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ABSTRACT:	Improvements	in	single-cell	protein	analysis	are	required	to	study	the	cell-to-cell	variation	inherent	to	diseases,	
including	cancer.	Single-cell	immunoblotting	(scIB)	offers	proteoform	detection	specificity,	but	often	relies	on	fluorescence-
based	readout	and	is	therefore	limited	in	multiplexing	capability.	Among	rising	multiplexed	imaging	methods	is	multiplexed	
ion	beam	imaging	by	time	of	flight	(MIBI-TOF),	a	mass	spectrometry	imaging	technology.	MIBI-TOF	employs	metal-tagged	
antibodies	that	do	not	suffer	from	spectra	overlap	to	the	same	degree	as	fluorophore-tagged	antibodies.	We	report	for	the	
first-time	MIBI-TOF	of	single-cell	immunoblotting	(scIB-MIBI-TOF).	The	scIB	assay	subjects	single-cell	lysate	to	protein	im-
munoblotting	on	a	microscale	device	consisting	of	a	50-	to	75-µm	thick	hydrated	polyacrylamide	(PA)	gel	matrix	for	protein	
immobilization	prior	to	in-gel	immunoprobing.	We	confirm	antibody-protein	binding	in	the	PA	gel	with	indirect	fluorescence	
readout	of	metal-tagged	antibodies.	Since	MIBI-TOF	is	a	layer-by-layer	imaging	technique,	and	our	protein	target	is	immobi-
lized	within	a	3D	PA	gel	layer,	we	characterize	the	protein	distribution	throughout	the	PA	gel	depth	by	fluorescence	confocal	
microscopy	and	find	that	the	highest	signal-to-noise	ratio	is	achieved	by	imaging	the	entirety	of	the	PA	gel	depth.	Accordingly,	
we	report	the	required	MIBI-TOF	ion	dose	strength	needed	to	image	varying	PA	gel	depths.	Lastly,	by	imaging	~42%	of	PA	
gel	depth	with	MIBI-TOF,	we	detect	two	isoelectrically	separated	TurboGFP	(tGFP)	proteoforms	from	individual	glioblastoma	
cells,	demonstrating	that	highly	multiplexed	mass	spectrometry-based	readout	is	compatible	with	scIB.

Single-cell	analysis	tools	tease	apart	the	cell-to-cell	varia-
bility	driving	many	important	biological	processes,	such	as	
cancer	and	drug	resistance1.	Underlying	cellular	heteroge-
neity	 is	 differential	 protein	 expression	 in	 individual	 cells;	
this	 molecular	 heterogeneity	 includes	 differential	 pro-
teoform	 expression.	 Proteoforms	 are	 highly	 similar	 –	 yet	
chemically	distinct	–	proteins	originating	from	a	single	gene.	
Proteoforms	often	have	unique	functions2,3.	For	instance,	in	
breast	cancer	tumors	expressing	human	epidermal	growth	
factor	receptor	2	(HER2),	the	presence	of	truncated	HER2	
proteoforms	has	been	connected	to	a	decrease	in	the	effec-
tiveness	 of	 antibody	 therapy4.	 Moreover,	 despite	 the	 im-
portance	of	measuring	multiple	proteins	 from	single	 cells	
(i.e.,	 to	 interrogate	 molecular	 circuits5	 or	 categorize	 cell	
types6),	target	multiplexing	in	single-cell	protein	assays	re-
mains	a	major	challenge	in	analytical	chemistry5.		
Current	single-cell	proteomic	tools	lack	the	capability	to	

provide	both	proteoform	specificity	and	high	target	multi-
plexing.	Identification	of	proteoforms	with	conventional	im-
munoassays,	such	as	immunohistochemistry	(IHC)	and	flow	
cytometry,	 requires	proteoform-specific	 antibodies.	Given	
the	 diversity	 of	 proteoform	 species	 possible,	 proteoform-
specific	 antibodies	 are	 sometimes	 unavailable7.	 Further,	
each	new	target-specific	probe	requires	an	additional	detec-
tion	channel	in	what	is	usually	an	already	crowded	multi-
plexed	 antibody	 panel.	 Moreover,	 immunoassay	methods	
typically	rely	on	fluorescence	detection	as	a	readout,	which	
has	limited	multiplexing	ability	due	to	the	spectra	overlap	
of	 fluorophores8.	Mass	spectrometry	has	directly	detected	
>1000	protein	types	with	single-cell	resolution,	but	existing	

single-cell	mass	spectrometry	has	low	throughput1,	which	
makes	 identification	of	 rare	 cell	 types	difficult.	Moreover,	
current	 single-cell	 mass	 spectrometry	 utilizes	 a	 “bottom-
up”	approach,	and	proteoforms	are	often	not	distinguisha-
ble	 with	 bottom-up	 mass	 spectrometry	 due	 to	 measure-
ment	of	peptides,	not	intact	proteins2.	Thus,	an	unmet	need	
remains	for	a	single-cell	protein	analysis	tool	that	provides	
proteoform	specificity	and	is	amenable	to	multiplexed	pro-
tein-target	detection.	
MIBI-TOF	is	a	mass	spectrometry	imaging	technique	es-

pecially	designed	for	multiplexing	and	has	been	used	to	sim-
ultaneously	image	dozens	of	protein	targets	from	fixed	tis-
sue9.	For	MIBI-TOF,	the	sample	of	interest,	typically	a	tissue	
slice,	is	first	immunoprobed	with	metal-isotope-tagged	an-
tibodies	with	each	metal-isotope	providing	a	distinct	detec-
tion	channel	 for	 target	multiplexing.	Then,	MIBI-TOF	uses	
secondary	 ion	mass	 spectrometry	 (SIMS)	 to	 rasterize	 the	
sample	with	a	primary	ion	beam,	which	sputters	elements	
from	both	the	metal-tagged	antibodies	and	the	sample	to	a	
time-of-flight	 spectrometer,	 generating	 a	 high	 parameter	
image	comprised	of	 the	mass	spectrum	of	each	pixel.	Alt-
hough	powerful	in	terms	of	target	multiplexing	and	single-
cell	resolution,	MIBI-TOF	of	intact	tissue	slices	requires	pro-
teoform-specific	antibodies	for	proteoform	detection.	
scIB	provides	proteoform	specificity	by	 first	 separating	

proteins	 by	 size	 (single-cell	 western	 blot	 [scWB]10)	 or	
charge	(single-cell	isoelectric	focusing	[scIEF]11),	which	re-
laxes	 the	 requirement	 of	 proteoform-specific	 antibodies	
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since	 proteoforms	 are	 spatially	 separated	 prior	 to	 im-
munoprobing.	Multiplexing	 to	12	protein	 targets	 in	single	
cells	has	been	reported	in	scIB	by	using	an	antibody	strip-
ping	and	reprobing	approach	in	which	1-3	protein	targets	
are	imaged	at	a	time	with	immunofluorescence,	followed	by	
a	chemical	stripping	step,	and	the	strip	and	reprobe	process	
is	 cyclically	 repeated	 for	 additional	 targets12.	 However,	
there	is	a	~75%	drop	in	immunoprobed	signal	after	just	one	
round	of	stripping13.	Such	signal	losses	create	a	challenge	to	
target	multiplexing	that	requires	multiple	stripping	rounds,	
especially	for	the	detection	of	low	abundance	proteins.	The	
primary	mechanism	of	signal	decrease	during	stripping	and	
reprobing	 is	 loss	 of	~50%	of	 immobilized	protein	during	
the	first	round	of	stripping13;	therefore,	it	is	of	great	interest	
to	 eliminate	 the	 need	 for	 stripping	 altogether	 to	 achieve	
higher	multiplexing.	
To	 this	 end,	 here	 we	 introduce	 scIB	 with	 a	 MIBI-TOF	

readout.	 We	 report	 the	 characterization	 and	 validation	
steps	taken	towards	realizing	this	technology.	Since	metal-
tagging	increases	antibody	probe	size,	which	could	lead	to	
increased	size-exclusion	 from	the	PA	hydrogel	matrix,	we	
verify	that	metal-tagged	antibodies	can	bind	to	their	target	
in	a	scIB	assay.	Then,	we	characterize	the	depth	distribution	
of	signal	in	the	3D	hydrogel	matrix	used	by	scIB	assays	in	
order	to	determine	the	percentage	of	the	sample	depth	that	
should	be	imaged	with	MIBI-TOF,	since	physical	removal	of	
the	substrate	is	needed	for	detection.	In	SIMS,	the	number	
of	sputtered	ions,	and	therefore	thickness	of	the	sample	
that	is	rasterized	away,	is	related	to	the	ion	dose	deliv-
ered	to	the	sample	per	unit	area	(referred	to	as	ion	dose,	
hereafter)14.	Accordingly,	we	measure	the	gel	depth	raster-
ized	with	varying	ion	doses.	Finally,	we	image	isoelectrically	

focused	tGFP	proteoforms	from	single	cells	with	both	a	flu-
orescence	microarray	 scanner	 and	MIBI-TOF,	 utilizing	 an	
ion	 dose	 that	 rasterized	 approximately	 42%	 of	 the	 gel	
depth,	to	demonstrate	that	scIB	assays	are	compatible	with	
MIBI-TOF	detection.			

EXPERIMENTAL SECTION  
Chemicals/Reagents.	PA	gels	were	cast	on	silicon	wafers	

(WaferPro	C04009)	microfabricated	with	SU8	3050	photo-
resist	 (MicroChem	 Y311075)	 using	 custom	 in-house-de-
signed	masks	(CAD/ART	Services)	and	coated	with	dichlo-
rodimethylsilane	 (Sigma	 440272).	 An	 Ultrapure	Millipore	
filtration	 system	 provided	 deionized	water	 (18.2	MΩ).	 3-
(trimethoxysilyl)propyl	 methacrylate	 (Sigma	 440159),	
methanol	(VWR	BDH1135),	and	glacial	acetic	acid	(Fisher	
Scientific	A38S)	were	used	for	silanization	of	standard	glass	
slides	 (VWR	 48300-048).	 30%T	 29:1	 acrylamide/bis-
acrylamide	solution	 (Sigma	A3574),	1.5	M	pH	8.8	TrisHCl	
(TekNova	 T1588),	 N-[3-[(3-	 benzo-
ylphenyl)formamido]propyl]	 methacrylamide	 (BPMAC,	
custom	 synthesized	 by	 PharmAgra	 Laboratories),	 ammo-
nium	 persulfate	 (APS,	 Sigma	 A3678),	 and	 N,N,N′,N′-tetra-
methylethylenediamine	(TEMED,	Sigma	T9281)	were	used	
for	microwell	PA	gel	polymerization	used	in	both	scWB	and	
scIEF.	 scWB	 was	 conducted	 using	 sodium	 deoxycholate	
(Sigma	D6750),	sodium	dodecyl	sulfate	(SDS,	Sigma	L3771),	
TritonX-100	 detergent	 (Sigma	 X100),	 and	 premixed	 10×	
Tris/glycine	electrophoresis	buffer	(25	mM	Tris,	pH	8.3;	192	
mM	glycine,	BioRad	1610734)	for	the	cell	lysis	buffer.	scIEF	
was	conducted	using	the	immobilines	pKa	3.6	and	pKa	9.3	
acrylamido	buffers	(Sigma	01716,	01738),	ZOOM®		Carrier	
Ampholytes	 pH	 4-7	 (Thermo	 Fischer	 Scientific	 ZM0022),	
40%T	 29:1	 acrylamide/bis-acrylamide	 solution	 (Sigma	

Figure	1.	scIB-MIBI-TOF	combines	single-cell	protein	separation	assays	with	multiplexed	mass	spectrometry	detection.	(A)	During	
the	immunoprobing	step,	the	scIB	sample	is	incubated	with	metal-tagged	primary	antibody	(1°	Ab),	followed	by	fluorophore-tagged	
secondary	antibody	(2°	Ab).	The	scIB	sample	is	then	imaged	by	both	fluorescence	and	MIBI-TOF	readout	strategies,	which	differ	in	
their	multiplexing	capability.	In	MIBI-TOF	inset,	mass	spectrum	is	from	summed	counts	from	region	indicated	by	the	blue	brace.	(B)	
scIB	is	performed	via	the	following	steps:	(1)	microwell	patterned	PA	gel	is	grafted	to	a	microscope	slide,	(2)	individual	cells	are	
settled	on	the	hydrated	PA	gel	matrix,	(3)	lysis	reagents	are	introduced,	and	(4)	an	electric	field	is	applied	for	electrophoresis	and	
UV	light	is	applied	to	activate	a	photoactive	moiety	in	the	PA	gel	backbone	in	order	to	covalently	attach	proteins	to	the	PA	gel	(im-
mobilization).	A	lid	gel	is	introduced	in	scIEF	to	establish	a	pH	gradient	to	separate	proteins	based	on	charge.	
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A7802),	 urea	 (Sigma	U5378),	 thiourea	 (Sigma	T8656),	 3-
[(3-	 Cholamidopropyl)dimethylammonio]-1-propanesul-
fonate	(CHAPS,	Sigma	RES1300C),	digitonin	(Sigma	D141),	
UV	photoinitiator	 2,2-Azobis(2-methyl-N-(2-hydroxyethyl)	
propionamide)	 (VA086,	 Wako	 Chemicals	 013-19342),	 an	
ABS	electrophoresis	device	designed	and	printed	in-house,	
graphite	 electrodes	 (Bio-Rad	 1702980),	 GelSlick	 (Lonza	
50640),	 borosilicate	 glass	 sheets	 (McMaster-Carr	
8476K62),	 and	 0.5	 mm	 gel	 spacers	 (CBS	 Scientific	
MVS0510-	R).		The	antibody	probes	used	were	primary	rab-
bit-anti-tGFP	antibody	(Pierce	PA5−22688,)	and	secondary	
polyclonal	 antibody	 AlexaFluor-647-labeled	 donkey-anti-
rabbit	 (Invitrogen	A-31573).	Bovine	serum	albumin	(BSA,	
A7030)	was	 purchased	 from	 Sigma-Aldrich.	 Tris-buffered	
saline	 with	 Tween-20	 (TBS-T,	 Cell	 Signaling	 Technologies	
9997S)	was	used	for	gel	incubation	and	wash	steps.	
Antibody	 Conjugation.	 Holmium	 (Ho)-tagged	 (metal-

tagged)	 primary	 rabbit-anti-tGFP	 antibody	 was	 prepared	
using	the	MIBItag	Conjugation	Kit	(Ho)	(Ionpath	600165),	
which	includes	diethylenetriaminepentaacetic	acid	(DTPA)	
polymer	pre-loaded	with	Holmium	 for	 conjugation	 to	 the	
antibody.	 Following	 labeling,	 antibodies	 were	 diluted	 in	
Candor	PBS	Antibody	Stabilization	solution	(Candor	Biosci-
ence	GmbH,	Wangen,	 Germany)	 to	 0.2	mg/ml	 and	 stored	
long	term	at	4	°C.		
Cell	Culture.	Glioblastoma	U251-tGFP	cells	(a	misidenti-

fied	 U251	 line	 determined	 to	 be	 genetically	 identical	 to	
U373	by	the	ATCC;	tGFP	introduced	by	lentiviral	transfec-
tion	with	multiplicity	of	10,	generously	provided	by	S.	Ku-
mar’s	 Lab),	 were	 authenticated	 by	 short	 tandem	 repeat	
analysis	 and	 tested	 negative	 for	 mycoplasma.	 The	 U251-
tGFP	cells	were	maintained	in	a	humidified	37	°C	incubator	
kept	 at	 5%	 CO2	 with	 DMEM	 +	 Glutamax	 media	 (Ther-
moFisher	10566016)	 supplemented	with	1×	MEM	nones-
sential	amino	acids	(11140050,	Life	Technologies),	1%	pen-
icillin/streptomycin	(15140122,	Invitrogen),	1	mM	sodium	
pyruvate	 (11360−070,	 Life	 Technologies),	 and	 10%	 Fetal	
Bovine	 Serum	 (FBS,	 Gemini	Bio-Products,	 100-106).	 Cells	
were	 detached	with	 0.05%	Trypsin-EDTA	 (ThermoFisher	
25300-120)	 and	 resuspended	 in	 4	 °C	 1x	 phosphate-buff-
ered	 saline	 (PBS,	 Thermo	 Fisher	 Scientific	 10010023)	 to	
generate	cell	suspensions	used	for	scWB	and	scIEF.	
Single	Cell	Western	Blots.	The	scWBs	were	performed	

as	previously	described10	with	a	few	modifications.	The	mi-
crowell	PA	gel	was	created	by	chemically	polymerizing	with	
APS	and	TEMED	an	8	%T,	3.3	%C,	3	mM	BPMAC	PA	gel	pre-
cursor	solution	on	an	SU-8	mold	with	microposts	(32	μm	di-
ameter,	~75	μm	height;	1	mm	spacing	along	electrophoretic	
separation	axis,	400	μm	spacing	between	separation	lanes)	
sandwiched	to	a	silanized	glass	microscope	slide.	A	U251-
tGFP	cell	suspension	(∼500,000	cells/mL	in	1×	PBS,	4	°C)	
was	introduced	to	the	PA	gel	surface,	cells	were	settled	by	
gravity	into	the	microwells	(10	min),	and	excess	cells	were	
washed	off	 the	gel	with	PBS.	Microwells	were	visually	 in-
spected	 under	 brightfield	 to	 ensure	 the	majority	 of	wells	
with	cells	had	single-cell	occupancy.	Cells	were	lysed	(30	s)	
within	the	wells	in	a	55	°C	lysis/electrophoresis	buffer	(1x	
RIPA:	0.5%	SDS,	0.25%	sodium	deoxycholate,	0.1%	Triton	
X-100,	0.5x	Tris-glycine,	as	previously	reported10),	and	the	
proteins	were	electrophoresed	into	the	gel	at	40	V/cm	(20s)	
in	a	custom	electrophoresis	chamber.	Protein	photo-immo-
bilization	 was	 induced	 by	 application	 of	 UV	 at	 100%	

intensity	 for	 45	 s	with	 the	 Hamamatsu	 LC8	 (Hamamatsu	
Photonics	K.K.).	Then,	gels	were	rinsed	in	TBS-T	for	30	min	
to	remove	uncaptured	species.	
Single	Cell	Isoelectric	Focusing.	scIEF	under	denaturing	

conditions	was	performed	as	previously	described11	with	a	
few	 modifications.	 The	 microwell	 PA	 gel	 was	 created	 by	
chemically	polymerizing	with	APS	and	TEMED	a	6	%T,	3.3	
%C,	 3	mM	 BPMAC	 PA	 gel	 precursor	 solution	 on	 an	 SU-8	
mold	with	microposts	(32	μm	diameter,	~40	μm	height;	sin-
gle	row	of	microwells	positioned	at	a	2.25	mm	distance	from	
the	acid	 region	within	 the	9	mm	focusing	region,	500	μm	
spacing	 between	 separation	 lanes)	 sandwiched	 to	 a	 si-
lanized	glass	microscope	slide.	Cell	settling	was	performed	
as	in	the	scWB.	During	cell	settling,	a	three-component	IEF	
lid	 gel	 was	 fabricated	 containing	 an	 acidic,	 focusing,	 and	
basic	region.	Supplemental	Table	T1	lists	the	components	of	
the	lid	gel,	which	was	polymerized	for	4	min	for	each	region	
at	20	mW/cm2	light	intensity	using	a	390	nm	UV	long-	pass	
filter	(Edmund	Optics)	on	an	OAI	model	30	collimated	UV	
light	source.	The	PA	gel	and	lid	gel	were	assembled	in	the	
ABS	electrophoresis	device	as	previously	described11.	After	
a	30	s	delay	for	the	lysis/focusing	reagents	in	the	focusing	
lid	 gel	 to	 diffuse	 into	 the	microwell	 PA	 gel,	 IEF	was	 con-
ducted	by	applying	600	V	for	6	min.	Then,	protein	photo-
immobilization	 and	 gel	 rinsing	were	 performed	 as	 in	 the	
scWB.	
	Immunoprobing.	 The	 gels	 were	 immunoprobed	 for	

tGFP	as	previously	described15.	Briefly,	gels	were	exposed	
to	40	μL	(scWB)	or	12	μL	(scIEF)	of	33	µg/ml	primary	rab-
bit-anti-tGFP	antibody	in	2%	BSA/TBS-T	(metal-tagged	or	
untagged,	depending	on	the	experiment)	for	2	hrs,	washed	
with	TBS-T	2x	for	30	min,	exposed	to	67	µg/ml	secondary	
donkey-anti-rabbit-647	 antibody	 in	 2%	 BSA/TBS-T,	 and	
washed	with	TBS-T	2x	for	30	min.	The	gels	were	then	rinsed	
briefly	in	DI	water	to	remove	salts	and	dried	with	a	nitrogen	
stream	before	imaging.	
Fluorescence	Microarray	Scanner	Micrograph	Acqui-

sition.	Gels	were	imaged	on	the	GenePix	4300A	microarray	
scanner	 (Molecular	 Devices)	 for	 expressed	 tGFP	 fluores-
cence	with	the	488-	 filter	set	and	 immunoprobed	fluores-
cence	signal	with	the	647-	filter	set.	
Confocal	Micrograph	Acquisition.	We	used	confocal	im-

aging	 to	 measure	 the	 tGFP	 protein	 depth	 distribution	 in	
scWB	protein	bands.	After	scWB,	a	no.	1.5H	glass	coverslip	
(Ibidi	0107999097)	was	placed	on	top	of	the	hydrated	PA	
gel	 and	 placed	 coverslip	 side	 down	 onto	 the	 microscope	
stage.	Confocal	imaging	experiments	were	conducted	on	an	
inverted	Zeiss	LSM	710	AxioObserver	at	the	CRL	Molecular	
Imaging	Center.	Images	were	acquired	at	room	temperature	
using	a	40×	water	immersion	objective	(LD	C-Apochromat	
40×/1.1	NA	W	Corr	M27,	Zeiss).	tGFP	was	imaged	using	a	
488nm	laser	at	100%	power,	using	the	MBS488/561/	633	
beam	splitter	 and	 the	Zen	2010	 software	 (Zeiss).	We	col-
lected	fluorescence	image	stacks	(field	of	view:	212.55	μm	
×	212.55	μm;	cubic	voxels:	1.66	μm	×	1.66	μm	×	1.30	μm).	
MIBI-TOF	Micrograph	Acquisition.	To	increase	sample	

conductivity,	 the	 scIEF	 slide	was	 coated	with	15	nm	gold	
(99.999%	purity)	using	a	sputter	coater.	The	custom	built	
MIBI-TOF	 tissue	 analyzer	was	 operated	 as	 previously	 de-
scribed9.	
Profilometry.	 Gel	 height	 was	 assessed	 with	 a	 Veeco	

Dektak	8M	Stylus	Profilometer.	The	PA	gel	was	dehydrated	
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at	the	time	of	measurement.	
Image/Micrograph	Analysis	 and	Quantitation.	 scWB	

micrographs	 were	 analyzed	 using	 in-house	 ImageJ	 and	
Matlab	 (R2019b,	 MathWorks)	 scripts	 as	 previously	 de-
scribed15.	 Area	 under	 the	 curve	 (A.U.C.)	 fluorescence	was	
calculated	by	curve-fitting	the	scWB	bands	(both	the	detec-
tion	antibody	and	expressed	tGFP	fluorescence	bands)	to	a	
Gaussian	 function	 and	 summing	 the	 intensity	 values	 be-
tween	 four	 standard	deviations	 of	 the	 peak	 center.	 A.U.C.	
was	only	 reported	 for	 scWB	bands	with	 a	Gaussian	 fit	R-	
squared	value	>0.7,	for	accurate	selection	of	peak	bounda-
ries.	Statistical	analysis	was	carried	out	with	custom	and	ex-
isting	 Matlab	 functions.	 Analysis	 of	 confocal	 data	 is	 de-
scribed	 in	Note	S1.	Analysis	of	MIBI-TOF	data	 to	produce	
images	of	scIEF,	including	background	subtraction	and	de-
noising,	was	performed	as	previously	described16.		

RESULTS AND DISCUSSION  
Metal-tagged	 antibody	 probes	 are	 compatible	 with	

in-gel	single-cell	immunoassays.	We	first	sought	to	inves-
tigate	whether	and	to	what	extent	metal-tagging	affects	an-
tibody	performance	in	in-gel	immunoassays.	For	mass	spec-
trometry	imaging	approaches	(e.g.,	MIBI-TOF)	the	first	step	
is	 to	 stain	 the	 sample	 with	 a	 panel	 of	 metal-tagged	
probes17,18.	 Therefore,	 to	 use	 MIBI-TOF	 as	 a	 detection	
method	for	single-cell	electrophoretic	assays	such	as	scWB	
and	 scIEF,	 immunoprobing	 needs	 to	 be	 performed	 with	
metal-tagged	 primary	 antibodies	 instead	 of	 the	 conven-
tional	untagged	primary	and	fluorophore-tagged	secondary	
antibody	 probe	 duo.	We	 hypothesized	 that	metal-tagging	
may	 impact	 the	physiochemical	properties	of	an	antibody	
molecule	 to	 the	 detriment	 of	 in-gel	 immunoassay	 perfor-
mance.	While	previous	studies	have	validated	metal-tagged	
antibodies	perform	qualitatively	 similar	 to	untagged	anti-
body	 probes	 in	 fixed	 tissue19,20,	 the	 impact	metal-tagging	
has	on	antibody	probe	performance	in	PA	gel	has	not	been	
studied.	
To	 understand	 the	 performance	 of	 untagged	 versus	

metal-tagged	 anti-tGFP	 antibodies	 in	 the	 scWB	 assay,	we	
performed	indirect	detection	of	the	primary	anti-tGFP	anti-
body	with	a	fluorophore-tagged	secondary	antibody.	While	
fluorescence	 readout	 lacks	 the	 multiplexing	 capability	 of	
MIBI-TOF,	we	use	fluorescence	readout	here	as	validation	
of	 immunoprobing	 of	 scIB	 with	 metal-tagged	 antibodies	
(Figure	1A).	The	basic	steps	of	scIB	are	described	in	Figure	
1B.	We	incubated	scWB	chips	with	either	untagged	rabbit	
anti-tGFP	primary	antibody	or	with	Holmium-tagged	rabbit	
anti-tGFP	primary	antibody	(Figure	2A).	Since	the	same	pol-
ymer	chemistry	can	be	used	for	a	large	swath	of	metal	iso-
topes,	 we	 employed	 the	 Holmium-tagged	 anti-tGFP	 anti-
body	as	the	representative	metal-tagged	antibody.	Both	the	
untagged	and	metal-tagged	anti-tGFP	antibodies	were	 se-
lective	for	tGFP	in	the	scWB	as	indicated	by	the	overlapping	
protein	bands	shown	in	the	micrographs	and	intensity	plots	
(Figure	2B).	We	also	tested	the	metal-tagged	antibodies	in	
scIEF,	where	denaturing	conditions	render	the	native	tGFP	
signal	 undetectable,	 and	 the	 metal-tagged	 antibodies	
yielded	qualitatively	similar	micrographs	of	the	three	tGFP	
proteoforms	versus	untagged	antibodies	(Figure	2C),	which	
is	aligned	with	previous	work	separating	tGFP	proteoforms	
with	scIEF11.	Notably,	scWB	does	not	resolve	the	three	tGFP	
proteoforms	that	are	observed	with	scIEF	under	denaturing	

conditions;	therefore,	tGFP	appears	as	a	single	protein	band	
in	scWB.	

Figure	 2.	 Metal-tagged	 antibody	 performance	 in	 scWB	 and	
scIEF.	 (A)	 Immunoprobing	 scheme.	 (B)	 Fluorescence	 images	
and	intensity	plots	of	scWBs	of	U251-tGFP	cells	probed	for	tGFP	
with	untagged	versus	metal-tagged	primary	antibody	(1°	Ab),	
followed	by	a	fluorophore-tagged	secondary	antibody	(2°	Ab).	
Both	expressed	tGFP	and	2°	Ab	signal	displayed.	Scale	bar	is	1	
mm.	Micrographs	in	the	same	channel	have	the	same	acquisi-
tion	 settings,	 brightness,	 &	 contrast	 (representative	 micro-
graphs	 from	 nUntagged	 =	 4,	 nMetal-tagged	 =	 4	 independent	 scWB	
chips).	 (C)	 Fluorescence	 images	 of	 scIEF	 of	 U251-tGFP	 cells	
probed	as	in	(B).	Only	2°	Ab	signal	displayed.	Scale	bar	is	1	mm.	
Micrographs	have	the	same	acquisition	settings,	brightness,	&	
contrast	within	each	condition	but	not	between	the	two	condi-
tions	for	better	visualization	(representative	micrographs	from	
nUntagged	=	2,	nMetal-tagged	=	5	independent	scIEF	chips).	(D)	Scatter	
plots	of	2°	Ab	A.U.C.	versus	tGFP	A.U.C.	with	the	linear	data	in-
dicated	 in	black,	nonlinear	data	 indicated	 in	red,	and	dashed	
blue	box	surrounding	overlapping	linear	data	used	to	generate	
box	plot	of	immunoprobing	efficiency	for	untagged	and	metal-
tagged	configurations.	Horizontal	line	in	the	box	is	the	median	
(higher	 for	 gels	 immunoprobed	 with	 untagged	 1°	 Ab,	
Mann−Whitney	U-test	p-value	<0.0005)	and	box	edges	are	at	
25th	and	75th	percentile.	Mean	and	standard	deviation	of	data	
is	displayed	below	plot.	nUntagged	=	849	cells,	nMetal-tagged	=	728	
cells	from	4	independent	scWB	chips	for	each	condition.	
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We	next	characterized	the	relative	immunoprobing	effi-
ciency	of	the	untagged	versus	metal-tagged	anti-tGFP	anti-
body.	Here	we	define	immunoprobing	efficiency	as	the	ratio	
of	probed	A.U.C.	to	expressed	tGFP	A.U.C.	We	calculated	im-
munoprobing	efficiency	for	protein	bands	after	determining	
the	linear	range	by	using	an	established	approach21	to	ex-
clude	high	expression	protein	bands	that	were	 in	an	anti-
body-limited	regime.	We	measured	an	immunoprobing	effi-
ciency	that	was	22%	lower	for	the	metal-tagged	primary	an-
tibody	configuration,	as	compared	to	the	untagged	primary	
antibody	configuration	(reduction	from	0.68	in	untagged	to	
0.53	for	metal-tagged)	(Figure	2D).	
We	attribute	the	slight	reduction	in	immunoprobing	effi-

ciency	for	the	metal-tagged	antibody	configuration	to	one	or	
a	combination	of	the	following	effects:	(1)	reduced	primary-
target	binding	efficiency,	 (2)	 reduced	metal	primary	anti-
body	partitioning	into	gel,	or	(3)	reduced	primary-second-
ary	binding	efficiency.	Effect	(3)	is	irrelevant	to	scIB-MIBI-
TOF,	as	the	secondary	antibody	is	employed	here	to	allow	
characterization	even	when	an	untagged	primary	antibody	
is	of	interest.	Metals	can	be	conjugated	to	IgG	antibodies	us-
ing	 either	monomeric	 or	 polymeric	 bifunctional	 chelating	
agents	(BFCAs)	via	sulfhydryl	chemistry.	Polymeric	BFCAs	
(which	were	what	was	 employed	 here	 using	 the	MIBItag	
Conjugation	Kit	for	metal-tagging)	offer	superior	metal-tag-
ging	of	antibodies	because	each	repeating	unit	offers	an	op-
portunity	 to	 form	a	complex	with	a	metal	 ion22.	However,	
metal-tagging	 adds	 mass	 to	 the	 already	 bulky	 antibody	
probe.	Added	mass,	and	therefore	a	potential	increase	in	hy-
drodynamic	radius,	would	be	expected	to	exacerbate	anti-
body	probe	exclusion	 from	 the	hydrogel	 (thermodynamic	
partitioning),	 thus	 further	 reducing	 the	 local,	 in-gel	 anti-
body	concentration23,24	(effect	(2)).	Moreover,	the	metal-tag	
can	interfere	with	the	binding	of	antibody	probe	to	antigen	
epitope22	(effect	(1)).	
Therefore,	 the	 22%	 reduction	 represents	 a	 worst-case	

scenario	for	immunoprobing	efficiency	for	this	representa-
tive	example	(8	%T	3.3	%C	PA	gel,	Holmium-tagging	of	an	
anti-tGFP	antibody).	For	reference,	in	the	stripping	and	rep-
robing	multiplexing	strategy,	our	group	has	previously	re-
ported	a	~75%	reduction	in	antibody	signal	after	one	round	
of	stripping13.	Additionally,	the	photoactive	and	hydropho-
bic	moiety	used	to	immobilize	proteins	in	the	PA	gels	after	
electrophoresis	(BPMAC)	has	been	shown	to	cause	nonspe-
cific	retention	of	unbound	antibody	probes24,	which	we	hy-
pothesized	could	lead	to	increased	background	signal	aris-
ing	from	any	additional	interaction	between	the	metal-tag	
and	the	BPMAC.	However,	the	metal-tagged	antibody	con-
figuration	did	not	increase	background	signal	intensity	(Fig-
ure	S1).	Altogether,	these	results	indicate	that	metal-tagged	
antibody	probes	are	compatible	with	detection	of	protein	
targets	embedded	in	PA	gel.	Moreover,	the	indirect	detec-
tion	of	metal-tagged	primary	antibodies	with	a	fluorophore-
tagged	secondary	antibody	 is	a	useful	strategy	to	validate	
metal-tagged	probes	prior	to	incorporating	the	probes	for	
MIBI-TOF	detection.	
Protein	 signal	 detected	 increases	 with	 increasing	

depth	imaged.	To	achieve	MIBI-TOF	readout	of	scIB	assays,	
metal	 atoms	 from	metal-labeled	 proteins	 embedded	 in	 a	
~3.5-µm	thick	dehydrated	PA	gel	must	be	ionized	for	down-
stream	 mass	 spectrometry	 analysis,	 since	 MIBI-TOF	 is	 a	
SIMS	 instrument9.	 The	 basis	 of	 SIMS	 is	 the	 sputtering	

process	in	which	the	sample	is	ionized	layer-by-layer	begin-
ning	 from	 the	 top	of	 the	 sample	 to	 the	bottom25.	 Primary	
ions	from	an	ion	source	penetrate	the	sample	surface,	trans-
ferring	 energy	 to	 the	 sample	 through	 a	 collision	 cascade,	
which	then	causes	secondary	ions	(mono-	and	polyatomic)	
to	be	ejected	from	the	surface,	exposing	new	surface14.	Sam-
ple	imaging	requires	sustained	or	repeated	bombardment	
of	the	sample	surface	until	the	desired	depth	has	been	ion-
ized	 and	 detected26.	 Consequently,	MIBI-TOF	 images	 thin	
layers	that	can	be	used	to	reconstruct	a	final	3D	image	(anal-
ogous	to	confocal	microscopy),	whereas	conventional	fluo-
rescence	microarray	scanners	used	to	image	scIB	simulta-
neously	integrate	a	wide	depth	of	field	to	generate	a	single	
2D	 image.	 Accordingly,	 for	 MIBI-TOF	 of	 scIB,	 the	 sample	
needs	to	be	treated	as	a	3D	substrate.	To	that	end,	we	sought	
to	 characterize	 the	depth	distribution	of	protein	 signal	 in	
scIB	assays	to	determine	the	depth	at	which	we	could	expect	
to	attain	the	maximum	signal-to-noise	(SNR)	ratio;	in	other	
words,	what	percentage	of	sample	to	rasterize	for	optimal	
MIBI-TOF	detection.	
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Figure	3.	Protein	signal	is	concentrated	towards	the	bottom	of	
the	PA	gel	 in	scIB.	(A)	Schematics	depict	the	forces	acting	on	
protein	molecules	 during	 electrophoresis.	Micrographs	 are	 a	
top	(x-y)	and	side	(z-y)	view	of	a	single	scWB	separation	lane	
of	U251-tGFP	cells	imaged	with	fluorescence	confocal	micros-
copy.	tGFP	is	in	green.	Scale	bar	is	100	µm.	(B)	The	plot	is	the	
normalized	 fluorescence	 intensity	 after	 background	 subtrac-
tion	of	 tGFP	bands	 from	confocal	z-stack	 images	over	the	gel	
depth,	shaded	error	region	is	standard	deviation.	(C)	Each	line	
in	this	plot	represents	the	normalized	SNR	for	a	single	cell	as	a	
function	of	how	much	percentage	of	the	gel	was	included	in	the	
SNR	measurement	(Note	S1).	For	(B)	and	(C),	n	=	7	cells	from	2	
independent	scWB	chips.	Cell-to-cell	variation	resulted	in	large	
differences	in	absolute	fluorescence	intensity	and	SNR	values,	
so	normalization	 to	 the	maximum	fluorescence	 intensity	and	
SNR	 value,	 respectively,	 within	 each	 cell	 allowed	 improved	
side-by-side	comparison	of	the	biological	replicates.	
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In	the	conventional	MIBI-TOF	imaging	workflow,	only	a	
thin	surface	layer	(~200	nm)	of	the	4-µm	thick	fixed	tissue	
slice	is	typically	imaged9,27.	However,	in	the	scIB	system,	dif-
fusion	during	lysis	and	electrophoresis	may	dilute	protein	
in	scIB	samples	more	than	in	fixed	tissue,	so	we	hypothe-
sized	imaging	of	scIBs	would	require	deeper	sample	imag-
ing.	Though	lateral	diffusion	of	protein	signal	 in	scIBs	has	
been	well	characterized28,	the	depth	distribution	of	signal	in	
scIB	protein	bands	has	only	been	computationally	interro-
gated29.	During	electrophoresis,	the	motion	of	charged	mol-
ecules	in	the	direction	of	the	electric	field	is	governed	by	the	
electrostatic	 Coulomb	 force	 and	 opposite	 viscous	 drag30.	
However,	the	driving	force	in	the	z-direction	is	the	concen-
tration	gradient,	which	causes	protein	loss	as	proteins	dif-
fuse	and	partition	between	the	PA	gel	and	the	fluid	and/or	
gel	 lid	above	 the	device	(Figure	3A	schematics).	Based	on	
diffusional	 loss	of	protein	out	of	the	microwell	during	cell	
lysis	and	out	of	 the	PA	gel	during	electrophoresis,	we	hy-
pothesized	that	the	protein	signal	will	be	concentrated	to-
wards	the	PA	gel-microscope	slide	interface	(“bottom	of	the	
gel”).	
To	experimentally	determine	the	depth	protein	concen-

tration	in	a	scIB	assay,	we	directly	imaged	tGFP	bands	in	a	
hydrated	scWB	chip	with	fluorescence	confocal	microscopy.	
Figure	3A	shows	a	top	view	of	a	tGFP	band	and	the	corre-
sponding	side	view	showing	the	underlying	depth	protein	
distribution.	As	we	hypothesized,	the	tGFP	signal	is	concen-
trated	at	the	bottom	of	the	gel	with	protein	concentration	
going	to	zero	at	the	top	of	the	gel	(Figure	3B).		
We	 next	 sought	 to	 understand	 how	 the	 depth	 protein	

distribution	in	scIB	would	impact	SNR	in	MIBI-TOF.	To	ap-
proximate	the	MIBI-TOF	process	of	sputtering	beginning	at	
the	top	of	the	gel	and	sputtering	increasing	layers,	we	added	
increasing	numbers	of	z-stack	fluorescence	confocal	slices	
and	calculated	the	SNR	of	the	protein	band	in	each	summed	
image	(Note	S1).	By	excluding	images	that	yielded	SNR	<	3	
and	plotting	SNR	normalized	to	the	maximum	SNR	from	the	
series	of	summed	images,	we	see	that	the	first	few	layers	of	
the	gel	are	insufficient	to	yield	an	SNR	greater	than	3	and	
the	 entirety	 of	 gel	 depth	 (~75	µm)	 should	 be	 imaged	 to	
reach	the	maximum	SNR	(Figure	3C).	Since	SNR	is	directly	
proportional	to	gel	depth	imaged,	we	can	anticipate	that,	to	
improve	the	detection	of	low	SNR	(low	abundance)	protein	
targets	with	MIBI-TOF	(as	opposed	to	the	fluorescence	con-
focal	microscopy	used	here),	the	depth	of	gel	imaged	should	
be	as	close	to	the	total	gel	height	as	possible.			
	Modulating	 gel	 depth	 rasterized	by	 changing	MIBI-

TOF	ion	dose.	We	next	characterized	the	relationship	be-
tween	depth	of	PA	gel	rasterized	and	ion	dose.	Ion	dose	is	a	
function	of	imaging	parameters	that	can	be	adjusted	in	the	
MIBI-TOF	instrument	(equation	1,	Ion	dose	=	area	normal-
ized	ion	dose,	I=primary	ion	current,	t=acquisition	time	for	
a	single	depth,	d=depths	acquired,	A=field	area	in	mm2).	

				𝐼𝑜𝑛	𝑑𝑜𝑠𝑒 = 	
𝐼𝑡𝑑
𝐴 																																																																			 (1)	

Since	SIMS	is	performed	in	a	vacuum	chamber,	samples	
for	MIBI-TOF	are	dehydrated	before	 insertion	 into	the	 in-
strument.	Dehydrated	 scIB	 gels	 (~3.5	 µm)	have	 a	 similar	
thickness	to	the	tissue	sections	(4	µm)	employed	in	previ-
ous	MIBI-TOF	studies9,16.	The	entire	depth	of	a	4-µm	thick	
tissue	section	has	been	previously	imaged	with	MIBI-TOF9.	
To	access	the	proteins	that	would	be	embedded	in	the	3.5-
µm	thick	scIB	chip,	we	sought	to	determine	the	ion	dose	re-
quired	to	ionize	and	image	various	PA	gel	depths.	
Figure	4A	shows	a	profilometer	trace	of	MIBI-TOF	imaged	

spots	on	6	%T	PA	gel	at	various	ion	doses.	The	depth	raster-
ized	was	measured	using	a	stylus	profilometer	which	phys-
ically	drags	a	stylus	across	the	gel	surface	to	generate	a	trace	
of	the	depth	profile.	The	highest	ion	dose	tested	rasterized	
~50%	of	the	gel	depth	with	an	ion	dose	of	80	nA×hr/mm2.	
We	observed	a	linear	relationship	between	depth	rasterized	
and	ion	dose	(Figure	4B,	R2	=	0.8226).	The	sputter	yield	of	
individual	species	increases	linearly	with	applied	ion	flux14,	
so	the	linear	relationship	between	depth	rasterized	and	ion	
dose	suggests	that	all	species	in	the	PA	gel	sample	are	being	
sputtered	at	nearly	the	same	rate.	Future	work	will	deter-
mine	 whether	 this	 constant	 erosion	 rate	 is	 maintained	
when	imaging	the	entire	3.5	µm	PA	gel.	Notably,	a	tradeoff	
between	imaging	throughput	and	detection	sensitivity	is	ex-
pected,	because	the	higher	ion	dose	images	(that	rasterize	
deeper	into	the	gel)	have	the	potential	to	increase	SNR	(Fig-
ure	3C)	yet	require	longer	acquisition	times	(equation	1).	
MIBI-TOF	 of	 scIEF	 resolves	 tGFP	 proteoforms	 from	

single	cells.	To	validate	MIBI-TOF	 for	scIB,	we	compared	
MIBI-TOF	images	to	fluorescence	images	using	the	same	im-
munoprobing	 scheme	 used	 in	 Figure	 2A	 for	 the	 metal-
tagged	configuration.	Figure	5A	shows	the	scIEF	images	of	
tGFP	proteoforms	𝛼,	𝛽,	and	𝛾,	as	detected	with	the	fluores-
cence	and	with	MIBI-TOF,	respectively.	The	corresponding	
intensity	profiles	are	shown.	As	expected,	we	observed	cor-
relation	 between	 fluorescence	 and	 MIBI-TOF	 readouts	
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Figure	4.	PA	gel	depth	rasterized	can	be	tuned	by	modulating	
ion	dose.	(A)	Profilometer	trace	of	MIBI-TOF	imaged	spots	with	
increasing	ion	dose	from	left	to	right.	(B)	Plot	of	depth	raster-
ized	vs.	 ion	dose	applied	(black	error	bards	are	the	standard	
deviation	and	may	be	smaller	than	blue	data	point	symbols,	n	
>=	4	imaged	spots	per	ion	dose	on	same	PA	gel).	See	Table	S2	
for	imaging	conditions.	
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(Figure	5B	with	colocalized	signal	in	black),	but	MIBI-TOF	
was	unable	to	detect	the	lowest	abundance	proteoform,	𝛾.	
At	 the	 ion	dose	used	 for	 this	acquisition,	~42%	of	 the	gel	
was	 rasterized,	 which	 suggests	 there	may	 be	 insufficient	
metal-tagged	antibody	probe	in	the	depth	ionized	in	this	ac-
quisition	 to	 produce	 detectable	 signal	 for	 proteoform	 𝛾.	
Even	at	the	lowest	resolution	settings	possible	on	this	MIBI-
TOF	instrument,	the	instrument	was	set	up	for	nanometer-
scale	tissue	analysis.		The	application	here	only	requires	a	
resolution	 of	 10s	 of	 micrometers.	 	 As	 such,	 we	 expect	 a	
lower	resolution	instrument	configuration	would	have	ex-
ponentially	higher	primary	ion	beam	power,	thus	be	able	to	
sample	more	 gel	 for	 better	 SNR	 over	 a	 shorter	 period	 of	
time	(acquisition	time	of	the	micrograph	for	Well	1	in	Figure	
5A	was	~35	minutes).	Moreover,	there	remains	avenues	of	
sample	preparation	optimization	to	increase	substrate	con-
ductivity	(in	addition	to	or	instead	of	the	15	nm	gold	coat-
ing),	and	thus,	sensitivity	of	detection	of	the	secondary	re-
porter	ions.				Altogether,	these	results	demonstrate	success-
ful	 MIBI-TOF	 detection	 of	 two	 distinct	 tGFP	 proteoforms	
separated	using	scIEF,	a	scIB	assay.		

CONCLUSIONS 
The	MIBI-TOF-based	 single-cell	 immunoblotting	 perfor-

mance	reported	here	forms	a	promising	basis	for	the	exten-
sion	of	MIBI-TOF	readouts	to	other	bioanalytical	assays	and	
samples	where	multiplexed	detection	 from	a	3D	matrix	 is	

desirable.	 In	 the	 case	 of	 single-cell	 immunoblotting,	 by	
demonstrating	 the	 feasibility	 of	MIBI-TOF	 readout,	we	 in-
creased	the	amount	of	simultaneously	available	antibody	la-
bels	from	~3	to	~40	and	eliminated	the	need	to	perform	an-
tibody	stripping	and	reprobing	for	multiplexed	target	detec-
tion,	 including	 for	 proteoforms.	 scIB-MIBI-TOF	provides	 a	
promising	 strategy	 to	 increase	 the	 number	 of	 low-abun-
dance	targets	detected	with	a	simplified	experimental	work-
flow.	 Importantly,	 due	 to	 the	 spatial	 separation	 between	
protein	bands,	we	detected	two	distinct	tGFP	proteoforms	
with	MIBI-TOF,	yet	only	one	metal-tag	channel	was	utilized.	
Besides	 the	~40	channels	provided	by	 the	distinct	metal-
tags	in	MIBI-TOF,	scIB	provides	an	additional	opportunity	to	
increase	the	current	multiplexing	capability	of	MIBI-TOF	by	
a	factor	of	approximately	the	peak	capacity	of	the	scIB	assay.	
Peak	 capacity	 is	 the	 number	 of	 theoretical	 protein	 bands	
that	 can	 “fit”	 in	a	 separation	 lane,	which	 is	~10	 for	 scWB	
with	a	1	mm	separation	lane31	and	~17	for	scIEF	with	a	9	
mm	separation	lane11.	Building	on	these	results,	ongoing	re-
search	 is	 focusing	 on	multiplexed	 detection	 in	 additional	
channels	 by	 utilizing	 additional	 metal-tagged	 antibodies	
during	immunoprobing.		
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Figure	5.	MIBI-TOF	of	scIEF	resolves	tGFP	proteoforms	from	
single	cells.	(A)	Fluorescence	vs.	MIBI-TOF	micrographs	and	in-
tensity	 plots	 of	 same	 separated	 tGFP	 proteoforms	 (pro-
teoforms	are	denoted	𝛼,	𝛽,	and	𝛾)	from	U251-tGFP	cells.	Well	1	
MIBI-TOF	image	is	composed	of	8	tiled	images	of	~1	single	cell	
separation.	Well	2	MIBI-TOF	image	is	composed	of	2	tiled	im-
ages	of	~1	single	cell	separation.	(B)	Colocalized	pixel	map	of	
merged	images.	See	Table	S2	for	imaging	conditions.	The	x-axis	
of	intensity	plots	is	also	the	scale	bar	for	micrographs	in	(B)	and	
(C).	
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