of	pallets	of	250	µm	(w)	by	250	µm	(l)	by	50	µm	(h)	dimensions	with	50	µm	gaps	between	

adjacent	pallets	were	formed	over	the	entirety	of	the	gold-coated	glass	slides.	To	label	

specific	regions	of	the	array	for	pallet	recognition	purposes,	sections	of	five	by	five	pallets	

were	patterned	with	one	of	nine	different	identifying	mark	variations.	To	form	the	

markings,	empty	30	µm	x	30	µm	square	regions	were	created	into	the	side	edges	of	the	

pallets.	To	enable	magnetic	retrieval	of	the	pallets,	every	structure	was	formed	with	a	60	

µm	(w)	by	60	µm	(l)	hole	within	their	interior	spaced	30	µm	from	a	single	corner	to	be	

filled	with	an	electroformed	ferromagnetic	core.	The	surface	area	available	for	cell	

adhesion	on	each	structure	ranged	from	57100	µm2	to	58900	µm2	depending	on	their	

specific	marking	type.	The	patterned	1002F	arrays	were	electroplated	to	form	a	three	

layered,	ferromagnetic	metal	structure	within	the	60	µm	x	60	µm	hole	in	each	pallet	by	

utilizing	the	conductive	gold	layer	beneath	the	pallets	as	a	seed	layer.	Specific	details	

regarding	the	electroplating	procedure	were	described	previously	(19).	

In	order	to	enhance	protein	and	cell	adhesion	to	the	pallets,	the	magnetic	

micropallet	array	surfaces	were	roughened	using	a	procedure	adapted	from	a	previously	
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documented	method	(27)	utilizing	a	slurry	of	1	µm	aluminum	oxide	(Al2O3)	particles	mixed	

in	double	distilled	water	(ddH2O)	at	a	1:1	ratio.	First,	an	aluminum	foil	sheet	was	cut	into	a	

20	cm	by	20	cm	square	and	smoothed	over	a	flat	lab	bench	surface.	The	Al2O3	slurry	was	

then	spread	evenly	to	form	a	7.5	cm	diameter	circle	on	the	center	of	the	sheet.	The	

micropallet	arrays	were	placed	face	down	onto	the	slurry	and	wiped	in	a	figure	eight	

motion	for	a	total	of	fifty	rotations.	The	slurry	was	gathered	back	into	the	center	of	the	

sheet	between	each	array	roughening	procedure	and	could	be	reused	for	several	slides.	

Once	roughened,	the	slides	were	washed	three	times	with	alternating	immersions	into	

ddH2O	and	70%	ethanol.	The	low	surface	tension	of	the	ethanol	was	effective	in	flowing	

through	the	gaps	between	the	pallets	and	removing	all	excess	Al2O3	particulates.	

LabTek	culturing	chamber	slides	(Nunc,	Naperville,	IL)	were	adhered	over	the	surface	of	

the	arrays	with	cured	polydimethyl	siloxane	(PDMS).	Both	1000	µL	(4-well)	and	500	µL	(8-

well)	capacity	chambers	were	used	in	conjunction	with	the	arrays	with	the	larger	chambers	

containing	around	1550	individual	pallets	and	the	smaller	containing	775.	Both	slide	

configurations	were	equally	effective	for	cell	culture	and	selected	based	on	the	number	of	

conditions	being	tested.	After	the	chambers	were	adhered,	the	completed	magnetic	

micropallet	arrays	were	sterilized	with	70%	ethanol	and	kept	in	a	sterile	environment	until	

use.	

A	final	step	involving	the	formation	of	liquid	walls	between	pallets	for	better	cell	

sequestering	was	included	just	before	cell	seeding.	Fluorinert	FC43	(3M,	Saint	Paul,	MN),	a	

fluorinated	liquid	with	a	liquid	density	of	1860	kg/m3	was	used	to	form	barriers	in	

between	individual	pallets,	preventing	loss	of	cells	during	seeding.	To	form	the	liquid	walls	

during	cell	seeding	in	8	well	Lab-tek	chambers,	a	0.5	µL	drop	of	FC43	was	placed	in	the	
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middle	of	each	culture	well	and	given	5	seconds	to	spread	through	the	pallet	gaps.	A	

volume	of	500	µL	fresh	culture	media	was	then	immediately	added	gently	to	the	wells	in	

order	to	prevent	evaporation	of	the	volatile	FC43	and	the	arrays	were	allowed	to	settle	for	

5	minutes	before	the	addition	of	the	desired	number	of	cells.	The	high	density	of	the	FC43	

effectively	forced	the	liquid	to	the	bottoms	of	the	wells	when	mixed	with	the	less	dense	

culture	media,	forming	barriers	between	each	pallet.	

Fibronectin	extracellular	matrix	coating	and	detection	on	ferro-core	

micropallet	arrays.	To	facilitate	cellular	adhesion,	the	ferro-core	micropallets	were	coated	

with	huFN,	as	previously	reported	(17).	Briefly,	huFN	was	diluted	to	20	μg/mL	in	sterile	

ddH20	and	applied	to	the	LabTek	chamber	wells	demarcating	the	ferro-core	micropallet	

arrays	for	1	hour	at	room	temperature,	and	then	washed	with	sterile	ddH20	to	remove	non-

adhered	huFN.	The	arrays	were	then	exchanged	into	70%	ethanol	to	remove	excess	huFN.	

The	resulting	huFN	coated	ferro-core	micropallet	array	was	allowed	to	dry	in	a	sterile	

environment	at	room	temperature	for	at	least	24	hours	before	use.	

HuFN	coatings	were	detected	as	previously	reported	(17).	Briefly,	huFN	coated	

ferro-core	micropallet	arrays	were	blocked	with	3%	BSA	to	minimize	nonspecific	antibody	

staining.	The	arrays	were	then	interrogated	with	anti-fibronectin	rabbit	antibody	at	0.1	

μg/mL.	The	fibronectin	antibody	was	detected	by	staining	the	samples	with	0.4	μg/mL	goat	

anti-rabbit	IgG	antibody	conjugated	to	horseradish	peroxidase.	Colorimetric	detection	was	

visualized	using	TrueBlue	Substrate	and	was	allowed	to	develop	for	30	minutes.	The	ferro-

core	micropallet	arrays	were	rinsed	with	sterile	ddH20	to	halt	the	color	development	and	

immediately	imaged	using	a	Nikon	phase	contrast	microscope.	
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JSRV	ENV-FLAG	and	H2b-mCherry	expression	plasmid	preparation.	JSRV	ENV-

FLAG	expression	plasmid	was	transformed	into	chemically	competent	E.	coli	DH5α	for	

propagation	of	the	plasmid	using	established	protocols.	Briefly,	10	ng	of	JSRV	ENV-FLAG	

was	added	to	50	μL	of	chemically	competent	E.	coli	DH5α	in	transformation	tubes	(Falcon	

#2054,	BD	Biosciences,	San	Jose,	CA)	using	the	standard	heat	shock	transfection	procedure	

with	100	μL	of	the	transformed	cell	mixture	directly	added	to	LB	agar	plates	supplemented	

with	100	μg/mL	amplicillin	for	selection	of	transformants.	

Plasmid	DNA	from	overnight	cultures,	derived	from	a	single	transfected	bacterial	

colony,	was	isolated	using	a	Qiafilter	midiprep	plasmid	purification	kit	(Qiagen,	Valencia,	

CA)	according	to	manufacturer’s	instructions	and	quantified	using	a	nanodrop	ND-1000	

spectrophotometer	(ThermoScientific,	Waltham,	MA).	The	JSRV-ENV-FLAG	sequence	

containing	plasmid	DNA	was	confirmed	using	restriction	enzyme	(NcoI,	2.1	and	4.1Kb	

bands)	digestions	visualized	via	standard	DNA	agarose	gel	electrophoresis	using	

appropriate	size	control	ladders.	

Similarly,	H2b-mCherry,	a	gift	from	Robert	Benezra	(Addgene	plasmid	#20972)	(28)	

was	transformed	into	E.	coli	DH5α,	selected	under	100	μg/mL	ampicillin	selective	pressure,	

isolated,	grown,	and	processed	in	standard	fashion,	again	using	a	Qiafilter	midiprep	

plasmid	purification	kit.	Purified	plasmid	DNA	was	quantified	using	a	nanodrop	ND-1000	

spectrophotometer.	The	H2b-mCherry	sequence	was	confirmed	using	restriction	enzyme	

digestions	(AatII,	5.78,	0.37,	0.19,	0.08,	and	0.05Kb;	XbaI,	6.48	Kb)	and	gel	electrophoresis.	

The	purified	H2b-mCherry	and	JSRV-ENV-FLAG	plasmid	DNA	with	confirmed	sequences	

were	stored	at	-20°C	until	use	for	Rat	208F	cell	transfections.		
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Cell	culture	and	stable	cell	transfection.	NIH/3T3	and	Rat	208f	fibroblasts	used	

for	transfection	were	described	previously	(23)	and	cultured	per	ATCC	recommendations.		

Two	NIH/3T3	stable	transfected	cultures	were	utilized	for	ferro-core	colony	micropallet	

array	studies.	NIH/3T3	cells	productively	infected	with	two-cloned	murine	leukemia	

viruses	FrKP	(29)	or	Akv	(30).	These	cells	were	referred	to	as	FrKP	and	N-Akv	respectively.	

These	cells	were	transfected	by	calcium	phosphate	precipitation	(CalPhos)	according	to	the	

manufacturer’s	instructions,	with	an	expression	plasmid	for	Moloney	murine	leukemia	

virus	(M-MLV)	glycosylated	gag,	p8065-2*.	This	plasmid	was	a	modified	version	of	

previously	described	plasmid	p8065-2	(31)	by	a	sense	mutation	of	an	internal	AUG	codon.	

Both	NIH/3T3	FrKP	and	N-Akv	transfected	cell	cultures	were	grown	under	25	μg/mL	

zeocin	for	selective	pressure.	The	cultures	were	trypsinized	and	seeded	onto	ferro-core	

micropallets	as	single	cell	suspensions	for	isolation.	

To	transfect	Rat	208F	cells	with	either	H2b-mCherry	or	JSRV-ENV,	100,000	

cells/well	were	seeded	in	a	6-well	dish	in	standard	media	(2	mL/well).	Plasmid	DNA	

transfection	was	achieved	using	Fugene6	(Promega,	Madison,	WI)	and	utilized	according	to	

manufacturer’s	instructions.	Briefly,	200	μL	of	OptiMEM	media	(Lifetechnologies,	Carlsbad,	

CA)	was	mixed	with	16	μL	of	Fugene6	reagent	in	a	sterile	eppendorf	tube	and	incubated	at	

room	temperature	for	5	minutes.	A	total	of	4	μg	of	JSRV	ENV-FLAG	or	2.5	μg	of	H2b-

mCherry	plasmid	DNA	was	mixed	into	the	mixture	of	Fugene6	OptiMEM	media	and	

incubated	for	15	minutes	at	room	temperature	before	being	transferred	to	the	appropriate	

well	of	a	cell	culture	6-well	dish.	The	cell	culture	media	was	exchanged	after	24	hours	post-

transfection	to	remove	any	remaining	transfection	reagents	and	was	replaced	with	cell	

culture	media	containing	penicillin	and	streptomycin.	Forty-eight	hours	post-transfection,	
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600	μg/mL	G418	antibiotic	was	supplemented	into	the	cell	culture	media	of	R208F	cells	

transfected	with	H2b-mCherry	for	positive	selection.	R208F	cells	transfected	with	JSRV-

ENV-FLAG	did	not	require	antibiotic	selection.	

Identification	of	R208F	cells	transfected	with	H2b-mCherry	were	determined	by	

fluorescent	confocal	microscopy	and	flow	cytometry	for	mCherry	detection	within	the	cell	

nucleus.	Evidence	of	positive	JSRV-ENV-FLAG	transfection	was	determined	using	flow	

cytometry	and	fluorescent	confocal	microscopy	detecting	immunofluorescent	staining	of	

the	encoded	FLAG	tag,	but	were	also	distinguished	by	their	morphological	signs	of	

oncogenic	transformation.	

Determining	expression	patterns	of	transfected	cell	cultures	using	flow	

cytometry.	R208F	H2b-mCherry	cells	were	released	from	their	culture	dishes	by	

incubation	with	0.25%	Trypsin	and	0.1%	EDTA	solution	in	1X	PBS,	pH	7.4,	washed	with	cell	

culture	media	and	collected	by	centrifugation	at	228xg	at	room	temperature	for	5	minutes.	

The	cells	were	then	resuspended	in	cell	culture	media	and	counted	on	a	hemacytometer	

using	Trypan	Blue	exclusion	for	the	identification	of	dead	cells.	Rat	208f	cells	transfected	

with	H2b-mCherry	were	identified	using	a	BD	LSRII	Flow	Cytometer	with	561	nm	laser	

excitation	and	appropriate	mCherry	detection	channel	(610	nm/20	bandpass	filter).	

R208f	cells	transfected	with	JSRV	ENV-FLAG	were	collected	using	0.25%	Trypsin	and	0.1%	

EDTA	solution,	washed,	and	resuspended	in	prewarmed	culture	media	as	described	above.	

An	equal	volume	of	4%	paraformaldehyde	solution	was	then	added	to	the	sample	to	fix	the	

cells	for	20	minutes.	Samples	were	then	washed	twice	with	1X	permeabilization	buffer	

(Biolegend,	La	Jolla,	CA).	The	cell	samples	were	maintained	in	1X	permeabilization	buffer	

and	at	room	temperature	for	the	remainder	of	the	staining	protocol	to	maintain	the	
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permeabilization	of	the	cell	membranes.	The	JSRV	ENV-FLAG	fixed	and	permeabilized	

samples	were	then	stained	with	anti-FLAG	mouse	monoclonal	antibody	or	Mouse	IgG1,	K	

isotype	control	antibody	at	0.24	μg/mL	for	30	minutes	and	washed	twice.	FITC	labeled	goat	

anti-mouse	IgG	(H+L)	secondary	antibody	(Jackson	Immunoresearch,	West	Grove,	PA)	was	

then	applied	to	the	samples	at	13.0	μg/mL	for	30	minutes	at	room	temperature	then	

washed	twice	with	1X	permeabilization	buffer	and	immediately	analyzed	using	a	BD	LSRII	

Flow	Cytometer	with	488nm	excitation	and	appropriate	FITC	detection	channel	(525	

nm/50	bandpass	filter).		

When	analyzing	mixtures	of	R208F	H2b-mCherry	and	JSRV	ENV-FLAG	cells,	cell	

mixtures	were	prepared	as	described	above	to	detect	the	FLAG	tag	using	intracellular	

immunofluorescent	staining.	Acquiring	fluorescence	data	of	both	FITC	and	mCherry,	did	

not	require	compensation	on	the	BD	LSRII.		For	all	flow	cytometry	experiments,	a	total	of	

50,000	single	cell	events	per	sample	were	collected	for	analysis	via	a	sequential	gating	

scheme:	Events	collected	for	analysis	were	first	gated	by	FSC-A	vs.	SSC-A	to	remove	debris	

at	the	origin,	then	single	cell	events	were	gated	by	FSC-A	vs.	FSC-H.	Data	analysis	was	

performed	using	FlowJo	software	version	10.1	(TreeStar,	Ashland,	OR).	

Detection	of	transfected	R208f	cells	using	fluorescent	confocal	microscopy.	

R208F	cell	transfections	with	either	H2b-mCherry	or	JSRV	ENV-FLAG	were	performed	as	

described	above	and	analyzed	either	on	the	micropallets	or	within	cell	culture	dishes	using	

fluorescent	confocal	microscopy	(Zeiss	LSM780).		

R208F	cells	transfected	with	H2b-mCherry	were	visualized	using	a	561	nm	laser	

(6%	power)	for	excitation	and	with	an	appropriate	detection	channel	configuration	for	

mCherry	emission	spectra	spanning	590-640	nm.	Phase	contrast	of	the	cells	was	also	
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recorded.	The	same	settings	were	utilized	for	all	fluorescent	confocal	microscopy	

experiments	when	detecting	mCherry	positive	R208F	cell	colonies.		

For	detection	of	transfected	R208F	cells	expressing	JSRV	ENV-FLAG,	intracellular	

immunofluorescent	staining	directed	towards	the	FLAG	tag	was	utilized	in	the	same	

manner	as	when	preparing	cells	for	flow	cytometry,	with	the	exception	that	the	cells	were	

fixed	while	adhered	to	the	cell	culture	dishes.	Sytox	Red	DNA	stain	was	also	added	to	

samples	at	5nM	concentration	to	stain	the	nuclei	of	all	the	fixed	and	permeabilized	cells.	

The	Sytox	Red	DNA	stain	was	excited	using	the	633	nm	excitation	laser	line	and	detected	

using	a	630-690	nm	detection	channel	on	the	Zeiss	LSM780	confocal	microscope.	Phase	

contrast	was	also	recorded.		

Cell	colony	ferro-core	micropallet	array	seeding,	culturing,	laser-release	and	

magnetic	collection.	All	cell	types	were	prepared	in	the	same	manner	for	seeding	to	the	

ferro-core	micropallet	arrays.	Cell	cultures	were	maintained	with	10%	CO2	at	37˚C.	To	

remove	the	cells	from	their	flasks,	the	culture	media	was	removed	and	the	cells	were	

washed	one	time	with	1x	phosphate	buffered	saline	(PBS)	and	then	trypsin-EDTA	solution	

(0.25%	trypsin;	1	mM	EDTA)	was	added	for	four	minutes.	The	cells	were	then	collected	as	

single	cell	suspensions	and	counted	manually	using	a	hemacytometer	(Reichert,	Buffalo,	

NY).	To	best	achieve	single	cell	sequestering	to	individual	pallets,	the	total	number	of	cells	

placed	in	a	single	Labtek	well	was	equal	to	one	third	the	total	number	of	pallets	contained	

within	a	single	well	as	defined	by	a	random	Poisson	distribution.	For	example,	8-well	

chambers	housing	around	770	individual	pallets	were	filled	with	250	cells	while	the	4-well	

chambers	were	filled	with	500	total	cells.	Before	seeding	any	cells,	liquid	barriers	were	

formed	as	described	earlier	in	this	paper.		
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Cells	that	were	seeded	onto	the	arrays	were	grown	for	seven	days	with	media	

exchanges	at	72	hours	and	144	hours.	On	the	seventh	day	of	growth,	most	cell	types	formed	

colonies	that	covered	the	entirety	of	the	pallet	surfaces	without	exhibiting	confluence.	

Extended	length	of	culture	had	the	potential	for	cell	growth	expanding	across	to	adjacent	

pallets.	The	arrays	were	observed	with	a	Zeiss	LSM	780	confocal	microscope	with	a	paired	

two-photon	laser	system	(Mai	Tai,	Spectra-Physics).	Colonies	of	interest	were	specified	as	

those	that	were	exhibiting	the	desired	features	defined	for	the	specific	plated	cell	type.	

Once	a	desired	colony	was	located,	the	pallet	bearing	the	colony	was	ejected	using	the	two	

photon	laser	as	previously	described	(19).	Once	released,	the	magnetic	micropallets	were	

collected	with	a	probe	with	a	removable	magnet	in	a	similar	manner	previously	described	

(1)	and	transferred	to	a	multi-well	culture	dish	prepared	with	50%	fresh	and	50%	

conditioned	culture	media	for	further	growth.	
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APPENDIX	E	

TUMOR	BIOPSY	MICROFLUIDIC	DISSOCIATION	DEVICE	

E.1	Introduction	

	 Sample	processing	has	been	a	major	focus	area	in	the	microfluidics	field,	specifically	

for	on-chip	purification,	sorting,	and	analysis	(32,	33).	However,	little	attention	has	been	

given	to	processing	tissues.	To	advance	mechanical	dissociation	of	solid	tumor	tissue,	we	

have	developed	a	novel	microfluidic	device	with	a	branching	channel	array	that	spans	2mm	

to	125μms	(Figure	E.1A-C).	The	channels	also	have	constrictions	to	generate	hydrodynamic	

fluid	jets.	The	combination	of	decreasing	channel	size	and	increasing	shear	from	the	fluidic	

jets	is	intended	to	gradually	break	down	tissue	fragments	and	aggregates	to	release	single	

cells.	The	flow-through	format	also	enables	rapid	processing	and	could	facilitate	direct	

connection	to	downstream	operations	such	as	purification/sorting,	physical	analysis,	

and/or	probe	detection	to	achieve	integrated	tumor	analysis	platforms.	Using	cultured	

tumor	spheroids,	we	have	shown	that	our	microfluidic	dissociation	device	can	both	

significantly	decrease,	and	possibly	eliminate,	the	required	exposure	to	enzymatic	

digestion,	while	maintaining	viability,	and	improve	throughput	by	decreasing	the	handling	

time	of	the	tissue	sample	(Figure	E.1D).	Indeed,	efficient	dissociation	can	be	obtained	in	

<10	minutes	total	processing	time,	including	under	enzyme	free	conditions.	Recently	we	

have	begun	testing	fresh	tumor	tissue.			



	 200	 	

	
E.2	Design	and	Fabrication	of	Tumor	Biopsy	Dissociation	Device	

	 The	microfluidic	dissociation	device	prototype	has	5	total	stages	that	are	each	

1.25cm	long	by	300μm	high,	and	have	cross	sections	that	expand	and	constrict	to	modulate	

the	flow	profile.	The	first	stage	is	a	single	channel	with	a	minimum	cross-section	of	2mm,	

and	for	each	subsequent	stage	the	number	of	channels	double	and	the	cross-section	

decreases	by	half	to	keep	total	area	constant.	Thus,	the	final	stage	has	16	channels	with	a	

minimum	channel	width	of	125μm.	The	device	consists	of	7	layers	as	shown	in	Figure	E.2.		

	
	 ALine,	Inc.	is	currently	fabricating	all	devices.	The	commercial	microfabrication	

process	offered	by	ALine	involves	combining	layers	of	stiff	plastic,	acrylic	sheets	of	

Figure	E.1	Microfluidic	dissociation	device.	(A)	Schematic	of	the	branching	channel	design	
containing	alternating	constriction	and	expansion	regions.	(B)	Side	view	showing	the	7-layers	(3	
channel,	2	via,	and	2	end	caps.)	Features	are	etched	into	plastic	using	a	laser.	(C)	Picture	of	a	
fabricated	microfluidic	device.	Fluidic	jets	decrease	in	size	scale	and	increase	in	shear	magnitude	
with	each	stage.	(D)	Device	dissociation	result	for	HCT-116	spheroids	when	used	alone	or	after	
brief	(5	min)	trypsin	or	EDTA	treatments.	

Figure	E.2	Dissociation	device	fluid	dynamics.	Finite-element	fluid	dynamic	simulations	showing	
velocity	profiles	in	each	stage	of	the	device.	Fluidic	jets	decrease	in	size	scale	and	increase	in	shear	
magnitude	with	each	stage.		



	 201	 	

polyethylene	terephthalate	(PET),	which	have	been	separately	patterned	out	and	cut	with	a	

laser.	The	layers	are	then	aligned	and	fused	using	adhesive	and	pressure	lamination.	We	

have	chosen	this	approach	because	it	readily	allows	for	the	integration	of	all	proposed	

components	on	a	single	plastic	chip,	and	the	chip	made	by	lamination	fabrication	is	strong	

enough	to	withstand	the	high	flow	rates	needed	for	tissue	dissociation.	These	microfluidic	

devices	are	made	capable	of	handling	larger	liquid	volumes	to	meet	demands	required	for	

processing	milliliters	of	fluid	in	minutes.		

E.3	Device	Dissociation	of	Tumor	Biopsies	

	 We	have	accrued	and	tested	human	breast	(n=4),	prostate	(n=3),	pancreatic	(n=1),	

colon	(n=1),	liver	(n=1),	brain	(n=1),	and	ovarian	(n=1)	tumor	tissue	specimens	using	the	

microfluidic	device.	Tumor	specimens	were	collected	from	the	Bio-Repository	from	the	

Experimental	Tissue	Resource	of	University	of	California,	at	Irvine.	Tumor	specimens	were	

transported	from	the	UCIrvine	Medical	Center	to	the	main	campus	on	ice.	The	tumor	biopsy	

was	then	minced	using	a	sterile	disposable	11-blade	scalpel	to	fine	1mm3	sections.	The	

minced	pieces	were	equally	divided	into	individual	samples	for	evaluating	several	

dissociation	conditions.	Device	dissociated	samples	were	loaded	into	a	20mL	syringe.	

Samples	were	then	passed	through	the	device	in	1X	PBS,	pH	7.4	+	5%	BSA	at	12.5mL/min	

flow	rate.	To	increase	dissociation	efficiency,	some	samples	were	repositioned	for	multiple	

device	passes.	All	spheroid	samples	were	pre-treated	with	

Collagenase/Hyaluronidase/DNase	before	device	dissociation	at	varying	incubation	

intervals	at	37°C	shaking	at	200RPM	for	characterization.	Enzyme	only	dissociation	

controls	omitting	the	use	of	the	device	were	used	as	a	comparison.	After	reaching	the	

desired	dissociation	time	by	monitoring	cell	viability	through	Trypan	Blue	exclusion,	the	



	 202	 	

control	sample	was	strained	through	a	40μm	nylon	cell	strainer.	We	then	assessed	the	

dissociated	samples	to	characterize	the	single	cell	yield,	and	viability	of	each	single	cell	

suspension	using	propidium	iodide	exclusion	observed	via	flow	cytometry.		

	 We	have	detected	improvement	in	cell	numbers	in	the	range	of	3	to	10-fold	for	most	

samples,	and	as	high	as	40-fold,	with	the	microfluidic	device	(Figure	E.3).	Shorter	digestion	

(15	minutes)	followed	by	device	treatment	liberated	similar	or	even	higher	cell	numbers	

than	fully	enzymatically	digested	controls	without	device.	The	device	did	not	significantly	

augment	recovery	of	cells	from	extremely	soft	brain,	colon,	and	ovarian	tumors.	These	

samples	may	have	been	more	easily	digested,	or	that	stronger	mechanical	forces	are	

required	because	more	energy	is	absorbed	viscoelastically.	Device	processing	also	did	not	

affect	cell	viability	(Figure	E.3).		
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E.4	Spheroid	Models	for	Optimizing	Device		

	 To	aid	in	the	further	development	of	the	dissociation	device,	human	colon	cancer	

cell	line	HCT-116	was	selected	for	initial	testing	because	of	its	ability	to	form	monolayers	in	

standard	culture	and	spheroids	when	suspended.	Tumor	spheroids	exhibit	three-

dimensional	structure	that	more	closely	resembles	solid	tumors	and	were	used	as	a	more	

advanced	in	vitro	model	for	initial	studies.	HCT-116	cells	were	cultured	in	DMEM	

containing	10%	FBS	and	passaged	using	Trypsin-EDTA.	Spheroids	were	obtained	using	the	

hanging	drop	method.	Briefly,	20μL	of	media	containing	500	cells	were	pipetted	as	droplets	

in	a	sterilized	petri	dish	lid,	and	were	cultured	inverted	over	the	matching	bottom	half	of	

the	petri	dish,	containing	5mL	of	1X	PBS,	pH	7.4	to	maintain	humidity.	Spheroids	were	

cultured	for	several	days	until	approximately	300μm	in	diameter.		

Figure	E.3	Preliminary	results	of	device	dissociation	for	human	tumor	tissue.	(A)	Total	cell	recovery	
using	a	Moxi	cell	counter.	(B)	Viability	using	flow	cytometry	and	a	live/dead	cell	indicator	(Propidium	
Iodide).	(C)	Percentage	of	single	cells	to	total	events	from	flow	cytometry	data	FSC-H	vs.	FSC-A.	
Missing	conditions	were	not	tested	due	to	insufficient	amount	of	tumor	tissues.		
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E.5	Determining	Cell	Integrity	After	Device	Dissociation	of	Spheroids	

	 After	acquiring	and	analyzing	the	set	of	tumor	dissociation	data	above,	it	was	noted	

that	we	were	lacking	markers	to	characterize	the	cellularity	of	the	sample.	In	particular,	it	

was	difficult	to	assess	the	percentages	of	single	cell,	small	cell	clusters	and	aggregates	

because	of	the	cell	heterogeneity	of	the	tumor	samples.		

	 We	have	incorporated	the	utility	of	a	multicolor	panel	to	be	used	as	a	diagnostic	to	

evaluate	the	effect	of	device	dissociation	on	the	tumor	samples.	A	lipophilic	stain,	DiO,	will	

partition	directly	into	the	membrane	of	cellular	material,	and	is	used	to	differentiate	single	

cells	from	cellular	fragments	and	cellular	debris	by	their	DiO	and	FSC	vs.	SSC	staining	

patterns.	Cell	subset	markers	ESA,	CD31,	and	CD45	will	be	used	to	discriminate	epithelial	

(ESA+)	cells	from	the	endothelial	(CD31+)	and	leukocyte	(CD45+)	cell	lineages.	Lastly,	

7AAD,	a	viability	stain,	will	be	used	in	the	panel	to	discriminate	between	live	and	dead	cells	

(Table	E.1).	

	

	 We	have	tested	a	simplified	diagnostic	panel	using	DiO,	the	lipophilic	stain,	and	

Sytox	Red,	a	cell-impermeant	dead	cell	indicator.	HCT-116	spheroids	grown	using	the	

hanging	drop	method	as	previously	described	were	dissociated	using	the	device	and	

analyzed	with	the	diagnostic	panel	for	analysis.	Tumor	spheroid	dissociation	experiments	

were	conducted	by	passing	12	or	more	pooled	spheroids,	pre-treated	with	Trypsin,	

Table	E.1	Detection	panel	and	positive	cells	for	dissociation	efficiency	studies.		
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through	the	device	as	described	previously	with	tumor	biopsies.	Trypsinized-dissociated	

spheroids	were	also	dissociated	as	described	previously	for	controls.	Dissociated	samples	

were	stained	with	20	μg/mL	DiO	for	45	minutes	at	37°C	before	the	addition	of	Sytox	Red	at	

5nM	final	concentration.	Samples	were	analyzed	using	a	BD	Accuri	and	BD	FACS	Aria	for	

sorting	the	cell	subsets.	

	 We	were	able	to	resolve	5	distinct	subpopulations	that	comprise	the	dissociated	cell	

sample	by	FSC	vs.	SSC	via	flow	cytometry;	Namely,	live	cells,	dead	cells,	cellular	fragments,	

cellular	debris,	and	non-cellular	debris	(Figure	E.4).	Intact	cells	were	resolved	from	the	

fragment	and	debris	gate	by	FSC	vs.	SSC.		Cellular	fragments	were	detected	from	the	debris	

gate	by	their	expression	of	DiO	and	larger	FSC	Cellular	vs.	non-cellular	debris	was	

visualized	within	the	remaining	debris	gate	by	their	expression	or	lack	of	DiO.	

The	proportion	of	single	cells	extracted	from	the	spheroids	appear	to	be	enhanced	using	

device	dissociation,	but	at	the	expense	of	generating	more	cellular	debris	and	fragments.		

	

Figure	E.4	Dissociation	diagnostic	panel.	HCT-116	tumor	spheroids	were	prepared	and	dissociated	
with	collagenase,	hyaluoronidase,	and	DNase	with	use	of	the	microfluidic	device.	(A,	B)	Cells	and	
debris	were	distinguished	based	on	scattering,	membrane	stain	(DiO),	and	a	dead	cell	indicator	
(Sytox	Red).	(C),	Different	subset	populations	are	quantified	for	various	treatment	conditions.	
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	 To	confirm	the	appropriate	nomenclature	of	the	foresaid	subpopulations,	HCT-116	

dissociated	spheroids	stained	with	the	DiO	and	Sytox	Red	diagnostic	panel	were	FACSed	to	

sort	by	subpopulation	(live	cells,	dead	cells,	cellular	fragments,	cellular	debris,	and	non-

cellular	debris),	attached	to	microscope	slides	using	a	cytospin,	and	imaged	using	confocal	

microscopy	to	visually	confirm	the	subpopulations	using	a	Leica	Sp8	(Figure	E.5).	As	

anticipated,	these	FACSed	subpopulations	revealed	morphology	consistent	with	their	

respective	subpopulation	(Figure	E.6).	Thus,	DiO	and	Sytox	Red	staining	patterns	can	be	

used	as	a	diagnostic	for	cell	samples	passaged	through	the	dissociation	device	to	optimize	

channel	designs	and	device	schematics.		
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Figure	E.5	Defining	a	gating	strategy	for	distinguishing	subsets	of	dissociated	sample.	HCT-116	tumor	
spheroids	were	prepared	and	dissociated	with	collagenase,	hyaluoronidase,	and	DNase.	The	
dissociated	samples	were	then	interrogated	with	a	lipid	membrane	dye	DiO,	and	a	dead	cell	
indicator,	sytox	red.	Samples	were	analyzed	using	a	BD	FACS	Aria.	This	unsorted	dissociated	sample	
was	then	cytospinned	onto	glass	slides	and	imaged	using	fluorescent	confocal	microscopy	(A)	
Fluorescent	confocal	microscopy	images	taken	using	a	Leica	Sp8	depicting	the	FACSed	unsorted	
sample	of	dissociated	HCT-116	spheroids.	Panel	is	depicting	the	overlay,	phase	contrast,	sytox	red,	
and	DiO	channels	respectively.	(B)	Flow	cytometry	graphs	generated	using	a	BD	FACS	Aria	reveal	the	
gating	strategy	used	to	acquire	the	FACSed	subsets.	The	left	image	depicts	FSC	SSC	plot	with	cellular	
and	debris	gates,	and	the	middle	image	represents	the	Propidium	Iodide	vs.	DiO	staining	patterns	of	
the	sample	within	the	cellular	FSC	SSC	gate.	The	right	image	represents	the	debris	subset.	The	
colored	panels	depicting	the	FACSed	subset	samples,	cellular	subset	(cell	gate	within	FSC	SSC,	DiO+	
subset,	red),	cellular	fragments	(debris	gate	within	FSC	SSC,	DiO+,	green),	cellular	debris	(debris	gate	
within	FSC	SSC,	DiO+.	gray),	and	non-cellular	debris	(debris	gate	within	FSC	SSC,	DiO-,	purple).		

A

B
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E.6	Development	of	Marker	Panels	to	Identify	Tumor	Cellular	Subsets	

	 Beyond	performing	diagnostics	of	the	device	metrics	on	tumor	biopsy	dissociation,	

we	were	also	interested	in	detecting	the	proportions	of	distinct	cell	populations	of	

augmented	cell	suspensions	obtained	using	optimized	device	conditions.	These	cellular	

subsets	were	chosen	based	on	a	combination	of	clinical	relevance	and	the	possibility	for	

fractional	yields	to	change	with	more	efficient	mechanical	dissociation	(i.e.	endothelial	cells	

from	tumor	associated	blood	vessels).	There	is	no	single	surface	molecule	that	

unambiguously	identifies	cancer	stem	cell	(CSCs)	across	different	tumor	types.	However,	

panels	of	several	surface	molecules	and	increased	aldehyde	dehydrogenase-1	(ALDH-1)	

expression	have	proven	useful	as	a	general	identifier	of	putative	CSCs	(34,	35).	Specifically,	

ALDH-1	activity	has	been	connected	to	CSCs	in	breast	(36-39),	prostate	(40-42),	and	

Figure	E.6	Cellular,	cellular	fragments,	and	debris	subset	staining	patterns	using	the	diagnostic	DiO	+	
Sytox	Red	panel.	HCT-116	tumor	spheroids	were	prepared	and	dissociated	with	collagenase,	
hyaluoronidase,	and	DNase.	The	dissociated	samples	were	then	interrogated	with	a	lipid	membrane	
dye	DiO,	and	a	dead	cell	indicator,	sytox	red.	Samples	were	analyzed	and	sorted	using	a	BD	FACS	Aria	
for	cellular,	cellular	fragments	and	debris.	The	sorted	subsets	were	then	cytospinned	onto	glass	slides	
and	imaged	using	a	Leica	Sp8	fluorescent	confocal	microscope.	Images	depict	the	overlay	of	
fluorescent	channels	and	phase	contrast,	as	well	as	individual	phase	contrast,	sytox	red,	and	DiO	
channels	respectively	for	each	sorted	subset;	(A)	the	cellular	subset,	(B)	cellular	fragments,	and	(C)	
debris	both	non-cellular	and	cellular.	

B. C. A. Cellular Subset Cellular Fragments Debris
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pancreatic	tumors	(43,	44),	amongst	others.	ALDH-1	activity	will	be	assessed	using	the	

fluorescent	substrate	ALDEFLUOR	(BODIPY-aminoacetaldehyde,	StemcellTechnologies,	

Vancouver,	CA),	which	passively	diffuses	into	cells	where	it	is	converted	by	ALDH-1	to	a	

negatively	charged,	non-diffusible	form	causing	intracellular	accumulation.	Additionally,	

antibodies	specific	for	cell	surface	markers	will	be	used	to	further	discriminate	CSCs	(CD24,	

CD49f,	or	CD184)	(45-47),	as	well	as	identify	bulk	epithelial	tumor	(ESA),	endothelial	

(CD31),	and	hematologic	(CD45)	cell	subsets.	Endothelial	progenitor	cells	will	express	both	

CD31	and	ALDH-1	(48).	Lastly,	ploidy	will	be	assessed	to	further	aid	in	identification	of	

tumor	cells	using	Nuclear-ID	Red	(Enzo	LifeSciences),	a	membrane	permeable	DNA	stain	

that	intercalates	at	a	unique	location	relative	to	7-AAD,	and	does	not	cross-react	with	RNA.	

Markers	selected	for	this	identification	of	tumor	cell	subsets	are	summarized	in	Table	E.2,	

and	expected	patterns	are	shown	in	Table	E.3.		

	

As	a	proof	of	concept	for	our	ability	to	identify	the	cellular	subsets	of	interest,	we	

have	tested	the	use	of	ALDEFLUOR	to	identify	CSCs	and	progenitor	cells	using	cell	lines,	

SKBR-3	and	HUVECs.	Anti-CD31-PE	was	used	to	label	HUVECs.	We	have	achieved	

satisfactory	results	by	treating	cells	for	45	minutes	at	37°C	in	ALDEFLUOR	assay	buffer	

Table	E.2	Detection	panel	and	positive	cells	for	
validation	studies.	Markers	specific	for	breast,	
pancreatic,	and	prostate	tumors	shown	in	blue,	
red,	and	green,	respectively. 

Table	E.3	Expression	patterns	for	all	cell	
subpopulations	of	interest.	Markers	specific	for	
breast,	pancreatic,	and	prostate	tumors	are	shown	in	
blue,	red,	and	green,	respectively. 
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diluted	3:1	in	1X	PBS,	pH	7.4.	Both	SKBR-3	and	HUVECs	have	slight	ALDH-1	positivity	using	

the	ALDEFLUOR	assay	(Figure	E.7).		

	 It	is	expected	and	observed	that	tumor	cell	line	and	primary	cells	have	small	

numbers	of	CSC	or	progenitor	cells	present.	For	proof	of	principle,	we	may	need	to	find	a	

cell	type	or	cell	line	with	stronger	ALDH-1	expression,	e.g.	embryonic	of	hematopoietic	

stem	cells.		

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	E.7	ALDH-1	detection	proof	of	principle.	(A)	SKBR3	cells	and	HUVECs	were	stained	with	
ALDEFLUOR	and	anti-CD31	antibody.	(B)	Controls	with	DEAB	inhibitor	and	matching	isotype	
antibody. 
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