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ABSTRACT	OF	THE	DISSERTATION	
	

Single-Molecule,	Variable-Temperature,	Electronic	Measurements	of	Taq	DNA	Polymerase	
Using	Carbon	Nanotube	Transistors	

by	

Mackenzie	Walker	Turvey	

Doctor	of	Philosophy	in	Physics	

University	of	California,	Irvine,	2020	

Professor	Philip	G.	Collins,	Chair	

	
Single-molecule	enzymology	has	proven	to	be	a	powerful	technique	for	understanding	the	

driving	forces	behind	protein	kinetics	and	function.		Carbon	nanotube	field-effect	transistors	

(CNTFETs)	have	been	implemented	as	a	novel	platform	to	study	the	behavior	of	enzymes.		

This	 solid-state	 technique	has	 contributed	 to	 the	 single-molecule	 field	by	providing	both	

microsecond	resolution	and	long-duration	recordings.		Bandwidths	extending	to	1	MHz	have	

identified	enzymatic	conformations	as	short	as	5	µs.	 	Ten-minute	recordings	have	shown	

enzymatic	rates	fluctuating	over	two	orders	of	magnitude	from	minute	to	minute.	

	

This	 dissertation	 documents	 multiple	 advances	 expanding	 the	 scope	 of	 this	 CNTFET	

technique.		Progress	was	made	on	three	fronts:	incorporating	variable	temperature	control,	

combining	this	solid-state	electronic	technique	with	TIRF	to	acquire	simultaneous	electronic	

and	fluorescent	recordings	from	a	polymerase,	and	expanding	experiments	to	new	molecular	

catalysts.	
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Taq	DNA	polymerase	was	 used	 as	 a	model	 system	 to	 demonstrate	 variable	 temperature	

single-molecule	enzymology.	 	No	other	single-molecule	technique	can	access	high	enough	

temperatures	 to	 study	 Taq	 polymerase,	 the	 industry	 standard	 for	 the	 billion	 dollar	

polymerase	chain	reaction	(PCR)	industry.		Successful	single-molecule	measurements	of	Taq	

polymerase	 in	 four	different	orientations	up	 to	85	°C	are	reported.	 	Each	attachment	site	

transduced	unique	signals.		One	attachment	site	generated	events	with	rates	that	increased	

with	temperature	and	match	ensemble	catalytic	rates.		Taq’s	catalytic	activity	ranged	from	4	

s-1	at	22	°C	to	up	to	96	s-1	at	85	°C.	

	

Other	results	from	Taq	polymerase	focused	on	the	importance	of	the	attachment	site	and	

molecular	orientation.		Another	attachment	site	transduced	both	catalytic	turnovers,	as	well	

as	another	noncatalytic	fluttering	motion.		In	this	signal,	two	distinct	populations	of	events	

were	detected:	one	population	with	20	µs	event	durations	and	another	with	125	µs	event	

durations.		The	longer	125	µs	events	had	a	similar	duration	and	rate	as	the	catalytic	events	

recorded	by	the	first	orientation.	 	The	rate	of	the	20	µs	events	depended	upon	nucleotide	

complementarity,	 allowing	energetics	of	 this	enzymatic	motion	 to	be	extracted.	 	The	 two	

other	 attachment	 sites	 generated	 complex	 signals	 that	 were	 difficult	 to	 interpret.	 	 One	

orientation	only	transduced	signal	<	5%	of	the	total	measurement	duration,	remaining	quiet	

for	the	vast	majority	of	data	sets.		The	last	orientation	produced	signals	that	changed	in	shape	

and	rate	from	minute	to	minute.	

	

Chapter	 4	 describes	 experimental	 attempts	 to	 simultaneously	 measure	 electrical	 and	

fluorescent	signals	from	Taq	polymerase.		Although	ultimately	unsuccessful	due	to	apparent	
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fluorophore	 quenching	 by	 the	 CNTFET,	 this	 dissertation	 documents	 the	work	 for	 future	

experiments.	

	

Finally,	CNTFET	measurements	of	two	other	catalytic	systems	are	documented	in	Chapter	5.		

The	 enzyme	 dihydrofolate	 reductase	 (DHFR)	 and	 the	 Ruthenium-based	 Grubbs	 catalyst	

were	both	measured.	 	DHFR	produced	signals	 that	were	not	catalytic	 in	nature,	but	were	

quenched	upon	introduction	of	an	inhibitor.		This	process	was	reversible.		This	measurement	

of	DHFR	complements	the	Taq	polymerase	measurements	in	demonstrating	the	importance	

in	proper	choice	of	attachment	sites.		The	Grubbs	catalyst	demonstrated	too	low	of	a	catalytic	

rate	to	accumulate	compelling	statistics.		The	low	catalytic	rate	was	determined	to	be	due	to	

the	linker	ligand	designed	to	conjugate	the	catalytic	to	the	CNTFET.	
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1 Introduction	
	

	

1.1 Introduction	
	

New	 low-dimensional	materials	 have	 allowed	 successful	 connection	 to	 single	molecules.		

Due	 to	 their	 similar	 length	 scales,	 single-walled	 carbon	 nanotube	 field-effect	 transistors	

(CNTFETs)	are	unique	tools	to	sense	proteins.	 	Recent	work	has	achieved	single-molecule	

sensitivity	in	anchoring	individual	biomolecules	to	carbon	nanotube	electronics.		Dynamic	

time	traces	can	record	enzymes	performing	chemistry,	bond-by-bond,	in	real	time	[1–5].	

	

This	 dissertation	 presents	 advancements	 in	 single-molecule	 science	 using	 this	 CNTFET	

technique.	 	 A	 modified	 flow	 cell	 setup	 incorporating	 variable	 temperature	 control	 has	

accessed	 single-molecule	 studies	 of	 Taq	 polymerase	 at	 temperatures	 up	 to	 85	 °C.	 	 This	

dissertation	 first	 presents	 an	 introduction	 to	 similar	 fluorescence	 single-molecule	

techniques,	 followed	 by	 a	 description	 of	 the	 experimental	 setup.	 	 Next,	 single-molecule	

measurements	 of	 Taq	 polymerase	 are	 presented,	 followed	 by	 attempts	 to	 collect	

simultaneous	 electronic	 and	 fluorescent	 recordings	 of	 Taq.	 	 The	 dissertation	 finishes	 by	

documenting	 initial	 measurements	 with	 two	 other	 catalytic	 systems,	 dihydrofolate	

reductase,	and	the	Grubbs	catalyst.	

	

This	first	chapter	provides	a	brief	introduction	to	single-molecule	science	and	a	survey	of	the	

field.		Next,	the	development	and	current	status	of	the	CNTFET	sensing	platform	is	discussed,	



 

2 
 

providing	the	underlying	mechanism,	capabilities,	and	where	it	supplements	and	broadens	

the	single-molecule	field.	

		

Single-molecule	 measurements	 provide	 an	 abundance	 of	 information	 hidden	 by	 more	

traditional	ensemble	measurements,	such	as	variation	in	catalytic	rates,	intermediate	states,	

transitions.		Technological	advancements	have	pushed	the	boundaries	of	manipulation	and	

control	over	single	molecules	over	the	past	30	years,	and	are	typically	divided	into	optical,	

mechanical,	 and	 electrical	 techniques	 [6–12,13].	 	 Increased	 sensitivity	 in	 electronics	 and	

nanofabrication	techniques	have	facilitated	in	the	birth	of	new	techniques	rapidly,	including	

silicon	 nanotubes,	 and	 nanopores	 [14–17,18].	 	 Current	 reviews	 are	 published	 frequently	

[19,20].		Only	the	most	closely	related	single-molecule	techniques	will	be	discussed	below.	

	

1.2 Single-Molecule	Fluorescence	Techniques	

The	most	widely	used	single-molecule	technique,	fluorescence,	relies	on	artificially	labeling	

molecules	of	interest	with	fluorophores.		These	labels	must	be	judiciously	chosen	so	as	to	not	

interfere	with	 enzyme	 function	 [21].	 	 Two	 of	 the	most	 common	 fluorescence	 techniques	

sensitive	 to	 distances	 are	 Förster	 resonance	 energy	 transfer	 (FRET)	 and	 total	 internal	

reflection	 fluorescence	 microscopy	 (TIRF).	 	 FRET	 uses	 two	 fluorophores,	 a	 donor	 and	

acceptor.		The	efficiency	of	energy	transfer	is	very	sensitive	to	distances	between	1-10	nm.		

TIRF	is	a	surface	technique	that	is	compatible	with	FRET,	and	is	described	in	detail	in	Chapter	

4	[22,23,24,25,26].			
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FRET	 systems	 have	 been	 used	 extensively	 to	 track	 the	 slight	motions	 of	 enzymes	 in	 the	

process	of	their	catalytic	cycles.		Example	uses	include	labeling	different	subdomains	with	

donor	and	acceptor	to	measure	relative	motions,	or	 labeling	a	binding	site	and	substrate.		

Through	iterative	labeling,	various	stages	of	an	enzymatic	cycle	can	be	probed.	

	

Fluorescence	 is	 extremely	 versatile,	 and	 backed	 by	 commercially	 available	 reagents.		

However,	 current	 fluorophores	 are	 limited	 to	 emitting	 of	 ~104-105	 photons	 before	

photobleaching	 [27].	 	Under	optimal	 conditions,	 this	 translates	 to	 time	resolutions	 in	 the	

millisecond	range.		Because	fluorophores	have	a	finite	number	of	excitations,	there	exists	a	

tradeoff	 between	 time	 resolution	 and	 measurement.	 	 At	 millisecond	 time	 resolutions,	

fluorophores	typically	last	only	tens	of	seconds.		Even	at	millisecond	time	resolution,	many	

short	 lived	 states	 and	 transients	 will	 go	 undetected.	 	 To	 better	 characterize	 enzymes	

dynamics,	faster	time	resolution	is	required.	

	

1.3 Inaccessibilities	of	Fluorescence	Techniques	

One	ubiquitous	limitation	for	all	single-molecule	techniques	is	temperature.		In	particular	to	

fluorescence,	 complications	 include	 increased	 fluorophore	 bleaching,	 oxidation,	 blinking,	

emission	broadening,	and	decreased	quantum	yields.		Typical	fluorophores	used	in	smFRET	

lose	60-80%	of	their	fluorescent	intensity	as	temperature	increases	from	20	to	80	°C	[28].		

As	discussed	in	Chapter	4,	a	reduction	of	fluorophore	intensity	is	catastrophic	for	signal-to-

noise.		In	addition,	other	experimental	factors	include	focal	and	thermal	drifting	[29].		These	

reasons	 limit	 fluorescence	 experiments	 to	 temperatures	 less	 than	 45-50	 °C.	 	 Even	when	

fluorescence	experiments	do	access	elevated	temperatures,	it	is	rare	to	find	reports	greater	
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than	37	°C.		In	many	respects,	this	is	because	few	biological	reactions	naturally	occur	past	37	

°C.	 	 But	 this	 limitation	 leaves	 virtually	 all	 thermophilic	 systems	 uncharted	 at	 the	 single-

molecule	 level,	 including	 the	multi-billion	 dollar	 industry,	 the	 polymerase	 chain	 reaction	

(PCR),	 based	 around	 Taq	 polymerase.	 	 As	will	 be	 discussed	 below,	 solid-state	 electronic	

systems	 such	 as	 CNTs	 do	 not	 have	 the	 same	 temperature	 limitations,	 and	 can	 be	

implemented	where	more	traditional	single-molecule	techniques	cannot	venture.	

	

1.4 Carbon	Nanotube	Single-Molecule	Science	

Carbon	electronics	have	been	promising	candidates	for	bioelectronic	applications	since	their	

inception.		The	first	CNTFET	biomolecule	sensor	was	demonstrated	by	coating	the	sidewall	

with	a	redox	enzyme,	glucose	oxidase	[30].	 	 In	this	work,	conductance	changes	due	to	pH	

were	 observed	 upon	 adding	 glucose.	 	 Further	 work	 investigated	 the	 noise	 sources	 and	

biosensing	mechanisms	[31–34].		Later,	the	sensitivity	of	CNTFETs	to	single	charges	was	first	

reported	by	an	electron	transfer	to	the	CNT	from	a	Au	nanoparticle	[35].		The	use	of	CNTFETs	

as	 biosensors	 spread	 as	 further	 work	 demonstrated	 the	 use	 of	 CNTFETs	 to	 detect	

binding/unbinding	events	such	as	with	DNA	hybridization	or	nanobodies	[36,37,38,39,40–

42].	

	

Multiple	properties	of	CNTFETs	have	attracted	their	use	in	single-molecule	sensors,	one	of	

which	is	their	quasi-one-dimensional	structure.		Enzymes	are	wider	than	the	diameter	of	the	

CNT,	and	every	atom	is	surface-exposed,	and	susceptible	 to	 its	environment.	 	The	defect-

density	of	CNTs	is	low	enough	that	defect-free	CNTFETs	can	be	lithographically	defined	and	

mass	produced	on	at	the	wafer	scale.	
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This	 lab	 is	 responsible	 for	 the	 first	 kinetic	measurements	with	 CNTFETs	 devices.	 	 Early	

experiments	in	this	lab	started	with	pristine	CNTs,	and	were	able	to	controllably	introduce	

point	defects,	identified	and	characterized	with	scanning	gate	spectroscopy	and	Kelvin	probe	

microscopy	 [43,44,45].	 	 Kinetics	 measurements	 of	 a	 catalytic	 system	 consisting	 of	 a	

carboxylate	group	on	the	CNT	sidewall	binding	and	catalyzing	EDC	[46].	

	

As	 this	 catalytic	 system	 showed	 that	 individual	 events	 could	 be	 recorded	 electronically,	

measurements	 soon	 came	 out	 characterizing	 much	 larger	 enzymatic	 systems.	 	 The	 first	

measurements	 of	 enzyme	kinetics	were	 reported	with	 lysozyme	 [1,47,2].	 	More	 complex	

catalytic	 systems	were	 targeted,	 including	 DNA	 polymerase	 and	 protein	 kinase	 A	 (PKA)	

[48,3,49,4].	

	

As	this	CNTFET	technique	matures,	efforts	have	been	made	to	broaden	the	applications	and	

throughput	of	measurements.	 	Various	advancement	over	the	past	decade	have	expanded	

measurement	 bandwidths	 to	 microsecond	 time	 resolution,	 enhanced	 signal-to-noise	

through	protein	mutagensis,	and	implementation	in	a	more	biologically	amenable	flow	cell	

setup	for	long-duration	measurements	[50,5].	

	

While	these	advancements	give	CNTFET	sensors	an	edge	over	other	techniques,	solid-state	

electronics	 have	 other	 unexplored	 benefits	 such	 as	 their	 stability	 over	 a	 wide	 range	 of	

temperatures	and	use	in	tandem	with	other	fluorescence	techniques.		Further	advancements	

in	implementing	variable	temperature	control	are	described	in	the	next	chapter.	
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2 Flow	Cell	and	Experimental	Protocols	

	

This	chapter	describes	the	experimental	setup,	procedures,	and	protocols	in	achieving	the	

single-molecule	measurements	compiled	in	this	dissertation.	This	chapter	starts	with	a	brief	

summary	 of	 previously	 established	 procedures	 and	 techniques	 as	 general	 background.	

Improvements	made	during	 this	project	were	adding	 temperature	control	and	 increasing	

device	 throughput.	 Device	 fabrication	 and	 sample	 preparation	 is	 then	 detailed.	 Finally,	

procedures	and	protocols	leading	to	successful	measurements	are	described	in	detail.	

	

2.1 Background	

The	seminal	work	measuring	single	biomolecules	by	this	laboratory’s	CNTFET	platform	used	

an	open-air	liquid	probe	to	deliver	solutions	to	the	device	under	test.		This	workhorse	station	

successfully	measured	catalytic	systems	such	as	carboxylate-EDC,	lysozyme,	protein	kinase	

A	(PKA),	DNA	polymerase,	and	dihydrofolate	reductase	(DHFR).		All	of	these	single-molecule	

systems	were	stable	under	ambient	conditions,	and	measurements	were	conducted	at	room	

temperature.	 	 Despite	 this,	 a	 few	 successful	 measurements	 were	 acquired	 at	 modest	

temperatures	up	to	40	°C.			However,	this	open	environment	was	ill-suited	for	temperature	

control.	

	

The	main	issue	with	this	open-air	setup	was	that	the	~50	μL	drop	of	test	solution	evaporates	

within	minutes	at	temperatures	past	35	°C.		While	it	was	possible	to	replenish	the	drop	every	
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couple	of	minutes,	concentrations	in	solution	accumulated	over	time,	and	surface	fouling	was	

enhanced.	 	While	 experimentally	 realizable	 for	 short	 times,	 long	duration	measurements	

past	40	°C	were	impossible.	

	

Further	work	in	this	laboratory	was	performed	using	a	closed	system	flow	cell	to	facilitate	

the	rinsing	between	solutions.		Additionally,	the	flow	cell’s	confined	liquid	system	lead	to	less	

capacitive	 coupling,	 permitting	 lower	 noise	 and	 allowed	 measurement	 bandwidth	 to	 be	

extended	from	100	kHz	in	the	open-air	setup	to	2	MHz	in	the	flow	cell.		But	the	original	design	

was	did	not	include	temperature	control.		The	limits	of	this	CNTFET	technique	could	still	be	

pushed	further.	

	

Temperature	 remains	 a	 relatively	 unexplored	 area	 of	 single-molecule	 science.	 	 CNTFET	

electronics	are	stable	across	hundreds	of	degrees,	and	can	be	implemented	to	the	niche	role	

of	 high	 temperature,	 high	 time	 resolution	 single-molecule	 sensing.	 	 To	 accomplish	 this,	

heating	elements	were	installed	into	the	high	bandwidth	flow	cell.	

	

2.2 Flow	Cell	Enhancements	

2.2.1 Temperature	Control	

Much	 of	 the	 original	 focus	 in	 the	 design	 of	 the	 flow	 cell	was	 to	 build	 a	 low-noise	 setup.		

Maintaining	 low	 electrical	 noise	 was	 the	 top	 priority	 in	 implementing	 heaters	 and	

thermometry.	 	Power	resistors	mounted	directly	underneath	the	sample	proved	to	be	the	

optimal	configuration	of	heat	transfer	while	maintaining	low	noise.	

	



 

8 
 

Two	50	W	power	resistors	used	as	the	heating	elements	were	embedded	in	the	base	of	the	

sample	holder,	a	44-pin	chip	socket.		A	platinum	resistor	temperature	detector	(RTD)	was	

mounted	 in	 close	 proximity	 to	 the	 power	 resistors.	 	 The	 base	 of	 the	 44-pin	 socket	 was	

hollowed	out	 to	allow	close	contact	between	 the	heaters	and	 the	 sample,	 and	encased	 in	

thermally	conductive	epoxy	(Epo-Tek	H70E).		The	epoxy	aided	in	distributing	the	heat	across	

the	 base	 of	 the	 chip	 carrier.	 	 The	 epoxy	was	 cured	 in	 a	 configuration	 to	 ensure	 physical	

contact	to	the	chip	carrier.	The	layout	is	documented	in	Figure	2.1.	

	

	

Figure	 2.1:	 A	 schematic	 of	 the	 sample	 holder	 with	 relative	 locations	 of	 the	 heater	 and	
thermometry.	

	

RTD 

Vsd 
Heater 
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Temperature	 was	 measured	 in	 two	 independent	 ways.	 	 The	 primary	 method	 utilized	 a	

commercial	RTD	embedded	in	the	pedestal	as	a	direct	reading	of	the	pedestal’s	temperature.		

The	 secondary	 method	 used	 on-chip	 thermometry.	 	 Each	 device	 had	 a	 lithographically	

defined	serpentine	thermometry	electrode.	 	This	electrode	resistance	was	unique	to	each	

chip	 and	 was	 calibrated	 individually.	 	 Although	 this	 was	 the	 most	 precise	 method	 for	

measuring	the	sample	temperature,	it	was	inefficient	to	calibrate	each	chip	individually	and	

risked	contaminating	the	device.	

	

The	thermometer	resistance	of	a	dedicated	calibration	chip	was	calibrated	in	a	temperature	

controlled	water	bath	(Microyn)	from	20	to	100	°C.		This	chip	was	then	inserted	into	the	flow	

cell	and	used	to	calibrate	the	temperature	of	the	RTD.	The	calibration	curve	is	plotted	below	

in	Figure	2.2.	The	RTD’s	readout	was	96%	of	the	sample	temperature	because	of	thermal	

gradients.	 This	 calibration	 curve	was	 hard	 coded	 into	 the	 LabView	 acquisition	 software.		

Temperature	control	was	provided	by	a	dedicated	control	unit	(Cyrocon	Model	32b).	The	

Cryocon	sourced	current	with	a	built-in	feedback	system.	
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Figure	2.2:	Calibration	of	the	thermometry.	

	

Quick	temperature	ramps	were	not	performed,	only	steady-state	measurements.	In	the	case	

of	 dynamic	 temperature	measurements,	 thermally	 conductive	 paste	 can	 be	 implemented	

between	the	epoxy	and	the	chip	carrier	to	make	more	intimate	contact.	This	addresses	the	

tradeoff	between	maximal	thermal	contact	and	modularity.	

	

2.2.2 Fluidics	

While	the	fluidic	lines	facilitate	the	delivery	of	different	test	solutions,	the	lines	introduced	

their	 own	 complications.	 	 Some	 of	 the	main	 problems	 experienced	with	 the	 liquid	 lines	

included	 surface	 fouling,	 cross-contamination,	 bubble	 formation,	 and	 dead	 volumes.		

Biofouling	of	surfaces	covers	a	range	of	topics	and	interactions;	each	type	of	fouling	molecule	

must	 be	 addressed	 individually	 [51–53].	 	 Fortunately,	 surface	 fouling	 and	 cross-

contamination	 can	 be	 reduced	 by	 proper	 cleaning,	 experimental	 protocols,	 and	 storage.	

These	factors	are	further	described	below	in	section	2.4.2.	

	

Microfluidic	systems	are	susceptible	to	bubble	formation,	which	can	be	mitigated	by	proper	

design.	 	 Bubbles	 are	 deleterious	 both	 for	 the	 enzyme	 and	 the	 CNTFET.	 	 If	 the	 liquid	 is	

energized	 by	 the	 counter	 electrode,	 bubbles	 in	 the	 microfluidic	 channel	 can	 break	 the	

electrostatic	connection	between	the	 liquid	and	the	CNTFET.	Breaking	and	reestablishing	

electrostatic	connection	to	the	counter	electrode	often	resulted	 in	electrostatic	discharge,	

terminating	the	measurement.	
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As	temperature	is	raised,	bubbles	could	form	in	the	microfluidic	channel.		Bubble	formation	

was	correlated	to	the	PDMS	bonding	to	the	PMMA	surface	and	clamping	pressure.		The	main	

sources	of	bubbles	were	at	the	two	interfaces	of	the	PDMS	with	the	PMMA	surface	of	the	chip,	

and	the	PDMS	with	the	polycarbonate	clamp	of	the	flow	cell.		Gasses	could	diffuse	across	the	

sample-gasket	 interface	 if	 the	PDMS	 is	not	well	bonded	 to	 the	PMMA.	 	To	ensure	proper	

bonding,	 the	 gasket	 was	 rejuvenated	 immediately	 preceding	 measurement,	 a	 process	

described	below	in	section	2.4.2.	 	Similarly,	gasses	could	also	seep	 in	at	 the	gasket-clamp	

interface	if	there	was	a	size	mismatch	between	the	gasket	and	chip	or	chip	carrier.		Gaskets	

were	cut	to	exact	size	for	each	device	to	ensure	minimal	deformations	caused	by	overhangs	

and	 non-uniform	 clamping	 pressure.	 	 Nevertheless,	 bubbles	 sometimes	 did	 form.	 Proper	

liquid	line	design	further	mitigated	the	impact	of	bubbles.	

	

Bubble	formation	and	dead	volume	required	more	forethought	in	passive	design	and	active	

user	 control.	 	 For	 instance,	 dead	 volume	and	bubbles	 are	 easily	 trapped	 and	 confined	 at	

corners	or	tight	angles.	 	Designs	to	reduce	the	number	of	tight	angles	were	implemented.		

Dead	volumes	can	also	actively	be	penetrated	by	pulsing	flow	rates.	

	

The	flow	cell	window	has	four	customizable	supply/exhaust	ports	for	liquid	delivery.		Two	

were	dedicated	to	supply	and	exhaust,	while	 the	other	 two	were	 tied	 together	with	a	 tee	

junction	and	valve.		Shorting	two	of	the	ports	together	served	two	purposes.		First,	it	allowed	

a	low	resistance	path	for	solutions	to	bypass	the	microfluidic	channel.	If	bubbles	temporarily	

formed,	 flow	could	be	diverted	to	this	path,	bipassing	the	microfluidic	channel.	 	This	also	
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allowed	pressure	equalization	in	stopped-flow	experiments	and	delayed	the	onset	of	bubble	

formation.	 	 Second,	 the	 tee	 junction	provided	a	 syringe	port	 for	 the	user	 to	 inject	 a	high	

volume	of	buffer	to	flush	the	system	and	help	rinsing,	further	discussed	in	section	2.4.2.		The	

fluidics	setup	is	shown	in	Figure	2.3.	

	

	

Figure	2.3:	Diagram	of	the	liquid	lines	of	the	flow	cell.	

	

2.2.3 Device	Throughput	

Low	device	throughput	plagued	early	measurements	in	the	flow	cell.		The	main	two	reasons	

included	 poor	 enzyme	 attachment	 yield,	 and	 wire	 bonds	 breaking.	 	 Specific	 focus	 and	

modification	addressed	to	these	concerns.		The	highest	increase	in	throughput	resulted	from	

performing	protein	 conjugation	 in	 the	 flow	cell	 rather	 than	prior	 to	 insertion.	 	 Improved	

cleaning	procedures	outlined	in	section	2.4.2	permitted	the	protein	conjugation	step	to	be	

performed	after	the	device	was	successfully	mounted	in	the	flow	cell.	

	

Syringe Port 

Exhaust Supply 

Microfluidic Channel 
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The	 PDMS	 gasket	 used	 to	 confine	 liquid	 also	 had	 separate	 channels	 formed	 to	 provide	

clearance	for	the	wire	bonds.		The	aluminum	wire	bonds	originally	used	were	rigid	and	easily	

detached	by	the	sticky	PDMS	when	aligning	and	clamping	the	gasket.		To	remedy	this,	gold	

wire	bonds	were	implemented	instead.		The	malleable	metal	bonds	were	more	tolerant	to	

being	inadvertently	touched	due	to	clamping	or	thermal	expansion.	

	

To	further	increase	throughput,	a	second	amplifier	was	installed,	capable	of	measuring	two	

CNTFET	 devices	 in	 parallel.	 	 Using	 a	 refined	 growth	 technique,	 100	 μm	 long	 CNTFETs	

bridging	multiple	electrodes	were	repeatably	grown.		All	devices	were	characterized	prior	

to	insertion	in	the	flow	cell.		The	two	most	promising	candidates	were	selected	for	single-

molecule	measurements.	 	The	DAQ	can	measure	2	MHz	total,	split	across	16	analog	input	

channels.		Measurements	typically	consisted	of	measuring	two	devices	in	parallel	at	1	MHz	

each.	 	 Once	 enzymatic	 activity	was	 established	 on	 a	 device,	 data	 collected	 ceased	 on	 the	

inactive	device,	and	all	2	MHz	was	dedicated	to	the	active	device.	

	

2.3 Device	Fabrication	

Sample	preparation	has	been	a	long	established	protocol	in	this	lab	and	described	elsewhere	

[4].		Here,	a	brief	summary	is	given,	and	is	divided	into	three	stages:	CNTFET	growth,	device	

characterization	and	passivation,	and	enzyme	functionalization.	
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2.3.1 CNTFET	Growth	

CNTFETs	are	grown	via	chemical	vapor	deposition	(CVD)	 from	Fe30Mo84	 seeds	 [54].	 	The	

Fe30Mo84	catalyst	nanoparticles	are	confined	to	Al2O3	islands	photolithographically	defined	

on	 a	 4”	 p++	 silicon	 wafer	 with	 a	 250	 nm	 thermal	 oxide	 (Silicon	 Quest	 International).		

Confinement	of	catalyst	nanoparticles	to	islands	away	from	the	active	device	helps	maintain	

clean	 CNTFET	 channels.	 	 A	 fast-heating	 CVD	 recipe	 permits	 growth	 of	 straight,	 hundred	

micron	long	CNTFETs,	in	a	desired	direction	[55].		This	recipe	has	been	tailored	to	grow	~1	

long	CNTFET	per	island.	

	

CNTFET	and	surface	cleanliness	 is	paramount	 to	reliable	 functionalization.	 	Directly	after	

growth,	the	wafer	was	baked	at	315	°C	for	30	minutes	to	remove	excess	amorphous	carbon	

acquired	from	the	growth	process.		To	passivate	the	surface	and	maintain	cleanliness	of	the	

CNTFET	 channel	 during	 electrode	deposition,	 the	 entire	wafer	was	passivated	by	 atomic	

layer	deposition	(ALD)	of	Al2O3	(10	nm).		Nickel	(40	nm)/Platinum	(10	nm)	electrodes	were	

then	lithographically	patterned	and	deposited.		Lastly,	a	second	layer	of	Al2O3	was	deposited	

to	passivate	the	CNTFET	contacts	and	surface	until	the	device	was	ready	to	be	used.	 	The	

Al2O3	 passivation	 layer	 permits	 rapid	 SEM	 imaging	 (Jeol	 6060,	 1	 kV)	 to	 confirm	 single	

nanotube	connections.	

	

2.3.2 Device	Passivation	and	Preparation	

The	Al2O3	passivation	layers	were	removed	with	a	proprietary	phosphoric	acid	(Transetch,	

Transene),	allowing	the	devices	to	be	electrically	characterized.		The	electrodes	were	then	

re-passivated	with	 A3	 PMMA	 (MicroChem)	while	 a	 portion	 of	 the	 CNTFET	 sidewall	was	
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exposed	through	electron	beam	lithography.	 	The	surface	cleanliness	and	CNTFET	quality	

were	imaged	by	AFM	(Pacific	Nanotechnology	Nano-R)	to	confirm	CNTFETs	as	single-walled	

with	diameters		1.1-1.6	nm.	

	

The	chip	was	mounted	on	a	 chip	carrier	with	conductive	 silver	epoxy.	 	 Source	and	drain	

electrodes	were	 ball	 bonded	 to	 pads	 on	 the	 chip	 carrier.	 	 The	 chip	was	 then	 stored	 in	 a	

vacuum	desiccator	until	 the	protein	conjugation	step.	 	Figure	2.4	shows	an	example	SEM	

image	of	a	device.	

		 	

Figure	2.4:	Example	SEM	images	of	a	long	carbon	nanotubes	sprouting	off	a	catalyst	island	
and	bridging	electrodes.	

	

2.3.3 Enzyme	Conjugation	Protocol	

Functionalization	of	the	CNTFET	was	tailored	to	the	specific	need	of	the	experiment.		Enzyme	

functionalization	uses	the	linker	molecule,	pyrene-maleimide	(Sigma-Aldrich).		The	pyrene	

associates	with	the	CNTFET	through	p-p	 interactions,	while	the	maleimide	links	to	a	thiol	

group	 on	 the	 enzyme	 of	 interest	 [56,57].	 	 The	 experiments	 described	 in	 the	 following	
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chapters	either	use	enzyme	attachment	densities	of	1	μm-1	or	20	μm-1,	and	were	controlled	

by	diluting	the	functionalized	pyrene-maleimide	in	a	passivating	pyrene.		Dilution	ratios	for	

1	 um-1	 and	 20	 um-1	 are	 1:10,000	 and	 1:500	 pyrene-maleimide:pyrene,	 respectively,	

corresponding	to	concentrations	of	100	pM:	1	μM	and	2	nM:	1	μM	in	ethanol.		A	cartoon	of	

CNTFET	functionalized	with	pyrene-maleimide	and	pyrene	is	shown	in	Figure	2.5	alongside	

an	AFM	of	a	device	functionalized	with	a	single	enzyme.	

	

Figure	2.5:	 (Left)	A	 cartoon	Taq	molecule	 conjugated	 to	 a	 CNTFET	device.	 	 The	pyrene-
maleimide	linker	molecule	is	colored	blue	while	the	pyrene	molecules	passivate	the	surface	
of	 the	 CNTFET	 are	 colored	 green.	 	 (Right)	 AFM	 image	 of	 a	 single	 enzyme	 tethered	 to	 a	
CNTFET	device.	

	

Protein	conjugation	to	carbon	nanotubes	is	divided	into	two	phases:	linker	attachment	and	

protein	 conjugation.	 	 The	 linker	 was	 attached	 outside	 of	 the	 flow	 cell	 to	 reduce	 cross-

contamination	 of	 the	 liquid	 lines.	 	 A	 1:10,000	 ratio	 of	 pyrene-maleimide:pyrene	 at	 a	

concentration	of	100	pM:1	µM	in	ethanol	was	dispensed	on	the	chip	surface	with	a	transfer	
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pipette	for	2	minutes.		The	linker	solution	was	gently	rinsed	away	by	dripping	clean	ethanol	

onto	the	chip,	under	constant	flow	for	1	minute,	then	blown	dry	with	nitrogen.	

	

Immediately,	the	device	was	installed	in	the	flow	cell.		The	gasket	was	then	aligned	by	hand	

under	microscope.	 	 Care	was	 taken	 not	 to	 compress	 the	 gasket	 to	 the	 chip	 surface	 until	

properly	 aligned.	 	 Removing	 and	 re-aligning	 the	 gasket	multiple	 times	 causes	 the	 PDMS	

stickiness	to	decrease,	leading	to	a	poor	seal	and	an	increased	chance	of	bubble	formation	

upon	heating.	 	Once	the	gasket	was	properly	aligned,	the	gasket	was	compressed	by	hand	

with	tweezers	to	ensure	a	tight	seal.		The	flow	cell	lid	was	then	aligned	to	the	liquid	ports	of	

the	gasket,	and	the	lid	was	clamped	under	two	bolts.		If	the	clamping	pressure	is	not	evenly	

distributed	between	the	two	bolts,	leaks	and	bubble	formation	will	occur.	

	

Once	the	gasket	was	aligned	and	clamped,	buffer	was	flown	over	the	device	for	5	minutes	to	

equilibrate	 the	 SiO2	 surface	 to	 the	 salt	 solution.	 	 Protein	was	 then	 injected	 at	 4	 nM	 and	

incubated	for	5	minutes.		The	protein	was	then	flushed	away	in	buffer,	and	the	sample	was	

heated	to	the	desired	temperature.	

	

2.4 Experimental	Procedures	

2.4.1 Surface	Passivation	

Surface	 contamination	 by	 charged	 substrates	 is	 a	 common	 problem	 for	 unpassivated	

surfaces,	especially	measuring	polymerases	with	DNA	substrates.		Mg2+	will	coordinate	the	

negatively	charged	DNA	to	dangling	SiO-	bonds	on	the	surface	[58].		This	becomes	an	issue	

when	rinsing	between	test	solutions	where	the	surface	can	introduce	cross-contamination.		
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The	SiO2	surface	was	passivated	after	protein	conjugation	by	incubating	in	0.1%	Tween-20	

in	buffer	for	3	minutes.		Figure	2.6	shows	an	example	fluorescence	image	of	a	passivated	and	

unpassivated	SiO2	surface	in	the	presence	of	fluorescently	labeled	cy3-DNA	template.	

	

Figure	 2.6:	 A	 passivated	 (left)	 and	 unpassivated	 (right)	 SiO2	 surface	 in	 the	 presence	 of	
fluorescently	labeled	cy3-DNA.	

	

2.4.2 Preoperative	Protocols	

Preoperative	procedures	are	vital	to	experimental	success.		Cleanliness	of	the	liquid	lines	of	

the	flow	cell	is	paramount	as	the	lines	readily	retain	substrates	from	previous	measurements	

and	grow	bacteria.		At	least	3	hours	before	measurement,	the	lines	are	flushed	with	50	mL	of	

1	M	NaOH	over	the	course	of	10	minutes.		The	liquid	lines	are	then	flushed	liberally	with	DI	

and	allowed	to	equilibrate	for	at	least	2	hours	prior	to	measurement.		Additionally,	problems	

arise	from	improper	PDMS	gasket	preparation.		To	ensure	a	tight,	bubble-free	seal,	the	PDMS	

surface	is	rejuvenated	by	sonication	in	ethanol	for	5	minutes.	
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An	automated	fluid	delivery	system	was	previous	used	by	this	lab	(AutoMate	SmartSquirt).		

However,	 this	 system	 is	 susceptible	 to	 backflow	 and	 cross-contamination,	 and	 occurs	 at	

unpredictable	 intervals.	 	 Instead,	 solutions	 were	 syringed	 in	 one	 at	 a	 time	 by	 hand.	

Implementation	of	the	protocols	outlined	in	this	chapter	increased	device	yield	to	25-50%.	
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Chapter	3 	

Single-Molecule	Measurements	of	Taq	Polymerase	

	

Electronic	 sensing	 with	 CNTFETs	 has	 been	 used	 to	 study	 the	 enzymatic	 motions	 of	

lysozymes,	 PKA,	 DHFR,	 and	 more	 recently,	 DNA	 polymerases	 [1,3,48].	 	 This	 chapter	

investigates	 sensing	 of	 one	 particular	 polymerase,	 Taq,	 the	 DNA	 polymerase	 I	 of	 the	

themophilic	bacteria	Thermus	aquaticus.	 	Taq	 is	an	enzyme	with	 tremendous	commercial	

importance,	being	a	key	enabling	 ingredient	 for	the	polymerase	chain	reaction	(PCR)	and	

related	DNA	science	and	technology.	

	

This	chapter	describes	two	parallel,	single-molecule	experiments	with	Taq.		First,	Taq	was	

used	as	a	model	enzyme	to	test	the	variable-temperature	capabilities	of	the	CNTFET	sensing	

platform.		Temperature	remains	a	relatively	uncharted	area	of	single-molecule	science	due	

to	limitations	of	traditional	fluorescence	techniques,	typically	capping	off	around	45	°C.		As	

a	solid-state	electronic	technique,	the	CNTFET	sensor	is	stable	over	all	biologically	relevant	

temperatures.	 	 This	 chapter	 describes	 successful	 CNTFET	 measurements	 of	 single	 Taq	

molecules	over	a	dynamic	temperature	range	from	room	temperature	up	to	85	°C.	

	

Secondly,	 the	 experiments	 in	 this	 chapter	 explored	 signal	 transduction	 from	Taq	 in	 four	

molecular	orientations.		Taq’s	orientation	on	the	CNTFET	sensor	is	determined	by	a	cysteine-

maleimide	coupling	reaction.		By	inserting	a	cysteine	into	different	domains	by	mutagenesis,	

CNTFET	sensors	could	be	built	with	the	molecule	attached	in	different	ways.		Four	different	
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Taq	variants	were	designed,	expressed,	purified,	and	then	attached	to	CNTFET	sensors.		One	

of	the	variants,	named	R411C,	produced	a	particularly	clear	signal	that	was	straightforward	

to	analyze.		Consequently,	the	chapter	begins	with	a	short	introduction	and	then	an	analysis	

of	 the	 R411C	 variant	 and	 its	 temperature	 dependence.	 	 The	 second	 half	 of	 the	 chapter	

analyzes	 similarities	 and	 differences	 in	 the	 signals	 produced	 by	 other	 Taq	 variants	 in	

different	orientations.		

	

3.1 Introduction	and	Methods	

3.1.1 Taq	Polymerase	

Taq,	is	the	industry	standard	for	the	Polymerase	Chain	Reaction	(PCR).		PCR	is	a	three	billion	

dollar	 industry	 used	 to	 copy	 and	 amplify	 DNA,	 and	 is	 ubiquitous	 across	 the	 fields	 of	

chemistry,	 biology,	 and	medicine.	 	 Taq	plays	 a	 linchpin	 role	 in	 the	PCR	process	by	being	

enzymatically	 active	 at	 72	 °C,	 an	 intermediate	 temperature	 between	 the	 limits	 for	 DNA	

melting	and	annealing.		In	a	single	PCR	cycle,	the	temperature	is	raised	to	95	°C	to	denature	

double-stranded	DNA	(dsDNA)	into	single-stranded	(ssDNA).		The	solution	is	then	cooled	to	

50-60	°C	to	allow	DNA	fragments	to	anneal.	 	Finally,	the	solution	is	heated	to	72	°C,	a	few	

degrees	 below	 Taq’s	 optimum	 temperature,	 for	 DNA	 replication.	 	 Taq	 is	 one	 of	 the	 few	

polymerases	that	can	withstand	the	temperature	needed	to	melt	dsDNA	and	remain	viable.	

	

Despite	the	scientific	prevalence	and	commercial	usage	of	Taq,	the	precise	dynamics	of	this	

enzyme	have	remained	relatively	uncharacterized	at	72	°C.		Ensemble	studies	can	measure	

catalytic	rates	and	rate-limiting	processes,	but	they	are	not	sensitive	to	the	more	transient	

and	complex	dynamics	of	the	catalytic	cycle	[59,60,61–63].		Single-molecule	techniques	are	
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better	suited	to	observe	such	features,	but	they	have	only	been	used	on	Taq-like	systems	up	

to	 40	 °C	 [64].	 	 Past	 this	 limit,	 each	 technique	 has	 its	 own	 unique	 complication,	 such	 as	

oxidation	 of	 fluorophores,	 desorption	 of	 surface	 immobilized	 species,	 thermal	 noise,	 and	

hydrogen	 bonding	 disruption	 [29].	 	 Furthermore,	 smFRET	 generally	 lacks	 the	 time	

resolution	needed	to	draw	any	conclusions	about	short-lived	states	or	transitions.	

	

One	 goal	 of	 the	 present	 work	 is	 to	 fill	 this	 gap	 and	 extend	 the	 single-molecule	

characterization	of	Taq	up	to	and	beyond	72	°C.		Successful	interpretation	of	signals	from	the	

CNTFET	sensor	platform	largely	depends	on	previous	work	characterizing	ensemble	rates	

and	protein	structure.		X-Ray	crystallographic	techniques	have	captured	atomic-resolution	

structural	snapshots	of	Taq	in	its	long-lived	(rate-limiting)	open	and	closed	conformational	

states,	 and	 even	 identified	 an	 intermediate	 conformation	 between	 the	 two	 [65–67].		

Movements	among	these	states,	and	especially	the	allosteric	movements	of	charged	amino	

acid	sidechains,	are	responsible	for	transducing	electrical	signals	in	CNTFET	devices	[50].	

	

While	 the	 overall	 catalytic	 dynamics	 can	 be	 simplified	 to	 a	 pair	 of	 open	 and	 closed	

conformational	 states,	 submolecular	 scales	 include	 much	 more	 structure,	 function,	 and	

dynamics.		In	general,	polymerases	from	the	Pol1	family	all	maintain	a	structure	resembling	

a	 right	 hand	 that	 can	 be	 subdivided	 into	 thumb,	 finger,	 and	 palm	 domains.	 	 The	 thumb	

domain	binds	to	the	first	unpaired	base	of	a	ssDNA	template.	A	free-floating	nucleotide	from	

the	 surrounding	 solution	 will	 associate	 with	 the	 first	 unpaired	 base	 of	 template	 and	

independently	bind	to	the	finger	domain	[63].		When	both	binding	partners	are	present,	the	

finger	 domain	 snaps	 closed	 around	 them,	 aligning	 them	 into	 contact	with	 a	 catalytically	



 

23 
 

active	site	in	the	palm	domain	[66,68–70,71].		Once	closed,	H2O	and	Mg2+	ions	facilitate	the	

cleavage	 of	 pyrophosphate	 (PPi)	 backbone	 and	 incorporation	 of	 the	 nucleotide	 into	 the	

nascent	DNA	strand	[65,67,72].		Once	pyrophosphate	is	cleaved	and	the	nucleotide	is	fully	

incorporated,	the	finger	region	reopens,	PPi	diffuses	away,	and	the	DNA	strand	translocates	

for	 Taq	 to	 repeat	 the	 process	 on	 the	 next	 unpaired	 base	 [73,74,75].	 	 At	 that	 time,	 the	

exonuclease	domain	cleaves	off	misincorporated	base	pairs,	 an	error-correcting	 role	 that	

enhances	polymerase	fidelty	to	approximately	one	error	in	106	bases	[76,77].	

	

3.1.2 Taq	Attachment	Site	Mutagenesis	

The	native	structure	of	Taq	does	not	have	any	free	surface	cysteines.		Consequently,	no	Taq	

molecules	will	covalently	attach	to	a	CNTFET	device	decorated	with	maleimide	linkers.		This	

absence	of	competing	sites	gave	us	broad	freedom	to	introduce	a	new	cysteine	and	achieve	

any	desired	Taq	orientation	on	the	CNTFET.	

	

Numerous	considerations	led	to	the	choice	of	possible	candidate	sites.		First	and	foremost,	

the	introduced	cysteine	must	not	interfere	with	protein	expression	or	folding,	and	it	should	

not	 significantly	 alter	 ensemble	 catalytic	 activity.	 	 Fortunately,	 Xu	 et	 al.	 had	 previously	

designed	and	tested	the	catalytic	activity	of	10	different	single-cysteine	Taq	variants	[61].		

When	 labeled	 with	 fluorophores	 for	 smFRET	 studies,	 Xu	 et	 al.	 also	 determined	 that	 all	

domains	move	in	concert	during	the	catalytic	cycle.		These	smFRET	results	suggested	that	

the	finger,	thumb,	and	palm	domains	were	all	equally	promising	candidates	for	transduction	

of	electronic	signals.		A	further	criteria	was	to	select	cysteine	sites	that	would	freely	attach	
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to	a	bulky	CNTFET	without	restricting	Taq’s	movements,	blocking	access	to	the	finger	and	

thumb	binding	sites,	or	interfere	with	translocation	of	long	ssDNA	template	molecules.	

	

Collaborators	in	the	Professor	Gregory	Weiss	laboratory	at	UCI	successfully	duplicated	the	

work	of	Xu	et	al.	 for	 four	 selected	 single-cysteine	mutants.	 	 Figure	3.1	provides	a	 ribbon	

structure	 of	 Taq	 polymerase	with	 the	 four	 target	 sites	 labeled	 in	 red.	 	 One	mutant	 was	

prepared	with	a	cysteine	on	the	back	side	of	the	palm	domain	at	site	R411C.		Another	mutant	

was	prepared	having	one	cysteine	on	the	back	side	of	the	finger	domain	at	site	R695C.	 	A	

third	mutant	used	the	back	of	the	thumb	domain	at	E524C.	 	The	fourth	mutant	added	the	

cysteine	to	the	intervening	domain	at	A814C,	connected	to	the	backside	of	the	palm.		While	

the	intervening	domain	has	no	catalytic	function,	the	A814C	site	was	chosen	because	of	its	

proximity	to	a	large	loop	motion	between	Taq’s	open	and	closed	states.	
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Figure	3.1:	Ribbon	structure	of	Taq	polymerase	in	the	open	conformation	as	determined	by	
x-ray	crystallography.		The	active	site	is	facing	up	with	a	dsDNA	is	bound	in	grey.		The	five	
domains	are	annotated,	and	attachment	sites	colored	red.	
	

Each	mutant	was	expressed,	purified,	and	then	stored	for	attachment	to	CNTFET	devices.		

Before	 use,	 dialysis	 was	 used	 to	 remove	 reducing	 reagents	 from	 the	 storage	 buffer	 that	

interfere	with	 the	cysteine-maleimide	 linkage	reaction.	 	Typical	 incubation	conditions	 for	

each	CNTFET	device	were	4	nM	protein	(0.38	µg/mL)	for	5	minutes	at	room	temperature,	

followed	by	rinsing	and	storage	 in	Taq	activity	buffer	 (40	mM	HEPES,	50	mM	KCl,	5	mM	

MgCl2,	pH	6.5).		Attachment	buffers	with	pH	6.5	were	critical	during	the	incubation	period	to	

facilitate	the	thiol-maleimide	reaction.	 	Figure	3.2	shows	the	ribbon	structures	of	the	four	

Taq	 polymerase	mutants	 depicted	 in	 their	 respective	 attachment	 orientations	 on	 a	 CNT	
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cross-section.		Open	and	closed	structures	are	overlaid	in	purple	and	green,	respectively,	to	

help	highlight	the	regions	of	greatest	motion	during	catalysis.	

a) b) 	

c) d) 	
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Figure	3.2:	The	four	mutants	studied	in	their	respective	attachment	orientations	on	the	CNT.	
The	open	and	closed	structures	are	overlaid	in	purple	and	green,	respectively,	to	show	the	
motions	 detected.	 a)	 R411C	 (Palm	 domain),	 b)	 R695C	 (Finger	 domain),	 c)	 A814C	
(Intervening	domain),	d)	E524C	(Thumb	domain).	
	

Each	mutant	 included	 a	 G46D	mutation	 to	 deactivate	 the	 exonuclease	 domain’s	 activity.		

Future	work	might	explore	exonuclease	function	without	the	G46D	mutation	and	using	an	

attachment	site	on	that	domain.	

	

3.2 Single-Molecule	Measurements	of	R411C	Taq	(Palm	Domain)	

Previous	CNTFET	studies	with	other	enzymes	demonstrated	electronic	signal	dependence	

upon	liquid	gate	[50,78].		Taq	polymerase	exhibited	electronic	signal	transduction	reliably	

in	a	~150	mV	range	of	liquid	gates.		The	signal	amplitude	and	clarity	was	the	greatest	at	the	

center	of	the	150	mV	window.		The	frequency	of	signal	dropped	sharply	to	zero	over	<	25	

mV	 at	 the	 more	 positive	 end	 of	 the	 window	 of	 activity,	 closer	 to	 the	 CNTFET	 device’s	

transconductance	 threshold.	 	 At	 the	 other	 end	 of	 the	 window	 of	 activity,	 closer	 to	 the	

CNTFET’s	device’s	“on”	state,	the	frequency	of	signal	decreased	to	zero	over	a	<	75	mV	range.		

Addition	of	a	reducing	agent	(2	mM	Trolox)	to	the	measurement	solution	shifted	both	the	

enzyme’s	window	 activity	 as	well	 as	 the	 CNTFET	 threshold	 -150	mV,	 indicating	 that	 the	

chemical	potential	of	both	 the	enzyme	and	the	CNTFET	are	coupled.	 	The	data	presented	

below	are	from	the	center	of	the	window	of	activity	for	each	molecule.	

	

Single-molecule	measurements	of	Taq	polymerase	were	conducted	in	buffers	containing	40	

mM	HEPES,	50	mM	KCl,	5	mM	MgCl2,	pH	6.5.		DNA	and	nucleotides	were	introduced	at	typical	

concentrations	 of	 5	 nM	 and	 500	 nM,	 respectively.	 	 After	 baseline	 noise	was	 acquired	 in	
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activity	 buffer,	 experiments	 began	 by	 measuring	 the	 device	 at	 a	 liquid	 gate	 value	

corresponding	to	the	“off”	conducting	state	of	the	CNTFET.		The	liquid	gate	was	then	ramped	

in	 50	 mV	 increments,	 switching	 the	 CNTFET	 to	 the	 “on”	 state,	 until	 enzymatic	 activity	

initiated.	

	

Additionally,	the	source-drain	potential,	Vsd,	was	kept	between	25-100	mV	in	order	to	limit	

the	source-drain	current,	Isd,	to	<	80	nA.		Empirically,	enzymatic	activity	had	a	high	chance	of	

stopping	abruptly	after	only	a	few	minutes	when	Isd	>	100	nA.		Automated	I-Vlg	sweeps	were	

only	conducted	at	the	end	of	a	measurement	to	limit	the	potential	for	high	current	spikes.	

	

3.2.1 Signal	Transduction	by	R411C	Taq	at	Elevated	Temperatures	

Electrical	signals	were	acquired	in	Taq	activity	buffer	to	characterize	the	device	and	quantify	

the	 baseline	 1/f	 noise.	 	 Then,	 combinations	 of	 ssDNA	 template	 and/or	 nucleotides	were	

delivered	 to	 the	 device	 via	 microfluidic	 channel.	 	 Introducing	 ssDNA	 along	 with	

complementary	nucleotides	to	a	Taq-CNTFET	device	generated	stochastic	pulses	in	source-

drain	current	I(t).	

	

Figure	3.3		shows	one-second	example	traces	of	ΔI(t)	measured	in	solutions	containing	only	

(a)	 activity	 buffer,	 (b)	 complementary	 poly(T)42	 +	 dATP,	 and	 (c)	 non-complementary	

poly(T)42	+	dTTP	+	dCTP	+	dGTP,	at	72	°C.		ΔI(t)	is	the	portion	of	I(t)	with	the	DC	component	

removed	by	a	1-second	highpass	filter.		ΔI(t)	included	1/f	fluctuations	of	the	CNTFET,	which	

had	a	normal	distribution	and	standard	deviation	of	1.4	nA.		In	addition	to		these	fluctuations,	

current	 excursions	 of	 -5	 to	 -6	 nA	 were	 frequent	 and	 uninterrupted	 in	 the	 presence	 of	



 

29 
 

complementary	nucleotides.		In	this	example	segment,	68	excursions	were	recorded.		These	

excursions	 vanished	when	 the	 complementary	 nucleotide	was	 rinsed	 away	 and	 replaced	

with	non-complementary,	leaving	only	the	characteristic	1/f	noise	of	the	CNTFET	and	was	

indistinguishable	from	measurements	in	activity	buffer.		We	concluded	that	the	downward	

excursions	(referred	to	as	“events”)	seen	in	complementary	nucleotides	were	due	to	Taq’s	

enzymatic	motions.	
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Figure	 3.3:	 Measurements	 of	 R411C	 Taq	 at	 72	 °C	 in	 a)	 activity	 buffer,	 b)	 ssDNA	 and	
complementary	nucleotide,	and	c)	ssDNA	and	non-complementary	nucleotide.		-5	to	-6	nA	
excursions	 were	 produced	 only	 in	 the	 presence	 of	 both	 template	 and	 complementary	
nucleotide.	 	Replacing	the	complementary	nucleotides	with	non-complementary	produces	
only	1/f	noise	 inherent	 to	 the	CNTFET,	and	was	 indistinguishable	 from	measurements	 in	
activity	buffer.	
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Figure	3.4	depicts	example	signals	transduced	by	R411C	Taq	at	select	temperatures.		In	the	

presence	of	complementary	poly(T)42	+	dATP,	excursions	similar	to	those	shown	in	Figure	

3.3	 were	 observed	 at	 every	 temperature	 but	 with	 a	 rate	 that	 reflected	 the	 temperature	

dependence	of	Taq’s	catalytic	activity	(typical	concentrations	of	substrate	used	were	5	nM	

ssDNA	 +	 500	 nM	 dNTP).	 	 To	 compare	 data	 collected	 at	 different	 temperatures,	 the	

fluctuations	ΔI(t)	have	been	scaled	by	the	DC	current	and	reported	as	a	percentage	ΔI/I.	

	

The	plots	of	ΔI/I	 in	Figure	3.4illustrate	the	frequency	of	catalytic	events.	 	Quarter-second	

segments	of	data	are	sufficient	to	show	that	event	frequency	increased	with	temperature.		

The	right	panels	show	individual	events	lasting	hundreds	of	microseconds	to	milliseconds	in	

duration,	 which	 were	 clearly	 resolved	 with	 the	 CNTFET’s	 microsecond	 resolution.	 	 The	

frequency	of	events	increased	from	4	s-1	at	room	temperature	to	96	s-1	at	85	˚C.		
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Figure	3.4:	Sample	electrical	signals	generated	by	the	palm	domain	at	22,	45,	72,	and	85	°C	
in	the	presence	of	poly(T)42	and	complementary	dATP.		The	left	panels	depict	the	frequency	
of	events	increasing	with	temperature.	 	The	right	panels	show	individual	events	in	10	ms	
segments.	
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3.2.2 Variability	of	R411C	Taq	Activity	

Complex	biomolecules	like	enzymes	cannot	be	characterized	by	single	snapshots	of	data,	and	

the	 instantaneous	 rates	depicted	above	varied	 from	second	 to	 second.	 	A	 strength	of	 the	

CNTFET	sensor	technique	is	that	it	can	continuously	acquire	thousands	of	catalytic	turnovers	

over	multiple	minutes	to	reveal	the	statistical	nature	of	single-molecule	activity.		This	section	

addresses	this	sort	of	variation	in	the	ΔI(t)	signals	from	R411C	Taq.		First,	the	waiting	time	

between	events	will	be	analyzed	to	determine	how	enzymatic	rates	vary	 in	 time.	Second,	

similar	analysis	will	be	applied	 to	 	 the	event	durations.	 	 For	 clarity,	 sample	 statistics	 are	

shown	at	one	temperature	before	comparison	are	made	at	different	temperatures.	

	

Long-duration	 analysis	 presented	 special	 data	 processing	 challenges.	 	 The	 1/f	 nature	 of	

CNTFET	 noise	 leads	 to	 a	 wandering	 baseline	 and	 changing	 noise	 magnitudes,	 and	 the	

successful	comparison	of	events	and	event	frequencies	from	one	minute	to	another	relies	on	

heavily	 on	 the	 accuracy	 of	 noise	 removal	 techniques.	 	 Denoising	 was	 accomplished	 by	

processing	long	data	records	in	1-second	segments	with	a	wavelet	denoising	filter	recently	

developed	for	this	purpose	[78].		After	denoising,	a	thresholding	filter	was	used	to	identify	

individual	 events,	 which	 were	 then	 characterized	 according	 to	 duration,	 amplitude,	 and	

other	characteristics.	

	

Figure	3.5	shows	an	example	distribution	of	the	waiting	times	between	R411C	Taq	events	at	

42	°C.	When	accumulated	for	one	minute,	enough	events	were	observed	to	determine	that	
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the	waiting	 time	distribution	 followed	 single-exponential	 behavior.	 	 The	Poisson	process	

with	average	time	τ	has	an	exponential	probability	distribution	described	by	

𝑃(𝑡) = !
"
𝑒#$/".	

The	waiting	time	for	R411C	Taq	appeared	to	be	a	stochastic,	Poisson	process	with	an	average	

time	τwaiting	=	46	ms,	resulting	 in	a	catalytic	rate	kcat	=	1/τwaiting	=	22	s-1.	 	Graphically,	 this	

enzymatic	rate	is	the	slope	of	distribution,	or	a	least-squares	fit	to	the	distribution,	on	a	semi-

logarithmic	plot	(Figure	3.5).	

	

Figure	3.5:	 The	 distribution	 of	waiting	 times	 at	 42	 °C	 over	 a	 1	minute	 interval	 displays	
single-exponential	 behavior.	 	 The	 inset	 shows	 the	 distribution	 of	waiting	 times	 over	 the	
course	 of	 11	minutes,	where	 departure	 from	 single-exponential	 to	 stretched-exponential	
behavior	was	observed.	
	

The	 leftmost	 data	 point	 in	 Figure	 3.5	 is	 higher	 than	 the	 expected	 distribution	 by	

approximately	100%.		This	point	corresponds	to	the	shortest	waiting	times,	0	<	τwaiting	<	0.02	
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s.		Manual	investigation	of	these	events	uncovered	a	data	processing	artifact.		In	brief,	noise	

fluctuations	 during	 an	 event	 were	 sometimes	 detected	 by	 the	 thresholding	 algorithm,	

splitting	a	single	event	 into	 two	parts	separated	by	an	artifically	 implanted	short	waiting	

time	τwaiting.		This	error	artificially	increased	the	population	of	the	shortest	waiting	times	and	

justified	the	exclusion	of	this	bin	from	subsequent	single-exponential	fits.	

	

The	inset	of	Figure	3.5	shows	the	same	type	of	plot	for	events	accumulated	over	11	minutes.	

As	 the	 duration	 of	 the	 recording	 increased,	 an	 increasing	 amount	 of	 curvature	 was	

introduced	 to	 the	 distribution,	 yielding	 what	 is	 sometimes	 referred	 to	 as	 a	 “stretched”	

exponential.			Stretched	exponentials	can	be	caused	by	Poisson	rates	that	change	slowly	over	

time.		To	investigate	this	possible	explanation,	the	data	for	Figure	3.5	were	plotted	as	events	

per	second.	 	Figure	3.6	shows	that	Taq	events	per	second	(i.e.	Taq’s	catalytic	rate)	varied	

over	two	orders	of	magnitude	from	1	s-1	up	to	120	s-1	in	this	data	set.		This	variability	explains	

the	shape	of	both	distributions	shown	in	Figure	3.5.		Over	short	durations	≤	1	minute,	Taq’s	

rate	 varied	 in	 a	 narrow	 range	 and	 the	 resulting	 τ	 distribution	 tended	 to	 be	 single-

exponential.		Over	longer	durations,	Taq’s	rate	sampled	more	of	its	allowed	range,	stretching	

the	cumulative	distribution.	
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Figure	3.6:	(Left)	The	catalytic	rate	of	the	R411C	Taq	mutant	at	42	°C	over	the	course	of	11	
minutes	of	continuous	acquisition.		The	rate	varies	by	two	orders	of	magnitude	from	minute	
to	minute.		(Right)	A	histogram	of	the	event	rates.	
	

These	types	of	stretched	exponentials	were	observed	 in	all	of	 the	 long-duration	data	sets	

studied	here.		Nevertheless,	curve	fitting	to	a	single-exponential	model	was	useful	for	making	

quantitative	comparisons	among	different	devices	and	Taq	variants.		The	single-exponential	

fit	reports	the	steepest	population	of	the	distribution	and	represents	a	lower	bound	for	τ.	

For	example,	the	fit	shown	in	the	inset	of	Figure	3.5	overlaps	well	with	the	first	seven	bins	of	

the	histogram	and	gives	a	rate	kcat	=	1/τwaiting	=	21	s-1.		Single-exponential	fitting	was	deemed	

to	 be	 sufficiently	 accurate	 when	 the	 fit	 represented	 at	 least	 50%	 of	 the	 events	 in	 the	

distribution.	

	

The	variability	of	Taq’s	catalytic	rate	might	be	caused	by	dynamic	disorder	[79–81,82,83].	In	

proteins,	dynamic	disorder	generally	refers	to	transitions	among	conformational	states	that	

occur	“dynamically”	because	they	are	thermodynamically	accessible	at	room	temperature.		

Two	different	conformations	can	have	two	distinct	catalytic	rates,	even	when	the	dynamic	
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structural	 variation	 is	 distant	 from	 the	 protein’s	 catalytically	 active	 site.	 	 The	 broad	

distribution	of	rates	shown	in	Figure	3.6	may	represent	a	manifold	of	thermodynamically	

accessible	conformational	states.	 	An	advantage	of	 the	CNTFET	technique	 is	 the	ability	 to	

capture	 long-duration,	 single-molecule	 recordings	 that	 successfully	 depict	 the	 range	 and	

time	scale	of	this	type	of	variation.	

	

3.2.3 Temperature	Dependence	of	Enzymatic	Rate	

In	addition	to	the	 innate	variability	accessible	at	a	single	temperature,	Taq’s	average	rate	

was	observed	to	be	temperature	dependent.		The	features	described	above	for	recordings	at	

42	°C	were	found	across	the	entire	temperature	range	of	22	to	85	°C.	

	

Figure	3.7	overlays	waiting	time	distributions	from	R411C	Taq	collected	at	22,	42,	72,	and	

85	°C.	 	The	data	sets	were	accumulated	 for	840,	695,	400,	and	105	seconds,	respectively,	

representing	over	30	minutes	 recorded	 from	a	 single	molecule.	 	The	distribution	at	 each	

temperature	was,	 as	 discussed	 above,	 a	 streched	 exponential.	 	 The	 distribution	 at	 85	 °C	

exhibited	the	least	stretching,	perhaps	because	that	data	set	had	the	shortest	duration.	
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Figure	3.7:	Probability	distributions	of	the	waiting	time	between	events	for	R411C	Taq	at	
22,	42,	72,	and	85	°C.	The	slope	of	each	distribution,	which	determines	the	enzymatic	rate,	
increases	with	temperature.	
	

Each	distribution	in	Figure	3.7	could	be	fairly	characterized	by	a	single-exponential	fit.		The	

fitting	results	are	summarized	in	Table	3.1,	though	the	general	trend	of	increasing	slope	is	

immediately	visible	in	Figure	3.7.		Waiting	times	decreased	twenty	fold,	from	a	value	of	τwaiting	

=	235	ms	at	22	°C	down	to	10	ms	at	85	°C.		The	catalytic	rate	correspondingly	increased	from	

4	s-1	at	room	temperature	to	96	s-1	at	85	˚C.	

	

Table	3.1.		Temperature	dependence	of	R411C	Taq	kinetics	

Temperature	(°C)	 τwaiting	(ms)	 k	(s-1)	 τevent	(µs)	

22	 235	 4	 320	
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42	 50	 20	 75	

72	 16	 61	 160	

85	 10	 96	 130	

	

The	rates	in	Table	3.1	compared	favorably	with	published	ensemble	results,	especially	at	low	

temperatures.		In	the	temperature	range	from	22	to	45	°C,	Taq	activity	increases	from	2	to	

10	s-1	with	an	Arrhenius	temperature	dependence	[62].	 	At	some	point	between	45-60	°C,	

Taq’s	rate	increases	slower	than	the	Arrhenius	law	as	thermal	fluctuations	destabilize	DNA	

and	 its	 interactions	with	 the	enzyme.	 	Taq	activity	ultimately	peaks	around	80	 °C	before	

falling	off	at	higher	temperature.	 	This	temperature	dependence	was	first	recorded	in	the	

seminal	work	by	Chien	et	al.,	and	reproduced	for	reference	in	Figure	3.8	[84].	
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Figure	3.8:	Taq	activity	as	a	function	of	temperature.	Reproduced	from	[84].		In	this	work,	
the	total	amount	of	dsDNA	produced	in	30	minutes	is	measured	at	select	temperatures.	
	

Under	 optimal	 DNA	 amplification	 temperatures	 at	 72	 °C,	 Taq’s	 activity	 is	 around	 61	 s-1.	

However,	the	activity	is	governed	by	many	factors	including	concentrations	of	monovalent	

salt,	 divalent	 salt,	 DNA	 template,	 and	 nucleotides,	 as	well	 as	 pH,	 Taq	mutant,	 and	 buffer	

additives	 [60,85].	 	 These	 parameters	 are	 not	 standardized	 across	 experiments,	 and	 are	

generally	 tailored	 to	 the	 specific	 need	 of	 the	 experiment.	 	 Commercially	 available	 PCR	

solutions	 each	 offer	 their	 own	 proprietary	 blend.	 	 A	 caveat	 between	 our	 Taq-CNTFET	

measurements	 and	 literature	 is	many	 ensemble	 techniques	measure	 the	 total	 amount	 of	

dsDNA	synthesized,	in	the	case	of	[84],	total	DNA	synthesized	occurs	over	the	course	of	30	

minutes.		The	authors	acknowledge	there	are	multiple	reasons	for	the	total	dsDNA	to	drop	

off	 at	 elevated	 temperatures	 independent	 of	 Taq’s	 ability	 to	 perform	 catalysis,	 most	

probable,	is	that	dsDNA	will	melt.	 	Taq	does	not	denature	until	100	°C	[86].	 	Our	CNTFET	

measurements	show	that	the	enzyme	undergoes	the	same	catalytic	motions	up	to	85	°C,	but	

it	remains	unknown	at	what	temperature	these	signals	stop	becoming	catalytic	nucleotide	

incorporations,	forming	dsDNA.	

	

3.2.4 R411C	Taq	Event	Durations		

In	addition	to	the	waiting	time	between	any	two	events,	every	event	is	characterized	by	a	

duration	τevent.		Figure	3.9	shows	the	distribution	of	τevent	values	corresponding	to	the	same	

R411C,	42	°C	data	set	plotted	in	Figure	3.5.		As	was	seen	for	the	waiting	time	τwaiting,	a	one-

minute	 distribution	 of	 τevent	 was	 single	 exponential	 but	 the	 full	 data	 set	 had	 a	 stretched	

exponential	 distribution	 (Figure	3.9,	 inset).	 	Note	 the	 significant	 difference	 in	 scales	 that	
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makes	τevent	inconsequential	to	Taq’s	catalytic	rate:	τ	is	10	to	100	milliseconds	but	τevent	is	

approximately	100	microseconds.		The	curve	fit	shown	in	Figure	3.8	has	a	slope	of	τevent	=	

175	µs,	but	with	dynamic	disorder	 the	 instantaneous	average	ranges	 from	100	to	300	µs	

from	minute	to	minute.	

	

Figure	3.9:	The	distribution	of	τevent	at	42	°C	displays	single-exponential	behavior.	The	inset	
shows	the	distribution	of	event	durations	over	the	course	of	eleven	minutes.	Departure	from	
single-exponential	to	stretched-exponential	behavior	was	observed.	
	

Figure	3.10	depicts	the	temperature	dependence	of	τevent	using	the	same	four	data	sets	as	

Figure	3.7.		The	distributions	separated	themselves	vertically	because	the	catalytic	rate	rose	

with	temperature,	generating	many	more	events	per	second	at	72	and	85	°C.		Other	than	this	

vertical	offset,	however,	the	τevent	distribution	was	independent	of	temperature.		In	fact,	the	

variability	in	slope	at	fixed	temperature	due	to	dynamic	disorder	was	larger	than	the	entire	
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variation	observed	from	22	to	85	°C.		The	single-exponential	fits	of	τevent	is	listed	in	Table	3.1	

for	each	temperature.	

	

	

Figure	3.10:	Probability	distributions	of	τevent	at	22,	42,	72,	and	85	°C.	
	

Another	statistical	measurement	 independent	of	 timing	 is	 the	variance	of	a	process.	 	The	

normalized	statistical	variance	r	is	computed	as	

𝑟 =
𝜎&

〈𝜏〉&	

and	 it	 equals	 unity	 in	 a	 single-step	 Poisson	 process.	 If	 n	 consecutive	 Poisson	 processes	

contribute	 with	 similar	 time	 constants	 to	 an	 observable	 like	 τevent,	 then	 r	 ≈	 1/n	 	 [1,87].		
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Calculation	 of	 r	 is	 important	 for	 determining	 the	 value	 of	 n	 because	 the	 probability	

distribution	can	be	single-exponential	whether	n	=	1	or	n	>	1.	

	

For	the	R411C	Taq	data	discussed	here,	r	=	1	for	both	τwaiting	and	τevent.		Consequently,	both	

durations	were	rate-limited	by	a	single-step	(n	=	1)	Poisson	process.	 	The	waiting	 time	τ	

includes	multiple	mechanistic	steps,	but	r	=	1	means	that	only	one	of	these	was	rate	limiting.		

This	 interpretation	 only	 applies	 to	 short	 data	 segments	 with	 single-exponential	

distributions;	the	dynamic	disorder	that	causes	stretched-exponential	distributions	greatly	

increases	r	and	is	no	longer	a	meaningful	ratio.	

	

3.3 Single	Molecule	Measurements	of	R695C	Taq	(Finger	Domain)	

R411C	generated	a	relatively	simple	signal	in	which	each	ΔI(t)	event	corresponded	to	one	

catalytic	 event.	No	 events	were	observed	 in	buffer	 or	non-complementary	 solutions,	 and	

event	rates	agreed	with	ensemble	measurements	of	catalytic	activity.	However,	R411C	was	

an	exceptional	case.	The	R695C,	A814C,	and	E524C	attachment	sites	each	produced	signals	

with	 more	 complex	 kinetics,	 greater	 variability,	 and	 nonzero	 activity	 with	 non-

complementary	nucleotides.	 	This	section	provides	a	detailed	analysis	of	the	catalytic	and	

non-catalytic	 signals	generated	by	 the	R695C	attachment	site	 located	on	 the	back	side	of	

Taq’s	finger	domain.	

	

3.3.1 Signal	Transduction	by	R695C	Taq	at	Elevated	Temperatures	

Measurements	were	performed	with	 the	R695C	Taq	variant	attached	 to	CNTFETs	 just	as	

described	in	the	previous	sections	for	R411C	Taq.		Example	ΔI(t)	signals	acquired	at	45	°C	
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are	shown	 in	Figure	3.11.	 	Unlike	R411C,	R695C	produced	events	 in	non-complementary	

mixtures	 like	 poly(T)42	 +	 dGTP,	 where	 Taq	 catalytic	 activity	 drops	 to	 zero.	 	 R695C	 also	

produced	events	in	complementary	mixtures	like	poly(T)42	+	dATP,	but	at	rates	>	100	s-1	that	

were	too	high	to	be	catalytic	nucleotide	incorporations.	 	Taken	together,	the	high	rates	in	

complementary	mixtures	and	the	nonzero	rates	in	non-complementary	mixtures	indicated	

that	ΔI(t)	from	R695C	Taq	was	no	longer	a	simple	recording	of	catalytic	activity	and	that	new	

analysis	 techniques	would	be	needed	 to	analyze	 this	 signal.	 	Further	controls	 showed	no	

signal	 transduction	 in	 only	 ssDNA	 or	 only	 nucleotide.	 	 I(t)	measurements	were	 identical	

between	buffer,	poly(T)42	alone,	and	dATP	alone,	exhibiting	only	1/f	baseline.	

	

Figure	3.11:	Representative	signals	generated	by	R695C	Taq	at	45	°C	 in	the	presence	 	of	
poly(T)42	with	 either	 (top)	 non-complementary	 dGTP	or	 (bottom)	 complementary	 dATP.		
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Events	were	much	more	frequent	in	the	complementary	case.		Single	events	lasting	only	20	
µs	were	common	in	both	cases	(right	panels).	
	

In	 addition	 to	 the	 increased	 rates,	 visual	 inspection	 of	 the	 ΔI(t)	 signals	 in	 Figure	 3.11	

suggested	differences	in	event	duration.		Both	mixtures	produced	brief	events	lasting	5	to	50	

µs,	like	the	nearly	identical	examples	magnified	in	the	right-hand	panels	of	Figure	3.11.		The	

events	in	non-complementary	dGTP	were	exclusively	of	this	short	type.		In	complementary	

dATP,	longer	durations	of	200	to	400	µs	were	observed.	

	

These	general	observations	were	quantitatively	supported	by	probability	distributions	of	

τevent.		Figure	3.12	shows	τevent	distributions	for	the	complementary	and	non-complementary	

cases	acquired	from	an	example	R695C	Taq-CNTFET	device.	The	non-complementary	events	

consisted	of	a	single	population	having	a	Poisson	distribution	and	an	average	τevent	=	18	µs.		

This	duration	was	 approximately	10	 times	 shorter	 than	 the	 average	τevent	 for	R411C	Taq	

incorporations,	 suggesting	 that	 R695C	 transduced	 a	 completely	 different	 motion	 of	 the	

protein	in	non-complementary	solutions.	

	

The	 complementary	 events,	 on	 the	 other	 hand,	 appeared	 to	 consist	 of	 two	 overlapping	

populations	forming	a	bi-exponential	distribution.		A	steep	slope	at	short	durations	τevent	<	

100	µs	produced	an	average	τevent	=	20	µs,	essentially	equal	to	the	non-complementary	case.		

The	 complementary	 distribution	 also	 contained	 a	 second,	 shallow-sloped	 population	

extending	beyond	500	µs.	 	The	distribution	of	these	longer	events	fit	a	single	exponential	

with	an	average	τevent	=	125	µs,	 in	excellent	agreement	with	 the	durations	observed	with	

R411C	 Taq	 (Table	 3.1).	 	 The	 most	 likely	 explanation	 for	 the	 bi-exponential	 distribution	
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seems	to	be	that	R695C	was	transducing	two	kinds	of	motions:	the	same	catalytic	activity	

seen	with	R411C	plus	a	much	shorter	duration	event	seen	in	both	complementary	and	non-

complementary	solutions.	

	

Figure	 3.12:	 Distributions	 of	 τevent	 for	 R695C	 Taq	 at	 45	 °C	 in	 poly(T)42	 and	 either	
complementary	 dATP	 (solid	 circles)	 or	 non-complementary	 dGTP	 (open	 circles).	 The	
complementary	events	have	a	bi-exponential	distribution	with	a	 transition	 from	steep	 to	
shallow	around	0.1	ms.		Below	0.1	ms,	the	complementary	and	non-complementary	events	
both	 have	 single-exponential	 distributions	 with	 the	 same	 slope.	 Above	 0.2	 ms,	 another	
single-exponential	 fit	 is	 shown	 as	 a	 dashed	 line.	 The	 inset	 shows	 a	magnified	 version	 of	
events	shorter	than	0.2	ms.	
	

Taq’s	finger	domain	is	known	to	be	a	dynamic	part	of	the	protein.	 	Specifically,	the	finger	

domain	 contains	 a	weak	binding	 site	 for	 arriving	nucleotides.	 	Nucleotides	 arriving	 from	

solution	are	constantly	associating	and	dissociating	from	this	site.		When	a	nucleotide	from	

solution	 associates	 to	 both	 the	 ssDNA	 and	 the	 finger	 binding	 site,	 the	 finger	 domain	
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undergoes	a	closing	motion	known	as	 “fluttering”	 that	brings	each	bound	nucleotide	 into	

proximity	with	the	ssDNA	template,	which	is	bound	to	the	thumb	domain.		This	fluttering	is	

considered	 a	 key	 mechanism	 in	 the	 test	 for	 complementarity.	 	 When	 the	 pair	 is	 non-

complementary,	 the	 finger	 domain	 reopens	 and	 the	 nucleotide	 dissociates,	 freeing	 the	

binding	site	for	a	new	molecule.		When	the	pair	is	complementary,	on	the	other	hand,	a	salt	

bridge	 forms	between	 the	 tips	of	 the	 finger	 and	 thumb	domains,	 causing	 the	domains	 to	

remain	closed	longer	and	facilitating	a	catalytic	step	that	incorporates	the	nucleotide	[67].	

	

Figure	 3.12	 is	 easy	 to	 interpret	 in	 the	 context	 of	 these	 known	mechanisms.	 	 The	 R695C	

attachment	 site	 transduces	motions	 of	 the	 finger	 domain,	 so	 the	 fluctuating	ΔI(t)	 signals	

should	 contain	 a	 combination	 of	 fluttering	 motions	 and	 catalytic	 incorporations.	 	 This	

combination	is	exactly	what	has	been	recorded,	with	a	population	of	20-µs	flutters	observed	

in	both	complementary	and	non-complementary	solutions	and	a	much	smaller	population	of	

125-µs	catalytic	incorporations	observed	solely	in	complementary	solutions.	

	

With	 a	 mean	 duration	 of	 only	 20	 µs,	 flutters	 occur	 at	 the	 limits	 of	 fluorescence	 time	

resolution.		As	will	be	seen	in	Chapter	4,	current	fluorophores	do	not	have	the	brightness	or	

longevity	 to	 resolve	 microsecond	 events.	 	 For	 example,	 with	 a	 standard	 commercial	

fluorophore	like	Cy3,	only	103-104	photons	can	be	collected	before	photobleaching	[27,88].		

Under	 hypothetical	 experimental	 conditions	 for	microsecond	 resolution,	 the	 fluorophore	

would	only	illuminate	for	perhaps	a	couple	milliseconds;	too	short	of	a	duration	to	gather	

meaningful	statistics.	

	



 

48 
 

3.3.2 Distinguishing	Between	Flutters	and	Catalytic	Incorporations	

Interpreting	the	ΔI(t)	signals	and	distinguishing	whether	any	particular	event	was	a	flutter	

or	a	catalytic	incorporation	was	a	significant	challenge.		The	bi-exponential	distribution	in	

Figure	3.12	was	composed	of	two	overlapping	populations	with	equal	probabilities	around	

τevent	 =	 100	 µs.	 	 Based	 on	 an	 analysis	 of	 r,	 both	 populations	 were	 single-step	 Poisson	

processes,	so	Poisson	statistics	were	used	to	predict	 the	probability	P	 that	any	particular	

event	was	a	catalytic	incorporation	instead	of	merely	a	flutter.		For	instance,	an	event	lasting	

100	µs	was	 the	 least	 determinate,	with	P	 ≈	 50%.	 	 Events	 lasting	 200	 µs	 or	 longer	were	

confidently	assigned	and	counted	as	catalytic	incorporations	(e.g.	P	>	99%).		Events	lasting	

<	50	µs	were	highly	unlikely	to	be	incorporations	(e.g.	P	<	1%).		This	probabilistic	method	

allowed	 us	 to	 separate	 the	 bi-exponential	 distribution	 into	 subpopulations	 that	 were	

predominantly	flutters	or	incorporations.	

	

Additional	 analyses	were	performed	 to	 see	whether	 other	 event	 characteristics	 could	 be	

used	in	combination	with	τevent	to	distinguish	between	flutters	and	catalytic	incorporations.		

For	example,	 the	amplitude	of	ΔI(t)	excursions	was	 investigated.	 	Event	amplitudes	were	

divided	 into	 subpopulations	 as	 described	 above	 by	 performing	 two	 separate	 passes	 of	

wavelet	denoising,	using	bandpass	parameters	optimized	to	count	either	the	shorter,	20-µs	

flutters	or	 the	 longer,	125-µs	 incorporations.	 	Event	amplitudes	were	then	defined	as	 the	

magnitude	 of	 the	 ΔI(t)	 excursion	 as	 measured	 from	 the	 baseline	 current	 immediately	

preceding	the	event.	
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Figure	 3.13	 compares	 the	 amplitude	 distribution	 of	 catalytic	 incorporations	 to	 the	

amplitudes	of	flutters	observed	in	either	complementary	or	non-complementary	solutions.	

All	 three	distributions	peaked	at	 the	 same	amplitude	of	 -2.5	nA	and	had	 comparable	 full	

widths	 at	 half	 maximum	 (FWHM)	 of	 1.7	 nA.	 	 Consequently,	 event	 amplitude	 was	 not	 a	

distinguishing	parameter.		Note	that	the	distributions	in	Figure	3.13	are	truncated	at	-1	nA	

by	the	thresholding	algorithm,	which	could	not	accurately	count	event	amplitudes	too	near	

the	baseline	ΔI	=	0.	

	

Figure	3.13:	Distributions	of	event	amplitudes	for	R695C	Taq	at	45	°C	in	poly(T)42	and	either	
complementary	dATP	(circles)	or	non-complementary	dGTP	(triangles).	The	bottom	axis	is	
the	amplitude	of	excursions	below	the	baseline	ΔI	=	0.	 	The	top	axis	shows	the	equivalent	
electrostatic	gating	induced	by	the	enzyme.	
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An	alternate	method	of	depicting	event	amplitude	is	shown	on	the	top	axis	of	Figure	3.13.		

Charged	 amino	 acid	 residues	 within	 Taq’s	 structure	 were	 responsible	 for	 gating	 the	

underlying	CNTFET.		In	this	orientation,	the	motion	of	residues	near	the	R695C	attachment	

site	caused	the	fluctuations	ΔI(t).		Each	CNTFET	has	a	transconductance	dI/dVg	that	may	be	

used	to	convert	ΔI	fluctuations	into	an	equivalent	change	in	electrostatic	gating	ΔVg.		The	top	

axis	in	Figure	3.13	indicates	that	the	most	common	event	amplitude	had	a	gating	strength	

equivalent	to	a	ΔVg	=	-13	mV	electrostatic	field.		In	past	work,	ΔVg	has	proven	to	be	a	very	

effective	way	 to	 compare	 signals	 from	different	 CNTFET	 sensors	 having	 different	 dI/dVg	

characteristics.	

	

Figure	 3.13	 shows	 that	 event	 amplitude	 ΔI	 cannot	 be	 used	 to	 discriminate	 flutters	 from	

catalytic	incorporations.		However,	an	important	additional	conclusion	can	be	drawn	from	

the	figure.		Since	fluttering	motions	and	catalytic	incorporations	have	the	same	amplitude	ΔI	

and	the	same	effective	gating	ΔVg,	we	may	conclude	that	the	responsible	amino	acids	undergo	

the	same	amplitude	of	motion.		The	finger-closing	movement	has	the	same	extent,	regardless	

of	nucleotide	complementarity	or	closure	duration.		Fluttering	is	not	a	partial	motion	or	an	

incomplete	closure.		Instead,	fluttering	closes	the	finger	domain	just	as	much	as	a	catalytic	

incorporation	 does,	 just	 with	 a	 different	 mean	 duration.	 	 This	 is	 not	 unprecedented	 in	

literature;	both	FRET	and	x-ray	crystallography	have	caught	snapshots	of	the	finger	domain	

fully-closed	on	non-complementary	nucleotide	without	catalytically	incorporating	it	[65,69].	
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3.3.3 Event	Rate	for	Catalytic	Incorporations	

The	 τevent	 cutoff	 strategy	 described	 above	 was	 used	 to	 independently	 evaluate	 the	

subpopulations	of	catalytic	incorporations	and	flutter	events.		Figure	3.14	shows	an	example	

distribution	 of	 catalytic	 incorporations	 for	 a	 R695C	 Taq	 device,	 overlaid	 on	 the	 R411C	

distribution	 for	 comparison.	 The	 distributions	 overlap	 for	 τevent	 >	 400	 µs,	 where	 the	

population	of	fluttering	is	zero.		The	divergence	observed	for	τevent	<	400	µs	is	due	to	flutters	

remaining	in	the	R695C	subpopulation.	

	

Figure	3.14:	Distributions	of	τevent	from	R695C	(open	circles)	and	R411C	Taq	(solid	circles).		
Data	were	collected	at	42	°C	in	poly(T)42	+	dATP	and	then	wavelet	filtered	to	largely	suppress	
fluctuations	with	 τevent	 <	 75	 µs.	 The	 distributions	 largely	 overlap	 for	 τevent	 >	 0.4	ms	 and	
diverge	 for	 τevent	 <	 0.2	ms,	 where	 residual	 fluttering	motions	 remain	 in	 the	 distribution	
(inset).		The	solid	line	is	a	single-exponential	fit	to	the	longer-duration	data.	
	

Figure	 3.14	 helps	 illustrate	 the	 difficulty	 of	 separating	 the	 overlapping	 distributions	 of	

flutters	 and	 catalytic	 events.	 	 For	 this	 example,	 denoising	 parameters	were	 optimized	 to	
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accurately	count	events	with	τevent	>	75	µs.		This	cutoff	allowed	for	a	divergence	between	the	

R695C	 and	 R411C	 data	 in	 the	 75	 µs	 >	 τevent	 >	 400	 µs	 range	 caused	 by	 residual	 flutters.		

Furthermore,	the	wavelet	filtering	strongly	but	incompletely	suppressed	events	at	the	low	

end	with	τevent	<	75	µs.		

	

Practically,	 there	 are	 two	 negative	 consequences	 of	 the	 incomplete	 separation	 of	

subpopulations.		First,	the	mixing	corrupted	reliable	analysis	of	detailed	characteristics	that	

might	 make	 R695C	 incorporation	 events	 different	 from	 flutters	 or	 R411C	 incorporation	

events.	 	 Second,	 the	mixing	added	uncertainties	 to	 the	determination	of	R695C’s	average	

catalytic	rate,	which	could	only	be	approximated	using	the	tail	of	the	distribution	τevent	>	400	

µs	and	assuming	Poisson	statistics.		At	best,	the	comparison	in	Figure	3.14	shows	that	R695C	

and	R411C	catalytic	rates	were	indistinguishable	at	42	°C.		Data	at	other	temperatures	had	

similar	overlaps,	proving	that	Taq	orientation	did	not	affect	the	temperature	dependence	of	

catalytic	activity.		R411C	Taq	transduced	a	simpler	signal,	making	it	the	more	reliable	Taq	

variant	for	studying	temperature	dependence	and	enabling	a	detailed	analysis	of	dynamic	

disorder	and	variability.			

	

3.3.4 Event	Rate	for	Noncatalytic	Fluttering	

While	R411C	Taq	was	more	suitable	for	analyzing	incorporation	rates,	 the	R695C	variant	

provided	 the	 opportunity	 to	 investigate	 variability	 and	 temperature	 dependence	 of	 the	

noncatalytic	fluttering	motions.	Flutters	were	isolated	from	the	complementary	data	using	a	

denoising	filter	optimized	for	events	with	τflutter	=	τevent	<	75	µs	and	then	compared	to	flutter	

rates	kflutter	=	1/τwaiting	in	the	non-complementary	data.	
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Figure	3.11,	3.11,	and	3.12	all	illustrate	that	flutter	rates	with	complementary	nucleotides	

were	at	least	10	times	higher	than	in	non-complementary	nucleotides.		Figure	3.11	shows	

the	two	rates	more	clearly,	as	calculated	in	one-second	intervals	from	data	acquired	at	42	˚C.		

In	the	complementary	solution,	flutter	rates	varied	from	150	to	800	s-1,	with	an	average	and	

standard	deviation	of	280	±	150	s-1	.		In	the	non-complementary	solution,	flutter	rates	varied	

between	1	and	110	s-1,	with	an	average	of	only	10	±	7.5	s-1.	

	

	

Figure	 3.15:	 Instantaneous,	 1-second	 fluttering	 rates	 transduced	 by	 R695C	 Taq	 in	 the	
presence	of	poly(T)42	with	either	complementary	dATP	(solid	line)	or	non-complementary	
dGTP	(dashed	line).	
	

Other	than	the	difference	in	rates,	the	flutters	had	identical	distributions	of	τevent	and	ΔI	in	

the	 complementary	and	non-complementary	 solutions.	 	The	 similar	distributions	 suggest	

that	“fluttering”	was	the	same	motion	in	both	solutions,	just	with	different	thermodynamic	
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rates.		To	support	this	interpretation,	Figure	3.11	shows	the	distributions	of	fluttering	on	a	

logarithmic	scale	according	to	the	thermodynamic	rate	equation	

ln( '
'!
) = −Δ𝐺/𝑘(𝑇,	

where	ΔG	 is	 the	energy	barrier	 for	 finger	closing	motions,	ko	 is	an	attempt	rate,	and	kB	 is	

Boltzmann’s	constant.	Both	distributions	in	Figure	3.11	are	log-normal,	with	FWHM	=	1.0	

𝑘(𝑇	 that	 correspond	 to	 thermally	 accessible	 fluctuations	 of	 the	 energy	 barrier	 ΔG	 (e.g.	

conformational	variability.)	

	

The	two	distribution	peaks	are	separated	by	2.1	kcal/mol.		This	difference	is	the	amount	that	

ΔG	decreases	in	complementary	solutions.		Specifically,	fluttering	with	a	non-complementary	

nucleotide	in	Taq’s	active	site	is	energetically	accessible	and	occurs	at	10	s-1;	complementary	

nucleotides	 lower	 the	 energy	 barrier	 ΔG	 by	 an	 additional	 2.1	 kcal/mol	 and	 increase	 the	

fluttering	rate	to	280	s-1.	
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Figure	3.16:	 	 The	 rates	 of	 the	 fluttering	motions	of	 the	R695C	Taq	mutant	 follow	a	 log-
normal	 distribution.	 The	 top	 axis	 is	 the	 rate	 converted	 into	 a	 free	 energy.	 The	 data	 is	
recorded	at	45	°C.	
	

An	 energy	 difference	 of	 2.1	 kcal/mol	 is	 equivalent	 to	 one	 strong	 or	 two	weak	 hydrogen	

bonds.	 	However,	 it	would	be	 incorrect	 to	directly	 attribute	 that	 energy	 to	Watson-Crick	

pairing.	 	 The	 favorable	 energetics	 of	 hydrogen	 bond	 formation	 in	 Watson-Crick	 pairing	

contributes	to	the	longer	durations	τevent	seen	during	catalytic	incorporations.		Here,	Figure	

3.11	only	depict	the	shorter,	noncatalytic	flutters.		Apparently,	binding	of	a	complementary	

nucleotide	to	the	finger	domain	reduces	ΔG	in	the	open	conformation,	allowing	Taq	to	flutter	

more	frequently	and	have	more	attempts	at	initiating	catalysis.		Fidelity	checkpoints	exist	in	

both	the	open	and	closed	conformations,	and	remains	an	unknown	mechanism	for	Taq	and	

other	polymerases	deserving	additional	study	[68].	
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Fluttering	rates	were	also	analyzed	as	a	function	of	temperature.		Figure	3.17	shows	that	rate	

distributions	were	 log-normal	at	45,	60,	and	72	°C.	 	Slight	shifts	 in	the	average	rate	were	

observed	(up	to	0.24	kcal/mol)	but	they	are	probably	insignificant,	being	much	smaller	than	

the	FWHM	=	1.9	kcal/mol.	In	other	words,	no	temperature	dependence	was	detected	outside	

the	range	of	thermally	accessible	variation.	

	

Figure	 3.17:	 Rates	 of	 the	 fluttering	motion	 at	 45,	 60,	 and	 72	 °C.	 The	 difference	 in	 peak	
locations	 are	 within	 the	 widths	 of	 the	 distributions,	 and	 do	 not	 strongly	 depend	 upon	
temperature.	
	

3.3.5 Fluttering	Rates	in	Heterotemplate	 	

To	 simplify	 the	 interpretation	 of	 signals	 generated,	 only	 solutions	 containing	 the	 same	

homopolymer	 ssDNA	 and	 one	 type	 of	 complementary	 or	 non-complementary	 nucleotide	

have	been	presented.	 	But	under	physiological	conditions	or	commercial	applications,	the	

polymerase	 will	 be	 surrounded	 by	 a	 mixture	 of	 all	 four	 nucleotides.	 	 Taq-CNTFET	
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measurements	in	a	heterotemplate	with	all	four	nucleotides	in	solution	show	no	change	in	

the	average	rate	of	fluttering	from	poly(T)42	+	dATP.	

	

The	fluttering	rates	in	poly(T)42	+	dATP,	and	(CAT3GT)7	+	dATP	+	dTTP	+	dCTP	+	dGTP	are	

overlaid	in	Figure	3.18.		Both	distributions	peak	at	115	s-1,	indicating	that	flutter	rate	cannot	

be	used	to	distinguish	between	solutions	containing	only	complementary	nucleotides	from	

solutions	containing	mixtures	of	the	four	nucleotides.		Nucleotide	rejection	occurs	quicker	

than	τwaiting	(1/kflutter).		The	distribution	of	fluttering	rates	in	heterotemplate	is	narrower	than	

homotemplate	by	a	factor	of	2.5.		Potential	factors	that	could	contribute	to	differences	in	the	

widths	of	 these	distributions	 are	dynamic	disorder	or	differences	 in	 secondary	 structure	

between	poly(T)42	and	(CAT3GT)7.	

	

Figure	3.18:	Rates	of	fluttering	are	shown	in	homo	and	heterotemplate.	Both	distributions	
peak	at	the	same	rate.	
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3.4 Single	Molecule	Measurements	for	A814C	Taq	(Intervening	Domain)	

Signals	 were	 also	 recorded	 from	 devices	 conjugated	 with	 A814C	 Taq,	 a	 variant	 with	 its	

attachment	site	in	Taq’s	intervening	domain.		Figure	3.19	shows	examples	of	ΔI(t)	excursions	

observed	at	22,	50,	and	72	°C.		A814C	Taq	generated	events	having	durations	τevent	consistent	

with	catalytic	incorporations,	and	with	rates	that	increased	from	approximately	1	s-1	at	room	

temperature	up	to	80	s-1	at	72	°C.	
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Figure	 3.19:	 ΔI(t)	 signals	 generated	 by	 A814C	 Taq	 in	 complementary	 poly(T)42	 and	
complementary	dATP	at	22,	50,	and	72	°C.	
	

The	example	signals	shown	in	Figure	3.20	were	exception	because	A814C	Taq	was	largely	

silent	in	these	CNTFET	experiments.		Figure	3.20	shows	long	periods	of	inactivity	in	the	event	

rate.		At	72	˚C,	A814C	Taq	generated	events	at	80	s-1	for	a	period	of	about	60	s,	but	no	events	
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were	 observed	 during	 the	 majority	 of	 the	 recording.	 	 Another	 device	 measured	 for	 80	

minutes	was	active	during	only	205	s,	or	4%,	of	the	data	record.	

	

Figure	3.20:	The	rate	of	events	transduced	by	the	A814C	Taq	mutant	over	the	course	of	450	
seconds	shows	that	signal	is	generated	only	for	minute-long	bursts	before	going	quiet.	
	

The	dearth	of	activity	complicated	meaningful	analysis	of	A814C	Taq	signals.		When	signals	

were	 transduced,	 the	 events	 appeared	 to	 be	 consistent	 with	 the	 R411C	 Taq	 recordings;	

however,	 the	number	of	 events	observed	with	A814C	Taq	had	poor	 statistics	 and	 sparse	

population	 distributions.	 	 Furthermore,	 control	 measurements	 with	 buffers	 and	 non-

complementary	 nucleotides	 produced	 quiet	 ΔI(t)	 records	 that	 were	 not	 particularly	

meaningful	or	convincing.	

	

The	sporadic	activity	from	A814C	Taq	was	unexpected	because	ensemble	assays	detected	

normal	activity	rates.		The	fact	that	A814C	Taq	was	silent	for	long	periods	but	then	active	at	

normal	rates	ruled	out	oxidation	or	other	mechanisms	of	irreversible	damage.		Instead,	we	

suspect	that	a	degree	of	freedom	may	have	allowed	A814C	Taq	to	rotate	about	its	attachment	

site	into	active	and	inactive	orientations.		Rotation	into	the	CNTFET	might	have	blocked	Taq’s	
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native	motions	and	activity,	or	rotation	away	could	have	moved	key	residues	too	far	from	

the	CNTFET	to	be	detectable.		In	any	case,	A814C	Taq	was	a	useful	confirmatory	molecule	

but	it	was	not	efficient	for	data	collection	or	detailed	analysis.	

	

3.5 Single	Molecule	Measurements	for	E524C	Taq	(Thumb	Domain)	

While	the	A814C	attachment	site	yielded	signal	that	was	sporadic	and	largely	inactive,	the	

E524C	attachment	site	generated	signal	that	was	inconsistent.	Sample	signals	are	plotted	in	

Figure	3.21	for	a	E524C	device	measured	at	42	and	72	°C	in	the	presence	of	poly(T)42	and	

dATP.		Both	upward	and	downward	ΔI(t)	excursions	were	observed,	this	mixing	was	present	

in	about	50%	of	recordings.	 	In	other	parts	of	the	E524C	Taq	recordings,	excursions	were	

predominantly	one	direction.	
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Figure	 3.21:	 Representative	 electrical	 signals	 generated	 by	 the	 E524C	 Taq	 mutant	 in	
poly(T)42	and	complementary	dATP	at	42	and	72	°C.	Both	upward	and	downward	excursions	
are	recorded	from	this	mutant.	
	

Figure	3.22	shows	an	example	of	this	amplitude	variability.		Over	8	minutes	of	acquisition,	

this	E524C	Taq	device	generated	upward	excursions	at	t	=	92	s,	downward	excursions	at	t	=	

303	s,	and	almost	no	signal	at	all	at	t	=	373	s.		The	ratio	of	upward	to	downward	excursions	

varied	 throughout	 the	 measurement,	 indicating	 inconstant	 transduction	 between	 the	

enzyme	and	the	CNTFET	sensor.	
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Figure	3.22:	Three	sample	segments	of	signal	generated	by	the	E524C	Taq	mutant	in	the	
presence	 of	 poly(T)42	 and	 complementary	 dATP	 at	 72	 °C.	 The	 type	 of	 signal	 generated	
changes	over	 time.	The	right	panels	display	 the	distributions	of	 current	 traces	shown.	At	
92.35	seconds	into	the	measurement,	rapid	upward	excursions	are	recorded.	Seemlessly	at	
303.55	seconds	into	the	measurement,	the	signal	generated	inverts	and	yields	downward	
excursions.	Even	later	at	373.05	seconds,	the	rate	diminshes	greatly	and	almost	no	signal	is	
transduced.	
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Like	 R695C,	 E524C	 Taq	 transduced	 fluttering	 events	 in	 non-complementary	 nucleotides.	

Example	 date	 collected	 in	 complementary	 and	 non-complementary	 solutions	 is	 shown	

Figure	3.23.	 	The	signal	 is	 similar	 to	what	was	seen	with	R695C	(Figure	3.10),	with	brief	

fluttering	motions	in	non-complementary	nucleotides	and	a	mixture	of	flutters	and	>	100	μs	

incorporations	in	complementary	nucleotides.	

	

However,	 the	amplitude	variability	of	E524C	Taq	was	compounded	by	τevent	distributions	

that	were	inconstant	from	minute	to	minute.		Some	segments	in	complementary	nucleotides	

contained	 only	 brief,	 10-μs	 flutters.	 Other	 segments	 contained	 catalytic	 incorporations	

lasting	>	100	μs,	uninterrupted	by	any	flutters.		The	E524C	signal	smoothly	transitioned	from	

one	 type	 of	 ΔI(t)	 amplitude	 and	 timing	 excursion	 to	 another.	 Due	 to	 variability	 and	

complexity,	further	interpretation	of	the	E524C	signal	was	difficult.		Analysis	of	the	catalytic	

rates	or	of	the	effects	of	temperature	were	not	productive.	
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Figure	3.23:	Sample	electrical	signals	generated	by	E524C	Taq	in	the	presence	of	poly(T)42	
and	complementary	dATP	and	non-complementary	dGTP	at	72	°C.	Events	with	durations	
from	microsecond	 to	milliseconds	 are	 recorded	 in	 complementary	 nucleotide.	 Only	 brief	
microsecond	long	events	are	recorded	in	non-complementary	nucleotide.	The	panel	on	the	
right	 compare	 these	 short	 events,	 and	 are	 reminiscent	 of	 those	 generated	 by	 the	 R695C	
mutant.		
	

As	with	A814C	Taq,	the	variable	signal	 from	E524C	Taq	may	have	indicated	orientational	

unpredictability	and	inconstant	transduction	from	the	enzyme	to	the	CNTFET.	In	particular,	

the	E524C	orientation	shown	 in	Figure	4.2	may	allow	 the	 finger	domain	 to	approach	 the	

CNTFET	and	generate	confounding	signals.	Since	interaction	with	the	finger	domain	would	
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be	unanchored,	that	interaction	would	be	very	sensitive	to	rotational	freedom	and	it	might	

account	for	the	observation	of	both	upward	and	downward	excursions.	

	

The	 disordered	 dynamics	 of	 unstructured	 loops,	 the	N-terminus,	 or	 the	 ssDNA	 template	

seem	 unlikely	 to	 generate	 repetitive	 events.	 An	 additional	 complication	 of	 the	 E524C	

orientation	is	that	the	enzyme’s	active	site	faces	down	toward	the	CNTFET	and	supporting	

SiO2	surface.	These	solid	surfaces	may	introduce	steric	hindrances	for	either	Taq’s	motions	

or	for	the	incoming	ssDNA	and	outbound	dsDNA	product.	A	plethora	of	mechanisms	exist	for	

generating	 volatile	 signals	 like	 the	 ones	 observed	 from	 this	 attachment	 site.	 While	

interesting	signals	were	generated,	further	analysis	was	not	pursued.	

	

3.6 	 Conclusion	

This	 chapter	has	described	 a	 series	 of	 single-molecule	measurements	of	Taq	polymerase	

with	 newly	 added	 temperature	 control.	 	 Taq	 polymerase	 was	 studied	 in	 four	 different	

orientations	 to	probe	the	 local	motions	of	domains	as	 the	enzyme	undergoes	 its	catalytic	

cycle.	 	 Temperature	 control	 ensured	 each	 Taq	 mutant	 was	 studied	 under	 industrially	

relevant	temperatures	at	72	°C,	a	novel	feat	for	the	field	of	single-molecule	science.		All	four	

orientations	 generated	 unique	 signals	 with	 the	 R411C	 and	 R695C	 mutants	 providing	

information	on	the	catalytic	cycle.	 	The	A814C	and	E524C	mutants	both	generated	signals	

upon	introduction	of	substrate	but	were	vastly	more	complex.	

	

The	 R411C	 attachment	 site	 provided	 useful	 information	 on	 the	 enzymatic	 rate	 of	 the	

polymerase.	 Taq’s	 activity	 was	 measured	 on	 a	 single-molecule	 basis	 as	 a	 function	 of	
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temperature	from	4	s-1	at	22	°C	to	96	s-1	at	85	°C.	The	R695C	mutant	generated	two	distinct	

motions	with	separate	populations	of	event	durations:	a	brief	fluttering	motion	with	average	

duration	of	20	µs	and	a	longer	125	µs	duration	event.			The	125	µs	event	agreed	well	with	the	

timing	 and	 rate	 of	 the	 catalytic	 events	 observed	 by	 the	 R411C	mutant.	 	 The	 rate	 of	 the	

fluttering	 motion	 depended	 on	 complementarity	 of	 nucleotide	 when	 only	 one	 type	 of	

nucleotide	is	in	solution	(e.g.	poly(T)42	+	dATP	or	dGTP)	and	allowed	for	quantification	of	

how	nucleotide	complementarity	effects	the	energetics	of	the	finger-closing	motion.		When	

all	four	nucleotides	were	present,	the	fluttering	rate	was	indistinguishable	from	poly(T)42	+	

dATP.		This	indicates	a	finger-closing	mechanism	where	base	complementarity	is	probed	in	

the	open	conformation	and	is	supported	in	literature	by	[68,66,70].		The	fluttering	motion	

had	the	same	amplitude	as	catalytic	events,	indicating	that	flutters	accessed	the	same	degree	

of	closure	as	catalytic	events.		The	lack	of	catalytic	events	in	non-complementary	nucleotide	

reinforces	 that	 there	 is	 at	 least	 one	 other	 fidelity	 check	 point	 in	 the	 closed	 state	 as	well	

[65,67].	

	

The	 A814C	 and	 E524C	 mutants	 both	 generated	 signals,	 but	 it	 was	 difficult	 to	 obtain	

meaningful	 information	 about	 the	 catalytic	 cycle.	 	 The	 A814C	 mutant	 transduced	

intermittent	signal	<	5%	of	the	total	measurement	duration.		While	active,	event	durations	

and	 rates	 matched	 those	 of	 the	 R411C	 mutant.	 	 But	 with	 long	 periods	 of	 quiet	 I(t)	 in	

complementary	 nucleotide,	 it	 is	 difficult	 to	 interpret	 the	 effects	 of	 non-complementary	

nucleotide	 or	 more	 complex	 DNA	 sequences.	 	 The	 E524C	 mutant	 transduced	 the	 most	

complex	signal,	with	both	positive	and	negative	DI(t)	excursions.		But	the	type	of	signal	and	

rates	heavily	varied	from	minute	to	minute.		The	complexity	of	these	signals	could	be	due	to	
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conformational	or	rotational	 freedom	on	the	CNTFET.	 	Extraction	of	meaningful	statistics	

from	these	two	mutants	was	not	productive.	

	

The	orientation	of	the	enzyme	on	the	CNTFET	device	has	a	strong	effect	upon	the	types	of	

signals	transduced.		While	catalytic	rates	and	energetics	were	extracted	from	the	R411C	and	

R695C	 mutants,	 other	 mutants	 may	 reveal	 more	 insightful	 information.	 	 Future	 Taq	

measurements	 may	 find	 attachment	 sites	 which	 encode	 base	 information.	 	 To	 address	

variability	 in	signal,	new	mutants	are	being	produced	with	two	anchoring	sites	 to	reduce	

conformational	or	rotational	freedom.	
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4 Fluorescence	Microscopy	of	CNTFET-Taq	Sensors	

	

Fluorescence	microscopy	is	the	traditional	and	most	widely-used	method	of	single-molecule	

science.	In	principle,	the	CNTFET	sensors	described	here	are	compatible	with	fluorescence	

techniques.	 Consequently,	 new	 opportunities	 may	 exist	 for	 combining	 the	 new	 CNTFET	

technique	with	fluorescence	detection	from	a	single	molecule.		For	example,	simultaneous	

electronic	and	fluorescence	monitoring	could	probe	different	subdomains	of	a	single	enzyme	

with	appropriate	design	of	the	CNTFET	attachment	cysteine	and	the	fluorescent	probe.		This	

type	of	experiment	might	help	map	the	sequencing	and	timing	of	complex,	multistep	catalytic	

cycles	like	that	of	DNA	polymerase.	

	

This	 chapter	 describes	 initial	 experimental	 efforts	 to	 collect	 simultaneous	 electronic	 and	

fluorescence	 single-molecule	 signals	 from	 CNTFET-Taq	 devices.	 	 Modified	 devices	 were	

observed	with	a	customized	Total	Internal	Reflection	Fluorescence	(TIRF)	microscope	and	

single-photon	 detection	 electronics.	 	 While	 ultimately	 unsuccessful	 because	 of	 apparent	

fluorescence	quenching	by	the	CNTFETs,	the	work	described	here	provides	a	foundation	for	

future	experimentation	in	this	direction.	

	

4.1 Introduction	

4.1.1 Background	and	Motivation	

The	CNTFET-Taq	devices	described	in	Chapter	3	provide	an	outstanding	candidate	system	

for	testing	the	concept	of	simultaneous	electronic	and	fluorescence	monitoring	from	a	single	

molecule.	Firstly,	DNA	polymerases	provide	many	unanswered	scientific	questions	that	this	
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combined	technique	could	address.	DNA	polymerases	like	Taq	have	complex	catalytic	cycles	

consisting	 of	 no	 less	 than	 7	 critical	 steps	 [71,68,72,74],	 including	 steps	 like	 nucleotide	

recognition	and	error	checking	that	remain	poorly	understood.		While	heuristic	arguments	

can	be	made	about	the	necessary	sequencing	of	these	steps,	it	has	been	challenging,	if	not	

impossible,	to	directly	probe	the	ordering	and	timing	from	one	part	of	the	catalytic	cycle	to	

the	 next.	 	 The	 proposed	 technique	has	 the	 potential	 to	 directly	 probe	 this	 timing	 by,	 for	

example,	monitoring	fluorescent	activity	of	the	exonuclease	subdomain	following	a	catalytic	

incorporation	by	the	finger	subdomain.	

	

Secondly,	 fluorescence	 measurements	 of	 DNA	 polymerases	 are	 relatively	 easy	 and	

straightforward.		A	wide	variety	of	fluorescent	ssDNA	substrates	and	nucleotides	exist	for	

the	commercial	DNA	sequencing	market.		With	optimized	fluorophores	readily	available,	the	

CNTFET-Taq	 system	 can	 be	 quickly	 assessed	 without	 customized	 chemical	 synthesis.		

Polymerases	 from	 the	Pol1	 family	 like	Taq	have	 also	been	 extensively	 studied	by	 single-

molecule	techniques	like	smFRET.		This	literature	provides	an	excellent	foundation	of	results	

to	guide	interpretation	of	fluorescence	results	from	CNTFETs.	

	

Thirdly,	the	CNTFET	sensing	technique	is	new	and	unproven,	and	questions	still	exist	about	

the	 transduction	mechanisms.	 Specifically,	 the	 CNTFET	 sensor	 is	 known	 to	 be	 activated	

electrostatically	by	the	enzyme’s	charged	amino	acids,	but	these	charges	do	not	necessarily	

move	 simultaneously	 and	 it	 is	 difficult	 to	 determine	 which	 step	 of	 the	 catalytic	 cycle	 is	

detected	electronically.		Simultaneous	monitoring	via	fluorescence	would	help	validate	the	

electronic	technique,	reveal	similarities	and	differences	between	the	optical	and	electronic	
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transduction	mechanisms,	and	possibly	help	identify	the	precise	catalytic	step	responsible	

for	the	types	of	signals	analyzed	in	Chapter	3.	

	

4.1.2 Fluorescence	Geometry	and	Methodology	

Collection	 of	 fluorescence	 from	 CNTFET	 sensors	 was	 deemed	 to	 be	 most	 efficient	 and	

sensitive	in	an	epi-fluorescence	geometry	using	total	internal	reflection	illumination.	 	The	

experiments	used	a	commercial	Olympus	IX71	microscope	with	a	100x	TIRF	objective	and	

an	index-matching	immersion	oil	(Cargill,	Code	06350).		In	this	geometry,	a	laser	illuminated	

transparent	samples	from	below	at	an	angle	exceeding	the	critical	angle	for	total	 internal	

reflection.	 	 The	TIRF	 geometry	 provided	 an	 evanescent	 illumination	 field	 at	 the	 CNTFET	

sensor	surface	with	minimal	excitation	of	freely	diffusing	molecules	in	the	volume	of	solution	

above	 the	 sensor.	 	 Widefield	 fluorescence	 imaging	 was	 recorded	 with	 an	 electron-

multiplying	 charge	 coupled	 device	 (EMCCD,	 Hamamatsu	 C9100-13).	 	 Similar	 TIRF	

techniques	are	widely	used	and	described	in	the	seminal	work	by	Axelrod	and	a	plethora	of	

reviews	[26,89,90,24].	

	

For	 compatibility	 with	 epi-fluorescence,	 special	 CNTFET	 sensors	 were	 fabricated	 on	

transparent	quartz	substrates.		Single-walled	CNTs	were	grown	directly	on	100-mm	fused	

silica	wafers	(University	Wafer	JGS2	grade,	150	μm	thickness,	double-sided	polish)	and	then	

connected	by	the	same	lithography	methods	described	in	Chapter	2.		A	custom	mount	was	

designed	and	built	that	successfully	(1)	manipulated	the	devices	in	the	TIRF	objective’s	field	

of	focus,	(2)	provided	access	to	the	CNTFET	sensor	surface	for	liquid	exchange	and	flushing,	
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and	 (3)	maintained	 isolation	 between	 the	 liquids	 and	 the	 CNTFET	 electrical	 connections	

(Figure	4.1).	

	

	

	

Figure	4.1:	An	optical	layout	of	the	hybrid	TIRF/CNTFET	setup.	
	

Passivation	of	 the	quartz	CNTFET	surfaces	was	similar	 to	 that	used	 for	 silicon	wafers.	 In	

brief,	 devices	 were	 coated	 with	 PMMA	 by	 spin-coating	 and	 baking.	 	 Electron	 beam	

lithography	 proved	 to	 be	 difficult	 on	 quartz	 substrates	 because	 sample	 charging	 and	

discharging	interfere	with	focusing	and	beam	writing.	Consequently,	a	100	x	100	μm	region	

was	 flood	 exposed	 and	 developed	 to	 expose	 the	 CNTFET	 and	 some	 of	 the	 surrounding	

lithography.		The	additional	exposed	platinum	electrodes	contributed	small	electrochemical	

leakage	currents	<	0.5	nA.	Chips	were	then	mounted	in	a	hollowed	out	chip	carrier	and	wire	

bonded.	

	

After	device	preparation,	the	exposed	CNTFETs	were	functionalized.		Taq	conjugation	was	

performed	using	either	1:10,000	or	1:500	pyrene-maleimide:pyrene	mixtures.	 	The	lower	
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density	 produced	 single-molecule	 devices	 with	 1	 Taq/μm	 on	 average,	 while	 the	 higher	

density	 was	 used	 to	 label	 the	 CNTFET	 with	 20	 molecules/μm	 for	 fluorescence	 testing.		

Additional	fluorescence	tests	and	controls	decorated	CNTFETs	with	Cy3-PEG	5000	polymers	

(Nanocs	Inc.,	1	nM	cy3-PEG,	5	minutes)	or	with	a	commercial	Bovin	Serum	Albumin	(BSA)	

four-fold	 labeled	with	Alexa	Fluor	488	(Thermo	Fisher,	36	nM,	5	minutes).	 	Both	of	these	

used	the	same	thiol-maleimide	attachment	scheme	as	Taq.		The	Cy3-PEG	5000	extended	the	

Cy3	 3	 to	 5	 nm	 from	 the	 CNTFET,	 and	 the	 BSA-Alexa	 Fluor	 488	 provided	 an	 alternate	

fluorophore	for	testing.	

	

In	 typical	 TIRF	 experiments,	 the	 surface	 is	 generally	 passivated	 against	 non-specific	

adsorptions	with	a	blocking	agent	such	as	PEG,	Tween,	or	BSA	 [91,92,93].	Unfortunately,	

these	strategies	also	block	the	polymerase	from	conjugating	to	the	nanotube	and	cannot	be	

implemented	until	after	Taq	is	introduced	and	adsorbed	to	the	surface.	For	all	experiments	

discussed	below,	after	protein	incubation,	the	sample	is	passivated	by	incubation	in	buffer	

containing	 0.1%	 Tween	 for	 3	 minutes.	 This	 has	 a	 tremendous	 effect	 on	 reducing	 Cy3	

adsorption	densities	and	lowering	background	fluorescence.	

	

Electronically,	Taq	activity	was	measured	in	the	same	manner	as	described	for	Chapter	3	but	

using	mixtures	that	included	fluorescently	labeled	ssDNA	templates	or	nucleotides.		Cy3	was	

selected	as	a	small,	bright,	stable,	and	well-characterized	fluorophore	for	the	experiments,	

with	 an	 emission	 wavelength	 near	 the	 detectors’	 maximum	 collection	 efficiency.		

Commercially	 available	Cy3-dUTP	and	Cy3-M13-poly(A)42	(Integrated	DNA	Technologies)	

were	diluted	to	100	pM	in	Taq	activity	buffer	and	then	mixed	together	or	separately	with	
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200	pM	dTTP.		At	these	ratios,	every	bound	ssDNA	template	molecule	and	one	out	of	three	

nucleotide	 incorporations	 would	 be	 fluorescent.	 	 All	 measurements	 also	 included	 2	mM	

Trolox	to	reduce	blinking	of	the	fluorophore,	and	an	oxygen	scavenging	system	consisting	of	

45	mM	protocatechuic	acid	and	45	nM	protocatechuic	dioxygenase	to	increase	fluorophore	

lifetime	by	reducing	photobleaching	[94,95].	

	

Test	 measurements	 confirmed	 that	 the	 quartz	 CNTFET-Taq	 devices	 generated	 similar	

signals	to	those	described	in	Chapter	4	on	SiO2/Si++	surfaces.		It	was	not	assumed	that	both	

types	 of	 devices	would	 have	 the	 same	 sensitivity	 to	 Taq’s	 activity,	 especially	 because	 of	

CNTFET	sensitivity	to	gating.	While	the	quartz	and	SiO2/Si++	behaved	similarly,	the	addition	

of	 Trolox	 reducing	 agent	 shifted	 the	 CNTFET	 threshold	 approximately	 +150	 mV.	 	 After	

compensating	 for	 this	 shift	by	 raising	 the	 liquid	gate	voltage	+150	mV,	 electronic	 signals	

acquired	on	quartz	(Figure	4.2)	were	indistinguishable	from	the	signals	in	Chapter	3.	
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Figure	4.2:	Sample	electronic	signals	generated	by	the	A814C	Taq	mutant	on	a	quartz	
CNTFET,	as	measured	on	the	TIRF	microscope	at	room	temperature.	The	top	panel	shows	
the	enzymatic	activity	recorded	over	the	course	of	one	second,	with	an	individual	event	at	t	
=	9.3	s.	The	bottom	panel	shows	one	full	minute	of	data.	Taq’s	activity	at	room	temperature	
averages	2	s-1.		
	

4.1.3 Experimental	Methods	for	Time-Resolved	Fluorescence	

CNTFET	devices	were	electrically	measured	with	a	current	preamplifier	(FEMTO	DHPCA-

100)	as	described	in	Chapters	2	and	3.		However,	many	additional	details	were	implemented	

to	record	synchronized	fluorescence	signals	with	high	spatial	and	temporal	resolution.	

	

Firstly,	a	confocal	aperture	with	motorized	iris	was	used	to	reduce	the	field	of	view	to	a	1-	to	

2-μm	diameter	region	centered	on	the	active	CNTFET	device.		Then,	a	motorized	mirror	was	
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used	to	deflect	fluorescence	from	the	EMCCD	imaging	camera	to	a	single-photon	counting	

module	(SPCM,	Excelitas	AQRH-16).		A	DAQ	board	(National	Instruments	6361)	monitored	

the	SPCM	for	10-ns	TTL	pulses	with	an	integrating	counter	running	at	100	MHz,	and	then	

simultaneously	recorded	the	counter	results	with	the	digitized	FEMTO	output	at	100	kHz	

using	internal	triggering	of	the	ADC	by	the	digital	counter.		The	digital	counter	was	typically	

configured	to	have	a	binning	time	of	10	μs.	

	

Under	optimum	conditions,	the	typical	fluorescence	of	one	Cy3	molecule	is	5-7	photons	per	

millisecond	[96].		Particularly	bright	Cy3	molecules	could	even	generate	up	to	7-9	photons	

per	millisecond.	 	Figure	4.3	 (a)	demonstrates	success	recording	 this	 level	of	 fluorescence	

from	individual	Cy3-dUTP	adsorbed	on	the	bare	regions	of	CNTFET	quartz	devices.		Single	

counts	were	observed	in	10	µs	bins,	and	the	time-averaged	mean	rate	of	1	count	per	16	bins	

corresponds	to	6	photons	per	millisecond	(i.e.	6	ms-1,	Figure	4.3	(b)).	Similar	results	were	

obtained	with	Cy3-M13-poly(A)42	and	other	controls.	

	

In	addition	to	Cy3	fluorescence	at	6	ms-1,	the	SPCM	output	included	a	nonzero	background	

of	4	photons	ms-1.	 	Control	experiments	determined	most	of	the	background	to	arise	from	

photoluminescence	 by	 surface	 impurities	 introduced	 by	 CNTFET	 photolithographic	

fabrication.	 	 Future	 process	 development	 may	 or	 may	 not	 be	 able	 to	 reduce	 these	

background	levels.		The	SPCM	dark	noise	rate	was	approximately	100	times	smaller,	or	0.05	

ms-1.	 	Another	contributing	factor	to	the	background	counts	is	the	concentration	of	Cy3	in	

solution.	 Although	 the	 TIRF	 is	 a	 surface-sensitive	 technique,	 the	 exponentially	 decaying	

evanescent	field	penetrates	tens	of	nanometers	into	solution.		Concentrations	>	1	nM	Cy3	in	
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solution	raise	the	background	counts	above	the	contribution	from	surface	impurities.		For	

this	reason,	the	typical	concentrations	used	of	Cy3-M13-poly(A)42	and	Cy3-dUTP	were	100	

to	500	pM.	

	

Figure	4.3	(a)	Example	TIRF-SPCM	output	from	a	Cy3-M13-poly(A)42	molecule,	acquired	
with	10	µs	binning.		(b)	Statistical	distributions	of	integrated	photon	counts	over	1	ms	for	a	
Cy3-M13-poly(A)42	adsorption	(solid	circles)	and	the	background	counts	(open	circles).	
	

Since	the	Cy3	and	background	fluorescence	both	generated	photons	at	similar	rates,	it	was	

impossible	 to	 identify	 the	origin	of	any	single	photon	 in	 the	 time-resolved,	 single-photon	

data.	Nevertheless,	single-molecule	adsorption	and	desorption	of	Cy3-dUTP	and	Cy3-M13-
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poly(A)42	could	be	successfully	identified	when	counts	were	further	integrated	to	exceed	the	

limits	of	shot	noise	statistics.	Figure	4.4	shows	two	example	events	of	transient	Cy3-dUTP	

adsorption	and	desorption	 (acquired	using	rate-limiting	Cy3-dUTP	concentrations	of	100	

pM).		At	the	10	ms	binning	scale,	the	added	fluorescence	of	a	transient	adsorption	rises	to	

become	distinguishable	above	 the	background	counts	while	at	1	ms	binning,	 the	event	 is	

barely	distinguishable	above	the	background.		These	count	rates	gave	a	distinguishable	ratio	

of	0.5	 to	1.0	 for	Cy3:background	counts,	making	automated	event	counting	and	detection	

possible.		(Higher	concentrations	were	also	used	to	confirm	that	background	increases	from	

transient	Cy3	diffusion	into	and	out	of	the	imaging	volume.)	
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Figure	4.4:	Two	example	detections	of	extra	fluorescence	during	the	adsorption	and	
desorption	of	a	single	Cy3	molecule.		TIRF-SPCM	counts	integrated	into	1	ms	bins	(blue)	do	
not	detect	the	adsorption	event,	but	10	ms	bins	(black)	overcome	shot	noise	statistics.	
	

In	summary,	single-molecule	detection	of	Cy3	was	only	possible	with	10	ms	resolution.		In	

shorter	 time	 windows,	 single	 photons	 from	 Cy3	 could	 not	 be	 distinguished	 from	 high	

background	levels.		While	this	time	resolution	was	worse	than	desired,	it	was	nevertheless	

compatible	with	the	proposed	measurements	of	Taq-CNTFET	devices.		In	fact,	Taq	binds	and	

processes	Cy3-M13-poly(A)42	templates	for	10	to	20	s	at	room	temperature,	and	individual	

incorporations	of	Cy3-dUTP	have	comparable	bleaching	lifetimes,	so	10	ms	resolution	was	

not	a	significant	loss	for	the	proposed	experiments	[66,69,70].	

	

Furthermore,	a	two-pass	data	analysis	technique	was	developed	to	exceed	this	limit.		First,	a	

coarse	pass	of	the	data	at	10	ms	binning	was	used	to	identify	regions	of	interest	with	high	

photon	 counts.	 	 After	 a	 3-bin	 smoothing	 filter,	 a	 thresholding	 filter	 (of	 1.5	 standard	

deviations)	 was	 used	 to	 identify	 time	 sequences	 containing	 fluorescence.	 	 Then,	 the	

fluorescence	data	were	re-analyzed	in	a	second	pass	with	1	ms	binning.		

	

An	example	of	this	two-step	analysis	process	is	shown	in	Figure	4.5.		The	SPCM	data	were	

binned	with	1	and	10	ms	resolution,	and	the	two	iterative	binary	event	detection	waves	are	

overlaid.	The	blue	trace	indicates	brighter	regions	above	the	threshold.	The	purple	trace	is	a	

result	of	the	fine	pass	to	find	the	edges	of	the	events	with	1	ms	resolution.	
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Figure	4.5:	A	sample	SPCM	time	trace	binned	to	10	(top)	and	1	ms	(bottom)	with	the	
coarse	and	fine	pass	binary	event	detection	waves	overlaid	in	blue	and	purple,	respectively.	
	

Fluorescence	blinking,	where	a	fluorophore	dims	or	goes	dark	for	up	to	10	ms,	complicated	

the	results.		Static	thresholding	through	a	blinking	event	would	split	a	longer	fluorescence	

event	 into	two	shorter	ones.	 	Despite	using	Trolox,	blinking	still	occurred.	 	To	reduce	the	

errors	associated	with	this	blinking,	another	data	polishing	pass	was	used	to	remove	single	

10	ms	bins	that	were	dark	in	the	middle	of	a	single	bright	event.	
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This	technique	combined	the	signal-to-noise	ratio	of	the	10	ms	binned	data	with	the	better	

timing	resolution	of	the	1	ms	binned	data.		The	higher	resolution	data	was	then	compared	

against	the	electronic	signals	acquired	simultaneously.	

	

4.2 Fluorescence	Results	from	CNTFET-Taq	Devices	

4.2.1 Widefield	EMCCD	Fluorescence	Imaging	

In	 one	 set	 of	 experiments,	 widefield	 EMCCD	 fluorescence	 images	 were	 acquired	 in	 the	

general	vicinity	of	CNTFET-Taq	devices	in	the	presence	of	100	pM	Cy3-M13-poly(A)42	+	100	

pM	Cy3-dUTP	+	300	pM	dTTP.	AFM	images	identified	the	location	of	CNTFET	prior	to	the	

measurement.		In	widefield	EMCCD	imaging,	no	fluorescence	could	be	reproducibly	observed	

in	the	specific	vicinity	of	CNTFET-Taq	devices	processing	Cy3	labeled	substrates.		In	fact,	no	

fluorescence	 was	 visible	 even	 when	 the	 Taq	 attachment	 density	 was	 increased	 to	 20	

molecules/µm.	 	 At	 that	 attachment	 density,	 each	 EMCCD	 pixel	 covering	 the	 CNTFET	

contained	approximately	4	Taq	molecules.	

	

Figure	4.6	and	Figure	4.7	show	EMCCD	and	SEM	images	for	two	example	devices	fabricated	

with	20	molecules/µm	Taq	R695C	and	Taq	E524C	mutants,	respectively.	No	 fluorescence	

due	to	Taq	activity	was	visible	near	the	CNTFET,	but	fluorescence	activity	was	clearly	seen	

from	 Taq	molecules	 nonspecifically	 adsorbed	 on	 the	 SiO2.	 	 Specifically,	 individual	 pixels	

brightened	in	response	to	the	addition	of	Cy3-ssDNA	templates	or	Cy3-dUTP	nucleotides	and	

then	darkened	when	those	reagents	were	diluted	or	rinsed	away.		Photon	count	rates	and	

blinking	statistics	were	both	consistent	with	single-molecule	activity,	and	described	below	

in	 the	controls	section.	 	These	sites	provided	evidence	 that	 the	apparatus	was	capable	of	
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detecting	single-molecule	fluorescence	and	that	Taq	was	active	and	processing	nucleotides	

under	the	experimental	conditions.	

	

Figure	4.6:	EMCCD	TIRF	(left)	and	SEM	(right)	of	CNTFET-Taq	devices	processing	Cy3-
M13-DNA	templates	and	Cy3-dUTP.		Though	the	SWCNTs	were	easily	located	by	SEM,	no	
fluorescence	was	observed	from	the	activity	of	Taq	(R695C	mutant).		Red	circles	mark	
identical	areas	in	each	image.		Bright	fluorescent	dots	far	from	the	CNT	are	nonspecifically	
adsorbed	Taq	processing	the	same	templates,	but	no	fluorescence	was	observed	in	the	
immediate	vicinity	of	the	CNTFET.	
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Figure	4.7:	EMCCD	TIRF	(left)	and	SEM	(right)	of	CNTFET-Taq	devices	processing	Cy3-
M13-DNA	templates	and	Cy3-dUTP.		Though	the	SWCNTs	were	easily	located	by	SEM,	no	
fluorescence	was	observed	from	the	activity	of	Taq	(E524C	mutant).		Red	circles	mark	
identical	areas	in	each	image.		Bright	fluorescent	dots	far	from	the	CNT	are	nonspecifically	
adsorbed	Taq	processing	the	same	templates,	but	no	fluorescence	was	observed	in	the	
immediate	vicinity	of	the	CNTFET.	
	

Numerous	control	experiments	were	performed	 to	confirm	 the	 lack	of	 fluorescence	 from	

CNTFET-Taq	devices.		AFM	imaging	confirmed	Taq	to	be	correctly	attached	to	the	CNTFETs,	

and	protein	conjugation	at	high	densities	confirmed	that	no	amount	of	Taq	labels	produced	

fluorescent	signals	 from	CNT	regions.	 	Similar	dark	results	were	obtained	using	alternate	

fluorophores	Cy3-PEG	5000	(Figure	4.8)	and	BSA-Alexa	Fluor	(Figure	4.9)	attached	to	either	

CNTFET	devices	or	lithography-free	SWCNTs	grown	on	otherwise	bare	quartz	wafers.		Every	

test	 was	 consistent	 with	 the	 conclusion	 that	 SWCNT	 quenched	 fluorescence	 activity.		

Fluorescence	was	routinely	observed	in	pixels	adjacent	to	the	Pt	lithography,	indicating	that	

Pt	did	not	have	the	same	quenching	effects.	

	

Figure	4.8:	EMCCD	TIRF	(left)	and	SEM	(right)	of	SWCNTs	decorated	with	Cy3-PEG.		
Though	the	SWCNTs	were	easily	located	by	SEM,	no	fluorescence	was	observed	from	the	
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Cy3-PEG.		Red	circles	mark	identical	areas	in	each	image.		Fluorescent	dots	located	along	
the	edges	of	the	Pt	lithography,	indicating	that	the	Pt	does	not	have	the	same	quenching	
effects.	
 

	

Figure	4.9:	EMCCD	TIRF	(left)	and	SEM	(right)	of	SWCNTs	decorated	with	BSA-Alexa	Fluor	
488.		Though	the	SWCNTs	were	easily	located	by	SEM,	no	fluorescence	was	observed	from	
the	BSA-Alexa	Fluor	488.		Red	circles	mark	identical	areas	in	each	image.	The	structures	
seen	at	the	bottom	of	the	image	are	Pt	electrodes.		Fluorescent	dots	located	along	the	edges	
of	the	Pt	lithography,	indicating	that	the	Pt	does	not	have	the	same	quenching	effects.	
	

4.2.2 Time-Resolved	Fluorescence	

Similar	experiments	were	performed	using	the	SPCM	to	collect	time-resolved	fluorescence.		

The	confocal	aperture	was	closed	to	limit	collection	to	diameters	of	only	3	to	10	pixels	(600	

to	2000	nm)	containing	one	CNTFET.		While	these	regions	were	not	visibly	brightened,	they	

exhibited	background	photon	counts	of	5	ms-1	with	transient	bursts	of	7	to	9	s-1,	as	described	

above	in	Section	4.1.3	(data	shown	below	is	integrated	to	10	ms	bins	for	clarity).		Data	were	

collected	 in	 5-minute	 recordings	 using	 various	 liquid	 gate	 voltages	 and	 fluorophore	
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concentrations.		The	time-resolved	bursts	were	then	compared	against	I(t)	signals	generated	

by	CNTFET-Taq	devices.	

	

Figure	 4.10	 shows	 a	 sample	 EMCCD	 image	 with	 its	 accompanying	 SPCM	 and	 I(t)	 data.		

Fluorescence	bursts	above	the	background	levels	were	observed	at	approximately	3	s-1,	and	

they	are	highlighted	 in	purple.	 	Simultaneously,	 the	device	generated	12	s-1	events	 in	 I(t)	

(red)	corresponding	to	a	combination	of	short	flutters	and	longer	incorporation	events,	as	

described	 in	 Chapter	 3.	 	 Event-by-event	 analysis	 found	 negligible	 overlap	 or	 correlation	

between	the	electronic	and	fluorescence	events.	
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d)	 	 	

Figure	4.10:	Sample	one	second	time	traces	of	(a)	source-drain	electrical	and	(b)	SPCM		
data	overlaid	with	the	binary	event	finding	algorithms	in	red	and	blue	respectively.	The	left	
axes	corresponds	to	the	source-drain	current	with	its	DC	baseline	subtracted	and	number	
of	photons	collected	by	the	SPCM,	respectively.	(c)	overlays	the	two	independent	binary	
event	detection	waves	and	shows	no	overlap.	(d)	EMCCD	image	of	a	CNTFET-Taq	device	
with	the	SPCM	field	of	view	outlined	in	red.	
	

Besides	having	no	correlation	with	the	I(t)	signal,	the	fluorescence	bursts	had	suspiciously	

short	lifetimes	averaging	only	45	ms.		In	comparison,	the	binding,	processing,	and	release	of	

a	 Cy3-poly(A)42	 template	 by	 Tab	 should	 require	 10	 to	 20	 seconds	 at	 room	 temperature.		

Fluorescence	 from	 a	 Cy3-dUTP	 incorporation	 should	 last	 for	 multiple	 seconds.		

Consequently,	 the	fluorescence	bursts	 in	Figure	4.10	were	deemed	unlikely	to	come	from	

catalytic	Taq	activity,	and	they	may	have	instead	been	non-specific	adsorption/desorption	

events	on	the	SiO2	surface.	
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This	conclusion	was	confirmed	by	a	comparative	analysis	of	SPCM	fluorescence	collected	

from	SiO2	 surfaces.	 	As	 shown	 in	Figure	4.11	 (a)	 and	 (b)	bare	SiO2	 surfaces	measured	 in	

solutions	of	Cy3-DNA	had	fluorescence	variability	that	was	nearly	identical	to	the	CNTFET-

Taq	device	regions	and	proportional	to	the	Cy3	solution	concentration.		When	4	nM	Taq	was	

allowed	 to	nonspecifically	bind	 to	 the	SiO2,	on	 the	other	hand,	SPCM	recordings	 included	

many	more	and	much	brigher	fluorescence	bursts	(Figure	4.11	(c)).	

	

Statistical	analysis	did	find	two	significant	differences	in	the	fluorescence	recordings	(Figure	

4.12).		First,	the	CNTFET-Taq	devices	produced	22%	fewer	bright	events	than	bare	surfaces	

because	of	occlusion	by	the	metal	electrodes.		When	the	images	were	normalized	per	μm2	of	

transparent	 surface,	 this	 systematic	 error	 disappeared.	 	 Second,	 the	 mean	 duration	 of	

fluorescence	bursts	dropped	from	100	ms	on	SiO2	to	40	ms	on	CNTFET-Taq	devices.	 	The	

two	 and	 half-fold	 decrease	 indicates	 that	 the	 Cy3	 fluorophores	 either	 bleached	 faster	 or	

desorbed	 faster	 on	 CNTFET-Taq	 devices.	 	 Either	 way,	 the	 effect	 could	 be	 an	 artifact	 of	

lithographic	contamination	immediately	surrounding	the	CNTFETs.	
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Figure	4.11:	Excess	SPCM	fluorescence	above	baseline	for	(a)	a	CNTFET-Taq	device,	(b)	a	
clean	SiO2	surface,	and	(c)	a	SiO2	surface	exposed	to	Taq.	The	CNTFET-Taq	device	exhibits	
fluorescence	bursts	that	are	identical	in	magnitude	and	frequency	to	the	bare	surface,	and	
substantially	less	than	what	is	observed	for	Taq	nonspecifically	adsorbed	on	the	SiO2.	
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Figure	4.12:	Sample	distributions	of	(a)	bright	and	(b)	dark	state	durations	as	recorded	by	
the	SPCM	viewing	Taq	conjugated	to	a	nanotube,	Taq	non-specifically	adsorbed	to	the	SiO2,	
and	bare	SiO2.	
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4.2.3 Effects	of	Electrostating	Gating	on	Fluorescence	Activity	

Thirdly,	 experiments	 varied	 the	 electrostatic	 potential	 Vlg	 of	 the	 liquid	 surrounding	 the	

CNTFET.		This	potential,	which	serves	as	a	gating	influence	on	the	CNTFET,	can	presumably	

contribute	 unanticipated	 effects	 on	 fluorescence.	 	 For	 example,	 fluorescence	 quenching	

mechanisms	of	nanostructures	are	complex	phenomena	with	pathways	that	can	depend	on	

Vlg	through	charge	carrier	densities	and	energy	band	occupancies	[97,98].	

	

To	protect	against	such	mechanisms,	the	experiments	described	above	were	repeated	across	

the	range	-500	mV	<	Vlg	<	+200	mV.		This	range	was	chosen	to	completely	encompass	the	

saturation,	active,	and	off	regions	of	the	CNTFET.		It	was	much	wider	than	the	Vlg	window	

where	CNTFET-Taq	devices	typically	exhibit	sensing	activity,	in	case	electrical	activity	and	

fluorescent	activity	occurred	under	different	bias	conditions.	

	

Fluorescence	 statistics	 from	some	select	Vlg	 values	are	plotted	 in	Figure	4.13.	 	No	single-

molecule	fluorescence	was	observed	from	Taq	at	any	Vlg,	including	at	the	four	values	shown	

in	Figure	4.13	where	Taq	actively	generated	electronic	signals.		Below	-400	mV	and	above	-

100	mV,	fluorescence	was	collected	and	analyzed	despite	the	absence	of	electronic	activity.		

Above	the	threshold	of	+50	mV,	the	CNTFET	channel	was	entirely	insulating	(>100	MW)	and	

still	no	fluorescence	was	observed.	
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Figure	4.13:	The	distributions	of	bright	(top)	and	dark	(bottom)	state	durations	as	
recorded	by	the	SPCM	at	various	liquid	gates.	
	

These	results	appear	to	rule	out	any	role	for	Vlg	in	the	fluorescence	results.		On	one	hand,	the	

chemical	 potential	 surrounding	 the	 CNTFET,	 Taq	 and	 Cy3	 might	 have	 no	 effect	 on	

fluorescence.	However,	it	seems	more	likely	that	Vlg	adds	complexity	to	whatever	effects	are	

introduced	by	the	CNTFET.		After	all,	Vlg	has	unclear	and	unexplained	effects	activating	and	

deactivating	Taq’s	electronic	activity.		Future	measurements	and	modeling	will	be	needed	to	
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fully	understand	why	Vlg	affects	Taq	activity,	and	whether	the	same	mechanisms	interfere	

with	fluorescence.	

	

4.3 Fluorescence	of	Taq	polymerase	

4.3.1 Activity	of	non-specifically	adsorbed	Taq	polymerase	

Enzyme	conjugation	to	the	nanotube	always	results	in	non-specific	adsorptions	to	the	SiO2	

surface	as	well.		Non-specific	adsorptions	are	not	a	concern	in	CNT	electrical	measurements	

due	to	electrostatic	screening.	Yet,	non-specifically	adsorbed	Taq	in	the	TIRF	data	can	serve	

as	a	calibration	and	verification	that	the	enzyme	is	active.	

	

Widefield	EMCCD	images	collected	above	show	no	Taq	activity	in	the	vicinity	of	a	CNT.	The	

excess	 fluorescent	 dots	 away	 from	 the	 CNTFET	 device	 can	 be	 analyzed	 to	 show	 that	

enzymatic	 behavior	 is	 still	 observed.	 Fluorescence	 signals	 generated	 by	 the	 R695C	 Taq	

mutant	in	the	presence	of	labeled	nucleotide	(5	nM	poly(A)42	+	2	nM	dTTP	+	1	nM	cy3-dUTP)	

as	recorded	by	the	EMCCD	camera	(Figure	4.14).	Taq	is	non-specifically	adsorbed	to	the	SiO2	

surface	by	 incubating	with	4	(left)	and	40	(right)	nM	Taq	 for	 five	minutes.	Under	normal	

attachment	and	measurement	conditions	of	4	nM	Taq	incubation	for	five	minutes	with	1	nM	

cy3-dUTP	in	solution,	0.046	adsorptions/μm2	are	recorded.	For	comparison,	incubating	with	

40	nM	Taq	and	identical	incubation	conditions	yields	2.7	times	the	fluorescence	density	of	

0.122/	μm2.	The	number	of	fluorescent	dots	increases	with	increased	number	of	adsorbed	

Taq	molecules.	
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Figure	4.14:	Sample	TIRF	signals	of	the	R695C	Taq	mutant	as	it	processes	Cy3-dUTP,	as	
recorded	by	an	EMCCD	camera.	4	(left)	and	40	nM	(right)	Taq	was	non-specifically	
adsorbed	to	the	SiO2.	
	

While	static	pictures	can	indicate	Taq	adsorption	densities	and	confirm	binding	to	labeled	

templates,	dynamic	time	traces	of	individual	pixels	can	shed	light	on	the	enzymatic	activity.	

Fluorescent	time	traces	reveal	repeated	illuminations,	lasting	up	to	tens	of	seconds	(Figure	

4.15).	Stepwise	jumps	are	seen	in	the	fluorescence,	as	guided	by	the	red	lines,	and	could	be	

repeated	 incorporations	 of	 Cy3-dUTP	 into	 a	 ssDNA	 template.	 These	 kinetics	 are	 seen	 in	

literature,	and	serve	to	confirm	that	Taq	activity	is	able	to	be	discerned	by	TIRF.	
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Figure	4.15:	Example	EMCCD	time	trace	of	non-specifically	adsorbed	Taq	in	the	presence	
of	cy3-dUTP.	
	

4.4 Conclusion	

In	 conclusion,	 experiments	 successfully	 combined	 two	 independent	 single-molecule	

techniques.	 	 A	 transparent	 CNTFET	 device	 was	 developed	 that	 allowed	 simultaneous	

acquisition	of	electrical	and	fluorescence	single-molecule	signals.	 	However,	no	conclusive	

single-molecule	fluorescence	was	observed	when	these	transparent	CNTFET	devices	were	

labeled	with	Taq,	BSA,	or	fluorescent	polymers,	even	when	the	density	of	attachments	was	

increased	to	near	full	coating.			

	

Experiments	 confirmed	 that	 the	 CNTFET-Taq	 devices	 generated	 electronic	 signals	

proportional	 to	 Taq’s	 catalytic	 activity	 and	 in	 agreement	 with	 the	 results	 in	 Chapter	 3.		

Furthermore,	fluorescence	from	nonspecific	adsorptions	of	Taq	on	SiO2	surfaces	produced	

fluorescence	with	the	amplitudes,	durations,	and	frequencies	anticipated	for	single-molecule	

detection.	 Tuning	 the	 liquid’s	 potential	with	 respect	 to	 the	 CNTFET	 did	 not	 increase	 the	

fluorescence	detectably.	
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Many	 factors	 can	 reduce	 the	 fluorescence	 output	 of	 a	 fluorophore.	 	 In	 this	 experiment,	

possible	 mechanisms	 included	 proximity	 to	 the	 CNT	 or	 platinum	 electrodes,	 surface	

contamination	 from	 lithography,	 or	 the	 amorphous	 quartz	 surface	 itself.	 Fluorophore	

quenching	of	CNTs	in	solution	by	more	than	50%	has	been	documented	by	multiple	groups	

and	has	been	suggested	for	use	in	distance-sensitive	measurements	[99].	Other	groups	have	

achieved	 labeling	CNTs	with	 fluorophores	by	caking	on	10	nm	thick	 layers	of	 fluorescent	

molecules	 [100,101].	 In	 all	 cases	 reported	 in	 literature,	 CNTs	 in	 solution	 are	 completely	

coated	with	a	large	number	of	fluorophores.	Here,	we	acknowledge	that	the	surface	and	local	

environment	of	the	fluorophore	plays	a	large	role	in	the	signal-to-noise.	With	the	controls	

available,	single-molecule	 fluorescence	could	not	be	 increased	to	a	detectable	 level	 in	 the	

vicinity	of	a	CNT.	On	this	TIRF	setup,	the	fluorescence	signal	of	a	single	Taq	polymerase	was	

indistinguishable	from	the	background.	
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5 Electronic	Measurements	of	Dihydrofolate	Reductase	

and	Grubbs	catalyst	

	

5.1 Introduction	

This	CNTFET	technique	has	proven	useful	in	discerning	catalytic	rates	and	motions	from	a	

range	of	enzymes,	with	the	newest	discoveries	from	Taq	polymerase	highlighted	in	Chapter	

3.		This	chapter	documents	two	experiments	where	electronic	signals	were	recorded	from	

dihydrofolate	reductase	(DHFR),	and	the	inorganic	Grubbs	catalyst.		These	signals	were	not	

as	 easy	 to	 interpret	 as	 those	 generated	 by	 Taq	 polymerase	 because	 they	 transduced	

molecular	 signals	 other	 than	 the	 intended	 catalysis.	 	 Initial	 measurements	 successfully	

demonstrated	a	proof-of-principle	for	these	two	catalytic	systems.	DHFR	produced	signals,	

but	 they	 were	 not	 associated	 with	 its	 catalytic	motions.	 	 The	 particular	 Grubbs	 catalyst	

synthesized	had	a	catalytic	turnover	rate	too	low	to	generate	meaningful	statistics.	In	both	

cases,	 different	 attachment	 orientations	 will	 be	 needed	 to	 successfully	 make	 direct	

measurements	of	catalysis.			

	

5.2 Dihydrofolate	Reductase	

Dihydrofolate	Reductase	(DHFR)	is	a	ubiquitous	enzyme	across	prokaryotic	and	eukaryotic	

organisms.	 	 DHFR	 produces	 tetrahydrofolic	 acid	 (THF),	 an	 essential	 building	 block	 in	

synthesis	of	amino	and	nucleic	acids.		Reduction	of	dihydrofolic	acid	(DHF)	is	facilitated	by	

DHFR	 through	 a	 cofactor,	 nicotinamide	 adenine	 dinucleotide	 phosphate	 (NADPH).	 	 The	

enzymatic	cycle	has	five	distinct	intermediate	steps	involving	NADPH	binding	followed	by	
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DHF	binding,	and	protonation	and	hydride	transfer	from	NADPH	to	DHF.		Finally,	the	NADP+	

and	THF	are	released	[102,103].	

	

Modern	medicine	utilizes	DHFR	inhibitors	to	limit	cell	reproduction	in	cancer	treatments.		

Although	 DHFRs	 across	 prokaryotic	 and	 eukaryotic	 organisms	 have	 similar	 structure,	

folding,	 and	 active	 site	 residues,	 the	 DHFRs	 have	 extremely	 divergent	 sequences	 and	

conformational	dynamics.		An	inhibitor	of	one	type	of	DHFR	does	not	necessarily	inhibit	the	

DHFR	of	another	organism.		Single-molecule	measurements	could	shed	light	on	the	role	of	

inhibitors	across	various	types	of	DHFR.	

	

5.2.1 Methodology	

Collaborators	 in	 the	 Weiss	 lab	 at	 UCI	 synthesized	 two	 DHFR	 mutants	 for	 initial	

measurements,	 only	 one	 of	 which	 generated	 electrical	 signals.	 	 Consequently,	 only	 one	

mutant	will	be	discussed.	 	As	described	 in	Chapter	3,	 the	enzyme	attachment	orientation	

plays	 a	 large	 role	 in	 electronic	 signal	 transduction.	 	 Site-directed	mutagenesis	 inserted	 a	

cysteine	residue	at	site	N37C.		The	enzyme	is	conjugated	to	CNTFET	devices	with	the	same	

pyrene-maleimide	chemistry	described	in	Chapters	2	and	3.		Figure	5.1	shows	the	structure	

of	DHFR	with	the	N37C	attachment	site	circled	in	red.	
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Figure	5.1:	 Structure	 of	 the	N37C	DHFR	mutant.	 The	N37C	 attachment	 is	 circled	 in	 red.	
DHFA	is	colored	black	and	NADPH	is	colored	grey.	
	

5.2.2 Single-Molecule	Measurements	of	DHFR	

CNTFET	devices	were	prepared	as	described	in	Chapter	2	(4	nM	DHFR	in	40	mM	Hepes,	300	

mM	NaCl,	 pH	 7.2,	 5	minutes).	 	 Immediately	 after	 enzyme	 conjugation,	 pulses	 in	 the	 I(t),	

outside	of	normal	1/f	baseline	noise	were	recorded	in	activity	buffer.		The	baseline	current	

had	a	normal	distribution	with	a	standard	deviation	of	1.4	nA.		Current	excursions	down	to	-

5	to	-6	nA	were	seen	regularly	and	continuous.		Exposing	the	device	to	4.5	µM	NADPH	+	1.5	

µM	DHFA	did	not	alter	the	I(t)	excursions	recorded.	

	

Introducing	 an	 inhibitor,	 methotrexate,	 quelled	 all	 I(t)	 excursions.	 	 Only	 1/f	 noise	 was	

observed	in	the	presence	of	methotrexate.		This	process	was	reversible;	the	I(t)	fluctuations	

returned	upon	flushing	in	clean	buffer.		This	process	was	repeated	three	times	with	identical	
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results.		Example	250	ms	time	traces	depict	the	pulses	generated	by	attaching	DHFR	to	the	

CNTFET	Figure	5.2.		The	right	panels	show	10	ms	time	traces	depicting	example	events.	

	

Figure	 5.2:	 Example	 I(t)	 traces	 in	 (top)	 activity	 buffer,	 (middle)	 NADPH	 +	 DHFA,	 and	
(bottom)	methotrexate.		The	panels	on	the	right	show	10	ms	segments	of	data.	
	

Similar	 statistical	 analyses	 as	 documented	 in	 Chapter	 3	 were	 performed	 on	 these	 data.		

Statistically,	 the	events	recorded	 in	buffer	and	NADPH	+	DHF	were	 identical	(Figure	5.3).		
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Both	the	event	durations	and	waiting	times	were	described	by	stretched	exponentials.		Fits	

of	25	µs	and	4	ms	for	the	event	durations	and	waiting	times	represented	the	majority	of	the	

data.	

	

Figure	5.3:	Event	duration	and	waiting	time	distributions	for	the	N37C	DHFR	mutant.	
	

The	similarity	of	signals	transduced	in	activity	buffer	and	NADPH	+	DHF	indicate	that	the	

motions	detected	are	 the	 same	whether	 the	 enzyme	 is	performing	 catalysis	or	not.	 	This	
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motion	is	independent	of	catalytic	activity.		However,	binding	of	methotrexate	locks	up	the	

motion	transducing	this	signal.		An	interpretation	of	these	results	is	that	the	signal	generated	

is	due	to	some	thermally	fluctuating	loop	near	the	attachment	site.	

	

The	 N37C	 attachment	 site	 is	 located	 on	 a	 semi-flexible	 region	 of	 the	 enzyme,	 in	 close	

proximity	to	both	the	binding	site	of	DHF	and	another	more	flexible	loop.		Methotrexate	has	

a	binding	affinity	~1000	fold	stronger	than	DHF,	and	acts	as	an	inhibitor	by	out-competing	

DHF	 at	 the	 binding	 site,	 prevent	 catalysis	 from	 occurring	 [104].	 	 At	 100	 µM	 inhibitor	 in	

solution,	the	inhibitor	is	always	bound.		Methotrexate	binding	could	increase	the	rigidity	of	

DHFR	close	to	the	attachment	site.	

	

The	signal	 transduction	shown	above	was	due	to	attachment	orientation.	 	This	particular	

attachment	site	did	not	reveal	much	information	about	the	catalytic	cycle	of	DHFR,	but	it	is	

likely	that	another	attachment	site	would.		This	CNTFET	platform	is	well	equipped	for	future	

studies	of	DHFR.		The	catalytic	cycle	of	DHFR	is	dependent	upon	pH	and	temperature,	two	

controls	that	are	readily	tunable	with	this	CNTFET	platform.		Based	on	previous	experiments	

with	different	attachment	sites	with	Taq	polymerase,	it	is	likely	that	some	other	attachment	

site	will	have	better	sensitivity	to	catalytic	information.	

	

5.3 The	Grubbs	Catalyst	

5.3.1 Introduction	

Catalysts	 are	 essential	 in	 the	 present	 day’s	 economy	 by	 accelerating	 chemical	 reactions,	

affecting	 fields	 from	pharmaceuticals	 to	materials.	 	 Catalysts	 are	 typically	 expensive,	 low	
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abundance	d-block	metals,	and	generally	require	harsh	solvents	and	high	volumes	of	waste.		

The	 single-molecule	 CNTFET	 platform	 offers	 a	 route	 to	 study	 catalyst	 chemistry	 with	

vanishingly	small	quantities	of	material.		In	this	section	we	demonstrate	initial	attempts	to	

measure	electronic	signals	generated	in	a	CNTFET	device	by	an	industrially	relevant	catalyst.	

	

The	Grubbs	catalyst	is	a	Nobel	prize	winning,	industrially	relevant	Ruthenium	based	catalyst.		

To	simplify	this	initial	study,	the	Grubbs	catalyst	performs	an	olefin	metathesis	on	a	single	

species	 of	 alkene,	 4-aza-1,7-octadiene.	 	 Attempts	 were	 made	 to	 observe	 catalytic	

transduction	in	a	CNTFET	device	with	a	second-generation	Grubbs	catalyst.	

	

5.3.2 Synthesis	of	Grubbs	catalyst	

Collaborators	 in	 the	 Weiss	 lab	 at	 UCI	 synthesized	 a	 second-generation	 Grubbs	 catalyst.		

Expanding	 off	 the	 well-studied	 pyrene-maleimide	 CNTFET	 functionalization	 used	 in	

previous	chapters,	the	Grubbs	catalyst	studied	here	used	an	anthracene	ligand	to	π-π	stack	

to	 the	CNTFET.	 	Similar	 to	pyrene,	 the	 four-membered	ring	traditionally	used	as	a	 linker,	

anthracene	is	a	linear	aromatic	three-membered	ring	that	readily	bonds	to	the	CNT	sidewall	

through	the	same	π-π	interactions.	

	

The	~1	nm	diameter	catalyst	was	too	small	for	attachment	yields	to	be	directly	measured	

with	AFM.		Attachment	densities	were	instead	inferred	based	off	enzyme	attachment	yields	

with	anthracene-maleimide.		Identical	attachment	yields	were	measured	with	anthracene-

maleimide	as	pyrene-maleimide.	
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Catalysts	 like	 the	 Grubbs	 are	 known	 to	 deactivate	 after	 thousands	 of	 catalytic	 turnovers	

[105].	 	To	combat	 this	degradation	until	 the	experiment	 is	ready,	a	protection	group	was	

installed	on	the	catalyst,	a	tricyclohexylphosphine	(pcy3).	Once	the	catalyst	was	transferred	

to	an	attachment	solution,	the	protection	group	dissociates	in	30	minutes	and	that	catalyst	

becomes	active.	 	Figure	5.4	shows	the	Grubbs	catalyst	produced	with	the	attachment	site	

circled	in	red	and	the	protection	group	circled	in	blue.	

	

	

	
Figure	5.4:	Structure	of	the	second-generation	Grubbs	catalyst.		The	ligand	used	to	link	to	
the	CNTFET	device	is	circled	in	red.		The	protection	group	is	circled	in	blue.	
	

Time	 course	 NMR	 measurements	 at	 100:1	 loading	 of	 substrate:catalyst	 determined	 the	

catalytic	rate	of	this	particular	Grubbs	catalyst	to	be	2.5	hr	-1,	a	rate	considerably	lower	than	

anticipated.	 	 The	 source	 of	 this	 low	 rate	 was	 determined	 to	 be	 the	 anthracene	 ligand	

necessary	for	conjugation	to	the	CNT.		Ligands	are	known	to	have	drastic	effects	on	catalytic	
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turnover	rates.		Attempts	to	modify	this	ligand	and	increase	the	catalytic	activity	yielded	in	

unpurifiable	or	 insoluble	products.	 	Similar	 ligands	have	been	reported	 in	 literature	with	

comparable	rates;	a	more	active	catalyst	with	an	anthracene	or	pyrene	linker	ligand	has	yet	

to	be	synthesized.	

	

5.3.3 Methodology	

This	 low	turnover	rate	cannot	generate	enough	statistics	 in	a	reasonable	amount	of	 time.	

Therefore,	it	was	decided	to	fully-decorate	the	CNTFET	with	Grubbs	catalysts.	However,	even	

with	 full	 coverage	 of	 active	 Grubbs	 catalysts	 under	 optimal	 conditions,	 only	 a	 couple	 of	

events	per	second	should	be	recorded.	

	

Traditional	device	preparation	described	 in	Chapter	2	utilized	a	PMMA	passivation	 layer.		

The	 Grubbs	 catalst	 used	 was	 synthesized	 in	 DCM,	 a	 solvent	 incompatible	 with	 PMMA.		

Instead	of	using	PMMA	windows	to	expose	the	sidewall	of	CNTFET	devices,	the	initial	Al2O3	

passivation	layer	was	used.	Here,	the	initial	Al2O3	passivation	layer	was	left	in-tact	before	

electron	beam	lithography.	PMMA	was	then	spin-coated	and	windowed.		This	was	used	as	a	

mask	to	etch	the	layer	of	Al2O3,	exposing	only	1	µm	of	CNT	sidewall	while	passivating	the	

contracts	and	electrodes.	

	

5.3.4 Electronic	Measurements	of	Grubbs	catalyst	

Despite	a	low	catalytic	turnover	rate,	the	Grubbs	catalyst	was	conjugated	to	a	CNTFET	device	

(10	nM	in	DCM,	2	minutes)	and	measured	in	the	presence	of	8.4	mM	4-aza-1,7-octadiene	in	

deionized	water	(DI).		With	the	low	catalytic	rates	inherent	to	this	particular	catalyst,	it	is	
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difficult	to	infer	what	electronic	signal,	if	any,	was	due	to	the	catalytic	cycle.	One	type	of	event	

recurred	across	3	devices	involved	second	long	events	with	20	second	long	waiting	times.	

An	example	ten	second	time	trace	with	two	events	is	shown	below	in	Figure	5.5.		Over	the	

course	of	250	seconds,	13	events	were	recorded.		Too	few	events	were	recorded	to	generate	

any	meaningful	statistical	distribution.	 	Rather,	an	arithmetic	mean	determined	the	event	

duration	to	be	1.07	seconds,	with	a	waiting	time	of	19.4	seconds	between	events.	

	

Figure	5.5:	An	example	10	second	segment	of	data	showing	two	possible	events.	
	

An	 interpretation	 of	 these	 electronic	 events	 is	 that	 the	 high	 current	 states	 (~11	 nA)	 is	

associated	with	product	release.	 	The	substrate	 is	positively	charged	and	electrostatically	

gates	 the	 p-type	 CNTFET	 to	 a	 lower	 current	 level.	 The	 I(t)	 excursions	 recorded	

electrostatically	 gate	 the	 CNTFET	 +140	 mV	 based	 on	 the	 device’s	 transconductance.		

Additionally,	the	rate-limiting	step	is	known	to	occur	while	the	substrate	is	bound.	It	then	

follows	that	the	lower	current	(8.5	nA),	longer-lived	state	is	to	be	identified	as	a	state	with	

the	substrate	bound.	
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It	 remains	 unknown	 how	 many	 catalysts	 were	 active	 at	 once.	 	 Signal	 transduction	 and	

catalytic	turnover	was	too	infrequent	to	discern	statistics	or	confirm	that	this	signal	is	due	

to	 catalysis.	 	 	 Nevertheless,	 we	 demonstrated	 electronic	 recordings	 of	 a	 Ru-catalyst	

conjugated	to	a	CNTFET.			Future	attempts	may	seek	to	synthesize	catalysts	with	increased	

catalytic	turnover	rates.	

	

5.4 Conclusion	

The	experiments	described	above	document	initial	efforts	to	charactertize	the	N37C	mutant	

of	 DHFR	 and	 a	 second-generation	 Grubbs	 catalyst.	 	 The	 N37C	 mutant	 produced	 I(t)	

excursions	with	a	rate	of	250	s-1	 in	both	activity	buffer	and	NADPH	+	DHF;	 too	 fast	 to	be	

catalytic	 events.	 	 Introducing	 an	 inhibitor	 quelled	 these	 fluctuations.	 	Measurements	 like	

these	 could	provide	 indication	as	 to	 the	efficacy	of	 an	 inhibitor,	 but	 there	are	 easier	 and	

quicker	methods.		The	fact	that	some	signal	is	transduced,	and	depends	on	inhibitor	indicates	

that	a	different	attachment	site	could	likely	transduce	more	meaningful	signals.	

	

The	 Grubbs	 catalyst	 also	 potentially	 produced	 signals,	 but	 at	 a	 rate	 too	 low	 to	 extract	

meaningful	statistics.	 	Ligands	can	have	drastic	effects	on	catalytic	rates.	 	Here,	the	ligand	

linking	 the	 Ru	 catalyst	 to	 the	 CNTFET	 slowed	 down	 the	 catalytic	 activity	 too	 much	 to	

generate	convincing	signals.	
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Previous	 chapters	 documented	 successful	 and	 convincing	 signals	 generated	 by	 DNA	

polymerases.		The	two	cases	presented	in	this	chapter	are	examples	where	CNTFET	sensing	

is	possible,	but	the	molecule	of	interest	exhibited	difficult	to	analyze	signals.	
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