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CHAPTER	1:	INTRODUCTION	

1.1	BIOSENSORS	

In	an	age	of	 technology	and	precision,	 it	 is	becoming	 increasingly	 important	 to	be	

able	 to	 not	 only	 diagnose	 patients	 with	 certain	 diseases	 but	 also	 quantify	 their	 level	 of	

illness	 to	 allow	 for	 an	 appropriate,	 yet	 calculated,	 response.	 One	 such	 method	 of	

quantifying	a	person’s	health	is	to	measure	the	concentration	of	a	given	product	of	disease	

in	 the	 blood	 or	 other	 bodily	 fluid	 and	 use	 that	 information	 to	 gain	 insight	 into	 the	

disease/condition’s	progress	at	that	time.	Biosensors	are	systems	that	have	high	levels	of	

specificity	and	 low	detection	 limits	 that	 can	allow	one	 to	measure	 the	concentration	of	a	

given	analyte	under	 the	proper	conditions.1	As	a	result,	 strategically	designed	biosensors	

have	the	potential	to	play	a	key	role	in	the	medical	diagnosis	of	a	wide	variety	of	diseases.	

Glucose	 biosensors,	 for	 example,	 are	 used	 to	 monitor	 blood	 sugar	 levels	 in	 diabetic	

patients.	 Modern	 glucose	 meters	 use	 small,	 cheap,	 disposable	 chips	 that	 only	 require	

microliter	volumes	of	blood	and	can	give	a	readout	of	concentration	in	a	matter	of	seconds.	

In	addition,	glucose	meters	themselves	are	relatively	inexpensive	one-time	costs	and	can	fit	

in	the	palm	of	a	hand,	making	the	glucose	biosensor	system	ideal	for	point-of-care	diabetic	

treatment.2	

While	biosensors	are	often	tuned	to	be	responsive	for	a	given	compound	or	group	of	

compounds,	many	often	follow	a	similar	structural	design.	In	general,	a	biosensor	has	three	

major	 components:	 a	 molecular-binding	 component,	 a	 linker,	 and	 a	 signal-transducing	

component.3	The	molecular-binding	component	is	responsible	for	interacting	directly	and	

specifically	 with	 the	 target	 compound.	 Since	 the	 target	 compounds	 are	 often	 found	 in	

biological	systems,	the	binding	components	of	many	biosensors	are	the	same	or	similar	to	
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naturally	 occurring	 receptors	 known	 to	 interact	with	 the	 target	 compounds	 in	 the	 same	

biological	 systems.	 As	 a	 result,	 biosensors	 containing	 these	 biologically	 relevant	

components	are	often	also	referred	to	as	bioconjugates.4	Upon	interaction	with	the	target	

compound,	 the	 molecular-binding	 component	 will	 undergo	 a	 change	 responsible	 for	

affecting	the	entire	biosensor’s	chemical	structure	or	behavior.	This	change	will	be	carried	

along	the	linker	component	to	the	signal-transducing	component,	whose	chemical	change	

is	often	coupled	with	a	change	in	bioluminescent,5	thermal,6	or	electrochemical	energy.1,	3b	

If	 this	 change	 can	 be	 detected	 and	 quantified	 by	 another	 piece	 of	 equipment,	 the	

concentration	of	 the	original	 target	compound	can	effectively	be	measured.	 In	 this	study,	

changes	 in	 electrochemical	 signals	 and	 redox	 activity	will	 be	 used	 to	 quantify	 caspase-3	

concentration	 in	 solution.	 The	 work	 discussed	 herein	 focuses	 on	 the	 synthesis,	

characterization,	and	evaluation	of	a	new	type	of	electrochemical	biosensor.	

While	 changes	 in	 redox	 activity	 can	 serve	 as	 an	 effective	 electrochemical	 signal,	

most	 bioconjugates	 are	 not	 intrinsically	 redox	 active.	 The	 necessary	 electrochemical	

measurements,	 therefore,	 cannot	be	made	without	 the	 introduction	of	 a	 redox	 tag.	 Small	

inorganic	 compounds	 such	 as	 ferrocene	 can	 serve	 as	 effective	 tags	 because	 of	 the	

predictable,	well-studied,	reversible	metal-based	redox	behaviors	in	solution.7	In	addition,	

ferrocene	specifically	has	a	redox	couple	that	is	not	only	very	reversible	but	is	also	highly	

tunable.	For	example,	in	an	experiment	performed	by	undergraduates	in	the	2016	Chemical	

Instrumentation	Lab	at	TCU,	the	redox	couple	of	ferrocene	was	shown	to	shift	drastically	by	

introducing	simple	groups	to	the	cyclopentadienyl	rings.	The	molecules	shown	in	Figure	1	

were	evaluated	electrochemically	using	cyclic	voltammetry,	and	an	overlay	of	the	results	is	

shown	in	Figure	2.	The	oxidation	and	reduction	potentials	of	the	ferrocene	core	can	shift	by	
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several	hundred	millivolts	with	 the	addition	of	1-2	simple	 functional	groups.8	By	varying	

what	these	groups	are	and	how	they	are	attached	to	the	ring,	the	oxidation	and	reduction	

potentials	 can	be	 tuned	 to	 a	 range	 suitable	 for	 a	 user’s	 specific	 needs.	Alternatively,	 one	

could	alter	the	functional	groups	attached	to	the	ferrocene	core	through	a	reaction,	and	this	

change	 could	 be	 detected	 using	 cyclic	 voltammetry.	 The	 work	 herein	 utilizes	 the	 latter	

method	to	detect	changes	made	to	the	electrochemical	biosensors	used.		

	
Figure	 1:	 Ferrocene	 derivates.	 From	 left	 to	 right:	 1,1’-dibromoferrocene;	 bromoferrocene;	 ferrocene;	
bis(pentamethylcyclopentadienyl)iron(II);	1’-Fmoc-aminoferrocenecarboxylic	acid.	

	
	

	
Figure	 2:	 Cyclic	 voltammogram	 overlay	 of	 the	 FeIII/FeII	 couple	 in	 5	 different	 ferrocene	 derivatives	 at	 a	
concentration	 of	 1	mM	using	DMF	 as	 a	 solvent,	 0.1	M	 [Bu4N][BF4]	 as	 an	 electrolyte,	 a	 scan	 rate	 of	 500	
mV/s,	 an	 Ag/AgNO3	 reference	 electrode,	 a	 platinum	 auxiliary	 electrode,	 and	 a	 glassy	 carbon	 working	
electrode.	
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Previous	work	in	the	group	has	focused	on	the	use	of	electrochemical	biosensors	for	

measuring	non-enzymatic	concentrations	 in	solution.	Hunter	Scarborough	and	coworkers	

in	 the	 Green	 Research	 Group	 have	 synthesized	 a	 library	 of	 ferrocene-containing	

bioconjugates	 specific	 for	a	 target	 compound:	eggwhite	avidin.9	Each	compound	 featured	

asymmetrically	 disubstituted	 ferrocene	 and	 was	 evaluated	 in	 solution	 using	 cyclic	 and	

square	wave	voltammetry	experiments	 to	quantify	 changes	 in	 redox	activity	observed	 to	

occur	with	 changes	 in	 avidin	 concentration.	 These	 electrochemical	 experiments	 revealed	

an	 intense,	 inversely	 proportional	 relationship	 between	 avidin	 concentration	 and	 the	

measured	 current;	 as	 the	 avidin	 concentration	was	 systematically	 increased	 from	 15-75	

µM,	both	 the	 anodic	 and	 cathodic	peak	 currents	 (Ipa	 and	 Ipc,	 respectively)	decreased	 in	 a	

very	 linear	 fashion	 (R2=0.9792).	 Further	 experiments	 involving	 reduced	 avidin	

concentrations	 as	 low	 as	 1.875	 µM	 as	well	 as	 the	 introduction	 of	 a	 biologically-relevant	

impurity	 in	 bovine	 serum	 albumin	 (BSA)	 yielded	 similar	 results	 and	 thus	 supported	 the	

earlier	 findings.	 These	 data	 suggest	 that	 the	 bioconjugate	 model	 for	 eggwhite	 avidin	

developed	by	Scarborough	et	al.	 is	valid	and	practical	under	 the	experimental	 conditions	

used	for	measuring	avidin	concentration	in	solution	through	electrochemical	analysis.9	

	

1.2	ENZYMES	

1.2.1	What	are	enzymes?			

Enzymes,	 the	 globular	 proteins	 that	 catalyze	 many	 biological	 processes,	 are	

paramount	to	the	viability	of	life	on	Earth.	Virtually	all	of	the	countless	reactions	that	take	

place	 in	 a	 given	 cell	 are	 facilitated	 by	 the	 use	 of	 at	 least	 one	 enzyme,	 and	without	 them	

many	of	these	reactions	would	either	require	too	much	energy	to	proceed	or	occur	at	such	
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a	low	rate	that	they	would	be	impractical	for	use	in	an	organized	biological	system.	Minute	

quantities	of	enzymes,	often	times	several	magnitudes	smaller	than	the	amounts	of	catalyst	

used	 on	 the	 bench	 top,	 are	 needed	 to	 effectively	 catalyze	 a	 reaction	 at	 a	 comparatively	

larger	 scale.	As	 a	 result,	 enzyme	 concentrations	 in	 the	body	are	often	 significantly	 lower	

than	 those	 of	 the	 reagents	 they	 interact	 with	 or	 the	 products	 for	 which	 they	 are	

responsible.	For	example,	creatinine	is	the	naturally-forming	cyclic	isomer	of	the	important	

energy-storing	compound	creatine.	While	creatinine	synthesis	 is	unique	and	can	proceed	

without	the	aid	of	an	enzyme,10	it	is	often	coupled	with	the	phosphorylation	of	creatine	to	

phosphocreatine	catalyzed	by	creatine	kinase.11	While	the	normal	serum	concentration	of	

creatinine	is	7-14	mg/L,10,	12	that	of	creatine	kinase	is	three	orders	of	magnitude	smaller	at	

a	 mere	 10-120	 µg/L.13	 Thus,	 enzymes	 can	 be	 found	 around	 the	 body	 at	 concentrations	

several	orders	of	magnitude	lower	than	the	corresponding	substrate(s).	

	 A	key	aspect	to	health	in	the	complex	and	dynamic	environment	found	in	the	human	

body	 is	 maintaining	 balance,	 and	 this	 balance	 is	 achieved	 in	 part	 through	 the	 use	 of	

enzymes.	Antioxidants,	for	example,	are	compounds	that	help	prevent	unwanted	oxidation	

from	occurring	by	seeking	out	and	reacting	with	reactive	oxygen	species	(ROS)	present	in	a	

cell	or	around	the	body.14	These	ROS	are	synthesized	naturally	at	low	levels	and	provide	a	

degree	of	oxidative	stress	necessary	for	certain	cellular	processes	such	as	cell	signaling	to	

proceed	 smoothly.15	 If	 left	 unchecked,	 however,	 these	 ROS	 can	 wreak	 havoc	 through	

unregulated	 oxidation	 of	 compounds	 that	 would	 otherwise	 function	 in	 a	 more	 reduced	

state.	 Superoxide	 dismutase	 is	 a	 metalloenzyme	 that	 reduces	 the	 incredibly	 reactive	

molecule	 superoxide	 (O2-)	 to	 hydrogen	 peroxide	 and	 molecular	 oxygen.16	 While	 the	

hydrogen	 peroxide	 synthesized	 by	 this	 reaction	 is	 still	 considered	 reactive,	 it	 is	 far	 less	
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reactive	 than	 superoxide.17	 Additionally,	 the	 hydrogen	 peroxide	 synthesized	 by	 the	

reaction	with	superoxide	dismutase	can	be	further	reduced	by	catalase	to	water	and	more	

molecular	 oxygen.14	 Together,	 these	 two	 enzymes	 help	 keep	 the	 threat	 of	 uncontrolled	

oxidation	reactions	balanced	and	the	body	functioning	normally.	

	 While	enzymes	can	help	keep	the	body	in	balance,	abnormal	enzyme	concentrations	

can	also	disrupt	the	body’s	balance.	β-hexosaminidase-A	(hex-A),	for	example,	is	an	enzyme	

that	breaks	down	GM2	ganglioside,	a	fatty	acid	that	binds	to	molecules	in	the	myelin	sheath	

around	a	neuron	and	helps	keep	the	sheath	stable.	This	breakdown	is	especially	important	

during	the	early	stages	of	brain	development.	While	some	GM2	ganglioside	is	necessary	to	

maintain	the	health	of	neuronal	myelin	sheaths	–	especially	those	in	the	brain	–	an	excess	

of	this	ganglioside	can	prove	burdensome	on	neurons	and	eventually	damage	them.18	Tay-

Sachs	disease	is	a	genetic	condition	that	involves	the	inability	to	synthesize	functional	hex-

A.	As	a	result,	GM2	builds	up	in	the	brain	and	brain	cells	are	ultimately	destroyed.	Children	

born	with	Tay-Sachs	suffer	from	worsening	symptoms	that	escalate	from	muscle	weakness	

and	reduced	vision	to	seizures,	reduced	mental	capacity,	loss	of	motor	skills,	and	complete	

blindness	as	GM2	continues	to	accumulate	in	the	brain	over	the	first	few	years	of	life.	The	

burden	eventually	becomes	too	great	for	the	brain	to	bear,	and	the	child	usually	dies	before	

their	 fifth	 birthday.19	 Thus,	 the	 reduced	 prevalence	 or	 inability	 of	 a	 single	 enzyme	 to	

function	properly	can	have	a	significant	impact	on	one’s	health.	

	 Changes	 in	 enzyme	 concentration	 do	 not	 always	 result	 in	 disease;	 sometimes,	

changes	 in	 normal	 enzyme	 concentrations	 are	 intentional	 responses	 by	 the	 body	 to	

potential	problems.	Alcohol	dehydrogenase,	for	example,	is	one	of	the	key	enzymes	in	the	

liver	 used	 to	 metabolize	 alcohol	 when	 it	 enters	 the	 body.	 In	 alcoholics,	 this	 enzyme	
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becomes	upregulated	because	their	bodies	require	additional	assistance	to	metabolize	the	

high	 volumes	 of	 alcohol	 ingested	 on	 a	 regular	 basis	 which	 would	 otherwise	 result	 in	

dysfunction	 if	 not	 gradual	 degeneration	 of	 several	 organs	 around	 the	 body.20	 Another	

example	 involves	 the	enzyme	enterokinase.	To	 fully	digest	a	meal,	a	plethora	of	enzymes	

are	 necessary	 to	 be	 able	 to	 break	 down	 the	 various	 proteins,	 fats,	 carbohydrates,	 and	

nucleic	acids	found	in	the	human	diet.21	While	digestion	of	food	is	almost	always	necessary	

to	produce	small	molecules	suitable	for	the	digestive	tract	to	absorb,	digestive	enzymes	do	

not	have	to	be	present	at	all	times;	if	they	were,	these	enzymes	would	likely	damage	if	not	

fully	 digest	 the	 pancreatic	 cells	 that	 synthesized	 them.22	 To	 circumvent	 this	 issue,	 the	

pancreas	synthesizes	inactive	proenzyme	forms	of	the	digestive	enzymes	used	in	the	small	

intestine	 (called	 zymogens),	 and	 these	 enzymes	 can	 become	 activated	 once	 they	 are	

needed.	Enterokinase	 is	an	enzyme	synthesized	by	enterocytes	 lining	 the	duodenum	that	

cleaves	the	inactive	peptide	trypsinogen	to	its	active	form	trypsin,	which	is	in	turn	used	to	

activate	 the	 zymogens	 mentioned	 earlier.	 When	 food	 enters	 the	 small	 intestine,	

enterokinase	 is	 upregulated	 and	 released	 into	 the	 duodenum,	where	 it	 increases	 trypsin	

synthesis	and,	in	turn,	zymogen	activation.	The	food	is	then	digested	by	the	active	enzymes	

into	smaller	pieces	that	can	be	absorbed	by	the	digestive	tract.21	

	 While	changes	 in	enzyme	concentration	can	be	a	 result	of	a	 change	or	problem	 in	

the	 body,	 these	 changes	 are	 not	 always	made	 as	 an	 innate	 response	 by	 the	 body;	 some	

conditions	 or	 diseases	 change	 enzyme	 concentrations	 by	 themselves.	 An	 example	 of	 this	

occurs	with	caspase-3	in	tumor	cells.	Caspases	are	a	family	of	enzymes	involved	primarily	

in	apoptosis,	 the	body’s	most	widely-used	mechanism	of	programmed	cell	death.21	While	

this	process	 is	used	by	 the	 immune	system	to	selectively	 terminate	 infected	cells	around	
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the	body,23	it	can	be	stimulated	in	specific	areas	through	the	use	of	radiation	therapy.24	By	

applying	radiation	to	an	area	containing	a	tumor,	apoptosis	is	stimulated	in	tumor	and	non-

tumor	cells	alike,	resulting	in	cell	death	in	that	area.	While	this	method	of	treating	tumors	

has	 proven	 to	 be	moderately	 successful,	 there	 are	 examples	 where	 the	 surviving	 tumor	

cells	are	able	to	repopulate	at	an	accelerated	rate	as	a	result	of	the	radiation.	This	occurs	

because	one	of	 the	downstream	effectors	of	caspase-3	 is	 the	growth	 factor	prostaglandin	

E2,	as	shown	below	in	Figure	3.25	If	a	tumor	cell	is	able	to	survive	the	radiation	it	is	exposed	

to,	 prostaglandin	 E2	 levels	 will	 be	 elevated	 and	 the	 cell	 is	 able	 to	 repopulate	 at	 an	

accelerated	 rate.	 This	 mechanism	 of	 repopulation	 is	 referred	 to	 as	 the	 Phoenix	 Rising	

pathway	 and	 can	 be	 used	 to	 explain	 why	 some	 patients	 suffer	 from	 a	 recurrence	 of	

cancerous	 tumor	 growth	 in	 a	particular	 area	 after	undergoing	 radiation	 therapy.26	Given	

the	important	role	of	changes	in	enzyme	levels,	providing	a	fast	method	of	measurement	in	

patients	could	provide	an	important	breakthrough	in	diagnosis	and	therapeutic	strategies.		

	
Figure	3:	Phoenix	Rising	mechanism	via	radiation	treatment	and	caspase-3	activation.26	



	 9	

1.2.2	Quantifying	enzymes	in	the	lab.			

Since	enzymes,	by	definition,	function	primarily	as	catalysts,	an	important	aspect	to	

consider	when	working	with	them	is	the	rate	at	which	a	given	amount	of	enzyme	will	react	

with	excess	substrate.	However,	 the	methods	used	 to	define	 this	catalytic	 rate	have	been	

inconsistent	for	centuries	and	are	still	 imperfect	today.	Since	the	discovery	of	enzymes	in	

the	mid-19th	century	by	 the	 famous	work	of	Payen,27	Pasteur,28	and	others29,	 researchers	

have	 been	 studying	 what	 roles	 these	 catalysts	 play	 and	 trying	 to	 quantify	 the	 resulting	

effects	 on	 the	 systems	 they	 are	 found	 in.	 However,	 without	 a	 standard	 in	 place	 for	

quantifying	an	enzyme’s	catalytic	abilities,	many	of	these	scientists	were	left	no	choice	but	

to	create	their	own	set	of	units	for	the	enzymes	they	studied.		

One	example	of	a	new	unit	choice	was	reported	by	King	and	Armstrong,	who	studied	

alkaline	phosphatase	activity	and	defined	the	King-Armstrong	(K.A.)	unit	as	being	equal	to	

1	 mg	 phenol	 released	 from	 phenyl	 phosphate	 per	 15	 minutes	 of	 enzymatic	 activity.30	

Bodansky,	 who	 also	 worked	 with	 alkaline	 phosphatase,	 defined	 the	 Bodansky	 unit	 of	

alkalkine	 phosphatase	 as	 being	 equal	 to	 1	 mg	 of	 inorganic	 phosphate	 released	 from	 b-

glycerophosphate	per	hour	of	enzymatic	activity.31	Other	system-specific	units	developed	

in	the	19th	and	early	20th	centuries	include	the	Anson	and	Mirsky	unit	of	peptic	activity	(1	

A.-M.	 unit	 =	 1	 mg	 tyrosine	 hydrolyzed	 from	 hemoglobin	 via	 protease	 activity	 per	 10	

minutes),32	the	Somogyi	unit	for	amylase	activity	(1	Somogyi	unit	=	1	mg	glucose	released	

from	 starch	 via	 amylase	 per	 30	 minutes),33	 and	 the	 Wolfson	 unit	 for	 isocitrate	

dehydrogenase	activity	(1	Wolfson	unit	=	1	nmol	NADP+	reduced	to	NADPH	via	isocitrate	

dehydrogenase	activity	per	hour).34	Finally,	 in	 the	early	1960’s,	 the	Clinical	Enzyme	Sub-

Commission	 of	 the	 International	Union	 of	 Biochemistry	 and	 the	Biological	 Section	 of	 the	
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International	Union	of	Pure	and	Applied	Chemistry	agreed	to	encourage	the	expression	of	

all	enzyme	activities	in	terms	of	International	Units	(IU,	or	simply	U),	which	are	defined	as	

a	 number	 of	 µmol	 of	 substrate	 transformed	 per	 minute	 under	 the	 defined	 conditions.35	

With	a	new	universal	terminology	in	place,	any	enzyme’s	concentration	could	be	expressed	

simply	in	terms	of	U/L	or	U/mL.	

While	 units	 are	 still	 used	 to	 express	 enzyme	 activity	 today,	 the	 definition	 has	

become	 more	 complicated	 since	 the	 introduction	 to	 researchers	 decades	 ago.	 While	

µmol/min	is	still	the	technically-correct	definition	of	a	unit,	many	vendors	have	switched	to	

a	nmol/min	definition	because	it	allows	them	to	use	whole	numbers	when	giving	details	on	

the	enzymes	they	sell	rather	than	using	fractions,	decimals,	or	milli/micro-units.	However,	

these	 nmol/min	 units	 are	 still	 referred	 to	 simply	 as	 units;	 the	 same	 phrase	 is	 used	 to	

describe	 enzymes	 operating	 at	 both	 µmol/min	 rates	 and	 nmol/min	 rates.36	 Thus,	 it	 is	

important	when	working	with	an	enzyme	concentration	to	specify	which	definition	of	unit	

is	being	used.	

Since	 enzymes	 are	 used	 primarily	 as	 catalysts,	 the	 ability	 to	 define	 the	maximum	

rate	at	which	an	enzyme	functions	is	 important	for	their	use	in	the	laboratory.	While	one	

method	of	quantifying	a	given	enzyme’s	catalytic	ability	is	by	measuring	its	activity	(usually	

in	 µmol/min	 or	 pmol/min),	 the	 most	 common	 method	 used	 in	 the	 modern	 laboratory	

involves	measuring	an	enzyme’s	specific	activity,	which	is	defined	as	an	enzyme’s	activity	

per	amount	of	enzyme	used	(in	µmol	substrate/min/mg	enzyme	or	pmol	substrate/min/µg	

enzyme).37	Specific	activity	is	more	widely	used	in	practice	than	activity	because	it	assigns	

a	physical	mass	of	enzyme	to	 its	catalytic	 rate,	which	 is	useful	 logistically	when	planning	

and	performing	experiments.	
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When	working	with	enzymes	in	the	laboratory,	it	can	be	important	to	calculate	the	

specific	activity	of	the	batch	of	enzyme	one	has	to	work	with	since	it	can	vary	from	batch	to	

batch	 based	 on	 purification	 technique.38	 Fluorescence	 spectroscopy	 is	 often	 used	 to	

measure	 enzyme	 activities	 through	 the	 use	 of	 a	 fluorescently-labeled	 control	 substrate	

(functional	 group	 or	 amino	 acid	 sequence)	 specific	 to	 the	 enzyme	 of	 interest.	 The	

fluorophore	attached	to	the	substrate	can,	hypothetically,	be	any	fluorescent	compound,	as	

long	as	it	does	not	interact	with	the	enzyme	itself	and	is	both	excited	by	and	emits	light	at	

wavelengths	 within	 the	 operating	 range	 of	 the	 spectrophotometer.	 Many	 common	

fluorophores	utilize	coumarin	because	of	 its	 low	molecular	weight	and	water	solubility.39	

While	 coumarin	 by	 itself	 is	 fluorescent,	 many	 commercially	 available	 derivatives	 have	

various	 combinations	 of	 functional	 groups	 attached	 to	 fine	 tune	 the	 fluorophore’s	

excitation	and	emission	wavelengths.	Regardless	of	the	derivative	chosen,	the	ability	of	the	

fluorophore	to	fluoresce	will	be	greater	when	it	is	unbound	to	an	enzyme’s	substrate	than	

when	 it	 is	 bound.	 Thus,	 a	 spectrofluorometric	 assay	 can	 be	 performed	 on	 a	 solution	

containing	 an	 enzyme	 and	 its	 fluorescently-labeled	 substrate.	 As	 the	 enzyme	 cleaves	 the	

fluorophore	from	its	substrate,	 the	fluorescence	will	 increase,	and	this	rate	of	change	can	

be	detected	by	a	spectrofluorometer	and	used	to	derive	a	unit	of	activity	for	the	enzyme.		

Specifically,	to	perform	a	spectrofluorometric	assay,	one	must	perform	two	separate	

experiments:	one	using	the	fluorophore	alone	(sans	substrate)	to	make	a	standard	curve	for	

the	 fluorophore,	 and	 another	 using	 the	 enzyme	 of	 interest	 and	 its	 fluorescently-labeled	

substrate	to	determine	the	enzyme’s	specific	activity.	In	the	first	experiment,	fluorophore	is	

diluted	 to	 several	 known	 concentrations,	 and	 each	 of	 these	 solutions	 is	 read	

fluorometrically.	A	plot	 of	 the	 fluorophore	 concentration	 against	 the	 fluorescence	 should	
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yield	a	straight	line	whose	slope	is	in	the	units	of	RFU/pmol	fluorophore.40	This	data	will	be	

used	 in	 the	 second	 experiment,	 where	 enzyme	 and	 fluorescently-labeled	 substrate	 are	

mixed	and	the	resulting	solutions	are	fluorometrically	read.	By	measuring	the	fluorescence	

every	 few	 seconds	 for	 several	 minutes,	 a	 catalytic	 rate	 can	 be	 established.	 The	 highest	

reaction	rate	Vmax	(in	RFU/min)	can	be	used	to	calculate	specific	activity	by	the	following	

equation:		

	

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦	
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=
56789:;6	<-=>
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BCD ×FGHI;J9KGH	LMF:GJ ,-./

?@A
MNG8H:	GL	;HOPN;	(23)

	 (eqn	1)	

	

where	the	Vmax	is	adjusted	to	account	for	a	blank	trial	run	on	buffer	solution	alone	and	the	

conversion	 factor	 is	 derived	 from	 the	 slope	 of	 the	 standard	 curve	 from	 the	 first	

experiment.41	 The	 calculated	 specific	 activity	 can	 then	 be	 used	 to	 help	 determine	 the	

quantity	of	enzyme	to	use	in	future	experiments	in	the	laboratory.	

	

1.3	Peptide	Synthesis	

Peptides,	short	amino	acid	chains,	are	similar	to	enzymes	in	that	they	are	both	found	

ubiquitously	 throughout	 biology.	 They	 can	 function	 as	 hormones	 in	 cell	 signaling,	

antibodies	in	the	immune	response,	metabolite	carriers	in	the	cardiovascular	and	digestive	

systems,	and	substrates	for	various	proteolytic	enzymes.	Given	the	importance	to	multiple	

fields	of	 research,	 it	would	 follow	 that	peptides	would	be	 targets	 of	 great	 interest	 in	 the	

research	 lab	 and	have	been	 for	 decades.	However,	 it	wasn’t	 until	 relatively	 recently	 that	

peptides	could	be	synthesized	readily	in	the	laboratory.	While	simple	peptide	synthesis	can	

be	traced	as	far	back	as	1882	to	Curtius	and	the	synthesis	of	the	first	N-protected	dipeptide	
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benzoylglycylglycine,42	the	early	techniques	were	performed	in	solution,	which	meant	that	

isolation	and	purification	steps	were	necessary	after	the	addition	of	each	amino	acid	before	

one	could	proceed	to	the	next.	This	made	the	peptide	synthesis	process	incredibly	long	and	

tedious,	and	as	a	result	many	of	the	first	peptides	synthesized	were	only	a	few	amino	acids	

long	and	in	low	yield.43		

In	1963,	however,	peptide	synthesis	as	a	 field	was	revolutionized	when	Merrifield	

published	 his	 historic	 paper	 on	 solid-phase	 peptide	 synthesis	 (SPPS).44	 This	 technique	

utilizes	polymer-based	resins	to	build	peptide	chains	on	a	solid	phase	while	utilizing	liquid-

phase	 reagents	 that	 can	 be	 removed	 easily	 through	 filtration.	 If	 the	 reactive	 groups	 of	

amino	acids	added	are	protected,	only	one	amino	acid	will	be	added	to	the	end	of	any	given	

chain.	Following	amino	acid	addition,	the	terminal	residue	on	the	resin’s	peptide	chain	can	

be	 deprotected	 to	 expose	 a	 terminal	 N-	 or	 C-terminus	 and	 prepare	 the	 chain	 for	 the	

addition	 of	 another	 amino	 acid.	 This	 cycle	 of	 deprotecting	 and	 adding	 residues,	 with	 a	

simple	 but	 necessary	 wash	 step	 between	 each	 step,	 can	 allow	 for	 the	 synthesis	 of	 long	

amino	acid	chains	that	can	be	isolated	with	ease	and	in	high	yield.	Furthermore,	since	it	is	a	

repetitive	 process	 that	 can	 occur	 in	 a	 single	 reaction	 vessel,	 the	 process	 can	 become	

automated	and	performed	by	a	machine.45	While	automated	peptide	synthesis	has	become	

popular	in	recent	years,	the	synthesis	discussed	herein	was	performed	manually.	

At	 the	 foundation	of	 this	 revolutionary	 technique	 lies	 the	 resin.	The	 resin	 is	what	

makes	SPPS	unique	because	 it	 serves	as	 the	anchor	 for	 the	peptide	chain	 throughout	 the	

synthetic	process	and	what	allows	the	peptide	to	be	so	easily	separated	from	the	rest	of	the	

reagents.	Merrifield’s	 first	resin	was	comprised	of	a	polystyrene	matrix	cross-linked	with	

2%	divinylbenzene	(DVB).44	While	cross-linking	ultimately	restricts	a	polymer’s	flexibility	
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and	would	thus	play	a	role	 in	 limiting	the	amount	of	polymer	exposed	to	the	solvent	and	

the	reagents	in	it,	a	small	amount	of	cross-linking	is	necessary	to	ensure	the	polymer	is	able	

to	maintain	 its	 integrity	 throughout	 the	 synthetic	 process.46	 It	 is	 important	 to	 note	 that	

even	though	a	small	degree	of	cross-linking	was	present,	Merrifield’s	resin	was	still	capable	

of	swelling	prior	to	peptide	synthesis.	Swelling	is	a	process	that	involves	exposing	a	resin	

sample	to	solvent	(often	dimethylformamide	or	dichloromethane)	that	can	fit	between	the	

condensed	 polymer	 chains	 and	 cause	 them	 to	 expand.	 This	 expansion	 allows	 for	 more	

complete	 exposure	 of	 the	 polymer’s	 active	 sites	 and,	 in	 turn,	 more	 complete	 synthesis.	

Since	 cross-linking	 limits	 a	 polymer’s	 flexibility	 in	 solution,	 the	 process	 most	 adversely	

affected	in	peptide	synthesis	by	cross-linking	is	swelling,	which	is	why	polymers	used	for	

peptide	synthesis	are	usually	cross-linked	to	as	little	degree	as	possible.	

	While	 this	 resin	 proved	 to	 be	 effective	 in	 Merrifield’s	 experiments,	 adjustments	

have	 been	made	 to	 its	 design	 to	 provide	 enhanced	 swelling	 and/or	 reactivity	 properties	

appropriate	 for	 certain	 experiments.	 Many	 modern	 resins	 utilize	 a	 polymer	 matrix	

comprised	 of	 polystyrene,	 polyethylene	 glycol	 (PEG),	 or	 both.	 By	 altering	 the	 resin’s	

composition,	 one	 can	 provide	 subtle	 modifications	 to	 the	 mechanical	 stability	 and/or	

chemical	 inertness	of	a	resin	and	make	 it	more	appropriate	 for	 targeted	reactivity	needs.	

TentaGel	resins,	for	example,	contain	PEG	chains	grafted	onto	1%	cross-linked	polystyrene	

matrices.	These	 resins	 are	 fairly	 robust	 in	 acidic,	 basic,	 and	high-pressure	 environments,	

allowing	them	to	fill	a	broad	range	of	synthetic	needs.47	In	addition,	the	reduced	levels	of	

cross-linking	 compared	 to	 a	 traditional	 Merrifield	 resin	 allows	 for	 a	 greater	 degree	 of	

swelling	 and	 a	 more	 complete	 peptide	 synthesis.	 Countless	 other	 resins	 have	 been	

developed	 that	 involve	 higher	 degrees	 of	 cross-linking,48	 full	 PEG	 backbones,49	 and	
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copolymer	 backbones50	 to	 add	 varying	 levels	 of	 support,	 swelling	 capability,	 and	 overall	

reactivity	appropriate	for	other	uses.	

Between	the	polymer	core	of	the	resin	and	the	active	site	of	the	growing	chains	lies	a	

linker.	Since	the	linker	is	what	connects	directly	to	the	growing	peptide	chain,	it	is	always	

involved	 in	 some	way	with	 the	cleavage	step	used	 to	 isolate	 the	completed	peptide.	As	a	

result,	 the	group	used	to	connect	the	 linker	to	the	peptide	can	have	an	effect	on	both	the	

conditions	 necessary	 to	 cleave	 the	 peptide	 from	 the	 resin	 and	 on	 the	 functional	 group	

present	 on	 the	 end	 of	 the	 isolated	 peptide.	 The	 Merrifield	 resin,	 for	 example,	 utilizes	 a	

chlorobenzyl	 group	 such	 that	 the	 carboxyl	 group	 of	 an	 incoming	 amino	 acid	 could	

nucleophilically	attack	the	sp3	carbon	and	thus	attach	to	the	resin.	Since	the	C-terminus	of	

the	 growing	 chain	 would	 be	 attached	 to	 the	 linker,	 it	 would	 be	 protected	 from	 other	

incoming	reagents	throughout	the	synthetic	process,	allowing	for	controlled	growth	of	the	

peptide	chain	from	the	N-terminus.	Once	peptide	synthesis	is	complete,	the	peptide	could	

be	cleaved	from	the	resin	at	the	site	of	attachment	to	the	linker	using	a	strong	base	such	as	

NaOH.	As	shown	in	Figure	4,	the	resulting	peptide	has	a	carboxyl	group	at	its	C-terminus.	

Depending	on	the	linker	used,	this	terminus	could	contain	an	amide,	a	thiol,	or	a	number	of	

other	groups.51	
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	 Since	the	linker	serves	as	the	reactive	site	of	the	resin,	 it	plays	a	significant	role	in	

the	design	of	the	synthetic	process	used	for	a	given	peptide.	First,	the	number	of	reactive	

sites	 a	 resin	 has	 to	 offer	 is	 referred	 to	 as	 the	 loading	 and	 is	 defined	 as	 the	 number	 of	

millimoles	 of	 linker	 available	 per	 gram	 of	 resin.	 Thus,	 it	 is	 important	 to	 take	 a	 resin’s	

loading	into	account	when	preparing	a	synthetic	protocol	so	a	sufficient	amount	of	reagent	

can	 be	 used	 to	 interact	 with	 as	 many	 reactive	 sites	 as	 possible.	 Second,	 linkers	 have	

different	structures	and	chemical	properties,	so	it	would	follow	that	they	would	be	directly	

responsible	for	determining	the	conditions	necessary	to	cleave	the	peptide	from	the	resin.	

Rink	Amide	and	Wang	resins,	for	example,	utilize	linkers	that	require	high	concentrations	

of	a	strong	acid	such	as	trifluoroacetic	acid	(TFA)	to	cleave	the	peptide	chain	from	the	resin	

for	 isolation.	 	Others,	such	as	 that	used	 in	Sieber	resin,	can	still	be	cleaved	by	TFA	but	at	

significantly	lower	concentrations.52	Others	still,	such	as	that	used	in	HMBA	TentaGel	resin,	

are	 acid-stable	 and	 thus	 require	 the	 use	 of	 a	 base53	 or	 nucleophile(s)54	 for	 cleavage.	

Therefore,	it	is	important	to	use	the	appropriate	linker	to	not	only	yield	a	product	with	the	

correct	 functional	 group	 at	 the	 end	 but	 also	 function	 properly	 under	 the	 reaction	

conditions	employed	in	a	given	protocol.	

	
Figure	4:	Cleavage	of	a	peptide	from	Merrifield	resin	using	NaOH.	
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During	SPPS,	amino	acids	are	added	to	the	growing	chain	one	at	a	time.	However,	if	

an	 unmodified	 amino	 acid	 is	 used	 as	 a	 reagent,	 it	 is	 possible	 for	more	 than	 one	 of	 that	

amino	acid	to	add	to	any	given	chain,	resulting	in	variation	in	the	primary	sequence	of	the	

growing	peptide	chains	and,	ultimately,	a	mixture	of	products.	To	circumvent	this	problem,	

amino	 acids	 used	 in	 SPPS	 are	 protected,	most	 commonly	 at	 the	 N-terminus.	Merrifield’s	

original	synthetic	techniques	utilized	amino	acids	protected	with	t-butyloxycarbonyl	(Boc)	

groups.44	While	 Boc-based	 SPPS	 is	 effective,	 Boc	 removal,	 or	 deprotection,	 requires	 high	

concentrations	of	TFA.55	TFA	is	a	strong	acid	and	dangerous	to	handle,	so	its	frequent	use	

in	Boc	SPPS	is	less	than	ideal	for	the	average	user.	Modern	solid	phase	techniques	tend	to	

take	 advantage	 of	 the	 9-fluorenylmethyloxycarbonyl	 (Fmoc)	 group	 to	 selectively	 protect	

terminal	 amines.	 Since	 the	 removal	 of	 Fmoc	 groups	 only	 requires	mild	 basic	 conditions	

(20%	 piperidine/DMF),55	 Fmoc	 SPPS	 is	 generally	 easier	 to	 handle	 and	 thus	 more	 user-

friendly.	

Protecting	groups	are	used	to	protect	more	 than	 just	 the	N-terminus	of	 the	amino	

acids	used	in	peptide	synthesis.	Many	amino	acids,	such	as	glutamic	acid,	aspartic	acid,	and	

lysine,	 contain	 side	 chains	 with	 functional	 groups	 that	 could	 potentially	 participate	 in	

peptide	synthesis	 if	 left	unchecked.	Thus,	 it	 is	 critical	 that	 the	activity	of	 these	groups	be	

regulated	to	ensure	that	the	desired	peptide	is	synthesized	in	a	given	protocol.	Many	of	the	

same	protecting	groups	used	to	protect	the	N-terminus	of	amino	acids,	including	Fmoc	and	

Boc,	can	be	used	to	protect	amino	acid	side	chains.	However,	it	is	important	to	understand	

the	 deprotection	 conditions	 for	 a	 given	 protecting	 group	 and	 how	 those	 conditions	

compare	 to	 those	of	other	protecting	groups	used	on	 the	same	peptide.	For	example,	 if	a	

given	peptide	chain	is	terminally	protected	with	Fmoc	but	has	an	aspartic	acid	whose	side	
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chain	 is	 protected	with	 an	 acid-sensitive	 group	 such	 as	 t-butoxy	 (OtBu),	 the	OtBu	 group	

will	be	unaffected	by	the	basic	conditions	necessary	for	removal	of	the	Fmoc	group.	If	the	

peptide	was	anchored	to	resin	using	an	acid-sensitive	linker	such	as	a	Rink	Amide	linker,	

the	highly	acidic	conditions	necessary	 for	cleavage	 from	the	resin	would	also	remove	the	

OtBu	 group	 and	 deprotect	 the	 aspartic	 acid	 side	 chain.	 Thus,	 one	must	 understand	 this	

result	going	in	and	make	adjustments	to	the	choice	of	linker	and/or	protecting	groups	used	

as	 necessary	 to	 yield	 the	 desired	 protected/unprotected	 product.	 Fortunately,	 large	

libraries	of	protected	amino	acids	are	commercially	available.	

As	 discussed	 previously,	 there	 are	 several	 factors	 at	 play	 when	 using	 SPPS	 to	

synthesize	peptides,	and	it	is	critical	that	all	of	them	be	understood	and	controlled	properly	

if	 the	desired	product	 is	 to	be	 isolated.	However,	 if	 this	 fundamental	understanding	 is	 in	

place,	the	use	of	proper	resins,	linkers,	and	protecting	groups	can	allow	one	to	synthesize	a	

vast	array	of	molecules	with	 relative	ease.	 It	 is	 this	versatility	and	ease	of	use	 that	make	

SPPS	such	a	useful	technique	in	the	lab	and	why	it	is	the	synthetic	method	of	choice	in	this	

thesis	used	to	produce	peptide-organometallic	hybrids.	

	

1.4	Rationale	for	the	Project	

This	 project	 was	 an	 application	 of	 the	 work	 Scarborough	 performed	 previously.9	

While	 his	 work	 revealed	 an	 interesting	 trend	 between	 substrate	 concentration	 and	

anodic/cathodic	peak	current,	the	avidin/biotin	model	used	has	little	relevance	in	biology.	

Moreover,	the	first	generation	library	of	avidin-responsive	complexes	were	‘turn-off’;	that	

is,	the	signal	decreased	with	increasing	analyte	concentration.	In	fact,	the	vast	majority	of	

biosensors	function	through	a	turn-off	mechanism.		



	 19	

The	 work	 herein	 discusses	 the	 use	 of	 solid-phase	 methods	 to	 produce	 enzyme-

responsive	small	molecules	and	the	electrochemical	analysis	of	these	prototype	biosensor	

molecules	 that	 utilize	 the	 peptide	moiety	 Asp-Glu-Val-Asp	 (DEVD)	 to	 detect	 the	 enzyme	

caspase-3	 in	 solution	 by	 observing	 the	 shift	 in	 electrochemical	 signal	 (redox	 potential)	

elicited	 upon	 cleavage	 of	 the	DEVD	moiety	 from	 the	 ferrocene	 bioconjugates.	 Like	 those	

used	 by	 Scarborough	 et	 al.,	 the	 bioconjugates	 used	 in	 this	work	were	 synthesized	 using	

solid-phase	techniques	and	contained	an	asymmetrically	disubstitued	ferrocene	core.	That	

being	said,	those	discussed	in	this	work	serve	a	more	novel	function	than	Scarborough’s	in	

that	they	are	used	to	evaluate	the	concentration	of	an	enzyme	in	solution	rather	than	that	

of	a	simple	protein	or	other	non-enzymatic	compound;	while	enzymes	have	been	used	 in	

many	 previous	 studies	 on	 electrochemical	 biosensors,56	 they	 are	 often	 employed	 as	 a	

means	 to	 interact	 with	 a	 separate	 substrate	 of	 interest	 rather	 than	 serving	 as	 the	

compound	whose	concentration	is	actually	being	measured.		

Cyclic	 voltammetry	 was	 first	 performed	 on	 similar	 bioconjugates	 containing	 and	

lacking	 the	DEVD	moiety	 to	evaluate	 the	difference	 in	oxidation	and	reduction	potentials	

between	 the	 two	 species.	 Once	 a	 significant	 difference	 was	 established,	 solutions	

containing	both	compounds	at	various	concentrations	were	evaluated	electrochemically	to	

observe	how	the	two	compounds	interacted	with	each	other	when	present	simultaneously.	

Finally,	 cyclic	 voltammetry	was	 performed	 on	 solutions	 containing	 the	 DEVD-containing	

bioconjugate	 and	 caspase-3	 at	 various	 time	 points	 to	 evaluate	 the	 effect	 of	 caspase-3	

activity	on	the	bioconjugates	present	and,	in	turn,	their	oxidation	and	reduction	potentials.	

By	 using	 the	 shift	 in	 oxidation/reduction	 potential	 compared	 to	 the	 baseline	 values	 in	
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combination	with	the	reaction	time	and	the	specific	activity	of	the	enzyme,	the	amount	of	

enzyme	present	in	the	analyzed	sample	can	be	determined.		

The	caspase-3/DEVD	system	was	chosen	as	a	model	in	these	experiments	because	it	

is	a	well-studied	interaction57	fit	for	a	proof-of-concept	experiment	such	as	this.	Caspase-3,	

a	 tetrameric	 enzyme	 comprised	 of	 two	 heterodimers,	 uses	 cysteine	 protease	 action	 to	

cleave	 a	 DEVD	 peptide	 at	 the	 C-terminus	 from	 a	 larger	 peptide	 chain.	 As	 shown	 in	 the	

homodimer	illustrated	in	Figure	5,	each	dimer	contains	one	binding	site	that	is	located	on	

the	edge	of	the	structure.	Within	each	active	site,	a	His	residue	stabilizes	the	C-terminal	Asp	

residue	 in	 the	 substrate	 peptide	 through	hydrogen	bonding	while	 the	 active	 Cys	 residue	

cleaves	 the	 DEVD	 from	 the	 parent	 molecule	 using	 nucleophilic	 attack.	 If	 the	 caspase-

3/DEVD	model	system	provides	compelling	data,	the	bioconjugates	used	could	be	adapted	

for	 other	 enzyme/substrate	 systems	 with	 higher	 biological/medical	 implications.	 In	

addition,	caspase-3	detection	could	still	serve	a	practical	purpose	 in	the	 field	of	medicine	

since	 elevated	 extracellular	 caspase-3	 concentrations	 are	 associated	 with	 tumor	 cells	

responding	to	radiation	therapy.24-26		
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The	 basic	 setup	 of	 the	 ferrocene-peptide	 enzyme	 responsive	 complexes	 was:	 (1)	

caspase-3	 substrate	 (DEVD);	 (2)	 redox	 tag	 (ferrocene).	 The	 first	 generation	 complexes,	

compounds	1	and	2,	are	described	in	Chapter	2.	A	second	generation,	compounds	3	and	4,	

contain	a	thiolate	linker	for	immobilization	and	are	detailed	in	Chapter	3.	Finally,	Chapter	4	

discusses	a	separate	library	of	compounds	designed	to	be	sensitive	for	another	enzyme,	β-

galactosidase,	rather	than	caspase-3.	

	 	

Figure	5:	Crystal	structure	of	caspase-3	with	ACE-DEVD-chloromethylketone	inhibitor	(grey;	PDB	4QTY)	
and	active	site	highlighted	(orange).	
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CHAPTER	2:	SOLUTION	STUDIES	OF	DEVD-FERROCENE	

BIOCONJUGATES	AND	REACTIVITY	STUDIES	WITH	CASPASE-3		

	

2.1	INTRODUCTION	

	 The	work	on	electrochemical	biosensors	discussed	in	this	thesis	 is	an	extension	of	

previous	 work	 in	 the	 group	 first	 established	 by	 Scarborough	 et	 al.	 involving	 avidin-

sensitive	biosensors.9	Avidin	is	a	 large,	β-barrel-containing	compound	whose	interactions	

and	 specificity	 for	biotin	 are	 very	well	 studied.58	Biotin	 is	 a	much	 smaller	molecule	 than	

avidin	and	is	able	to	fit	specifically	into	the	binding	pocket	of	one	of	avidin’s	four	β-barrels.	

Since	Scarborough’s	bioconjugates	contained	biotin	 linked	to	 ferrocene,	 the	biotin	moiety	

would	become	immobilized	 in	an	avidin	β-barrel,	as	shown	in	 the	simulation	 in	Figure	6,	

and	 thus	 the	 redox	capabilities	of	 the	 linked	 ferrocene	moiety	would	be	 restricted.	Thus,	

Scarborough’s	biosensors	were	able	to	indicate	binding	to	their	substrate	(avidin)	through	

a	decrease	in	signal	intensity;	in	other	words,	the	oxidation	and	reduction	potentials	for	the	

biotin-ferrocene	 bioconjugate	 systems	 remained	 relatively	 unchanged	 throughout	 their	

experiments,	but	as	avidin	was	added	 the	 intensity	of	 the	oxidation	and	reduction	waves	

found	 at	 these	 potentials	 decreased	 proportionally,	 as	 shown	 in	 Figure	 7.	 The	 overall	

premise	for	this	primary	biosensor	project	is	shown	in	Figure	8.	
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Figure	7:	SW	overlay	of	the	FeIII/FeII	couple	of	Scarborough’s	5	(1.9	mM)	+	albumin	(0.6	mM)	+	avidin	at	
various	concentrations	using	PBS	Buffer	(pH=7.4)	as	a	solvent,	a	scan	rate	of	300	mV/s,	an	Ag/AgCl	reference	
electrode,	and	a	glassy-carbon	working	electrode.	The	inset	shows	the	linear	correlation	of	the	current	
response	to	avidin.9	

	
	
	
	
Figure	6:	(a)	Molecular	diagram	of	Scarborough’s	5.	(b)	Docking	study	results	of	5	in	avidin	(PDB	
1AVE).	The	overlaid	compounds	represent	multiple	stable	conformations	of	5.9	

y	=	-0.472x	+	16.846
R²	=	0.94459
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While	turn-off/turn-on	mechanisms	are	effective,59	subtle	changes	in	signal	(due	to	

small	 changes	 in	 concentration)	 are	 not	 always	 evident,	 which	 can	 provide	 a	 major	

roadblock	in	developing	highly	sensitive	biosensors.	As	such,	these	traditional	techniques	

are	 slowly	 becoming	 outdated	 as	 new,	 more	 sensitive	 methods	 are	 developed.	 In	 MRI	

contrast	agents,	 for	example,	 turn-off	and	 turn-on	mechanisms	are	slowly	being	replaced	

by	 those	 that	 introduce	 an	 entirely	 new	 signal	 upon	 substrate	 interaction	 rather	 than	

simply	 altering	 the	 intensity	 of	 the	 original	 signal.	 This	 new	 signal	 is	 often	 generated	

through	enzymatic	action	with	a	component	of	the	MRI	contrast	agent;	if	an	MRI	contrast	

agent	is	 loaded	with	a	substrate	specific	for	a	given	enzyme,	the	substrate	can	be	cleaved	

from	 the	 remainder	of	 the	molecule	 if	 it	 comes	 into	 contact	with	 the	 enzyme	and	 thus	 a	

change	 in	signal	would	be	elicited	 through	 the	production	of	a	new	molecule	with	a	new	

	
Figure	8:	Generalized	schematic	of	Scarborough’s	biosensors	mechanism	of	action.	The	biomarker	
referred	to	above	is	avidin	and	the	green	crescent-shaped	portion	of	the	biosensor	is	the	biotin	moiety.	
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structure.60	If	this	new	signal	is	adequately	unique	to	be	discerned	from	the	original	signal,	

it	can	provide	a	potentially	easier	method	to	detect	the	presence	of	the	target	substrate.	

With	this	 in	mind,	 the	biosensors	discussed	 in	this	 thesis	were	designed	to	yield	a	

shift	in	redox	potential	upon	enzyme	interaction	rather	than	a	simple	increase	or	decrease	

in	signal	current.	It	was	hypothesized	that	if	the	enzyme	substrate	moiety	was	strategically	

placed	close	enough	to	the	ferrocene	moiety	in	each	of	the	biosensors,	the	cleavage	of	the	

substrate	from	the	biosensor	would	lead	to	a	shift	in	redox	potential	significant	enough	to	

be	 detected	 reliably	 using	 an	 electrochemical	 technique	 such	 as	 cyclic	 voltammetry,	 as	

shown	in	Figure	9.	Thus,	1	and	2	shown	in	the	same	figure	were	designed	to	represent	a	

DEVD-containing	substrate	 for	 the	caspase-3	enzyme	and	the	hypothetical	product	of	 the	

cleavage	of	 the	DEVD	moiety	 from	1	by	enzyme	action.	While	 the	basis	of	 this	project	 is	

derived	from	the	work	of	Scarborough	et	al.,	 it	is	a	novel	idea	in	that	it	utilizes	ferrocene-

based	 biosensors	 to	 detect	 the	 presence	 of	 the	 enzyme	 caspase-3	 and	 is	 expected	 to	

provide	a	change	in	redox	potential.		

	
1																																					 	 	 									 	 	 2	

	
	

	 	 				
			
		Potential	1	(mV)	 	 	 	 	 	 		Potential	2	(mV)	

	
Figure	9:	Reaction	scheme	for	1	and	caspase-3.	
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Briefly,	caspase-3	was	chosen	because	of	its	well-studied	interaction	with	the	short	

peptide	DEVD.61	If	these	proof-of-concept	experiments	provided	promising	results	through	

significant	 changes	 in	 potential	 (ideally	 greater	 than	 50	mV	 for	 better	 signal	 resolution)	

between	 1	 and	 2,	 the	 basis	 for	 an	 enzyme-responsive	 bioconjugate	 model	 used	 in	 this	

thesis	 could	 be	 applied	 to	 other	 enzyme/substrate	 systems	 that	 have	 greater	 medical	

implications	 than	 the	 caspase-3/DEVD	 system.	 That	 being	 said,	 the	 ability	 to	 detect	 and	

measure	caspase-3	concentrations	in	solution	could	have	potential	medical	uses	in	cancer	

treatment	 due	 to	 the	 measurement	 of	 elevated	 serum	 caspase-3	 levels	 present	 during	

radiation	therapy	which	is	discussed	in	depth	in	Chapter	1.57		

	

2.1.1	Rationale	of	Design	

	 All	 of	 the	 bioconjugates	 designed	 for	 this	 project	 follow	 the	 same	 general	 format.	

Each	system	contains	an	enzyme-specific	substrate	moiety,	a	linker,	and	a	ferrocene	core.	

For	 the	 work	 presented	 here	 in	 Chapter	 2,	 lysine	 was	 chosen	 as	 the	 linker	 due	 to	 the	

availability	 of	 two	 amine	 groups	 that	 can	 be	 selectively	 protected	 with	 two	 different	

protecting	groups.	For	this	study,	a	commercially	available	lysine	material	was	chosen	with	

the	 side	 chain	 amine	protected	with	 a	 4-methyltrityl	 group	 (Mtt)	while	 the	 amine	of	 the	

amino	acid	backbone	was	protected	with	a	fluorenylmethyloxycarbonyl	group	(Fmoc).	Mtt	

is	unique	in	that	it	is	stable	under	the	basic	conditions	used	in	Fmoc	deprotection	but	can	

be	 cleaved	 under	 weakly	 acidic	 conditions	 which	 are	 not	 strong	 enough	 to	 remove	 the	

other	acid-sensitive	protecting	groups	used	or	cleave	the	peptide	from	the	resin.	Thus,	the	

Lys	side	chain	can	remain	protected	throughout	the	synthesis	of	the	DEVD	chain,	then	be	

selectively	 deprotected	 in	 the	 last	 steps	 of	 resin-based	 synthesis	 to	 ensure	 that	 the	 only	
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possible	unprotected	 terminal	amine	present	 is	at	 the	end	of	 the	Lys	side	chain	and	thus	

would	be	the	site	of	attack	by	an	incoming	amino	acid	(see	Figure	10).	

Compounds	discussed	in	the	following	chapter	may	also	have	an	additional	thiolate	

attached	to	the	other	ring	of	the	ferrocene	to	allow	for	immobilization	on	a	gold	surface,	but	

those	 discussed	 in	 this	 chapter	 simply	 have	 a	 primary	 amine	 attached	 to	 the	 other	

cyclopentadienyl	ring	of	ferrocene.	This	approach	was	carried	out	in	order	to	evaluate	the	

effect	of	the	DEVD/caspase-3	interaction	on	the	redox	potential	in	relative	isolation	while	

the	rest	of	the	molecule	was	kept	relatively	simple.	Since	this	interaction	was	the	focus	of	

our	initial	studies,	no	further	modifications	to	the	ferrocene	core	were	desired	at	the	time.	

	

2.2	RESULTS	AND	DISCUSSION	

2.2.1	Synthesis	and	Characterization	

	 Compound	1	was	the	first	bioconjugate	synthesized.	Standard	Merrifield	techniques	

were	employed,	as	shown	in	Figure	11,	and	modest	yields	(56.0%)	of	1	were	obtained	as	a	

powdery	tan	solid.	For	the	synthesis	of	1,	a	Rink	amide	resin	was	selected	for	use	because	

	
	
	
	

	 	 	Ferrocene	core	 	 	Linker	 	 	 										DEVD	
	
	
Figure	10:	General	design	of	DEVD-containing	bioconjugates.	
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of	 its	reliability	and	ease	of	use;	no	special	 techniques	delineating	 from	standard	peptide	

synthesis	methods	were	required	to	handle	Rink	amide	resin,	and	the	only	modification	the	

resin	 imparts	on	peptides	obtained	upon	cleavage	 from	 this	 resin	are	an	amide	at	 the	C-

terminus	instead	of	the	traditional	carboxylic	acid	which	is	not	expected	to	affect	reactivity.	

Molecule	1	was	relatively	insoluble	in	cold	diethyl	ether,	therefore	isolation	of	the	product	

during	 cleavage	 followed	 standard	 peptide	 practices	 as	 well.	 This	 method	 allowed	 for	

repeated	isolation	of	this	compound	with	reliable	and	consistent	results.		

	

	 Compound	1	was	 characterized	 through	a	number	of	methods,	 including	 1H	NMR,	

13C	APT	NMR,	 ESI-MS,	 and	 elemental	 analysis.	 1H	NMR	 and	ESI-MS	 ([M+H]+	 =	 831.1547,	

	
Figure	11:	Synthetic	methods	used	to	produce	1.	
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[M+H]2+	=	416.0642)	were	the	primary	methods	of	characterization	used	to	clearly	confirm	

the	 successful	 synthesis	 and	 connectivity	 expected	 for	1;	 with	multiple	 1H	 and	 13C	 NMR	

resonance	signals	arising	from	the	peptide	substrate	unit	that	were	difficult	to	distinguish	

from	one	another,	the	NMR	spectra	alone	were	difficult	to	properly	assign	by	themselves.	

However,	as	discussed	below,	a	comparison	to	2	provided	useful	assignment	information.	

Due	to	the	complexity	of	the	peptide,	elemental	analysis	was	particularly	useful	to	confirm	

that	compound	1	was	isolated	as	a	TFA	salt	(4•13	TFA•3	Et2O).	Altogether,	these	methods	

confirmed	the	successful	synthesis	of	the	product.		

	 The	 next	 compound	 synthesized,	 molecule	 2,	 was	 produced	 through	 a	 similar	

method	as	1.	 Standard	Merrifield	 techniques	were	employed,	as	shown	 in	Figure	12,	and	

modest	yields	(46.4%)	of	2	were	obtained	as	a	tacky	brown	solid.	A	Rink	amide	resin	was	

used	for	the	same	reasons	as	with	1.	While	2	was	also	insoluble	in	cold	diethyl	ether,	it	did	

not	precipitate	readily	upon	cold	ether	addition	compared	to	1.	This	was	likely	due	to	the	

absence	of	the	DEVD	moiety	in	2,	whose	numerous	carboxyl	groups	would	add	polarity	to	1	

and	was	 likely	 responsible	 for	 the	 reduced	 solubility	 of	1	 in	 a	 nonpolar	 solvent	 such	 as	

diethyl	ether	compared	to	2.	Regardless,	the	use	of	additional	time	and	centrifugation	steps	

aided	in	the	precipitation	component	of	the	route	used	to	isolate	2.		

	
Figure	12:	Synthetic	methods	used	to	produce	2.	
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It	is	important	to	note	that	the	solid	material	of	2	 isolated	was	darker	in	color	and	

tacky	in	consistency	compared	to	1.	This	change	in	color	and	consistency	is	also	likely	due	

to	the	increased	solubility	of	2	in	diethyl	ether.	We	postulate	that	the	presence	of	additional	

diethyl	 ether	 in	 the	 solid	 matrix	 could	 be	 responsible	 for	 the	 change	 in	 color	 and	

consistency.	 Therefore,	 a	 combination	 of	 additional	 sonication	 and	 lyophilization	 were	

necessary	to	remove	excess	diethyl	ether	present	in	the	isolated	product,	and	the	resulting	

powdery	solids	were	used	during	characterization	and	all	future	experiments.	

Compound	2	was	 characterized	primarily	 through	 1H	NMR	and	ESI-MS	 ([M+H]+	=	

238.1564,	 [M+H]2+	 =	 187.0625).	 In	 comparison	 to	 that	 of	1,	 the	 1H	 NMR	 spectrum	was	

fairly	 straightforward	 and	 could	 be	 assigned	 with	 relative	 ease.	 Additionally,	 the	

resonances	present	in	the	1H	NMR	spectrum	for	2	overlap	with	corresponding	resonances	

measured	for	1,	thus	instilling	confidence	in	the	assignment	of	both	spectra.	An	overlay	of	

the	1H	NMR	spectra	for	1	and	2	is	shown	below	in	Figure	13.	
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2.2.2	Electrochemistry	of	1	and	2	

	 To	measure	and	compare	the	oxidation	and	reduction	potentials	of	1	and	2,	 cyclic	

voltammetry	 was	 performed	 on	 1	 and	 2	 individually	 in	 bulk	 solution	 using	 a	 standard	

electrochemical	cell.	Each	bulk	solution	electrochemical	experiment	described	herein	was	

performed	on	a	10-mL	scale	in	a	1	mM	PBS	solution	containing	0.1	M	KCl	as	an	electrolyte.	

The	 three-electrode	 setup	 used	 involved	 a	 glassy	 carbon	 working	 electrode,	 a	 platinum	

wire	 auxiliary	 electrode,	 and	 an	 aqueous	 Ag/AgCl	 reference	 electrode.	 Ferrocene	

monocaroxylic	 acid	 (FCA)	 was	 added	 at	 the	 end	 of	 each	 series	 of	 electrochemical	

experiments	 and	 the	 position	 of	 the	 FCA	 redox	 couple	 was	 used	 as	 a	 reference																			

Figure	13:	Overlay	of	1H	NMR	spectra	for	1	(top)	and	2	(bottom)	with	a	color-coded	molecular	diagram	of	
2.	The	colors	of	the	atoms	correspond	to	the	colors	of	the	boxes	surrounding	the	appropriate	resonances.	
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(E1/2	=	0.0	mV).	Over	several	experiments,	the	Fe(II)	to	Fe(III)	oxidation	occurred	at	-22	mV	

(Epa)	and	 the	corresponding	reduction	at	 -138	mV	(Epc;	E1/2	=	 -80	mV	and	∆E	=	166	mV).	

This	is	in	contrast	to	that	of	2,	with	measured	Epa	=	-143	mV	and	Epc	=	-236	mV	(E1/2	=	-190	

mV	and	∆E	=	93	mV).	Representative	cyclic	voltammograms	of	1	and	2	are	shown	below	in	

Figures	14	and	15,	and	a	table	of	corresponding	pertinent	data	is	shown	below	in	Table	1.	

This	shift	of	~100	mV	in	both	Epa	and	Epc	for	1	and	2	easily	delineates	the	signals	of	each	

molecule	compared	to	one	another.	These	results	supported	our	initial	hypothesis	that	the	

presence	or	absence	of	the	DEVD	moiety	would	provide	a	significant	change	in	potential	on	

the	resulting	bioconjugate’s	electrochemical	properties.	Additionally,	each	complex	shows	

diffusion	controlled	behavior	 (insets,	Figures	14	and	15),	 suggesting	 the	collected	data	 is	

not	significantly	affected	by	interference	from	the	working	electrode	surface	and	species	in	

solution.	
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Figure	14:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	of	1	(1.0	mM)	at	a	range	of	scan	rates	using	
PBS	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	an	Ag/AgCl	reference	electrode,	a	platinum	wire	
auxiliary	electrode,	and	a	glassy-carbon	working	electrode.	The	inset	shows	the	linear	correlation	of	the
with	the	Ipc	value	derived	from	the	voltammogram	data.	

y	=	7E-07x	- 2E-06
R²	=	0.98994

0 5 10 15 20 25
v1/2

2	µA
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Compound	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
1	 8.0842	 6.5052	 -22	 -138	 116	 -80	 1.2166	
2	 4.8762	 5.0507	 -143	 -236	 93	 -190	 0.97801	
*All	data	shown	is	the	averaged	result	of	five	scans,	one	at	each	scan	rate.	
	 	

2.2.3	Electrochemistry	of	Mixtures	Derived	from	1	and	2	

Following	 the	 cyclic	 voltammetry	 characterization	of	1	 and	2,	we	 set	 out	 to	 evaluate	 the	

electrochemistry	of	mixtures	of	1	and	2	at	different	ratios.	Since	the	cleavage	of	the	DEVD	

-0.80-0.60-0.40-0.200.000.200.400.60
Potential	(V)	vs.	FCA

100	mV/s

200	mV/s

300	mV/s

400	mV/s

500	mV/s

5	µA

Figure	15:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	of	2	(1.0	mM)	at	a	range	of	scan	rates	using	
PBS	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	an	Ag/AgCl	reference	electrode,	a	platinum	wire	
auxiliary	electrode,	and	a	glassy-carbon	working	electrode.	The	inset	shows	the	linear	correlation	of	the
with	the	Ipc	value	derived	from	the	voltammogram	data.	

Table	1:	Experimental	results	of	cyclic	voltammetry	of	compounds	1	and	2	under	the	
experimental	conditions	described	in	Figures	14	and	15.		
	

y	=	4E-07x	+	4E-08
R²	=	0.99781
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substrate	 from	1	 by	 caspase-3	 to	 yield	2	would	be	 a	 gradual	 process,	1	 and	2	would	be	

present	 in	 solution	simultaneously	during	 the	 later	 caspase	 studies	until	 all	of	 the	1	was	

consumed.	 Thus,	 it	 would	 be	 important	 to	 determine	 if	 some	 form	 of	 intermediate	 shift	

could	be	detected	before	all	of	the	1	had	been	cleaved	to	yield	2.	Cyclic	voltammetry	was	

performed	 on	 10-mL	 solutions	 containing	 various	 concentrations	 of	 1	 and	 2	 under	

otherwise	identical	conditions	as	the	first	cyclic	voltammetry	experiments.	A	stock	solution	

of	1	mM	PBS	with	0.1	M	KCl	electrolyte	was	used	in	each	analyzed	solution	to	ensure	that	

buffer	and	electrolyte	concentrations	were	consistent	between	 trials.	Five	solutions	were	

analyzed	in	total,	each	with	a	total	bioconjugate	concentration	(1	+	2)	of	1.0	mM.	The	first	

solution	 contained	 1.0	mM	1,	 and	 in	 each	 subsequent	 solution	 0.25	mM	1	 was	 replaced	

with	0.25	mM	2	until	the	fifth	solution	contained	1.0	mM	2	and	no	1.	Thus,	a	1:1	conversion	

of	 the	 caspase-3	 “reagent”	1	 into	 the	 “product”	2	 could	be	emulated.	The	 resulting	 cyclic	

voltammogram	data	is	presented	in	Figure	16	and	Table	2.	
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Figure	16:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	of	1	and	2	at	various	concentrations	using	
PBS	Buffer	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	a	scan	rate	of	300	mV/s,	an	Ag/AgCl	reference	
electrode,	a	platinum	wire	auxiliary	electrode,	and	a	glassy-carbon	working	electrode.	The	inset	shows	the	
linear	correlation	of	the	concentration	of	1	with	the	Epa	value	derived	from	the	above	voltammograms.	
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It	 was	 originally	 hypothesized	 that	 as	 1	 was	 replaced	 with	 2	 in	 solution,	 the	

corresponding	 oxidation	 and	 reduction	 peaks	 of	 1	 would	 simply	 decrease	 in	 intensity	

(current)	while	 those	of	2	would	proportionally	 increase	 in	 intensity	(current).	However,	

the	oxidation	and	reduction	events	for	each	species	would	be	occurring	simultaneously	for	

both	species	(1	and	2)	in	solution,	and	the	desired	potential	shift	this	project	was	founded	

upon	 would	 only	 be	 observed	 once	 all	 of	 the	 1	 was	 cleaved	 to	 form	 2.	 Based	 on	 the	

collected	 data	 from	 this	 series	 of	 cyclic	 voltammograms	 with	 varying	 ratios	 of	1:2,	 this	

hypothesis	was	not	supported.	Rather	than	two	separate	and	distinguishable	redox	couples	

being	present	and	changing	in	intensity,	a	single	redox	couple	was	observed.	The	oxidation	

and	 reduction	 potentials	 shifted	 as	 the	 composition	 of	 the	 solution	 changed	 from	 1	 to	

increasing	concentrations	of	2,	as	shown	in	the	CV	overlay	in	Figure	16.	The	inset	of	Figure	

16	 shows	a	 linear	 relationship	 (R2	=	0.92791-0.98203,	dependent	on	 scan	 rate)	between	

Concentration	
of	1	and	2	
(mM)	 Ipa	(µA)	 Ipc	(µA)	

Epa	
(mV)	

Epc	
(mV)	

∆E	
(mV)	

E1/2	
(mV)	 Ipa/Ipc	

1.00	mM	1		 9.4026	 7.3549	 -21	 -129	 109	 -75	 1.3114	
0.75	mM	1	+	
0.25	mM	2	 7.8096	 8.2374	 -44	 -136	 92	 -90	 0.94761	
0.50	mM	1	+	
0.50	mM	2	 5.1942	 4.1370	 -78	 -178	 100	 -128	 1.2763	
0.25	mM	1	+	
0.75	mM	2	 4.8524	 4.7272	 -122	 -203	 81	 -163	 1.0292	

1.00	mM	2		 5.2143	 5.4829	 -140	 -209	 69	 -175	 0.95807	

*All	data	shown	is	the	averaged	result	of	five	scans,	one	at	each	scan	rate.	

Table	2:	Experimental	results	of	cyclic	voltammetry	of	compounds	1	and	2	under	the	
experimental	conditions	described	in	Figure	16.		
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both	 Epa	 and	 Epc	 versus	 concentration	 of	 1.	 This	 suggests	 that	 not	 only	 is	 there	 still	 a	

measurable	 potential	 shift	 that	 occurs	 as	1	 is	 replaced	with	2	 but	 the	magnitude	 of	 the	

change	in	potential	is	proportional	to	the	concentration	of	1	vs.	2.	

	

2.2.4	Electrochemical	Analysis	Using	Screen-Printed	Electrodes	

	 It	was	now	determined	that	a	shift	in	potential	could	be	a	viable	method	to	be	used	

to	measure	enzyme	concentration	based	on	the	enzymatic	conversion	of	1	to	2.	However,	

the	studies	 to	date	had	been	carried	out	at	at	volumes	appropriate	 for	a	standard	10-mL	

electrochemical	cell.	Therefore,	the	electrochemical	experiments	had	to	be	scaled	down	in	

volume	 to	 a	 level	 appropriate	 for	 the	 use	 of	 enzymes	 in	 small	 quantities.	 To	 accomplish	

this,	screen-printed	electrodes	(SPEs)	were	purchased	from	Kanichi	Research	Services	Ltd.	

and	used	to	perform	cyclic	voltammetry	on	the	same	compounds	(1	and	2)	at	a	20	µL	scale.	

The	 three-electrode	 setup	 used	 on	 these	 SPEs	 involved	 a	 graphite	 working	 electrode,	 a	

graphite	 auxiliary	 electrode,	 and	 an	 Ag/AgCl	 reference	 electrode	 all	 arranged	 on	 a	 chip	

with	dimensions	1.00	x	4.50	cm.	While	this	setup	is	slightly	different	from	that	used	in	the	

earlier	 bulk-solution	 cyclic	 voltammetry	 experiments	 in	 terms	 of	 the	 types	 of	 electrodes	

employed,	it	was	the	best	match	offered	by	the	company	utilizing	a	carbon-based	working	

electrode.	That	being	said,	the	setup	used	on	the	Kanichi	SPEs	was	comparable	to	that	used	

in	the	earlier	electrochemical	experiments	and	thus	sufficient	for	the	experiments	we	were	

seeking	to	perform.	

	 While	 there	 is	 evidence	 in	 the	 literature	 of	 electrochemical	 experiments	 being	

performed	on	ferrocene-based	compounds	using	SPEs,62	the	reliability	of	the	Kanichi	SPEs	

available	was	evaluated	before	they	were	used	in	future	experiments	involving	1	and/or	2	
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due	 to	 the	 novelty	 of	 SPE	 usage	 in	 our	 lab.	 Ferrocene	 monocarboxylic	 acid	 (FCA),	 the	

reference	used	 in	 the	earlier	experiments,	was	 chosen	as	 the	analyte	of	 choice	due	 to	 its	

reliably	 reversible	 signal	 and	 the	 familiarity	 of	 the	 group	 with	 the	 compound’s	

electrochemical	 behavior	 in	 aqueous	 solution.	 For	 these	 control	 experiments,	 cyclic	

voltammetry	was	performed	on	a	10-mL	stock	solution	of	1	mM	FCA	in	1	mM	PBS	Buffer	

with	0.1	M	KCl	as	an	electrolyte	and	using	the	same	three-electrode	setup	as	described	in	

the	previous	electrochemical	experiments.	Once	complete,	20	µL	of	 the	analyzed	solution	

was	transferred	from	the	bulk	solution,	placed	on	the	active	(working	electrode)	area	of	the	

Kanichi	 SPE,	 and	 then	 analyzed	 once	 more	 using	 cyclic	 voltammetry.	 The	 experimental	

setup	of	the	CV	performed	on	the	SPE	is	shown	in	Figure	17.	The	oxidation	and	reduction	

potentials	of	the	FCA	remain	fairly	constant	when	the	experiment	was	scaled	down	to	20	

µL	from	10	mL,	as	shown	below	in	Figures	18	and	19.	In	fact,	the	experiment	performed	on	

the	 smaller	 scale	 SPE	 setups	 yielded	 cleaner,	 more	 well-defined	 voltammograms	 than	

experiments	performed	on	the	larger	scale.	Taken	together,	these	results	indicate	that	the	

Kanichi	 SPEs	 could	 serve	 as	 an	 effective	 medium	 for	 decreasing	 the	 volume	 of	 our	

electrochemical	experiments.	
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Figure	17:	Setup	of	the	cyclic	voltammetry	experiments	performed	using	Kanichi	SPEs.	From	left	to	right,	the	
leads	are	connected	to	the	auxiliary,	working,	and	reference	electrodes.	The	leads	are	connected	directly	to	the	
BASi	potentiostat	used	during	all	other	electrochemical	experiments	performed	for	this	project.	

Figure	18:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	3	mL	sample	of	FCA	(1.0	mM)	at	a	
range	of	scan	rates	using	PBS	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	an	Ag/AgCl	reference	
electrode,	a	platinum	wire	auxiliary	electrode,	and	a	glassy-carbon	working	electrode.	The	inset	shows	the	
linear	correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	
		

0.00.10.20.30.40.50.60.7

Potential	(V)

100	mV/s

200	mV/s

300	mV/s

400	mV/s

500	mV/s

5	µA

y	=	8E-07x	- 2E-06
R²	=	0.99983

0 5 10 15 20 25
v1/2

2 µA



	 41	

	

	 Once	confidence	 in	 the	Kanichi	SPEs	had	been	established,	 the	cyclic	voltammetry	

experiments	previously	performed	on	1	and	2	were	repeated	on	a	20-µL	scale.	The	same	

basic	experimental	setup	and	design	used	in	the	previous	studies	on	FCA	were	employed	in	

these	experiments.	Solutions	(3	mL)	of	1	and	2	 in	1	mM	PBS	Buffer	with	0.1	M	KCl	as	an	

electrolyte	were	evaluated	electrochemically	using	cyclic	voltammetry.	Aliquots	(20	µL)	of	

each	were	then	removed	and	analyzed	using	fresh	Kanichi	SPEs.	As	shown	in	Figures	20-23	

and	Tables	3	and	4,	 the	oxidation	and	reduction	potentials	of	both	1	and	2	remain	 fairly	

Figure	19:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	20	µL	sample	of	FCA	(1.0	mM)	at	a	
range	of	scan	rates	using	PBS	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	an	Ag/AgCl	reference	
electrode,	a	carbon	auxiliary	electrode,	and	a	carbon	working	electrode	on	a	Kanichi	screen	printed	
electrode.	The	inset	shows	the	linear	correlation	of	the with	the	Ipc	value	derived	from	the	
voltammogram	data.	
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constant	when	the	experiment	was	scaled	down	to	20	µL	from	3	mL.	While	subtle	changes	

(<40	mV)	 in	Epa	and/or	Epc	were	observed	 in	1	and	2	when	 the	volumes	of	 the	analyzed	

solutions	were	 scaled	down	 from	3	mL	 to	20	µL,	 these	 changes	were	 expected	 since	 the	

three-electrode	setup	of	each	experiment	was	slightly	different	in	each	and	could	possibly	

account	 for	these	differences.	The	values	of	 the	measured	potentials	were	also	consistent	

with	the	earlier	cyclic	voltammetry	experiments	performed	under	the	same	conditions	at	

volumes	 of	 10	mL.	 These	 data	 sets	 established	 further	 confidence	 in	 the	 use	 of	 Kanichi	

screen-printed	electrodes’	ability	 to	analyze	solutions	containing	 ferrocene	bioconjugates	

with	 similar	 accuracy	 and	 precision	 as	 observed	 in	 standard	 10	 mL	 and/or	 3	 mL	

electrochemical	cells.	
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Figure	20:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	3	mL	sample	of	1	(1.0	mM)	at	a	range	
of	scan	rates	using	PBS	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	an	Ag/AgCl	reference	electrode,	
a	platinum	wire	auxiliary	electrode,	and	a	carbon	working	electrode.	The	inset	shows	the	linear	
correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	
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Volume	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
3	mL	 6.7634	 6.9569	 -15	 -153	 138	 -84	 0.97952	
20	µL	 11.6835	 12.0265	 -23	 -155	 132	 -89	 0.977491	
*All	data	shown	is	the	averaged	result	of	five	scans,	one	at	each	scan	rate.	
	

Figure	21:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	20	µL	sample	of	1	(1.0	mM)	at	a	range	
of	scan	rates	using	PBS	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	an	Ag/AgCl	reference	electrode,	
a	carbon	auxiliary	electrode,	and	a	carbon	working	electrode	on	a	Kanichi	screen	printed	electrode.	The	
inset	shows	the	linear	correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	

		

Table	3:	Experimental	results	of	cyclic	voltammetry	of	compound	1		under	the	
experimental	conditions	described	in	Figures	20	and	21.		
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Figure	22:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	3	mL	sample	of	2	(1.0	mM)	at	a	range	
of	scan	rates	using	PBS	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	an	Ag/AgCl	reference	electrode,	
a	platinum	wire	auxiliary	electrode,	and	a	carbon	working	electrode.	The	inset	shows	the	linear	
correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	

		

-0.6-0.5-0.4-0.3-0.2-0.10.00.10.20.3

Potential	vs.	FCA	(V)

100	mV/s

200	mV/s

300	mV/s

400	mV/s

500	mV/s

5	µA

y	=	6E-07x	- 4E-07
R²	=	0.99966

0 10 20 30
v1/2

2	µA



	 45	

	

Volume	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
3	mL	 8.7342	 7.6423	 -156	 -234	 78	 -195	 1.1317	
20	µL	 12.4276	 8.08056	 -112	 -236	 124	 -174	 1.5301	
*All	data	shown	is	the	averaged	result	of	five	scans,	one	at	each	scan	rate.	
	

	

	

	

-0.6-0.5-0.4-0.3-0.2-0.10.00.10.20.3
Potential	(V)	vs.	FCA

100	mV/s

200	mV/s

300	mV/s

400	mV/s

500	mV/s

10	µA

y	=	1E-06x	- 6E-06
R²	=	0.99737

0 5 10 15 20 25
v1/2

5	µA

Figure	23:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	20	µL	sample	of	2	(1.0	mM)	at	a	range	
of	scan	rates	using	PBS	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	an	Ag/AgCl	reference	electrode,	
a	carbon	auxiliary	electrode,	and	a	carbon	working	electrode	on	a	Kanichi	screen	printed	electrode.	The	
inset	shows	the	linear	correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	

		

Table	4:	Experimental	results	of	cyclic	voltammetry	of	compound	2	under	the	
experimental	conditions	described	in	Figures	22	and	23.		
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2.2.5	Reactivity	Studies	with	Caspase-3	

	 With	 both	 1	 and	 2	 electrochemically	 characterized	 both	 in	 bulk	 solution	 and	 on	

screen-printed	electrodes,	the	next	step	was	to	introduce	caspase-3	in	hopes	of	observing	

the	cleavage	process	from	1	to	2	electrochemically.	Aliquots	(50	µL)	of	1	(1	mM)	in	1	mM	

PBS	with	 0.1	M	KCl	 added	 as	 an	 electrolyte	were	 incubated	with	 aliquots	 (50	 µL)	 of	 0.8	

ng/µL	caspase-3	 in	1	mM	PBS	also	containing	0.1	M	KCl.	The	mixtures	were	 incubated	at	

37°C	and	stirred	for	4	hours.	Cyclic	voltammetry	was	performed	on	a	20	µL	sample	of	the	

mixture	 every	 hour	 for	 4	 hours,	 with	 each	 subsequent	 experiment	 performed	 on	 a	 new	

Kanichi	 SPE.	 Since	 the	SPE	used	 in	each	experiment	was	a	different	unit	 from	 the	 rest,	 a	

background	scan	of	the	solvent	was	repeated	before	each	experiment	to	ensure	there	were	

no	foreign	compounds	on	the	surface	of	the	SPE	that	would	provide	false	signals	and	thus	

skew	any	collected	results.	An	initial	scan	was	also	performed	on	1	solution	that	was	not	

mixed	 with	 caspase-3	 solution	 to	 observe	 the	 initial	 oxidation	 and	 reduction	 potentials	

before	enzyme	action	occurred.	As	shown	by	the	cyclic	voltammetry	data	in	Figure	24	and	

Table	5,	there	was	a	shift	in	Epa	from	-77	mV	to	-130	mV	and	a	shift	in	Epc	from	-174	mV	to			

-195	mV	within	the	first	hour	of	the	reaction	between	1	and	caspase-3	in	the	experiments	

performed	 at	 100	mV/s	 (a	 similar	 trend	 is	 apparent	 between	 experiments	 at	 other	 scan	

rates;	see	Table	5).	This	shift	in	both	Epa	and	Epc	continued	to	occur	over	the	remaining	two	

hours	but	to	a	lesser	extent,	indicating	that	a	majority	of	the	reaction	was	complete	at	the	

end	of	 the	 first	 hour.	However,	 the	presence	of	 a	measurable	potential	 shift	when	1	 and	

caspase-3	interact	supported	the	initial	hypothesis	of	this	project	that	such	a	measurement	

was	possible.	Additionally,	 the	potential	 shift	 in	Epa	 specifically	 seemed	 to	be	 larger	 than	

that	in	Epc.		
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Figure	24:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	20	µL	sample	of	1	(1.0	mM)	incubated	
in	0.8	ng/µL	caspase-3	at	scan	rate	of	100	mV/s	using	PBS	(pH=7.4)	as	a	solvent,	KCl	(0.1M)	as	an	
electrolyte,	an	Ag/AgCl	reference	electrode,	a	carbon	auxiliary	electrode,	and	a	carbon	working	electrode	
on	a	Kanichi	screen	printed	electrode.	The	inset	shows	the	correlation	of	the	change	in	Epa	and	Epc	over	
time.	
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Scan	Rate	
(mV/s)	

Time	
(hr)	

Ipa				
(µA)	

Ipc					
(µA)	

Epa	
(mV)	

Epc	
(mV)	

∆E	
(mV)	

E1/2	
(mV)	 Ipa/Ipc	

100	

0	 6.9125	 8.5847	 -77	 -174	 97	 -126	 0.80521	
1	 1.9196	 2.1393	 -130	 -195	 65	 -163	 0.89730	
2	 1.9501	 2.2095	 -140	 -202	 62	 -171	 0.88259	
3	 1.3977	 1.236	 -144	 -202	 58	 -173	 1.1308	
4	 1.1078	 0.7111	 -160	 -219	 59	 -190	 1.558	

200	

0	 8.6976	 11.5389	 -54	 -194	 140	 -124	 0.75376	
1	 3.5889	 3.1189	 -125	 -203	 78	 -164	 1.1507	
2	 3.3204	 3.1403	 -132	 -208	 76	 -170	 1.0573	
3	 1.8921	 1.6938	 -144	 -208	 64	 -176	 1.1171	
4	 1.5991	 1.1505	 -159	 -222	 63	 -191	 1.3899	

300	

0	 10.8522	 12.5856	 -47	 -205	 158	 -126	 0.862271	
1	 5.362	 4.4129	 -125	 -205	 80	 -165	 1.2151	
2	 3.6896	 5.0019	 -132	 -211	 79	 -172	 0.73764	
3	 2.536	 2.533	 -148	 -206	 58	 -177	 1.0012	
4	 1.5747	 1.1536	 -168	 -218	 50	 -193	 1.3650	

400	

0	 11.2062	 11.8685	 -35	 -215	 180	 -125	 0.944197	
1	 6.1952	 5.9297	 -122	 -212	 90	 -167	 1.0448	
2	 5.7862	 5.5177	 -122	 -217	 95	 -170	 1.0487	
3	 2.8199	 3.5859	 -148	 -212	 64	 -180	 0.78639	
4	 1.7304	 1.0468	 -169	 -226	 57	 -198	 1.6530	

500	

0	 10.7912	 12.6253	 -47	 -225	 178	 -136	 0.85473	
1	 6.1006	 4.2481	 -138	 -228	 90	 -183	 1.43608	
2	 1.3458	 4.5686	 -138	 -232	 94	 -185	 0.29458	
3	 1.3977	 4.0231	 -156	 -230	 74	 -193	 0.34742	
4	 1.8769	 1.6022	 -168	 -230	 62	 -199	 1.1714	

	

2.3	CONCLUSIONS	

	 Ferrocene	bioconjugates	1	and	2	were	successfully	synthesized	and	characterized.	

Each	 bioconjugate	was	 characterized	 electrochemically	 through	 cyclic	 voltammetry,	 first	

individually	 in	 bulk	 solution,	 then	 together	 in	 bulk	 solution,	 and	 finally	 on	 a	 20	µL	 scale	

using	screen-printed	electrodes.	A	difference	of	~100	mV	in	both	Epa	and	Epc	was	observed	

Table	5:	Experimental	results	of	cyclic	voltammetry	of	compound	1	under	the	
experimental	conditions	described	in	Figure	24.		
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between	1	 and	2	 in	 bulk	 solution,	 and	 this	 trend	 held	 constant	when	 the	 scale	 of	 cyclic	

voltammetry	experiments	performed	was	lowered	to	20	µL.	Additionally,	a	gradual	shift	in	

Epa	and	Epc	was	observed	in	mixtures	of	1	and	2	as	one	compound	was	slowly	replaced	with	

the	other	in	a	1:1	fashion,	as	would	ideally	occur	in	a	solution	containing	1	and	caspase-3.	

The	magnitude	of	this	shift	in	redox	potential	was	directly	proportional	to	the	amount	of	1	

replaced	with	2,	suggesting	one	may	be	able	to	detect	the	transition	in	solution	from	1	to	2	

by	caspase	action	in	a	future	experiment	before	the	reaction	had	reached	completion.	

	 Reactivity	studies	involving	1	and	caspase-3	revealed	a	shift	in	Epa	of	~85	mV	and	a	

shift	 in	 Epc	 of	~45	mV	over	 the	 course	 of	 4	 hours,	with	 a	majority	 of	 the	 shift	 occurring	

within	the	first	hour.	While	the	magnitude	of	this	shift	in	potential	was	not	as	large	as	that	

observed	 when	 comparing	 the	 previous	 bulk	 solution	 cyclic	 voltammetry	 experiments	

performed	on	solutions	containing	either	1	 or	2	 individually	 (see	Figures	14	and	15	and	

Table	1),	the	~85	mV	shift	in	Epa	in	particular	indicated	that	1	was	successfully	cleaved	to	2	

by	caspase	action.	While	the	magnitude	of	the	shift	in	Epc	was	smaller	than	that	of	Epa,	it	was	

apparent	 in	 the	 previously	 performed	 bulk	 solution	 cyclic	 voltammetry	 experiment	

involving	mixtures	of	1	and	2	at	different	ratios	that	the	change	in	Epa	was	larger	than	the	

corresponding	change	in	Epc	as	1	was	replaced	with	2	over	the	several	mixtures	analyzed	

(see	 Figure	16	 and	Table	 2).	With	 this	 in	mind,	 the	 results	 of	 the	 reactivity	 studies	with	

caspase-3	were	consistent	with	what	was	expected	as	1	was	slowly	cleaved	to	2	by	caspase	

action.		

	 It	is	possible	that	the	relatively	low	magnitude	of	the	potential	shift	observed	during	

the	 reactivity	 studies	was	due	 to	 enzyme	and/or	bioconjugate	decomposition	 in	 solution	

over	 time.	 The	presence	 of	 a	metal	 center	 such	 as	 ferrocene	near	 the	DEVD	moiety	may	
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affect	 the	 ability	 of	 caspase-3	 to	 interact	 with	 the	 DEVD	 peptide	 and	 slow	 the	 overall	

reaction	 rate	 down.	 If	 the	 reaction	 rate	 is	 slowed	 enough,	 enzyme	 and/or	 bioconjugate	

decomposition	 in	 solution	 begin	 to	 become	 a	 factor.	 While	 it	 does	 not	 appear	 that	 the	

ferrocene	present	in	1	completely	inhibits	the	DEVD/caspase-3	interaction,	it	may	limit	the	

reaction	enough	to	prevent	it	from	reaching	completion.	If	this	was	the	case,	the	magnitude	

of	the	potential	shift	observed	upon	exposure	of	1	to	caspase-3	would	be	lower	than	that	

observed	 when	 comparing	 cyclic	 voltammetry	 experiments	 performed	 on	 solutions	

containing	either	1	or	2	individually.	Further	experimentation	with	linker	length	between	

the	ferrocene	and	the	DEVD	peptide	can	be	used	to	evaluate	the	effect	of	the	proximity	of	

the	 ferrocene	 to	 the	DEVD	moiety	on	 the	magnitude	of	 the	potential	 shift	observed	upon	

exposure	of	the	bioconjugate	to	caspase-3.	

	 Another	 future	direction	 for	 this	project	 involves	exploration	of	 the	reactivity	of	1	

with	 caspase-3	 to	 a	 greater	 extent.	 Since	 the	 largest	 change	 in	 both	 Epa	 and	 Epc	 was	

observed	 after	 the	 first	 hour	 of	 the	 reaction	 between	 1	 and	 caspase-3,	 the	 experiment	

performed	 previously	 over	 a	 4	 hour	 period	 could	 be	 repeated	with	 a	 greater	 number	 of	

measurements	 taken	 over	 the	 first	 60-90	minutes	 in	 hopes	 of	 observing	 a	 linear	 shift	 in	

both	Epa	and	Epc	over	that	critical	first	hour.	If	a	linear	trend	is	observed,	it	is	possible	to	use	

the	 collected	 data	 as	 a	 standard	 curve	 and	 thus	 calculate	 caspase-3	 concentration	 in	

solution	 if	 the	concentration	of	1,	 reaction	 time,	and	specific	activity	of	 the	enzyme	were	

known	(a	separate	experiment	would	need	to	be	performed	to	calculate	the	specific	activity	

of	 the	 caspase-3	used).	Another	 experiment	 to	be	performed	would	 evaluate	 the	 limit	 of	

detection	 of	 the	 system	 by	 lowering	 the	 concentration	 of	 the	 enzyme	 until	 it	 could	 no	

longer	 be	 detected	 through	 cyclic	 voltammetry.	 A	 combination	 of	 lower	 substrate	 (1)	
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concentrations	and	electrochemical	 techniques	with	 increased	sensitivity,	 such	as	 square	

wave	voltammetry,	could	extend	the	limit	of	detection	for	caspase-3	past	what	it	would	be	

under	the	experimental	conditions	used	in	the	reactivity	studies	performed	previously.		

	

2.4	MATERIALS	AND	METHODS	

2.4.1	General	Procedures	

	 Standard	Merrifield	techniques	were	employed	for	all	bioconjugate	syntheses	using	

plastic-fritted	syringes	(10	mL)	as	reaction	vessels	to	facilitate	the	multiple	additions	and	

removal	of	reagents	and	wash	solvents.	An	automated	shaker	was	employed	to	gently	mix	

the	 solid	 phase	 and	 reagents.	 The	 ninhydrin	 test	 kit	 (Kaiser	 test)	 purchased	 from	 Fluka	

Analytical	was	utilized	to	test	for	successful	coupling	or	free	amines	following	deprotection	

steps.		

	 TentaGel	S	RAM	Fmoc	Resin	was	purchased	from	CreoSalus	Life-Sciences	Company	

(0.25	mmol/g)	 and	2-Chlorotrityl	 Chloride	Resin	was	purchased	 from	ChemPep	 Inc.	 (1.5	

mmol/g).	1’-Fmoc-amino-ferrocene	carboxylic	acid	was	purchased	from	Omm	Scientific.	All	

other	 reagents	 were	 purchased	 from	 commercial	 sources	 and	 used	 as	 received	 unless	

noted.		1	and	2	 	were	air	stable	but	stored	at	4°C	to	avoid	slow	decomposition	which	was	

observed	after	several	weeks.		

	

2.4.2	Physical	Methods		

	 A	 Bruker	 Avance	 400	 MHz	 was	 utilized	 to	 obtain	 the	 NMR	 spectra	 in	 dimethyl	

sulfoxide-d6	(DMSO-d6)	as	specified	in	the	sections	below.	ESI-MS	was	performed	using	the	

Agilent	6224	Accurate-Mass	Time-Of-Flight	(TOF)	MS.		
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	 Bulk	 solution	 cyclic	 voltammograms	were	 acquired	 at	 room	 temperature	 using	 a	

BASi-C3	potentiostat	equipped	with	a	3.0	mm	glassy	carbon	working	electrode,	a	platinum	

wire	 auxiliary	 electrode,	 and	 a	 Ag/AgCl	 reference	 electrode.	 	 Measurements	 were	

performed	under	a	blanket	of	nitrogen	in	1	mM	phosphate-buffered	saline	(pH	=	7.4)	with	

0.1	M	potassium	chloride	as	an	electrolyte.	Aliquots	(10	mL)	of	these	solutions	were	used	

to	obtain	cyclic	voltammograms.	Small-volume	cyclic	voltammograms	were	acquired	under	

the	same	conditions	described	above	but	utilized	smaller	aliquots	(3	mL).	

	 Cyclic	 voltammograms	 using	 screen-printed	 electrodes	 were	 acquired	 at	 room	

temperature	using	a	BASi-C3	potentiostat.	Screen-printed	electrodes	were	purchased	from	

Kanichi	Research	Ltd.	 (product	#	KRS-1001)	and	were	equipped	with	a	3.0	mm	graphite	

working	 electrode,	 a	 graphite	 auxiliary	 electrode,	 and	 a	 Ag/AgCl	 reference	 electrode.	

Measurements	were	performed	open	to	air	in	1	mM	phosphate-buffered	saline	(pH	=	7.4)	

with	0.1	M	KCl	as	an	electrolyte.	Aliquots	 (20	µL)	of	 these	solutions	were	used	 to	obtain	

cyclic	voltammograms.	

	

2.4.3	Synthesis	of	1:	DEVD-K-Fc-NH2	

TentaGel	S	RAM	Fmoc	resin	(0.120	mmol	based	on	loading,	300	mg)	was	placed	in	a	

fritted	syringe	and	allowed	to	swell	in	dimethylformamide	(2	x	20	minutes)	with	shaking.	

Deprotection	 was	 achieved	 with	 4-6	mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	

minutes)	 with	 shaking.	 The	 resin	 was	 washed	 (3	 x	 dimethylformamide,	 3	 x	

dimethylformamide:methanol,	 3	 x	 methanol:dichloromethane,	 3	 x	 dichloromethane).	

Deprotection	 was	 confirmed	 with	 the	 ninhydrin	 test	 (yellow	 =	 negative	 result,	 blue	 =	

positive	result).	The	resin	was	then	coupled	to	Fmoc-Lys(Mtt)-OH	using	a	cocktail	of	Fmoc-
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Lys(Mtt)-OH	(0.360	mmol,	224.9	mg),	1-hydroxybenzotriazole	hydrate	(0.360	mmol,	48.6	

mg),	 diisopropyl	 carbodiimide	 (0.360	 mmol,	 0.056	 mL),	 diisopropylethylamine	 (0.360	

mmol,	0.063	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	

of	shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 then	 coupled	 to	 Fmoc-Asp(OtBu)-OH	 using	 a	 cocktail	 of	

Fmoc-Asp(OtBu)-OH	 (0.360	 mmol,	 148.1	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.360	

mmol,	48.6	mg),	diisopropyl	carbodiimide	(0.360	mmol,	0.056	mL),	diisopropylethylamine	

(0.360	mmol,	0.063	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	

6	hours	of	shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	

group	with	4-6	mL	of	20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 resin	was	 then	 coupled	 to	 Fmoc-Val-OH	using	 a	 cocktail	 of	 Fmoc-Val-OH	

(0.360	 mmol,	 122.2	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.360	 mmol,	 48.6	 mg),	

diisopropyl	 carbodiimide	 (0.360	 mmol,	 0.056	 mL),	 diisopropylethylamine	 (0.360	 mmol,	

0.063	mL),	 dichloromethane	 (~4	mL),	 and	 dimethylformamide	 (~1	mL),	 and	 6	 hours	 of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	
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blue	 color.	 The	 resin	was	 then	 coupled	 to	 Fmoc-Glu(OtBu)-OH	using	 a	 cocktail	 of	 Fmoc-

Glu(OtBu)-OH	(0.360	mmol,	153.2	mg),	1-hydroxybenzotriazole	hydrate	(0.360	mmol,	48.6	

mg),	 diisopropyl	 carbodiimide	 (0.360	 mmol,	 0.056	 mL),	 diisopropylethylamine	 (0.360	

mmol,	0.063	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	

of	shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 resin	 was	 then	 coupled	 to	 Boc-Asp(OtBu)-OH	 using	 a	 cocktail	 of	 Boc-

Asp(OtBu)-OH	(0.360	mmol,	169.4	mg),	1-hydroxybenzotriazole	hydrate	(0.360mmol,	48.6	

mg),	 diisopropyl	 carbodiimide	 (0.360	 mmol,	 0.056	 mL),	 diisopropylethylamine	 (0.360	

mmol,	0.063	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	

of	 shaking.	The	wash	 step	was	 repeated.	This	was	 followed	by	 removal	of	 the	Mtt	 group	

with	 4-6	 mL	 of	 2%	 trifluoroacetic	 acid/4%	 triisopropylsilane/dichloromethane	 (2	 x	 20	

min)	with	shaking.	Concentrated	trifluoroacetic	acid	was	applied	to	a	 few	beads	to	verify	

deprotection	 (no	 color	 change	 =	 deprotected,	 yellow/orange	 =	 Mtt	 protected).	 After	

expelling	 the	 reaction	 mixture	 twice,	 the	 resin	 was	 washed	 (2	 x	 dichloromethane,	 2	 x	

methanol,	2	x	dimethylformamide).	The	resin	was	then	coupled	to	1’-Fmoc-aminoferrocene	

carboxylic	 acid	 using	 a	 cocktail	 of	 1’-Fmoc-aminoferrocene	 carboxylic	 acid	 (0.360	mmol,	

168.1	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.360	 mmol,	 48.6	 mg),	 diisopropyl	

carbodiimide	 (0.360	 mmol,	 0.056	 mL),	 diisopropylethylamine	 (0.360	 mmol,	 0.063	 mL),	

dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	shaking.	The	

wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	with	4-6	mL	of	
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20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	expelling	the	reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	cleaved	from	the	resin	using	a	cleaving	cocktail	of	trifluoroacetic	acid	(120	

mmol,	9.45	mL),	MilliQ	H2O	(14	mmol,	0.25	mL),	1,2-ethanedithiol	(3.0	mmol,	0.25	mL),	and	

triisopropyl	 silane	 (0.49	 mmol,	 0.10	 mL),	 with	 4	 hours	 of	 shaking	 in	 the	 syringe.	 The	

resulting	orange	solution	was	decanted	 into	an	ependorff	 tube,	and	excess	 trifluoroacetic	

acid	was	blown	off	with	air.	1	was	precipitated	as	an	brown	solid	via	addition	of	cold	ethyl	

ether	 to	 the	 solution.	 The	mixture	 was	 centrifuged	 at	 3000	 rpm	 for	 5	minutes,	 and	 the	

resulting	 supernatant	was	 removed.	 This	 process	 of	 ethyl	 ether	 addition,	 centrifugation,	

and	 supernatant	 removal	 was	 repeated	 3	 times	 or	 until	 the	 supernatant	 was	 clear.	 The	

solid	was	dried	on	a	lyophilizer	overnight	to	isolate	1	as	a	brown	powder.	Yield	(based	on	

resin	 loading):	 27.9	 mg	 (56.0%).	 ESI-MS:	 0.5047	 min,	 m/z	 =	 831.1547	 (99%,	 [M+H]+),	

604.1783	 (25%,	 [M-Fc-NH2+H]+),	 416.0642	 (100%,	 [M+H]2+).	 Theoretical	 [M+H]+:	

831.2898,	 [M-Fc-NH2+H]+:	604.2786,	 [M+H]2+:	416.1449.	 1H	NMR	(DMSO-d6,	400	MHz)	δ:	

8.601	(d,	1H,	amide	NH),	8.357	(d,	1H,	amide	NH),	7.975	(t,	1H,	amide	NH),	7.878	(d,	1H,	

amide	 NH),	 7.233	 (s,	 1H,	 amide	 NH),	 7.121	 (s,	 1H,	 amide	 NH),	 4.076-4.839	 (m,	 13H,	 8	

ferrocene	CH,	5	amide	CH),	3.360-3.567	(m,	6H,	residual	H2O,	residual	Et2O),	2.655-3.162	

(m,	6H,	Asp	CH2,	Lys	CH2),	2.510	(s,	6H,	DMSO),	2.333	(m,	2H,	Glu	CH2),	1.948	(m,	2H,	Glu	

CH2),	1.740	(m,	2H,	Lys	CH2),	1.448-1.610	(m,	3H,	Lys	CH2,	Val	CH),	1.350	(m,	2H,	Lys	CH2),	

1.112	(t,	residual	Et2O),	0.851	(t,	6H,	Val	CH3).	13C	APT	NMR	(DMSO-d6,	400	MHz)	δ:	168.20-

174.44	(m,	carbonyl	CO),	89.20	(s,	ferrocene	C),	78.93	(s,	ferrocene	C),	72.23	(s,	ferrocene	

CH),	 70.12	 (s,	 ferrocene	 CH),	 68.78	 (s,	 ferrocene	 CH),	 65.39	 (s,	 ferrocene	 CH),	 65.39	 (s,	
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Figure	25:	ESI-MS	of	1	in	water.	

residual	Et2O	CH2),	57.90	(s,	Val	amide	CH),	52.88	(d,	Lys	amide	CH,	Glu	amide	CH),	49.81	

(d,	Asp	amide	CH),	44.14	(s,	Asp	side	chain	CH2),	40.04	(p,	DMSO),	36.18	(s,	Lys	side	chain	

CH2),	30.66	(m,	Asp	side	chain	CH2),	29.58	(s,	Val	side	chain	CH),	29.48	(s,	Lys	side	chain	

CH2),	 	27.92	(s,	Lys	side	chain	CH2),	23.15	(s,	Glu	side	chain	CH2),	22.09	(s,	Lys	side	chain	

CH2),	19.69	(s,	Val	 side	chain	CH3),	15.63	(s,	 residual	Et2O	CH3).	Elemental	analysis:	anal.	

calcd.	 for	 4(C35H50FeN8O12)•13TFA•3Et2O:	 C,	 42.53;	 H,	 4.87;	 N,	 8.92.	 Found:	 C,	 42.67;	 H,	

4.64;	N,	9.15.		
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Figure	27:	13C	APT	NMR	of	1	in	DMSO-d6	with	labeled	molecular	diagram.	

Figure	26:	1H	NMR	of	1	in	DMSO-d6	with	labeled	molecular	diagram.	
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2.4.4	Synthesis	of	2:	K-Fc-NH2	

TentaGel	S	RAM	Fmoc	resin	(0.066	mmol	based	on	loading,	300	mg)	was	placed	in	a	

fritted	syringe	and	allowed	to	swell	in	dimethylformamide	(2	x	20	minutes)	with	shaking.	

Deprotection	 was	 achieved	 with	 4-6	mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	

minutes)	 with	 shaking.	 The	 resin	 was	 washed	 (3	 x	 dimethylformamide,	 3	 x	

dimethylformamide:methanol,	 3	 x	 methanol:dichloromethane,	 3	 x	 dichloromethane).	

Deprotection	 was	 confirmed	 with	 the	 ninhydrin	 test	 (yellow	 =	 negative	 result,	 blue	 =	

positive	result).	The	resin	was	then	coupled	to	Fmoc-Lys(Mtt)-OH	using	a	cocktail	of	Fmoc-

Lys(Mtt)-OH	(0.198	mmol,	123.7	mg),	1-hydroxybenzotriazole	hydrate	(0.198	mmol,	26.7	

mg),	 diisopropyl	 carbodiimide	 (0.198	 mmol,	 0.031	 mL),	 diisopropylethylamine	 (0.198	

mmol,	0.034	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	

of	 shaking.	The	wash	 step	was	 repeated.	This	was	 followed	by	 removal	of	 the	Mtt	 group	

with	 4-6	 mL	 of	 2%	 trifluoroacetic	 acid/4%	 triisopropylsilane/dichloromethane	 (2	 x	 20	

min)	with	shaking.	Concentrated	trifluoroacetic	acid	was	applied	to	a	 few	beads	to	verify	

deprotection	 (no	 color	 change	 =	 deprotected,	 yellow/orange	 =	 Mtt	 protected).	 After	

expelling	 the	 reaction	 mixture	 twice,	 the	 resin	 was	 washed	 (2	 x	 dichloromethane,	 2	 x	

methanol,	2	x	dimethylformamide).	The	resin	was	then	coupled	to	1’-Fmoc-aminoferrocene	

carboxylic	 acid	 using	 a	 cocktail	 of	 1’-Fmoc-aminoferrocene	 carboxylic	 acid	 (0.198	mmol,	

92.5	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.198	 mmol,	 26.7	 mg),	 diisopropyl	

carbodiimide	 (0.198	 mmol,	 0.031	 mL),	 diisopropylethylamine	 (0.198	 mmol,	 0.034	 mL),	

dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	shaking.	The	

wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	with	4-6	mL	of	

20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	expelling	the	reaction	
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mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	cleaved	from	the	resin	using	a	cleaving	cocktail	of	trifluoroacetic	acid	(120	

mmol,	9.45	mL),	MilliQ	H2O	(14	mmol,	0.25	mL),	1,2-ethanedithiol	(3.0	mmol,	0.25	mL),	and	

triisopropyl	 silane	 (0.49	 mmol,	 0.10	 mL),	 with	 4	 hours	 of	 shaking	 in	 the	 syringe.	 The	

resulting	orange	solution	was	decanted	 into	an	ependorff	 tube,	and	excess	 trifluoroacetic	

acid	was	blown	off	with	air.	2	was	precipitated	as	an	orange	solid	via	addition	of	cold	ethyl	

ether	 to	 the	 solution.	 The	mixture	 was	 centrifuged	 at	 3000	 rpm	 for	 5	minutes,	 and	 the	

resulting	 supernatant	was	 removed.	 This	 process	 of	 ethyl	 ether	 addition,	 centrifugation,	

and	 supernatant	 removal	 was	 repeated	 3	 times	 or	 until	 the	 supernatant	 was	 clear.	 The	

solid	was	dried	on	a	lyophilizer	overnight	to	isolate	2	as	a	brown	oil.	Yield	(based	on	resin	

loading):	11.4	mg	(46.4%).	ESI-MS:	0.320	min,	m/z	=	373.3068	(100%,	[M+H]+),	238.1564	

(56%,	 [M-(Fe-Cp-NH2)+2H]+),	 187.0723	 (55%,	 [M+H]2+).	 Theoretical	 [M+H]+:	 373.1249,	

[M-(Fe-Cp-NH2)+H]+:	238.1399,	[M+H]2+:	187.0625.	1H	NMR	(DMSO-d6,	400	MHz)	δ:	8.034	

(m,	3H,	amide	NH	and	NH2),	7.846	(s,	2H,	 ferrocene	amine	NH2),	7.594	(s,	2H,	Lys	amine	

NH2),	4.080-4.837	(m,	8H,	8	ferrocene	CH),	3.511(m,	residual	H2O,	residual	Et2O),	3.019	(m,	

1H,	Lys	CH),	2.508	(s,	6H,	DMSO),	1.247-1.753	(m,	8H,	4	Lys	CH2),	1.095	(t,	residual	Et2O).	
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Figure	28:	ESI-MS	of	2	in	water.	

Figure	29:	1H	NMR	of	2	in	DMSO-d6.	
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CHAPTER	3:	SOLUTION	AND	IMMOBILIZATION	STUDIES	OF	DEVD-

FERROCENE-THIOLATE	BIOCONJUGATES	AND	REACTIVITY	

STUDIES	WITH	CASPASE-3		

	

3.1	INTRODUCTION	

	 While	 the	results	of	 the	caspase	studies	described	 in	Chapter	2	(see	Section	2.2.5)	

were	 promising,	 one	 concern	 when	 adapting	 this	 bioconjugate	 design	 to	 other	

enzyme/substrate	systems	 is	 the	 low	signal	 intensity.	Although	the	strength	of	 the	signal	

(current	intensity)	derived	from	the	Fe(II)/Fe(III)	redox	couple	of	1	and	2	was	measurable	

using	 cyclic	 voltammetry,	 Ipa	 and	 Ipc	 of	 the	 final	 scans	 performed	 during	 the	 reactivity	

studies	 with	 caspase-3	 (1.9501	 µA	 and	 2.2095	 µA,	 respectively,	 in	 the	 scan	 plotted	 in	

Figure23)	were	lower	than	we	had	hoped	going	into	the	project.	If	the	bioconjugate	design	

employed	 in	 this	 thesis	 was	 adapted	 to	 be	 sensitive	 for	 another	 enzyme	 or	 widespread	

clinical	 use,	 it	 is	 unclear	 if	 solution-based	 electrochemistry	 with	 bioconjugates	 1	 and	 2	

would	provide	a	sufficiently	strong	signal	to	overcome	the	innate	signal	of	the	background	

to	 the	 point	 that	 it	 could	 be	 reliably	 detected.	 Thus,	 measures	 to	 improve	 the	 signal	

strength	in	the	systems	analyzed	in	this	thesis	were	taken	in	an	effort	to	further	improve	

the	adaptability	of	the	bioconjugate	model	developed	and	described	in	Chapter	2.	

	 One	 dependable	 method	 for	 improving	 the	 electrochemical	 signal	 strength	 of	 a	

bioconjugate	is	to	attach	the	bioconjugate	directly	to	the	electrode	surface.63	An	increase	in	

signal	strength	can	be	achieved	by	eliminating	the	distance	between	the	analyte	molecule	

and	 the	 electrode	 surface	 through	 immobilization,	 which	 facilitates	 electron	 transfer	
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processes	and	prevents	 signal	 loss	due	 to	diffusion	of	 the	analyte	molecule.	Additionally,	

while	the	electrodes	typically	need	to	be	pretreated	so	that	the	bioconjugate	of	choice	may	

bind	 to	 the	 surface,	 the	 electrochemical	 experiment	 is	 easier	 to	 carry	 out	 because	 the	

solution	 used	 only	 contains	 solvent,	 electrolyte,	 and	 enzyme;	 the	 bioconjugate	 does	 not	

have	 to	 be	 present	 in	 solution	 since	 it	 is	 already	 attached	 to	 the	 electrode	 surface.	 This	

immobilized	bioconjugate	approach	will	be	applied	to	help	increase	the	ease	of	clinical	use	

of	 the	 biosensor	 setup	 described	 herein,	 as	 one	 could	 commercially	 produce	 and	 sell	

preloaded	electrodes	 that	 could	be	hooked	up	 to	 a	potentiostat,	 loaded	with	 an	 enzyme-

containing	 solution	 (biological	 fluid,	 for	 example),	 and	 analyzed	without	 the	purchase	or	

addition	of	more	bioconjugate	sensor	molecules.	

	 While	there	are	several	methods	to	immobilize	a	compound	on	a	surface,64	the	most	

common	involves	the	use	of	thiolates	onto	gold	surfaces.	The	gold-sulfur	interaction	is	well-

documented65	 and	known	 to	be	both	 strong	 and	 easy	 to	 elicit.	While	 the	 exact	 nature	of	

gold-sulfur	 bonds	 is	 not	 entirely	 understood,66	 it	 is	 theorized	 that	 the	 two	 interact	 so	

strongly	 because	 of	 the	 favored	 soft-soft	 interaction	 supported	 by	 hard-soft	 acid-base	

theory.67	These	bonds	are	also	very	easy	to	form,	as	all	that	is	necessary	is	exposing	a	clean	

gold	surface	to	a	gas-	or	liquid-phase	solution	containing	the	desired	thiolate	for	a	matter	of	

hours.	This	reliability	and	strength	make	the	the	gold-sulfur	interaction	a	suitable	medium	

for	the	immobilization	of	the	bioconjugates	discussed	herein.	

	 Since	 the	bioconjugates	analyzed	previously	 (Chapter	2,	 compounds	1	and	2)	 lack	

thiolates,	 they	 cannot	 be	 immobilized	 on	 a	 gold	 surface	 without	 modification.	 Thus,	 a	

thiolate	was	 introduced	 to	 overcome	 this	 obstacle.	 This	 addition,	 however,	 introduces	 a	

new	 challenge:	 how/where	 to	 introduce	 this	 thiolate	 to	 the	 molecule.	 If	 a	 thiolate	 is	
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attached	directly	to	the	DEVD	moiety,	 it	may	affect	the	ability	of	the	caspase-3	enzyme	to	

properly	interact	with	the	bioconjugate.	Thus,	the	thiolate	must	be	attached	to	a	site	that	is	

ideally	as	 far	away	 from	the	DEVD	moiety	as	possible.	To	accommodate	 this,	 the	 thiolate	

was	attached	to	the	remaining	cyclopentadienyl	ring	of	the	ferrocene	which	did	not	contain	

the	 DEVD	 peptide,	 resulting	 in	 a	 bioconjugate	 whose	 ferrocene	 core	 had	 significant	

modifications	 to	 each	 of	 its	 two	 rings.	 Figure	 30	 shows	 each	 of	 the	 thiolates	 that	 were	

attempted,	 3-10,	 as	 well	 as	 1	 and	 2	 again	 for	 comparison.	 While	 7-10	 most	 closely	

resemble	1	and	2,	they	could	not	be	isolated	due	to	problems	with	precipitation	and	thus	

could	not	be	studied	further.	In	fact,	3	and	4	were	the	only	two	compounds	that	could	both	

be	isolated	and	characterized	effectively.	As	such,	3	and	4	were	the	only	thiolate-containing	

bioconjugates	analyzed	for	further	activity	and	will	be	the	only	two	discussed	herein.	The	

proposed	reaction	scheme	for	3	with	caspase-3	is	illustrated	in	Figure	31.	

	

	

	

	

	
Figure	30:	Entire	proposed	bioconjugate	library.	
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3.1.1	Rationale	of	Design	

	 Bioconjugates	3	and	4	had	a	somewhat	alternative	design	compared	to	1	and	2,	and	

this	is	largely	due	to	the	introduction	of	the	thiolate.	As	discussed	previously,	compounds	

7-10	 were	 designed	 to	 be	 similar	 in	 structure	 to	 1	 and	 2,	 but	 since	 they	 could	 not	 be	

successfully	 isolated	new	compounds	had	 to	be	designed	and	 synthesized.	Compounds	3	

and	4	utilized	 the	 thiolate	6-mercaptohexanoic	acid	 (MHA)	 to	bind	 to	gold	surfaces.	This	

thiolate	was	selected	because	its	long	alkyl	chain	would	help	provide	distance	between	the	

gold	 surface	 and	 the	 bulky	 ferrocene-DEVD	 moiety	 on	 the	 other	 end	 of	 the	 molecule,	

potentially	 allowing	 more	 bioconjugates	 to	 bind	 to	 the	 gold	 as	 there	 would	 be	 less	

crowding	near	the	gold	surface.	Compounds	5	and	6,	in	fact,	utilized	a	thiolate	with	an	even	

longer	alkyl	chain	(11-mercaptoundecanoic	acid,	or	MUA),	but	these	compounds	could	not	

be	 isolated	and	thus	could	not	be	evaluated	further.	The	presence	of	 the	thiolate	was	not	

expected	 to	 restrict	 the	bioconjugate’s	ability	 to	 interact	with	caspase-3	 in	 solution	since	

the	DEVD	moiety	was	 on	 the	 opposite	 side	 of	 the	 ferrocene	with	 respect	 to	 the	 thiolate,	

which	would	ideally	be	immobilized	on	the	gold	electrode	surface.	

	
3																																				 	 	 									 	 	 4	

	
																													

	 	 											
			
		Potential	1	(mV)	 	 	 	 	 	 		Potential	2	(mV)	

	
Figure	31:	Reaction	scheme	for	3	and	caspase-3.	
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	 An	important	feature	to	note	in	the	design	of	3	and	4	is	the	use	of	ethylenediamine	

as	a	linker	between	the	thiolate	moiety	and	the	ferrocene	core.	While	linkers	are	often	used	

to	provide	distance	between	one	group	and	another,	the	ethylenediamine	incorporated	in	3	

and	4	was	used	to	change	the	terminal	functional	group	present	during	peptide	synthesis.	

Upon	addition	of	MHA	to	the	2-chlorotrityl	chloride	resin,	the	growing	chain	has	a	terminal	

carboxyl	 group.	 If	 the	 asymmetric	 ferrocene	 used	 in	 these	 bioconjugate	 syntheses	 was	

added	 at	 this	 point,	 no	 reaction	would	 occur	 since	 the	 amine	 group	 of	 that	 asymmetric	

ferrocene	 is	 protected	 with	 an	 Fmoc	 group;	 the	 carboxyl	 group	 of	 the	 ferrocene	 is	 the	

unprotected	group	available	 to	 react.	Even	 if	 the	 ferrocene	had	a	 free	amine	available	 to	

react	 with	 the	 MHA,	 the	 resulting	 peptide	 chain	 would	 again	 have	 a	 terminal	 carboxyl	

group	and	the	same	problem	would	arise	with	each	of	the	subsequent	amino	acids	added.	

By	 adding	 ethylenediamine	 to	 the	 growing	 chain,	 in	 contrast,	 the	 resulting	 chain	 has	 a	

terminal	 amine	 rather	 than	 a	 terminal	 carboxyl	 group,	 allowing	 for	 addition	 of	 the	

asymmetric	ferrocene	used	in	the	other	syntheses	and	traditional	Fmoc	peptide	synthesis	

from	that	point	forward.	It	is	important	to	note	that	a	monoprotected	ethylenediamine	was	

used	 to	 ensure	 that	 only	 one	 of	 its	 two	 amines	 would	 be	 available	 to	 react	 and	 thus	

dimerization	between	growing	peptide	chains	would	not	occur.	

	 Another	 note	 on	 the	 design	 involves	 the	 attachment	 of	 the	 DEVD	 moiety	 to	 the	

ferrocene	 core.	As	 shown	 in	Figure	30,	 the	DEVD	moiety	 in	3	 and	4	was	 attached	 to	 the	

ferrocene	 core	 through	 the	 amine	 moiety	 of	 the	 ferrocene.	 This	 was	 in	 contrast	 to	 the	

complimentary	 moiety	 in	 1	 and	 2,	 which	 was	 attached	 to	 their	 respective	 ferrocene	

cyclopentadienyl	groups	through	a	carboxyl	group.	While	this	change	was	subtle,	 it	had	a	

large	impact	on	the	oxidation	and	reduction	potentials	of	3	and	4	by	itself,	regardless	of	the	
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presence	 of	 the	 thiolate.	 Additionally,	 the	 DEVD	moiety	 in	 3	 and	 4	 was	 much	 closer	 in	

proximity	to	the	ferrocene	core	compared	to	the	position	of	the	DEVD	in	1	and	2.	While	Lys	

was	used	as	a	 linker	between	ferrocene	and	the	DEVD	peptide	 in	1	and	2,	no	such	 linker	

was	present	 in	3	 and	4;	DEVD	was	bound	directly	 to	 the	 amine	moiety	of	 the	 ferrocene.	

This	 design	 was	 made	 intentionally	 with	 the	 hopes	 that	 reduced	 distance	 between	 the	

ferrocene	and	the	group	affected	by	the	enzyme	action	would	result	 in	an	increase	in	the	

shift	 in	 redox	 potentials	 of	3	 versus	4.	While	 there	was	 risk	 that	 the	 bulk	 of	 the	 nearby	

ferrocene	 group	 would	 limit	 caspase-3’s	 ability	 to	 interact	 with	 and	 cleave	 the	 DEVD	

moiety	 from	 the	 bioconjugate,	 the	 literature	 suggested	 that	 many	 enzymes	 (including	

caspase-3)	 can	 properly	 interact	 with	 target	 substrates	 even	when	 the	 substrate	 is	 in	 a	

relatively	sterically-hindering	environment.68	

	

3.2	RESULTS	AND	DISCUSSION	

3.2.1	Synthesis	and	Characterization	

	 The	 synthesis	of	3	 and	4	 differed	 slightly	 compared	 to	 that	of	1	 and	2	due	 to	 the	

need	to	include	the	thiolate	linker.	Since	MHA	was	the	first	group	to	be	added	to	the	resin	

and	 the	 carboxyl	 group	needed	 to	 remain	available	 to	 react	 further	upon	addition	 to	 the	

resin,	 the	 Rink	 amide	 resin	 used	 in	 the	 syntheses	 of	 1	 and	 2	 was	 not	 suitable	 for	 this	

application.	If	the	Rink	amide	resin	had	been	used,	the	available	amine	was	a	hard	base	that	

would	have	preferred	to	interact	with	the	harder	carboxyl	group	of	MHA	rather	than	with	

the	softer	thiolate,	resulting	in	a	final	product	with	a	terminal	amide	instead	of	the	desired	

terminal	 thiolate.	 For	 this	 reason,	 a	 2-chlorotrityl	 chloride	 resin	 was	 used.	 Since	 the	

resulting	 tertiary	 carbocation	 upon	 leaving	 group	 release	 on	 the	 resin	 is	 a	 soft	 acid,	 its	
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interaction	 with	 the	 soft	 thiolate	 base	 would	 be	 preferred	 over	 that	 with	 the	 harder	

carboxylate.	 Therefore,	 the	 final	 product	 would	 contain	 the	 desired	 terminal	 thiolate.	

Additionally,	peptide	cleavage	from	2-chlorotrityl	chloride	resin	results	in	an	unmodified	–

SH	 terminus,	 as	 opposed	 to	 a	 resin	 such	 as	 Rink	 amide	 that	 provides	 terminal	 amides	

instead	of	terminal	carboxylic	acids.	These	concepts	are	illustrated	below	in	Figure	32.	

	

	 While	the	synthetic	protocol	followed	with	the	2-chlorotrityl	chloride	resin	is	largely	

the	 same	as	with	Rink	amide	 resin,	 there	 is	one	additional	 step	 that	must	be	performed.	

End-capping	of	excess	reactive	sites	after	the	addition	of	MHA	is	needed,	since	the	reactive	

site	 on	 2-chlorotrityl	 chloride	 resin	 is	 prone	 to	 cross-reactions	 in	 subsequent	 steps.	

Additionally,	the	loading	of	the	2-chlorotrityl	chloride	resin	(1.5	mmol/g)	was	significantly	

higher	 than	 that	 of	 the	Rink	 amide	 resin	 (0.4	mmol/g),	 resulting	 in	 far	more	 active	 sites	

present	and	thus	an	increased	likelihood	of	excess	active	sites	being	present	after	the	first	

reagent	has	been	coupled	to	the	resin.	2-chlorotrityl	chloride	resin	blocking	was	achieved	

by	 exposing	 the	 resin	 to	 a	 15%	 methanol	 solution	 in	 dichloromethane	 with	 5%	

diisopropylethylamine	(DIPEA).69	Methanol	blocks	the	excess	resin	reactive	sites	through	a	

Figure	32:	Coupling	of	MHA	to	Rink	amide	resin	vs.	2-chlorotrityl	chloride	resin.	
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simple	 SN1	 reaction	with	 the	 active	 sites,	 as	 illustrated	below	 in	 Figure	33.	 The	blocking	

solution	was	 comprised	primarily	 of	 dichloromethane,	 however,	 to	 ensure	 the	 resin	was	

able	 to	 properly	 swell,	 as	 it	 was	 unable	 to	 swell	 in	 a	 solution	 comprised	 primarily	 of	

methanol.	 DIPEA	 was	 added	 to	 serve	 as	 a	 base	 to	 assist	 with	 the	 SN1	 reaction.	 It	 is	

important	 to	 note	 that	methanol	was	 one	 of	 the	 three	 traditional	 solvents	 used	 to	wash	

resins	 between	 steps	 in	 standard	 Merrifield	 SPPS.	 However,	 the	 initial	 wash	 steps	

performed	on	the	2-chlorotrityl	chloride	resin	before	the	first	reagent	was	coupled	did	not	

involve	methanol	so	as	to	avoid	resin	end-capping	before	any	reagents	were	added.	

	

	 Aside	 from	 the	 end-capping	 step,	 standard	 Merrifield	 techniques	 were	 used	 to	

obtain	3	 and	4,	 as	 illustrated	 in	 Figures	 34	 and	 35.	 Both	 compounds	were	 isolated	 as	 a	

tacky	 dark	 brown	 solid.	 Upon	 sonication	 in	 cold	 ether	 followed	 by	 lyophilization,	 the	

tackiness	of	the	solids	was	partially	resolved.	While	3	precipitated	quickly	upon	addition	of	

cold	 ether	 during	 the	 cleavage	 step,	 4	 precipitated	 much	 more	 slowly	 and	 was	 thus	

significantly	harder	to	isolate.	The	remaining	ether	wash	present	after	the	precipitation	of	

the	 small	 amount	 of	 solid	 that	 came	 out	 of	 solution	 remained	 highly	 colored,	 suggesting	

incomplete	precipitation	of	4.	This	was	likely	due	to	partial	solubility	of	4	in	the	ether	used	

to	 instigate	precipitation,	but	other	 factors	 such	as	 final	TFA	content	and	humidity	could	

play	 a	 role	 as	well.	 Several	 attempts	were	made	 to	 isolate	4	 in	 a	 higher	 yield,	 including	

Figure	33:	2-chlorotrityl	chloride	resin	end-capping	mechanism	by	methanol.	
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using	N2	gas	to	blow	off	the	TFA	instead	of	compressed	air,	allowing	several	hours	for	TFA	

to	 be	blown	off,	 replacing	 the	 ether	with	 a	more	polar	 solvent	 such	 as	 dichloromethane,	

allowing	the	colored	ether	wash	to	chill	on	dry	ice	or	 in	a	freezer	overnight,	centrifuging,	

sonicating,	vortex	mixing,	and	extracting	in	acetic	acid.	The	only	method	that	appeared	to	

have	 a	 positive	 impact	 on	 isolation	 of	4	 involved	 adding	 small	 aliquots	 (~3	mL)	 of	 cold	

ether,	 centrifuging,	 separating	 the	 supernatant	 from	 the	pellet,	 adding	another	 aliquot	of	

ether	 to	 the	supernatant,	and	repeating	 the	process	over	again	(~4x)	until	no	more	solid	

crashes	out	upon	centrifugation.	

	

	

	
Figure	34:	Synthetic	methods	used	to	produce	3	and	5.	
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	 Compounds	3	 and	4	were	characterized	 in	slightly	different	ways.	Like	1	 and	2,	3	

was	characterized	via	1H	NMR,	13C	APT	NMR,	and	ESI-MS.	Solubility	testing	revealed	that	3	

was	readily	soluble	in	dimethylformamide,	dimethylsulfoxide,	water,	and	methanol.	The	1H	

NMR	was	particularly	useful	in	characterizing	3,	as	previously	collected	1H	NMR	spectra	of	

1	and	2	could	be	used	for	comparison.	As	illustrated	by	the	overlay	of	the	1H	NMR	spectra	

for	1	and	3	 in	Figure	36,	the	primary	differences	between	the	two	compounds	are	due	to	

the	different	 linkers	used	 in	 each:	 Lys	 in	1	 compared	 to	MHA	and	 ethylenediamine	 in	3.	

With	 few	 other	 significant	 differences	 present,	 the	 1H	 NMR	 data	 strongly	 support	 the	

successful	synthesis	and	isolation	of	3	with	the	connectivity	shown	in	Figure	30.	

	

	
Figure	35:	Synthetic	methods	used	to	produce	4	and	6.	
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Unlike	3,	compound	4	could	only	be	characterized	through	1H	NMR	and	ESI-MS.	13C	

APT	NMR	was	not	performed	on	4	because	 there	was	not	a	sufficient	mass	of	compound	

available	 to	 make	 a	 concentrated	 sample	 appropriate	 for	 13C	 NMR.	 Fortunately,	 ESI-MS	

could	still	be	used	to	characterize	4.	Solubility	testing	revealed	that	4	was	readily	soluble	in	

dimethylformamide,	dimethylsulfoxide,	and	methanol	and	sparing	solubility	in	acetonitrile.	

Even	 though	4	 was	 only	 sparingly	 soluble	 in	 acetonitrile,	 a	 dilute	 sample	 in	 the	 solvent	

proved	 to	 be	 sufficient	 for	 obtaining	 an	 ESI-MS	 spectrum	 for	 the	 compound	 ([M+H]+	 =	

418.0860).	 Regardless,	 1H	 NMR	 was	 once	 again	 used	 as	 the	 primary	 tool	 for	

characterization	of	4.	As	shown	by	the	overlay	of	the	1H	NMR	spectra	for	3	and	4	in	Figure	

Figure	36:	Overlay	of	1H	NMR	spectra	for	1	(top)	and	3	(bottom)	with	a	color-coded	molecular	diagram	of	3.	
The	colors	of	the	atoms	correspond	to	the	colors	of	the	boxes	surrounding	the	appropriate	resonances.	
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37,	 the	resonances	associated	with	the	MHA	thiolate,	 the	ethylenediamine	 linker,	and	the	

asymmetric	ferrocene	core	are	all	present	in	both	3	and	4,	but	those	resonances	associated	

with	the	DEVD	moiety	are	completely	absent	in	4.		

	

	

3.2.2	Electrochemistry	of	3	and	4	

	 To	 understand	 the	 relative	 oxidation	 and	 reduction	 potentials	 of	 3	 and	 4,	 cyclic	

voltammetry	 was	 performed	 on	 each	 compound	 individually.	 These	 electrochemical	

experiments	 were	 performed	 on	 a	 10	 mL	 scale	 in	 a	 DMF	 solution	 containing	 0.1	 M	

[Bu4N][BF4]	added	as	an	electrolyte.	DMF	was	chosen	as	 the	 solvent	over	PBS	because	4	

Figure	37:	Overlay	of	1H	NMR	spectra	for	3	(top)	and	4	(bottom)	with	a	color-coded	molecular	diagram	of	4.	
The	colors	of	the	atoms	correspond	to	the	colors	of	the	boxes	surrounding	the	appropriate	resonances.	
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was	not	soluble	in	aqueous	solution	without	the	addition	of	another	miscible	solvent	such	

as	DMSO.	The	three-electrode	setup	utilized	a	glassy	carbon	working	electrode,	a	platinum	

wire	 auxiliary	 electrode,	 and	 a	 silver	 wire	 reference	 electrode.	

Bis(pentamethylcyclopentadienyl)iron(II)	 (Cp*)	 was	 added	 at	 the	 end	 of	 each	

electrochemical	 experiment	 and	 used	 as	 a	 reference	 (E1/2	 =	 0.0	 mV).	 Over	 several	

experiments	 and	 under	 the	 experimental	 conditions	 described,	 the	 Fe(II)/Fe(III)	 redox	

couple	of	3	resulted	in	an	Epa	at	612	mV	and	an	Epc	at	485	mV	for	the	Fe(II)	to	Fe(III)	redox	

couple.	 This	 is	 in	 contrast	 to	 4,	 with	 measured	 Epa	 =	 222	 mV	 and	 Epc	 =	 139	 mV.	

Representative	cyclic	voltammograms	of	3	 and	4	 are	shown	below	 in	Figures	38	and	39,	

and	a	table	of	corresponding	pertinent	data	is	shown	below	in	Table	6.	This	shift	of	~400	

mV	 in	 Epa	 and	 ~350	mV	 in	 Epc	 for	 3	 and	 4,	 respectively,	 delineates	 the	 signals	 of	 each	

molecule	 compared	 to	 one	 another	 to	 an	 even	 greater	 extent	 than	 the	 shift	 present	

between	1	and	2	(Chapter	2,	Section	2.2.2).	Furthermore,	these	results	further	supported	

our	 initial	 hypothesis	 that	 the	presence	or	 absence	of	 the	DEVD	moiety	would	provide	a	

significant	change	 in	potential	on	 the	resulting	bioconjugate’s	electrochemical	properties.	

Additionally,	each	complex	shows	diffusion	controlled	behavior	(insets,	Figures	38	and	39),	

suggesting	the	collected	data	is	not	significantly	affected	by	interference	from	the	working	

electrode	surface	and	species	in	solution.	
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Figure	38:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	10	mL	sample	of	3	(1.0	mM)	at	a	
range	of	scan	rates	using	DMF	as	a	solvent,	[Bu4N][BF4]	(0.1M)	as	an	electrolyte,	a	silver	wire	reference	
electrode,	a	platinum	wire	auxiliary	electrode,	and	a	glassy-carbon	working	electrode.	The	inset	shows	the	
linear	correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	
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Compound	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
3	 8.5023	 3.1678	 612	 485	 127	 548	 2.7202	
4	 5.1435	 3.3136	 222	 139	 83	 181	 1.7096	
*All	data	shown	is	the	averaged	result	of	five	scans,	one	at	each	scan	rate.	
	

While	there	are	several	explanations	for	the	magnitude	of	the	potential	shift	 in	Epa	

and	Epc	observed	between	3	and	4	compared	to	that	between	1	and	2,	one	likely	accounts	

Figure	39:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	10	mL	sample	of	4	(1.0	mM)	at	a	
range	of	scan	rates	using	DMF	as	a	solvent,	[Bu4N][BF4]	(0.1M)	as	an	electrolyte,	a	silver	wire	reference	
electrode,	a	platinum	wire	auxiliary	electrode,	and	a	glassy-carbon	working	electrode.	The	inset	shows	
the	linear	correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	
		

Table	6:	Experimental	results	of	cyclic	voltammetry	of	compounds	3	and	4	under	the	
experimental	conditions	described	in	Figures	38	and	39.		
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for	 the	majority	 of	 the	 difference	 observed.	 As	 shown	 in	 Figure	 31,	 the	 proximity	 of	 the	

DEVD	moiety	 to	 the	 ferrocene	 core	 in	 each	 pair	 of	 bioconjugates	was	 believed	 to	 be	 the	

primary	origin	of	 the	 increased	shift	between	3	and	4.	For	1	and	2,	 the	DEVD	group	was	

separated	from	the	ferrocene	core	by	8	atoms	(6	carbons,	2	nitrogens)	via	a	lysine	linker.	In	

contrast,	no	such	linker	was	present	in	3	and	4,	and	the	DEVD	group	was	separated	from	

the	 ferrocene	 core	 by	 a	 single	 nitrogen	 atom.	 Thus,	 the	 presence/absence	 of	 the	 DEVD	

moiety	 likely	 had	 a	 more	 significant	 impact	 on	 the	 electrochemical	 character	 of	 the	

ferrocene	 core	 in	 3	 and	 4	 than	 in	 1	 and	 2.	 This	 key	 structural	 difference	 was	 likely	

responsible	 for	 the	 difference	 in	 the	magnitude	 of	 the	 potential	 shift	 observed	 (3	 and	4	

versus	1	and	2).		

There	 were	 other	 factors	 in	 play	 that	 could	 have	 also	 made	 an	 impact	 on	 the	

magnitude	of	the	potential	shift	observed.	First,	each	set	of	cyclic	voltammetry	experiments	

(1	 and	 2	 versus	 3	 and	 4)	 were	 performed	 in	 a	 different	 solvent	 and	 with	 a	 different	

electrolyte,	and	it	is	possible	the	change	in	magnitude	of	potential	shift	was	affected	by	the	

ability	of	the	iron	center	of	ferrocene	to	undergo	redox	events	in	the	two	solvents.	Another	

explanation	involves	the	presence	of	a	long	alkyl	chain	attached	to	the	ferrocene	cores	in	3	

and	4	 compared	 to	1	and	2,	which	 lack	an	equivalent	 chain.	While	 it	 is	unlikely	 that	 the	

chain	 itself	 is	 participating	 in	 the	 redox	 event	 occurring	 in	 solution	 during	 the	 cyclic	

voltammetry	 experiments,	 it	 is	 possible	 that	 the	 addition	 of	 another	 bulky	 group	 to	 the	

ferrocene	 core	 alters	 its	 behavior	 in	 solution	 and	 thus	 the	 alkyl	 chains	 could	 have	 an	

indirect	 effect	 on	 the	 potentials	 at	 which	 3	 and	 4	 undergo	 oxidation	 and/or	 reduction.	

Regardless,	 while	 these	 two	 effects	 could	 alter	 the	 magnitude	 of	 the	 potential	 shift	

observed	 between	 the	 two	 pairs	 of	 bioconjugates	 (3	 and	4	 versus	1	 and	2),	 they	 likely	
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imparted	a	secondary	impact	relative	to	the	connectivity	differences	primarily	responsible	

for	the	difference	in	the	magnitude	of	the	potential	shift	observed.	

While	 the	 bulk	 solution	 cyclic	 voltammetry	 experiments	 with	 3	 and	 4	 provided	

promising	 results,	 the	 solvent	 used	 (DMF)	 was	 not	 ideal	 because	 not	 only	 were	 the	

previous	cyclic	voltammetry	experiments	performed	with	1	 and	2	performed	 in	aqueous	

solutions	but	the	future	experiments	involving	caspase-3	would	have	to	be	in	an	aqueous,	

buffered	solution	as	well.	Thus,	the	bulk	solution	cyclic	voltammetry	experiments	on	3	and	

4	were	repeated	in	an	aqueous	solution.	A	small	amount	of	DMSO	(50	µL)	was	added	to	the	

solution	of	4	to	increase	its	solubility	in	the	analyzed	PBS	solution	(no	DMSO	was	added	to	

the	solution	of	3,	as	it	was	already	fully	soluble	in	PBS).	These	electrochemical	experiments	

were	performed	on	a	3	mL	scale	in	a	1	mM	PBS	solution	containing	0.1	M	KCl	added	as	an	

electrolyte.	 A	 3	 mL	 electrochemical	 cell	 was	 used	 as	 opposed	 to	 a	 standard	 10	 mL	

electrochemical	 cell	 in	 an	 effort	 to	 conserve	 the	 limited	 supply	 of	3	 and	4	 available,	 as	

synthesis	 of	 each	 compound	was	both	 expensive	 and	 time-consuming.	However,	with	 all	

concentrations	 and	 electrodes	 remaining	 constant,	 the	 results	 of	 cyclic	 voltammetry	

experiments	performed	on	bulk	solutions	of	3	mL	and	10	mL	should	be	virtually	identical	

as	 long	 as	 an	 appropriate	 equipment	 set	was	 used	with	 the	 3	mL	 sample	 to	 ensure	 the	

electrodes	were	 sufficiently	 submerged	 in	 the	 analyzed	 solution.	 Such	 precautions	were	

taken,	and	the	bulk	solution	cyclic	voltammetry	experiments	performed	on	the	3	mL	scale	

on	 3	 and	 4	 provided	 viable	 results.	 Over	 several	 experiments,	 the	 Fe(III)/Fe(III)	 redox	

couple	 of	3	 resulted	 in	 an	 Epa	 of	 170	mV	 and	 an	 Epc	 of	 90	mV	 versus	 FCA.	 This	 was	 in	

contrast	 to	 4,	 with	 measured	 Epa	 =	 -137	 mV	 and	 Epc	 =	 -235	 mV.	 Representative	 cyclic	

voltammograms	of	3	and	4	are	shown	in	Figures	40	and	41,	and	a	table	of	corresponding	
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pertinent	data	is	shown	in	Table	7.	While	it	was	clear	the	shift	in	potential	between	3	and	4	

decreases	in	PBS	compared	to	DMF,	the	~300	mV	shift	in	both	Epa	and	Epc	observed	in	the	

performed	 bulk	 solution	 cyclic	 voltammetry	 experiments	 in	 PBS	 was	 still	 significant.	

Moreover,	it	was	3	times	as	large	as	the	shift	in	potential	between	1	and	2	observed	in	the	

previous	 bulk	 solution	 cyclic	 voltammetry	 experiments	 performed	 under	 similar	

experimental	conditions.	Thus,	 the	electrochemical	signals	of	3	and	4	could	still	be	easily	

discerned	from	one	another	in	aqueous	solution,	even	when	additional	means	were	taken	

to	ensure	both	compounds	were	fully	dissolved	in	solution.	

Figure	40:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	10	mL	sample	of	3	(1.0	mM)	at	a	
range	of	scan	rates	using	1	mM	PBS	(pH	7.5)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	a	silver	wire	
reference	electrode,	a	platinum	wire	auxiliary	electrode,	and	a	glassy-carbon	working	electrode.	The	inset	
shows	the	linear	correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	
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Compound	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
3	 8.3021	 4.2915	 170	 90	 80	 130	 1.9534	
4	 5.1435	 3.3136	 -137	 -235	 98	 -186	 1.5996	
*All	data	shown	is	the	averaged	result	of	five	scans,	one	at	each	scan	rate.	
	

	

	

Figure	41:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	10	mL	sample	of	4	(1.0	mM)	at	a	
range	of	scan	rates	using	PBS	(pH	7.5)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	a	silver	wire	reference	
electrode,	a	platinum	wire	auxiliary	electrode,	and	a	glassy-carbon	working	electrode.	The	inset	shows	the	
linear	correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	
		

Table	7:	Experimental	results	of	cyclic	voltammetry	of	compounds	3	and	4	under	the	
experimental	conditions	described	in	Figures	40	and	41.		
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3.2.3	Immobilization	Studies	of	3	and	4	with	Gold	

	 Following	the	cyclic	voltammetry	characterization	of	3	and	4,	we	set	out	to	evaluate	

the	 electrochemistry	 of	 each	 compound	 immobilized	 on	 gold	 electrodes.	 Before	

immobilization	 studies	 could	 be	 performed,	 however,	 bulk	 solution	 studies	 had	 to	 be	

repeated	 using	 a	 gold	 working	 electrode	 instead	 of	 a	 glassy	 carbon	 working	 electrode.	

These	studies	were	performed	to	both	observe	if	there	was	a	change	in	the	electrochemical	

behavior	of	3	and/or	4	when	using	a	gold	working	electrode	compared	to	a	glassy	carbon	

electrode	 and	 to	 begin	 to	 understand	 the	 oxidation	 and	 reduction	 potentials	 each	

compound	 should	 have	 when	 immobilized	 on	 a	 gold	 electrode.	 The	 bulk	 solution	 cyclic	

voltammetry	 experiments	 in	 1	 mM	 PBS	 with	 0.1	 M	 KCl	 added	 as	 electrolyte	 performed	

earlier	were	repeated	under	the	same	experimental	conditions	except	for	the	composition	

of	 the	 working	 electrode	 used,	 which	 rotated	 from	 the	 same	 glassy	 carbon	 working	

electrode	used	in	earlier	experiments	to	a	gold	working	electrode	purchased	from	BASi	Inc.	

and	several	gold	ball	electrodes	made	manually.70	Only	3	was	analyzed	in	this	experiment	

because	 its	 signal	 intensity	 (current)	 in	 the	 previous	 bulk	 solution	 cyclic	 voltammetry	

experiments	in	PBS	was	higher	than	that	of	4	in	PBS,	and	we	only	needed	a	general	idea	of	

the	position	of	the	redox	couple	using	gold-based	working	electrodes.	As	shown	in	Figure	

42	and	Table	8,	the	oxidation	and	reduction	potentials	of	3	shift	slightly	(~10-20	mV)	when	

the	working	electrode	was	changed;	with	 the	glassy	carbon	working	electrode,	measured	

Epa	=	157	mV	and	Epc	=	91	mV,	with	the	gold	electrode	Epa	=	179	mV	and	Epc	=	111	mV,	and	

with	each	of	the	gold	ball	electrodes	Epa	=	171	mV	and	168	mV	and	Epc	=	103	mV	and	100	

mV,	 respectively.	 Furthermore,	 the	 more	 similar	 two	 working	 electrodes	 were	 in	

composition,	 the	smaller	 the	difference	 in	Epa	and	Epc	measured	using	each	electrode;	 the	
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measured	Epa	and	Epc	of	3	was	more	similar	between	the	3	gold	electrodes	evaluated	than	

between	 any	 one	 of	 them	 and	 the	 glassy	 carbon	 electrode,	 and	 the	 two	 electrodes	 that	

provided	the	most	similar	measurements	were	the	two	gold	ball	electrodes.	This	suggested	

that	 3	 (and	 likely	 4)	 behaved	 similarly	 in	 bulk	 solution	 when	 using	 a	 gold	 working	

electrode	 instead	of	a	glassy	carbon	working	electrode.	Additionally,	 the	similarity	of	 the	

values	measured	using	each	of	the	two	gold	ball	electrodes	indicated	that	the	methods	used	

to	 produce	 the	 gold	 ball	 electrodes	 were	 reliable	 and	 could	 be	 used	 to	 make	 several	

electrodes	with	similar	electrochemical	behavior.	

	

	

Figure	42:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	10	mL	sample	of	3	(1.0	mM)	with	
various	working	electrodes	using	1	mM	PBS	(pH	7.5)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	a	silver	
wire	reference	electrode,	a	platinum	wire	auxiliary	electrode,	and	a	scan	rate	of	500	mV/s.		
		

-1.5-1.0-0.50.00.51.0
Potential	(V)	vs.	FCA

Glassy	Carbon

Gold

Gold	Ball	1

Gold	Ball	2

10	µA
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	 Once	confidence	was	established	in	the	use	of	gold	electrodes,	the	next	step	was	to	

verify	 that	 the	 thiolate	 present	 in	 both	3	 and	4,	 6-mercaptohexanoic	 acid	 (MHA),	 could	

successfully	interact	with	and	bind	to	a	gold	surface.	To	do	this,	polymer-backed	gold	slides	

(~25	 cm2)	 were	 incubated	 in	 1	 mM	 solutions	 of	 3	 in	 DMF,	 and	 the	 topography	 of	 the	

surface	 of	 each	 plate	 was	 visualized	 using	 atomic	 force	 microscopy	 (AFM).	 Another	

bioconjugate-free	gold	plate	was	also	analyzed	to	serve	as	a	control.	As	shown	in	Figure	43,	

a	 ~100	 nm	 difference	 in	 the	 height	 of	 various	 patches	 around	 the	 incubated	 gold	 plate	

compared	 to	 the	 control	 plate	 indicates	 successful	 immobilization	 of	3	 on	 the	 incubated	

gold	 surface.	 This	 data	 supports	 the	 countless	 examples	 of	 sulfur-gold	 interactions	

described	 in	 the	 literature65	 and	 verifies	 this	 interaction	 is	 possible	 with	 the	 MHA-

containing	bioconjugates	described	in	this	project.		

Working	
Electrode	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
Glassy	
Carbon	 11.0567	 6.7964	 157	 91	 66	 124	 1.6268	

Gold	(BASi)	 3.2471	 3.5828	 179	 111	 68	 145	 0.90630	

Gold	Ball	1	 5.0843	 1.5930	 171	 103	 68	 137	 3.1917	

Gold	Ball	2	 6.0548	 1.1017	 168	 100	 68	 134	 5.4959	

*All	data	shown	was	from	the	cyclic	voltammograms	performed	at	500	mV/s.	

Table	8:	Experimental	results	of	cyclic	voltammetry	of	compound	3	under	the	
experimental	conditions	described	in	Figure	42.	
	



	 83	

	

Upon	successful	immobilization	of	bioconjugate	on	a	gold	surface,	the	next	step	was	

to	 immobilize	3	 and	4	 on	 gold	 electrodes	 and	 perform	 cyclic	 voltammetry	 on	 solutions	

containing	 only	 electrolyte	 using	 bioconjugate-loaded	 gold	 working	 electrodes.	

Immobilization	 of	 both	 3	 and	 4	 was	 attempted	 in	 a	 variety	 of	 solvents,	 including	

dimethylformamide,	water	(with	a	small	amount	of	DMSO	added	to	the	solution	of	4	to	aid	

in	solubility),	and	methanol.	The	setup	that	provided	the	optimal	conditions	to	obtain	gold	

electrodes	 modified	 with	 immobilized	 bioconjugate	 was	 that	 using	 3	 in	 methanol;	 even	

though	4	was	also	soluble	in	methanol,	a	cyclic	voltammetry	experiment	performed	using	a	

gold	ball	working	electrode	previously	incubated	in	a	solution	of	4	(1	mM)	in	methanol	did	

not	produce	oxidation	or	reduction	waves,	 indicating	4	was	not	 immobilized	 in	sufficient	

quantities	to	provide	a	signal	or	had	not	successfully	immobilized	on	the	electrode	surface	

whatsoever.	Thus,	electrochemical	characterization	via	cyclic	voltammetry	of	bioconjugate	

Figure	43:	Atomic	force	microscopy	data	for	a	clean	gold	plate	(left)	and	a	gold	plate	incubated	in	a	
solution	of	3	(1	mM)	in	DMF	(right).	*Note:	the	color	gradient	used	to	indicate	distance	from	the	surface	is	
different	for	each	image	and	is	illustrated	as	a	spectrum	to	the	right	of	each	image.	
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immobilized	 on	 a	 gold	 ball	 electrode	 could	 only	 be	 performed	 on	3,	 not	4.	 As	 shown	 in	

Figure	44	and	Table	9,	the	Fe(II)/Fe(III)	couple	of	3	resulted	in	a	measured	Epa	=	196	mV	

and	Epc	 =	 50	mV.	While	 these	 two	 values	 are	 similar	 to	 those	 observed	 in	 previous	bulk	

solution	cyclic	voltammetry	experiments	using	gold	ball	working	electrodes	(see	Figure	42	

and	Table	8),	a	significant	decrease	in	signal	intensity	(current)	was	observed	as	the	scan	

rate	decreased	from	500	mV/s	to	100	mV/s.	It	is	important	to	note	that	the	measurement	

at	500	mV/s	was	taken	first,	with	each	of	the	following	measurements	performed	at	a	scan	

rate	 100	mV/s	 lower	 than	 the	 previous.	While	 the	 position	 of	 the	measured	 Epa	 and	 Epc	

indicate	 successful	 immobilization	 of	 3	 on	 the	 gold	 ball	 electrode	 surface,	 the	 gradual	

fouling	of	 the	signal	suggests	 the	 immobilized	3	may	be	decomposing	or	 interacting	with	

the	gold	and/or	solution	in	such	a	way	that	it	 is	no	longer	able	to	produce	a	viable	signal	

after	multiple	 electrochemical	measurements.	 Moving	 forward	 to	 reactivity	 studies	with	

modified	 gold	 ball	 electrodes	 and	 caspase-3,	 this	 experiment	 indicated	 that	 the	 same	

modified	gold	ball	 electrode	 likely	 could	not	be	used	 in	a	 cyclic	voltammetry	experiment	

both	before	and	after	 exposure	 to	 caspase-3.	To	 circumvent	 this	 issue,	multiple	gold	ball	

electrodes	would	have	to	be	prepared	in	order	to	allow	for	some	to	be	used	as	untreated	

control	electrodes	and	others	to	serve	as	enzyme-treated	experimental	electrodes.	
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Compound	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	

3	 0.6876	 0.4059	 196	 50	 146	 123	 1.695	

*All	data	shown	was	from	the	cyclic	voltammogram	performed	at	500	mV/s.	

	

As	discussed	previously,	a	gold	ball	electrode	successfully	modified	with	4	could	not	

be	obtained,	despite	numerous	attempts	to	acquire	one	using	a	variety	of	solvents.	Through	

the	various	trials,	it	is	possible	that	at	any	point	4	had	successfully	immobilized	on	the	gold	

Figure	44:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	sample	of	3	immobilized	on	a	gold	
ball	working	electrode	at	a	range	of	scan	rates	using	PBS	(pH	7.5)	as	a	solvent,	KCl	(0.1M)	as	an	
electrolyte,	a	silver	wire	reference	electrode,	and	a	platinum	wire	auxiliary	electrode.	The	inset	shows	the	
linear	correlation	of	the with	the	Ipc	value	derived	from	the	voltammogram	data.	

Table	9:	Experimental	results	of	cyclic	voltammetry	of	compound	3	under	the	
experimental	conditions	described	in	Figure	44.		
	

-0.4-0.3-0.2-0.10.00.10.20.30.40.50.60.7 Potential	(V)	vs.	FCA

100	mV/s

200	mV/s

300	mV/s

400	mV/s

500	mV/s2	µA

y	=	2E-07x	- 2E-06
R²	=	0.97566
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v1/2
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ball	 electrode	 surface,	 but	 did	 not	 produce	 a	 strong	 enough	 signal	 when	 undergoing	

oxidation	or	reduction	during	cyclic	voltammetry	to	be	detected	by	the	potentiostat.	If	this	

was	the	case,	 there	are	two	possible	explanations	for	this	phenomenon:	(1)	the	electrode	

surface	 is	 overcrowded	 with	 4	 to	 the	 point	 that	 electrolyte	 cannot	 properly	 reach	 the	

surface	 and	 signal	 strength	 (current)	 plummets,	 or	 (2)	 the	 electrode	 surface	 is	 not	

overcrowded	but	the	signals	elicited	when	4	undergoes	redox	events	are	simply	not	strong	

enough	 to	 be	 discerned	 from	 the	 background	 signal	 present	 when	 performing	 cyclic	

voltammetry	with	a	gold	ball	working	electrode.	Regardless	of	the	reason,	the	inability	to	

characterize	 4	 immobilized	 on	 a	 gold	 ball	 electrode	 with	 cyclic	 voltammetry	 raised	

uncertainty	going	into	future	experiments	involving	the	reactivity	of	3	with	caspase-3,	as	it	

was	unclear	whether	or	not	a	signal	could	be	detected	once	the	immobilized	3	was	cleaved	

to	4.	 Since	 this	project	was	 founded	upon	a	 shift	 in	 redox	potential	 rather	 than	a	 loss	of	

signal	 (current)	 when	 caspase-3	 interacts	 with	 3	 immobilized	 on	 a	 gold	 surface,	 an	

underlying	problem	with	the	ability	of	4	to	produce	a	measurable	signal	when	immobilized	

on	a	gold	could	serve	as	a	major	obstacle	for	the	success	of	this	project.	Regardless,	it	was	

decided	that	the	reactivity	studies	with	caspase-3	would	be	performed	as	planned	despite	

the	uncertainty	these	immobilization	studies	raised.		

	 Another	 experiment	 was	 performed	 to	 evaluate	 the	 consistency	 of	 the	

immobilization	approach	used	to	obtain	the	modified	gold	ball	electrode	analyzed	earlier.	3	

unmodified	 gold	 ball	 electrodes	 were	 incubated	 in	 a	 solution	 of	 3	 (1	 mM)	 in	 methanol	

overnight,	 washed	 with	 water	 and	 ethanol,	 and	 used	 as	 working	 electrodes	 in	 cyclic	

voltammetry	experiments	on	1	mM	PBS	solutions	containing	0.1	M	KCl	as	electrolyte.	One	

of	 the	 three	 gold	 ball	 electrodes	 analyzed	 was	 the	 same	 one	 used	 in	 the	 previous	
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experiment	 involving	3	 immobilized	on	a	gold	ball	 electrode,	but	 for	 this	experiment	 the	

electrode	was	first	cleaned	in	aqua	regia	to	remove	previously-immobilized	organic	matter	

prior	 to	 undergoing	 the	 same	 pre-treatment	 and	 incubation	 steps	 of	 the	 other	 two	

electrodes.	 The	 remaining	 two	 electrodes	 analyzed	were	 produced	 immediately	 prior	 to	

this	experiment	and	were	thus	new	relative	to	the	first	electrode.	The	cyclic	voltammogram	

performed	 at	 500	 mV/s	 from	 that	 previous	 experiment	 was	 plotted	 against	 cyclic	

voltammograms	performed	at	the	same	scan	rate	using	the	3	gold	ball	electrodes	analyzed	

in	this	study.	As	illustrated	in	Figure	45	and	Table	10,	the	largest	difference	in	Epa	measured	

using	the	four	gold	ball	electrodes	compared	(three	from	this	study,	one	from	the	previous)	

was	22	mV	(196	mV	for	gold	ball	1	from	the	previous	experiment	and	174	for	gold	ball	1	

after	 cleaning	with	 aqua	 regia	 and	 reincubation)	 and	 that	 for	Epc	was	53	mV	 (50	mV	 for	

gold	 ball	 1	 from	 the	 previous	 experiment	 and	 103	 mV	 for	 gold	 ball	 3).	 While	 some	

difference	 in	 Epa	 and	 Epc	 between	 electrodes	 is	 expected,	 the	 small	 potential	 difference	

observed	 for	 each	 suggests	 that	 the	 immobilization	method	 used	 to	 obtain	 the	modified	

gold	 ball	 electrodes	 used	 is	 reliable	 and	 produces	 consistent	 results.	 Furthermore,	 the	

relative	 consistency	 between	 the	measurements	 taken	 on	 gold	 ball	 1	 from	 the	 previous	

experiment	 (orange)	 and	 those	 taken	 on	 the	 same	 electrode	 in	 this	 experiment	 after	

undergoing	cleaning	in	aqua	regia	(red)	indicate	that	the	gold	ball	electrodes	made	can	be	

reused	 if	 they	 are	 properly	 cleaned	 between	 experiments.	 This	 experiment	 established	

confidence	in	the	use	of	modified	gold	ball	electrodes	going	forward	because	the	following	

experiments	 involving	 caspase-3	would	 require	 the	use	 and	 comparison	of	multiple	 gold	

ball	 electrodes,	 and	 the	 results	 of	 this	 study	 indicated	 that	 such	 an	 experiment	 could	 be	
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performed	 since	 each	 of	 the	 modified	 gold	 ball	 electrodes	 made	 would	 likely	 be	 very	

similar	to	each	other	in	electrochemical	behavior.	

	

	

Gold	Ball	
Electrode	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
1	(Previous	
Experiment)	 0.6876	 0.4059	 196	 50	 146	 123	 1.695	
1	(Cleaned	in	
Aqua	Regia)	 1.7395	 1.7029	 174	 85	 89	 130	 1.0214	
2	 0.5261	 0.5545	 184	 75	 109	 130	 0.9488	
3	 0.9360	 0.3925	 189	 103	 86	 146	 2.385	

Figure	45:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	sample	of	3	immobilized	on	several	
gold	ball	working	electrodes	at	a	scan	rate	of	500	mV/s	using	PBS	(pH	7.5)	as	a	solvent,	KCl	(0.1M)	as	an	
electrolyte,	a	silver	wire	reference	electrode,	and	a	platinum	wire	auxiliary	electrode.		
		

-0.4-0.3-0.2-0.10.00.10.20.30.40.50.60.7

Potential	(V)	vs.	FCA

Gold	Ball	1,	from	
Previous	Experiment

Gold	Ball	1,	Cleaned	and	
Reincubated

Gold	Ball	2

Gold	Ball	3

2	µA

Table	10:	Experimental	results	of	cyclic	voltammetry	of	compound	3	under	the	
experimental	conditions	described	in	Figure	45.		
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3.2.4	Reactivity	Studies	with	Caspase-3	

	 To	evaluate	the	ability	of	caspase-3	to	interact	with	3	immobilized	on	a	gold	surface,	

both	new	and	used	(but	cleaned)	gold	ball	electrodes	modified	with	3	were	incubated	in	a	

0.8	ng/µL	caspase-3	solution	in	caspase-3	buffer	(25	mM	HEPES,	10	mM	DTT,	0.1%	(w/v)	

CHAPS).	The	electrodes	were	allowed	to	shake	in	caspase	solution	for	6	hours	at	37°C,	and	

cyclic	 voltammetry	 experiments	were	performed	on	1	mM	PBS	 solutions	with	0.1	M	KCl	

added	as	electrolyte	using	the	incubated	gold	ball	electrodes	as	the	working	electrodes.	A	

separate	 cyclic	 voltammetry	 experiment	 was	 performed	 on	 another	 modified	 gold	 ball	

electrode	 that	 was	 left	 untreated	 with	 caspase-3	 to	 serve	 as	 a	 control.	 As	 illustrated	 in	

Figure	46	and	Table	11,	neither	Epa	nor	Epc	shifted	significantly	(greater	than	50	mV)	over	

the	6	hours	the	gold	ball	electrodes	were	allowed	to	incubate	in	caspase-3	solution.	In	fact,	

the	 most	 significant	 change	 between	 the	 cyclic	 voltammogram	 data	 obtained	 from	 a	

modified	gold	ball	electrode	treated	with	caspase-3	and	a	similar	electrode	left	untreated	

was	 a	 decrease	 in	 signal	 intensity	 (current);	 while	 cyclic	 voltammetry	 experiments	

performed	 using	 a	 modified	 gold	 ball	 electrode	 untreated	 with	 caspase-3	 provided	 an	

average	 Ipa	 of	 	 0.5261	µA	 and	 Ipc	 of	 0.5545	µA,	 those	 performed	using	 similar	 electrodes	

incubated	in	caspase-3	solution	for	6	hours	provided	an	average	Ipa	of	0.1083	µA	and	Ipc	of	

0.1978	 µA.	 Three	 possible	 explanations	 for	 this	 reduced	 signal	 intensity	 include	

bioconjugate	decomposition	in	solution;	interference/side	reactions	occurring	between	the	

immobilized	3	 and	 the	HEPES,	 CHAPS,	 and/or	DTT	 present	 in	 the	 caspase-3	 buffer;	 and	

overcrowding	 of	 the	 electrode	 surface	 by	 3	 to	 the	 point	 where	 caspase-3	 cannot	 fully	

interact	with	and	 cleave	 the	 immobilized	3.	Regardless	of	 the	 reason,	 strong	 conclusions	
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were	difficult	to	draw	from	the	results	of	this	experiment,	and	further	experiments	needed	

to	be	performed	to	possibly	resolve	the	issues	encountered	in	this	study.	

		

Incubation	
Time	with	
Caspase-3	
(hr)	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
0	 0.5261	 0.5545	 184	 75	 109	 130	 0.9488	
6	 0.1083	 0.1978	 164	 101	 63	 82	 0.5475	
	

Figure	46:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	sample	of	3	immobilized	on	a	gold	
ball	working	electrode	treated	with	caspase-3	(0.8	ng/µL,	in	caspase-3	buffer	(25	mM	HEPES,	10	mM	DTT,	
0.1%	(w/v)	CHAPS))	for	6	hours	(blue)	or	untreated	with	caspase-3	altogether	(red)	at	a	scan	rate	of	500	
mV/s	using	PBS	(pH	7.5)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	a	silver	wire	reference	electrode,	and	a	
platinum	wire	auxiliary	electrode.	

Table	11:	Experimental	results	of	cyclic	voltammetry	of	compound	3	under	the	
experimental	conditions	described	in	Figure	46.		
	

-0.4-0.3-0.2-0.10.00.10.20.30.40.5

Potential	(V)	vs.	FCA

Untreated

6	hr

1	µA
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	 While	the	decomposition	rate	of	3	in	solution	was	something	that	could	not	be	easily	

modified,	the	presence	of	caspase-3	buffer	could	easily	be	adjusted	to	observe	its	effect	on	

the	cleavage	of	 immobilized	3	by	caspase	action.	The	previous	experiment	 involving	gold	

ball	 electrodes	modified	with	3	 and	 caspase-3	was	 repeated	 under	 the	 same	 conditions	

except	 for	 the	 solvent	 of	 the	 0.8	 ng/µL	 caspase-3	 solution.	 Rather	 than	 using	 caspase-3	

buffer,	 the	 caspase-3	 solution	 used	 contained	 1	 mM	 PBS	 with	 0.1	 M	 KCl	 added	 as	

electrolyte.	At	 first	 glance	 at	 the	 cyclic	 voltammogram	data	 in	 Figure	47	 and	Table	12,	 a	

potential	 difference	 in	 Epa	 appears	 to	 be	 present	 between	 a	modified	 gold	 ball	 electrode	

that	was	not	incubated	in	caspase-3	solution	(Epa	=	184	mV)	and	a	separate	modified	gold	

ball	 electrode	 incubated	 in	 caspase-3	 solution	 for	 6	 hours	 (Epa	 =	 31	mV),	with	 a	 similar	

trend	 present	 in	 the	 measured	 Epc	 of	 the	 two	 electrodes	 (Epc	 =	 75	 mV	 and	 -249	 mV,	

respectively).	 However,	 when	 comparing	 the	 scan	 performed	 on	 the	 modified	 gold	 ball	

electrode	 incubated	 in	 caspase-3	 (blue)	 to	 the	 background	 scan	 performed	 on	 the	 same	

gold	ball	electrode	before	it	was	modified	or	incubated	in	caspase-3	(green),	the	oxidation-

like	wave	at	31	mV	in	the	experimental	(blue)	scan	is	similar	enough	to	a	complimentary	

wave	at	 -19	mV	in	 the	background	(green)	scan	that	 the	 two	could	be	one	and	the	same.	

With	this	in	mind,	it	cannot	be	assumed	that	the	immobilized	3	was	successfully	cleaved	to	

4	by	caspase	action,	despite	what	the	cyclic	voltammetry	data	involving	the	experimental	

(blue)	 and	 control	 (red)	 electrodes	 may	 suggest	 without	 considering	 the	 background	

(green)	scan.	
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Incubation	
Time	with	
Caspase-3	
(hr)	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
0	 0.5261	 0.5545	 184	 75	 109	 130	 0.9488	
6	 0.5304	 0.4147	 31	 -249	 280	 -109	 1.279	
	

Figure	47:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	sample	of	3	immobilized	on	a	gold	
ball	working	electrode	treated	with	caspase-3	(0.8	ng/µL,	in	1	mM	PBS	with	0.1	M	KCl)	for	6	hours	(blue)	
or	untreated	with	caspase-3	altogether	(red)	at	a	scan	rate	of	500	mV/s	using	PBS	(pH	7.5)	as	a	solvent,	
KCl	(0.1M)	as	an	electrolyte,	a	silver	wire	reference	electrode,	and	a	platinum	wire	auxiliary	electrode.	The	
green	line	represents	the	background	scan	performed	on	the	unmodified	gold	ball	electrode	used	in	6	
hour	experiment	(blue)	prior	to	modification	with	3	in	1	mM	PBS	with	0.1	M	KCl	added	as	electrolyte.	
		

Table	12:	Experimental	results	of	cyclic	voltammetry	of	compound	3	immobilized	on	a	
gold	ball	electrode	under	the	experimental	conditions	described	in	Figure	47.		
	

-1.4-1.2-1.0-0.8-0.6-0.4-0.20.00.20.40.60.8

Potential	(V)	vs.	FCA

Untreated

6	hr

6	hr	electrode	background

5	µA
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	 A	 third	 experiment	was	 performed	 to	 investigate	 the	 ability	 of	3	 to	 interact	with	

caspase-3	altogether.	Aliquots	(50	µL)	of	3	(1	mM)	in	PBS	(1	mM)	with	KCl	(0.1	M)	added	

as	an	electrolyte	were	incubated	with	aliquots	(50	µL)	of	caspase-3	(0.8	ng/µL)	in	the	same	

PBS/KCl	 solution.	 The	 mixtures	 were	 incubated	 at	 37°C	 and	 stirred	 for	 4	 hours.	 Cyclic	

voltammetry	was	performed	on	a	20	µL	sample	of	the	mixture	every	hour	for	4	hours,	with	

each	subsequent	experiment	performed	on	a	fresh	Kanichi	SPE.	Since	the	SPE	used	in	each	

experiment	was	different	 from	 the	 rest,	 a	background	scan	of	 the	 solvent	 (PBS/KCl)	was	

repeated	 before	 each	 cyclic	 voltammetry	 experiment	 to	 ensure	 there	 were	 no	 foreign	

compounds	on	the	surface	remaining	from	manufacturing	of	the	SPE,	which	would	provide	

false	signals	and	thus	skew	any	collected	results.		

As	 shown	 by	 the	 cyclic	 voltammetry	 data	 in	 Figure	 48	 and	 Table	 13,	 with	 a	

maximum	potential	 shift	of	53	mV	 in	Epa	 (from	186	mV	 in	 the	control	 to	133	mV	after	3	

hours)	and	59	mV	in	Epc	(from	27	mV	in	the	control	to	86	mV	after	1	hour),	there	was	little	

shift	 in	 oxidation	 or	 reduction	 potential	 over	 the	 4	 hour	 period	 3	 was	 incubated	 with	

caspase-3.	This	result	came	as	a	surprise;	the	reaction	between	1	and	caspase-3	observed	

in	previous	 studies	 appeared	 to	not	only	 take	place	but	 reach	near	 completion	 after	 just	

one	 hour	 (see	 Figure	 24	 and	 Table	 5).	 Both	 experiments	 performed	 on	 1	 and	 3	 with	

caspase-3	utilized	identical	1	mM	PBS	+	0.1	M	KCl	and	0.8	ng/µL	caspase-3	solutions	and	

were	 performed	 concomitantly	 on	 one	 well	 plate	 incubating	 in	 the	 same	 incubation	

chamber	for	the	same	amount	of	time.	Thus,	the	similarity	in	experimental	conditions	for	

each	study	was	performed	under	suggests	that	the	perceived	difference	in	reactivity	with	

caspase-3	between	1	and	3	is	likely	due	to	a	structural	difference	limiting	the	ability	of	3	to	

undergo	cleavage	by	caspase	action	in	solution.		
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Incubation	
Time	with	
Caspase-3		
(hr)	 Ipa	(µA)	 Ipc	(µA)	 Epa	(mV)	 Epc	(mV)	 ∆E	(mV)	 E1/2	(mV)	 Ipa/Ipc	
0	 14.9007	 11.8026	 186	 27	 159	 107	 1.37556	
1	 10.3096	 8.8777	 155	 86	 69	 121	 1.1871	
2	 6.2458	 6.9581	 140	 76	 64	 108	 0.91997	
3	 6.3212	 5.3944	 133	 65	 68	 99	 1.2622	
4	 6.9105	 6.1024	 144	 67	 77	 105	 1.1537	
*All	data	shown	is	the	averaged	result	of	five	scans,	one	at	each	scan	rate.	
	

	

-0.3-0.2-0.10.00.10.20.30.40.5
Potential	(V)	vs.	FCA

0	hr

1	hr

2	hr

3	hr

4	hr

5	µA

Figure	48:	Cyclic	voltammogram	overlay	of	the	FeIII/FeII	couple	in	a	sample	of	3	treated	with	caspase-3	
(0.8	ng/µL,	in	1	mM	PBS	with	0.1	M	KCl)	for	various	amounts	of	time	at	a	scan	rate	of	100	mV/s	on	a	
Kanichi	SPE	using	PBS	(pH	7.5)	as	a	solvent,	KCl	(0.1M)	as	an	electrolyte,	a	graphite	working	electrode,	a	
graphite	auxiliary	electrode,	and	a	Ag/AgCl	reference	electrode.	
		

Table	13:	Experimental	results	of	cyclic	voltammetry	of	compound	3	immobilized	on	a	
gold	ball	electrode	under	the	experimental	conditions	described	in	Figure	48.	
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3.3	CONCLUSIONS	

Synthesis	of	thiolate-containing	bioconjugates	3-10	was	attempted,	and,	of	these,	3	

and	4	 provided	 the	most	 successful	 synthesis	 and	most	 complete	 characterization.	 As	 a	

result,	3	and	4	were	chosen	as	the	compounds	of	focus	for	the	subsequent	electrochemical	

characterization.	 Cyclic	 voltammetry	 experiments	 in	 both	 aqueous	 and	 organic	 solvents	

revealed	a	several	hundred	mV	difference	in	both	Epa	and	Epc	of	3	compared	to	those	of	4,	

with	 the	 size	 of	 the	 shift	 in	 potential	 changing	 slightly	 depending	 on	 the	 solvent	 system	

used.	 Not	 only	 were	 these	 same	 potential	 shifts	 observed	 when	 the	 scale	 of	 the	 cyclic	

voltammetry	 experiments	was	 lowered	 to	 a	 20	 µL	 scale	 using	 screen-printed	 electrodes,	

but	 the	position	of	Epa	and	Epc	 for	each	compound	remained	relatively	unchanged	on	 the	

smaller	 scale.	 Compound	 3	 was	 successfully	 immobilized	 on	 a	 gold	 ball	 electrode,	 and	

cyclic	voltammetry	experiments	performed	on	modified	gold	ball	 electrodes	 revealed	Epa	

and	Epc	were	 detectable	 through	 cyclic	 voltammetry	 but	 the	 signal	 intensity	 (current)	 of	

each	 faded	 quickly	 upon	 further	 scanning,	 suggesting	 the	 bioconjugate	 present	 on	 the	

surface	 of	 the	 electrode	was	 fouling	with	 each	 additional	 scan.	When	modified	 gold	 ball	

electrodes	were	exposed	to	caspase-3,	regardless	of	the	buffer	choice	(caspase-3	buffer	or	

PBS),	 little	 to	 no	 change	 in	 redox	 potential	 was	 observed.	 A	 final	 experiment	 was	

performed	 involving	 the	 exposure	 of	3	 in	 solution	 to	 caspase-3,	 and	 cyclic	 voltammetry	

performed	 on	 fresh	 aliquots	 (20	 µL)	 of	 the	 mixture	 hourly	 for	 4	 hours	 indicated	 that	

caspase-3	does	not	react	with	3	as	expected.	

As	discussed	previously,	the	results	of	the	final	experiment	in	particular	came	as	a	

surprise	 because	 of	 the	 results	 of	 the	 previous	 experiments	 (see	 Figure	 24	 and	Table	 5)	

showed	 that	 caspase-3	 readily	 cleaved	 the	 DEVD	 from	 1	 to	 produce	 2.	 With	 all	 of	 the	
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experimental	conditions	present	during	the	experiment	1	held	constant	in	the	experiment	

with	3,	the	difference	in	outcome	was	likely	due	to	a	difference	in	structure	between	1	and	

3.	The	primary	structural	difference	between	1	and	3,	 the	presence/absence	of	a	thiolate	

group,	should	not	affect	the	ability	of	each	bioconjugate	to	interact	with	the	caspase-3	since	

it	 is	 unlikely	 an	 added	 thiolate	 moiety	 would	 have	 a	 stronger	 affinity	 for	 the	 caspase-3	

active	site	than	the	DEVD	moiety	present	in	each	bioconjugate.	Aside	from	the	this,	the	only	

other	structural	difference	between	1	 and	3	was	 the	proximity	of	 the	DEVD	moiety	 from	

the	 ferrocene	core	 in	each	bioconjugate.	 In	1,	 lysine	was	used	as	a	 linker	between	DEVD	

and	ferrocene.	Compound	3,	in	contrast,	had	no	such	linker	present,	and	the	DEVD	moiety	

was	linked	to	the	ferrocene	core	through	a	single	nitrogen	atom.	This	lack	of	reactivity	was	

still	 surprising,	 as	 a	 DEVD	 peptide	 was	 cleaved	 from	 an	 amine	 connected	 directly	 to	 a	

macrocycle	 in	 work	 reported	 by	 others.71	 Regardless,	 after	 observing	 minimal	 potential	

shift	upon	exposure	of	3	to	caspase-3	for	multiple	hours,	there	is	renewed	skepticism	in	the	

structural	 design	 of	 3.	 In	 future	 experiments,	 the	 synthesis,	 electrochemical	

characterization,	and	reactivity	studies	with	caspase-3	performed	on	3	should	be	repeated	

with	 congeners	 of	3	 containing	DEVD-ferrocene	 linkers	 of	 various	 length	 to	 observe	 if	 a	

potential	 shift	 in	 Epa	 and/or	 Epc	 occurs	 when	 the	 distance	 between	 the	 two	 groups	 is	

increased	beyond	a	single	nitrogen	atom.	

	 	

3.4	MATERIALS	AND	METHODS	

3.4.1	General	Procedures	

	 Standard	Merrifield	techniques	were	employed	for	all	bioconjugate	syntheses	using	

plastic-fritted	syringes	(10	mL)	as	reaction	vessels	to	facilitate	the	multiple	additions	and	
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removal	of	reagents	and	wash	solvents.	An	automated	shaker	was	employed	to	gently	mix	

the	 solid	 phase	 and	 reagents.	 The	 ninhydrin	 test	 kit	 (Kaiser	 test)	 purchased	 from	 Fluka	

Analytical	was	utilized	to	test	for	successful	coupling	or	free	amines	following	deprotection	

steps.		

	 TentaGel	 S	 RAM	 Fmoc	 Resin	 was	 purchased	 from	 Creo	 Salus	 Chemical	 Company	

(0.25	mmol/g)	 and	2-Chlorotrityl	 Chloride	Resin	was	purchased	 from	ChemPep	 Inc.	 (1.5	

mmol/g).	1’-Fmoc-amino-ferrocene	carboxylic	acid	was	purchased	from	Omm	Scientific.	All	

other	 reagents	 were	 purchased	 from	 commercial	 sources	 and	 used	 as	 received	 unless	

noted.	 	 3-9	 	 were	 air	 stable	 but	 stored	 at	 4°C	 to	 avoid	 slow	 decomposition	 which	 was	

observed	after	several	weeks.		

	

3.4.2	Physical	Methods		

	 A	 Bruker	 Avance	 400	 MHz	 was	 utilized	 to	 obtain	 the	 NMR	 spectra	 in	 dimethyl	

sulfoxide-d6	(DMSO-d6)	as	specified	in	the	sections	below.	ESI-MS	was	performed	using	the	

Agilent	6224	Accurate-Mass	Time-Of-Flight	(TOF)	MS.		

	 Bulk	 solution	 cyclic	 voltammograms	were	 acquired	 at	 room	 temperature	 using	 a	

BASi-C3	potentiostat.		Measurements	were	performed	under	a	blanket	of	nitrogen	in	either	

1	 mM	 phosphate-buffered	 saline	 (PBS;	 pH	 =	 7.4)	 with	 0.1	 M	 potassium	 chloride	 as	 an	

electrolyte	or	dimethylformamide	with	0.1	M	tetrabutylammonium	tetrafluoroborate	as	an	

electrolyte.	 Experiments	 performed	 in	 PBS	 utilized	 a	 3.0	 mm	 glassy	 carbon	 working	

electrode,	 a	 platinum	wire	 auxiliary	 electrode,	 and	 a	Ag/AgCl	 reference	 electrode.	 Those	

performed	 in	 dimethylformamide	 utilized	 a	 3.0	 mm	 glassy	 carbon	 working	 electrode,	 a	

platinum	 wire	 auxiliary	 electrode,	 and	 a	 Ag	 quasielectrode.	 Aliquots	 (10	 mL)	 of	 these	



	 98	

solutions	were	used	to	obtain	cyclic	voltammograms.	Small	volume	cyclic	voltammograms	

were	acquired	under	the	same	conditions	described	above	but	utilized	smaller	aliquots	(3	

mL)	and	either	a	3	mm	glassy	carbon	working	electrode,	a	1.6	mm	gold	working	electrode,	

or	 a	 gold	 ball	working	 electrode,	 as	 specified	 in	 each	 protocol	 described	 in	 the	 previous	

section.	

	 Cyclic	 voltammograms	 using	 screen-printed	 electrodes	 were	 acquired	 at	 room	

temperature	using	a	BASi-C3	potentiostat.	Screen-printed	electrodes	were	purchased	from	

Kanichi	Research	Ltd.	 (product	#	KRS-1001)	and	were	equipped	with	a	3.0	mm	graphite	

working	 electrode,	 a	 graphite	 auxiliary	 electrode,	 and	 a	 Ag/AgCl	 reference	 electrode.	

Measurements	were	performed	in	1	mM	phosphate-buffered	saline	(pH	=	7.4)	with	0.1	M	

KCl	 as	 an	 electrolyte.	 Aliquots	 (20	 µL)	 of	 these	 solutions	 were	 used	 to	 obtain	 cyclic	

voltammograms.	

	

3.4.3	Preparation	and	Treatment	of	Gold	Ball	Electrodes	

	 Gold	wire	(0.127	mm)	was	purchased	from	Sigma-Aldrich.	To	prepare	the	gold	ball	

electrodes,	 segments	 (7	 cm)	 of	 untreated	 gold	 wire	 were	 cut	 and	 carefully	 heated	

individually	 over	 an	 open	 flame	 until	 one	 end	 melted	 into	 a	 ball.	 Each	 electrode	 was	

washed	thoroughly	with	distilled	water	and	95%	ethanol.		

	 Each	gold	ball	electrode	made	was	pretreated	before	incubation	with	bioconjugate	

and/or	 use	 in	 a	 cyclic	 voltammetry	 experiment.	 To	 pretreat	 a	 single	 gold	 ball	 electrode,	

cyclic	 voltammetry	 was	 performed	 on	 a	 10	 mL	 sample	 of	 1	 M	 sulfuric	 acid	 using	 the	

untreated	 gold	 ball	 working	 electrode,	 a	 platinum	wire	 auxiliary	 electrode,	 and	 a	 silver	

wire	reference	electrode.	The	potential	was	cycled	between	0.0	V	and	+1.6	V	for	30	sweeps	
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at	 a	 scan	 rate	 of	 500	 mV/s.	 This	 30-sweep	 cycle	 was	 repeated	 twice	 more	 or	 until	 a	

constant	current	was	observed.	The	treated	gold	ball	electrode	was	rinsed	thoroughly	with	

distilled	water	and	95%	ethanol,	 then	was	either	used	 immediately	or	 stored	 in	a	 sealed	

container	at	4°C	for	later	use.	

	 If	 a	 gold	 ball	 electrode	 was	 to	 be	 reused,	 it	 was	 first	 cleaned	 in	 aqua	 regia	 (3:1	

hydrochloric	acid:nitric	acid).	Upon	swirling	the	gold	ball	in	aqua	regia	for	several	seconds,	

it	 was	washed	 thoroughly	with	 distilled	water	 and	 95%	 ethanol.	 Each	 cleaned	 gold	 ball	

electrode	 then	underwent	 the	 same	pretreatment	procedure	described	previously	before	

use.	

	

3.4.4	Synthesis	of	3:	MHA-en-Fc-DVED	

2-Chlorotrityl	chloride	resin	(0.150	mmol	based	on	loading,	100	mg)	was	placed	in	a	

fritted	syringe	and	allowed	to	swell	in	dimethylformamide	(2	x	20	minutes)	with	shaking.	

The	resin	was	coupled	to	6-mercaptohexanoic	acid	using	a	cocktail	of	6-mercaptohexanoic	

acid	 (0.450	mmol,	 66.7	mg)	 and	 dichloromethane	 (~4	mL)	 and	 6	 hours	 of	 shaking.	 The	

resin	 was	 washed	 (3	 x	 dimethylformamide,	 3	 x	 dimethylformamide:methanol,	 3	 x	

methanol:dichloromethane,	3	x	dichloromethane).	Any	remaining	actives	sites	on	the	resin	

were	 then	capped	with	5%	diisopropylethyl	amine/15%	methanol/dichloromethane	(2	x	

10	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	 mixture	 twice,	 the	 wash	 step	 was	

repeated.	 The	 compound	was	 then	 coupled	 to	 Fmoc-ethylenediamine	 using	 a	 cocktail	 of	

Fmoc-ethylenediamine•HCl	 (0.450	 mmol,	 143.5	 mg),	 1-hydroxybenzotriazole	 hydrate	

(0.450	 mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	 (0.450	 mmol,	 0.0705	 mL),	

diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	 dichloromethane	 (~4	 mL),	 and	
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dimethylformamide	 (~1	mL),	 and	6	 hours	 of	 shaking.	 The	wash	 step	was	 repeated.	 This	

was	 followed	 by	 removal	 of	 the	 Fmoc	 group	 with	 4-6	 mL	 of	 20%	

piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	1’-Fmoc-aminoferrocenecarboxylic	acid	using	a	cocktail	of	

1’-Fmoc-aminoferrocenecarboxylic	 acid	 (0.450	mmol,	 210.2	mg),	 1-hydroxybenzotriazole	

hydrate	 (0.450	 mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	 (0.450	 mmol,	 0.0705	 mL),	

diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	 dichloromethane	 (~4	 mL),	 and	

dimethylformamide	 (~1	mL),	 and	6	 hours	 of	 shaking.	 The	wash	 step	was	 repeated.	 This	

was	 followed	 by	 removal	 of	 the	 Fmoc	 group	 with	 4-6	 mL	 of	 20%	

piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	Fmoc-Asp(OtBu)-OH	using	a	cocktail	of	Fmoc-Asp(OtBu)-

OH	 (0.450	 mmol,	 185.2	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	 mmol,	 60.8	 mg),	

diisopropyl	 carbodiimide	 (0.450	mmol,	 0.0705	mL),	 diisopropylethylamine	 (0.450	mmol,	

0.0784	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 resin	was	 then	 coupled	 to	 Fmoc-Val-OH	using	 a	 cocktail	 of	 Fmoc-Val-OH	
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(0.450	 mmol,	 152.7	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	 mmol,	 60.8	 mg),	

diisopropyl	 carbodiimide	 (0.450	mmol,	 0.0705	mL),	 diisopropylethylamine	 (0.450	mmol,	

0.0784	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 then	 coupled	 to	 Fmoc-Glu(OtBu)-OH	 using	 a	 cocktail	 of	

Fmoc-Glu(OtBu)-OH	 (0.450	 mmol,	 191.5	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	

mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	 (0.450	 mmol,	 0.0705	 mL),	

diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	 dichloromethane	 (~4	 mL),	 and	

dimethylformamide	 (~1	mL),	 and	6	 hours	 of	 shaking.	 The	wash	 step	was	 repeated.	 This	

was	 followed	 by	 removal	 of	 the	 Fmoc	 group	 with	 4-6	 mL	 of	 20%	

piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	Fmoc-Asp(OtBu)-OH	using	a	cocktail	of	Fmoc-Asp(OtBu)-

OH	 (0.450	 mmol,	 185.2	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	 mmol,	 60.8	 mg),	

diisopropyl	 carbodiimide	 (0.450	mmol,	 0.0705	mL),	 diisopropylethylamine	 (0.450	mmol,	

0.0784	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	
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test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 cleaved	 from	 the	 resin	 using	 a	 cleaving	 cocktail	 of	

trifluoroacetic	acid	(120	mmol,	9.45	mL),	MilliQ	H2O	(14	mmol,	0.25	mL),	1,2-ethanedithiol	

(3.0	mmol,	0.25	mL),	and	triisopropyl	silane	(0.49	mmol,	0.10	mL),	with	4	hours	of	shaking	

in	 the	 syringe.	 The	 resulting	 orange	 solution	 was	 decanted	 into	 an	 ependorff	 tube,	 and	

excess	trifluoroacetic	acid	was	blown	off	with	air.	3	was	precipitated	as	a	brown	solid	via	

addition	of	cold	ethyl	ether	to	the	solution.	The	mixture	was	centrifuged	at	3000	rpm	for	5	

minutes,	and	the	resulting	supernatant	was	removed.	This	process	of	ethyl	ether	addition,	

centrifugation,	and	supernatant	removal	was	repeated	3	times	or	until	the	supernatant	was	

clear.	The	solid	was	dried	on	a	lyophilizer	overnight	to	isolate	3	as	a	brown	powder.	Yield	

(based	 on	 resin	 loading):	 47.6	 mg	 (36.2%).	 ESI-MS:	 0.4489	 min,	 m/z	 =	 876.2195	

(53%,[M+H]+),	 761.1964	 (100%,	 [M-Asp+H]+),	 438.5955	 (12%,	 [M+H]2+).	 Theoretical	

[M+H]+:	876.2822,	[M-Asp+H]+:	761.2475,	[M+H]2+:	438.6411.	 	NMR	(DMSO-d6,	400	MHz)	

δ:	8.612	(d,	1H,	amide	NH),	8.390	(d,	1H,	amide	NH),	8.148	(s,	1H,	amide	NH),	7.970	(d,	1H,	

amide	NH),	7.903	(d,	1H,	amide	NH),	7.770	(m,	1H,	amide	NH),	3.902-4.663	(m,	6H,	4	amino	

acid	side	chain	base	CH,	terminal	amine	NH2),	3.427	(m,	12H,	8	ferrocene	CH,	residual	H2O,	

residual	 Et2O	 CH2),	 2.677-3.209	 (m,	 8H,	 2	 ethylene	 diamine	 CH2,	 2	 Asp	 side	 chain	 CH2),	

2.508	(s,	6H,	DMSO),	1.318-2.503	(m,	25H,	10	11-mercaptounadecanoic	acid	CH2,	Val	side	

chain	CH,	2	Glu	side	chain	CH2),	1.114	(t,	6H,	residual	Et2O	CH3),	0.846	(m,	6H,	2	Val	side	

chain	CH3).	
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Figure	49:	ESI-MS	of	3	in	water.	

	
Figure	50:	1H	NMR	of	3	in	DMSO-d6	with	labeled	molecular	diagram.	
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3.4.5	Synthesis	of	4:	MHA-en-Fc-NH2	

2-Chlorotrityl	chloride	resin	(0.150	mmol	based	on	loading,	100	mg)	was	placed	in	a	

fritted	syringe	and	allowed	to	swell	in	dimethylformamide	(2	x	20	minutes)	with	shaking.	

The	resin	was	coupled	to	6-mercaptohexanoic	acid	using	a	cocktail	of	6-mercaptohexanoic	

acid	 (0.450	mmol,	 66.7	mg)	 and	 dichloromethane	 (~4	mL)	 and	 6	 hours	 of	 shaking.	 The	

resin	 was	 washed	 (3	 x	 dimethylformamide,	 3	 x	 dimethylformamide:methanol,	 3	 x	

methanol:dichloromethane,	3	x	dichloromethane).	Any	remaining	actives	sites	on	the	resin	

were	 then	capped	with	5%	diisopropylethyl	amine/15%	methanol/dichloromethane	(2	x	

10	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	 mixture	 twice,	 the	 wash	 step	 was	

repeated.	 The	 compound	was	 then	 coupled	 to	 Fmoc-ethylenediamine	 using	 a	 cocktail	 of	

Fmoc-ethylenediamine•HCl	 (0.450	 mmol,	 143.5	 mg),	 1-hydroxybenzotriazole	 hydrate	

Figure	51:	13C	APT	NMR	of	3	in	DMSO-d6	with	labeled	molecular	diagram.	
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(0.450	 mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	 (0.450	 mmol,	 0.0705	 mL),	

diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	 dichloromethane	 (~4	 mL),	 and	

dimethylformamide	 (~1	mL),	 and	6	 hours	 of	 shaking.	 The	wash	 step	was	 repeated.	 This	

was	 followed	 by	 removal	 of	 the	 Fmoc	 group	 with	 4-6	 mL	 of	 20%	

piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	1’-Fmoc-aminoferrocenecarboxylic	acid	using	a	cocktail	of	

1’-Fmoc-aminoferrocenecarboxylic	 acid	 (0.450	mmol,	 210.2	mg),	 1-hydroxybenzotriazole	

hydrate	 (0.450	 mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	 (0.450	 mmol,	 0.0705	 mL),	

diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	 dichloromethane	 (~4	 mL),	 and	

dimethylformamide	 (~1	mL),	 and	6	 hours	 of	 shaking.	 The	wash	 step	was	 repeated.	 This	

was	 followed	 by	 removal	 of	 the	 Fmoc	 group	 with	 4-6	 mL	 of	 20%	

piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	cleaved	from	the	resin	using	a	cleaving	cocktail	of	trifluoroacetic	acid	(120	

mmol,	9.45	mL),	MilliQ	H2O	(14	mmol,	0.25	mL),	1,2-ethanedithiol	(3.0	mmol,	0.25	mL),	and	

triisopropyl	 silane	 (0.49	 mmol,	 0.10	 mL),	 with	 4	 hours	 of	 shaking	 in	 the	 syringe.	 The	

resulting	orange	solution	was	decanted	 into	an	ependorff	 tube,	and	excess	 trifluoroacetic	

acid	was	blown	off	with	air.	4	was	precipitated	as	a	brown	solid	via	addition	of	cold	ethyl	

ether	 to	 the	 solution.	 The	mixture	 was	 centrifuged	 at	 3000	 rpm	 for	 5	minutes,	 and	 the	

resulting	 supernatant	was	 removed.	 This	 process	 of	 ethyl	 ether	 addition,	 centrifugation,	
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and	 supernatant	 removal	 was	 repeated	 3	 times	 or	 until	 the	 supernatant	 was	 clear.	 The	

solid	was	dried	on	a	lyophilizer	overnight	to	isolate	4	as	a	tacky	brown	solid.	Yield	(based	

on	resin	loading):	32.7	mg	(52.2%).	ESI-MS:	0.45583	min,	m/z	=	418.0860	(75%,	[M+H]+).	

Theoretical	 [M+H]+:	 418.1173.	 1H	NMR	 (DMSO-d6,	 400	MHz)	 δ:	 8.007	 (d,	 2H,	 2	 ethylene	

diamine	NH),	4.127-4.823	(d,	8H,	8	ferrocene	CH),	3.310	(s,	2H,	residual	H2O),	3.219	(m,	4H,	

2	ethylene	diamine	CH2),	2.508	(s,	6H,	DMSO),	2.248	(t,	2H,	aliphatic	chain	CH2),	2.112	(t,	

2H,	 alphatic	 chain	CH2),	 1.658	 (m,	 2H,	 aliphatic	 CH2),	 1.567	 (m,	 2H,	 aliphatic	 chain	CH2),	

1.363	(m,	2H,	aliphatic	chain	CH2),	1.100	(t,	6H,	residual	ether	CH3).		

	

	

	

	

	

	

	

	

	

	

		
				
Figure	52:	ESI-MS	of	4	in	acetonitrile.	
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3.4.6	Synthesis	of	5:	MUA-en-Fc-DVED	

2-Chlorotrityl	chloride	resin	(0.150	mmol	based	on	loading,	100	mg)	was	placed	in	a	

fritted	syringe	and	allowed	to	swell	in	dimethylformamide	(2	x	20	minutes)	with	shaking.	

The	 resin	 was	 coupled	 to	 11-mercaptounadecanoic	 acid	 using	 a	 cocktail	 of	 11-

mercaptounadecanoic	 acid	 (0.450	mmol,	 98.3	mg)	 and	 dichloromethane	 (~4	mL)	 and	 6	

hours	 of	 shaking.	 The	 resin	 was	 washed	 (3	 x	 dimethylformamide,	 3	 x	

dimethylformamide:methanol,	 3	 x	methanol:dichloromethane,	 3	 x	dichloromethane).	Any	

remaining	 actives	 sites	 on	 the	 resin	 were	 then	 capped	 with	 5%	 diisopropylethyl	

amine/15%	 methanol/dichloromethane	 (2	 x	 10	 min)	 with	 shaking.	 After	 expelling	 the	

reaction	mixture	 twice,	 the	wash	step	was	repeated.	The	compound	was	 then	coupled	 to	

Fmoc-ethylenediamine	using	a	cocktail	of	Fmoc-ethylenediamine•HCl	(0.450	mmol,	143.5	

mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	 mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	

Figure	53:	1H	NMR	of	4	in	DMSO-d6	with	labeled	molecular	diagram.	
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(0.450	 mmol,	 0.0705	 mL),	 diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	

dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	shaking.	The	

wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	with	4-6	mL	of	

20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	expelling	the	reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	1’-Fmoc-aminoferrocenecarboxylic	acid	using	a	cocktail	of	

1’-Fmoc-aminoferrocenecarboxylic	 acid	 (0.450	mmol,	 210.2	mg),	 1-hydroxybenzotriazole	

hydrate	 (0.450	 mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	 (0.450	 mmol,	 0.0705	 mL),	

diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	 dichloromethane	 (~4	 mL),	 and	

dimethylformamide	 (~1	mL),	 and	6	 hours	 of	 shaking.	 The	wash	 step	was	 repeated.	 This	

was	 followed	 by	 removal	 of	 the	 Fmoc	 group	 with	 4-6	 mL	 of	 20%	

piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	Fmoc-Asp(OtBu)-OH	using	a	cocktail	of	Fmoc-Asp(OtBu)-

OH	 (0.450	 mmol,	 185.2	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	 mmol,	 60.8	 mg),	

diisopropyl	 carbodiimide	 (0.450	mmol,	 0.0705	mL),	 diisopropylethylamine	 (0.450	mmol,	

0.0784	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	
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blue	 color.	 The	 resin	was	 then	 coupled	 to	 Fmoc-Val-OH	using	 a	 cocktail	 of	 Fmoc-Val-OH	

(0.450	 mmol,	 152.7	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	 mmol,	 60.8	 mg),	

diisopropyl	 carbodiimide	 (0.450	mmol,	 0.0705	mL),	 diisopropylethylamine	 (0.450	mmol,	

0.0784	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 then	 coupled	 to	 Fmoc-Glu(OtBu)-OH	 using	 a	 cocktail	 of	

Fmoc-Glu(OtBu)-OH	 (0.450	 mmol,	 191.5	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	

mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	 (0.450	 mmol,	 0.0705	 mL),	

diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	 dichloromethane	 (~4	 mL),	 and	

dimethylformamide	 (~1	mL),	 and	6	 hours	 of	 shaking.	 The	wash	 step	was	 repeated.	 This	

was	 followed	 by	 removal	 of	 the	 Fmoc	 group	 with	 4-6	 mL	 of	 20%	

piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	Fmoc-Asp(OtBu)-OH	using	a	cocktail	of	Fmoc-Asp(OtBu)-

OH	 (0.450	 mmol,	 185.2	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	 mmol,	 60.8	 mg),	

diisopropyl	 carbodiimide	 (0.450	mmol,	 0.0705	mL),	 diisopropylethylamine	 (0.450	mmol,	

0.0784	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	
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expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 cleaved	 from	 the	 resin	 using	 a	 cleaving	 cocktail	 of	

trifluoroacetic	acid	(120	mmol,	9.45	mL),	MilliQ	H2O	(14	mmol,	0.25	mL),	1,2-ethanedithiol	

(3.0	mmol,	0.25	mL),	and	triisopropyl	silane	(0.49	mmol,	0.10	mL),	with	4	hours	of	shaking	

in	 the	 syringe.	 The	 resulting	 orange	 solution	 was	 decanted	 into	 an	 ependorff	 tube,	 and	

excess	trifluoroacetic	acid	was	blown	off	with	air.	5	was	precipitated	as	an	brown	solid	via	

addition	of	cold	ethyl	ether	to	the	solution.	The	mixture	was	centrifuged	at	3000	rpm	for	5	

minutes,	and	the	resulting	supernatant	was	removed.	This	process	of	ethyl	ether	addition,	

centrifugation,	and	supernatant	removal	was	repeated	3	times	or	until	the	supernatant	was	

clear.	The	solid	was	dried	on	a	lyophilizer	overnight	to	isolate	5	as	a	brown	powder.	Yield	

(based	on	 resin	 loading):	25.2	mg	 (17.8%).	ESI-MS:	0.4622	min,	m/z	=	946.2855	 (100%,	

[M+H]+),	 831.2633	 (10%,	 [M-Asp+H]+),	 473.6267	 (20%,	 [M+H]2+).	 Theoretical	 [M+H]+:	

946.3605,	[M-Asp+H]+:	831.3257,	[M+H]2+:	473.3803.	NMR	(DMSO,	400	MHz)	δ:	8.612	(d,	

1H,	amide	NH),	8.358	(d,	1H,	amide	NH),	8.147	(s,	1H,	amide	NH),	7.974	(d,	1H,	amide	NH),	

7.879	(d,	1H,	amide	NH),	7.752	(m,	1H,	amide	NH),	3.893-4.661	(m,	6H,	4	amino	acid	side	

chain	base	CH,	terminal	amine	NH2),	3.387	(m,	14H,	8	ferrocene	CH,	residual	H2O,	residual	

Et2O	CH2),	2.686-3.207	(m,	8H,	2	ethylene	diamine	CH2,	2	Asp	side	chain	CH2),	2.508	(s,	6H,	

DMSO),	 1.320-2.503	 (m,	25H,	10	11-mercaptounadecanoic	 acid	CH2,	Val	 side	 chain	CH,	2	

Glu	side	chain	CH2),	1.110	(t,	6H,	residual	Et2O	CH3),	0.880	(m,	6H,	2	Val	side	chain	CH3).		
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Figure	55:	1H	NMR	of	5	in	DMSO-d6	with	labeled	molecular	diagram.	

Figure	54:	ESI-MS	of	5	in	methanol.	
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3.4.7	Synthesis	of	6:	MUA-en-Fc-NH2	

2-Chlorotrityl	chloride	resin	(0.150	mmol	based	on	loading,	100	mg)	was	placed	in	a	

fritted	syringe	and	allowed	to	swell	in	dimethylformamide	(2	x	20	minutes)	with	shaking.	

The	 resin	 was	 coupled	 to	 11-mercaptounadecanoic	 acid	 using	 a	 cocktail	 of	 11-

mercaptounadecanoic	 acid	 (0.450	mmol,	 98.3	mg)	 and	 dichloromethane	 (~4	mL)	 and	 6	

hours	 of	 shaking.	 The	 resin	 was	 washed	 (3	 x	 dimethylformamide,	 3	 x	

dimethylformamide:methanol,	 3	 x	methanol:dichloromethane,	 3	 x	dichloromethane).	Any	

remaining	 actives	 sites	 on	 the	 resin	 were	 then	 capped	 with	 5%	 diisopropylethyl	

amine/15%	 methanol/dichloromethane	 (2	 x	 10	 min)	 with	 shaking.	 After	 expelling	 the	

reaction	mixture	 twice,	 the	wash	step	was	repeated.	The	compound	was	 then	coupled	 to	

Fmoc-ethylenediamine	using	a	cocktail	of	Fmoc-ethylenediamine•HCl	(0.450	mmol,	143.5	

mg),	 1-hydroxybenzotriazole	 hydrate	 (0.450	 mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	

(0.450	 mmol,	 0.0705	 mL),	 diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	

dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	shaking.	The	

wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	with	4-6	mL	of	

20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	expelling	the	reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	1’-Fmoc-aminoferrocenecarboxylic	acid	using	a	cocktail	of	

1’-Fmoc-aminoferrocenecarboxylic	 acid	 (0.450	mmol,	 210.2	mg),	 1-hydroxybenzotriazole	

hydrate	 (0.450	 mmol,	 60.8	 mg),	 diisopropyl	 carbodiimide	 (0.450	 mmol,	 0.0705	 mL),	

diisopropylethylamine	 (0.450	 mmol,	 0.0784	 mL),	 dichloromethane	 (~4	 mL),	 and	

dimethylformamide	 (~1	mL),	 and	6	 hours	 of	 shaking.	 The	wash	 step	was	 repeated.	 This	
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was	 followed	 by	 removal	 of	 the	 Fmoc	 group	 with	 4-6	 mL	 of	 20%	

piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	cleaved	from	the	resin	using	a	cleaving	cocktail	of	trifluoroacetic	acid	(120	

mmol,	9.45	mL),	MilliQ	H2O	(14	mmol,	0.25	mL),	1,2-ethanedithiol	(3.0	mmol,	0.25	mL),	and	

triisopropyl	 silane	 (0.49	 mmol,	 0.10	 mL),	 with	 4	 hours	 of	 shaking	 in	 the	 syringe.	 The	

resulting	orange	solution	was	decanted	 into	an	ependorff	 tube,	and	excess	 trifluoroacetic	

acid	was	blown	off	with	air.	6	was	precipitated	as	a	brown	solid	via	addition	of	cold	ethyl	

ether	 to	 the	 solution.	 The	mixture	 was	 centrifuged	 at	 3000	 rpm	 for	 5	minutes,	 and	 the	

resulting	 supernatant	was	 removed.	 This	 process	 of	 ethyl	 ether	 addition,	 centrifugation,	

and	 supernatant	 removal	 was	 repeated	 3	 times	 or	 until	 the	 supernatant	 was	 clear.	 The	

solid	was	dried	on	a	lyophilizer	overnight	to	isolate	6	as	a	tacky	brown	solid.	Yield	(based	

on	resin	loading):	40.1	mg	(54.8%).	1H	NMR	(DMSO-d6,	400	MHz)	δ:	3.410	(s,	2H,	residual	

water),	2.508	(s,	6H,	DMSO),	1.050	(m,	6H,	residual	ether).	
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3.4.8	Synthesis	of	7:	K(MHA)-Fc-DVED	

TentaGel	S	RAM	Fmoc	resin	(0.100	mmol	based	on	loading,	250	mg)	was	placed	in	a	

fritted	syringe	and	allowed	to	swell	in	dimethylformamide	(2	x	20	minutes)	with	shaking.	

Deprotection	 was	 achieved	 with	 4-6	mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	

minutes)	 with	 shaking.	 The	 resin	 was	 washed	 (3	 x	 dimethylformamide,	 3	 x	

dimethylformamide:methanol,	 3	 x	 methanol:dichloromethane,	 3	 x	 dichloromethane).	

Deprotection	 was	 confirmed	 with	 the	 ninhydrin	 test	 (yellow	 =	 negative	 result,	 blue	 =	

positive	result).	The	resin	was	then	coupled	to	Fmoc-Lys(Mtt)-OH	using	a	cocktail	of	Fmoc-

Lys(Mtt)-OH	(0.300	mmol,	187.4	mg),	1-hydroxybenzotriazole	hydrate	(0.300	mmol,	40.5	

mg),	 diisopropyl	 carbodiimide	 (0.300	 mmol,	 0.047	 mL),	 diisopropylethylamine	 (0.300	

	Figure	56:	1H	NMR	of	6	in	DMSO-d6.	
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mmol,	0.052	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	

of	shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	 again.	 The	 resin	was	

then	 coupled	 to	 6-mercaptohexanoic	 acid	 using	 a	 cocktail	 of	 6-mercaptohexanoic	 acid	

(0.300	mmol,	0.042	mL)	and	dichloromethane	(~4	mL)	and	6	hours	of	shaking.	The	wash	

step	was	repeated.	The	terminal	thiol	was	protected	with	a	Dpm	group	using	a	cocktail	of	

Dpm	 chloride	 (0.300	 mmol,	 60.8	 mg)	 and	 dichloromethane	 (~4	 mL)	 and	 6	 hours	 of	

shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Mtt	group	with	

4-6	 mL	 of	 2%	 trifluoroacetic	 acid/4%	 triisopropylsilane/dichloromethane	 (2	 x	 20	 min)	

with	 shaking.	 Concentrated	 trifluoroacetic	 acid	 was	 applied	 to	 a	 few	 beads	 to	 verify	

deprotection	 (no	 color	 change	 =	 deprotected,	 yellow/orange	 =	 Mtt	 protected).	 After	

expelling	 the	 reaction	 mixture	 twice,	 the	 resin	 was	 washed	 (2	 x	 dichloromethane,	 2	 x	

methanol,	2	x	dimethylformamide).	The	resin	was	then	coupled	to	1’-Fmoc-aminoferrocene	

carboxylic	 acid	 using	 a	 cocktail	 of	 1’-Fmoc-aminoferrocene	 carboxylic	 acid	 (0.300	mmol,	

140.1	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	 mmol,	 40.5	 mg),	 diisopropyl	

carbodiimide	 (0.300	 mmol,	 0.047	 mL),	 diisopropylethylamine	 (0.300	 mmol,	 0.052	 mL),	

dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	shaking.	The	

wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	with	4-6	mL	of	

20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	expelling	the	reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	Fmoc-Asp(OtBu)-OH	using	a	cocktail	of	Fmoc-Asp(OtBu)-
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OH	 (0.300	 mmol,	 123.4	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	 mmol,	 40.5	 mg),	

diisopropyl	 carbodiimide	 (0.300	 mmol,	 0.047	 mL),	 diisopropylethylamine	 (0.300	 mmol,	

0.052	mL),	 dichloromethane	 (~4	mL),	 and	 dimethylformamide	 (~1	mL),	 and	 6	 hours	 of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 resin	was	 then	 coupled	 to	 Fmoc-Val-OH	using	 a	 cocktail	 of	 Fmoc-Val-OH	

(0.300	 mmol,	 101.8	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	 mmol,	 40.5	 mg),	

diisopropyl	 carbodiimide	 (0.300	 mmol,	 0.047	 mL),	 diisopropylethylamine	 (0.300	 mmol,	

0.057	mL),	 dichloromethane	 (~4	mL),	 and	 dimethylformamide	 (~1	mL),	 and	 6	 hours	 of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 then	 coupled	 to	 Fmoc-Glu(OtBu)-OH	 using	 a	 cocktail	 of	

Fmoc-Glu(OtBu)-OH	 (0.300	 mmol,	 127.6	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	

mmol,	40.5	mg),	diisopropyl	carbodiimide	(0.300	mmol,	0.047	mL),	diisopropylethylamine	

(0.300	mmol,	0.052	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	

6	hours	of	shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	

group	with	4-6	mL	of	20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	
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blue	 color.	 The	 compound	 was	 then	 coupled	 to	 Fmoc-Asp(OtBu)-OH	 using	 a	 cocktail	 of	

Fmoc-Asp(OtBu)-OH	 (0.300	 mmol,	 123.4	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	

mmol,	40.5	mg),	diisopropyl	carbodiimide	(0.300	mmol,	0.047	mL),	diisopropylethylamine	

(0.300	mmol,	0.052	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	

6	hours	of	shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	

group	with	4-6	mL	of	20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 cleaved	 from	 the	 resin	 using	 a	 cleaving	 cocktail	 of	

trifluoroacetic	acid	(120	mmol,	9.45	mL),	MilliQ	H2O	(14	mmol,	0.25	mL),	1,2-ethanedithiol	

(3.0	mmol,	0.25	mL),	and	triisopropyl	silane	(0.49	mmol,	0.10	mL),	with	4	hours	of	shaking	

in	 the	 syringe.	 The	 resulting	 orange	 solution	 was	 decanted	 into	 an	 ependorff	 tube,	 and	

excess	trifluoroacetic	acid	was	blown	off	with	air.	7	was	precipitated	as	a	brown	solid	via	

addition	of	cold	ethyl	ether	to	the	solution.	The	mixture	was	centrifuged	at	3000	rpm	for	5	

minutes,	and	the	resulting	supernatant	was	removed.	This	process	of	ethyl	ether	addition,	

centrifugation,	and	supernatant	removal	was	repeated	3	times	or	until	the	supernatant	was	

clear.	The	solid	was	dried	on	a	lyophilizer	overnight	to	isolate	7	as	a	brown	powder.	Only	a	

minimal	yield	was	isolated	(<2	mg),	which	was	used	for	characterization.	ESI-MS:	0.57283	

min,	m/z	 =	 961.2745	 (89%,[M+H]+),	 846.2505	 (100%,	 [M-Asp+H]+).	 Theoretical	 [M+H]+:	

961.3350,	[M-Asp+H]+:	846.3002.		NMR	(DMSO-d6,	400	MHz)	δ:	3.510	(m,	6H,	residual	H2O,	

residual	Et2O	CH2),	2.508	(s,	6H,	DMSO),	1.113	(t,	6H,	residual	Et2O	CH3).	



	 118	

	

	
Figure	58:	1H	NMR	of	7	in	DMSO-d6.	

	
Figure	57:	ESI-MS	of	7	in	methanol.	
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3.4.9	Synthesis	of	9:	K(MUA)-Fc-DVED	

TentaGel	S	RAM	Fmoc	resin	(0.100	mmol	based	on	loading,	250	mg)	was	placed	in	a	

fritted	syringe	and	allowed	to	swell	in	dimethylformamide	(2	x	20	minutes)	with	shaking.	

Deprotection	 was	 achieved	 with	 4-6	mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	

minutes)	 with	 shaking.	 The	 resin	 was	 washed	 (3	 x	 dimethylformamide,	 3	 x	

dimethylformamide:methanol,	 3	 x	 methanol:dichloromethane,	 3	 x	 dichloromethane).	

Deprotection	 was	 confirmed	 with	 the	 ninhydrin	 test	 (yellow	 =	 negative	 result,	 blue	 =	

positive	result).	The	resin	was	then	coupled	to	Fmoc-Lys(Mtt)-OH	using	a	cocktail	of	Fmoc-

Lys(Mtt)-OH	(0.300	mmol,	187.4	mg),	1-hydroxybenzotriazole	hydrate	(0.300	mmol,	40.5	

mg),	 diisopropyl	 carbodiimide	 (0.300	 mmol,	 0.047	 mL),	 diisopropylethylamine	 (0.300	

mmol,	0.052	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	

of	shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	 again.	 The	 resin	was	

then	 coupled	 to	 11-mercaptoundecanoic	 acid	 using	 a	 cocktail	 of	 11-mercaptoundecanoic	

acid	 (0.300	mmol,	 65.5	mg)	 and	 dichloromethane	 (~4	mL)	 and	 6	 hours	 of	 shaking.	 The	

wash	 step	 was	 repeated.	 The	 terminal	 thiol	 was	 protected	 with	 a	 Dpm	 group	 using	 a	

cocktail	of	Dpm	chloride	(0.300	mmol,	60.8	mg)	and	dichloromethane	(~4	mL)	and	6	hours	

of	 shaking.	The	wash	 step	was	 repeated.	This	was	 followed	by	 removal	of	 the	Mtt	 group	

with	 4-6	 mL	 of	 2%	 trifluoroacetic	 acid/4%	 triisopropylsilane/dichloromethane	 (2	 x	 20	

min)	with	shaking.	Concentrated	trifluoroacetic	acid	was	applied	to	a	 few	beads	to	verify	

deprotection	 (no	 color	 change	 =	 deprotected,	 yellow/orange	 =	 Mtt	 protected).	 After	

expelling	 the	 reaction	 mixture	 twice,	 the	 resin	 was	 washed	 (2	 x	 dichloromethane,	 2	 x	
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methanol,	2	x	dimethylformamide).	The	resin	was	then	coupled	to	1’-Fmoc-aminoferrocene	

carboxylic	 acid	 using	 a	 cocktail	 of	 1’-Fmoc-aminoferrocene	 carboxylic	 acid	 (0.300	mmol,	

140.1	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	 mmol,	 40.5	 mg),	 diisopropyl	

carbodiimide	 (0.300	 mmol,	 0.047	 mL),	 diisopropylethylamine	 (0.300	 mmol,	 0.052	 mL),	

dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	shaking.	The	

wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	group	with	4-6	mL	of	

20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	expelling	the	reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	was	then	coupled	to	Fmoc-Asp(OtBu)-OH	using	a	cocktail	of	Fmoc-Asp(OtBu)-

OH	 (0.300	 mmol,	 123.4	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	 mmol,	 40.5	 mg),	

diisopropyl	 carbodiimide	 (0.300	 mmol,	 0.047	 mL),	 diisopropylethylamine	 (0.300	 mmol,	

0.052	mL),	 dichloromethane	 (~4	mL),	 and	 dimethylformamide	 (~1	mL),	 and	 6	 hours	 of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 resin	was	 then	 coupled	 to	 Fmoc-Val-OH	using	 a	 cocktail	 of	 Fmoc-Val-OH	

(0.300	 mmol,	 101.8	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	 mmol,	 40.5	 mg),	

diisopropyl	 carbodiimide	 (0.300	 mmol,	 0.047	 mL),	 diisopropylethylamine	 (0.300	 mmol,	

0.057	mL),	 dichloromethane	 (~4	mL),	 and	 dimethylformamide	 (~1	mL),	 and	 6	 hours	 of	

shaking.	 The	wash	 step	was	 repeated.	 This	was	 followed	 by	 removal	 of	 the	 Fmoc	 group	

with	 4-6	 mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	
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expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 then	 coupled	 to	 Fmoc-Glu(OtBu)-OH	 using	 a	 cocktail	 of	

Fmoc-Glu(OtBu)-OH	 (0.300	 mmol,	 127.6	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	

mmol,	40.5	mg),	diisopropyl	carbodiimide	(0.300	mmol,	0.047	mL),	diisopropylethylamine	

(0.300	mmol,	0.052	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	

6	hours	of	shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	

group	with	4-6	mL	of	20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 then	 coupled	 to	 Fmoc-Asp(OtBu)-OH	 using	 a	 cocktail	 of	

Fmoc-Asp(OtBu)-OH	 (0.300	 mmol,	 123.4	 mg),	 1-hydroxybenzotriazole	 hydrate	 (0.300	

mmol,	40.5	mg),	diisopropyl	carbodiimide	(0.300	mmol,	0.047	mL),	diisopropylethylamine	

(0.300	mmol,	0.052	mL),	dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	

6	hours	of	shaking.	The	wash	step	was	repeated.	This	was	followed	by	removal	of	the	Fmoc	

group	with	4-6	mL	of	20%	piperidine/dimethylformamide	(2	x	20	min)	with	shaking.	After	

expelling	 the	 reaction	mixture	 twice,	 the	wash	 step	was	performed	again.	The	ninhydrin	

test	was	used	to	verify	deprotection	of	the	resin-bound	compound	by	the	appearance	of	a	

blue	 color.	 The	 compound	 was	 cleaved	 from	 the	 resin	 using	 a	 cleaving	 cocktail	 of	

trifluoroacetic	acid	(120	mmol,	9.45	mL),	MilliQ	H2O	(14	mmol,	0.25	mL),	1,2-ethanedithiol	

(3.0	mmol,	0.25	mL),	and	triisopropyl	silane	(0.49	mmol,	0.10	mL),	with	4	hours	of	shaking	

in	 the	 syringe.	 The	 resulting	 orange	 solution	 was	 decanted	 into	 an	 ependorff	 tube,	 and	

excess	trifluoroacetic	acid	was	blown	off	with	air.	9	was	precipitated	as	a	brown	solid	via	
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addition	of	cold	ethyl	ether	to	the	solution.	The	mixture	was	centrifuged	at	3000	rpm	for	5	

minutes,	and	the	resulting	supernatant	was	removed.	This	process	of	ethyl	ether	addition,	

centrifugation,	and	supernatant	removal	was	repeated	3	times	or	until	the	supernatant	was	

clear.	The	solid	was	dried	on	a	lyophilizer	overnight	to	isolate	9	as	a	brown	powder.	Only	a	

minimal	yield	was	isolated	(<0.5	mg),	which	was	insufficient	for	characterization.		
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CHAPTER	4:	SYNTHESIS	OF	POTENTIAL	β-GALACTOSIDASE-

RESPONSIVE	BIOCONJUGATES	

	

4.1	INTRODUCTION	

	 The	 project	 discussed	 to	 this	 point	 has	 focused	 on	 the	 development	 of	 ferrocene	

bioconjugates	 for	 the	 enzyme	 caspase-3.	 The	 caspase-3/DEVD	 enzyme/substrate	 system	

was	primarily	chosen	because	it	is	a	well-studied	system57	that	could	serve	as	an	effective	

model	for	the	proof-of-concept	basis	of	this	project.	Thus,	a	rational	extension	of	the	project	

would	be	to	alter	the	bioconjugate	design	to	be	sensitive	for	another	well-studied	enzyme	

to	reinforce	the	overall	project’s	fundamental	design	and	methodology.	β-galactosidase	is	a	

lysosomal	enzyme	capable	of	cleaving	β-galactosides	into	monosaccharides	and	alcohols.72	

In	the	laboratory,	it	is	most	commonly	associated	with	the	process	of	gene	cloning,	as	the	

the	 gene	 for	 bacterial	 β-galactosidase	 (lacZ)	 is	 often	 included	 in	 the	 plasmid	 added	 to	 a	

bacterial	culture	during	a	gene	cloning	experiment.	If	a	bacterium	successfully	integrates	a	

lacZ-containing	 plasmid	 into	 its	 DNA,	 it	 can	 synthesize	 functional	 β-galactosidase.	 By	

exposing	 a	 plasmid-treated	 cell	 culture	 to	 the	 galactose-containing	 compound	 X-gal	 (5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside),	a	blue	solid	will	precipitate	 in	 the	cells	

containing	functional	β-galactosidase	and	thus	one	may	easily	identify	which	cells	contain	

the	plasmid.73	Since	it	plays	such	a	critical	role	in	the	gene	cloning	process,	β-galactosidase	

as	 an	 enzyme	 has	 been	 well-studied	 and	 its	 function	 is	 now	 well	 understood.72	 This	

knowledge	makes	 β-galactosidase	 a	 fitting	 candidate	 to	 serve	 as	 the	model	 system	 for	 a	
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proof-of-concept	 project	 involving	 enzyme-responsive	 bioconjugates	 involving	 non-

peptide	based	substrates.		

While	 there	 are	 diseases	 associated	with	 β-galactosidase	 deficiency,	 such	 as	 GM1	

gangliosidosis,	 Morquio	 syndrome	 B,	 and	 galactosialidosis,	 the	 ability	 to	 measure	 β-

galactosidase	 concentrations	 in	 serum	 as	 previously	 discussed	 with	 caspase-3	 would	

provide	 little	 utility	 in	 the	 clinic;	 these	 conditions	 can	 already	 be	 detected	 by	 evaluating	

lysosome	enzyme	function	from	collected	cell	cultures	or	using	genetic	evaluation	to	detect	

the	presence	of	the	mutations	responsible	for	the	β-galactosidase	deficiency/dysfunction.74	

Thus,	while	it	 is	possible	a	β-galactosidase-sensitive	bioconjugate	could	serve	a	medicinal	

purpose	due	to	 the	association	of	 the	enzyme	with	several	diseases,	 it	 is	more	 likely	 that	

such	a	bioconjugate	would	serve	the	sole	purpose	of	validating	the	project’s	concept.	Upon	

sufficient	 validation,	 the	 fundamental	 bioconjugate	 design	 could	 then	 be	 adapted	 to	 be	

sensitive	for	an	enzyme	whose	detection	would	provide	more	practical	utility	in	the	clinic.		

	

4.1.1	Rationale	of	Design	

The	 fundamental	 design	 for	 the	 β-galactosidase-sensitive	 bioconjugates	 is	

illustrated	 below	 in	 Figure	 60.	 It	 is	 important	 to	 note	 the	 similarity	 in	 overall	 design	 of	

these	bioconjugates	compared	to	that	illustrated	for	the	caspase-sensitive	bioconjugates	in	

Figure	 30.	 	 While	 the	 linker	 and	 enzyme-substrate	 moiety	 are	 different	 in	 each	 set	 of	

bioconjugates,	the	compounds	design	for	use	with	caspase-3	and	those	for	β-galactosidase	

are	very	comparable.	As	such,	11	and	12,	shown	in	Figure	58,	are	expected	to	react	through	

a	 similar	 electrochemical	 mechanism	 as	 did	 1-4	 in	 the	 cyclic	 voltammetry	 experiments	

from	Chapters	2	and	3.	As	illustrated	in	Figure	58,	11	can	be	converted	to	12	upon	cleavage	
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of	 the	 galactose	 moiety	 by	 β-galactosidase	 action.	 As	 observed	 in	 the	 previous	 cyclic	

voltammetry	experiments	on	the	caspase-sensitive	bioconjugates,	cleavage	of	a	large	group	

from	the	molecule	should	result	in	a	shift	in	both	oxidation	and	reduction	potentials.	If	the	

shift	 is	 of	 significant	magnitude,	 cleavage	 by	 β-galactosidase	 action	would	 be	 detectable	

using	cyclic	voltammetry	and	the	galactose-containing	bioconjugates.	The	substrate	for	the	

molecules	 in	 Chapters	 2	 and	 3	was	 peptide-based,	 but	 herein	we	 produce	 bioconjugates	

with	a	carbohydrate	substrate	and	the	potential	to	be	responsive	to	β-galactosidase.	

	 One	unique	goal	of	 this	project	 that	was	not	present	 in	 the	previous	project	 is	 the	

potential	 inclusion	of	a	self-immolative	 linker	 to	 further	 increase	 the	potential	shift	upon	

enzymatic	 cleavage	 of	 the	 bioconjugates.	 Self-immolative	 linkers	 are	 those	 that,	 when	

properly	 activated,	 can	 dissociate	 from	 the	 parent	 molecule	 automatically.	 Since	 linkers	

serve	as	a	bridge	between	two	parts	of	a	given	molecule,	the	“activation”	necessary	for	self-

immolation	usually	comes	in	the	form	of	cleavage	of	one	of	those	moieties	from	the	linker	

and	 thus	 exposing	 a	 certain	 functional	 group	 (usually	 an	 amine	 or	 alcohol)	 that	 was	

previously	 bound	 to	 the	 leaving	moiety.	 Once	 this	 group	 is	 exposed,	 the	 linker	 becomes	

																																													11																																				 	 	 									 	 							12	
	
																													

	 	 											
			

																Potential	1	(mV)		 	 	 																																												Potential	2	(mV)	
	

Figure	59:	Reaction	scheme	for	11	and	β-galactosidase.	



	 126	

unstable	and	uses	electron	rearrangement	to	reach	a	more	stable	state,	often	resulting	 in	

the	 production	 of	 a	 gaseous	 leaving	 group	 such	 as	 carbon	 dioxide.75	 It	 is	 this	 critical	

gaseous	leaving	group	that	pushes	the	reaction	forward	to	completion,	and	the	remainder	

of	the	parent	molecule	 is	separated	from	the	linker.	The	mechanism	of	action	of	one	self-

immolative	 linker,	 benzyloxycarbamate,	 is	 illustrated	 in	 Figure	 60.	 By	 essentially	

eliminating	 the	 linker	along	with	 the	galactose	moiety,	 the	bioconjugate	undergoes	more	

structural	 change	 than	 it	would	 if	 the	 linker	 remained	attached	 to	 the	 ferrocene	core.	As	

such,	a	larger	shift	in	oxidation	and	reduction	potentials	should	be	observed	if	using	a	self-

immolative	 linker	 than	 if	 not.	 The	 chemistry	 to	 create	 this	 system	 has	 not	 been	 directly	

applied	to	the	components	of	the	bioconjugate	design	described	here.	Therefore,	we	started	

with	simple	reactions	to	validate	the	chemistry	needed.	While	the	proposed	structures	of	

neither	 11	 nor	 12	 include	 a	 self-immolative	 linker,	 one	 may	 be	 implemented	 upon	

successful	synthesis	and	electrochemical	characterization	of	the	two	bioconjugates.	A	self-

immolative	 linker	was	 intentionally	omitted	 from	the	design	of	11	 and	12	 since	one	was	

not	 implemented	 in	 any	 of	 the	 caspase-3-sensitive	 bioconjugates	 discussed	 in	 previous	

chapters;	 the	 ultimate	 goal	 of	 successfully	 synthesizing	 β-galactosidase-sensitive	

bioconjugates	was	the	primary	focus,	and	any	attempts	to	modify	the	structure	to	further	

increase	any	measured	potential	shift	could	be	made	upon	completion	of	that	first	goal.	
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	 Another	 aspect	 that	differentiates	 this	project	 from	 those	discussed	earlier	 in	 this	

thesis	 is	 the	 coupling	 of	 solution-synthesized	 reagents	 to	 the	 resin	 during	 peptide	

synthesis.	 In	 all	 of	 the	 syntheses	 discussed	 to	 this	 point,	 all	 peptide	 reagents	 were	

commercially	available	and	purchased	before	beginning	synthesis.	The	reagent	coupled	to	

the	resin	in	the	penultimate	step	of	the	proposed	synthetic	scheme	for	11	illustrated	below	

in	Figure	61,	however,	is	not	commercially	available,	and	as	a	result	had	to	be	synthesized	

manually.	Figure	62	diagrams	a	proposed	synthetic	scheme	for	11c,	 the	alkyl	halide	from	

the	 previous	 figure	 to	 be	 used	 in	 peptide	 synthesis.	 Thus,	 a	 significant	 portion	 of	 the	

synthesis	performed	 for	 this	project	was	significantly	different	 in	nature	 than	 that	of	 the	

other	projects	in	this	thesis.	In	this	chapter,	I	will	describe	the	synthetic	methods	explored	

to	produce	bioconjugates	containing	a	galactose	moiety	with	a	benzyl	linker.	

Figure	60:	Mechanism	of	action	for	the	self-immolative	linker	benzyloxycarbamate.	
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4.2	RESULTS	AND	DISCUSSION	

4.2.1	Synthesis	and	Characterization	

	 As	discussed	in	the	previous	section,	the	final	reagent	necessary	in	the	synthesis	of	

11,	11c,	was	not	commercially	available	and	thus	had	to	be	produced.	Compound	11a	was	

produced	using	the	methods	shown	in	Figure	62.	The	protocol	followed	to	synthesize	11a	

was	adapted	 from	a	 similar	protocol	developed	by	Chauvin	et	al.75	 and	 involved	silver(I)	

oxide	 as	 a	 catalyst	 for	 the	 coupling	 of	 acetobromo-α-D-galactose	 to	 p-

hydroxybenzaldehyde.	During	the	workup,	celite	was	used	to	remove	excess	silver(I)	oxide	

	
Figure	62:	Synthetic	methods	used	to	produce	11c	

	
Figure	61:	Synthetic	methods	used	to	produce	11.	
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used	during	 the	 reaction.	However,	 the	 filtrate	 remained	dark	and	cloudy	upon	 filtration	

over	celite,	suggesting	incomplete	removal	of	silver(I)	oxide.	The	filtrate	and	the	celite	used	

in	the	filtration	were	treated	separately,	with	the	celite	undergoing	additional	wash	steps	

to	 isolate	 product	 that	would	 have	 otherwise	 been	 lost	 during	 the	 first	 filtration	 step.	 A	

modest	yield	(45.8%)	of	11a	was	attained	by	combining	the	airy	brown	solid	from	both	the	

initial	 filtrate	and	 the	workup	of	 the	celite	used	 in	 that	 initial	 filtration.	The	brown	color	

indicted	 a	 small	 amount	 of	 silver(I)	 oxide	 was	 still	 present	 in	 the	 isolated	 product,	 but	

synthesis	was	continued	without	further	changes	to	protocol,	as	the	excess	silver(I)	oxide	

was	removed	later	during	the	extraction	steps	in	the	subsequent	syntheses.	

	 Compound	11a	was	characterized	primarily	through	1H	NMR	(see	Figure	62).	Since	

the	 molecule	 was	 fairly	 simple,	 this	 method	 was	 deemed	 sufficient	 to	 successfully	

characterize	the	product.	Since	silver(I)	oxide	does	not	contain	any	protons,	an	indication	

of	the	the	level	of	purity	of	the	isolated	product	relative	to	silver(I)	oxide	content	could	not	

be	 evaluated	 through	 this	 characterization	 method.	 As	 with	 the	 characterization	 of	 the	

bioconjugates	 discussed	 in	 previous	 chapters	 (see	 Chapter	 2,	 Section	 2.2	 and	 Chapter	 3,	

Section	 3.2),	 1H	 NMR	 of	 11a	 was	 useful	 in	 assigning	 the	 1H	 NMR	 of	 11b	 and	 11c	 via	

comparison	of	spectra.	

	 The	next	molecule	synthesized	was	11b,	as	 indicated	by	the	second	step	 in	Figure	

62.	Reduction	of	the	aldehyde	group	to	an	alcohol	was	achieved	using	sodium	borohydride,	

and	 11b	 was	 isolated	 in	 modest	 yield	 (48.4%)	 as	 an	 airy	 white	 solid.	 As	 mentioned	

previously	 during	 the	 discussion	 of	 the	 synthesis	 of	 11a,	 any	 remaining	 silver(I)	 oxide	

present	 in	 the	 11a	 used	 was	 separated	 during	 the	 numerous	 extraction	 steps	 in	 the	
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synthesis	of	11b,	as	the	silver(I)	oxide	would	rest	at	the	interface	between	the	two	solvents	

in	the	extraction	funnel	and	could	thus	be	easily	separated	from	either	solvent	layer.	

	 Like	11a,	11b	was	characterized	primarily	through	1H	NMR	(see	Figure	64).	When	

comparing	the	1H	NMR	spectrum	of	11a	(see	Figure	62)	with	that	of	11b,	it	is	evident	that	

the	aldehyde	proton	 resonance	at	9.972	ppm	 in	 the	 spectrum	 for	11a	 has	been	 replaced	

with	 an	 additional	 aliphatic	 benzyl	 CH2	 resonance	 at	 4.442	 ppm	 in	 the	 corresponding	

spectrum	for	11b,	indicating	successful	reduction	of	the	aldehyde	in	11a	to	an	alcohol.	13C	

APT	NMR	(Figure	65)	and	1H	NMR	data	validated	synthesis	of	11b.		

	 The	final	molecule	synthesized	was	11c,	as	indicated	by	the	third	step	in	Figure	62.	

Conversion	 of	 the	 primary	 alcohol	 to	 an	 alkyl	 halide	 was	 achieved	 through	 the	 use	 of	

thionyl	 chloride.	 A	 small	 amount	 of	 potassium	 carbonate	 was	 added	 to	 neutralize	 the	

hydrochloric	acid	produced	as	the	reaction	progressed	to	prevent	undesirable	deprotection	

of	the	galactose	moiety	through	acidic	hydrolysis	of	the	acetyl	groups.	A	good	yield	(69.1%)	

of	11c	was	isolated	as	an	airy	yellow-white	solid.	

	 Once	 again,	 1H	 NMR	 was	 the	 primary	 method	 of	 characterization	 used	 to	 verify	

synthesis	of	11c	(see	Figure	66).	When	comparing	the	1H	NMR	spectrum	of	11b	(see	Figure	

64)	with	that	of	11c,	the	aliphatic	benzyl	CH2	resonance	at	4.442	ppm	in	the	spectrum	for	

11b	was	shifted	downfield	to	4.741	ppm	in	the	corresponding	spectrum	for	11c,	indicating	

the	successful	replacement	of	the	alcohol	in	11b	with	a	more	electron-withdrawing	group,	

such	as	a	halide.	

	 Compound	 11c	 was	 used	 in	 the	 following	 steps	 without	 further	 purification	 or	

characterization.	 Standard	 Merrifield	 techniques	 were	 then	 used	 to	 synthesize	 11,	 as	

shown	 in	 Figure	 61.	 The	 second	 step	 involving	 addition	 of	11c	 to	 the	 ferrocene-loaded	
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resin	was	 run	over	 several	days	 to	provide	 sufficient	 time	 for	 the	 terminal	 amine	on	 the	

growing	 peptide	 chain	 to	 sufficiently	 interact	with	 the	 alkyl	 halide	 present	 in	11c.	 Upon	

cleavage	of	the	peptide	from	the	resin,	however,	no	product	could	be	isolated;	the	cleavage	

cocktail	 remained	dark	 red-brown	with	no	precipitation	 occurring	upon	 addition	 of	 cold	

ether,	centrifugation,	sonication,	and	chilling	on	dry	ice	over	several	hours.	Synthesis	of	11	

was	attempted	multiple	times,	with	each	attempt	failing	to	isolate	product.	

	 There	 are	 several	 possible	 explanations	 as	 to	 why	 11	 could	 not	 be	 successfully	

isolated	through	the	synthetic	methods	used.	First,	it	is	possible	that	the	energy	barrier	the	

system	would	have	 to	overcome	 in	order	 for	 the	 amine	on	 the	 growing	peptide	 chain	 to	

react	with	the	alkyl	halide	present	on	11c	was	simply	too	high	and	the	reaction	could	not	

proceed	under	the	reaction	conditions	used.	This	 is	most	 likely	the	primary	cause	for	the	

problems	encountered,	and	it	would	not	be	unreasonable	if	such	a	reaction	would	require	

additional	 heat,	 time,	 activating	 agent,	 and/or	 catalyst	 to	 proceed.	 Another	 possible	

explanation	 involves	 the	 solubility	 of	 11	 in	 diethyl	 ether.	 If	 11	 was	 readily	 soluble	 in	

diethyl	ether,	it	would	follow	that	attempted	precipitation	of	the	peptide	with	cold	diethyl	

ether	 would	 likely	 fail	 even	 if	 synthesis	 of	 11	 and	 cleavage	 from	 the	 resin	 were	 both	

successful.	 While	 there	 is	 evidence	 in	 the	 literature	 of	 small	 peptides	 being	 difficult	 to	

isolate	through	precipitation	in	cold	ether,76	it	is	unlikely	that	this	was	the	only	reason	for	

the	complete	inability	to	isolate	11	because,	as	discussed	in	Chapter	2,	2	appeared	to	show	

increased	 solubility	 in	 diethyl	 ether	 yet	 could	 be	 isolated	 through	 sonication,	

centrifugation,	and	lyophilization	(see	Section	2.2).	Furthermore,	the	molar	mass	of	2	was	

smaller	than	that	of	11	(372.25	g/mol,	compared	to	526.32	g/mol),	so	if	molecular	size	did	

not	completely	inhibit	the	precipitation	of	2	in	diethyl	ether	then	it	is	unlikely	it	would	do	
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so	 with	 11.	 Regardless,	 these	 two	 factors	 could	 have	 negatively	 impacted	 the	 ability	 to	

isolate	 11	 under	 the	 reaction	 conditions	 used,	 and	 both	 of	 these	 factors	 should	 be	

considered	when	designing	future	experiments	involving	the	synthesis	of	11	or	congeners	

derived	from	11.	

	

4.3	CONCLUSIONS	

	 Syntheses	of	bioconjugate	11	and	its	necessary	precursors	11a,	11b,	and	11c	were	

attempted.	 While	 11	 could	 not	 be	 successfully	 isolated,	 11a-c	 were	 both	 successfully	

isolated	 and	 characterized.	 The	 exact	 reason(s)	 behind	 the	 failed	 synthesis	 of	11	 is/are	

unknown,	but	it	is	believed	that	activation	energy	of	the	attempted	reaction	is	the	primary	

root	 of	 the	 issues	 observed.	 To	 overcome	 this	 in	 future	 experiments,	 adjustments	 to	

reaction	temperature	and	time	could	be	evaluated	to	determine	if	either	of	these	could	be	

increased	 without	 negatively	 impacting	 the	 resin	 or	 the	 peptide	 immobilized	 on	 it.	

Alternatively,	congeners	of	11c	could	be	designed	to	utilize	functional	groups	other	than	an	

alkyl	halide	to	interact	with	the	growing	peptide	chain.	For	example,	if	an	alternate	form	of	

11c	contained	a	carboxylic	acid	or	acyl	halide	 instead	of	an	alkyl	halide,	 it	 is	possible	the	

reactivity	of	 the	resulting	compound	with	the	available	amine	of	a	growing	peptide	chain	

would	 increase	 because	 the	 resulting	 amide	 bond	would	 be	 stronger	 than	 the	 C-N	 bond	

present	 in	11.	 If	11	 (or	 a	 congener	 of	 it)	 can	 be	 successfully	 isolated	 and	 characterized,	

synthesis	 of	 12	 (or	 a	 corresponding	 congener)	 could	 proceed,	 followed	 by	 reactivity	

studies	with	β-galactosidase.	
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4.4	MATERIALS	AND	METHODS	

4.4.1	General	Procedures	

	 Standard	Merrifield	techniques	were	employed	for	all	bioconjugate	syntheses	using	

plastic-fritted	syringes	(10	mL)	as	reaction	vessels	to	facilitate	the	multiple	additions	and	

removal	of	reagents	and	wash	solvents.	An	automated	shaker	was	employed	to	gently	mix	

the	 solid	 phase	 and	 reagents.	 The	 ninhydrin	 test	 kit	 (Kaiser	 test)	 purchased	 from	 Fluka	

Analytical	was	utilized	to	test	for	successful	coupling	or	free	amines	following	deprotection	

steps.		

	 TentaGel	S	RAM	Fmoc	Resin	was	purchased	from	CreoSalus	Life	Sciences	Company	

(0.25	 mmol/g).	 1’-Fmoc-amino-ferrocene	 carboxylic	 acid	 was	 purchased	 from	 Omm	

Scientific.	 All	 other	 reagents	 were	 purchased	 from	 commercial	 sources	 and	 used	 as	

received	unless	noted.		

	

4.4.2	Physical	Methods		

	 A	 Bruker	 Avance	 400	 MHz	 was	 utilized	 to	 obtain	 the	 NMR	 spectra	 in	 dimethyl	

sulfoxide-d6	(DMSO-d6)	as	specified	in	the	sections	below.	ESI-MS	was	performed	using	the	

Agilent	6224	Accurate-Mass	Time-Of-Flight	(TOF)	MS.		

	

4.4.3	Synthesis	of	11a:	Protected	p-galactosylbenzaldehyde	

A	modified	 synthesis	 from	 Chauvin	 et	 al.75	 was	 used	 to	 synthesize	 11a.	 Silver(I)	

oxide	(24.0	mmol,	5.64	g)	and	p-hydroxybenzaldehyde	(13.0	mmol,	1.63	g)	were	added	to	

an	amber	flask	containing	a	125	mL	solution	of	acetobromo-α-D-galactose	(12.0	mmol,	5.00	

g)	in	acetonitrile.	The	solution	was	allowed	to	stir	at	room	temperature	under	nitrogen	for	
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16	hours.	The	resulting	solution	was	 filtered	on	celite.	The	 filtrate	was	set	aside,	and	 the	

celite	was	washed	with	ethyl	acetate.	Celite	was	removed	by	gravity	filtration.	The	filtrate	

was	 allowed	 to	 sit	 overnight.	 A	 brown,	 tacky	 solid	 crashed	 out	 of	 the	 filtrate,	 and	 the	

remaining	filtrate	was	decanted	and	discarded.	The	ethyl	acetate	wash	from	the	previous	

step	was	filtered	through	a	0.2	µm	nylon	filter	to	remove	excess	silver(I)	oxide.	Excess	ethyl	

acetate	was	 removed	 from	 the	 filtrate	under	 reduced	pressure	 to	yield	 a	brown	oil.	This	

brown	oil	was	added	to	the	tacky	solid	from	the	earlier	filtrate,	and	this	mixture	was	dried	

on	a	 lyophilizer	overnight	 to	 isolate	11a	 as	 a	brown	airy	 solid.	Yield:	2.48	g	 (45.8%).	 1H	

NMR	(DMSO-d6,	400MHz)	δ:	9.922	(s,	1H,	aldehyde),	7.940	(d,	2H,	benzyl	CH),	7.194	(d,	2H,	

benzyl	CH),	5.699	(d,	1H,	galactose	CH),	5.381	(t,	1H,	galactose	CH),	5.327	(m,	2H,	galactose	

CH),	4.520	(t,	1H,	galactose	CH),	4.119	(d,	2H,	galactose	CH),	3.310	(s,	2H,	residual	water),	

2.513	 (s,	 6H,	 DMSO),	 1.964-2.157	 (m,	 12H,	 OAc	 with	 residual	 acetonitrile	 and	 ethyl	

acetate).	
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4.4.4	Synthesis	of	11b:	Protected	p-galactosylbenzyl	alcohol	

Compound	11a	(2.20	mmol,	1.00	g)	was	dissolved	in	a	solution	containing	100	mL	

of	chloroform	and	32	mL	of	 isopropanol.	The	solution	was	allowed	to	stir	under	nitrogen	

and	over	ice	until	the	system	dropped	to	0°C.	Once	cool,	sodium	borohydride	(4.83	mmol,	

0.183	g)	was	added	to	the	solution	slowly.	The	ice	bath	was	removed,	and	the	solution	was	

allowed	 to	 stir	 under	 nitrogen	 at	 room	 temperature	 for	 3	 hours.	 100	mL	 of	 10%	 citric	

acid/water	(w/w)	was	added	slowly.	The	resulting	solution	was	washed	with	10%	sodium	

bicarbonate/water	(w/w)	(3x)	and	distilled	water	(1x).	The	organic	 layer	was	dried	with	

sodium	sulfate,	and	excess	solvent	was	removed	under	reduced	pressure	to	isolate	11b	as	

a	white	 airy	 solid.	 Yield:	 0.487	 g	 (48.4%).	 1H	NMR	 (DMSO-d6,	 400	MHz)	 δ:	 8.327	 (s,	 1H,	

residual	chloroform),	7.280	(d,	2H,	benzyl	aromatic	CH),	6.952	(d,	2H,	benzyl	aromatic	CH),	

	Figure	63:	1H	NMR	of	11a	in	DMSO-d6	with	labeled	molecular	diagram.	
	



	 136	

5.140-5.433	 (m,	 5H,	 galactose	 H,	 OH),	 4.442	 (t,	 3H,	 benzyl	 aliphatic	 CH2,	 galactose	 CH),	

4.112	(m,	2H,	galactose	CH),	3.310	(s,	2H,	residual	water),	2.510	(s,	6H,	DMSO),	1.954-2.155	

(m,	12H,	OAc).	13C	APT	NMR	(DMSO-d6,	400	MHz)	δ:	170.46	(q,	OAc	carbonyl	C),	155.86	(s,	

aromatic	benzyl	C),	137.54	(s,	aromatic	benzyl	C),	128.33	(s,	aromatic	benzyl	C),	116.60	(s,	

aromatic	 benzyl	 C),	 98.44	 (s,	 galactose	 C),	 70.75	 (d,	 galactose	 C),	 68.87	 (s,	 galactose	 C),	

67.70	(s,	galactose	C),	62.24	(s,	aliphatic	benzyl	C),	61.06	(s,	galactose	C),	40.39	(p,	DMSO),	

20.97	(q,	OAc	CH3).	

	

	

	

	

	
Figure	64:	1H	NMR	of	11b	in	DMSO	with	labeled	molecular	diagram.	
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4.4.5	Synthesis	of	11c:	Protected	p-galactosylbenzyl	chloride	

Compound	11b	(1.07	mmol,	0.487	g)	and	potassium	carbonate	(0.540	mmol,	0.0740	

g)	were	added	to	40	mL	of	acetonitrile	in	a	100	mL	round	bottom	flask.	The	solution	was	

allowed	 to	 stir	 under	 nitrogen	 and	 over	 ice	 until	 the	 system	 dropped	 to	 0°C.	 Once	 cool,	

thionyl	chloride	(1.67	mmol,	0.192	g)	was	added	slowly.	The	solution	was	stirred	over	ice	

for	4	hours.	40	mL	of	distilled	water	were	added,	and	the	resulting	solution	was	allowed	to	

stir	for	an	additional	30	minutes.	Excess	solvent	was	removed	under	reduced	pressure	to	

yield	a	yellow	oil.	This	oil	was	dried	on	a	lyophilizer	overnight	to	isolate	protected	11c	an	

airy	yellow-white	solid.	Yield:	0.507	g	(69.1%).	 1H	NMR	(DMSO-d6,	400	MHz)	δ:	8.326	(s,	

1H,	residual	chloroform),	7.427	(d,	2H,	aromatic	benzyl	CH),	7.000	(d,	2H,	aromatic	benzyl	

CH),	 5.191-5.503	 (m,	 4H,	 galactose	CH),	 4.741	 (s,	 2H,	 aliphatic	 benzyl	 CH2),	 4.441	 (t,	 1H,	

	
Figure	65:	13C	APT	NMR	of	11b	in	DMSO	with	labeled	molecular	diagram.	
	



	 138	

galactose	 CH),	 4.111	 (d,	 2H,	 galactose	 CH),	 3.310	 (s,	 2H,	 residual	 water),	 2.510	 (s,	 6H,	

DMSO),	1.956-2.154	(m,	12H,	OAc).	

	
	
4.4.6	Synthesis	of	11:	p-Galactosylbenzyl-Fc-NH2	

TentaGel	S	RAM	Fmoc	resin	(0.100	mmol	based	on	loading,	250	mg)	was	placed	in	a	

fritted	syringe	and	allowed	to	swell	in	dimethylformamide	(2	x	20	minutes)	with	shaking.	

Deprotection	 was	 achieved	 with	 4-6	mL	 of	 20%	 piperidine/dimethylformamide	 (2	 x	 20	

minutes)	 with	 shaking.	 The	 resin	 was	 washed	 (3	 x	 dimethylformamide,	 3	 x	

dimethylformamide:methanol,	 3	 x	 methanol:dichloromethane,	 3	 x	 dichloromethane).	

Deprotection	 was	 confirmed	 with	 the	 ninhydrin	 test	 (yellow	 =	 negative	 result,	 blue	 =	

positive	 result).	 The	 resin	 was	 then	 coupled	 to	 1’-Fmoc-aminoferrocene	 carboxylic	 acid	

using	 a	 cocktail	 of	 1’-Fmoc-aminoferrocene	 carboxylic	 acid	 (0.300	 mmol,	 140.1	 mg),	 1-

hydroxybenzotriazole	 hydrate	 (0.300	 mmol,	 40.5	 mg),	 diisopropyl	 carbodiimide	 (0.300	

	
Figure	66:	1H	NMR	of	11c	in	DMSO-d6	with	labeled	molecular	diagram.	
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mmol,	 0.047	mL),	 diisopropylethylamine	 (0.300	mmol,	 0.052	mL),	 dichloromethane	 (~4	

mL),	 and	 dimethylformamide	 (~1	 mL),	 and	 6	 hours	 of	 shaking.	 The	 wash	 step	 was	

repeated.	 This	 was	 followed	 by	 removal	 of	 the	 Fmoc	 group	 with	 4-6	 mL	 of	 20%	

piperidine/dimethylformamide	 (2	 x	 20	 min)	 with	 shaking.	 After	 expelling	 the	 reaction	

mixture	twice,	the	wash	step	was	performed	again.	The	ninhydrin	test	was	used	to	verify	

deprotection	 of	 the	 resin-bound	 compound	 by	 the	 appearance	 of	 a	 blue	 color.	 The	

compound	 was	 then	 coupled	 to	 11c	 using	 a	 cocktail	 of	 11c	 (0.300	 mmol,	 141.9	 mg),	

dichloromethane	(~4	mL),	and	dimethylformamide	(~1	mL),	and	6	hours	of	shaking.	The	

wash	 step	 was	 repeated.	 The	 compound	 was	 cleaved	 from	 the	 resin	 using	 a	 cleaving	

cocktail	of	 trifluoroacetic	acid	(120	mmol,	9.45	mL),	MilliQ	H2O	(14	mmol,	0.25	mL),	1,2-

ethanedithiol	 (3.0	mmol,	 0.25	mL),	 and	 triisopropyl	 silane	 (0.49	mmol,	 0.10	mL),	with	 4	

hours	 of	 shaking	 in	 the	 syringe.	 The	 resulting	 red-brown	 solution	was	 decanted	 into	 an	

ependorff	 tube,	 and	 excess	 trifluoroacetic	 acid	 was	 blown	 off	 with	 air.	 No	 precipitation	

occurred	upon	addition	of	cold	diethyl	ether.	Sonication	and	centrifugation	(3000	rpm	for	5	

minutes)	were	each	attempted	several	times	and	had	little	to	no	effect	on	precipitation.	The	

ether	wash	was	allowed	to	chill	in	dry	ice	for	2	hours	and	again	at	4°C	overnight.	When	no	

precipitation	 had	 occurred	 at	 after	 chilling	 at	 4°C	 overnight,	 the	 reaction	was	 deemed	 a	

failure.	The	experiment	was	 repeated	once	more	with	 similar	 results.	Compound	11	was	

not	successfully	isolated	and	thus	could	not	be	characterized.	
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CHAPTER	5:	CONCLUSIONS	

	

	 With	the	advancement	of	medical	care	and	knowledge	surrounding	the	treatment	of	

disease,	it	is	becoming	increasingly	important	to	not	only	be	able	to	quantify	the	amount	of	

a	 particular	 enzyme	 in	 a	 given	 sample	 obtained	 from	 a	 patient	 but	 do	 so	with	 as	 quick,	

convenient,	 and	 inexpensive	 a	method	 as	 possible.	While	 several	 compounds	 have	 been	

developed	to	serve	as	biosensors	for	various	enzymes,68	many	of	these	function	through	a	

‘turn-off’	 mechanism	 that	 is	 less	 effective	 when	 trying	 to	 quantify	 the	 small	 changes	 in	

concentration	enzymes	in	the	human	body	undergo	in	stressed	and/or	diseased	states.	The	

bioconjugates	 investigated	 in	 this	work	were	 designed	 to	 produce	 a	measurable	 shift	 in	

signal	 upon	 interacting	 with	 a	 target	 enzyme	 rather	 than	 a	 decrease	 in	 signal	 intensity,	

providing	those	bioconjugates	with	a	unique	and	distinct	advantage	over	those	previously	

discussed	 in	 the	 literature	 for	 quantifying	 enzyme	 concentration.68	 Additionally,	 the	

molecules	developed	in	this	work	are	comparably	small	and	are	thus	cheaper,	more	robust,	

and	easier	to	synthesize	than	larger	counterparts	in	the	literature.	The	ability	to	immobilize	

bioconjugates	on	a	gold	surface	explored	in	Chapter	3,	if	perfected,	would	keep	the	redox-

active	ferrocene	core	of	the	bioconjugate	close	to	the	electrode	surface	during	the	reaction	

with	 a	 target	 enzyme,	 amplifying	 the	 intensity	 of	 the	 signals	measured	 and,	 in	 turn,	 the	

sensitivity	of	 the	biosensor	as	a	whole.	Thus,	 the	molecules	developed	 in	 this	work	offer	

significant	 advantages	 over	 previously-developed	 enzyme-responsive	 bioconjugates	 and	

are	ideal	candidates	for	biosensors	designed	for	enzyme	concentration	quantification.	

	 Throughout	 this	 project,	 we	 have	 identified	 effective	 methods	 for	 modifying	 the	

electrochemical	signal	of	a	ferrocene	compound	to	provide	a	potential	method	of	detection.	



	 141	

This	principle	 can	be	 applied	 to	 the	detection	of	 enzymes.	 In	 this	work,	we	have	 shown:				

(1)	 A	 measurable	 shift	 in	 redox	 potential	 can	 be	 elicited	 upon	 exposure	 of	 a	 DEVD-

containing	bioconjugate	to	caspase-3	in	solution;	(2)	The	proximity	of	the	DEVD	moiety	to	

the	ferrocene	has	a	significant	impact	on	the	magnitude	of	the	shift	observed	upon	cleavage	

of	the	DEVD	moiety	by	caspase	action;	(3)	The	reactivity	of	caspase-3	was	preferential	to	

bioconjugates	utilizing	a	 lysine	 linker	 to	separate	 the	 ferrocene	and	the	DEVD	peptide	(1	

and	2)	compared	to	those	that	did	not	(3	and	4),	even	if	the	magnitude	of	the	potential	shift	

observed	was	larger	in	the	latter	compounds	compared	to	the	former	(see	Table	14).			

	

Compound	
E1/2	
(mV)	

∆E1/2	
(mV)	

Linker	Between	Ferrocene	
and	DEVD	

Reactivity	with	
Caspase-3?	

1	 -80	
110	 Lys	(8	atoms)	 Yes	2	 -190	

3	 130	
316	 Nitrogen	atom	 No	4	 -186	

	

	 There	are	several	experiments	that	must	be	performed	to	increase	the	performance	

of	 the	 caspase-3-responsive	 bioconjugates	 developed	 in	 this	 project.	 For	 example,	 the	

reliability	 of	 the	 bioconjugates	 immobilized	 on	 a	 gold	 surface	 to	 reproducibly	 produce	

intense	signals	must	be	improved.	The	degradation	of	signal	observed	when	using	modified	

gold	ball	electrodes	may	be	due	to	fouling	of	the	bioconjugate	present	on	the	surface	of	the	

electrode	with	each	additional	scan.	Changes	to	the	molecular	structure,	including	the	use	

of	different	 thiolate	 linkers,	may	at	 least	partially	 circumvent	 this	 issue.	Additionally,	 the	

low	signal	intensity	observed	could	be	due	to	overcrowding	of	the	electrode	surface	by	the	

immobilized	 bioconjugate.	 Co-incubation	 of	 the	 gold	 electrodes	 with	 both	 3	 and	

Table	14:	Comparison	of	the	electrochemical	behavior	and	reactivity	with	caspase-3	of	1-
4	in	1	mM	PBS	with	0.1	M	KCl	added	as	electrolyte.	
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unmodified	thiolate	such	as	MHA	could	help	space	out	the	bioconjugate	molecules	present	

at	the	surface,	 increasing	the	ability	of	electrolyte	to	reach	the	surface	and,	in	turn,	signal	

strength.	Another	member	of	the	group,	Marianne	Burnett,	has	already	begun	to	investigate	

the	 effects	 of	 different	 linkers	 on	 signal	 strength	 and	 bioconjugate	 fouling	 on	 electrode	

surfaces.	 Upon	 completion	 of	 her	 project,	 we	 may	 later	 marry	 our	 individual	 results	 to	

synthesize	enzyme-responsive	bioconjugates	that	produce	more	intense	signals	and/or	are	

more	robust	while	immobilized	on	a	gold	surface	than	those	developed	in	this	work.	

With	regard	to	the	reactivity	studies	with	caspase-3,	a	more	significant	shift	needs	

to	 be	 observed	 upon	 cleavage	 of	 1	 or	 3	 to	 2	 or	 4,	 respectively.	 It	 is	 possible	 that	 the	

presence	of	a	nearby	metal	center	such	as	ferrocene	disrupts	the	ability	of	the	caspase-3	to	

interact	with	 the	DEVD	peptide	of	1	or	3,	 slowing	down	the	reaction	rate.	 If	 the	reaction	

rate	is	slowed	enough,	decomposition	rate	of	the	enzyme	and/or	bioconjugate	in	solution	

starts	to	become	a	factor	that	can	adversely	affect	the	remainder	of	the	experiment.	While	

increasing	the	distance	between	the	DEVD	moiety	and	the	ferrocene	would	be	an	obvious	

solution	 to	 this	 problem,	 the	 shift	 in	 potential	 observed	 upon	 DEVD	 cleavage	 from	 the	

bioconjugate	decreases	as	 the	distance	between	the	DEVD	and	the	 ferrocene	 increases.	A	

balance	must	be	found	between	these	two	competing	factors	to	develop	a	bioconjugate	that	

can	 still	 undergo	 cleavage	 by	 caspase	 action	 yet	 produce	 the	 largest	 shift	 in	 potential	

possible	upon	cleavage.	The	introduction	of	a	self-immolative	linker	between	the	ferrocene	

and	the	DEVD	peptide,	such	as	benzyloxycarbamate,	may	be	able	 to	accomplish	this	 task.	

Once	a	more	significant	shift	is	observed	upon	exposure	of	bioconjugate	to	caspase-3,	time	

course	and	limit	of	detection	studies	need	to	be	performed	to	determine	if	a	linear	trend	in	

potential	 shift	may	 be	 observed	 over	 a	 short	 period	 of	 time	 and	 how	 low	 the	 caspase-3	
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concentration	may	 be	 to	 still	 elicit	 a	 measurable	 shift	 in	 potential.	 Together,	 these	 data	

points	could	give	an	indication	of	how	useful	our	bioconjugates	would	be	 in	practice	as	a	

biosensor	for	caspase-3.		

The	 bioconjugates	 discussed	 in	 this	 work	 represent	 the	 first	 small	 molecule	

biosensors	responsive	to	enzymes	providing	signal	shifts	versus	traditional	amperometric	

or	 ‘turn-off’	 mechanisms.	 Fundamentally,	 the	 studies	 involving	 the	 development	 of	

bioconjugates	sensitive	for	caspsase-3	served	as	a	proof-of-concept	for	the	rationale	behind	

the	project	as	a	whole.	While	caspase-3	was	the	primary	enzyme	investigated	throughout	

this	 project,	 the	 principle	 and	 methodology	 behind	 the	 project	 can	 be	 applied	 to	 other	

enzyme	systems,	and	a	logical	extension	of	this	project	would	be	to	modify	the	structures	of	

the	 bioconjugates	 used	 in	 this	 project	 for	 other	 enzymes.	 Preliminary	 exploration	 of	

bioconjugates	 for	 β-galactosidase,	 for	 example,	 was	 discussed	 in	 Chapter	 4.	 New	

connections	between	enzymes	and	disease	are	being	discovered	every	day,	and	the	simple	

but	 effective	 methodology	 for	 enzyme-responsive	 bioconjugates	 developed	 in	 this	 work	

can	be	adapted	for	the	medical	needs	of	tomorrow.	
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ABSTRACT	
	

	 Bioconjugates,	molecules	designed	to	elicit	a	measurable	response	when	interacting	

with	 a	 target	 compound,	 represent	 a	 field	 of	 growing	 interest	 in	 recent	 years	 as	

advancements	 in	 both	 medical	 technology	 and	 knowledge	 have	 allowed	 researchers	 to	

understand	the	molecular	basis	of	disease	better	than	ever	before.	Research	into	enzyme-

responsive	biosensors,	in	particular,	has	gained	significant	traction	as	many	diseases	have	

been	 linked	 to	 dysfunction	 of	 enzymes	 or	 enzyme	 regulation	 mechanisms	 in	 the	 body.	

Many	 enzyme-responsive	 biosensors	 developed	 to	 date,	 however,	 utilize	 a	 ‘turn-off’	

mechanism	 to	 indicate	 substrate	 presence,	 which	 is	 not	 ideal	 when	 dealing	 with	 low	

concentrations	of	and/or	subtle	changes	in	substrate	concentration.		

The	 bioconjugates	 developed	 in	 this	 work,	 in	 contrast,	 utilize	 a	 change	 in	 redox	

potential	 to	 detect	 the	 presence	 of	 a	 target	 enzyme	 in	 solution.	 The	 basic	 setup	 of	 these	

biosensor	 molecules	 involves	 an	 enzyme-specific	 substrate	 attached	 to	 a	 redox	 active	

molecule	(ferrocene).	The	enzymatic	reaction	is	expected	to	cleave	the	substrate	from	the	

parent	 molecule,	 thus	 creating	 a	 new	 molecule	 with	 a	 new	 redox	 potential.	 Several	

bioconjugates,	compounds	1-10,	were	developed	to	be	sensitive	for	the	enzyme	caspase-3.	

Of	 these,	 1-4	 provided	 the	 most	 complete	 characterization	 and	 thus	 were	 chosen	 as	

subjects	 of	 further	 study.	 Compounds	 1	 and	 2	 were	 designed	 primarily	 to	 evaluate	 the	

ability	 to	 detect	 caspase-3	 in	 solution	 while	 compounds	 3	 and	 4	 were	 designed	 to	 be	

immobilized	 on	 a	 gold	 electrode	 and	 detect	 caspase-3.	 Cyclic	 voltammetry	 experiments	

performed	on	each	bioconjugate	individually	in	bulk	aqueous	solution	revealed	a	~100	mV	

shift	in	both	Epa	and	Epc	between	1	and	2	and	a	~300	mV	shift	in	both	Epa	and	Epc	between	3	



	

and	 4,	 indicating	 that	 significant	 shift	 in	 potential	 could	 be	 observed	 upon	 cleavage	 of	

either	1	to	2	or	3	to	4	by	caspase	action.	

Reactivity	 studies	 with	 caspase-3	 revealed	1	 was	 able	 to	 undergo	 near	 complete	

cleavage	by	enzyme	action	within	one	hour	while	virtually	no	activity	between	caspase-3	

and	3	was	 observed	during	 the	 four	 hour	 experiment.	 The	 reactivity	 studies	 involving	3	

were	 performed	multiple	 times,	with	 two	 experiments	 performed	with	 the	 bioconjugate	

immobilized	 on	 a	 gold	 ball	 electrode	 and	 another	 performed	 with	 the	 bioconjugate	 in	

solution.	All	experiments	provided	similar	results.	It	is	hypothesized	that	the	differences	in	

reactivity	 observed	 are	 likely	 due	 to	 a	 difference	 in	 linker	 length	 between	 the	 ferrocene	

core	and	the	DEVD	(enzyme-binding)	substrate	in	1	and	3,	but	further	studies	are	needed	

to	 explore	 this	 topic	 further.	 Nevertheless,	 our	 studies	 show	 promising	 work	 in	 the	

development	 of	 the	 first	 small	 molecule,	 enzyme-responsive	 biosensors	 that	 operate	

through	signal	(potential)	shifts	versus	traditional	amperometric	or	‘turn-off’	mechanisms.	

	


