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ABSTRACT 

Carbon Nanomaterials and Their Derivatives for Traumatic Brain 
Injury and Other Biomedical Applications 

by 

Kimberly Mendoza 

Carbon	 nanomaterials	 possess	 unique	 chemical	 and	 functional	 properties	

allowing	for	their	applications	across	a	variety	of	fields	including	medicine,	energy,	

materials,	 mechanics	 and	 more.	 Herein,	 the	 synthesis	 of	 poly(ethylene	 glycol)	

hydrophilic	 carbon	 clusters	 (PEG-HCCs)	 and	 poly(ethylene	 glycol)	 graphene	

quantum	dots	(PEG-GQDs),	as	well	as	their	biomedical	applications	as	antioxidants	

is	described.		

Although	 use	 of	 antioxidants	 has	 been	 aimed	 at	 reducing	 the	 presence	 of	

reactive	 oxygen	 and	 nitrogen	 species	 (ROS	 and	RNS),	 success	 in	 clinical	 trials	 has	

been	 disappointing.	 Traumatic	 brain	 injury	 (TBI)	 is	 a	 leading	 cause	 of	 death	 and	

disability	 in	 the	United	 States,	 especially	when	 complicated	 by	 secondary	 trauma,	

such	 as	 hemorrhagic	 hypotension.	 Oxidative	 stress	 is	 a	 prominent	 feature	 of	 TBI	

that	can	result	in	loss	of	cerebral	blood	flow	(CBF)	to	the	brain	causing	an	increased	

susceptibility	to	hypotension	and	intracranial	hypertension.		

The	development	of	PEG-HCCs	through	the	oxidation	of	single-walled	carbon	

nanotubes	(SWCNTs)	has	shown	its	capability	to	quench	SO	and	HO•.		PEG-HCCs	are	

soluble,	non-toxic	potent	antioxidants	 that	are	stable	 in	biological	media.	They	can	



	
	

be	administered	through	IV	and	have	been	tested	in	a	rat	model	of	TBI.	Additionally,	

the	 application	 of	 PEG-HCCs	 in	 a	 mouse	 Alzheimer’s	 disease	 model	 was	 also	

explored.	PEG-HCCs	have	demonstrated	the	ability	to	restore	CBF	to	the	brain	after	

injury	 when	 administered	 through	 IV.	 Additionally,	 intranasal	 administration	 of	

PEG-HCCs	has	been	shown	to	reduce	amyloid	precursor	protein	(APP)	in	the	brain.		

PEG-GQDs,	 similar	 to	 PEG-HCCs,	 was	 developed	 as	 a	 derivative	 and	 cost-

effective	antioxidant	carbon	nanomaterial	 for	 the	treatment	of	TBI.	Using	coal	as	a	

starting	 material	 (bituminous	 and	 anthracite)	 GQDs	 were	 characterized	 and	

modified	with	 poly(ethylene	 glycol).	 Their	 intrinsic	 and	 chemical	 properties	were	

evaluated	also	showing	the	ability	to	quench	superoxide	(SO)	and	hydroxyl	radical	

(HO•).	PEG-GQDs	were	tested	in	a	rat	model	of	TBI	and	demonstrated	the	ability	to	

restore	 CBF	 to	 the	 brain	 after	 injury.	 PEG-GQDs	 are	 water-soluble,	 non-toxic	

antioxidants	that	can	be	administered	intravenously.		

Overall,	 PEG-HCCs	 and	 PEG-GQDs	were	 studied	 in	 vitro	 and	 in	 vivo	 animal	

models	 with	 novel	 results	 that	 bear	 further	 investigation.	 The	 need	 for	 the	

development	of	robust	therapy	to	address	oxidative	stress	is	necessary	to	effectively	

treat	 and	 eliminate	 damage	 that	 otherwise	 results	 in	 devastating	 outcomes	 for	

patients	on	personal,	social	and	societal	levels.		
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Chapter 1 

Carbon Nanomaterials, Traumatic 
Brain Injury and Oxidative Stress: An 

Introduction and Background 

Portions	of	this	chapter	were	partly	summarized	from	references	3.1,	4.1,	5.1,	and	6.1,	

of	which	I	authored	or	co-authored.	These	references	either	have	been	published,	are	

under	review	or	in	preparation.	
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1.1. Oxidative	Stress	

Oxidative	 stress	 (OS),	 defined	 as	 the	 imbalance	 between	 the	 production	 of	

free	 radicals	 and	 the	 body’s	 ability	 to	 counteract	 these	 harmful	 effects	 through	

neutralization	 by	 antioxidants,	 plays	 an	 important	 role	 in	 the	 pathophysiology	 of	

injury	and	disease1.	Although	normal	aerobic	cellular	metabolism	and	cell	processes	

results	 in	 the	 production	 of	 free	 radicals,	 the	 body’s	 innate	 antioxidant	 system	

functions	 to	prevent	 cellular	damage2.	Additionally,	 overproduction	of	 free	 radical	

species	(reactive	oxygen	species,	ROS	and	reactive	nitrogen	species,	RNS)	instigates	

a	damaging	radical	cascade	causing	degradation	and	peroxidation	of	lipids,	proteins	

and	DNA3.		

Molecular	 oxygen	 is	 essential	 due	 to	 its	 role	 in	 many	 biochemical	 cell	

processes.	 Specifically,	 molecular	 oxygen,	 as	 the	 terminal	 electron	 acceptor,	 is	

required	 for	 the	 production	 of	 ATP	 in	 aerobic	 cellular	 respiration4.	 Through	 this	

process,	 many	 intermediate	 oxygen	 radical	 products	 are	 formed,	 including	

superoxide	 (SO,	 O2–•)2.	 While	 approximately	 3%	 of	 molecular	 oxygen	 (O2)	 is	

converted	to	ROS	during	cellular	respiration,	the	presence	of	free	radicals,	including	

hydroxyl	 (OH·),	 nitric	monoxide	 (NO·),	 and	molecules	 such	 as	 hydrogen	 peroxide	

(H2O2)	and	peroxynitrite	(ONOO–),	are	instrumental	in	injury5,	6.	Thus,	the	need	for	

the	 development	 of	 robust	 therapy	 to	 address	OS	 is	 necessary	 to	 effectively	 treat	

and	eliminate	damage	 that	otherwise	 results	 in	devastating	outcomes	 for	patients	

on	personal,	social	and	societal	levels.	
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1.2. Traumatic	Brain	injury	

Traumatic	 brain	 injury	 (TBI)	 is	 a	 leading	 cause	 of	 death	 and	 permanent	

disability	 in	 the	 United	 States.	 	 Annually,	 1.7	 million	 individuals	 experience	 TBI,	

resulting	 in	52,000	deaths	and	an	economic	burden	exceeding	80	billion	dollars	 in	

direct	 and	 indirect	 costs,	 along	 with	 an	 estimated	 326	 billion	 dollars	 in	 loss	 of	

productivity7,	 8	 (Table	 1.1)9.	 	 TBI	 is	 considered	 a	 contributing	 factor	 to	 1/3	 of	 all	

injury	related	deaths	in	the	US9.		

	
	
Table	1.1:	Traumatic	Brain	Injury	in	the	United	States9	

	

Defined,	TBI	is	an	injury	caused	by	a	bump,	blow	or	jolt	to	the	head	or	

penetrating	injury	from	an	external	force	that	disrupts	the	normal	function	of	the	

brain10.	TBI	is	classified	as	either	mild,	moderate	or	severe	based	on	a	patient’s	

clinical	presentation	of	neurological	signs	and	symptoms	and	utilizing	the	Glasgow	

Coma	Scale	(GCS)11.	In	practice,	over	75%	of	TBI	injuries	are	classified	as	mild	

traumatic	brain	injury	(mTBI),	or	concussions,	in	which	a	brief	lapse	of	

consciousness	occurs12.	TBI	can	result	in	temporary	and	permanent	dysfunction	of	

cognitive	behavior,	psychosocial	interactions,	and	physical	disability13.			

	 Deaths	 Hospitalizations	
Emergency	
Department	

Visits	
Other/No	Care	

Total	
number	of	
individuals	
affected	

52,000	 275,000	 1,365,000	 Unknown	
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TBI	related	injuries	are	separated	into	three	distinct	categories:	sex,	age	and	

by	 external	 cause	 (Tables	 1.2-4)7,	 9.	 Although	 TBI	 affects	 both	 genders,	 males	

experience	 injury	 at	 a	 higher	 rate	 than	 their	 female	 counterparts	 (Table	 2).	 TBI	

affects	individuals	of	all	ages	with	children	aged	0-4	years	old,	adolescents	aged	15-

19	years	old	and	adults	>	65	years	old	most	likely	to	experience	a	TBI	related	injury9	

(Table	 1.3)7,	 9.	 Additionally,	 among	 all	 age	 groups	 falls	 are	 a	 leading	 cause	of	 TBI,	

comprising	over	half	of	all	injuries	(50.2%)	in	children	under	14	years	old	and	over	

half	 (60.7%)	 in	adults	over	65	years	of	 age.	 	 Falls	 result	 in	 the	highest	number	of	

emergency	department	visits,	as	well	as	hospitalizations	 for	all	age	groups9	(Table	

1.4)9.	 	 The	 largest	 percentage	 of	 TBI	 related	 deaths	 is	 attributed	 to	motor	 vehicle	

accidents	(MVA)	and	is	the	second	leading	cause	of	TBI	related	injury	(17.3%)9.	The	

risk	 factors	present	among	TBI	 related	deaths	 include:	 falls,	 intentional	self-harm,	

MVA	and	assaults.	While	falls	are	the	leading	cause	of	emergency	department	visits,	

being	struck	against	or	by	an	object	is	the	leading	cause	for	individuals	15-24	years	

old14.		
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	 Deaths	 Hospitalizations	
Emergency	
Department	

Visits	
Total	

Males	 37,995	 170,257	 789,925	 998,176	

Females	 13,569	 104,890	 574,870	 693,329	

	

Table	1.2:	TBI	by	Sex	

	

	 Deaths	 Hospitalizations	
Emergency	
Department	

Visits	
Total	

Children		
(0-14	years	

old)	
2,174	 35,136	 473,947	 511,257	

Older	adults	
(>	65	y.o)	 14,347	 81,499	 141,998	 237,844	

	

Table	1.3:	TBI	by	Age	
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	 Deaths	 Hospitalizations	
Emergency	
Department	

Visits	
Total	

Falls	 9,718	 62,334	 523,043	 595,095	

Struck	
by/Against	 378	 7,791	 271,713	 279,882	

Motor	
Vehicle	
Accidents	

16,402	 56,864	 218,936	 292,202	

Assault	 5,813	 15,341	 148,471	 169,625	

Other	 19,252	 27,536	 108,467	 155,255	

Unknown	 0	 105,282	 94,165	 199,447	

	

Table	1.4:	TBI	by	External	Cause	

	

Signs	and	symptoms	of	patients	with	TBI	can	vary	from	headaches,	blurry	

vision	to	nausea,	vomiting	and	balance	difficulties.	Most	patients	with	symptoms	of	

mTBI	or	a	concussion	recover	from	their	symptoms	shortly	after	injury.	However,	

for	other	patients,	symptoms	can	last	for	days	or	even	weeks.	Some	symptoms	might	

be	present	immediately	after	injury	while	others	can	develop	months	after	the	

initial	insult.	Recovery	may	be	slower	in	older	adults,	teens	and	young	children	and	
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those	with	a	past	medical	history	of	a	concussion	are	also	at	risk	for	another	one.	

Furthermore,	patients	who	experience	2	more	concussions	might	have	a	slower	

recovery	period	with	each	subsequent	concussion15.		Symptoms	of	mTBI	can	be	

classified	into	4	categories:	thinking/remembering,	physical,	emotional/mood	and	

sleep	(Table	1.5).		

	

Thinking/Remembering	 Physical	 Emotional/Mood	 Sleep	

Difficulty	thinking	
clearly	

Headache	
Blurry	or	fuzzy	

vision	
Irritability	 Sleeping	more	than	

usual	

Feeling	slowed	down	
Nausea	or	vomiting	

(early	on)	
Dizziness	

Sadness	 Sleeping	less	than	
usual	

Difficulty	concentrating	
Sensitivity	to	noise	

or	light	
Balance	problems	

More	emotional	 Trouble	falling	
asleep	

Difficulty	remembering	
new	information	

Feeling	tired,	
having	no	energy	

Nervousness	or	
anxiety	 	

	

Table	1.5:	Symptoms	of	mTBI		
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1.3. Oxidative	Stress	in	TBI	

Oxidative	stress	 is	a	prominent	 feature	of	TBI,	especially	when	complicated	

by	 secondary	 trauma	 such	 as	 hemorrhagic	 hypotension.	 	 TBI	 reduces	 CBF	 to	 the	

brain	 causing	 an	 increased	 susceptibility	 to	 hypotension	 and	 intracranial	

hypertension.	As	 the	vascular	 system	 in	 the	body	cannot	 fully	 compensate	 for	 the	

reduction	in	cerebral	perfusion	pressure,	the	lack	of	CBF	causes	uncoupling	of	nitric	

oxide	 synthase	 (NOS),	 producing	 SO	 in	 place	 of	 nitric	 oxide	 (NO),	 during	 and	

following	 hypoxia16.	 An	 increase	 in	 SO	 and	 other	 reactive	 oxygen	 species	 (ROS)	

occurs	as	the	metabolic	needs	of	the	body	cannot	be	met	and	can	continue	for	up	to	

1	 h	 following	 injury,	 leading	 to	 the	 loss	 of	 auto	 regulatory	 tone17,	 18.	 Finally,	

intracellular	 accumulation	 of	 Ca+2	 leads	 to	 the	 activation	 of	 enzymes	 such	 as	

phospholipase	 A2	 and	 xanthine	 dehydrogenase	 producing	 ROS	 via	 the	

mitochondria19.	 Thus,	 reducing	 OS	 is	 essential	 to	 improving	 patient	 outcome	 and	

injury	associated	with	TBI20.		

1.4. Oxidative	Stress	in	Ischemia	and	Reperfusion	

OS	plays	a	major	pathophysiological	factor	in	acute	injury	and	an	important	

role	in	ischemia	and	reperfusion	(I/R).	The	presence	of	ROS	during	I/R	induces	the	

infiltration	of	neutrophils,	generating	O2-•	that	reacts	with	NO,	forming	ONOO—.	NO3-	

suppresses	mitochondrial	respiration	by	 inhibiting	complexes	 I	and	IV	(two	major	

sites	 of	 ROS	 production),	 further	 decreasing	 ATP21.	 	 In	 ischemic	 tissue,	 elevated	

levels	of	NO•,	O2-•,	and	NO3-	present	after	reperfusion	lead	to	a	variety	of	detrimental	
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effects	 including	 inflammatory	 cascades,	 leukocyte	 and	 capillary	 plugging,	

endothelial	swelling,	and	activation	of	matrix	metalloproteinases22,	23.		

Finally,	 superoxide	 dismutase	 (SOD),	 can	 react	with	 SO	producing	H2O2.	 In	

turn,	myeloperoxidase	(MPO)	present	 in	 infiltrating	neutrophils	and	macrophages,	

utilizes	H2O2	 to	generate	hypochlorite	 (HOCl)	 leading	 to	 further	damage	on	 lipids,	

proteins	and	macromolecules24.	Additional	damage	also	occurs,	as	NO	production	is	

reduced,	 leading	 to	 vasculature	 constriction,	 impeding	 perfusion	 and	 mediating	

diastolic	dysfunction25.		

The	I/R	cycle	leads	to	the	production	of	many	damaging	ROS	and	RNS,	which	

in	turn	creates	a	cyclical	effect	further	exacerbating	damage.	Successful	therapeutic	

measures	 would	 involve	 not	 only	 a	 single	 approach,	 but	 requires	 addressing	

multiple	pathways	while	leaving	beneficial	species	present	to	aid	in	recovery.	

1.5. Natural	Antioxidants	

Antioxidants	are	defined	as	molecules	that	inhibit	or	quench	free	radicals	to	

prevent	or	delay	cellular	damage26.	The	body	is	equipped	with	natural	antioxidants	

mechanisms	such	as	SOD,	catalase,	glutathione	peroxidase,	vitamin	E	(α-

tocopherol),	vitamin	A	(retinol),	vitamin	C	(ascorbic	acid),	and	coenzyme	q10	to	

balance	and	regulate	ROS	and	RNS	(Figure	1.1).		Antioxidants	function	by	breaking	

down	and	removing	free	radical	species	or	alternatively,	absorbing	ROS	preventing	

them	from	interacting	and	disrupting	other	essential	proteins27.	Antioxidants	can	be	

classified	into	3	categories:	based	on	their	activity	(enzymatic/non	enzymatic),	
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solubility	(water	soluble	and	lipid	soluble)	or	size	(small	molecule	and	large	

molecule)27.	 

	

	
Figure	1.1:	Structures	of	Natural	Antioxidants	

	

Unfortunately,	 antioxidants	 contain	 limitations	 including	 the	 need	 for	

additional	 factors	 for	 their	 regeneration	 and	 a	 limited	 capacity28.	 During	

pathological	disease	the	regenerative	factors	can	be	depleted	and	antioxidants	may	

not	 be	 able	 to	 cope	 with	 a	 sudden	 burst	 of	 free	 radicals.	 	 For	 example,	 SOD,	 an	

enzyme	 that	 catalyzes	 the	 dismutation	 of	 superoxide	 radical	 into	 oxygen	 and	

hydrogen	 peroxide,	 can	 only	 quench	 two	 molecules	 of	 SO	 before	 needing	 to	 be	

regenerated29,	30.		
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1.6. mTBI	and	Hemorrhagic	Shock	

mTBI	 combined	 with	 hemorrhagic	 shock,	 or	 a	 secondary	 ischemic	 insult,	

results	in	histopathological	and	behavioral	effects	due	to	the	increased	susceptibility	

of	 the	 brain.	 The	 Robertson	 lab	 at	 Baylor	 College	 of	 Medicine	 investigated	 and	

explored	this	effect	in	rats	that	experienced	a	controlled	cortical	impact	(CCI)	injury	

followed	by	hypotension	that	varied	from	40-60	min31.	To	establish	a	realistic	model	

of	 cortical	 impact	 injury	 complicated	 by	hypovolemic	 shock,	male	 long	 Evans	 rats	

were	randomly	assigned	into	8	experimental	groups	to	evaluate	the	effect	of	varying	

duration	of	hemorrhagic	shock	following	TBI	on	neurological	outcome31.		

CBF	 recovery	was	 severely	 impaired	 in	 animals	 that	 experienced	 50	 to	 60	

min	 of	 hypotension	 and	 rats	 did	 not	 recover	 following	 resuscitation	 (Figure	 1.2).	

However,	 animals	 that	 experienced	 hypotension	 for	 40	min	 exhibited	 a	 return	 of	

CBF	to	baseline	and	previously	uninjured	levels31.		CBF	measurements	to	the	impact	

site,	peri-contusional	area	of	the	brain	and	contralateral	area	were	also	evaluated.		

Motor	tasks,	such	as	beam	balance	and	beam	walking	were	also	significantly	

worse	in	rats	experiencing	50	and	60	min	of	hypotension.	Additionally,	performance	

on	 the	 Morris	 water	 maze	 (MWM)	 task	 also	 correlated	 to	 injury	 experienced.	

Further	 physiology	 was	 evaluated	 including:	 MAP,	 ICP	 and	 CBF	 utilizing	 laser	

Doppler	technique31.		
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Figure	1.2:	mTBI	+	Hemorrhagic	Schock		
(1)	hypotension	(2)	prehospital	and	adminsiration	of	fluids	(3)	definative	care	and	
administration	 of	 shed	 blood	 +	 O2.	 Figure	 adapted	 from	 Navaro	 et	 al.31	 and	 The	
Robertson	laboratory.	Image	demonstrates	recovery	to	baseline	levels	at	the	impact	
site	 for	 rats	 experiencing	 40	 min	 of	 hypotension	 but	 partial	 recovery	 for	 rats	
experiencing	50	and	60	min	of	hemorrhagic	shock.	

	

1.7. TBI	and	Vascular	Injury	

The	Robertson	laboratory	further	explored	contusion	injury	following	mTBI	

complicated	 by	 systemic	 hypotension.	 Histological	 results	 demonstrate	 that	

contusion	 size	 worsened	 with	 injury	 compounded	 hemorrhagic	 shock.	 Figure	 3	

illustrates	3	various	rat	brains	in	which	injury	or	60	min	of	hemorrhagic	shock	alone	

do	 not	 elicit	 a	 noticeable	 cavitating	 contusion.	 Injury	 alone	 at	 the	 impact	 site	

resulted	in	a	small	contusion	size	averaging	6.5	+	1.8	mm3	while	93%	of	the	animals	
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experiencing	 60	 min	 of	 HS	 alone	 had	 no	 measurable	 contusion	 (Figure	 1.3)31.	

However,	combining	both	insults	results	in	an	exacerbation	of	the	injury.	Increasing	

the	 time	 duration	 of	 hemorrhagic	 shock	 resulted	 in	 a	 proportionally	 larger	

contusion	cavity	at	the	injury	site31.	Rats	exhibited	a	mean	contusion	size	of	21.2	+	

3.6	mm3		when	experiencing	TBI	followed	by	50	min	of	HS	shock31.	Comparatively,	

average	mean	contusion	sizes	of	rats	experiencing	60	min	of	HS	with	TBI	was	27.1	+	

3.9	mm3.		

	

Figure	 1.3:	 Histological	 images	 of	mTBI,	 Hemorrhagic	 Shock	 and	mTBI	 combined	
with	HS.		
Yellow	 arrow	 denotes	 injury	 site.	 Image	 adapted	 from	 Navarro	 et	 al.	 and	 The	
Robertson	Laboratory31.		

	

	

Mild TBI model: This is a “Vascular” Injury: 
Prolonged Hypotension Worsens Injury 

60min	hemorrhagic	
shock	

Mild	TBI	 Mild	TBI	+	50min		
shock	

Denotes	mild	TBI	site	

Images: Adapted from Navarro et al. J Neurotrauma 2012 and Robertson lab 
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The	 Robertson	 laboratory	 demonstrated	 mTBI	 is	 a	 vascular	 injury	 as	

prolonged	hypotension	worsens	injury.	The	reduction	of	CBF	results	in	the	injured	

brain	 impairing	 autoregulation	 leading	 to	 susceptibility	 and	 further	 damage	 from	

hypotension31.	 Similar	 to	 severe	 TBI,	 mTBI	 combined	 with	 hypotension	 or	

hemorrhagic	 shock	 can	 result	 in	 the	 brain	 experiencing	 an	 impaired	 ability	 to	

maintain	CBF.		Reduced	levels	of	cerebral	oxygen	delivery	are	present	and	recovery	

after	injury	is	compromised	leading	to	a	worse	outcome32.			

1.8. Superoxide	and	Traumatic	Brain	Injury	

SO	 production	 during	 reperfusion	 is	 a	 key	 mechanism	 that	 can	 impair	

effective	 treatment	 after	 injury.	 The	 Kent	 laboratory	 at	 the	 University	 of	 Texas	

Medical	Branch	utilized	a	cytochrome	c-coated	platinized	carbon	electrode	to	detect	

SO	 generated	 by	 the	 brain	 after	 TBI.	 	 Various	 points	 were	 assessed	 including:	

hypoxia/hypercarbia,	 focal	 ischemia	 and	 reperfusion	 following	 TBI33.	 	 This	 study	

was	 important	 since	 after	 TBI	 injur,y	 most	 treatment	 therapies	 include	 fluid	

resuscitation.		

Using	 male	 Sprague-Dawley	 rats,	 the	 rats	 underwent	 a	 fluid	 percussion	

injury	and	 recordings	of	 SO	were	made33.	 	The	 results	demonstrated	after	TBI	SO	

production	 continued	 for	 approximately	 30	 min	 after	 injury.	 Additionally,	 injury	

combined	 with	 hypotension	 resulted	 in	 further	 increases	 of	 SO	 levels.	 Most	

importantly,	while	SO	levels	after	injury	gradually	decreased,	upon	reinfusion	there	

was	an	increase	in	SO	production33.		
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Figure	1.4A	demonstrates	an	 increase	 in	SO	 levels	 immediately	after	 injury.	

The	 cytochrome	 c	 electrode	 was	 sensitive	 enough	 to	 provide	 minute	 by	 minute	

measurements	of	SO	generated	by	the	 injured	brain	tissue33.	15	min	after	 injury	a	

systemic	injection	of	SOD	was	administrated.	Even	after	SOD	administration	there	is	

a	 slight	 surge	 in	 SO	 levels	 in	 the	 brain.	 Figure	 1.4B	 illustrates	 TBI	 followed	 by	

hemorrhagic	 hypotension	 and	 reperfusion.	 After	 the	 initial	 insult	 there	 is	 an	

increase	 in	SO	 levels	 in	 the	brain.	Equally,	 as	present	 in	Figure	1.1A,	15	min	after	

injury	upon	administration	of	SOD	there	is	still	a	surge	in	SO	levels.	However,	most	

importantly	with	hemorrhagic	hypotension	and	reinfusion	there	are	two	additional	

SO	level	spikes33.	

	

	

Figure	1.4:	 SO	 levels	 after	TBI	without	 (A)	and	with	 (B)	hemorrhagic	hypotension	
and	reperfusion33.		
Image	adapted	from	Fabian,	Dewitt	and	Kent33.		

		

Superoxide & TBI 
•  When is superoxide produced? 
– cytochrome c electrode on cortex specific for SO 

•  Clinically realistic timeframe for treatment 

TBI	
	
SOD	administra0on	
	
Hypotension	or		
resuscita0on	Su
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	le
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ls	

3rd	strike	

Fabian, DeWitt & Kent. JCBF Met 1995 
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The	presence	of	two	additional	SO	spikes	are	important	as	the	3rd	SO	spike,	

after	 reinfusion,	 marks	 a	 clinically	 realistic	 timepoint	 for	 treatment.	 This	 study	

showed	that	 from	a	medical	and	therapeutic	perspective	the	third	SO	spike	can	be	

targeted	 through	 therapy.	 Thus,	 while	 TBI	 combined	 with	 hemorrhagic	 shock	

results	in	an	increase	in	SO	levels,	administration	of	a	treatment	to	target	and	lower	

SO	levels	would	prevent	further	damage	to	the	susceptible	injured	brain	tissue.		

1.9. Development	of	Carbon	Nanoscale	Antioxidants	

Currently,	 antioxidants	 have	 been	 produced	 with	 aims	 at	 targeting	 OS	 in	

injury.	 Unfortunately,	 many	 innate	 and	 dietary	 antioxidants	 have	 limitations.	 In	

addition,	 dependence	 on	 co-factor	 enzymes	 for	 regeneration,	 inability	 to	

successfully	quench	greater	than	two	free	radicals	at	a	time	and	varied	mechanism	

of	action	limit	their	success	in	therapy28.			

Other	 carbon	 nanoscale	 radical	 scavenger	 antioxidants	 have	 been	

synthesized	 from	 fullerene,	 C3	 or	 multi-walled	 carbon	 nanotubes	 (MWCNTs)34-36.	

MWCNTs	have	been	effective	in	quenching	SO	and	HO•,	while	fullerenols	are	able	to	

scavenge	 NO•	 and	 quench	 SO35,	 36.	 	 Additional	 nanoscale	 antioxidants	 have	 also	

included	C3,	capable	of	quenching	SO	and	HO•,	and	DF-1,	capable	of	quenching	SO35-

37.	 	 Table	 1.6,	 illustrates	 the	 various	 chemical	 structures	 of	 carbon	 nanomaterial	

antioxidants	found	in	literature.		
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Name	 Chemical	Structure	 Function	

MWCNTs	

	

	

Quench	SO	and	•OH	

Fullerenols	

	

Scavenge	NO•	and	quench	
SO	

C3	

	

Quench	SO	and	•OH	

DF-1	

	

Quench	SO	

	

Table	1.6:	Carbon	Nanomaterial	Antixodiants	found	in	literature	
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1.10. Synthesis	of	Hydrophilic	Carbon	Clusters	(HCC)	and	

Poly(ethylene	glycol)	Hydrophilic	Carbon	Clusters	(PEG-

HCCs)	

The	 Tour	 laboratory	 at	 Rice	 University	 discovered	 and	 developed	 several	

carbon-based	nanoparticles	 that	 serve	as	potent	antioxidants.	 	Originally	designed	

as	a	drug	delivery	system,	PEG-HCCs	involve	the	use	of	a	hydrophobic	carbon	core,	

derived	from	a	SWCNT,	bound	to	a	flexible,	water-soluble	polymer38.			

HCCs	 are	 synthesized	 from	 SWCNTs	 (approximately	 1	 nm	 wide)	 that	

undergo	 highly	 oxidizing	 conditions	 (combination	 of	 oleum	 and	 nitric	 acid)	 to	

generate	 short	 fragmented	 HCCs	 that	 contain	 a	 variety	 of	 oxygen	moieties	 on	 its	

surface	including	hydroxy,	ether	and	epoxy,	carbonyl	groups,	ketones	and	carboxylic	

acids39,	40	(Scheme	1.1)	(Figure	1.5).		Through	a	carbodiimide	coupling	synthesis,	an	

amine	 terminated	 PEG	 is	 coupled	 to	 the	 carboxylic	 acid	 terminus	 on	 the	 HCCs	 to	

improve	solubility	in	biological	media	and	circulation	time	in	vivo41.		

After	 completion	of	synthesis,	PEG-HCCs	are	approximately	3	nm	wide	and	

30-40	 nm	 long42.	 PEG-HCCs	 are	 highly	 potent	 antioxidants	 that	 are	 capable	 of	

quenching	 ROS	 without	 necessitating	 additional	 co-factors,	 and	 they	 have	 a	 high	

turnover	 rate.	As	seen	 in	Table	1.7,	 a	variety	of	 antioxidants	have	been	developed	

and	 synthesized	 with	 aims	 of	 quenching	 ROS	 and	 RNS.	 PEG-HCCs	 have	 a	 high	

turnover	 rate,	 compared	 to	 other	 antioxidants,	 allowing	 for	 efficient	 quenching	of	

radical	species29.		
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Scheme	1.1:	Synthesis	of	PEG-HCCs	

	

	

	

	

Figure	1.5:	XPS	peaks	of	C1	(a)	and	O	1s	(b)	of	HCCs	
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Antioxidant Target 
ROS 

Number of ROS 
removed per 

molecule 
ROS generated Detoxifying enzyme 

SOD O2•− 2 H2O2 None 

Catalase H2O2 2 None None 

Glutathione 
peroxidase H2O2 1 None None 

Glutathione H2O2 1 None Glutathione 
reductase 

Vitamin E O2•−, R• 1 E• Vitamin C 

Vitamin C E•, R• 1 C• Dehydroascorbate 
reductase 

Albumin HO• Unknown None (presumably by 
disulfide formation) None 

PBN O2•−, HO• 1 Nitroxide free radical None 

Tempol O2•−, 
ONOO− 1 H2O2, NO• None 

Fullerene 
derivative (C60) O2•−, HO• Unknown None None 

PEG-HCCs O2•−, HO• Estimated 106 H2O2 None 

	

Table	1.7:	Mechanism	of	action	of	various	antioxidants	in	literature	
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Assessment	of	HCCs	via	Raman	spectroscopy	showed	diminution	or	no	radial	

breathing	 mode,	 indicating	 highly	 functionalized	 and	 little	 remaining	 side	 walls40	

(Figure	 1.6).	 Furthermore,	 through	 TEM	 observation	 no	 tubular	 structures	 were	

observed40.	 	 Analysis	 through	EPR	 showed	PEG-HCCs	 contain	 a	 stable	 radical	 and	

are	able	to	effectively	and	efficiently	quench	SO43	(Figure	1.7).	 	Thermogravimetric	

analysis	(TGA)	confirmed	PEG-HCCs	are	approximately	95%	PEG	by	weight40.	Most	

importantly,	PEG-HCCs	while	able	 to	quench	SO	and	scavenge	 ·OH,	remain	 inert	 to	

NO	 (a	 potent	 vasodilator)44.	 	 Through	 cyclic	 voltammetry	 PEG-HCCs	 exhibit	 a	

reduction	 potential	 of	 nearly	 0	 V43,	 45.	 	 PEG-HCCs	 have	 been	 studied	 extensively	

through	 in	vivo	 studies	evaluating	bio-distribution	and	toxicity	which	 indicated	no	

acute	toxicity,	and	major	organs	appeared	normal40.		

	

	

Figure	 1.6:	 Raman	 spectroscopy	 of	 HCC	 showing	 no	 radial	 breathing	 modes,	
indicating	complete	consumption	of	the	starting	SWCNTs.		
Image	from	Berlin	et	al40.		
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Figure	1.7:	EPR	peak	of	SO	in	the	absence	(red)	and	presence	(blue)	of	PEG-HCC.		
The	quenching	of	SO	by	PEG-HCC	is	demonstrated	by	the	reduction	of	the	SO	peak	
upon	the	addition	of	PEG-HCC.	

	

Mechanistically,	 PEG-HCCs	 function	 through	 a	 two-step	 process	 to	 catalyze	

the	dismutation	of	 SO	 to	afford	O2	and	H2O2.	 In	 the	 first	 step	 the	PEG-HCC	radical	

functions	as	an	electron	acceptor	to	later	function	as	an	electron	donor43	(below).	

PEG-HCC•	+	O2−•	→	PEG-HCC−	+	O2	

PEG-HCC−	+	O2−•	+	2H+	→	PEG-HCC•	+	H2O2	

Overall,	 PEG-HCCs	 are	 non-toxic,	 soluble	 in	 biological	 media,	 potent	 antioxidants	

that	have	a	2-3	h	half-life	when	given	after	IV	injection40.		
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1.11. Synthesis	of	PEG-GQDs	

It	was	hypothesized	 that	 compounds	 chemically	and	 functionally	 similar	 to	

PEG-HCCs	could	be	synthesized	from	other	carbon-based	sources,	such	as	coal.	Coal	

is	 an	 abundant	 energy	 resource	 that	 is	 found	 worldwide,	 whose	 significant	 uses	

include	 electricity	 generation,	 steel	 production,	 cement	 manufacturing	 and	 liquid	

fuel46.	Coal	is	also	an	essential	component	in	the	production	of	specialized	products	

ranging	from	activated	carbon	to	silicon	metal46.	Specifically,	the	crystalline	carbon	

within	 coal	 is	 easily	 oxidized	 resulting	 in	 the	 creation	 of	 GQDs	 with	 amorphous	

carbon	 on	 the	 edges47,	 providing	 an	 advantage	 over	 pure	 sp2-carbon	 structures47.	

Previously,	GQDs	have	been	synthesized	from	other	carbon	based	sources	including	

fullerene,	glucose,	graphite	or	graphene	oxides,	CNTs	and	carbon	fibres47.		

Preparation	of	GQDs	occurs	in	a	similar	manner	as	HCC	synthesis,	but	utilizes	

coal	as	a	carbonaceous	starting	platform	instead	of	SWCNTs.	Two	types	of	coal	are	

used	in	the	synthesis	of	GQDs,	anthracite	and	bituminous.	Bituminous	coal	contains	

a	tar-like	substance,	bitumen,	and	while	initially	appears	to	have	a	smooth	surface	it	

is	composed	of	many	layers48.	Anthracite	coal	 is	a	hard,	brittle	coal	that	contains	a	

high	percentage	of	fixed	carbon48.	When	analyzed	by	scanning	electron	microscope	

(SEM),	 ground	 anthracite	 and	 bituminous	 coal	 have	 irregular	 size	 and	 shape	

distributions47.		

Similar	to	the	synthesis	of	HCCs,	coal	(bituminous	or	anthracite)	is	oxidized	

by	oleum	and	fuming	nitric	acid	over	heat	to	yield	particles	approximately	10-20	nm	

in	diameter.	Afterwards	the	carboxyl	terminus	on	the	GQDs	is	coupled	to	an	amine	
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terminated	 PEG	 through	 a	 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide	

coupling	reaction49	(Scheme	1.2).	In	detail	steps	regarding	the	synthesis	of	GQDs	can	

be	 found	 in	the	appendix	of	Chapter	4	entitled,	Highly	Oxidized	Graphene	Quantum	

Dots	from	Coal	as	Efficient	Antioxidants.		

	

	

	
Scheme	1.2:	Synthesis	of	PEG-GQDs.	

	

Through	 extensive	 XPS	 and	 FTIR	 characterization,	 GQDs	 were	 revealed	 to	

contain	 a	 variety	 of	 oxygen	 containing	 functional	 groups	 including	 hydroxyl,	

carbonyl	and	carboxylic	acid	residues49	(Figure	1.8).	Characterization	revealed	that	

anthracite	 GQDs	 have	 a	 slightly	 higher	 percent	 oxidation	 than	 bituminous	 GQDs	

(Table	8).	To	ensure	that	GQDs	were	synthesized	as	potent	antioxidants	comparable	

to	 HCCs	 and	 could	 be	 utilized	 in	 medical	 applications,	 a	 variety	 of	 synthetic	

conditions	were	employed.	Using	bituminous	coal,	the	resulting	conditions	to	yield	

favorable	 size	 and	 percent	 oxidation	 to	 HCCs	 was	 heating	 the	 reaction	 to	 a	

temperature	 of	 60	 OC	 for	 8	min	 and	 running	 at	 room	 temperature	 for	 5	 h.	While	

using	anthracite	coal	the	reaction	involved	heating	the	reaction	at	60	OC	for	4	days	

and	67	OC	for	3	days.	The	temperature	and	reaction	time	varied	for	both	sources	of	



	 25	

coal	 as	 bituminous	 coal	 contains	 smaller	 aromatic	 regions	 when	 compared	 to	

anthracite	coal.	 In	depth	detail	regarding	the	synthesis	of	each	of	 the	GQDs	can	be	

found	in	the	appendix	of	Chapter	4.	

	

Figure	1.8:	XPS	characterization	of	(a)	anthracite	GQDs	and	(b)	bituminous	GQDs)		

	

Sample	 C/O	 C‒C/C=C	
%	

C‒O	
%	

C=O	
%	

HO‒C=O	
%	

aGQDs	 1.8	 65.9	 12.8	 5.8	 15.5	

bGQDs	 1.9	 61.1	 17.3	 8.8	 12.8	

	
	
Table	1.8:	Elemental	composition	of	anthracite	GQDs	and	bituminous	GQDs	

	

Similar	 to	 PEG-HCCs	 EPR	 analysis	 revealed	 PEG-GQDs	 catalyze	 the	

dismutation	 of	 O2−•	 to	 afford	 O2	 and	 H2O2	 (Figure	 1.9).	 This	 is	 illustrated	 by	 a	

suppression	 of	 the	 SO	 signal	 when	 PEG-GQDs	 were	 added49.	 Characterization	

showed	that	GQDs	exhibit	a	similar	mechanism	of	action	comparable	to	HCCs	that	
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occurs	 in	 two	 distinct	 steps.	 In	 step	 one,	 the	 PEG-GQD	 functions	 as	 an	 electron	

acceptor	to	later	function	as	an	electron	donor	in	step	2.	PEG-GQDs	are	soluble	and	

stable	in	biological	media	and	have	been	tested	both	in	vitro	and	in	vivo	experiments	

to	analyze	their	effectiveness	as	antioxidants.			

	

Figure	1.9:	EPR	showing	the	intensity	of	unpaired	electron	on	the	carbon	core.	

	

1.12. Synthesis	of	Deferoxamine–PEG-HCCs	

Intracerebral	 hemorrhage	 is	 often	 a	 complication	 of	 TBI.	 In	 severe	 TBI,	

injured	 patients	 with	 hemorrhage	 can	 be	 associated	 with	 poorer	 outcome	 and	

higher	mortality	 rates50.	 Intracerebral	 hemorrhage	 occurs	when	 a	 diseased	 blood	

vessel	ruptures	leading	to	bleeding	in	the	brain.		Hemoglobin	degradation	products,	

including	iron,	have	been	implicated	in	hemorrhage	causing	oxidative	DNA	damage	

and	 inhibition	of	DNA	repair	enzymes	by	miniscule	concentrations	of	 iron	and	can	

lead	to	further	neuronal	damage51.	Additionally,	intracerebral	hemorrhage	(ICH)	is		
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associated	with	higher	rates	of	morbidity	and	mortality52	with	most	deaths	(50%	of	

patients)	occurring	within	24	h53.			

mTBI,	often	presents	without	the	gross	structural	abnormalities	seen	in	more	

severe	 forms	 of	 brain	 trauma54.	 Nevertheless,	 it	 can	 result	 in	 cognitive	 and	

behavioral	 problems	 along	 with	 alterations	 in	 brain	 structure	 and	 function54.	

Additionally,	 repeated	 injuries	 exacerbated	 by	 intracerebral	 hemorrhage	 are	

associated	with	brain	atrophy	and	dementia54.	 	The	mechanisms	underlying	 these	

dysfunctions	 are	 poorly	 understood	 and	 patients	 with	 ICH	 exhibit	 poor	 recovery	

with	approximately	20%	of	survivors	experiencing	 full	 functional	 recovery	after	6	

months55.		

ICH	 can	 lead	 to	 red	 blood	 cell	 lysis	 in	 the	 brain	 contributing	 to	 edema	

formation	 and	 marked	 blood	 brain	 barrier	 disruption56,	 57.	 	 Heme,	 present	 in	

hemoglobin,	 is	 degraded	 into	 iron,	 carbon	 monoxide	 and	 biliverdin,	 by	 heme	

oxygenase	leading	to	further	brain	edema.		As	iron	levels	in	the	brain	reach	elevated	

levels	 causing	 further	 damage,	 brain	 atrophy	 and	 prolonged	 neurological	 deficits	

can	occur52,	58.		

Currently,	 one	 of	 the	 most	 promising	 therapeutic	 treatments	 of	 use	 is	

deferoxamine,	 an	 iron	 chelator.	 Previous	 studies	 in	 rat	 models,	 have	 shown	

deferoxamine	 reduces	 brain	 atrophy	 and	 improves	 neurological	 deficits	 and	

dysfunction	 after	 ICH59.	 Deferoxamine	 mesylate	 (DFO),	 in	 addition	 to	 providing	

neuroprotection,	 reduces	 brain	 edema	 and	 neuronal	 death60-63.	 Deferoxamine	 is	
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currently	approved	to	treat	iron	overdose,	hemochromatosis	(acute	and	hereditary	

conditions)	and	aluminum	toxicity.		

Deferoxamine,	functions	by	binding	to	ferric	iron	in	the	bloodstream	forming	

a	 stable	 complex	 and	 allowing	 for	 its	 excretion	 in	 urine51.	 In	 forming	 a	 stable	

complex,	 DFO	 decreases	 the	 amount	 of	 free	 iron	 available	 to	 react	 in	 the	 Fenton	

reaction64.	The	Fenton	reaction,	through	two	distinct	steps,	results	in	the	generation	

of	 free	 radicals,	 specifically	 HO•.	 The	 HO•	 is	 a	 non-selective	 oxidant	 and	 will	

subsequently	proceed	to	engage	in	secondary	reactions	eliciting	a	radical	cascade65.		

(1) Fe2+	+	H2O2	→	Fe3+	+	HO•	+	OH−	

(2) Fe3+	+	H2O2	→	Fe2+	+	HOO•	+	H+	

Furthermore,	DFO	also	affects	 iron	 regulatory	genes	altering	 their	protein	binding	

activity51	 and	prevents	apoptosis	by	activating	a	 signal	pathway	 that	 compensates	

for	oxidative	stress	and	exerts	anti-inflammatory	and	anti-phagocytic	effects60,	66-69.	

Finally,	deferoxamine	has	shown	to	upregulate	the	expression	of	cyclooxygenase-2	

and	prostaglandin	expression,	 leading	to	a	slight	reduction	 in	blood	pressure	(BP)	

which	 has	 potential	 benefit	 in	 patients	 with	 ICH70.	 In	 addition	 to	 deferoxamine,	

other	 promising	 therapeutic	 treatments	 involve	 the	 use	 of	 antioxidants	 as	 they	

block	neuronal	toxicity	induced	by	hemoglobin71.		

It	 was	 hypothesized	 that	 individually	 an	 antioxidant	 or	 an	 iron	 chelator	

would	 be	 partially	 effective	 in	 treating	 oxidative	 stress	 generated	 by	 iron	 and	

hemoglobin	byproducts;	however,	a	combination	of	both	treatments	may	prove	to	

be	more	 efficacious	 than	when	 administered	 individually	 for	 treatment.	 Extensive	
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previous	studies	and	characterization	of	PEG-HCCs	have	proven	it	to	be	a	powerful	

antioxidant,	capable	of	reducing	oxidative	stress,	and	restoring	CBF	after	TBI17,	29,	44.	

Thus,	 combining	 it	 with	 an	 iron	 chelator,	 deferoxamine,	 would	 have	 a	 two-fold	

effect.		

Preparation	 of	 deferoxamine-PEG-HCC	 (Def-PEG-HCC)	 is	 done	 by	 attaching	

deferoxamine	 (Figure	 1.10)	 to	 the	 amino	 terminus	 of	 the	 HCC	 through	 a	

carbodiimide	coupling	synthesis	via	the	primary	amine	(Scheme	1.3).	Def-PEG-HCC	

is	 soluble	 in	 biological	media,	 non-toxic	 and	 can	 be	 administered	 via	 IV	 injection.	

Further	descriptions	and	work	on	Def-PEG-HCC	can	be	found	in	Chapter	6	entitled	

Deferoxamine-PEG-HCC,	 as	 a	 Therapeutic	 Treatment	 in	 a	Model	 of	 Traumatic	 Brain	

Injury	Complicated	by	Systemic	Hypotension.		

	

	

Scheme	1.3:	Synthesis	of	Deferoxamine-PEG-HCCs.	
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Figure	1.10:	Chemical	Structure	of	Deferoxamine.	
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2.1. Introduction	

Based	 on	 many	 lines	 of	 evidence,	 oxidative	 stress	 is	 a	 major	

pathophysiological	 factor	 in	 ischemia	 and	 reperfusion	 injury.	 This	 evidence	 is	

exemplified	 by	 robust	 neuroprotection	 in	 multiple	 transgenic	 antioxidant	

overexpression	 models	 of	 ischemia/reperfusion2,	 3.	 However,	 no	 clinical	 trial	 of	

antioxidant	therapy	in	any	form	of	brain	injury	has	shown	benefit4,	5.	We	believe	this	

failure	 is	 due	 to	 two	major	 factors:	 (1)	 There	 are	 severe	 limitations	 in	 currently	

available	 antioxidants	 that	 hinder	 their	 effectiveness	 when	

employed	following	ischemia	as	opposed	 to	pretreatment6	and	 (2)	oxidative	 stress	

injury	 is	 quantitatively	more	 important	 under	 specific	 clinical	 circumstances,	 so	 a	

benefit	might	 be	missed	 if	 it	 is	 not	 tested	 under	 the	most	 relevant	 conditions.	 In	

stroke,	 those	 conditions	 are	 typically	 those	 that	 have	 the	 worst	 outcomes	 such	

as	hyperglycemia	at	the	time	of	stroke	when	treated	with	recanalization	therapy7.	

Several	defense	mechanisms	exist	to	cope	with	oxidative	radicals	generated	

during	 normal	 physiology3,	 8,	 9.	 These	 mechanisms	 consist	 of	 enzymes	 and	 other	

proteins	 that	modify	 the	 radical	 species	 in	 a	 series	 of	 steps	 ultimately	 leading	 to	

water.	 For	 example,	 the	 fate	 of	 SO	 when	 dismutation	 catalyzed	 by	 superoxide	

dismutase	(SOD)	is	to	generate	the	intermediate	unstable	molecules	(e.g.,	hydrogen	

peroxide;	 H2O2)	 or	 new	 radicals	 (hydroxyl;	•OH)	 that	 can	 be	 generated	 by	 this	

process	as	H2O2	encounters	iron	as	a	catalyst	through	the	Fenton	reaction10.	Under	

normal	 conditions,	 there	 are	 sufficient	 levels	 of	 protective	 proteins	 for	

detoxification.	Under	pathological	circumstances,	however,	these	protective	factors	
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are	 depleted.	 After	 acute	 injury,	 they	 cannot	 upregulate	 fast	 enough.	 As	 a	 result,	

unstable	intermediates	are	formed	that	become	part	of	a	radical	cascade	leading	to	

damage	and	disruption	of	a	wide	variety	of	vital	functions.	

Given	 these	 considerations,	 once	 a	 radical	 cascade	 begins,	 we	 previously	

summarized	the	 limitations	of	many	current	antioxidants6	 including	the	 following:	

(A)	 mechanism	 of	 action:	 many	 antioxidants	 “transfer”	 the	 radical	 to	 another	

unstable	 species.	 SOD	 generates	 H2O2	that	 can	 subsequently	 generate	•OH.	 Under	

normal	 circumstances,	 catalase,	 and	 glutathione	 are	 in	 sufficient	 quantities	 to	

quench	 the	 resultant	 radicals.	 This	 may	 not	 be	 the	 case	 under	 pathological	

conditions;	 SOD	 may	 actually	 generate	 more	 damaging	 species,	 (B)	 need	 for	

regeneration:	 many	 antioxidants,	 such	 as	 vitamin	 E	 and	 vitamin	 C,	 require	

regeneration11	 and	 require	 factors	 (glutathione)	 that	 are	 themselves	 consumed	 in	

the	 oxidative	milieu,	 (C)	 limited	 capacity:	most	 current	 antioxidants	 have	 limited	

capacity	 and	 are	 unlikely	 to	 be	 able	 to	 cope	 with	 a	 burst	 of	 radicals	 and	 their	

subsequent	unstable	products	if	administered	after	the	burst	is	initiated.	High	dose	

albumin,	 recently	 failing	 to	 show	 benefit	 as	 an	 antioxidant	 in	 stroke12,	 has	 a	

restricted	number	of	 thiol	moieties	 that	quench	radicals13	and	(D)	selectivity:	high	

selectivity	is	a	disadvantage	if	the	agent’s	mechanism	involves	radical	transfer	and	

depends	on	downstream	enzymes	to	cope	with	newly	formed	radicals.	Nearly,	every	

currently	available	antioxidant	shares	one	or	more	of	these	limitations6.	

For	this	study,	we	have	selected	a	condition	that	predicts	a	poor	outcome	in	

stroke:	 transient	 cerebral	 ischemia	 in	 the	 face	of	hyperglycemia	at	 the	 time	of	 the	
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stroke.	These	 circumstances	are	associated	with	 increased	expression	of	oxidative	

radicals14-16.	The	kinetics	of	SO	production	is	highly	relevant	to	clinical	outcomes	in	

stroke.	Our	laboratory	has	previously	studied	this	time	course	in	a	normoglycemic	

rat	 model	 of	 transient	 middle	 cerebral	 artery	 occlusion	 (tMCAO),	 using	 a	

cytochrome	c-coated	electrode	on	the	cortical	surface	which	detects	SO	release.	 In	

the	 case	 of	 normoglycemia,	 the	 SO	 radical	 is	 only	 released	 upon	 the	 onset	 of	

recanalization	after	occlusion	time	>90 min14.	Importantly,	90 min	is	considered	an	

early	 time	 point	 that	 could	 be	 used	 widely	 to	 start	 catheter-based	 recanalization	

therapy.	 Longer	 time	 to	 recanalization	 is	 associated	 with	 declining	 benefit17	 and	

higher	 mortality	 after	 unselected	 endovascular	 procedures18.	 Notably,	

hyperglycemia	accelerates	 and	magnifies	oxidative	 burst	 in	 tMCAO15	 and	worsens	

outcome	 in	acute	 stroke	models	and	 stroke	patients,	 especially	 those	who	 receive	

recanalization	 therapy19-21	 by	 increasing	 mortality	 and	 hemorrhagic	

transformation7.	Hyperglycemic	animal	models	demonstrate	poor	reflow,	enhanced	

edema,	 higher	 mortality,	 and	 hemorrhagic	 conversion15,	 22-24,	 particularly	 with	

longer	or	more	severe	ischemia	before	recanalization7,	16,	23.	

In	our	reanalysis	of	the	NINDS	rt-PA	dataset,	patients	with	large	artery	stroke	

appear	 to	 be	 most	 susceptible	 to	 hyperglycemia	 when	 undergoing	 thrombolytic	

therapy25,	26.	In	an	earlier	review,	we	concluded	that	poorer	outcome	is	likely	due	to	

generation	 of	 a	 pro-thrombotic,	 pro-inflammatory,	 and	 vasospastic	 vascular	

phenotype7.	 Variability	 of	 glucose	 may	 be	 a	 major	 contributing	 factor	 following	

clinical	stroke27.	Notably,	treatment	of	hyperglycemia	after	onset	of	stroke	does	not	

appear	 to	 improve	 outcomes28,	 29,	 although	 a	 definitive	 trial	 has	 not	 yet	 been	
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performed	 specifically	 in	 the	 acute	 stroke	 setting.	 With	 a	 lack	 of	 a	 proven	

neuroprotectant	therapy	for	hyperglycemic	stroke,	new	approaches	are	needed	for	

this	 especially	 vulnerable	 subgroup	 of	 patients	 especially	 in	 the	 context	 of	 newer	

recanalization	therapies	in	which	diabetes,	glucose	variability	or	hyperglycemia	per	

se	predicts	 a	 lower	 percentage	 of	 patients	 with	 a	 good	 outcome	 and/or	 higher	

likelihood	of	hemorrhagic	transformation30-33.	

In	this	study,	we	employ	a	novel	class	of	antioxidants	to	address	the	oxidative	

imbalances	 seen	 following	 tMCAO	 under	 conditions	 in	 which	 oxidative	 stress	 is	

quantitatively	 more	 important.	 Soon	 after	 the	 discovery	 of	 carbon-based	

buckministerfullerenes	(C60)34,	these	nanomaterials	were	shown	to	have	antioxidant	

characteristics35.	 Subsequent	 modifications	 and	 applications	 to	 models	 of	 injury	

identified	 neuroprotective	 properties36	 but	 also	 a	 low	 threshold	 for	 further	

modification	lest	their	antioxidant	capacity	be	reduced37.	Subsequent	generation	of	

a	series	of	different	carbon	nano-formulations	by	our	research	group38	identified	a	

formulation	 of	 carbon	 nanoparticles39	 that	 addresses	 the	 limitations	 of	 current	

antioxidants	 described	 earlier.	 Through	 a	 series	 of	 experiments,	 first	 in	 cell-free	

systems,	 then	 in	 tissue	 culture	 and	 finally	in	 vivo,	 we	 identified	 a	 class	 of	 carbon	

nanoparticles	 that	 we	 term	 HCCs	 as	 highly	 effective	 antioxidants40	 with	 unique	

potential	 as	in	 vivo	therapeutics41-44.	 We	 specifically	 demonstrated	 their	 superior	

efficacy	to	two	clinical	failed	antioxidants,	poly(ethylene	glycol)	(PEG)-SOD	and	the	

precursor	 to	 NXY-0595,	 phenyl	 butyl	 nitrone,	 PBN42	 in	 culture	 by	 their	 ability	 to	

reduce	 the	 damaging	 effect	 of	 the	 mitochondrial	 toxin,	 antimycin	 A,	 when	 given	

AFTER	 the	 toxin,	 while	 pretreatment	 was	 needed	 for	 the	 other	 agents.	 These	
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particles	are	small	(40 nm	in	length,	1–2 nm	in	diameter,	comparable	to	a	hydrated	

protein),	highly	functionalized	to	generate	hydrophilic	moieties	with	the	addition	of	

PEG	 to	 provide	 solubility	 in	 biological	 fluids,	 stable	 at	 room	 temperature	 and	

without	apparent	toxicity	after	systemic	injection	seen	thus	far42.	

Here,	 we	 report	in	 vitro	and	in	 vivo	evidence	 that	 PEG-HCCs	 can	 mitigate	

major	detrimental	effects	of	oxidative	stress.	In	tissue	culture,	we	demonstrate	that	

PEG-HCCs	 are	 able	 to	 mitigate	 the	 detrimental	 effects	 of	 H2O2	even	 though	

administered	 after	 the	 addition	 of	 the	 H2O2.	In	 vivo,	 we	 show	 that	 PEG-HCCs	

administered	intravenously	at	a	clinical	relevant	time	(onset	of	recanalization)	can	

mitigate	detrimental	effects	of	the	hyperglycemia.	

2.2. In	Vitro	Protection	Against	H2O2	

The	 protection	 of	 PEG-HCCs	 against	 hydrogen	 peroxide	 was	 measured	 in	

both	 cultured	 murine	 cortical	 endothelial	 bEnd.3	 cells	 and	 in	 cultured	 primary	

murine	cortical	E17	neurons.	We	observed	that	100 µM	H2O2	reduced	cell	viability	

in	 bEnd.3	 cells	 at	 24 h	 by	 approximately	 50%	 as	 indicated	 by	 a	 Live/Dead	 assay	

(Figure	2.1).	The	addition	of	PEG-HCCs	after	15 min	restored	cell	number	to	baseline	

(p < 0.001	vs	H2O2).	In	E17	neurons,	we	found	that	100 µM	H2O2	was	more	lethal	in	

neurons	 than	 b.End3	 cells,	 nevertheless,	 partial	 restoration	 was	 achieved	 with	

posttreatment	with	PEG-HCCs	(Figure	2.2)	
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Figure	 2.1:	 Cell	 Viability	 following	 the	 addition	 of	 hydrogen	 peroxide	 to	 cultured	
brain	endothelial	cells	(b.End3).		
Live	cell	counts	(Live/Dead)	cell	viability	assay)	per	well	 is	presented	on	y-axis	as	
mean	and	SD	of	replicates.	100	μM	H2O2	was	added	and	15	min	later	either	media	
or	PEG-HCCs	 (8	mg/mL)	was	added	and	 live	 cell/well	 assessed	 the	 following	day.	
H2O2	reduced	cell	viability	by	50%,	which	was	completely	restored	by	PEG-HCCs.		
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Figure	2.2:	PEG-HCCs	reduce	cytotoxicity	of	H2O2	on	treated	MCNs.		
PEG-HCCs	 given	 a	 concentration	 of	 8	 mg/mL	 treated	 immediately	 following	
exposure	 and	 overnight	 incubation	 reduce	 cell	 death	 restored	 cell	 number	 to	
baseline	 following	 50	 µM	 H2O2	 and	 doubled	 cell	 count	 following	 the	 much	more	
toxic	100	µM	H2O2.		

	

2.3. CellROX	ROS	Assay	in	E17	Neurons	

ROS	 formation	 was	 measured	 using	 a	 CellROX	 assay	 in	 cultured	 murine	

neurons	 (Figure	 2.3).	 E17	 cells	 treated	 with	 PEG-HCCs	 showed	 no	 increase	 in	

CellROX	 fluorescence	 compared	 with	 the	 untreated	 control	 (100.1 ± 8.8%).	 Cells	

treated	 with	 50 µM	 H2O2	for	 15 min	 showed	 a	 significant	 increase	 in	 CellROX	

fluorescence	 (200 ± 26.5%).	 Treatment	 of	MCNs	with	 8 mg/L	 PEG-HCCs	 following	

15 min	of	H2O2exposure	 for	30 min	showed	an	 increase	 in	CellROX	fluorescence	of	
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129 ± 3.4%	but	was	 smaller	 than	with	H2O2	by	 itself.	 Cell	 viability	was	 reduced	 at	

50 µM	H2O2	by	20%	and	was	fully	restored	by	PEG-HCCs	treatment.	

	

	
	
	
Figure	 2.3:	 PEG-HCCs	 reduce	 cortical	 oxidation	 of	 CellROX	 fluorescent	 dye	 in	
primary	murine	cortical	neurons	by	hydrogen	peroxide.		
(A)	MCNs	(50,000	cells/well)	untreated.	(B)	MCNs	treated	with	50	μM	H2O2	for	45	
min.	(C)	MCNs	treated	with	8	mg/L	PEG-HCCs	for	45	min.	(D)	MCNs	treated	with	50	
μM	H2O2	for	15	min	followed	by	the	addition	of	8	mg/L	PEG-HCCs	for	an	additional	
30-min	 exposure.	 (E)	 Untreated	 control	 normalized	 fluorescence	 of	 oxidized	
CellROX	dye.	Total	cell	counts	per	condition:	untreated	(n	=	137),	50	μM	H2O2	(n	=	
158),	8	mg/L	PEG-HCC	(n	=	150),	and	H2O2	+	PEG-HCC	(n	=	139).		
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2.4. In	Vivo	tMCAO	

Seventy-two	 rats	 underwent	 the	 procedure.	 Fifty-eight	 met	 criteria	 for	

outcome	analysis.	In	the	90-min	occlusion,	four	PBS-	and	one	PEG-HCC-treated	rats	

were	excluded,	and	in	the	120-min	occlusion	group,	seven	PBS-	and	two	PEG-HCC-

treated	 rats	 were	 excluded,	 primarily	 for	 early	 illness/mortality	 or	 procedural	

problems	identified	by	the	operator	before	assessment	of	outcomes.	

The	 target	 of	 300 mg/dL	preoperative	 glucose	was	 achieved	 in	 the	 90-min	

group.	 PBS-treated	 rats	 showed	 complete	 MCA	 territory	 infarction	 (Figure	 2.4A)	

while	 PEG-HCCs	 treated	 rats	 showed	 mostly	 subcortical	 infarctions	 (Figure	 2.4).	

Quantification	 of	 outcome	 measures	 demonstrated	 that	 PEG-HCC	 treatment	

improved	 infarct	 volume,	 hemorrhagic	 conversion,	 hemisphere	 swelling	 and	

Bederson	score,	with	a	trend	toward	reduced	mortality	(Table	2.1).	
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Figure	 2.4:	 Representative	 tetrazolium	 chloride	 sections	 demonstrated	 infarct	
volume	 with	 PBS	 control	 treatment	 and	 PEG-HCC	 treatment	 following	 90-min	
ischemia	and	reperfusion.		
(A)	 PBS	 control	 demonstrating	 entire	 MCA	 territory	 infarction.	 (B)	 Following	
treatment	with	 PEG-HCCs	 and	 demonstrated	 considerable	 cortical	 sparing.	 Tissue	
section	groups	came	from	individual	rats.	Scale	bars	are	1	cm.		
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PBS	

(n = 14)	
PEG-HCC	
(n = 11)	

p-Value	

Glucose	(mg/dL)	 199 ± 42	 203 ± 46	 0.900	

pO2	 151 ± 12.6	 149 ± 12.2	 0.737	

pCO2	 40.9 ± 4.18	 43.1 ± 7.38	 0.447	

pH	 7.36 ± 0.047	 7.32 ± 0.033	 0.056	

Lesion	volume	(mm3)	 259 ± 121	 130 ± 87	 0.034*	

Hemisphere	volume	change	
(relative)	 ND	 ND	 	

Hemorrhage	score	 ND	 ND	 	

Mortality	rate	 9/14	 3/11	 0.111	

Modified	Bederson	score	 4.8 ± 2.4	 2.1 ± 1.8	 0.055	

	
	
Table	2.1:	Results	of	PEG-HCC	treatment	compared	with	controls	in	hyperglycemia	
after	90	min	occlusion	and	assessment	at	the	end	of	the	experimental	period.		
The	 mean	 overall	 survival	 was	 2.8 days.	 Groups	 did	 not	 differ	 with	 respect	 to	
baseline	glucose	just	before	tMCAO	or	in	blood	gas	parameters	taken	from	a	sample	
of	 each	 group.	 All	 outcomes	were	 in	 the	 direction	 of	 improvement	with	 PEG-HCC	
treatment	compared	with	controls.	*P	<	0.05.	

	
	

Survival	 was	 markedly	 diminished	 at	 the	 120-min	 time	 point	 in	 the	 PBS-

treated	 controls,	 such	 that	 no	 rats	 survived	 the	 day	 of	 procedure	 at	 the	 original	

target	 glucose	 (300 mg/dL).	 We	 subsequently	 reduced	 the	 streptozotocin	 dosing	

until	 we	 achieved	 a	 target	 of	 200 mg/dL	 glucose	 at	 the	 onset	 of	 the	 tMCAO	

procedure.	 Survival	 without	 apparent	 discomfort	 to	 at	 least	 24 h	 marginally	

improved	in	the	PBS-treated	controls.	However,	this	limited	the	information	that	we	
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could	obtain	 from	 the	 control	 group	and	we	did	not	pursue	 this	 time	point	 to	 full	

completion.	 Rats	 that	 required	 sacrifice	 before	 12 h	 post-procedure	 were	 not	

assessed	for	 infarct	characteristics	as	we	felt	 this	would	be	unreliable.	 In	 this	 time	

point,	we	observed	positive	trends	in	all	measures,	with	significance	achieved	in	the	

infarct	volume	(Table	2.2).	

	 PBS	
(n = 14)	

PEG-HCC	
(n = 11)	

p-Value	

Glucose	(mg/dL)	 199 ± 42	 203 ± 46	 0.900	

pO2	 151 ± 12.6	 149 ± 12.2	 0.737	

pCO2	 40.9 ± 4.18	 43.1 ± 7.38	 0.447	

pH	 7.36 ± 0.047	 7.32 ± 0.033	 0.056	

Lesion	volume	(mm3)	 259 ± 121	 130 ± 87	 0.034*	

Hemisphere	 volume	 change	
(relative)	 ND	 ND	 	

Hemorrhage	score	 ND	 ND	 	

Mortality	rate	 9/14	 3/11	 0.111	

Modified	Bederson	score	 4.8 ± 2.4	 2.1 ± 1.8	 0.055	

	
	
Table	2.2:	Results	of	PEG-HCC	treatment	compared	with	controls	in	hyperglycemia	
after	120	min	occlusion	and	assessment	at	the	end	of	experimental	period.		
The	mean	overall	 survival	was	2.1 days.	Glucose	 targets	were	 lowered	 to	 improve	
survivability	of	the	procedure.	Groups	did	not	differ	with	respect	to	baseline	glucose	
just	before	tMCAO	or	in	blood	gas	parameters	from	a	representative	sample	except	
for	trend	toward	lower	pH	in	the	PBS	group.	All	outcomes	were	in	the	direction	of	
improvement	 with	 PEG-HCC	 treatment	 compared	 with	 controls	 with	 significance	
achieved	 with	 modified	 Bederson	 Score.	 ND:	 not	 done	 because	 of	 premature	
termination	of	the	experiment	(see	text).	*P	<	0.05.	
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2.5. Cell	Survival	Improvement	with	PEG-HCC	Treatment	

We	demonstrated	 that	PEG-HCCs	 could	 improve	 cell	 survival	 in	both	 tissue	

culture	models	of	oxidative	injury	from	H2O2,	particularly	in	a	brain	endothelial	cell	

line,	 an	 important	 target	 of	 hyperglycemia	 in	 stroke.	 From	 our	 CellROX	 assay	 on	

cultured	neurons	we	can	conclude	that	PEG-HCCs	prevent	the	formation	of	oxidative	

radicals	 which	 would	 otherwise	 react	 with	 the	 non-fluorescent	 CellROX	 dye	 to	

produce	a	fluorescent	derivative.	

We	 also	 found	 that	 treatment	 with	 PEG-HCCs	 at	 a	 clinically	 relevant	 time	

point	could	 improve	several	 important	 features	related	to	stroke	outcome	in	a	rat	

model	of	tMCAO	complicated	by	acute	hyperglycemia.	Given	that	hyperglycemia	has	

major	 influences	 on	 outcome	 in	 tMCAO	 through	 a	 dysfunctional	 vasculature7,	 we	

speculate	that	the	in	vitro	effects	are	indeed	relevant	to	this	in	vivo	protection,	which	

is	 supported	 by	 benefit	 on	 two	 vascular	 measures:	 hemisphere	 swelling	 and	

hemorrhagic	 transformation.	 The	 dramatic	 worsening	 of	 outcome	 with	

hyperglycemia	especially	at	2 h	in	our	hands	was	mitigated	to	some	extent	even	in	

this	severe	condition	by	administration	of	PEG-HCCs.	

There	 are	 several	 limitations	 of	 our	 study.	 There	 are	 different	methods	 of	

inducing	 hyperglycemia	 that	 each	 encapsulate	 some	 aspect	 of	 both	 the	 acute	 and	

chronic	 effects	 of	 diabetes	 and/or	 hyperglycemia.	 We	 selected	 this	 acute	 model	

because	 analyses	 suggest	 that	 hyperglycemia	 in	 patients	 without	 prior	 diabetes	

have	 the	worst	outcomes21.	Here,	we	employed	short	 survival	periods,	which	was	

necessitated	by	the	poor	outcomes	in	the	control	group.	An	alternative	strategy	will	
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be	 implemented	 in	 the	 future	 to	 look	at	 the	 limits	of	occlusion	 time	possible	with	

PEG-HCCs	without	a	 concomitant	delay	 in	 recanalization	 for	a	 comparison	control	

group	given	the	severity	of	the	injury45.	We	selected	only	male	rats	for	this	proof	of	

principle	study	and	will	need	to	address	sex	and	age	differences	before	expectation	

that	these	results	can	be	clinically	translated.	In	a	different	carotid	occlusion	model	

and	 hyperglycemia,	 female	 sex	 was	 associated	 with	 less	 severe	 outcomes46.	

Clinically	 there	 are	 reported	 differences	 in	 both	 stroke	 risk	 and	 outcomes	 in	

diabetics	related	to	gender47,	48,	which	is	complicated	by	different	risk	factors,	stroke	

etiologies,	 and	 treatment	 responses	 but	 remains	 an	 important	 issue	 to	 address	 in	

preclinical	models.	

The	occlusion	method	has	some	limitations	as	well.	Endovascular	therapy	for	

ischemic	 stroke	 has	 been	 now	 shown	 to	 be	 overall	 beneficial	 even	 at	 longer	 time	

intervals	in	patients	who	maintain	good	collateral	circulation	and	when	using	a	new	

generation	 of	 removable	 stent	 retrievers49.	 While	 not	 certain,	 these	 improved	

outcomes	could	be	due	to	improved	recanalization	rates	as	well	as	less	endothelial	

injury	 in	 the	 process.	 The	 suture	 model	 approximates	 some	 of	 the	 features	 of	

removable	 stent-retriever	 mechanical	 thrombectomy,	 but	 the	 principle	 is	 quite	

different	 including	 application	 of	 a	 removable	 stent.	 Use	 of	 analgesics	 and	 anti-

inflammatory	 agents	 post-procedure	 was	 needed	 because	 of	 the	 severity	 of	 the	

insult;	however,	it	is	not	clear	what	affect	these	may	have	had	if	they	interacted	with	

the	 PEG-HCCs.	 Also,	 the	 severity	 of	 the	 insult	 likely	 resulted	 in	 a	 relatively	 high	

percentage	 of	 subjects	 excluded	 (19%),	 although	 how	 this	 compares	 with	 other	

similar	 studies	 is	 not	 known	 since	 this	 number	 is	 not	 universally	 reported.	 We	
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acknowledge	 that	 testing	 of	 our	 materials	 in	 larger	 animal	 models	 and	 more	

clinically	realistic	methods	of	inducing	occlusion	would	be	necessary	before	clinical	

translation.	Nevertheless,	 the	profound	worsening	by	hyperglycemia	 in	 this	model	

may	model	a	worst-case	scenario	of	endothelial	occlusion/injury	that	suggest	PEG-

HCCs	may	be	promising	when	used	in	combination	with	endovascular	therapy.	

The	 mechanism	 of	 worsened	 vascular	 outcomes	 in	 these	 models	 can	 be	

potentially	explained	at	least	in	part	by	“uncoupling”	of	NOS1,	50-52,	a	phenomenon	in	

which	NOS	dysfunction,	 often	 after	 oxidation	 of	 the	 cofactor,	 tetrahydrobiopterin,	

prevents	 proper	 coupling	 between	 the	 oxidase	 and	 reductase	 domains	 of	 NOS	

leading	 to	 generation	 of	 a	 SO	 radical	 in	 lieu	 of	 reducing	l-arginine	 to	 NO	 and	

citrulline.	In	vivo,	there	are	many	potential	sources	of	SO	to	initiate	this	effect	[e.g.,	

NADPH	oxidase	(NOX)	15,	53.	We	have	termed	an	overall	increase	in	SO	relative	to	NO	

as	 “functional	 uncoupling”	 since	 the	 net	 result,	 including	 the	 toxic	 product	

peroxynitrite,	 is	similar	regardless	of	 the	sources1,	 54.	Consistent	with	this	concept,	

we	 recently	 showed	 that,	while	both	acute	hyperglycemia	and	 tMCAO	individually	

cause	 functional	 uncoupling	 in	 the	 vasculature	 in	 the	 peri-infarct	 region,	 tMCAO	

with	 hyperglycemia	 had	 a	 10-fold	 synergistic	 increase	 in	 SO	 relative	 to	 NO,	 still	

evident	at	24 h1.	Persistent	oxidative	 imbalance	provides	a	potential	 late	 target	 for	

intervention,	 since	 the	 peri-infarct	 region	 is	 critical	 in	 mediating	 many	 of	 the	

vascular	 complications	 of	 stroke55	 such	 as	 edema	 and	 hemorrhage.	 The	 role	 of	

oxidative	 stress	 is	 partially	 supported	 by	 recent	 studies	 on	 post-recanalization	

beneficial	effects	of	uric	acid	in	a	hyperglycemic	mouse	model	as	well56.	
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PEG-HCCs	are	a	unique	antioxidant40,	57,	58.	While	the	antioxidant	potency	per	

carbon	atom	of	PEG-HCCs	is	within	an	order	of	magnitude	of	prototype	antioxidants	

such	as	Trolox	and	vitamin	C,	 the	capacity	per	particle	 is	remarkable.	Quantitative	

EPR	 indicates	 the	 quenching	 effect	 of	 PEG-HCCs	 is	 equivalent	 to	 the	 total	 SOD	

activity	 in	 human	 spinal	 cord40.	 Using	 EPR	 spectroscopy,	 and	 oxyhemoglobin,	

cytochrome	c,	 and	 pyrogallol	 red	 decomposition	 assays	 we	 found	 that	 PEG-HCCs	

convert	SO	to	O2,	making	them	ideal	for	treating	ischemia/reperfusion40.	Turnover	

numbers	 (moles	 of	 consumed	 SO/moles	 of	 PEG-HCCs)	 were	 1	 million	 at	

physiological	pH.	Nanomolar	concentrations	of	PEG-HCCs	showed	typical	Michaelis–

Menten	kinetics	with	 turnovers	 in	 the	 same	range	as	 that	obtained	 from	 the	EPR.	

The	 catalytic	 turnover	 number	 is	 about	 an	 order	 of	magnitude	 higher	 than	 most	

efficient	 single	 active	 site	 enzymes	 and	 suggests	 that	 a	 PEG-HCC	 could	 possess	

multiple	 catalytically	 active	 sites.	 Furthermore,	 2.4 nM	 of	 PEG-HCCs	 are	 able	 to	

scavenge	2.8	and	53.7 µM	of	SO	and	of	•OH,	respectively.	PEG-HCCs	do	not	quench	

NO	 radicals	 and	 had	 no	 direct	 effect	 on	 ONOO−.	 Given	 that	 NO	 is	 constantly	

produced	in	 vivo,	 is	 freely	 diffusible	 and	 PEG-HCCs	 efficiently	 scavenge	 SO,	 this	

upstream	 scavenging	 effect	 will	 likely	 also	 decrease	 the	 amount	 of	

ONOO−	produced	in	vivo.	Taken	together,	these	studies	demonstrate	that	PEG-HCCs	

address	 each	 of	 the	 hypothesized	 limitations	 of	 current	 antioxidants6:	 capacity,	

selectivity,	 and	 quenching	 toxic	 intermediates.	 Prior	 work	 indicates	 rapid	

endothelial	cellular	uptake,	although	the	mechanism	is	not	yet	identified41.	

While	 modern	 endovascular	 procedures	 show	 improved	 outcomes,	 many	

patients	 still	 do	 not	 fully	 recover.	 The	 precise	 role	 of	 reperfusion	 injury	 is	
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controversial	 in	 those	 patients	who	 do	 not	 recover.	 Several	 analyses	 of	 the	most	

recent	generation	of	endovascular	therapies	for	the	most	part	find	an	association	of	

either	 diabetes	per	 se,	 hyperglycemia	 or	 glucose	 dysregulation	 associated	 with	

poorer	outcomes	and/or	hemorrhagic	 transformation30-33.	 Indeed,	 even	 in	a	 stent-

retriever	study,	reanalysis	that	found	that	hyperglycemic	patients	did	derive	benefit,	

hyperglycemic	patients	were	36%	less	likely	to	have	a	good	functional	outcome,	had	

nearly	double	the	mortality	and	a	fourfold	increase	in	hemorrhagic	transformation	

compared	 with	 non-hyperglycemic	 patients	 who	 received	 the	 catheter-based	

therapy59.	

While	 the	 presence	 of	 “reperfusion	 injury”	 remains	 controversial,	 we	 have	

suggested	that	it	is	most	likely	to	be	found	in	those	patients	that	have	a	concomitant	

factor	 such	 as	 hyperglycemia	 or	 other	 sources	 of	 inflammation60,	 and	 that	 an	

important	factor	to	consider	in	the	patients	who	do	not	recover	are	baseline	factors	

that	worsen	outcome,	of	which	hyperglycemia	is	a	major	consideration7,	45,	61,	62.	The	

abundant	 preclinical	 evidence	 supports	 that	 reperfusion	 oxidative	 stress	 is	 most	

prominent	in	this	population,	so	we	would	expect	strategies	such	as	ours	to	be	most	

effective	 in	 this	 group,	 if	 at	 all.	 Additional	 studies	 are	 warranted	 to	 in	 clinically	

relevant	 animal	 models	 encompassing	 a	 range	 of	 pathologies	 to	 address	 their	

suitability	as	an	adjunct	to	recanalization	therapies.	
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2.6. Appendix	

The	 protective	 effects	 of	 PEG-HCCs	 in	 cell	 culture	 were	 tested	 using	 the	

murine	brain	endothelial	 cell	 line,	bEnd.363.	This	 cell	 line	was	 selected	because	of	

the	 delayed	 effects	 of	 transient	 ischemia	 at	 the	 neurovascular	 unit	 that	 impair	

reperfusion	 and	 promote	 edema7.	 Experiments	 with	 neuronal	 cells	 were	 also	

performed	with	E17	murine	cortical	neurons.	Oxidative	 injury	rescue	experiments	

were	 performed	 with	 100 µM	 H2O2	because	 it	 achieved	 approximately	 50%	 cell	

death	after	24 h	in	bEnd.3	cells.	

2.6.1. Culture	of	End.3	Cells	

bEnd.3	 cells	 (ATCC)	 were	 grown	 in	 T-75	 (75 cm2)	 flasks	 containing	

Dulbecco’s	modified	Eagle’s	medium	(4 mM	l-glutamine	adjusted	to	contain	1.5 g/L	

sodium	 bicarbonate	 and	 4.5 g/L	 glucose,	 90%;	 fetal	 bovine	 serum,	 10%)	 (Atlanta	

Biological)	 in	an	 incubator.	Aliquots	of	30,000	cells	 in	0.1 mL	were	added	directly	

onto	sterile	24-well	plates.	The	cells	were	allowed	to	attach	for	15 min	after	which	

an	additional	0.9 mL	of	media	 is	 added	before	 the	 cells	 are	placed	 in	an	 incubator	

and	allowed	to	grow	for	48 h.	

2.6.2. Hydrogen	Peroxide	Protection	by	PEG-HCCs	in	bEnd.3	Cells	

Cultured	 bEnd.3	 cells	 were	 then	 treated	 with	 either	 PBS	 as	 a	 control	 or	

100 µM	hydrogen	 peroxide	 both	with	 and	without	 PEG-HCC	 (8 mg/L)	 added	 after	

15 min.	 After	 all	 the	 additions,	 the	 cultures	 were	 incubated	 at	 37°C	 in	 5%	

CO2	overnight.	 The	 Live/Dead	 assay	 (calcein	 AM/ethidium	 homodimer-1)	 (Cat	
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#L3224,	ThermoFisher)	was	performed	per	the	manufacturer’s	instructions	and	the	

number	of	live	cells	are	counted	using	a	Nikon	eclipse	80i	microscope	set	to	the	FITC	

channel.	

2.6.3. Culture	of	E17	Murine	Cortical	Neurons	

E17	primary	murine	cortical	neurons	(A15586	ThermoFisher)	were	seeded	

on	to	a	poly-d-lysine	coated	48-well	plate	at	a	density	of	50,000	cells/well	in	500 µL	

of	 neurobasal	 (Cat	 #21103,	 ThermoFisher)	media	 containing	1×	B-27	 supplement	

and	 100 µM	GlutaMAX	 (Cat	#35050,	 ThermoFisher).	 The	 neurons	were	 incubated	

overnight	at	37°C	 in	5%	CO2.	The	 following	morning,	250 µL	of	media	 in	each	well	

was	exchanged	with	fresh	complete	media.	Afterward,	250 µL	of	media	was	replaced	

twice	on	days	4	and	7.	

2.6.4. CellROX	ROS	Formation	Assay	

A	 10 mM	 solution	 of	 H2O2	was	 prepared	 by	 diluting	 51 µL	 of	 9.8 M	H2O2	in	

sterile	water.	Two	wells	containing	50,000	neurons	were	left	as	untreated	controls,	

two	wells	were	treated	with	47 µL	of	85 mg/L	PEG-HCCs,	and	250 µL	of	media	was	

removed	 from	 four	 wells	 and	 replaced	 with	 250 µL	 of	 100 µM	 H2O2	in	 complete	

media.	 After	 15 min,	 47 µL	 of	 85 mg/L	 PEG-HCCs	 was	 added	 by	 pipette,	 gently	

mixed,	 and	 incubated	 for	 30 min.	 Simultaneously,	 6 mL	 of	 a	 10 µM	 solution	 of	

CellROX	Deep	Red	 (C10422,	ThermoFisher)	was	prepared	 in	 complete	Neurobasal	

media	by	 the	addition	of	24 µL	of	2.5 mM	CellROX	Deep	Red	dye.	After	 incubating	

the	 neurons	 for	 30 min,	 250 µL	 of	 media	 was	 removed	 from	 each	 well	 and	 was	
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replaced	 with	 250 µL	 of	 10 µM	 CellROX	 Deep	 Red	 solution	 and	 incubated	 for	 an	

additional	 30 min	 at	 37°C	 with	 5%	 CO2.	 The	 neurons	 were	 rinsed	 twice	 by	 first	

removing	400 µL	of	media	from	each	well	and	gently	adding	an	additional	400 µL	of	

warmed	 PBS.	 Finally,	 400 µL	 of	 the	 media	 was	 removed	 and	 replaced	 with	 4%	

formaldehyde	in	PBS	and	fixed	for	30 min	at	4°C	in	a	refrigerator.	

The	fixed	neurons	were	imaged	at	20×	magnification	using	a	Nikon	Eclipse	Ti	

equipped	with	a	Photometrics	CoolSNAP	HQ2	sensor	and	a	670 nm	emission	 filter	

(Cy5).	 Phase	 contrast	 images	 and	 670 nm	 fluorescence	 images	 were	 collected	 of	

each	 well.	 The	 average	 fluorescence	 signal	 from	 each	 cell	 was	 calculated	 by	

including	only	the	fluorescence	originating	from	the	area	of	the	cell	soma.	Average	

cellular	fluorescence	was	normalized	to	the	untreated	control	cells.	

2.6.5. Cytotoxicity	Assay	

Due	 to	 greater	 sensitivity	 to	 hydrogen	 peroxide,	 we	 tested	 both	 50	 and	

100 µM	H2O2	in	plated	neurons.	PEG-HCCs	were	added	right	after	the	H2O2	and	cells	

incubated	 overnight.	 Live/Dead	 assay	 was	 performed	 as	 above	 and	 live	 cells	

counted.	

2.6.6. In	Vivo	Testing	in	Hyperglycemia	tMCAO	Model	

We	 utilized	 tMCAO	 and	 the	 filament	 model64	 in	 the	 context	 of	 acute	

hyperglycemia	 following	 streptozotocin	 injection1,	 23.	 We	 selected	 this	 method	 of	

generating	hyperglycemia	because	acute	hyperglycemia	as	a	stress	reaction	in	non-

diabetics	 is	 associated	 with	 particularly	 poor	 outcomes65	 and	 less	 elevation	 in	
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glucose	 is	 needed	 to	 increase	 poor	 outcomes	 in	 non-diabetics	 compared	 with	

diabetics66.	

2.6.7. Synthesis	and	Characterization	of	PEG-HCCs	

The carbon core of the PEG-HCCs is prepared by subjecting purified (removing 

exogenous carbon black and gross metal contaminants) SWCNTs to a harsh oxidation 

procedure which uses fuming sulfuric acid (excess SO3, oleum) and nitric acid39, 40. Nitric 

acid initiates the oxidation and cutting process which both shortens the SWCNTs to ~35–

40 nm and splits them to remove any tubular residues, thus generating shortened oxidized 

HCCs. Harsh acidic conditions dissolve and remove even trace metal contaminants as 

determined by inductively coupled plasma mass spectrometry. The surface of the HCCs 

is functionalized with various oxygen-containing moieties such as alcohols, ketones, and 

carboxylic acids, rendering the HCCs water soluble in spite of their many remaining 

hydrophobic domains. Characterization details including FTIR, Raman spectroscopy, 

XPS, AFM, TGA, UV–vis spectroscopy, dynamic light scattering, and zeta potential can 

be found in Berlin et al43. 

2.6.8. Induction	of	Hyperglycemia	and	tMCAO	

All	procedures	were	approved	by	the	Baylor	College	of	Medicine	IACUC	and	

the	Michael	E.	DeBakey	VA	Medical	Center	R&D	Committee.	Outcome	measurements	

were	performed	by	coauthors	blinded	to	expected	outcomes	(William	V.	Dalmeida	

and	Harriett	Charmaine	Rea).	Rats	were	rejected	from	subsequent	analysis	based	on	

the	 surgeon’s	 assessment	 of	 peri-procedural	 errors	 or	 procedure	 related	 death,	
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concomitant	illness	(e.g.,	respiratory	compromise)	or	mechanical	dysfunction,	with	

the	surgeon	blind	to	their	quantified	outcomes.	

Male	 Sprague-Dawley	 rats	 weighing	 330–350 g	 were	 delivered	 to	 the	

vivarium	1 week	 before	 experiments	 to	 allow	 for	 acclimation.	Hyperglycemia	was	

induced	 by	 injecting	 sterile	 filtered	 streptozotocin	 60 mg/kg	 IP.	 Control	 rats	 are	

injected	with	 sterile	 filtered	 normal	 saline.	 Two	days	 later	 rats	were	 subjected	 to	

tMCAO	using	the	filament	model	as	published23.	They	were	fed	with	standard	chow	

and	water	ad	lib	and	exposed	to	a	standard	light–dark	daily	cycle.	In	preparation	for	

the	MCA	occlusion,	rats	were	deeply	anesthetized	in	an	induction	chamber	with	3%	

isoflurane	 followed	 by	 intubation	 and	 mechanically	 ventilated	 with	 2.0–2.5%	

isoflurane	in	an	oxygen:air	mix	of	30:70.	The	tail	artery	was	cannulated	using	sterile	

technique	 with	 PE-50	 polyethylene	 catheters	 for	 monitoring	 mean	 arterial	 blood	

pressure,	blood	pH,	PCO2,	PO2,	glucose,	as	well	as	additional	blood	chemistries.	The	

tail	 vein	 was	 then	 cannulated	 with	 a	 24-gage	 0.75″	 angiocath	 to	 administer	 an	

infusion	 of	 IV	 fluids.	 A	 rectal	 temperature	 probe	 was	 used,	 and	 the	 temperature	

maintained	at	37 ± 0.5°C	with	a	heating	pad.	Vitals	such	as	O2	saturation,	heart	rate,	

average	CO2,	and	total	CO2	were	monitored	throughout	the	surgery.	Analgesics	were	

administered	 sub	Q	 during	 the	 procedure	 to	 alleviate	 postsurgical	 pain	 and	were	

continued	 postsurgery.	 Ketaprofen,	 an	 NSAID,	 was	 injected	 SC	 at	 5 mg/kg	 in	

addition	to	buprenorphine	at	a	dose	of	0.05–0.1 mg/kg.	Atropine	was	injected	SC	if	

needed	at	0.054 mg/kg.	
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Without	 pausing	 anesthesia,	 focal	 cerebral	 ischemia	 was	 induced	 by	

occluding	the	origin	of	the	MCA	using	the	intraluminal	suture	insertion	method.	Rats	

were	 inverted	 following	 induction	of	anesthesia	and	an	area	of	skin	over	the	right	

carotid	 artery	was	 prepped	 by	 clipping	 hair	 and	 scrubbing	with	 betadine,	 rinsing	

with	 alcohol,	 and	 painting	 with	 iodine.	 An	 incision	 was	 made	 over	 the	 carotid	

bifurcation,	 and	 the	 carotid	 bifurcation	 was	 exposed	 with	 blunt	 dissection.	 The	

internal	carotid	artery	and	pterygopalatine	artery	were	ligated	at	the	origin.	A	small	

incision	 is	 placed	 in	 the	 internal	 carotid	 through	 which	 a	 0.25 mm	 nylon	

monofilament	 is	 introduced.	 Initially,	 the	 filament	 was	 threaded	 up	 the	 internal	

carotid	 exactly	 1.7 cm	 from	 the	 bifurcation	 to	 occlude	 the	middle	 cerebral	 artery.	

Anesthesia	 was	 maintained	 through	 the	 duration	 of	 MCA	 occlusion.	 The	 filament	

was	then	withdrawn,	and	the	internal	carotid	artery	was	ligated	distal	to	the	arterial	

incision.	 During	 ischemia,	 a	 warming	 blanket	 was	 used	 to	 maintain	 body	

temperature	 through	 the	 duration	 of	 MCA	 occlusion	 while	 the	 animal’s	 body	

temperature	is	sustained	with	the	heating	pad.	Rats	were	weaned	off	the	respirator,	

observed	 and	 kept	 warm	 until	 alert	 and	 recumbent,	 and	 then	 returned	 to	 their	

cages.	

Postsurgical	 animals	 received	a	 soft,	purified	maintenance	diet	of	31M	Diet	

Gel	 along	with	 a	 98%	 sterile	water	 polymer	HydroGel.	 In	 addition,	moistened	 rat	

chow	was	placed	at	the	bottom	of	the	cage.	Following	surgery,	blood	was	collected	

from	 rats	 every	 morning	 for	 glucose	 levels.	 Hyperglycemic	 rats	 were	 given	 NPH	

Lente	insulin	to	keep	glucose	levels	under	250 mg/dL.	Overall,	21%	of	rats	in	the	90-

min	group	and	22%	of	rats	in	 the	120-min	group	were	given	 insulin	on	day	0	and	
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day	 1,	 respectively.	 Pain	 medications	 ketaprofen	 and	 buprenorphine	 were	

continued	daily	postsurgery	once	or	 twice	a	day,	respectively.	Rats	were	observed	

twice	a	day	for	signs	of	distress	and/or	pain	and	euthanized	if	they	meet	the	criteria.	

2.6.9. Administration	of	PEG-HCCs	or	PBS	Control	

PEG-HCCs	were	injected	at	a	dose	of	4 mg/kg	(volume	<0.1 mL)	in	a	tail	vein	

just	 before	 suture	 removal.	 Injection	was	 repeated	 after	 2 h.	 This	 dosing	 protocol	

was	 derived	 initially	 from	 concentrations	 that	were	maximally	 protective	 against	

various	 toxins	in	 vitro	culture	 and	 transformed	 into	in	 vivo	dosing	 based	 on	

estimated	 blood	 volume	 of	 distribution	 in	 rats.	 The	 dosing	 was	 confirmed	 as	

beneficial	 and	well	 tolerated	 from	 that	 successfully	 used	 in	mTBI	 complicated	 by	

hemorrhagic	hypotension	and	repeated	in	2 h	based	on	the	approximate	2-h	blood	

half-life	observed	in	our	normal	mice	experiments41,	42.	

2.6.10. Neurological	Function	(Benderson’s	Score)	

A	behavioral	 assay,	 a	modified	Bederson	 test	was	 used	 for	 acute	 disability	

assessment	on	post-op	day	367.	Neurological	function	is	assessed	from	0	(normal)	to	

6	 at	 the	 end	 of	 the	 3-day	 period.	 Either	 spontaneous	 death	 or	 euthanasia	 due	 to	

undue	stress	was	scored	7.	The	scoring	was	as	follows:	

(1)	 Rats	 are	 first	 suspended	 by	 their	 tails	 and	 reaching	 for	 a	 table	 by	 the	

forelimbs	 was	 observed.	 Rats	 will	 normally	 reach	 for	 the	 table	 with	 both	

limbs,	a	score	of	0.	A	score	of	1	is	assessed	if	only	one	limb	is	used	to	reach	

for	the	table.	
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(2)	The	rat	is	then	placed	on	a	rough	surface	which	he	can	easily	grab	onto	

with	his	 paws	when	 given	 a	 gentle	 push	on	 the	 shoulder.	 A	 score	of	 0	 is	 a	

strong	 grasp	 on	 the	 rough	 surface	 with	 good	 resistance	 when	 pushed.	 If	

slight	resistance	seen	in	one	paw,	a	score	of	1	is	assessed.	If	the	rat	offers	no	

resistance	at	all	when	pushed	in	one	direction	a	score	of	2	is	assessed.	

(3)	 The	 last	 test	 is	 an	 observation	 of	 rats	 in	 an	 enclosed	 area	 (18″ × 36″)	

where	the	rat	is	free	to	roam.	A	score	of	0	is	assessed	if	the	rat	can	walk	the	

entire	length	of	the	enclosure	without	circling.	A	score	of	1	is	given	if	the	rat	

walks	 the	entire	 length	of	 the	enclosure	and	also	 circles.	Animals	 that	only	

circle	and	cannot	walk	the	length	of	enclosure	is	assessed	a	score	of	2.	Rats	

with	major	deficits	 that	do	not	move	much	when	placed	 in	the	enclosure	 is	

assessed	a	score	of	3.	The	sum	of	assessment	scores	from	each	task	is	used	as	

the	final	assessment	score.	

2.6.11. Infarct	Volume	and	Hemisphere	Swelling	

At	the	end	of	72 h	or	at	the	time	of	early	euthanasia,	the	rats	were	euthanized	

with	150 mg/kg	of	Nembutal	 IP.	Rats	were	perfused	transcardially	with	100 mL	of	

0.9%	saline.	The	brains	were	removed	and	immediately	frozen	at	−20°C	for	20 min	

and	 then	 sectioned	 into	 1 mm	 thickness	 using	 a	 rotary	 hand	 microtome.	 The	

ischemic	 damage	 was	 evaluated	 by	 immunohistochemical	 analysis	 using	 2%	

tetrazolium	chloride	 (TTC)	 staining.	Brains	sections	were	 incubated	 in	2%	TTC	 in	

phosphate-buffered	 saline	 for	 10 min	 in	 the	 dark	 at	 37°C.	 Sections	 were	 fixed	 in	

buffered	4%	paraformaldehyde	pH	7.4	and	photographed.	After	30 min,	 the	brains	
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were	 sectioned	 into	 10,	 1 mm-thick	 slices	 from	 anterior	 to	 posterior.	 The	 area	 of	

non-stained	 infarct	 in	 each	 slice	 was	 measured	 using	 NIS	 Elements	 AR	 software	

(Nikon).	Non-stained	 infarct	areas	of	 ischemic	and	control	hemisphere	areas	were	

calculated	and	then	multiplied	by	slice	thickness	and	summed.	Hemispheric	swelling	

was	 assessed	 by	 the	 ratio	 of	 ischemic	 and	 contralateral	 hemisphere	 volume.	 This	

ratio	was	used	 to	 adjust	 infarct	 volume	 for	 edema	modified	 from	McBride	 et	 al.68	

and	also	served	as	hemisphere	swelling	index.	

2.6.12. Hemorrhage	Assessment	

Several	 rats	 undergoing	 tMCAO	 suffered	 a	 hemorrhage.	 The	 hemorrhages	

were	 assessed	 by	 visual	 examination	 of	 TTC-stained	 coronal	 sections	 for	 each	

animal.	The	hemorrhage	was	documented	by	notating	which	areas	in	the	brain	were	

specifically	 affected	 as	 striatum	 and/or	 cortex,	 the	 number	 of	 sliced	 sections	 that	

intracranial	bleeding	had	occurred,	and	the	intensity	of	the	hemorrhage	seen	in	the	

affected	areas	such	as	petechial	or	confluent.	Further	evaluation	entails	scoring	the	

hemorrhage	 by	 quantifying	 the	 size	 of	 area	 that	 was	 affected	 as	 follows:	 0—no	

hemorrhage,	 1—single	 petechial	 hemorrhage,	 2—multiple	 petechial	 hemorrhages,	

3—single	confluent	subcortical	hemorrhage,	and	4—hemorrhages	including	cortical	

region.	

2.6.13. Statistical	Analysis		

Cytotoxicity	and	cell	 fluorescence	was	 tested	by	 comparing	means	and	SDs	

employing	 Student’s	t-test.	 For	in	 vivo	studies,	 baseline	 conditions	 and	 ordinal	
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outcome	 measures	 were	 performed	 by	 Student’s	t-test.	 Proportions	 were	 tested	

using	chi-square	adjusted	for	small	n.	Outcome	measures	were	those	prospectively	

defined	 (infarct	 volume,	 hemisphere	 swelling	 index,	 hemorrhage	 score,	 and	

modified	Bederson	score)	and	tested	by	Mann–Whitney	U	non-parametric	 test	due	

to	 the	potential	 for	non-normally	distributed	outcomes	with	 the	 small	n.	Mortality	

was	recorded.	
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3.1. Introduction	

Traumatic	brain	injury	is	a	leading	cause	of	death	and	disability	in	the	United	

States.	 Annually,	 an	 estimated	 1.7	 million	 individuals	 sustain	 TBI,	 resulting	 in	

52,000	deaths	and	275,000	hospitalizations2,	3.	TBI	is	classified	into	mild,	moderate	

and	severe	injury,	with	approximately	75%	of	TBI	injuries	each	year	designated	as	

concussions	 or	 forms	 of	 mTBI4.	 Hypotension,	 often	 due	 to	 hemorrhage	 from	

concomitant	injury,	worsens	all	severity	levels	of	TBI5.	

Oxidative	stress	 is	a	prominent	 feature	of	TBI,	especially	when	complicated	

by	 secondary	 trauma	 such	 as	 hemorrhagic	 hypotension.	 We	 previously	

demonstrated	a	triphasic	increase	in	SO	anion	concentration,	first	immediately	after	

the	 injury,	 second	 following	 hemorrhagic	 hypotension	 and	 the	 third	 peak	

accompanied	 resuscitation	with	 blood	 infusion6.	 Other	work	 suggests	 that	 loss	 of	

cerebral	 autoregulation	 that	 is	 found	 following	 even	mTBI	 is	mediated	 at	 least	 in	

part	 by	 reactive	 oxygen	 species7-10.	 Particularly	 in	 hypotensive	 conditions,	 a	

decrease	 in	CBF	worsens	the	outcome	after	 injury7.	However,	 there	 is	no	evidence	

that	 antioxidant	 therapies	 improve	 outcome	 following	 TBI	 and	 hypotension	 in	

patients10-12.		

We	 identified	 several	 features	of	 current	antioxidants	 that	 limit	 their	 likely	

effectiveness	when	administered	after	an	injury,	including	low	capacity,	reliance	on	

either	 regeneration	 or	 downstream	 enzymes	 that	may	 be	 depleted	 in	 the	 injured	

tissue	 and	 narrow	 range	 of	 radicals	 quenched	 that	 cannot	 address	 the	 cascade	 of	

radicals	 that	 occur	 after	 an	 injury.	 We	 developed	 a	 new	 class	 of	 highly	modified	
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carbon	 nanomaterial,	 PEG-HCCs,	 and	 determined	 they	 were	 high	 capacity	

antioxidants	 in	 acellular	 systems	 and	 in	 cultures	 of	 brain	 endothelial	 cells	 and	

primary	 neurons7,	 13,	 14.	 PEG-HCCs	 are	 non-toxic	 carbon	 nanoparticles	 that	 are	

soluble	in	biological	media	and	contain	a	blood	half-life	of	2-3	h	after	IV	injection15.	

Histological	analysis	did	not	suggest	any	toxicity	in	normal	mice	and	accumulation	

in	 Kupffer	 (macrophage)	 cells	 of	 the	 liver,	 suggesting	 carbonaceous	 uptake	 as	 a	

major	form	of	metabolism15.	

PEG-HCCs	 exhibited	 SO	 anion	 quenching	 by	 a	 SOD-mimetic	 mechanism	 of	

high	 capacity16.	 Molecular	 oxygen	 and	 hydrogen	 peroxide	 were	 identified	 as	

products	of	this	reaction.	PEG-HCCs	are	capable	of	detoxifying	many	ROS6,	both	SO	

and	HO•,	while	remaining	unreactive	toward	NO,	a	potent	vasodilator16.	Unlike	large	

unmodified	nanotubes,	PEG-HCCs	have	shown	no	toxicity	to	a	variety	of	cell	types7,	

13-15,	17-19.	Furthermore,	the	rapid	onset	of	action	of	PEG-HCCs	is	faster	than	in	PEG-

SOD	 and	 the	 small	 molecule	 antioxidant,	 phenyl-a-tert-butyl	 nitrone	 (PBN),	 in	

protecting	endothelial	cells	from	lethal	OS7.		

Our	prior	work	showed	that	PEG-HCCs	were	able	to	completely	restore	CBF	

that	occurred	 in	our	model	of	mild	cortical	contusion	 injury,	which	 is	 transformed	

into	 a	 moderate	 to	 severe	 injury	 by	 50	 min	 of	 hemorrhagic	 shock	 followed	 by	

resuscitation7,	14.	This	restoration	of	blood	flow	occurred	despite	delayed	treatment	

at	 80	 min	 following	 injury,	 mimicking	 delays	 encountered	 in	 a	 realistic	 clinical	

scenario.	 	 Oxidative	 balance,	 specifically	 an	 increase	 in	 NO	 expression	 and	 a	
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decrease	 of	 SO	 levels	 in	 brain	 endothelial	 cells,	 accompanied	 this	 restoration	 of	

autoregulation7.	

We	 designed	 the	 present	 study	 to	 test	 the	 ability	 of	 PEG-HCC	 treatment,	

administered	at	the	time	of	“definitive	resuscitation”	in	a	mild	TBI	model	combined	

with	 hypotension	 and	 resuscitation,	 to	 improve	 functional	 outcome	 and	 brain	

structure.	Rats	survived	following	the	injury	and	behavior	variables	including	beam	

balancing	 duration,	 beam	walking	 duration	 and	 Morris	water	 maze	 latency	 were	

examined	as	was	brain	lesion	size.		

3.2. Physiological	variable	

Physiological	 variables	 were	 obtained	 in	 a	 subset	 of	 the	 rats	 in	 order	 to	

minimize	 blood	 loss	 and	 due	 to	 technical	 issues.	 	 pCO2	 was	 higher	 and	 as	 a	

consequence	 pH	was	 lower	 in	 the	 placebo	 control	 rats	 at	 baseline,	 but	 this	 trend	

shifted	 to	 the	 PEG-HCCs	 as	 the	 experiment	 progressed.	 No	 other	 significant	

differences	were	observed	(Table	3.1).	
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Baseline	
Control	
(saline)	

Baseline	
PEG-
HCC	

p	

End	of	
Hypo-
tensio
n	

Contro
l	

End	of	
Hypo-
tension	
PEG-
HCC	

p	

End	of	
Hospita

l	
Phase	
Control	

End	of	
Hospital	
Phase	
PEG-
HCC	

p	

pH	
7.33	
+	
0.08	

7.41	
+	
0.03	

0.014	
7.34	
+	
0.08	

7.33	
+	
0.04	

0.966	
7.34	
+	

0.12	

7.30	
+	
0.8	

0.484	

pCO2	
56.2	
+	
11	

46		
+		
5.7	

0.061	
38.8	
+	
4.4	

45.1	
+	
8.1	

0.076	
51.1	
+	
15	

56.7	
+	
12	

0.499	

pO2	
109	
+	
24	

106	
+	
17	

0.832	
89.2	
+	
5.3	

91.9	
+	
13	

0.721	
363	
+	
96	

432	
+	
121	

0.354	

	
	
Table	3.1:	Physiological	variables	between	control	and	PEG-HCC	treated	rats.		
P	 value	 was	 considered	 significant	 at	 p<.05.	 Note	 that	 complete	 physiology	 was	
successfully	obtained	from	a	subset	of	each	group	(4	controls,	8	PEG-HCC	treated).		
Only	major	differences	seen	was	a	higher	baseline	pCO2	and	subsequently	lower	pH	
in	the	placebo	controls	at	baseline,	which	then	normalized	with	a	trend	for	higher	in	
the	PEG-HCC	group	as	the	experiment	proceeded.			

	

3.3. Mortality	rate	

Overall	the	mortality	rate	was	17.9%.		Five	(23.8%)	of	the	21	rats	in	the	PEG-

HCC	group	died,	and	2	(11.7%)	of	the	17	rats	given	saline	died	(p	=	0.20).		Mortality	

included	procedural	as	well	as	post-treatment	mortality.						
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3.4. Performance	on	Motor	Tasks	

Overall,	the	rats	that	received	the	PEG-HCC	treatment	were	able	to	cross	the	

beam	an	average	of	4.6	s	faster	than	the	saline	treated	rats	(4.2	+	1.1	compared	to	

8.9	+	1.1	s	respectively,	p	=	0.007).		The	day	x	treatment	interaction	was	significant	

(p	 <	 0.001)	 for	 the	 beam-walking	 task,	 and	 the	 individual	 day	 times	 required	 to	

cross	the	beam	for	days	1-3	were	significantly	faster	in	the	PEG-HCC	treated	group	

(Figure	3.1).	

	

	

	



	 85	

	

Figure	3.1:	Beam	Walking	Performance.		
Beam	 walking	 task	 results	 between	 PEG-HCC	 and	 saline	 treated	 subjects.	 Beam	
walking	time	is	on	the	Y	axis	in	seconds	and	days	after	injury	is	on	the	X	axis.	The	
time	 required	 to	 traverse	a	 beam	 is	5	 seconds	or	 less	with	4	plastic	pegs	 (7.5	 cm	
high)	present	at	approximately	20-cm	intervals	alternating	from	side	to	side,	5	mm	
from	the	edge	of	the	beam.	This	task	was	assessed	on	days	1-5	post	injury.	Results	
show	that	PEG-HCC	treatment	resulted	in	a	significantly	reduced	beam	walking	time	
at	all	points	(treatment	effect,	p	=	0.007;	treatment	x	day	interaction,	p<0.001).	On	
average	PEG-HCC	treated	animals	crossed	the	beam	4.6	seconds	 faster	 than	saline	
treated	 rats	and	 the	 individual	day	 times	 required	 to	 cross	 the	beam	 for	days	1-3	
were	significantly	faster	in	the	PEG-HCC	treated	group.		
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On	the	beam	balance	task,	the	rats	that	were	given	PEG-HCC	treatment	were	

able	 to	 balance	 an	 average	 of	 10	 s	 longer	 than	 the	 saline	 treated	 rats	 (51.2	 +	 1.9	

compared	to	41.2	+	1.9	s,	respectively,	p	<	0.001).		The	day	x	treatment	interaction	

was	significant	(p	<	0.001)	for	the	beam	balance	task,	and	the	individual	day	times	

that	the	rats	were	able	to	balance	for	days	1-4	were	significantly	faster	in	the	PEG-

HCC	treated	group	(Figure	3.2).	
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Figure	3.2:	Beam	Balance	Performance.		
Beam	 balance	 task	 results	 between	 PEG-HCC	 and	 saline	 treated	 subjects.	 Beam	
balance	time	is	on	the	Y	axis	in	seconds	and	days	after	injury	is	on	the	X	axis.	Each	
animal	is	placed	lengthwise	along	the	center	of	the	beam	and	attempts	to	balance	on	
the	 beam	 for	 up	 to	 60	 seconds.	 This	 task	was	 assessed	on	 days	 1-5	 post-surgery.	
Results	 show	 that	 PEG-HCC	 treated	 animals	 performed	 significantly	 better	 than	
saline	treated	rats	(treatment	effect,	p<0.001;	treatment	x	day	interaction,	p<0.001).		
On	average	rats	given	PEG-HCC	treatment	were	able	 to	balance	10	seconds	longer	
than	the	saline	treated	rats	and	the	individual	day	times	that	the	rats	were	able	to	
balance	for	days	1-4	were	significantly	faster	in	the	PEG-HCC	treated	group.	

	

Day After Injury
Baseline 1 2 3 4 5

Be
am

 B
al

an
ce

 T
im

e 
(s

ec
)

10

20

30

40

50

60

Control
PEG-HCC

*
* * *



	 88	

3.5. Performance	on	Morris	Water	Maze	task	

For	 the	 MWM	 task,	 which	 was	 performed	 on	 days	 11-15,	 the	 rats	 that	

received	 treatment	 with	 the	 PEG-HCC	 were	 able	 to	 find	 the	 hidden	 platform	 an	

average	of	7	s	faster	than	the	saline	treated	rats	(20.0	+	1.9	compared	to	27.2	+	1.9	s,	

respectively,	 p	 =	 0.010).	 	 Performance	 on	 the	 task	 rapidly	 improved	 in	 both	

treatment	 groups	 over	 the	 days	 of	 testing.	 	 The	 day	 x	 treatment	 interaction	 was	

significant	 (p	 <	 0.001)	 for	 the	MWM	 task,	 and	 the	 time	 to	 find	 the	 platform	was	

significantly	faster	on	day	1	in	the	PEG-HCC	treated	group	(Figure	3.3).	
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Figure	3.3:	Morris	Water	Maze	Performance.		
MWM	results	between	PEG-HCC	and	saline	treated	subjects.	Time	to	find	platform	is	
on	the	Y	axis	and	days	after	injury	is	on	the	X	axis.	Each	rat	in	each	group	was	given	
a	specific	sequence	to	follow	throughout	the	water	maze	trials.	On	each	trial,	the	rat	
was	placed	in	the	water	and	expected	to	find	the	platform	within	120	s.	Four	trials	
are	performed	within	4	min	of	rest	between	trials.	Pre-injury	performance	was	not	
tested.	 Maze	 performance	 was	 assessed	 on	 each	 of	 the	 days	 11-15	 post	 injury.	
Performance	 on	 the	 MWM	 task	 was	 significantly	 better	 in	 the	 PEG-HCC	 treated	
group	 in	 the	 early	 testing	 time	 period	 (treatment	 effect,	 p=.010;	 treatment	 x	 day	
interaction,	 p<.001).	 On	 average,	 the	 rats	 that	 received	 PEG-HCC	 treatment	 were	
able	to	find	the	hidden	platform	7	s	faster	than	the	saline	treated	rats.	The	time	to	
find	the	platform	was	significantly	faster	on	day	1	in	the	PEG-HCC	treated	group.	
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3.6. Histology	Indices	

Contusion	 volume	 (Figure	 3.4)	was	 4.6	 +	 1.1	mm3	 in	 the	 PEG-HCC	 treated	

rats,	 compared	 to	 11.7	 +	 3.4	 mm3	 in	 the	 saline	 treated	 rats	 (p	 =	 0.054),	 61%	

reduction	in	volume.	 	CA1	cell	counts	were	47.1	+	4.6	and	37.2	+	4.9	cells/mm2	 in	

the	PEG-HCC	and	saline	treated	animals,	respectively	(p	=	0.154).	 	CA3	cell	counts	

were	28.7	+	2.9	and	26.7	+	2.2	cells/mm2	in	the	PEG-HCC	and	saline	treated	animals,	

respectively	(p	=	0.585).			
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Figure	3.4:	Contusion	Volume.		
Contusion	volume	results	between	PEG-HCC	and	saline	treated	subjects.	Contusion	
volume	 in	mm3	 s	 on	 the	 Y	 axis	 and	 treatment	 group	 is	 on	 the	 X	 axis.	 The	 injury	
volume	 was	 measured	 by	 determining	 the	 cross-sectional	 area	 of	 injury	 in	 each	
coronal	image	and	multiplying	by	the	thickness	of	the	tissue	between	the	slices.	The	
contusion	 volume	was	measured	 at	 2	weeks	 post-injury.	 The	 PEG-HCC	 treatment	
group	had	a	contusion	volume	of	4.6	+	1.1	mm3	compared	to	11.7	+	3.4	mm3	in	the	
saline	treated	rats	(p	=	0.054)	or	a	61%	reduction	in	volume.		

	

3.7. PEG-HCC	treatment	improves	outcome	after	injury	

In	 this	 study	 we	 used	 a	 model	 of	 mild	 traumatic	 brain	 injury	 that	 we	

previously	demonstrated	was	insufficient	to	produce	any	visible	histological	lesion,	

but	 combined	 with	 hypotension	 and	 resuscitation	 it	 generates	 structural	 and	

functional	 injury5.	 In	 the	present	 study,	PEG-HCCs,	 given	at	 the	onset	of	definitive	

resuscitation	and	repeated	2	h	later,	improved	measures	of	functional	outcome	and	
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reduced	 lesion	 size	 (Figure	 3.5).	 The	 exacerbating	 effect	 of	 hypotension	 suggests	

that	 a	 major	 vascular	 injury	 component	 accompanies	 the	 TBI.	 Loss	 of	 cerebral	

autoregulation	even	with	mTBI	is	likely	a	factor,	and	there	is	evidence,	through	pre-

treatment	with	antioxidants,	that	oxidative	stress	contributes	to	this	phenomenon20-

22.	 	 In	our	prior	work,	administration	of	 the	broadly	active,	catalytic	nanomaterial,	

PEG-HCCs	at	the	time	of	“definitive”	resuscitation,	the	reinfusion	of	blood	to	restore	

MAP,	 rapidly	 and	 completely	 restored	 CBF	 in	 the	 affected	 hemisphere	 as	well	 as	

restoring	 the	balance	between	SO	and	NO	 in	 the	vasculature.	However,	 given	 that	

there	 are	multiple	 releases	 of	 ROS	 during	 this	 time	 period,	 it	 did	 not	 insure	 that	

treatment	at	this	later	point	would	be	functionally	and	structurally	beneficial.	Here	

we	 show	 that	 even	 when	 treated	 at	 this	 latest	 time	 point	 the	 treatment	 was	

efficacious	 both	 structurally	 and	 functionally,	 suggesting	 that	 viable	 tissue	 is	

salvageable.			
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Figure	3.5:	Hemispheric	Contusion.		
Right	 parietal	 hemispheric	 contusion	 comparison	 of	 saline	 (A)	 and	 PEG-HCC	 (B)	
treated	 animals.	 The	 fixed	 brains	 were	 examined	 grossly	 for	 the	 presence	 of	
contusion,	hematoma,	and	herniation.	Neurons	in	the	middle	1-mm	segments	of	the	
CA1	and	CA3	regions	of	the	hippocampus	were	counted	at	a	magnification	of	200x.	
Hematoxylin	and	eosin-stained	sections	were	washed	with	0.9%	saline,	followed	by	
10%	 phosphate-buffered	 formaldehyde.	 The	 brain	 sections	 were	 photographed	
using	a	section	scanner	equipped	with	a	PathScan	Enabler.		

	

PEG-HCCs	have	unique	properties	 that	 suggest	 their	potential	 effectiveness	

in	injured	tissue.	PEG-HCCs	are	water	soluble	carbonaceous	particles	that	are	stable	

without	 refrigeration	 and	 showed	 no	 toxicity	 in	 an	 acute	 TBI	 model	 or	 in	 mice	

following	10	weeks	of	weekly	treatment.	They	have	inherent	antioxidant	properties	

that	 differ	 from	 other	 agents7,	 14.	 In	 vitro,	 they	 are	 protective	 against	 the	 lethal	

effects	of	 the	mitochondrial	 toxin,	Antimycin	A,	 even	when	administered	after	 the	

toxin,	while	conventional	agents	such	as	PEG-SOD	or	the	small	molecule	PBN,	were	

only	effective	in	much	higher	doses	and	only	when	pre-treatment	was	used7,	14.	PEG-
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HCCs	 have	 no	 affinity	 for	 NO,	 one	 of	 the	 important	 signaling	 agents	 that	 are	

impaired	 following	 TBI,	 resulting	 in	 vascular	 dysfunction7.	 	 The	 imbalance	 after	

injury	 between	 SO	 and	 NO,	 which	 we	 term	 “functional	 uncoupling”	 was	 acutely	

restored	by	PEG-HCC	treatment	in	our	previous	acute	studies7,	14,	23.	

The	use	of	pre-clinical	TBI	models	for	identifying	promising	therapeutics	has	

been	 extensively	 discussed	 given	 the	 failure	 of	 clinical	 translation24-26.	 	 Some	 of	

these	issues	are	inherent	to	use	of	non-human	species,	such	as	species	differences	in	

pathological	 mechanisms,	 while	 others	 are	 possible	 to	 address	 including	 lack	 of	

information	 related	 to	 physiological	 variables,	 lack	 of	 important	 co-morbidities,	

unrealistic	 treatment	windows,	 sex	differences,	 and	others.	 	Our	methods	address	

some	key	factors	including	a	realistic	treatment	time	point	and	incorporation	of	one	

of	the	most	important	co-morbidities	related	to	TBI	outcome	regardless	of	severity	

of	 injury,	 systemic	 hypotension.	 Other	 factors	 need	 to	 be	 studied	 in	 the	 future	

including	sex	differences	and	other	models	and	species	 to	 insure	these	results	are	

not	 unique.	 	 The	 promising	 longer-term	 results	 seen	 here	 that	 complement	 our	

earlier	finding	of	acute	benefit	to	restoration	of	blood	flow,	suggests	that	PEG-HCCs	

are	worth	studying	under	these	different	conditions.	Moreover,	our	results	support	

that	 the	 oxidative	 burst	 associated	 with	 the	 onset	 of	 resuscitation	 contributes	 to	

worsened	outcome	and	is	a	potential	therapeutic	target	even	at	this	later	time	point.		
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3.8. Appendix	

3.8.1. Treatment	groups	

In	this	study,	a	total	of	38	Long	Evans	rats,	weighing	300-350	g,	were	used.	

The	TBI	model	used	was	a	mild	cortical	impact	injury	(3	m/s,	2.5	mm	deformation)	

followed	by	50	min	of	hemorrhagic	hypotension.		The	rats	were	randomly	assigned	

to	 receive	 either	 PEG-HCC	 (2	mg/kg,	 n	 =	 21)	 or	 saline	 as	 placebo	 (n	 =	 17).	 	 The	

assigned	study	drug	was	given	via	IV	at	the	beginning	of	resuscitation	and	again	2	h	

after	the	first	dose.	

3.8.2. Anesthesia	

General	 anesthesia	 was	 induced	 using	 5%	 isoflurane	 in	 100%	 oxygen,	 by	

placing	 the	rats	 in	a	vented	anesthesia	 chamber	 for	approximately	3-5	min.	 	After	

anesthesia	 induction,	 the	 animals	 were	 intubated	 with	 a	 14	 gauge	 angiocath	 and	

mechanically	 ventilated	 using	 a	 volume-controlled	 ventilator.	 	 A	 surgical	 plane	 of	

anesthesia	was	maintained	throughout	the	impact	injury	and	period	of	hypotension	

with	2%	isoflurane.	

3.8.3. Surgical	preparation	

Under	 aseptic	 techniques,	 intravascular	 catheters	 were	 placed	 in	 the	 tail	

artery	and	femoral	vein.		The	tail	artery	was	dissected	through	a	2-4	mm,	in	length,	

incision	 in	 the	 proximal	 segment	 of	 the	 tail	 and	 cannulated	 using	 a	 22	 gauge	

angiocath	Teflon	catheter	 to	monitor	BP.	 	Through	a	5-8	mm,	 in	 length,	 incision	 in	
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the	left	groin,	the	femoral	vein	was	dissected	free	and	cannulated	using	a	22	gauge	

angiocath	 Teflon	 catheter	 to	 allow	 for	 the	 controlled	 hemorrhagic	 shock	 and	

resuscitation	using	Lactated	Ringer	solution	or	the	shed	blood.		The	catheters	were	

secured	 to	 the	 skin	 with	 nylon	 sutures.	 After	 catheterization,	 the	 animals	 were	

mounted	in	a	stereotactic	frame	in	the	prone	position	with	the	head	secured	by	ear	

bars	and	an	incisor	bar.		Body	temperature	was	monitored	and	kept	between	36-37	

°C	with	a	heating	pad	controlled	by	a	rectal	probe.	ABG	values,	 including	pH,	pCO2	

and	pO2,	were	obtained	on	blood	drawn	from	the	tail	artery	catheter	with	an	IRMA	

TruPoint	blood	gas	analysis	system.		

3.8.4. Craniectomy	and	Controlled	Cortical	Impact	Injury	

The	 scalp	 was	 shaved	 and	 cleaned	 using	 an	 iodine-based	 solution.	 	 The	

surgical	 field	was	 draped	with	 sterile	 linens.	 	 A	medial	 sagittal	 skin	 incision	was	

performed	and	the	scalp	(including	the	periosteum)	and	the	temporalis	muscle	were	

reflected.		To	expose	the	brain	for	the	impact	injury,	a	10	mm	diameter	craniectomy	

was	performed	over	the	right	parietal	cortex	between	the	bregma	and	lambda	using	

a	dental	drill.	 	 Care	was	 taken	 to	not	 injure	 the	dural	 surface.	 	A	 small	 amount	of	

saline	 solution	was	directed	at	 the	 site	of	drilling	 to	prevent	 thermal	 injury	 to	 the	

brain	tissue.	 	With	the	 impactor	rod	locked	 in	the	extended	position,	 the	 impactor	

tip	was	centered	in	the	craniectomy	site	perpendicular	to	the	exposed	surface	of	the	

brain	at	an	angle	of	approximately	45°	to	the	vertical,	and	then	the	tip	was	lowered	

until	it	just	touched	the	dural	surface.		The	impactor	rod	was	then	retracted,	and	the	

tip	advanced	an	additional	distance	in	order	to	produce	a	brain	deformation	of	2.5	
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mm	at	 the	 time	of	 the	 impact.	 	To	 induce	a	mild	 level	of	 traumatic	 injury,	 the	CCI	

device	 was	 adjusted	 to	 30	 psi	 giving	 an	 impact	 velocity	 of	 approximately	 3	 m/s.		

With	 the	 help	 of	 a	 heating	 lamp	 aiming	 at	 the	 head	 of	 the	 animal,	 the	 brain	

temperature	was	kept	between	36-37	°C	using	a	temperature	probe	placed	into	the	

temporalis	 muscle.	 	 After	 cortical	 injury,	 the	 skull	 defect	 was	 closed	 by	 using	 an	

artificial	bone	flap,	composed	of	dental	acrylic,	to	avoid	extrusion	of	brain	tissue.			

3.8.5. Hemorrhagic	shock	and	phase	of	resuscitation	

Using	 a	 mechanical	 standard	 infusion/withdrawal	 pump	 (Harvard	 Pump	

Dual	RS-232),	blood	was	withdrawn	to	reduce	the	MAP	to	approximately	40	mmHg	

for	a	period	of	50	min.	 	The	blood	volume	required	to	decrease	MAP	to	such	level	

was	~2	mL/100	g	of	weight.		Half	of	this	volume	was	withdrawn	in	the	first	5	min,	

another	 25%	 over	 the	 next	 5	 min,	 and	 the	 final	 25%	 over	 the	 next	 5	 min.	 	 This	

decelerating	rate	of	blood	loss	mimics	the	clinical	situation	of	traumatic	blood	loss.		

Animals	were	kept	hypotensive	 for	 the	 remaining	hypotensive	period	 if	necessary	

by	 continued	 intermittent	hemorrhage.	 	The	 shed	blood	was	 collected	 into	 citrate	

phosphate	dextrose	and	kept	at	4	°C	 for	 the	duration	of	 the	hypotensive	and	fluid	

resuscitation	period.	 	The	 shed	blood	was	 rewarmed	 to	body	 temperature	 (36-37	

°C)	 just	 prior	 to	 reinfusion.	 	 Following	 the	 assigned	 hypotensive	 period	 (50	min),	

animals	 were	 first	 resuscitated	 with	 Lactated	 Ringer	 solution	 using	 the	 infusion	

pump	to	maintain	a	constant	 infusion	rate	of	1	mL/min	until	a	MAP	of	at	 least	50	

mmHg	was	obtained.		The	final	resuscitation	was	accomplished	by	reinfusion	of	the	

shed	blood	and	providing	100%	oxygen	ventilation	after	80	min.	
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3.8.6. Post-operative	management	and	assessment	

After	the	final	resuscitation,	anesthesia	was	discontinued	to	allow	animals	to	

recover.	 	When	fully	awake,	 the	animals	were	returned	to	their	cages	and	allowed	

free	 access	 to	 food	 and	water.	 	 For	 the	 first	 3	 days	 post-injury,	 the	 animals	were	

given	buprenorphine	0.1	mg/kg	IM	q12h	for	analgesia,	and	enrofloxacin	5	mg/kg	IM	

qd	to	prevent	postoperative	infections.		

Each	 rat	was	weighed	 on	 the	 day	 of	 beam	walking	 pre-training,	 the	 day	 of	

surgery,	 days	 1-5	 post-surgery,	 and	 days	 11-15	 post-surgery	 using	 a	 digital	 scale.		

On	days	1-5	post-injury,	 the	animals	were	 tested	on	 the	beam-walking	and	beam-

balancing	 tasks.	 On	 days	11-15	post-injury,	 the	 animals	were	 tested	on	 the	MWM	

task.	Following	the	last	behavioral	assessment,	the	animals	were	euthanized	and	the	

brains	removed	for	histological	examination.			

3.8.7. Motor	tasks	

Beam	walking	task.	Each	rat	was	pre-trained	2	days	before	surgery	to	walk	

down	a	beam	1	m	long,	2.5	cm	wide,	and	1	m	above	the	ground	into	a	darkened	goal	

box	to	escape	white	noise	of	90	db.		At	the	beginning	of	each	training	and	test	trial,	

the	 rat	 sat	 in	 the	 goal	 box	 for	 30	 s.	 	 During	 training	 trials,	 the	 rat	was	 placed	 at	

successively	 longer	distances	 from	 the	goal	 box	 until	 it	 learned	 to	walk	 down	 the	

entire	beam.		Any	distance	from	which	the	rat	did	not	walk	down	the	beam	into	the	

goal	box	was	repeated	until	it	did.		The	rat	was	given	a	30	s	rest	period	in	the	goal	

box	between	trials.		After	it	had	traversed	the	beam	in	5	s	or	less	on	three	successive	
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trials,	 four	 plastic	 pegs	 (7.5	 cm	 high)	 were	 placed	 in	 holes	 in	 the	 beam	 at	

approximately	20-cm	intervals	alternating	from	side	to	side,	5	mm	in	from	the	edge	

of	 the	 beam.	 	 The	 rat	 was	 then	 trained	 to	 another	 criterion	 of	 three	 consecutive	

trials	completed	in	10	s	or	less.	 	If	both	of	these	criteria	were	not	met	by	30	trials,	

the	 rat	was	 disqualified.	 	 The	 final	 criterion	 for	 inclusion	 in	 the	 study	was	 beam-

walking	times	on	the	day	of	surgery	with	the	pegs	present	that	were	5	s	or	less	on	

three	consecutive	trials	within	15	trials.	 	Beam	walking	with	the	pegs	present	was	

assessed	on	days	1-5	post-injury.	

Beam	balancing	task.		Each	animal	was	placed	lengthwise	along	the	center	of	

a	 beam	1.5	 cm	wide,	 1	m	 long	 and	 1	m	 above	 the	 ground.	 	 The	 rat	 attempted	 to	

balance	on	the	beam	for	up	to	60	s	on	each	of	three	trials	on	the	day	of	surgery	and	

on	days	1-5	post	surgery.		The	rat	was	taken	off	the	beam	and	placed	in	the	goal	box	

for	30	s	between	trials.	

3.8.8. Morris	Water	Maze	test	

The	 MWM	 consisted	 of	 a	 5-foot	 diameter	 galvanized	 steel	 pool	 which	

contained	a	10	X	10	cm	Plexiglas	platform	26	cm	high	and	hidden	2	cm	below	the	

water.	 There	were	 four	 starting	 positions	 (North,	 South,	 East,	West)	with	 a	 fixed	

platform.		Each	rat	in	each	group	was	given	a	specific	sequence	to	follow	throughout	

the	water	maze	trials.	 	The	maze	was	filled	with	water	until	it	was	2	cm	above	the	

Plexiglas	platform.		On	each	trial,	the	rat	was	placed	in	the	water	facing	the	wall	in	

the	indicated	position.		If	the	rat	did	not	find	the	platform	within	120	s	on	any	trial,	

it	was	placed	on	the	platform	for	30	s.	If	the	rat	found	the	platform	within	120	s,	it	
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was	allowed	to	remain	on	the	platform	for	30	s.	 	Four	trials	are	performed	with	4	

min	 for	 rest	 between	 trials;	 the	 rat	was	 kept	warm	with	 a	 heating	 lamp	between	

trials.	 The	 rat	 was	 tracked	 in	 the	 water	 maze	 with	 the	 Water	 maze	 2020	 Video	

Tracking	 System.	 	 Pre-injury	 performance	 was	 not	 tested.	 Instead,	 maze	

performance	was	assessed	on	each	of	days	11-15	post-injury.		

3.8.9. Histology	

At	 2	 weeks	 after	 the	 impact,	 the	 animals	 were	 deeply	 anesthetized,	 and	

perfused	 transcardially	 with	 0.9%	 saline,	 followed	 by	 10%	 phosphate-buffered	

formaldehyde.	The	 entire	 brain	was	 removed	and	 fixed	 in	 4%	 formalin.	 The	 fixed	

brains	 were	 examined	 grossly	 for	 the	 presence	 of	 contusion,	 hematoma,	 and	

herniation.	 The	 brains	were	 photographed,	 sectioned	 at	 2-mm	 intervals,	 and	 then	

embedded	 in	 paraffin.	 Hematoxylin	 and	 eosin-stained	 sections	were	washed	with	

0.9%	saline,	followed	by	10%	phosphate-buffered	formaldehyde.	The	brain	sections	

were	 photographed	 using	 a	 section	 scanner	 (Polaroid	 Corporation,	Waltham,	MA)	

equipped	 with	 a	 PathScan	 Enabler	 (Meyer	 Instruments,	 Houston,	 TX).	 The	 injury	

volume	 was	 measured	 by	 determining	 the	 cross-sectional	 area	 of	 injury	 in	 each	

coronal	image	and	multiplying	by	the	thickness	of	the	tissue	between	the	slices.	This	

slab	volume	technique	was	implemented	on	the	image-processing	program	Optimas	

5.2	 (Optimas	Corporation,	 Seattle,	WA).	Neurons	 in	 the	middle	1-mm	segments	of	

the	 CA1	 and	CA3	 regions	 of	 the	 hippocampus	were	 counted	 at	 a	magnification	 of	

200X.	 Neurons	 were	 identified	 by	 nuclear	 and	 cytoplasmic	 morphology,	 and	

individual	 cells	 were	 counted	 as	 either	 normal	 or	 damaged.	 Neurons	 with	
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cytoplasmic	 shrinkage,	 basophilia,	 or	 eosinophilia,	 or	 with	 loss	 of	 nuclear	 detail	

were	regarded	as	damaged.	The	regions	measured	were	1	mm	long	and	1	mm	wide	

(0.5	mm	on	either	side	of	the	long	axis	of	the	segment).	The	total	number	of	neurons	

and	 the	 number	 of	 neurons	 that	 seemed	 normal	 were	 expressed	 as	 neurons	 per	

square	millimeter.	

3.8.10. Statistical	Analysis	

Physiological	 variables	 were	 compared	 between	 treatment	 groups	 before,	

during	and	after	TBI	surgery	using	 t-test.	The	behavioral	data	was	analyzed	using	

repeated	 measures	 analysis	 of	 variance.	 	 When	 there	 was	 a	 significant	 time	 by	

treatment	 group	 interaction,	Holm-Sidak	 test	was	 used	 to	 determine	which	 times	

were	 different.	 	 Histological	 indices	 were	 analyzed	 using	 a	 t-test.	 Mortality	 was	

compared	with	Fisher	Exact	Test.	
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Chapter 4 

Highly Oxidized Graphene Quantum 
Dots from Coal as Efficient 

Antioxidants 

This	 chapter	 was	 copied	 in	 its	 entirety	 from	 reference	 1,	 of	 which	 I	 authored.	

(Submitted)	Reprinted	with	permission.1	
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4.1. Introduction	

There	is	great	interest	in	the	development	of	synthetic	antioxidants	that	can	

rival	 the	 therapeutic	 efficiency	 of	 metalloenzymes	 in	 disorders	 associated	 with	

excessive	oxidative	stress.	Under	normal	physiological	conditions,	oxidative	stress	is	

effectively	 balanced	 by	 naturally	 occurring	 low	 levels	 of	 antioxidants	 and	 various	

enzymes	including	SOD,	catalase,	vitamin	A,	coenzyme	Q10,	glutathione,	vitamin	E,	

uric	acid,	ascorbic	acid,	and	riboflavin,	among	others2.	However,	the	lack	of	clinical	

evidence	for	therapeutic	benefit	suggests	that	these	antioxidants	are	unable	to	cope	

with	the	overwhelming	production	of	ROS	during	extreme	levels	of	oxidative	stress,	

particularly	if	given	after	the	injuries	such	as	TBI,	stroke,	or	heart	attack3.	We	have	

previously	 characterized	 a	 carbon	 nanomaterial	 derived	 from	 harsh	 oxidation	 of	

SWCNTs,	 PEG-HCCs4-8.	 These	 show	 exceedingly	 high	 SOD-mimetic	 activity	 due	 to	

their	multiple	active	sites9.		Seeking	to	replace	the	nanotube-derived	nanoparticles,	

due	in	large	part	to	the	perceived	toxicity	of	the	parent	nanotubes,	we	synthesized	

GQDs	 from	 coal,	 pegylated	 them,	 and	 studied	 their	 electrochemical,	 chemical	 and	

biological	 activity.	 And	we	 found	 the	 key	 aspects	 needed	 to	 render	 carbon	 nano-

particles	 with	 the	 requisite	 properties	 for	 usefulness	 in	 biological	 application	

related	to	oxidative	stress.		
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4.2. Synthesis	of	GQDs	and	PEG-GQDs	

GQDs	have	been	produced	from	various	coal	sources	using	sulfuric	and	nitric	

acid	with	sonication	and	heating10.	Our	goal	here	was	to	optimize	that	procedure	to	

give	GQDs	that	contained	many	oxidation	sites,	specifically	abundant	carboxylic	acid	

and	quinoidal	moieties,	and	that	were	electron	deficient	with	a	reduction	potential	

in	 the	 same	 range	 as	 HCCs,	 from	 ~	 +180	 mV	 to	 −1.0	V,	 which	 imparts	 efficient	

antioxidant	activity11,	12.	

The	 procedure	 developed	 to	 synthesize	 antioxidant	 GQDs	 involved	 heating	

ground	anthracite	or	bituminous	 in	a	mixture	of	1:1	 fuming	 sulfuric	 acid	with	18-

24%	excess	SO3:fuming	HNO3	at	60-70	°C.	The	reaction	time	was	different	for	each	

type	of	coal	because	of	the	inherently	different	size	of	the	original	graphene	segment	

within	those	coals10.	Accordingly,	anthracite	GQDs	(aGQDs)	required	longer	reaction	

times	than	bituminous	GQDs	(bGQDs).	Detailed	procedures	for	each	can	be	found	in	

the	Experimental	Methods	section	(Supporting	Information).	The	synthesis	of	GQDs	

and	PEG-GQDs	from	coal	is	shown	in	Scheme	4.1.	First,	finely	ground	anthracite	or	

bituminous	coal	is	suspended	and	stirred	in	oleum	for	30	min,	followed	by	addition	

of	 fuming	nitric	acid.	The	reaction	 is	 then	heated	 for	1	day	(bituminous)	or	7	days	

(anthracite).		
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Scheme	4.1:	Synthesis	of	GQDs	and	PEG-GQDs	from	coal.	

	

The	resulting	GQDs	are	dialyzed	into	water	for	at	least	7	days,	then	separated	

by	 size	 using	 tangential	 flow	 filtration	 on	 a	 KrosFlo	 system	 (Spectrum	 Labs).	

Tangential	 flow	 allows	 simultaneous	 size	 separation	 and	 concentration	 using	

various	sizes	of	porous	modified	polyethersulfone	columns.	The	major	size	fraction	

isolated	for	bGQDs	was	10-30	kD,	and	the	main	fraction	isolated	for	anthracite	GQDs	

(aGQDs)	was	50-100	kD.	In	addition	to	these	main	fractions,	sizes	from	5-10	kD,	10-

30	kD,	30-50	kD,	50-100	kD,	100-300	kD,	 and	300-500	kD	were	 isolated	 for	each	

batch	 in	 small	 amounts.	However,	only	 the	major	 fractions	underwent	evaluation,	

namely,	10-30	kD	for	bGQDs	and	50-100	for	aGQDs.	After	tangential	flow	separation,	

the	 extinction	 coefficients	 of	 the	 GQDs	 were	 experimentally	 determined	 to	 be	

ε700	=	0.740	mL/mg⋅cm	 for	 bGQDs	 and	 ε840	=	1.39	 mL/mg⋅cm	 for	 aGQDs,	 and	 the	

samples	were	concentrated	to	~	1.0	mg/mL.	The	units	were	necessarily	changed	to	

mg⋅cm	as	GQDs	are	nonhomogenous	and	do	not	have	a	single	MW.	The	concentrated	

GQDs	were	then	PEGylated	using	5000	average	molecular	weight	amine-terminated	

mPEG	in	an	aqueous	1-ethyl-3-(3-dimethylaminopropyl)carbodiimide	(EDC)	and	N-
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hydroxysuccinimde	 (NHS)-mediated	 amide	 coupling	 reaction	 (Scheme	 2).	 The	

resulting	 PEG-GQDs	 were	 purified	 again	 by	 tangential	 flow	 filtration	 to	 remove	

excess	PEG	and	small	molecules,	giving	a	final	solution	of	PEG-GQDs	in	water	whose	

concentrations,	 of	 the	 HCC	 cores,	 could	 be	 determined	 by	 their	 UV	 absorbance	

spectra.		

4.3. Characterization	of	GQDs	and	PEG-GQDs	

Initially,	 it	 was	 thought	 that	 the	 physical	 properties	 of	 the	 highly-oxidized	

antioxidant	carbon	nanomaterials,	both	the	HCCs	and	GQDs,	might	be	very	similar	to	

graphene	 oxide	 (GO).	 However,	 comparison	 and	 investigation	 into	 the	 structural	

features	and	the	electrochemical	and	antioxidant	activity	of	each	material	revealed	

that	 the	HCCs	and	GQDs	have	different	properties	 than	 the	GO10.	A	 representative	

comparison	of	the	structure	of	GO	to	GQDs	is	shown	in	Scheme	4.2.	
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Scheme	 4.2:	 Representation	 of	 the	 difference	 in	 the	 π-conjugated	 structure	 and	
oxygen	functional	groups	between	GO	and	GQDs.	

	

4.4. Morphological	Characterization	of	GQDs	

The	 size	 and	 shape	 of	 the	 GQDs	 were	 analyzed	 by	 various	 microscopy	

techniques.	Figure	4.1	shows	TEM	images	of	aGQDs	and	bGQDs.	The	bGQDs,	at	3	to	5	

nm,	are	smaller	than	the	aGQDs,	which	range	from	~	10	to	20	nm.	In	comparison	to	

HCCs,	 the	 GQDs	 have	 a	 different	 overall	 shape.	 Since	 HCCs	 are	 derived	 from	

nanotubes,	 one	of	 their	 dimensions	 is	 limited	by	 the	width	of	 the	 globular	 ribbon	

resulting	from	the	longitudinal	splitting	of	the	nanotube,	and	this	results	in	ribbon	

like	shape	with	sizes	of	~	3	nm	×	40	nm4-8.	Alternatively,	 the	GQDs	are	more	disc-

like	in	shape	as	seen	by	TEM.	
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Figure	4.1:	TEM	images	of	(a)	aGQDs	and	(b)	bGQDs.	

	

The	disk	 shape	of	GQDs	 is	 confirmed	by	AFM	where	dispersion	of	GQDs	 in	

water	is	deposited	on	a	clean	silicon	substrate.	Figure	2	shows	AFM	data	for	aGQDs	

and	PEG-aGQDs	made	using	5000	MW	PEG	(PEG5000-aGQDs).	Some	GQDs	aggregate	

during	 the	 deposition	 process	 to	 form	 larger	 particles.	 However,	 non-aggregated	

GQDs	shows	GQDs	lay	flat	on	the	surface	with	slightly	larger	sizes	and	to	those	seen	

by	TEM.	This	 lateral	size	of	 the	GQDs	by	AFM	is	affected	by	the	cantilever	outline,	

therefore	 they	 appear	 larger	 than	 observed	with	 TEM.	 The	 height	 profiles	 of	 the	

aGQDs	show	that	GQDs	are	several	layers	of	graphene	with	heights	range	from	2-4	

nm,	 close	 to	 the	height	of	HCCs	of	1.9	nm	as	previously	 reported12	PEG5000-aGQDs	

shown	 in	Figure	4.2b	display	a	 larger	 lateral	 size	but	 similar	 in	height,	due	 to	 the	

assemblage	of	several	GQDs	at	the	edge	of	the	PEG	bonding.		

ba
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Figure	4.2:	AFM	characterization	of	(a)	aGQDs	and	(b)	PEG5000-aGQDs.		
Height	 profile	 of	 particles	 intersected	 by	 the	 yellow	 lines	 are	 shown	 below	 each	
image.	

	

4.5. XPS	Comparison	of	GO,	HCCs	and	GQDs	

The	 GQDs	 contain	 different	 kinds	 of	 oxygen	 functional	 groups	 when	

compared	 to	 those	 contained	 in	GO	 (Figure	4.3).	These	 features	 can	be	quantified	

using	 XPS,	 as	 outlined	 in	 Table	 4.1,	 and	 all	 following	 characterization	 data	 was	

collected	using	GO	 (EMD	Merck)	and	aGQDs	and	bGQDs	made	 in	our	 lab.	Notably,	

HCCs	and	GQDs	possess	significantly	more	carboxylic	acid	groups	than	GO,	as	well	

as	 fewer	 carbon-oxygen	single	bonds	 than	GO.	Additionally,	 the	XPS	data	 in	Table	
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4.1	 also	 illustrates	 the	 effect	 of	 PEGylation	 on	 the	 GQDs,	 where	 the	 PEG-GQD	

samples	show	a	large	increase	in	C-O	bonds	and	a	decrease	in	free	carboxylic	acids	

as	 they	 are	 converted	 to	 amides.	 The	 XPS	 spectra	 for	 C	 1s	 and	O	 1s	 peaks	 of	 GO,	

HCCs,	and	GQDs	are	shown	in	Figure	4.3,	Figure	4.4	and	Figure	4.5.	The	differences	

in	 the	 C-O	 peaks	 between	 GO	 and	 the	 HCCs/GQDs	 is	 evident,	 as	 well	 as	 the	

differences	 in	 carboxylic	 acid	 peaks	 and	 the	 effect	 of	 PEGylation.	 The	 extent	 of	

PEGylation	on	the	aGQDs	was	also	 studied	by	TGA,	 shown	 in	Figure	4.6.	From	 the	

TGA	data,	it	can	be	calculated	that	the	PEG5000-aGQDs	are	~	40-50%	PEG	by	mass.	

	

	
	
	
Figure	4.3:	High	resolution	deconvoluted	XPS	C	1s	spectra	of	GO.	
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Figure	4.4:	High	resolution	C	1s	(a)	and	O	1s	(b)	XPS	peaks	of	HCCs.	

	

Sample	 C/O	 C‒C/C=C	
%	

C‒O	
%	

C=O	
%	

HO‒C=O	
%	

GO	 1.9	 36.0	 51.3	 8.1	 4.6	

HCC7	 2.0	 60.3	 15.7	 5.9	 16.5	

aGQDs	 1.8	 65.9	 12.8	 5.8	 15.5	

bGQDs	 1.9	 61.1	 17.3	 8.8	 12.8	

PEG1000-bGQD	 1.6	 51.0	 37.3	 5.2	 5.4	

PEG5000-aGQD	 1.7	 15.4	 68.6	 11.4	 4.6	

	
	
Table	4.1:	Elemental	composition	of	nanomaterials	estimated	from	the	C	1s	peak	of	
high	resolution	XPS.	
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Figure	4.5:	High	resolution	deconvoluted	XPS	C	1s	spectra.		
(a)	aGQD,	(b)	bGQD	(c)	PEG1000-bGQD,	and	(d)	PEG5000-aGQD	
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Figure	4.6:	TGA	curves	of	carbon	nanomaterials.	

	

4.6. Electrochemical	Characterization	

The	 GQDs	 were	 analyzed	 electrochemically	 to	 compare	 their	 reduction	

potential	to	GO	and	to	HCCs.	Based	on	the	well	characterized	antioxidant	activity	of	

HCCs11,	 we	 were	 interested	 in	 synthesizing	 GQDs	 with	 a	 similar	 range	 of	 redox	

potential.	The	HCCs	have	reduction	peaks	starting	at	+180	mV	with	the	maxima	~	

−0.8	 V,	 which	 makes	 HCCs	 stronger	 oxidants	 than	 GO	 by	 almost	 1.0	 V11.	 The	 O2	
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reduction	 potentials	 overlap	 with	 that	 of	 the	 HCCs,	 and	 therefore	 the	 electron	

transfer	oxidation	of	SO	by	HCCs	is	a	thermodynamically	favorable	process11.	

	

	
	
Figure	4.7:	CV	of	GO,	HCCs	and	aGQDs	on	a	GC	electrode	under	nitrogen	atmosphere.		
Conditions:	 100	 mM	 PBS	 (pH=7.4)	 bare	 glassy	 carbon	 (GC,	 black	 line)	 working	
electrode	and	with	GO	(red	line).	(Scan	rate:	200	mV/s).	

	

Figure	4.7	shows	the	cyclic	voltammograms	(CVs)	of	GO	compared	to	aGQDs	

and	HCCs.	Due	 to	higher	 solubility	of	 aGQDs	 in	an	aqueous	environment,	 the	data	

was	 collected	 by	 mixing	 aGQDs	 with	 GO	 in	 1:1	 ratio	 by	 weight	 (aGQDs:GO)	 and	

depositing	the	mixture	on	a	GC	electrode	that	were	used	as	the	working	electrodes	
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in	the	CV	studies.	The	aGQDs	have	a	reduction	peak	with	an	onset	close	to	-0.2	V	that	

covers	 a	 wide	 range	 to	 ~	 −1.5	 V.	 This	 shows	 that	 similar	 to	 HCCs,	 aGQDs	 are	

stronger	oxidants	than	GO.		

The	differences	 in	reduction	potential	between	GO,	HCCs	and	GQDs	are	due	

to	the	structural	differences	in	content	of	oxygen	functionalities,	as	shown	by	the	CV	

and	 XPS	 data.	 Although	 the	 carbon	 to	 oxygen	 ratio	 is	 almost	 the	 same	 for	 each	

material,	 the	 types	 of	 C-O	 bonds	 and	 oxygen-containing	 functional	 groups	 are	

different	 in	 GO	 than	 in	 HCCs	 and	 GQDs	 (Figure	 4).	 Specifically,	 the	 CV	 data	 in	

combination	 with	 XPS	 suggests	 that	 GQDs	 and	 HCCs	 likely	 contain	 many	 more	

quinone	and	carbonyl	moieties	than	does	GO.	Quinones	and	carboxyl	groups	are	the	

only	oxygen-containing	functional	groups	capable	of	imparting	a	redox	potential	in	

the	range	of	0.0	V	to	−0.7	V.11	These	groups	were	also	detected	by	XPS	in	the	O	1s	

peak	for	the	HCCs11.		

4.7. EPR	characterization	of	inherent	radicals	and	anti-oxidant	

activity	

In	 addition	 to	 possessing	 electron	 deficient	 domains	 of	 oxygen-containing	

functional	 groups,	 the	 HCCs	 and	 GQDs	 also	 contain	 an	 inherent	 carbon-centered,	

stable	 radical13.	 The	 intrinsic	 radical	 of	 the	 bGQDs	 shown	 in	 the	 EPR	 spectra	 in	

Figure	8	is	similar	to	aGODs	radical	(data	not	shown).			The	EPR	signal	of	the	bGQDs	

is	narrow,	8	gauss	wide	 (peak-to-trough),	 and	 symmetrical,	 centered	at	 g	=	2.003.	
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The	maximal	radical	concentration	of	bGQDs,	by	double	integration	against	a	copper	

standard,	was	~	0.1:1	mole:mole.	Although	these	EPR	characteristics	are	similar	to	

those	of	PEG-HCCs	radical	reported	previously13	the	~10%	radical	concentration	in	

GQDs	is	quite	different	from	the	1:1	stoichiometry	of	PEG-HCCs	radical	and	indicates	

possible	difference	in	stability	and	functional	role	of	the	intrinsic	radical	in	GQDs	vs	

PEG-HCCs.	 The	 intensity	 of	 the	 radical’s	 EPR	 decreases	 with	 PEGylation	 of	 the	

bGQDs	as	can	be	seen	from	comparison	of	PEG1000-bGQDs	(blue	 line)	and	PEG5000-

bGQDs	 (red	 line)	 with	 bGQDs	 (black	 line)	 in	 Figure	 4.8.	 The	 similar	 effect	 of	

PEGylation	was	observed	also	for	aGQDs	(data	not	shown).		
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Figure	4.8:	EPR	spectra	of	bGQDs,	PEG1000-bGQDs	and	PEG5000-bGQDs	showing	the	
intensity	of	unpaired	electron	on	carbon	core.		
bGQDs	(black	line),	PEG1000-bGQDs	(blue	line)	and	PEG5000-bGQDs	(red	line).	Inset:	
The	 SOD	 activity	 of	 PEG5000-aGQDs	 (black	 dots)	 and	 PEG5000-bGQDs	 (red	 dots)	
shown	as	a	turnover	number	(moles	of	SO	consumed	per	mole	of	GQDs	per	second.	
The	concentration	of	GQDs	was	10	nM	and	reaction	time	10s	(average	±	SD	from	4	
independent	experiments).	

	

The	SOD	activity	of	GQDs	and	PEG-GQDs	was	analyzed	using	manual	freeze-

trap	EPR	measurements	under	 steady-state	 conditions	 at	 pH	13	 and	 the	 turnover	

number	(TON),	defined	as	number	of	moles	of	consumed	O2•–	per	mole	of	GQD	per	s,	
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was	 calculated	 from	 the	 obtained	 EPR	 data	 as	 previously	 described13.	 The	 PEG-

ylation	 of	 GQDs	 had	 minimal	 effect	 on	 their	 activity	 as	 the	 TON	 for	 bGQDs	 and	

PEG5000-bGQDs	were	0.12	x	106	s-1	(Figure	7	inset,	red	dots)	and	0.1	x	106	s-1	(data	

not	shown)	respectively	and	TON	for	PEG5000-aGQDs	was	found	to	be	0.29	x	106	s-1	

(Figure	 8	 inset,	 black	 dots).	 The	 previously	 reported	TON	 for	 PEG-HCCs	 at	 pH	13	

was	0.19	x	106	s-1,	 indicating	that	the	SO	quenching	activity	of	GQDs	is	comparable	

to	or	better	than	that	of	PEG-HCCs.12	For	comparison,	the	turnover	number	of	Cu/Zn	

SOD,	and	PEG-	HCCs	are	0.65	x	106	and	1.05	x	106	s-1	at	pH	7.7,	respectively13.	

In	 addition	 to	 activity	with	 SO,	we	 also	 investigated	 the	 ability	 of	 GQDs	 to	

quench	 HO•.	 This	 can	 be	 measured	 by	 EPR	 detection	 of	 the	 change	 in	 the	

concentearion	 of	 the	 BMPO-OH•	 radical	 in	 the	 presence	 of	 GQDs14-16.	 As	 GQDs	

compete	with	BMPO	to	react	with	HO•	(Figure	4.9),	the	BMPO-OH•	radical	peaks	will	

decrease.	 The	 HO•	 scavenging	 abilities	 of	 PEG5000-aGQDs	 is	 shown	 in	 Figure	 10.	

Figure	 10a	 shows	 that	with	 increasing	 concentrations	 of	 PEG5000-aGQDs,	 the	 EPR	

peak	 of	 the	 BMPO-OH•	 radical	 decreases,	 corresponding	 to	 the	 PEG5000-aGQDs	

reacting	 with	 OH•.	 Figure	 10b	 depicts	 the	 comparison	 of	 PEG5000-aGQDs	

concentration	 vs	 the	 intensity	 of	 the	 BMPO-OH•	 radical	 peak,	 showing	 again	 that	

higher	concentrations	of	PEG5000-aGQDs	diminish	the	BMPO-OH•	peak	due	to	more	

efficient	 quenching	 of	 hydroxyl	 radicals.	 Overall,	 the	 EPR	 data	 shows	 very	 close	

similarities	 between	 the	properties	 and	 behaviors	 of	 the	GQD	 as	 compared	 to	 the	

HCCs,	 suggesting	 that	 the	GQDs	 are	 also	 efficient	 antioxidants	 and	mimics	of	 SOD	

(Figure	4.13).	
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Figure	4.9:	Generation	of	the	BMPO-OH•	radical	by	reaction	of	BMPO	with	HO•	

	

	

	
	
	
Figure	4.10:	EPR	spectra.		
(a)	 EPR	 spectra	 of	 BMPO-OH•	 generated	 from	FeSO4	 and	H2O2	 in	 PBS	 at	 different	
concentrations	of	PEG5000-aGQDs.	(b)	Effect	of	PEG5000-aGQDs	concentration	on	•OH	
scavenging	activity.	
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Figure	 4.11:	 Effect	 of	 the	 bGQDs	 (from	 Bituminous)	 and	 PEG1000-bGQDs	
concentration	on	•OH	scavenging	activity11.	

	

4.8. Assessment	of	GQD	protective	activity	in-vitro	

Finally,	 the	 protective	 capacity	 of	 PEG-GQDs	 was	 assessed	 using	 a	 H2O2	

rescue	assay	using	bEnd.3	murine	endothelioma	cells17.	 	 In	 this	assay,	 the	effect	of	

aGQDs	and	bGQDs	on	cell	 viability	was	 compared	 to	PEG-HCCs	by	 treating	bEnd.3	

cells	 with	 100	 µM	 H2O2	 for	 15	 min	 before	 adding	 solutions	 of	 the	 carbon	

nanomaterials	 and	 incubating	 the	 cells	 overnight.	 Hydrogen	 peroxide	 generates	

secondary	 radicals	 (SO	 and	 HO•)	 intracellularly	 which	 PEG-HCCs	 are	 known	 to	

mitigate17.	 	The	aGQDs	and	bGQDs	were	tested	against	100	µM	H2O2	by	adding	the	

particles	to	cultured	bEnd.3	cells	in	media	at	final	concentrations	of	2,	4,	or	8	mg/L	

15	min	after	initial	exposure	to	the	H2O2.	The	cells	were	then	incubated	overnight.	
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The	following	morning,	a	live	cell	count	was	performed	and	showed	that	PEG-GQDs	

of	both	types	were	capable	of	protecting	the	bEnd.3	cells	against	100	µM	H2O2	but	

with	 particle-dependent	 outcomes.	 Protection	 was	 dose	 dependent	 as	 the	

concentration	 increased	 from	 0	 to	 8	 mg/L	 with	 aGQDs	 protecting	 more	 cells	 at	

lower	concentrations	than	bGQDs.	Importantly,	aGQDs	protected	the	bEnd.3	cells	at	

4	mg/L	as	well	as	PEG-HCCs	did	at	8	mg/L	104%	vs.	109%	of	PBS-treated	control,	

for	 aGQDs	 and	 PEG-HCCs,	 respectively.	 Unlike	 aGQDs,	 bGQDs	 did	 not	 afford	

complete	 protection	 of	 the	 bEnd.3	 cells	 even	 at	 8	 mg/L,	 88%	 vs	 102%	 of	 PBS-

treated	 control,	 for	 bGQDs	 and	 aGQDs,	 respectively.	 These	 results	 are	 consistent	

with	 the	 findings	 of	 SOD	 activity	 shown	 in	 Figure	 4.12	whereby	 aGQDs	 consume	

more	SO	per	particle	than	bGQDs.	
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Figure	4.12:	Cell	viability	following	treatment	with	and	without	PEG-HCC	or	GQDs.		
Cell	viability	following	treatment	with	100	µM	H2O2		(H2O2)	without	and	with	PEG-
HCCs	 (H2O2	+	 PEG-HCC,	8	mg/L)	or	GQDs	given	15	min	after	 initial	 exposure	and	
incubated	 overnight	 (a)	 Results	 of	 aGQDs	 given	 at	 2,	 4,	 and	 8	mg/L	 15	min	 after	
initial	100	µM	H2O2	treatment.	(b)	Results	of	bGQDs	given	at	2,	4,	or	8	mg/L	15	min	
after	initial	100	µM	H2O2	treatment.	Results	are	averages	of	32	samples	of	duplicate	
wells	within	a	single	experiment.	

	

4.9. Conclusions	

In	 summary,	 highly	 oxidized	 non-toxic	 antioxidant	 carbon	 nanoparticles	

called	GQDs	have	been	synthesized	from	the	readily	available	carbon	source	of	coal.	

These	 GQDs	were	 shown	 to	 be	mimics	 of	 the	 enzyme	 SOD	 and	 of	 our	 previously	

reported	 antioxidant	 carbon	 nanomaterials,	 HCCs.	 GQDs	 were	 characterized	 with	

respect	to	redox	chemistry,	size	and	morphology,	extent	of	oxidation,	and	reactivity	
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with	various	radical	species.	Specifically,	GQDs	were	shown	to	quench	both	SO	and	

HO•.	 GQDs	were	 also	 found	 to	 convert	 SO	 into	 O2,	 consistent	with	 SOD	mimetics.	

PEG-GQDs	were	synthesized	to	impart	improved	solubility	and	biological	stability.	

4.10. Appendix	

4.10.1. Materials	and	Methods	notes	

UV-Vis	 data	 was	 collected	 using	 a	 Shimadzu	 UV-3101	 PC	 and	 samples	

contained	 in	 1.5	 mL	methacrylate	 cuvettes.	 The	 carbon	 core	 concentration	 of	 all	

PEG-HCCs	 was	 determined	 by	 the	 absorbance	 at	 763	 nm	 using	 an	 extinction	

coefficient	of	ε763	=	0.0104	L/mg.	Bituminous	GQD	concentration	was	measured	via	

UV	by	the	absorbance	at	700	nm	using	ε700	=	0.740	mL/mg⋅cm	using	a	1	cm	cuvette.	

Anthracite	GQD	concentration	was	measured	via	UV	by	the	absorbance	at	840	nm	

using	ε840	=	1.39	mL/mg⋅cm	using	a	1	cm	cuvette.	TGA	was	carried	out	on	a	Q50	TA	

instrument	 using	 nitrogen	 from	 room	 temperature	 to	 950	 °C	 at	 5	 °C/min.	 XPS	

measurements	were	performed	on	a	PHI	Quantera	SXM	scanning	X-ray	microprobe	

with	a	36.00	eV	passing	energy,	45°	takeoff	angle	and	a	100	μm	beam	size.	CVs	were	

obtained	 with	 a	 CHI1202	 Electro-Chemical	 Analyzer	 (CH	 Instruments)	 using	 the	

noted	electrolyte	solutions	in	DMSO	or	aqueous	buffer	using	a	three-electrode	cell.	

CVs	were	recorded	at	scan	rates	noted	below	each	figure	and	using	the	electrolytes,	

reference	electrodes,	and	standards	as	noted	in	each	figure.	TEM	images	were	taken	

using	 a	 2100	 F	 field	 emission	 gun	 TEM.	 AFM	 images	 were	 obtained	 on	 a	 Digital	

Instrument	 Nanoscope	 IIIA.	 The	 GQDs	 were	 spin	 coated	 (2000	 rpm)	 onto	 a	 Si	
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substrate.	Bruker	Multimode	8	with	the	SCANASYST-AIR	cantilever	was	used	in	the	

scanasyst	mode	to	obtain	images.	Tangential	flow	filtration	was	used	to	dialyze	and	

concentrate	PEG-HCC	solutions	and	was	performed	with	a	Spectrum	Labs	KrosFlo	Iii	

TFF	system.	Caution!	This	process	involves	the	use	of	a	highly	reactive	mixture	of	

acids.	 Caution	 should	 be	 used	 throughout	 the	 procedure.	 All	 oxidation	 reactions	

should	be	done	within	a	fume	hood	and	appropriate	safety	equipment	including:	lab	

coat,	 rubber	 smock,	 thick	 rubber	 elbow-length	 gloves,	 safety	 glasses	 and	 full	

face/neck	shields.	

4.10.2. Synthesis	of	Bituminous	GQDs	

530	mg	of	finely	ground	bituminous	coal	was	suspended	in	8.0	mL	of	oleum	

with	stirring	at	0	°C.	After	30	min,	8.0	mL	fuming	nitric	acid	was	added	slowly	with	

stirring	 and	 the	 reaction	was	 kept	 at	 0	 °C	 for	 another	 30	 min.	 The	 ice	 bath	was	

removed	and	the	reaction	was	allowed	to	warm	to	room	temperature.	Once	ambient	

temperature	was	reached,	the	reaction	was	moved	to	an	oil	bath	and	heated	at	65	°C	

for	24	h.	The	reaction	was	then	cooled	to	room	temperature	and	slowly	poured	over	

ca.	 50	mL	 ice	with	 stirring.	Once	 all	 ice	had	melted,	 the	 solution	was	 poured	 into	

1000	 MWCO	 cellulose	 membrane	 dialysis	 tubes	 and	 placed	 in	 continuous	 flow	

deionized	 water	 dialysis	 for	 at	 least	 7	 days.	 The	 resulting	 neutral	 solution	 of	

aqueous	 GQDs	 was	 filtered	 through	 0.20	micron	 vacuum	 filters	 and	 subjected	 to	

tangential	 flow	filtration	to	separate	various	size	 fractions	using	a	KrosFlo	system.	

The	main	fraction	collected	was	obtained	using	the	10	kD	and	30	kD	columns	to	give	

GQDs	with	a	mass	range	of	10	kD	≤	x	≤	30	kD	(denoted	as	10-30	kD).	Concentration	
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of	the	final	solution	of	GQDs	was	measured	using	UV-Vis	absorbance	at	700	nm	with	

the	extinction	coefficient	ε700	=	0.740	mL/mg⋅cm.	

4.10.3. Synthesis	of	Anthracite	GQDs	

957	mg	of	finely	ground	anthracite	was	suspended	in	17.0	mL	of	oleum	with	

stirring	 at	 0	 °C.	 After	 60	min,	 17.0	mL	 fuming	 nitric	 acid	was	 added	 slowly	with	

stirring	 and	 the	 reaction	was	 kept	 at	 0	 °C	 for	 another	 60	 min.	 The	 ice	 bath	was	

removed	and	the	reaction	was	allowed	to	warm	to	room	temperature.	Once	ambient	

temperature	was	reached,	the	reaction	was	moved	to	an	oil	bath	and	heated	at	65	°C	

for	 96	 h.	 The	 heat	was	 then	 turned	 up	 to	 70	 °C	 for	 72	 h.	 The	 reaction	was	 then	

cooled	 to	 room	 temperature	and	slowly	poured	over	 ca.	150	mL	 ice	with	 stirring.	

Once	 all	 ice	 had	 melted,	 the	 solution	 was	 poured	 into	 1000	 MWCO	 cellulose	

membrane	dialysis	tubes	and	placed	in	continuous	flow	deionized	water	dialysis	for	

at	least	7	days.	The	resulting	neutral	solution	of	aqueous	GQDs	was	filtered	through	

0.20	micron	 vacuum	 filters	 and	 subjected	 to	 tangential	 flow	 filtration	 to	 separate	

various	 size	 fractions	 using	 a	 KrosFlo	 system.	 The	 main	 fraction	 collected	 was	

obtained	using	the	50	kD	and	100	kD	columns	to	give	GQDs	with	a	mass	range	of	50	

kD	≤	x	≤	100	kD	(denoted	as	50-100	kD).	A	total	of	203	mg	of	50-100	kD	GQDs	were	

collected,	 giving	 a	 21%	 yield.	 Concentration	 of	 the	 final	 solution	 of	 GQDs	 was	

measured	using	UV-Vis	absorbance	at	840	nm	with	extinction	coefficient	ε840	=	1.39	

mL/mg⋅cm.	
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4.10.4. Synthesis	of	PEG1000aGQDs	

35.0	 mL	 (0.31	 mg/mL,	 10.85	 mg)	 of	 a	 solution	 of	 bituminous	 GQDs	 was	

added	 to	 30.0	mL	of	 a	 concentrated	 2-(N-Morpholino)ethanesulfonic	 acid	hydrate	

(MES)	buffer	solution	(pH	4.5).	To	this	solution	54.0	mg	(0.281	mmol,	3.9	eq.)	EDC	

and	75.0	mg	(0.651	mmol,	9.0	eq.)	NHS	were	added	and	the	reaction	was	stirred	at	

room	temp	for	30	min.	0.365	g	amino-PEG	5000	MW	average	(0.073	mmol,	1	eq.)	

was	added	and	the	reaction	was	stirred	at	room	temp	for	24-48	h.	The	reaction	was	

then	 filtered	 through	 a	 0.20	 micron	 vacuum	 filter,	 diluted	 into	 ca.	 1	 L	 deionized	

water,	and	purified	and	concentrated	by	KrosFlo	using	a	50	kD	MWCO	column.	The	

final	 concentration	 of	 PEG-GQDs	 was	measured	 using	 the	 absorbance	 at	 700	 nm	

with	 the	 extinction	 coefficient	 ε700	=	0.740	mL/mg⋅cm.	 Samples	 for	 biological	 use	

were	filtered	using	a	0.20	micron	syringe	filter	into	sterile	centrifuge	tubes.	

4.10.5. Synthesis	of	PEG5000aGQDs	

10.0	mL	(4.07	mg/mL,	40.7	mg)	of	a	solution	of	anthracite	GQDs	was	added	

to	 10.0	mL	of	 a	 concentrated	 2-(N-Morpholino)ethanesulfonic	 acid	 hydrate	 (MES)	

buffer	solution	(pH	4.5).	To	this	solution	201	mg	(1.05	mmol,	7.0	eq.)	EDC	and	115	

mg	 (0.999	mmol,	 7.0	 eq.)	 NHS	were	 added	 and	 the	 reaction	was	 stirred	 at	 room	

temp	 for	 30	min.	 0.700	 g	 amino-PEG	5000	MW	 average	 (0.140	mmol,	 1	 eq.)	 was	

added	and	the	reaction	was	stirred	at	room	temp	for	24-48	h.	The	reaction	was	then	

filtered	 through	a	0.20	micron	vacuum	 filter,	diluted	 into	 ca.	1	L	deionized	water,	

and	purified	and	concentrated	by	KrosFlo	using	a	30	kD	MWCO	column.	The	 final	
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concentration	 of	 PEG-GQDs	was	 measured	 using	 the	 absorbance	 at	 840	 nm	with	

extinction	coefficient	ε840	=	1.39	mL/mg⋅cm.	Samples	for	biological	use	were	filtered	

using	a	0.20	micron	syringe	filter	into	sterile	centrifuge	tubes.		
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4.12. Experimental	Contributions	

Kimberly	Mendoza	and	Dr.	Lizanne	Nilewski	synthesized,	characterized	and	

prepared	PEG-GQDs	and	PEG-HCCs	for	experimental	studies	under	the	guidance	of	

Professor	James	M.	Tour	at	Rice	University.	Dr.	Paul	J.	Derry	conducted	and	analyzed	

the	 in	 vitro	 cell	 experiments.	 Dr.	 Vladmir	 Berka	 conducted	 and	 analyzed	 CV.	 Dr.	

Almaz	Jalilov	conducted	and	analyzed	XPS,	CV	and	EPR	studies.	Dr.	Andrew	Metzger,	

Dr.	 Ruquan	 Ye	 and	 Dr.	 Tuo	Wang	 completed	 analysis	 on	 GQDs.	 Luong	 Xuan	 Duy	

completed	AFM	and	analysis	of	GQDs.	William	Sikkema	created	 image	used	 in	 the	

scheme	illustrating	the	synthesis	of	GQDs.		
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Chapter 5 

Pegylated Graphene Quantum Dots, as 
Antioxidant Therapy, in Mild Traumatic 
Brain Injury Complicated by Systemic 

Hypotension and Resuscitation 

This	chapter	was	copied	in	its	entirety	from	reference	1,	of	which	I	authored.1(In	

preparation)	Reprinted	with	permission.
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5.1. Introduction	

Traumatic	 brain	 injury	 is	 one	 of	 the	 leading	 causes	 of	 death	 and	 disability	

and	 is	 a	 significant	 economic	 burden2	 leading	 to	 a	 substantial	 loss	 of	 work	

productivity3	 in	 patients	 worldwide.	 Mild	 traumatic	 brain	 injury,	 or	 concussions,	

account	 for	 approximately	 75%	of	 total	 estimated	 injuries4.	 Patients	 experiencing	

injury	 can	 suffer	 from	 acute	 and	 long	 term	 cognitive,	 behavioral	 or	 psychiatric	

problems5,	 6,	 as	 well	 as,	 an	 increased	 risk	 of	 developing	 dementia,	 further	

neurodegeneration	and	axonal	injury7-10.		

Specifically,	OS	is	a	prominent	component	of	TBI	leading	to	the	production	of	

ROS	and	RNS.	Although	use	of	antioxidants	has	been	aimed	at	reducing	the	presence	

of	 ROS	 and	RNS,	 success	 in	 clinical	 trials	has	been	 disappointing.	Oxidative	 stress	

can	 result	 in	 loss	 of	 CBF	 to	 the	 brain	 causing	 an	 increased	 susceptibility	 to	

hypotension	 and	 intracranial	 hypertension11.	 Previous	 studies	 utilizing	 PEG-HCCs,	

synthesized	from	SWCNTs	have	been	successful	in	restoring	cerebral	dysfunction	in	

a	mTBI	rat	model	complicated	by	hemorrhagic	shock12.	PEG-HCCs	are	soluble	non-

toxic	 potent	 antioxidants	 that	 are	 capable	 of	 quenching	 SO	 and	 OH·	 radical13-15.	

Unfortunately,	the	use	of	SWCNTs	in	the	synthesis	of	PEG-HCCs	is	a	costly	starting	

material	and	there	is	perceived	toxicity	of	the	parent	nanotubes.	In	an	effort	to	find	

an	 alternate	 starting	 platform	 that	 does	 not	 utilize	 SWCNTs,	 coal	 is	 seen	 as	 a	

favorable	carbonaceous	substitute.	Previous	studies	have	evaluated	highly	oxidized	

GQDs	as	efficient	antioxidants	and	capable	of	quenching	SO	and	OH·	radical16.		
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Through	this	study	in	a	mTBI	complicated	by	systemic	hypotension	model	in	

male	Long	Evans	rats,	the	effectiveness	of	PEG-GQDs	was	compared	to	PEG-HCCs	in	

evaluating	 the	 successful	 restoration	 of	 CBF	 after	 injury.	 It	 is	 imperative	 to	

effectively	 treat	and	eliminate	damage	 in	patients	experiencing	TBI	 that	otherwise	

results	in	devastating	outcomes	on	personal,	social	and	societal	levels.	

5.2. Synthesis	of	Bituminous	GQDs	and	PEG-GQDs		

Preparation	of	GQDs,	as	seen	in	Scheme	5.1,	begins	by	heating	finely	ground	

bituminous	 coal	 in	 a	 mixture	 of	 1:1	 fuming	 sulfuric	 acid	 with	 18-24%	 excess	

SO3:fuming	 HNO3	 at	 60	 °C	 for	 8	 min.	 The	 reaction	 is	 then	 stirred	 at	 room	

temperature	for	5	h.		The	GQDs	are	dialyzed	for	14	days	and	size	separated	utilizing	

a	 tangential	 flow	 filtration	 on	 a	 KrosFlo	 system	 (Spectrum	 Labs).	 The	 desired	

fraction	separated	and	isolated	was	10	kD	≤	x	≤	30	kD	(also	denoted	as	10-30	kD).	

After	 tangential	 flow	 size	 separation	 the	 GQDs	 were	 pegylated	 utilizing	 a	 5000	

average	 molecular	 weight	 amine	 terminated	 mPEG	 in	 an	 aqueous	 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide	 (EDC)	 and	 N-hydroxysuccinimde	 (NHS)-

mediated	amide	coupling	reaction	(Scheme	5.1).	The	PEG-GQDs	were	purified	once	

again	 by	 tangential	 flow	 filtration	 to	 remove	 excess	 PEG	 and	 other	 reagents.	 The	

concentration	of	 the	 final	solution	of	PEG-GQDs	 in	water	was	determined	by	 their	

UV	 absorbance	 spectra.	Detailed	 procedures	 for	 synthesis	of	 GQDs	 and	PEG-GQDs	

can	be	found	in	the	Experimental	Methods	section	of	the	Supporting	Information.		

	



	 140	
	

	

	

	

	
Scheme	5.1:	Synthesis	of	bituminous	GQDs	and	PEG-GQDs.	

	

5.3. Characterization	of	bGQDs	and	PEG-bGQDs	

Extensive	studies	characterizing	GQDs	and	PEG-GQDs	have	previously	been	

completed	by	the	Tour	Laboratory	at	Rice	University16.	Specifically,	GQDs	utilized	in	

this	study	were	analyzed	via	XPS,	Figure	5.2,	and	the	elemental	composition	of	GQDs	

was	determined	as	seen	in	Table	5.1.	GQDs	synthesized	contained	14.6%	carboxylic	

acid	groups	when	compared	to	16.5%	carboxylic	acid	groups	found	in	HCCs16.		The	

extent	of	pegylation	on	 the	GQDs	was	 studied	 through	TGA,	 as	 seen	 in	Figure	5.2.	

From	this	data	PEG-GQDs	have	a	weight	loss	of	90%,	or	are	90%	PEG	by	weight.		
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Figure	5.1:	High	resolution	XPS	C	1s	of	bituminous	GQDs.		

	

Sample	
C-C/C=C	

%	

C-O	

%	

HO-C=O	

%	

bGQD	 61.90	 23.48	 14.63	

	

Table	 5.1:	 Elemental	 composition	 of	 bituminous	 GQD	 from	 C	 1s	 peak	 of	 high	
resolution	XPS.	
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Figure	5.2:	TGA	of	PEG-GQD.		
Analysis	demonstrates	approximately	90%	PEG	by	weight.	

	

5.4. Study	of	PEG-GQD	as	an	antioxidant	in	mild	traumatic	brain	

injury	

PEG-GQDs	were	evaluated	in	vivo	utilizing	male	long	Evans	rats.	To	mimic	a	

clinical	or	field	scenario	in	which	mTBI	is	complicated	by	systemic	hypotension	(low	

blood	 pressure),	 rats	 experienced	 a	 CCI	 injury	 followed	 by	 hemorrhagic	 shock.	

During	 the	 resuscitation	 phase,	 animals	 received	 2	 doses	 of	 the	 therapeutic	

compound	 (PEG-GQD)	 at	 4	 mg/kg	 administered	 at	 80	 and	 200	min,	 post	 impact	
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injury.	 Regional	 cerebral	 perfusion	 was	 measured	 using	 Perimed	 laser	 speckle11	

(Table	5.2).		

In	Phase	1,	Long	Evans	rats	(300-350	g)	received	a	CCI	injury	(3	m/s,	2.5	mm	

deformation)	to	the	right	parietal	cortex	followed	by	a	period	of	hypotension.	Blood	

was	withdrawn	to	reduce	MAP	to	40	mmHg	for	50	min.	This	decelerating	blood	loss	

mimics	traumatic	blood	loss	in	the	field.		 	

In	 Phase	 2,	 lasting	 30	min,	 the	 pre-hospital	 or	 ambulatory	 phase,	 animals	

receive	a	controlled	IV	fluid	resuscitation	with	Lactate	ringer’s	solution	to	increase	

MAP	 to	 50	 mmHg.	 This	 initial	 resuscitation	 mimics	 field	 fluid	 resuscitation	 and	

ambulance	transport	to	the	hospital.		

In	 Phase	 3,	 or	 definitive	 hospital	 period,	 animals	 are	 ventilated	 by	 100%	

oxygen	 and	 receive	 the	 first	 dose	 of	 the	 therapeutic	 compound	 (2	mg/kg	 of	 PEG-

HCC,	or	4	mg/kg	of	PEG-GQD)	or	a	vehicle,	PBS	via	IV	femoral	vein	administration.	A	

second	dose	of	the	therapeutic	compound	is	administered	2	h	after	the	first	dose.		

Phase	 4,	 or	 outcome	 involves	 extensive	 physiological	 monitoring	 for	 the	

remaining	6	h.	MAP,	BP	and	ABG	values	are	recorded.	CBF	is	measured	through	non-

invasive	laser	doppler	flowmetry	(LDF).	Three	distinct	areas	are	evaluated	via	LDF:	

center	 (site	 of	 injury),	 penumbra	 (area	 surrounding	 ischemic	 tissue)	 and	

contralateral	(opposite	uninjured	side).	



	 144	
	

Phase I: 

Injury & Hemorrhage (50 

min) 

Phase II: 

Pre-Hospital 

(30 min) 

Phase III: 

Hospital 

(30 min) 

Phase IV: 

Outcome 

(6 h) 

• Ventilate (air) 

• Mild TBI impact injury 

(3 m/s, 2.5 mm 

deformation) 

• Withdraw blood to 

MAP 40 mmHg 

• CBF measurements 

with LDF 

• Ventilate (air) 

• Administration of 

saline (initial 

resuscitation, Lactate 

ringer’s solution), 

MAP ≥ 50 mmHg 

• CBF measurements 

with LDF 

• Ventilate (100% oxygen) 

• Give drug (PEG-HCC, 

Deferoxamine-PEG-

HCC) or vehicle (PBS) 

• Reinfuse blood 

• Saline to MAP ≥ 60 

mmHg 

• CBF measurements with 

LDF 

• 0-6 h monitor ICP and 

cerebral 

hemodynamics 

• CBF measurements 

with LDF 

	

Table	5.2:	Injury	Model12	
Adapted	from	Bitner	et	al.12	

	

8	 animals	 receiving	 PEG-GQDs	 were	 evaluated	 and	 compared	 to	 PEG-HCC	

and	 PBS	 treatment.	 Rats	 received	 a	 “double	 dose”	 of	 PEG-GQDs	 (4	 mg/kg),	 or	 a	

single	dose	of	PEG-HCC	(2	mg/kg)	or	PBS	at	the	beginning	of	resuscitation	or	80	min	

post	 impact	 injury	 (Phase	3).	 CBF	was	measured	 from	 the	 brain	 surface	 every	 10	

min	with	the	onset	of	hypotension	and	continued	throughout	the	procedure	(Phase	

1-4).	In	all	three	groups	(vehicle	treated	animals	and	animals	treated	with	PEG-HCC	

or	PEG-GQD)	hypotension	following	injury	significantly	reduced	CBF	that	was	then	

partially	recovered	with	fluid	administration	in	the	“prehospital”	period	or	phase	2.	

Figure	 5.3	 illustrates	 CBF	 calculated	 from	 the	 center	 or	 core	 of	 the	 impact	 site	

directly	affected	by	the	injury	device.	Animals	receiving	administration	of	PEG-HCC	

demonstrated	recovery	to	nearly	baseline	levels	of	CBF,	that	was	maintained	with	a	
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second	dose	administration,	2	h	after	the	first	dose.	The	decline	in	CBF,	towards	the	

end	of	the	experiment	is	attributed	and	consistent	to	prolonged	anesthesia	time.	

Animals	treated	with	PEG-GQD	exhibited	recovery	to	nearly	baseline	levels	in	

the	 center	 of	 the	 injured	 site.	 This	 recovery	 remained	 consistent	 and	 was	

maintained	 with	 the	 second	 dose	 administration.	 Animals	 treated	 with	 PEG-GQD	

exhibited	recovery	comparable	to	animals	treated	with	PEG-HCC.		

	 In	Figure	5.4	LDF	of	the	pericontusional,	or	“penumbra”	site,	surrounding	the	

core	injury	site	was	evaluated.	This	recovery	was	successful	in	restoring	blood	flow	

to	 the	area	 to	nearly	baseline	 levels	when	compared	 to	PEG-HCC	 treated	animals,	

and	was	an	improvement	when	compared	to	PBS	vehicle	treated	rats.	Furthermore,	

CBF	 remained	 consistent	 throughout	 the	 procedure	 with	 administration	 of	 the	

second	dose.		

Figure	5.5	demonstrates	CBF	of	the	contralateral	tissue,	opposite	to	the	site	

of	 injury.	 After	 the	 first	 dose	 administration	 there	was	 an	 increase	 approximately	

80%	 perfusion	 that	 was	 then	 maintained	 throughout	 the	 procedure.	 	 Animals	

treated	 with	 PEG-HCC	 exhibited	 no	 effect	 in	 the	 CBF	 in	 the	 contralateral	 or	

uninjured	 cortex	 area.	 Although	 this	 area	 remained	 uninjured,	 in	 this	 study,	 PBS	

vehicle	 treated	 rats	 exhibited	 a	 depressed	 outcome,	 that	 only	 partially	 recovered	

with	fluid	administration	in	the	ambulatory	or	“prehospital”	period.		

Overall,	 animals	 treated	 with	 PEG-GQD	 exhibited	 marked	 improvement	

comparable	 to	 animals	 treated	with	 PEG-HCC.	 Recovery	 to	 baseline	 or	 previously	
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uninjured	CBF	levels,	was	seen	in	the	center	(injured	cortex)	and	in	the	penumbra	

or	 perilesional	 cortex.	 The	 contralateral	 region	 exhibited	 moderate	 or	

approximately	 80%	 recovery.	 These	 studies	 demonstrated	 PEG-GQDs	 have	 no	

toxicity	 when	 given	 intravenously	 and	 a	 double	 dose	 administration	 of	 PEG-GQD	

during	 the	 definitive	 hospital	 period	 was	 able	 to	 restore	 CBF	 after	 injury	

complicated	by	systemic	hypotension.		

	

	

Figure	5.3:	Graph	shows	LDF	of	 the	center,	or	core	 impact	site	directly	affected	by	
the	injury	device.		
PEG-GQD,	(4	mg/kg,	n=8);	PEG-HCC,	(2	mg/kg,	n=10);	PBS,	(2mg/kg,	n=10).	Arrows	
indicate	times	at	which	drug	was	administered	(80	and	200	min	post	mTBI).	Phase	
1	denotes	injury	+	hypotension,	Phase	2	denotes	“Pre-hospital”	or	ambulatory	phase	
including	fluid	resuscitation	and	Phase	3	indicated	vehicle	or	PEG-HCC	or	PEG-GQD	
treatment	with	shed	blood	reinfusion	
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Figure	5.4:	Graph	shows	LDF	of	 the	pericontusional,	 “penumbra”	site,	surrounding	
the	core	injury	site.		
PEG-GQD,	(4	mg/kg,	n=8);	PEG-HCC,	(2	mg/kg,	n=10);	PBS,	(2mg/kg,	n=10).	Arrows	
indicate	times	at	which	drug	was	administered	(80	and	200	min	post	mTBI).	Phase	
1	denotes	injury	+	hypotension,	Phase	2	denotes	“Pre-hospital”	or	ambulatory	phase	
including	fluid	resuscitation	and	Phase	3	indicated	vehicle	or	PEG-HCC	or	PEG-GQD	
treatment	with	shed	blood	reinfusion	
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Figure	 5.5:	 Graph	 shows	 LDF	 of	 the	 contralateral	 tissue,	 opposite	 to	 the	 site	 of	
injury.		
PEG-GQD,	(4	mg/kg,	n=8);	PEG-HCC,	(2	mg/kg,	n=10);	PBS,	(2mg/kg,	n=10).	Arrows	
indicate	times	at	which	drug	was	administered	(80	and	200	min	post	mTBI).	Phase	
1	denotes	injury	+	hypotension,	Phase	2	denotes	“Pre-hospital”	or	ambulatory	phase	
including	fluid	resuscitation	and	Phase	3	indicated	vehicle	or	PEG-HCC	or	PEG-GQD	
treatment	with	shed	blood	reinfusion	

	

5.5. Mortality	Rate	

Overall	the	mortality	rate	was	9.7%.		One	(9%)	of	the	total	11	rats	in	the	PEG-

HCC	 group	 died,	 and	 1	 (9%)	 of	 the	 11	 rats	 given	 PBS	 died	 and	 1	 of	 the	 total	 10	

(10%)	rats	given	PEG-GQD	died.	Mortality	included	procedural	and	post-treatment	

mortality.			
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5.6. Appendix	

5.6.1. Treatment	Groups	

In	this	study,	a	total	of	28	Long	Evans	rats,	weighing	300-350	g,	were	used.	

The	TBI	model	used	was	a	mild	cortical	impact	injury	(3	m/s,	2.5	mm	deformation)	

followed	by	50	min	of	hemorrhagic	hypotension.		The	rats	were	randomly	assigned	

to	 receive	 either	 PEG-GQD	 (4	mg/kg,	 n=8),	 PEG-HCC	 (2	 mg/kg,	 n=10)	 or	 PBS	 (2	

mg/kg,	n=10)	as	placebo.	 	The	assigned	study	drug	was	given	 intravenously	at	 the	

beginning	of	resuscitation	and	again	2	h	after	the	first	dose.	

5.6.2. Anesthesia		

General	anesthesia	was	induced	utilizing	5%	isoflurane	in	100%	oxygen	and	

rats	were	 placed	 in	 a	 vented	 anesthesia	 chamber	 for	 approximately	 3-5	min.	 The	

animals	 were	 intubated	 and	 mechanically	 ventilated	 with	 a	 volume-controlled	

ventilator.		

5.6.3. Surgical	Preparation	

Under	 aseptic	 conditions,	 intravascular	 catheters	 were	 placed	 in	 the	 tail	

artery	and	femoral	vein.	The	tail	artery	was	cannulated	with	a	22-gauge	catheter	to	

allow	for	BP	monitoring.	The	femoral	vein	was	cannulated	with	a	22-gauge	catheter	

to	 allow	 for	 controlled	 hemorrhagic	 shock	 and	 resuscitation	 with	 Lactate	 Ringer	

solution	 and	 shed	 blood.	 Afterwards,	 the	 animals	 were	 placed	 on	 a	 stereotactic	

frame	in	the	prone	position.	The	head	is	secured	by	an	incisor	bar	and	ear	bars.			The	
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animals	were	placed	on	a	heating	pad	controlled	by	a	rectal	probe	and	kept	between	

36-37	°C	to	allow	for	controlled	body	temperature	monitoring.	 	Arterial	blood	gas	

values	including;	pH,	pCO2,	and	pO2	were	obtained	from	the	tail	artery	catheter	on	

blood	draw	utilizing	an	iStat	blood	gas	analysis	system.	

5.6.4. Craniectomy	and	Controlled	Cortical	Impact	

The	scalp	was	shaved	and	a	medial	 sagittal	 incision	was	performed	on	 top.	

The	scalp	and	temporalis	muscle	were	reflected	back,	to	expose	the	brain	for	impact	

injury.	 	 Using	 a	 dental	 drill,	 a	 craniectomy	was	 performed	 over	 the	 right	 parietal	

cortex	 with	 extreme	 care	 taken	 to	 not	 injure	 the	 dural	 surface	 of	 the	 brain	 and	

prevent	 thermal	 injury	 to	 tissue.	 The	 impactor	 rod	 was	 placed	 at	 an	 angle	

approximately	 45°	 to	 the	 vertical,	 retracted	 and	 the	 tip	 is	 advanced	 forward	 to	

produce	a	brain	deformation	of	2.5	mm	at	 impact.	The	CCI	 is	 adjusted	 to	elicit	 an	

impact	at	approximately	3	m/s	at	30	psi.	

5.6.5. Hemorrhagic	Shock	

To	 induce	 hemorrhagic	 shock	 (Phase	 I)	 blood	 was	 withdrawn	 with	 a	

mechanical	infusion/withdrawal	pump	(Harvard	Pump	Dual	RS-232)	to	reduce	MAP	

to	 approximately	 40	 mmHg	 for	 50	 min.	 Withdrawal	 of	 blood	 volume	 at	

approximately	 2	 mL/100	 g	 of	 weight	 was	 required	 to	 decrease	 the	 MAP	 to	 40	

mmHg.	 To	mimic	 a	 clinical	 situation	 of	 traumatic	 blood	 loss,	 after	 impact	 injury,	

blood	was	withdrawn	at	a	decelerating	rate	with	half	withdrawn	within	the	 first	5	

min	and	25%	over	 the	next	5	min	and	 the	 final	25%	10	min	after	 injury.	Animals	
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were	 kept	 in	 a	 hypotensive	 phase	 throughout	 the	 whole	 hypotensive	 period	 and	

blood	was	withdrawn,	 if	 necessary,	 to	maintain	 continued	 hemorrhage.	 The	 shed	

blood	withdrawn	 was	 collected	 in	 citrate	 phosphate	 dextrose	 and	 stored	 at	 4	 °C	

until	 the	 resuscitation	 phase.	 Just	 prior	 to	 resuscitation,	 the	 shed	 blood	 was	

rewarmed	to	body	temperature	(36-37	°C).		

To	mimic	an	ambulatory	transport	phase,	Phase	2	or	pre-hospital,	lasting	30	

min	 utilizes	 Lactate	 Ringer’s	 solution	 to	 increase	 MAP	 >	 50	 mmHg.	 The	 animals	

receive	 a	 constant	 infusion	 rate	 of	 1	 mL/min	 until	 this	 MAP	 is	 achieved	 and	

maintained.	Following	initial	resuscitation,	phase	3	or	the	definitive	hospital	period,	

80	min	after	impact	injury,	involves	administration	of	the	antioxidant	compound	or	

PBS	solution.	This	final	resuscitative	phase	involves	ventilating	animals	with	100%	

oxygen	and	shed	blood	is	infused	to	increase	MAP	>	60	mmHg.		

5.6.6. Operative	Management	and	Assessment	

Animals	monitored	throughout	the	entire	surgical	procedure	taking	note	of	

BP	and	 ICP.	Arterial	blood	gas	measurements	occur	at	 the	 following	 times:	 end	of	

hypotension	(50	min	post	mTBI),	end	of	pre-hospital	period	(80	min	post	mTBI)	and	

finally	at	the	end	of	the	procedure	(320	min	post	mTBI).	 	Finally,	regional	cerebral	

perfusion	 was	 measured	 using	 Perimed	 laser	 speckle.	 Three	 distinct	 areas	 are	

evaluated	 via	 laser	 doppler:	 center	 (site	 of	 injury),	 penumbra	 (area	 surrounding	

ischemic	tissue)	and	contralateral	(opposite	uninjured	side).	
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5.6.7. Euthanasia	

Animals	are	humanely	euthanized	at	 the	end	of	 the	experiment	under	deep	

anesthesia	 via	 bilateral	 thoracotomy	 and	 decapitation.	 	 Necropsy	 is	 performed	 to	

visually	conduct	gross	examination	of	all	organs	and	to	note	any	other	pathological	

findings	that	may	be	present.	

5.6.8. Synthesis	of	Bituminous	GQDs	and	PEG-bGQDs	

2	g	of	finely	ground	bituminous	coal	was	suspended	in	32.0	mL	of	oleum	with	

stirring	at	0	°C.	After	30	min,	32.0	mL	of	fuming	nitric	acid	was	added	slowly	with	

stirring	 and	 the	 reaction	was	 kept	 at	 0	 °C	 for	 another	 25	 min.	 The	 ice	 bath	was	

removed	and	the	reaction	was	allowed	to	warm	to	room	temperature.	Once	ambient	

temperature	was	reached,	 the	reaction	was	moved	to	an	oil	bath	and	heated	at	60	

°C,	 to	 completely	 dissolve	 coal,	 for	 8	min.	 After,	 the	 heat	was	 turned	 off	 and	 the	

reaction	was	cooled	to	room	temperature	at	stirred	for	an	additional	5	h.	After	5	h	

the	reaction	was	slowly	poured	over	200	mL	of	ice.	Once	all	the	ice	had	melted,	the	

solution	was	poured	into	1000	MWCO	cellulose	membrane	dialysis	tubes	and	place	

into	a	continuous	flow	of	deionized	water	dialysis	for	14	days.	The	resulting	neutral	

solution	 of	 aqueous	 GQDs	was	 filtered	 through	 a	 0.22	 µm	 PES	 vacuum	 filter	 and	

subjected	 to	 tangential	 flow	 filtration	 on	 a	 KrosFlo	 system	 (Spectrum	 Labs).	 The	

main	 fraction	 collected	was	 obtained	 using	 the	 10	 kD	 and	 30	 kD	 columns	 to	give	

GQDs	with	a	mass	range	of	10-30	kD	(10	kD	≤	x	≤	30	kD).	Concentration	of	the	final	
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GQDs	in	water	was	measured	using	UV-Vis	spectroscopy	with	an	absorbance	at	700	

nm	with	an	extinction	coefficient	ε700	=	0.740	mL/mg⋅cm.	

15	mL	(8.16	mg/mL,	122.25	mg)	of	a	solution	of	bituminous	GQDs	was	added	

to	 15	 mL	 of	 a	 concentrated	 2-(N-Morpholino)ethanesulfonic	 acid	 hydrate	 (MES)	

buffer	solution	(pH	4.5).	1.00	g	(5.22	mmol,	3.0	eq.)	EDC	and	1.03	g	(8.9	mmol,	7.0	

eq)	NHS	were	added	and	the	reaction	was	stirred	at	room	temperature	for	30	min.	

5.2	g	g	amino-PEG	5000	MW	average	(1.0	mmol,	1	eq.)	was	added	and	the	reaction	

was	stirred	at	room	temperature	for	7	days.	The	reaction	was	then	diluted	into	1	L	

of	deionized	water,	 filtered	 through	a	0.22	µm	PES	vacuum	 filter	and	subjected	 to	

tangential	 flow	 filtration.	 The	 reaction	 was	 concentrated	 using	 a	 10	 kD	 MWCO	

column.	 The	 final	 concentration	 of	 PEG-GQDs	 was	 measured	 using	 UV-Vis	

spectroscopy	 with	 an	 absorbance	 at	 700	 nm	 with	 an	 extinction	 coefficient	

ε700	=	0.740	mL/mg⋅cm.	Samples	for	biological	use	were	diluted	in	PBS	and	filtered	

using	a	0.22-micron	syringe	filter	into	sterile	centrifuge	tubes.	
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at	Rice	University.	Evyenia	Kakadiaris	and	Trenton	Roy	assisted	in	the	synthesis	of	
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Chapter 6 

Deferoxamine-PEG-HCC, as a 
Therapeutic Treatment in a Model of 

Traumatic Brain Injury Complicated by 
Systemic Hypotension 

Portions of this chapter were copied directly from reference 1, of which I co-authored. (In 

preparation). Images and graphs courtesy of Houston Methodist Hospital and The Hegde 

Laboratory. Reprinted with permission.1 
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6.1. Introduction	

Intracerebral	 hemorrhage	 (ICH)	 is	 often	 a	 complication	 of	 TBI	 and	 is	

associated	with	 high	 rates	of	 disability	 as	well	 as	morbidity	 and	mortality2,	 3.	 ICH	

occurs	when	a	diseased	blood	vessel	ruptures	leading	to	bleeding	in	the	brain.4	Both	

ICH	 and	 TBI	 have	 common	 mechanisms	 of	 injury	 including	 mitochondrial	

dysfunction2.	Head	trauma	complicated	by	a	hemorrhagic	 lesion	often	 leads	to	 the	

development	of	a	new	lesion,	 in	addition	to	the	original	contusion,	during	the	 first	

hour	 after	 impact5.	 Hemoglobin	 degradation	 products,	 including	 iron,	 have	 been	

implicated	 in	 hemorrhage	 causing	 oxidative	 DNA	 damage	 and	 inhibition	 of	 DNA	

repair	enzymes	by	miniscule	concentrations	of	iron	and	can	lead	to	further	neuronal	

damage6.		

mTBI	often	presents	without	the	gross	structural	abnormalities	seen	in	more	

severe	 forms	 of	 brain	 trauma7.	 Nevertheless,	 it	 can	 result	 in	 cognitive	 and	

behavioral	 problems	 along	 with	 alterations	 in	 brain	 structure	 and	 function7.	

Additionally,	 repeated	 injuries	 exacerbated	 by	 intracerebral	 hemorrhage	 are	

associated	with	 brain	 atrophy	 and	 dementia7.	 	 The	mechanisms	 underlying	 these	

dysfunctions	 are	 poorly	 understood	 and	 patients	 with	 ICH	 exhibit	 poor	 recovery	

with	approximately	20%	of	survivors	experiencing	 full	 functional	 recovery	after	6	

months8.		

ICH	 can	 lead	 to	 red	 blood	 cell	 lysis	 in	 the	 brain	 contributing	 to	 edema	

formation	 and	 marked	 blood	 brain	 barrier	 disruption9,	 10.	 	 Heme,	 present	 in	



	 160	
	

hemoglobin,	 is	 degraded	 into	 iron,	 carbon	 monoxide	 and	 biliverdin,	 by	 heme	

oxygenase	leading	to	further	brain	edema.		As	iron	levels	in	the	brain	reach	elevated	

levels,	brain	damage,	brain	atrophy	and	prolonged	neurological	deficits	can	occur11,	

12.	 The	 presence	 of	 iron	 after	 injury	 has	 also	 been	 linked	 to	 perivascular	

accumulations	 of	 hyperphosphorylated	 tau	 (p-tau)	 and	 neurofibrillary	 tangles	

(NFT)13,	 14.	 Injured	 tissue	also	exhibits	 evidence	of	microhemorrhage	as	 seen	with	

hemosiderin	and	hematoidin-laden	macrophages14.		

Currently,	 one	 of	 the	 most	 promising	 therapeutic	 treatments	 of	 use	 is	

deferoxamine,	 an	 iron	 chelator.	 Deferoxamine	 mesylate	 (DFO)	 has	 demonstrated	

neuroprotective	effects	and	suppression	of	 iron	 induced	HO•	 formation15.	Previous	

studies	 in	 rat	 models	 have	 shown	 treatment	 with	 deferoxamine	 reduces	 brain	

atrophy	 and	 improves	 neurological	 deficits	 and	 dysfunction	 after	 ICH16.	 DFO,	 in	

addition	 to	 providing	 neuroprotection,	 also	 reduces	 brain	 edema	 and	 neuronal	

death17-20.	 Deferoxamine	 is	 currently	 approved	 to	 treat	 iron	 overdose,	

hemochromatosis	 (acute	 and	 chronic	 or	 hereditary	 conditions)	 and	 aluminum	

toxicity.		

Deferoxamine	 functions	 by	 binding	 to	 ferric	 (trivalent)	 iron	 in	 the	

bloodstream	 forming	 a	 stable	 complex	 and	 allowing	 for	 its	 excretion	 in	urine6.	 In	

forming	a	stable	complex,	DFO	decreases	the	amount	of	free	iron	available	to	react	

in	 the	 Fenton	 reaction21.	 The	 Fenton	 reaction,	 alternatively	 named	 “Fenton	

chemistry”	or	“Fenton	reagent”,	occurs	through	two	distinct	steps	and	results	in	the	

generation	of	free	radicals,	specifically	HO•.	The	HO•	is	a	non-selective	oxidant	and	
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will	 subsequently	 proceed	 to	 engage	 in	 secondary	 reactions	 eliciting	 a	 radical	

cascade22.		

(1) Fe2+	+	H2O2	→	Fe3+	+	HO•	+	OH−	

(2) Fe3+	+	H2O2	→	Fe2+	+	HOO•	+	H+	

Furthermore,	DFO	functions	by	affecting	iron	regulatory	genes	altering	their	protein	

binding	 activity6	 and	 prevents	 apoptosis	 by	 activating	 a	 signal	 pathway	 that	

compensates	for	OS	and	exerts	anti-inflammatory	and	anti-phagocytic	effects17,	23-26.	

Finally,	 deferoxamine	 has	 been	 shown	 to	 upregulate	 the	 expression	 of	

cyclooxygenase-2	 (COX2)	 and	 prostaglandin	 expression,	 leading	 to	 a	 slight	

reduction	 in	BP	which	 has	 potential	 benefit	 in	 patients	with	 ICH27.	 In	 addition	 to	

deferoxamine,	 other	 promising	 therapeutic	 treatments	 involve	 the	 use	 of	

antioxidants	as	they	block	neuronal	toxicity	induced	by	hemoglobin28.		

It	 was	 hypothesized	 that	 individually	 an	 antioxidant	 or	 an	 iron	 chelator	

would	 be	 partially	 effective	 in	 treating	 OS	 generated	 by	 iron	 and	 hemoglobin	

byproducts;	 however,	 a	 combination	 of	 both	 treatments	 may	 prove	 to	 be	 more	

efficacious	 than	when	administered	 individually	 for	 treatment.	Tight	 regulation	of	

iron	is	imperative	to	prevent	further	oxidative	damage	and	disruption	of	metabolic	

processes	 in	 the	 human	 brain.	 Extensive	 previous	 studies	 and	 characterization	 of	

PEG-HCCs	 have	 shown	 and	 proven	 it	 to	 be	 a	 powerful	 antioxidant,	 capable	 of	

reducing	 OS,	 and	 restoring	 CBF	 after	 TBI29-31.	 Thus,	 combining	 it	 with	 an	 iron	

chelator,	deferoxamine	would	have	a	two-fold	effect.		
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6.2. Synthesis	of	Deferoxamine	PEG-HCC	

Preparation	 of	 deferoxamine-PEG-HCC	 involves	 attaching	 deferoxamine	

(Figure	6.1),	a	known	iron	chelator,	to	PEG-HCC	(synthesis	previously	described	in	

Section	 1.10),	 a	 known	 antioxidant	 to	 the	 amino	 terminus	 of	 the	 HCC	 through	 a	

carbodiimide	coupling	synthesis	via	the	primary	amine	(Scheme	6.1).	First,	HCCs	are	

suspended	in	dimethylformamide	and	placed	in	a	sonicating	bath	for	approximately	

45	 min	 or	 until	 HCCs	 are	 completely	 dissolved.	 	 Deferoxamine,	 N,N-

diisopropylethylamine	 (catalytic	 amount)	 and	 a	 5000	 average	 molecular	 weight	

amine-terminated	 mPEG	 	 are	 added	 and	 the	 solution	 is	 once	 again	 placed	 in	 a	

sonicating	bath	 for	an	additional	30	min.	Afterwards	N,N'-diisopropylcarbodiimide	

is	added	and	the	reaction	is	stirred	at	room	temperature	for	72	h.		

The	 resulting	 Deferoxamine-PEG-HCCs	 (Def-PEG-HCCs)	 are	 purified	 by	

tangential	flow	filtration	on	a	KrosFlo	system	(Spectrum	Labs).		The	tangential	flow	

allows	for	purification	to	remove	excess	PEG	and	small	molecules	and	concentration	

to	 give	 the	 final	 solution	 of	 Deferoxamine-PEG-HCC.	 The	 concentration	 of	

Deferoxamine-PEG-HCC	 in	water,	 of	 the	 HCC	 cores,	 can	 be	 determined	 by	 the	 UV	

absorbance	 spectra,	 utilizing	 a	 previously	 calculated	 extinction	 coefficient	 of	

ε740	=	0.0104	 mL/mg⋅cm.	 Deferoxamine-PEG-HCC	 is	 soluble	 in	 biological	 media	

(PBS),	non-toxic	and	can	be	administered	via	IV	injection.		
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Scheme	6.1:	Synthesis	of	Deferoxamine-PEG-HCC	

	

	

Figure	6.1:	Chemical	structure	of	deferoxamine	
	

6.3. PEG-HCC	prevents	hemin	induced	genome	damage	but	not	

cell	death	

Studies	conducted	in	the	Hedge	 laboratory	at	Houston	Methodist	compared	

cells	 treated	 with	 PEG-HCC	 and	 Def-PEG-HCC	 to	 determine	 if	 combining	 an	 iron	

chelator	 with	 a	 known	 antioxidant	 would	 be	 more	 effective	 in	 reducing	 ROS	

accumulation.	 	 Treatment	 with	 PEG-HCC	 showed	 prevention	 of	 hemin	 induced	

genome	damage,	but	not	 cell	death.	As	 seen	 in	Figure	6.2,	 cells	were	 treated	with	

hemin	 and	 a	 quantitative	 analysis	 of	 γ-H2AX	 and	 p-ATM	 expressions	 was	

performed.	 Evaluating	 γ-H2AX	 and	 p-ATM	 expressions	 was	 important	 as	 these	
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biomarkers	 are	 indicative	 of	 genome	 damage.	 There	was	 a	 significant	 increase	 in	

hemin	 treated	groups	but	 cells	 treated	with	PEG-HCC	showed	reduced	 levels	of	 γ-

H2AX	and	p-ATM.		

	

Figure	 6.2:	 Shows	 the	 Quantitative	 analysis	 of	 γ-H2AX	 and	 p-ATM	 expressions	 in	
b.End3	cells	with	significant	increase	in	hemin	treated	groups,	while	treatment	with	
PEG-HCC	showed	reduced	levels	of	γ-H2AX	and	p-ATM.	

	

In	Figure	6.3,	a	second	assay	was	performed	using	fluorescence	activated	cell	

sorting	(FACS),	a	form	of	flow	cytometry.	FACS	is	a	quantitative	method	to	sort	cells	

through	 fluorescent	 signaling.	Cells	were	 treated	with	hemin	and	 later	 counted	 to	

determine	percent	cell	death.	Cells	treated	with	hemin	showed	an	approximate	five-

fold	 increase	 in	 cell	 death.	 However,	 cells	 treated	with	 PEG-HCC	 after	 addition	 of	

hemin	had	a	two-fold	reduction	in	apoptotic	cell	death.		
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Figure	6.3:	Quantitative	data	of	FACS	analysis	representing	percentage	of	cell	death	
in	b.End3	cells	treated	with	hemin	and	PEG-HCC.		
Hemin	treated	cells	showed	significant	increase	(*p<0.01)	about	five	fold	increase	in	
cell	death,	while	addition	of	PEG-HCC	to	hemin	treated	cells	caused	significantly	(**	
p<0.05)	reduction	in	apoptotic	cell	death	by	about	2	fold	reduction.	

	

6.4. Deferoxamine-PEG-HCC	is	effective	in	ameliorating	hemin-

induced	neurotoxicity	

The	 Hedge	 laboratory	 at	 Houston	 Methodist	 further	 analyzed	 the	 effect	

Deferoxamine-PEG-HCC	has	on	bEnd.3	cells	exposed	to	hemin.	In	a	quantitative	

assay,	the	analysis	of	γ-H2AX	and	p-ATM	expressions	was	performed.	As	seen	in	

Figure	6.4,	bEnd.3	 cells	 treated	with	hemin	showed	a	 significant	 increase	 in	γ-

H2AX	and	p-ATM	expression.	However,	cells	treated	with	Def-PEG-HCC	showed	
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a	notable	 reduction	 in	γ-H2AX	and	p-ATM	expression,	when	compared	 to	 cells	

treated	with	PEG-HCC	alone.		

	

	

Figure	6.4:	Quantitative	analysis	of	γ-H2AX	and	p-ATM	expressions	 in	b.End3	cells	
with	 significant	 increase	 in	 hemin	 treated	 groups,	 while	 treatment	with	 Def-PEG-
HCC	showed	reduced	levels	of	γ-H2AX	and	p-ATM.	

	

	 Finally,	percentage	 cell	death	was	quantitatively	determined	after	exposing	

cells	to	hemin,	treating	with	Def-PEG-HCC	and	comparing	to	cells	treated	with	PEG-

HCC	alone.	Figure	6.5	details	 this	assay	showing	that	cells	exposed	to	hemin	had	a	

marked	increase	in	cell	death.	While	a	previous	assay,	showed	a	2-fold	reduction	in	

cell	death	when	treated	with	PEG-HCC,	cells	 treated	with	Def-PEG-HCC	exhibited	a	

marked	 3-fold	 reduction	 in	 percentage	 of	 cell	 death.	 This	 was	 significantly	
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important	 as	 it	 demonstrated	 Def-PEG-HCC	 treating	 is	 effective	 in	 ameliorating	

hemin	induced	apoptosis.		

	

	

Figure	 6.5:	 Quantitative	 data	 expressing	 percentage	 of	 apoptotic	 cell	 death	 after	
treatment	with	hemin	and	protective	efficacy	of	PEG-HCC,	DEF	alone	and	DEF-PEG-
HCC	after	treatment	with	hemin.		
Hemin	treatment	marked	 increase	 in	cell	death	about	5-fold	 increase	compared	to	
control	cells,	while	PEG-HCC	and	DEF	alone	showed	significant	reduction	(about	2	
fold)	in	cell	death	percentage,	while	nanococktail	DEF-PEG-HCC	showed	about	3	fold	
significant	 reduction	 in	 percentage	 of	 cell	 death,	 statistically	 significant	 at	
(**p<0.05).	
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6.5. Deferoxamine-PEG-HCC	reduces	ROS	after	addition	of	Iron	

or	Hemin	

As	seen	 in	Figure	6.6,	bEnd.3	murine	cells	were	treated	with	 iron	or	hemin	

and	 the	 production	 and	 accumulation	 of	 ROS	 was	 detected	 via	 fluorescence.		

Cells	 that	 were	 treated	 with	 hemin	 alone	 demonstrated	 an	 increase	 in	

fluorescence,	 (Figure	 6.4B)	 when	 compared	 to	 the	 control	 (Figure	 6.4A).	

Afterwards	 cells	 were	 treated	 with	 hemin	 plus	 the	 addition	 of	 Def-PEG-HCC	

(Figure	6.4C).	 These	 cells	 showed	 a	 reduction	 in	ROS	 accumulation	 30-60	min	

afterwards.	Cells	were	assayed	after	24	h.		

	

	

Figure	6.6:	Deferoxamine	PEG-HCC	reduces	ROS	after	addition	of	Iron	or	Hemin.	
Hemin	 produces	 ROS	 in	 cultured	 bEnd.3	 murine	 endothelial	 cells	 and	 cellROX	
fluorescence	depends	on	ROS	accumulation	in	the	cell.	Utilizing	these	cells	in	a	(A)	
control,	(B)	hemin	is	added	as		indicated	by	the	fluoresence	in	the	cells,	followed	by	
(C)	 the	 addition	 of	 Def-PEG-HCC	 to	 the	 cells.	 Def-PEG-HCC	 reduces	 CellROX	
fluorescence	 and	 thus	 reduces	 ROS	 accumulation	 30	 min-60	min	 later.	 The	 cells	
were	assayed	after	24	h.			
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6.6. bEnd.3	cells	treated	with	Deferoxamine-PEG-HCC	

An	in	vitro	assay	was	conducted	with	bEnd.3	cells	that	were	seeded	into	four	

6-well	 dishes	 at	 a	 density	 of	 180,000	 cells/well.	 The	 cells	 were	 left	 in	 culture	

overnight	at	37	C	in	a	5%	CO2	incubator.	The	following	morning,	a	5	mM	solution	of	

hemin	was	prepared	by	dissolving	16.3	mg	of	hemin	into	5	mL	of	1	N	NaOH	followed	

by	gentle	stirring.	The	wells	were	prepared	as	following:	

• 2	wells	=	30	uL	of	5	mM	hemin	was	added		

• 2	wells	=	30	uL	of	5	mM	hemin	was	added	+	PEG-HCC	(160	uL	of	100	mg/L)	was	

added	within	5	min	of	treatment	with	hemin	

• 2	wells	=	30	uL	of	5	mM	hemin	was	added	+	Deferoxamine-PEG-HCC	(160	uL	of	

100	mg/L)	within	5	min	of	treatment	with	hemin	

This	 was	 repeated	 at	 30,	 180,	 and	 360	 min.	 After	 all	 treatments,	 the	 cells	 were	

incubated	overnight.	The	following	morning,	the	cells	from	each	well	were	detached	

with	trypsin	and	incubated	for	30	min	in	1	mL	of	complete	media	containing	1	uM	

calcein	 AM.	 Afterwards,	 the	 cells	 were	 counted	 by	 hand	 using	 a	 fluorescence	

microscope.	 Results	 obtained	 demonstrated	 cells	 treated	with	 deferoxamine-PEG-

HCC	 exhibited	 cell	 recovery	 30	 min	 after	 5	 min	 of	 treatment	 with	 hemin,	 when	

compared	 to	 PEG-HCC	 alone.	 However,	 cells	 evaluated	 at	 180	 and	 360	 min	

demonstrated	no	difference.	Figure	6.3	displays	the	results	 from	the	 in	vitro	assay	

utilizing	bEnd.3	cells.	
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Figure	6.7:	bEnd.3	cells	treated	with	(left)	PEG-HCCs	and	(right)	Deferoxamine-PEG-
HCCs.		
3	different	cell	wells	were	prepared	(cells	only,	cells	plus	the	addition	of	hemin,	cells	
plus	 the	addition	of	PEG-HCC	or	Def-PEG-HCC).	This	was	 repeated	at	30,	180,	 and	
360	min.	 The	 cells	were	 incubated	 overnight	 and	 the	 following	morning	 counted	
using	 a	 fluorescence	 microscope.	 Results	 demonstrated	 that	 treatment	 with	
Deferoxamine-PEG-HCC	 provided	 recovery	 of	 cells	 within	 30	 min	 after	 5	 min	 of	
treatment	with	hemin	when	compared	to	PEG-HCC	alone.	However,	cells	evaluated	
at	180	and	360	min	demonstrated	no	difference.		
Graph	courtesy	of	Dr.	Paul	J	Derry	at	Texas	A&M	Health	Science	Center.		
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6.7. Study	of	Deferoxamine	PEG-HCC	as	an	antioxidant	in	mild	

traumatic	brain	injury	

Deferoxamine-PEG-HCC	was	evaluated	in	vivo	utilizing	male	long	Evans	rats.	

To	 mimic	 a	 clinical	 or	 field	 scenario	 in	 which	 TBI	 is	 complicated	 by	 systemic	

hypotension	 (low	 blood	 pressure),	 rats	 experienced	 a	 CCI	 injury	 followed	 by	

hemorrhagic	shock.	During	the	resuscitation	phase,	animals	received	2	doses	of	the	

therapeutic	compound	(Deferoxamine-PEG-HCC)	at	2	mg/kg	administered	at	80	and	

200	 min,	 post	 impact	 injury.	 Regional	 cerebral	 perfusion	 was	 measured	 using	

Perimed	laser	speckle32	(Table	6.1).		

In	Phase	1,	Long	Evans	rats	(300-350	g)	received	a	CCI	injury	(3	m/s,	2.5	mm	

deformation)	to	the	right	parietal	cortex	followed	by	a	period	of	hypotension.	Blood	

was	withdrawn	to	reduce	MAP	to	40	mmHg	for	50	min.	This	decelerating	blood	loss	

mimics	traumatic	blood	loss	in	the	field.		 	

In	 Phase	 2,	 lasting	 30	min,	 the	 pre-hospital	 or	 ambulatory	 phase,	 animals	

receive	a	controlled	IV	fluid	resuscitation	with	Lactate	ringer’s	solution	to	increase	

MAP	 to	 50	 mmHg.	 This	 initial	 resuscitation	 mimics	 field	 fluid	 resuscitation	 and	

ambulance	transport	to	the	hospital.		

In	 Phase	 3,	 or	 definitive	 hospital	 period,	 animals	 are	 ventilated	 by	 100%	

oxygen	and	receive	the	first	dose	of	the	therapeutic	compound	(2	mg/kg	of	PEG-HCC	

or	Def-PEG-HCC)	or	PBS	vehicle	via	IV	femoral	vein	administration.	A	second	dose	of	

the	therapeutic	compound	is	administered	2	h	after	the	first	dose.		
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Phase	 4,	 or	 outcome	 involves	 extensive	 physiological	 monitoring	 for	 the	

remaining	6	h.	MAP,	BP	and	ABG	values	are	recorded.	CBF	is	measured	through	non-

invasive	 laser	 doppler	 flowmetry.	 Three	 distinct	 areas	 are	 evaluated	 via	 laser	

doppler:	 center	 (site	of	 injury),	penumbra	 (area	 surrounding	 ischemic	 tissue)	and	

contralateral	(opposite	uninjured	side).		

Upon	 completion	 of	 study,	 animals	 are	 euthanized	 and	 necropsy	 is	

performed.	A	gross	observation	examination	is	performed	to	evaluate	the	organs	for	

potential	pathological	findings	occurs.		

	

Phase I: 

Injury & Hemorrhage (50 

min) 

Phase II: 

Pre-Hospital 

(30 min) 

Phase III: 

Hospital 

(30 min) 

Phase IV: 

Outcome 

(6 h) 

• Ventilate (air) 

• Mild TBI impact injury 

(3 m/s, 2.5 mm 

deformation) 

• Withdraw blood to 

MAP 40 mmHg 

• CBF measurements 

with LDF 

• Ventilate (air) 

• Administration of 

saline (initial 

resuscitation, Lactate 

ringer’s solution), 

MAP ≥ 50 mmHg 

• CBF measurements 

with LDF 

• Ventilate (100% oxygen) 

• Give drug (PEG-HCC, 

Deferoxamine-PEG-

HCC) or vehicle (PBS) 

• Reinfuse blood 

• Saline to MAP ≥ 60 

mmHg 

• CBF measurements with 

LDF 

• 0-6 h monitor ICP and 

cerebral 

hemodynamics 

• CBF measurements 

with LDF 

	

Table	6.1:	Injury	Model29		
Injury	model	adapted	from	Bitner	et	al.29		
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	 12	 animals	 receiving	 Def-PEG-HCC	 were	 evaluated	 and	 compared	 to	 PEG-

HCC	and	PBS	treatment.	Rats	received	a	dose	of	PEG-HCC	(2	mg/kg),	or	PBS	or	Def-

PEG-HCC	(2	mg/kg)	at	the	beginning	of	resuscitation	or	80	min	post	impact	injury	

(Phase	3).	CBF	was	measured	from	the	brain	surface	every	10	min	with	the	onset	of	

hypotension	 and	 continued	 throughout	 the	 procedure	 (Phase	 1-4).	 In	 all	 three	

groups	(vehicle	treated	animals	and	animals	treated	with	PEG-HCC	or	Def-PEG-HCC)	

hypotension	 following	 injury	 significantly	 reduced	 CBF	 that	 was	 then	 partially	

recovered	with	 fluid	administration	 in	 the	 “prehospital”	period	or	phase	2.	Figure	

6.4	 illustrates	 CBF	 calculated	 from	 the	 center	 or	 core	 of	 the	 impact	 site	 directly	

affected	 by	 the	 injury	 device.	 Animals	 receiving	 administration	 of	 PEG-HCC	

demonstrated	recovery	to	nearly	baseline	levels	of	CBF,	that	was	maintained	with	a	

second	dose	administration,	2	h	after	the	first	dose.	The	decline	in	CBF,	towards	the	

end	of	the	experiment	is	attributed	and	consistent	to	prolonged	anesthesia	time.	

	 Animals	 treated	 with	 Def-PEG-HCC	 exhibited	 a	 partial	 recovery,	

approximately	 80%,	 in	 the	 center	 of	 the	 injured	 site.	 This	 recovery	 remained	

consistent	 with	 the	 second	 dose	 administration.	 This	 partial	 recovery	 was	 less	

successful	 than	 animals	 treated	 with	 PEG-HCC	 but	 more	 promising	 than	 animals	

treated	with	PBS	vehicle	treatment.		

	 In	 Figure	6.5	 LDF	 of	 the	 pericontusional,	 “penumbra”	 site,	 surrounding	 the	

core	 injury	 site	 was	 evaluated.	 This	 recovery	 was	 not	 as	 successful	 in	 restoring	

blood	 flow	 to	 the	 area	 when	 compared	 to	 PEG-HCC	 treated	 animals,	 but	 still	

demonstrated	 a	 slight	 improvement	 when	 compared	 to	 PBS	 vehicle	 treated	 rats.	
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Furthermore,	 CBF	 remained	 consistent	 throughout	 the	 procedure	 and	

administration	of	the	second	dose	only	maintained	blood	flow	at	60%	perfusion.		

Figure	6.6	demonstrates	CBF	of	the	contralateral	tissue,	opposite	to	the	site	

of	injury.	After	the	first	dose	administration	there	was	an	increase	to	80%	perfusion	

that	was	then	restored	to	previously	uninjured	baseline	levels	with	the	second	dose	

administration.	Animals	treated	with	PEG-HCC	exhibited	no	effect	in	the	CBF	in	the	

contralateral	 or	 uninjured	 cortex	 area.	 Although	 this	 area	 remained	 uninjured,	 in	

this	 study,	 PBS	 vehicle	 treated	 rats	 exhibited	 a	 depressed	 outcome,	 that	 only	

partially	 recovered	 with	 fluid	 administration	 in	 the	 ambulatory	 or	 “prehospital”	

period.		

Overall,	 animals	 treated	 with	 Def-PEG-HCC	 did	 not	 exhibit	 marked	

improvement	 when	 compared	 to	 animals	 treated	 with	 PEG-HCC	 alone.	 Mild	

recovery	was	seen	in	the	center	(injured	cortex)	with	no	recovery	in	the	penumbra	

or	perilesional	cortex.	The	contralateral	region	exhibited	recovery	to	baseline	levels	

only	with	second	dose	administration.	The	use	of	deferoxamine	attached	to	an	iron	

chelator	was	not	as	successful	given	that	sufficient	hemorrhage	was	not	present	in	

the	injured	tissue.	These	studies	demonstrated	that	Def-PEG-HCC	poses	no	toxicity	

when	given	intravenously	and	similarly,	has	a	half-life	of	approximately	2-3	h	as	its	

parent	 PEG-HCC	 particle.	 Further,	 studies	 will	 be	 required	 to	 evaluate	 success	 of	

deferoxamine-PEG-HCC	in	a	more	severe	hemorrhagic	injury.		
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Figure	6.8:	Graph	shows	LDF	of	 the	center,	or	core	 impact	site	directly	affected	by	
the	injury	device.		
Deferoxamine-PEG-HCC,	n=12;	PEG-HCC,	n=10,	PBS,	n=10.	Arrows	indicate	times	at	
which	drug	was	administered	(80	and	200	min	post	mTBI).	Phase	1	denotes	injury	+	
hypotension,	 Phase	 2	 denotes	 “Pre-hospital”	 or	 ambulatory	 phase	 including	 fluid	
resuscitation	and	Phase	3	indicated	vehicle	or	PEG-HCC	or	Deferoxamine-PEG-HCC	
treatment	with	shed	blood	reinfusion.	
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Figure	6.9:	Graph	shows	LDF	of	 the	pericontusional,	 “penumbra”	site,	surrounding	
the	core	injury	site.		
Deferoxamine-PEG-HCC,	n=12;	PEG-HCC,	n=10,	PBS,	n=10.	Arrows	indicate	times	at	
which	drug	was	administered	(80	and	200	min	post	mTBI).		Phase	1	denotes	injury	
+	hypotension,	Phase	2	denotes	“Pre-hospital”	or	ambulatory	phase	including	fluid	
resuscitation	and	Phase	3	indicated	vehicle	or	PEG-HCC	or	Deferoxamine-PEG-HCC	
treatment	with	shed	blood	reinfusion.	
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Figure	 6.10:	 Graph	 shows	 LDF	 of	 the	 contralateral	 tissue,	 opposite	 to	 the	 site	 of	
injury.		
Deferoxamine-PEG-HCC,	n=12;	PEG-HCC,	n=10,	PBS,	n=10.	Arrows	indicate	times	at	
which	drug	was	administered	(80	and	200	min	post	mTBI).	Phase	1	denotes	injury	+	
hypotension,	 Phase	 2	 denotes	 “Pre-hospital”	 or	 ambulatory	 phase	 including	 fluid	
resuscitation	and	Phase	3	indicated	vehicle	or	PEG-HCC	or	Deferoxamine-PEG-HCC	
treatment	with	shed	blood	reinfusion.		

	

6.8. Mortality	Rate	

Overall	 the	mortality	 rate	was	11.1%.	 	One	 (9%)	of	 the	 total	11	 rats	 in	 the	

PEG-HCC	group	died,	and	1	(9%)	of	the	11	rats	given	PBS	died	and	2	of	the	total	14	

(14%)	 rats	 given	Deferoxamine-PEG-HCC	died.	Mortality	 included	 procedural	 and	

post-treatment	mortality.			
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6.9. Appendix	

6.9.1. Treatment	Groups	

In	this	study,	a	total	of	32	Long	Evans	rats,	weighing	300-350	g,	were	used.	

The	TBI	model	used	was	a	mild	cortical	impact	injury	(3	m/s,	2.5	mm	deformation)	

followed	by	50	min	of	hemorrhagic	hypotension.		The	rats	were	randomly	assigned	

to	 receive	 either	 Deferoxamine-PEG-HCC	 (2	 mg/kg,	 n=12),	 PEG-HCC	 (2	 mg/kg,	

n=10)	or	PBS	as	placebo	(n	=	10).		The	assigned	study	drug	was	given	intravenously	

at	the	beginning	of	resuscitation	and	again	2	h	after	the	first	dose.	

6.9.2. Anesthesia	

General	anesthesia	was	induced	utilizing	5%	isoflurane	in	100%	oxygen	and	

rats	were	 placed	 in	 a	 vented	 anesthesia	 chamber	 for	 approximately	 3-5	min.	 The	

animals	 were	 intubated	 and	 mechanically	 ventilated	 with	 a	 volume-controlled	

ventilator.		

6.9.3. Surgical	Preparation	

Under	 aseptic	 conditions,	 intravascular	 catheters	 were	 placed	 in	 the	 tail	

artery	and	femoral	vein.	The	tail	artery	was	cannulated	with	a	22-gauge	catheter	to	

allow	for	BP	monitoring.	The	femoral	vein	was	cannulated	with	a	22-gauge	catheter	

to	 allow	 for	 controlled	 hemorrhagic	 shock	 and	 resuscitation	 with	 Lactate	 Ringer	

solution	 and	 shed	 blood.	 Afterwards,	 the	 animals	 were	 placed	 on	 a	 stereotactic	

frame	in	the	prone	position.	The	head	is	secured	by	an	incisor	bar	and	ear	bars.			The	
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animals	were	placed	on	a	heating	pad	controlled	by	a	rectal	probe	and	kept	between	

36-37	°C	to	allow	for	controlled	body	temperature	monitoring.	 	Arterial	blood	gas	

values	including;	pH,	pCO2,	and	pO2	were	obtained	from	the	tail	artery	catheter	on	

blood	draw	utilizing	an	iStat	blood	gas	analysis	system.		

6.9.4. Craniectomy	and	Controlled	Cortical	Impact	Injury	

The	scalp	was	shaved	and	a	medial	 sagittal	 incision	was	performed	on	 top.	

The	scalp	and	temporalis	muscle	were	reflected	back,	to	expose	the	brain	for	impact	

injury.	 	 Using	 a	 dental	 drill,	 a	 craniectomy	was	 performed	 over	 the	 right	 parietal	

cortex	 with	 extreme	 care	 taken	 to	 not	 injure	 the	 dural	 surface	 of	 the	 brain	 and	

prevent	 thermal	 injury	 to	 tissue.	 The	 impactor	 rod	 was	 placed	 at	 an	 angle	

approximately	 45°	 to	 the	 vertical,	 retracted	 and	 the	 tip	 is	 advanced	 forward	 to	

produce	a	brain	deformation	of	2.5	mm	at	 impact.	The	CCI	 is	 adjusted	 to	elicit	 an	

impact	at	approximately	3	m/s	at	30	psi.	

6.9.5. Hemorrhagic	Shock	

To	 induce	 hemorrhagic	 shock	 (Phase	 I)	 blood	 was	 withdrawn	 with	 a	

mechanical	infusion/withdrawal	pump	(Harvard	Pump	Dual	RS-232)	to	reduce	MAP	

to	 approximately	 40	 mmHg	 for	 50	 min.	 Withdrawal	 of	 blood	 volume	 at	

approximately	2	mL/100	g	of	weight	was	required	to	decrease	MAP	to	40	mmHg.	To	

mimic	 a	 clinical	 situation	 of	 traumatic	 blood	 loss,	 after	 impact	 injury,	 blood	 was	

withdrawn	 at	 a	 decelerating	 rate	with	 half	 withdrawn	within	 the	 first	 5	min	 and	

25%	over	the	next	5	min	and	the	final	25%	10	min	after	injury.	Animals	were	kept	in	



	 180	
	

a	 hypotensive	 phase	 throughout	 the	 whole	 hypotensive	 period	 and	 blood	 was	

withdrawn,	 if	 necessary,	 to	 maintain	 continued	 hemorrhage.	 The	 shed	 blood	

withdrawn	was	collected	in	citrate	phosphate	dextrose	and	stored	at	4	°C	until	the	

resuscitation	 phase.	 Just	 prior	 to	 resuscitation,	 the	 shed	 blood	 was	 rewarmed	 to	

body	temperature	(36-37	°C).		

To	mimic	an	ambulatory	transport	phase,	Phase	2	or	pre-hospital,	lasting	30	

min	 utilizes	 Lactate	 Ringer’s	 solution	 to	 increase	 MAP	 >	 50	 mmHg.	 The	 animals	

receive	 a	 constant	 infusion	 rate	 of	 1	 mL/min	 until	 this	 MAP	 is	 achieved	 and	

maintained.	Following	initial	resuscitation,	phase	3	or	the	definitive	hospital	period,	

80	min	after	impact	injury,	involves	administration	of	the	antioxidant	compound	or	

PBS	solution.	This	final	resuscitative	phase	involves	ventilating	animals	with	100%	

oxygen	and	shed	blood	is	infused	to	increase	MAP	>	60	mmHg.		

6.9.6. Operative	Management	and	Assessment	

Animals	monitored	throughout	the	entire	surgical	procedure	taking	note	of	

BP	and	 ICP.	Arterial	blood	gas	measurements	occur	at	 the	 following	 times:	 end	of	

hypotension	(50	min	post	mTBI),	end	of	pre-hospital	period	(80	min	post	mTBI)	and	

finally	at	the	end	of	the	procedure	(320	min	post	mTBI).	 	Finally,	regional	cerebral	

perfusion	 was	 measured	 using	 Perimed	 laser	 speckle.	 Three	 distinct	 areas	 are	

evaluated	 via	 laser	 doppler:	 center	 (site	 of	 injury),	 penumbra	 (area	 surrounding	

ischemic	tissue)	and	contralateral	(opposite	uninjured	side).	
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6.9.7. Euthanasia	

Animals	are	humanely	euthanized	at	the	end	of	the	experiment,	under	deep	

anesthesia	 via	 bilateral	 thoracotomy	 and	 decapitation.	 	 Necropsy	 is	 performed	 to	

visually	conduct	gross	examination	of	all	organs	and	to	note	any	other	pathological	

findings	that	may	be	present.	

6.9.8. Synthesis	of	Deferoxamine-PEG-HCC	

HCCs	 (25	mg)	were	 suspended	 in	DMF	 (25	mL)	 and	 placed	 in	 a	 sonicating	

bath	 for	45	min.	Deferoxamine	(31	mg)	and	2	drops	of	N,N-diisopropylethylamine	

and	5000	average	molecular	weight	amine-terminated	mPEG	(	253	mg)	was	added.	

The	 resulting	 solution	 was	 placed	 in	 a	 sonicating	 bath	 for	 30	 min.	 N,N’-

diisopropylcarbodiimide	 (0.25	 mL)	 is	 added	 and	 the	 reaction	 is	 stirred	 at	 room	

temperature	for	72	h.		

After	 72	 h	 the	 reaction	 is	 diluted	 in	 water	 and	 filtered	 through	 a	 0.22µm	

polyethersulfone	(PES)	filter	and	purified	by	tangential	flow	filtration	on	a	KrosFlo	

system	(Spectrum	Labs).		A	50	kD	column	is	used	and	the	tangential	flow	allows	for	

purification	to	remove	excess	PEG	and	N,N'-diisopropylcarbodiimide.	 	The	reaction	

is	 concentrated	 to	 give	 the	 final	 solution	 of	Deferoxamine-PEG-HCC	 in	water.	 The	

concentration	 of	Deferoxamine-PEG-HCC,	 of	 the	HCC	 cores,	 can	 be	 determined	 by	

the	UV	absorbance	spectra,	utilizing	a	previously	calculated	extinction	coefficient	of	

ε740	 =	 0.0104	 mL/mg⋅cm.	 Samples	 for	 biological	 use	 were	 diluted	 in	 PBS	 and	

filtered	using	a	0.22	micron	syringe	filter	into	sterile	centrifuge	tubes.		
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6.11. Experimental	Contributions	

Kimberly	 Mendoza	 synthesized,	 characterized	 and	 prepared	 Deferoxamine-PEG-

HCC	for	experimental	studies	under	the	guidance	of	Professor	James	M.	Tour	at	Rice	

University.	 Drs.	 Girish	 Talakatta	 and	 Joy	 Mitra	 conducted	 the	 in	 vitro	 cell	

experiments	at	Houston	Methodist	Hospital.	Dr.	Paul	Derry	and	William	Dalmeida	

conducted	 in	 vitro	 cell	 work	 at	 Michael	 E.	 DeBakey	 VA	Medical	 Center.	 Kimberly	

Mendoza	and	Dr.	Leela	Cherian	conducted	the	in	vivo	surgery	experiments	at	Baylor	

College	of	Medicine.	All	in	vitro	graphs	and	cell	work	performed	was	courtesy	of	the	

Hedge	 Laboratory	 at	 Houston	 Methodist	 and	 the	 Kent	 Laboratory	 at	 Texas	 A&M	

Health	Science	Center.		
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Chapter 7 

Oxidation and Reduction Reactions of 
Hydrophilic Carbon Clusters with 

Mitochondrial Constituents: Features 
of a Nano-Electron Transport Shuttle 

This	chapter	was	copied	 in	 its	entirety	 from	reference	1,	of	which	 I	was	a	co-author.	

(Submitted)	Reprinted	with	permission.1		
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7.1. Introduction	

While	some	ROS	serve	as	vital	signaling	molecules	 in	cellular	homeostasis2,	

ROS	dysregulation	 is	pervasive	 in	 the	pathologies	 such	as	 stroke,	 sepsis	 and	TBI3.	

Electron	 leakage,	 a	 process	 whereby	 reduced	 mitochondrial	 constituents	 are	

intercepted	by	unwanted	oxidant(s)	not	only	reduces	the	efficiency	of	mitochondria,	

but	also	generates	free	radicals	that	can	cause	further	damage.	Electron	leakage	is	a	

notable	 result	 of	 ageing	 and	 many	 pathologies	 including	 reperfusion	 injury	

following	 focal	 ischemia	 which	 is	 caused	 by	 the	 return	 of	 dioxygen	 to	

electrochemically	reduced	tissue,	and	in	TBI4.	The	reduced	electron	transport	chain	

constituents,	 flavin	 mononucleotide	 (FMNH2),	 nicotinamide	 adenine	 dinucleotide	

(phosphate)	(NAD(P)H),	ubiquinone	(QH2)	and	their	enzymatic	hosts,	Complexes	I,	

II,5	 and	 III	 are	 principally	 associated	with	 generating	 SO	 in	mitochondria	 because	

they	are	chokepoints	in	the	electron	transport	chain	that	can	non-specifically	donate	

electrons	 to	dioxygen,	 reducing	electron	 transport	 chain	efficiency.	 Ideally,	 a	drug	

that	 could	bypass	a	blockade,	or	 transport	 electrons	 to	higher	 reduction	potential	

mitochondrial	 constituents	 could	 help	 to	 alleviate	 electron	 leakage	 and	 the	

damaging	ROS	that	result.	

Previously,	 our	 group	 reported	 on	 the	 promising	 efficacy	 of	 PEG-HCCs	 in	

both	 oxidative	 injury	 and	 delayed-treatment	 reperfusion	 models,	 without	 any	

evidence	of	acute	toxicity,	or	after	6	weeks,	in	normal	mice6-10.	PEG-HCCs	are	a	type	

of	oxidized	graphene	nanoribbon	composed	of	 a	highly	oxidized	carbon	core	with	

peroxyl,	 quinone,	 ketone,	 carboxylate,	 and	 hydroxyl	 functional	 groups9,	 11,	 12.	 The	
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redox	chemistry	of	PEG-HCCs	has	been	explored	and	showed	that	they	catalytically	

dismutate	 SO	 into	 hydrogen	 peroxide	 and	 dioxygen	 and	 PEG-HCCs	 quench	 HO•	

effectively11,	12.	In	vivo	effects	showed	a	restoration	of	oxidative	balance	between	SO	

and	 NO,	 a	 dramatic	 reduction	 in	 tissue	 death	 and	 maintenance	 of	 blood	 flow	

following	ischemia	by	cerebral	impact	complicated	by	hemorrhagic	shock	in	rats6,	7.	

The	 versatility,	 functionality	 and	 lack	 of	 toxicity	 thus	 far	 of	 PEG-HCCs	make	 them	

attractive	 candidates	 for	 clinical	 translation.	 	 Their	 remarkable	 and	 rapid	

effectiveness	 suggests	 that	 their	mechanism	of	 action	may	not	 solely	be	 limited	 to	

SO	 and	 HO•	 quenching	 especially	 given	 the	 disappointing	 results	 of	 other	

antioxidants11.	 This	 hypothesis	 is	 supported	 by	 previous	 work	 from	 Bitner	 et	 al.	

who	demonstrated	 that	 PEG-HCCs	 protected	 bEnd.3	 cells	 from	 toxicity	 associated	

with	antimycin	A;	that	while	Antimycin	A	generates	SO	in	mitochondria,	is	primarily	

an	electron	transport	chain	inhibitor6.	Later,	we	demonstrated	that	PEG-HCCs	were	

also	 capable	 of	 oxidizing	 ascorbic	 acid8.	 Consistent	 with	 these	 prior	 findings,	 we	

sought	 to	determine	 if	PEG-HCCs	could	participate	 in	other	biochemically	relevant	

pathways	specifically	as	an	electron	transport	shuttle	(ETS)	 in	conditions	relevant	

to	disruption	of	mitochondrial	oxidative	phosphorylation.	
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Figure	7.1:	Reduction	potentials	of	electron	transport	chain	constituents.		
This	shows	the	 favorable	energetics	 leading	to	the	reduction	of	dioxygen	to	water.	
Each	 member	 of	 the	 electron	 transport	 chain	 is	 reduced	 in	 series	 following	 the	
oxidation	of	NAD(P)H	by	the	Flavin	moiety	in	Complex	I	(-320	mV).	The	energetics	
of	 the	 electron	 transport	 chain	 are	 favorable	 to	maintain	 the	 proton	gradient,	 the	
electron	carrier	(ubiquinone)	between	Complexes	I/II	and	III	are	spatially	separated	
from	 the	 carrier	 (cytochrome	 c)	 between	 Complexes	 III	 and	 IV.	 Each	
reduction/oxidation	reaction	in	Complexes	I,	III,	and	IV	is	used	to	transport	protons	
from	 the	 matrix	 to	 the	 intermembrane	 space.	 Proton	 translocation	 cross	 the	
membrane	is	coupled	with	the	catalysis	of	ATP	formation	by	Complex	V.	Complex	II	
is	absent	for	clarity	but	reduces	ubiquinone	at	the	expense	of	succinate.	

	

Electron	 shuttles	 are	 crucial	 in	 cellular	 respiration	 (Figure	 7.1).	 Because	

components	 of	 the	 electron	 transport	 chain	 are	 spatially	 separated	 in	 the	 inner	

membrane	 of	 mitochondria	 small	 carrier	 molecules	 are	 needed	 to	 facilitate	 the	

transfer	of	electrons.	For	instance,	ubiquinone	has	a	reduction	potential	near	40-	50	

mV	 and	 transports	 electrons	 from	 Complex	 I	 to	 Complex	 III.	 Cytochrome	 c	 has	 a	

reduction	potential	of	+250	mV:	between	the	reduction	potentials	of	cytochrome	ct	

(+220	mV,	Complex	III	reductase	subunit)	and	cytochrome	a	(+290	mv,	Complex	IV	

oxidase	subunit)	(Figure	1).	
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Analogously,	 there	 is	 a	 body	 of	 work	 regarding	 methylene	 blue	 (MB)	 as	 a	

potential	 ETS.	 Atamna	 et	 al.	 and	 Lee	 et	 al.	 showed	 that	 MB	 was	 capable	 of	

functioning	 as	 an	 ETS	 by	 oxidizing	 low	 reduction	 potential	 species	 and	 reducing	

high	reduction	potential	species	in	the	electron	transport	chain13,	14.	MB	has	shown	

other	 effects	 in	 addition	 to	 ETS	 such	 as	 inhibition	 of	 xanthine	 oxidase	 which	

secondarily	reduces	intracellular	SO	production15.	Using	MB	as	a	comparison,	in	this	

report,	we	 describe	 our	work	on	 characterizing	 the	 catalytic	 activity	 of	 PEG-HCCs	

with	 respect	 to	 NADH	 and	 ascorbic	 acid	 as	 electron	 donors	 and	 resazurin	 and	

cytochrome	c	as	electron	recipients	using	UV-Vis	spectrophotometry.	We	performed	

deconvolution	microscopy	of	cells	cultured	with	PEG-HCCs	to	detect	co-localization	

between	 PEG-HCCs	 and	 mitochondria.	 	 We	 compare	 PEG-HCCs	 to	 MB	 both	 as	 a	

function	 of	 their	 reaction	 kinetics	 and	 in	 a	 hydrogen	 peroxide	 protection	 assay.	

Lastly,	we	 tested	 in	 vitro	 their	potential	 therapeutic	 application	as	an	antidote	 for	

the	mitochondrial	poison	cyanide.	

7.2. Mechanism	of	action	for	PEG-HCCs	

The	mechanism	of	action	 for	PEG-HCCs	as	SO	dismutase	mimetics	 is	 largely	

associated	with	their	unique	electrochemistry.	 Jalilov	et	al.	 showed	that	PEG-HCCs	

have	 a	 broad	 cyclic	 voltametry	 profile	 extending	 from	 approximately	 0	 V	 to	 -2	 V	

with	 a	 peak	 maximum	 centered	 near	 -750	 mV.	 Because	 of	 the	 breadth	 of	 this	

reduction	 peak,	 and	 the	 positive	 start	 of	 the	 reduction	 potential	 (Figure	 7.2),	 we	

expected	that	it	would	be	possible	that	PEG-HCCs	act	as	an	electron	shuttle	between	
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several	of	the	electron	transfer	steps	of	the	mitochondrial	electron	transport	chain	

and	 could	 interact	 with	 more	 than	 SO	 alone	 in	 a	 physiological	 context.	 We	

hypothesized	 that	PEG-HCCs	 could	 catalyze	 the	oxidation	of	NADH	(-320	mV)	and	

reduce	 higher	 reduction	 potential	 chemical	 species	 such	 as	 resazurin	 (+380	mV)	

and	 cytochrome	 c	 (+250	mV)16.	 To	 test	 this	 hypothesis,	 steady-state	 kinetics	was	

done	 by	 adding	 PEG-HCCs	 to	 solutions	 of	 NADH	 or	 ascorbic	 acid	 (found	 in	 a	

concentration	of	300-800	µM	and	<	1.0	mM	in	mitochondria,	respectively)17,	18	with	

resazurin	or	cytochrome	c	as	final	electron	acceptor.	We	followed	the	reduction	of	

resazurin	or	cytochrome	c	using	UV-Vis	with	and	without	PEG-HCCs.	Through	this	

we	constructed	Michaelis-Menten	and	Lineweaver-Burk	kinetics	plots	 so	 to	assess	

the	reaction	kinetics	of	PEG-HCCs	towards	reducing	and	oxidizing	substrates.	
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Figure	7.2:	Cyclic	voltammogram	of	PEG-HCCs	in	phosphate	buffered	saline.		
PEG-HCCs	have	a	characteristically	broad	reduction	maxima	at	near	-750	mV	and	-
1750	mV	as	part	of	a	wave	beginning	at	0	V	and	extending	to	-2	V.	Oxidation	of	the	
particles	begins	near	+200	mV.	Scanning	began	from	0	V	to	-2500	mV.	

	

7.3. PEG-HCCs	catalytically	reduce	resazurin	and	

ferricytochrome	c	with	NADH	

We	 performed	 a	 series	 of	 kinetics	 studies	 on	 the	 catalytic	 reduction	

component	of	ETS	(resazurin	or	ferricytochrome	c	(CytCox)	as	a	cell-free	surrogate	

for	the	in	vivo	target	of	ETS)	by	PEG-HCCs	would	likely	be	driven	by	the	oxidation	of	

NAD(P)H	 or	 ascorbate	 (Asc)	 so	 that	 PEG-HCCs	 could	 function	 as	 a	mitochondrial	

electron	bridge	between	NAD(P)H	and	CytC	or	resazurin	(Figure	7.3a).		We	collected	
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saturation	 kinetics	 curves	 for	 PEG-HCCs	 (4	 mg/L,	 25.8	 nM)	 with	 NADH	 as	 the	

reductant	 and	 resazurin	 or	 CytCox	 as	 the	 oxidant	 using	 a	 single-beam	diode	 array	

detector	 spectrophotometer	 under	 ambient	 light.	 Complete	 spectra	 were	

automatically	collected	every	15	s	and	the	sample	absorbance	measured	at	570	and	

600	 nm	 for	 resazurin	 or	 at	 550	 nm	 for	 CytCox	 (peak	 absorbance	 wavelength	 for	

ferrocytochrome	c	(CytCred)	was	followed	over	a	period	of	five	min.	

We	fit	 the	 five-min	average	reaction	rates	 to	a	Michaelis-Menten	saturation	

curve	 using	 five	 different	 concentrations	 of	 NADH.	 The	 Michaelis	 constant	 (Km),	

maximum	catalytic	velocity	(Vmax),	and	turnover	frequency	(kcat)	were	calculated	for	

NADH	with	40	µM	resazurin	and	40	µM	CytCox.	These	experiments	showed	that	PEG-

HCCs	are	saturable	catalysts	(Figure	7.3b)	and	that	the	Vmax	varied	depending	upon	

the	electron	acceptor.	
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Figure	7.3:	Kinetic	studies	of	the	catalytic	reduction	component	of	ETS	by	PEG-HCCs.		
PEG-HCCs	 catalytically	 reduce	both	 resazurin	and	 ferricytochrome	C	 (CytCox)	with	
NADH	 to	 resorufin	 and	 ferrocytochrome	 c	 (CytCred),	 respectively.	 (A)	 Reaction	
scheme	 of	 NADH	 with	 PEG-HCCs	 and	 resazurin.	 NADH	 is	 oxidized	 to	 NAD+	 and	
resazurin	 is	 reduced	 to	 resorufin.	 (B)	PEG-HCCs	are	 saturable	 catalysts	with	well-
defined	 Michaelis-Menten	 saturation	 curves.	 Rib-ADP	 =	 adenosine	 diphosphate	
ribose.	

	

The	 calculated	KM,	Vmax,	 and	kcat	 values	 for	40	µM	resazurin	and	CytCox	 are	

shown	in	Table	7.1.	The	KM	for	40	µM	resazurin	(2.6×10-4	M)	is	approximately	20%	

of	 the	 KM	 for	 CytCox	 (1.15×10-3	 M)	 suggesting	 a	 higher	 affinity	 of	 resazurin	 than	

CytCox	for	PEG-HCCs.	The	Vmax	of	40	µM	resazurin	is	approximately	50%	of	the	Vmax	

for	 CytCox	 (4.4×10-9	 vs.	 9.15×10-9	 M/s).	 It	 follows	 that	 the	 kcat	 with	 respect	 to	

resazurin	 is	 also	approximately	50%	of	 the	kcat	 for	CytCox	 (0.171	s-1	 vs.	0.358	s-1).	

The	two-fold	difference	in	kcat	and	Vmax	for	resazurin	and	CytCox	suggests	that	twice	

as	many	CytCox	molecules	are	reduced	in	the	time	that	a	single	molecule	of	resazurin	
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is	 reduced	 to	 resorufin.	 It	 follows	 that	 the	kcat	 for	 resazurin	 is	 also	approximately	

50%	of	the	kcat	with	respect	to	CytCox.	Chemically,	this	observation	is	unsurprising:	

CytCox	undergoes	a	single	electron	reduction	to	CytCred	whereas	it	appears	resazurin	

may	 require	 a	 two-electron	 reduction	 to	 resorufin	 or	 is	 coincidentally	 kinetically	

twice	as	slow19.	Compared	to	the	existing	SO	dismutation	kinetics	that	we	reported	

previously,	 the	 KM	 for	 40	 µM	 resazurin	 is	 within	 the	 same	 order	 for	 4	 nM	

(approximately	0.16	mg/L)	PEG-HCCs	 (O2-•:	7.5×10-4	M	vs.	 resazurin:	2.6×10-4	M).	

Note	that	the	reported	kcat	for	PEG-HCCs	with	respect	to	SO	is	higher	at	22,000	s-1	20.	

	

 40 µM Resazurin 40 µM CytCox 

KM (M) 2.6×10-4 1.15×10-3 

Vmax (M × s-1) 4.4×10-9 9.15×10-9 

kcat (s-1) 0.171 0.358 

kcat/KM (M-1 × s-1) 658 311 

	
	
Table	7.1:	Catalytic	Parametcs	for	PEG-HCCs	Reducing	Cytochrome	c	and	Resazurin	
with	varied	NADH.		
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7.4. PEG-HCCs	catalytically	oxidize	Ascorbate	via	a	Ternary	

Complex	

We	 previously	 showed	 that	 Ascorbic	 acid	 oxidized	 by	 PEG-HCCs.8	 The	

concentration	of	Asc	varies	considerably	between	tissues	as	shown	by	Li	et	al.	(560	

µM	 in	 liver	mitochondria,	 and	120	µM	 in	muscle	mitochondria	 in	non-fasted	male	

rats)18.	 Because	 of	 the	 relatively	 high	 concentration	 of	 Asc	 in	 mitochondria,	 we	

hypothesized	 that	PEG-HCCs	might	also	serve	as	a	 source	of	 electrons	 that	 can	be	

utilized	 by	 PEG-HCCs	 to	 reduce	 CytCox21.	 We	 performed	 a	 parallel	 sequence	 of	

experiments	with	Asc	 to	 determine	 if	 PEG-HCCs	were	 able	 to	 reduce	 resazurin	or	

cytochrome	c	catalytically	with	the	oxidation	of	Asc	(Figure	7.4a).	We	collected	two	

saturation	curves	with	ascorbic	acid	concentrations	ranging	from	3.1×10-4	-	5.0×10-3	

–M	and	used	resazurin	concentrations	of	10,	20	and	40	µM	(Figure	7.4b).	A	double	

reciprocal	plot	 from	the	saturation	curves	shown	in	Fig.	4b	to	provide	 insight	 into	

the	 interaction	 between	PEG-HCCs,	 ascorbic	 acid	 and	 resazurin	 (Figure	 7.4c).	 The	

resulting	doubly	reciprocal	saturation	curves	were	not	parallel,	suggesting	that	PEG-

HCCs,	 resazurin	 and	Asc	 formed	 a	 ternary	 complex	 instead	 of	 undergoing	 a	 ping-

pong	type	reaction.	
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Figure	7.4:	PEG-HCCs	catalytically	reduce	resazurin	with	ascorbate.	
(A)	 Reaction	 scheme	 of	 ascorbic	 acid	 and	 resazurin	 reacting	 with	 PEG-HCCs	 to	
generate	 dehydroascorbate	 and	 resorufin.	 (B)	 PEG-HCCs	 can	 be	 saturated	 by	
ascorbate	 (3.125x10-4	 –	 0.01	 M)	 and	 resazurin	 (15	 µM	 and	 60	 µM).	 (C)	 Double	
reciprocal	 plot	 of	 b	 shows	 intersecting	 linear	 regression	 curves	 suggesting	 the	
formation	of	a	ternary	complex	rather	than	a	ping-pong	type	reaction.	

	

The	 PEG-HCC	 catalyzed	 reduction	 of	 CytCox	 by	 Asc	 could	 not	 be	 reliably	

measured	because	a	large	proportion	of	the	reaction	rate	was	due	to	non-catalyzed	

reduction	of	CytCox	to	CytCred.	Consequently,	our	focus	was	on	the	effect	of	PEG-HCCs	

on	the	reduction	of	resazurin	to	resorufin.	The	Michaelis-Menten	parameters	for	10,	

20,	and	40	µM	resazurin	are	shown	in	Table	2.	

The	KM	values	for	10,	20,	and	40	µM	resazurin	with	PEG-HCCs	and	ascorbate	

(Asc)	are	within	one	order	of	magnitude	of	the	KM	for	the	NADH-reduction	of	40	µM	
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resazurin	(Table	7.2).	The	Vmax,	however,	is	nearly	10-fold	faster.	The	kcat	constants	

for	10,	20,	and	40	µM	resazurin	are	larger	than	the	kcat	for	the	NADH-reduction	of	40	

µM	resazurin	but	are	still	significantly	smaller	than	the	kcat	for	SO	dismutation.	

	

 10 µM Resazurin 20 µM Resazurin 40 µM Resazurin 

KM (M) 0.0106 0.0103 0.01815 

Vmax (M × s-1) 5.76x10-8 9.611x10-8 2.553x10-7 

kcat (s-1) 2.25 4.956 9.971 

kcat/KM (M-1 × s-1) 212 481 549 

	
	
Table	7.2:	Catalytic	Parametcs	for	PEG-HCCs	reducing	10,	20,	and	40	µM	resazurin	
to	resorufin	by	varied	ascorbate.		

	

The	primary	role	of	Asc	is	to	defend	the	cell	against	oxidants	such	as	SO	and	

HO•.	 Asc	 facilitates	 this	 by	 undergoing	 single	 electron	 oxidations	 to	 produce	 the	

semireduced	 radical	 monodehydroascorbate	 (MDHA).	 MDHA	 then	

disproportionates	into	didehydroascorbate	(DHA)	and	ascorbate.	Despite	the	ability	

of	 Asc	 to	 attack	 oxidants,	 it	 can	 also	 generate	 free	 radical-producing	 Fe(II)	 from	

Fe(III)	through	the	Fenton	cycle	(Figure	7.5).	Hypothetically,	exhausting	the	supply	

of	Asc	in	the	case	of	oxidative	stress	may	help	prevent	the	action	of	the	Fenton	cycle	

by	 converting	 the	 antioxidant	 capacity	 of	 Asc	 through	 the	 catalytic	 cycle	 of	 PEG-

HCCs.	
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Figure	7.5:	Generation	of	free	radicals	through	the	Fenton	Cycle.		
Asc	can	reduce	Fe(III)	 to	Fe(II)	 to	activate	the	Fenton	cycle	with	intracellular	 iron.	
Each	 molecule	 of	 ascorbic	 acid	 reduces	 two	 Fe(III)	 ions	 through	 a	
disproportionation	 step	 whereby	 monodehydroascorbate	 (MDHA)	 reacts	 with	 a	
second	 MDHA	 ion	 to	 form	 didehydroascorbate	 (DHA)	 and	 Asc.	 Dioxygen,	 in	 the	
presence	of	H2O2	oxidizes	Fe(II)	to	Fe(III)	to	generate	a	hydroxide	ion	and	a	HO•.	SO	
is	 also	 capable	 of	 reducing	 Fe(III)	 to	 Fe(II)	 via	 the	 Haber-Weiss	 cycle	 (shown	 in	
orange).	

	

Some	reactions,	such	as	 the	reduction	of	resazurin	by	NADH	were	sensitive	

to	 light,	 however,	 other	 reactions	 such	 as	 the	 reduction	 of	 CytCox	 by	 NADH	were	

insensitive	 to	 light	 (Figure	 7.6).	 To	 be	 consistent,	 we	 performed	 all	 of	 our	

experiments	under	ambient	 light	exposure.	The	physiologically	 relevant	 reactions,	

NADH	 and	 CytCox,	 and	 ascorbic	 acid	 and	 CytCox	 are	 stable	 regardless	 of	 their	

exposure	to	ambient	light	suggesting	that	these	reactions	could	occur	in	vivo	where	

light	is	not	present.	

Work	by	Chong	et	al.	showed	that	GQDs	were	photocatalysts	that	generated	

reactive	oxygen	species	when	exposed	to	light22.	Because	we	do	not	see	a	significant	
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increase	in	the	reaction	rate	with	PEG-HCCs	despite	exposure	to	light	with	CytCox,	SO	

is	unlikely	being	generated.	This	reasoning	comes	from	the	previous	use	of	CytCox	as	

a	SO	electrode	and	 its	use	as	a	chemosensor	 for	SO11,	 23,	 24.	Resazurin	has	a	strong	

UV-Vis	 absorption	 at	 570	 nm.	 Incident	 photons	may	 reduce	 the	 activation	 energy	

necessary	 for	 the	 resazurin	 to	 undergo	 reduction	 to	 resorufin	 by	 a	 reduced	 PEG-

HCC;	however,	this	may	not	be	the	case	with	ascorbic	acid	and	resazurin.	Prütz	et	al.	

showed	 that	 resazurin	 is	 a	 potent	 oxidizer	 of	 NADH	 in	 aerobic	 solutions	 under	

light25.	However,	in	our	case	we	find	that	the	PEG-HCC	is	a	much	stronger	donor	to	

resazurin	than	NADH	is	on	its	own.		
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Figure	7.6:	Effect	of	light	on	the	reduction	of	resazurin	and	CytCox	with	NADH	and	
ascorbate	as	reductants	with	and	without	PEG-HCCs.		
PEG-HCCs	 increase	 the	 reduction	 rate	 of	 resazurin	 and	 CytCox	 and	 light	 is	 not	 a	
major	contributor	except	in	the	case	of	NADH	and	resazurin.	
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7.5. Colocalization	of	PEG-HCC	with	Mitochondria		

To	function	as	an	ETS	within	mitochondria,	it	would	appear	to	be	necessary	

for	 PEG-HCCs	 to	 interact	 with	 mitochondria.	 We	 collected	 deconvolution	

microscopy	 images	 of	 SHSY-5Y	 cells	 expressing	 GFP	 (green)	with	 a	 cytochrome	 c	

oxidase?	subunit	 IV	targeting	sequence26.	The	cells	were	then	treated	with	8	mg/L	

PEG-HCCs	 and	 imaged	 at	 100X	magnification.	DAPI	was	 used	 as	 the	 nuclear	 stain	

(blue)	 and	 rabbit	 anti-PEG	 primary	 was	 used	 tospecifically	 label	 the	 PEG-HCCs	

followed	by	an	AlexaFluor-647-labeled	secondary	goat	anti-rabbit	IgG	(red)	(Figure	

7a).	The	cells	were	incubated	with	PEG-HCCs	for	5	min	are	shown	in	Figure	6.	In	the	

Z-projection	shown	in	Fig.	6a,	AlexaFluor-647	signal	is	localized	inside	and	around	

the	cell.	The	upper	and	lower	frames	of	the	Z-stack	were	excluded	because	of	optical	

defocusing.	To	determine	if	the	PEG-HCCs	were	colocalized	with	the	GFP	signal,	the	

GFP	(Figure	7.7b,	c)	and	AlexaFluor	647	(Figure	7.7d,	e)	signals	on	each	layer	within	

the	 Z-stack	were	 binarized	 using	 ImageJ	 (Figures	 7.7c	 and	 e,	 GFP	 and	 AlexaFluor	

647,	 respectively)	 and	 a	 binary	 AND	 operation	 of	 the	 GFP	 and	 AlexaFluor	 647	

channels	was	performed	(Figure	7.7f)	at	each	layer.	We	observed	overlap	of	the	GFP	

and	AlexaFluor	647	signals	within	each	layer	(yellow).	A	Z-projection	of	the	binary	

AND	 of	 those	 overlaps	 is	 shown	 in	 5f.	 The	 considerable	 number	 of	 overlapping	

signals	with	respect	to	the	labeled	mitochondria	are	shown	in	Figure	7g	(yellow	on	

green).		
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Figure	 7.7:	 Deconvolution	 microscopy	 images	 of	 a	 bEnd.3	 cell	 treated	 with	 PEG-
HCCs	for	5	min.		
Nucleus	is	labeled	with	DAPI	(blue),	mitochondria	were	labeled	with	GFP	containing	
a	cytochrome	c	subunit	IV	targeting	sequence	(green),	and	PEG-HCCs	were	labeled	
with	rabbit-AntiPEG	with	a	secondary	AlexaFluor	647-labeled	anti-rabbit	IgG	(red).	
a	Z-projection	of	SHSY-5Y	cell	with	mitochondria,	nucleus,	and	PEG-HCCs	labeled.	b	
Z-projection	of	GFP	signal.	c	Z-projection	of	binarized	GFP	signal.	d	Z-projection	of	
AlexaFluor	 647	 signal.	 e	 Z-projection	 of	 binarized	 AlexaFluor	 647	 signal.	 f	 Z-
projection	 of	 ANDed	 binarized	 Z-stacks	 of	 GFP	 and	 AlexaFluor	 647	 signals.	 g	
Composite	Z-projection	of	GFP,	DAPI.	Scale	bars	are	all	10	µm.	
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The	 PEG-HCCs	 appeared	 to	 be	 closely	 associated	 with	 the	 membrane	

envelope	 of	 the	 cells	 (Figure	 7.7a),	 a	 behavior	 consistent	 with	 the	 amphiphilic	

characteristics	of	PEG-HCCs.	The	PEG	chains	provide	excellent	water	solubility,	but	

the	oxidized	aromatic	carbon	core	may	be	lipophilic	and	interact	with	the	lipid	rafts	

of	 the	 plasma	membrane	 and	mitochondrial	outer	membranes27.	 This	 localization	

could	potentially	contribute	to	cell	protection	against	membrane	lipid	peroxidation,	

an	 important	 consequence	 of	 oxidative	 injury28,	 29.	 This	 image	 analysis	 technique	

has	several	limitations:	optical	defocusing	near	the	upper	and	lower	bounds	of	the	

Z-stack,	relatively	high	minimum	resolvable	distance	due	to	the	physical	limitations	

of	optical	microscopy,	the	subjective	nature	of	image	thresholding,	and	the	potential	

non-specific	 binding	 of	 both	 the	 primary	 and	 secondary	 antibodies.	 These	 results	

are	consistent	with	our	prior	 transmission	electron	microscopy	of	 immune	cells	 in	

which	mitochondrial	internalization	is	seen30.	

7.6. Comparison	of	ETS	kinetics	of	MB	and	PEG-HCCs	and	

efficacy	in	H2O2	Protection	Assay	

MB	 is	 a	 prototypical	 electron	 shuttle	with	 demonstrated	 clinical	 efficacy	 in	

treating	 methemoglobinemia	 by	 oxidizing	 NAD(P)H	 in	 erythrocytes	 to	 reduce	

methemoglobin	 to	 hemoglobin31.	 PEG-HCCs	 and	MB	 are	 electrochemically	 similar	

with	 respect	 to	midpoint	 potentials	 of	 +11	mV	 and	~0	mV	 respectively,	 although	

PEG-HCCs	have	a	much	broader	range12,	13.	Based	on	the	findings	in	this	report,	PEG-

HCCs	 may	 have	 similar	 effects	 on	 the	 electron	 transport	 chain	 as	 described	 for		
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MB32,	 33.	To	make	a	more	direct	comparison	of	MB	to	PEG-HCCs,	Michaelis-Menten	

parameters	 for	MB	were	 collected	with	 respect	 to	NADH	 and	CytCox	 using	 a	 fixed	

concentration	of	MB	(4	mg/L,	12.5	µM)	and	CytCox	(40	µM).	The	concentration	of	MB	

was	 derived	 from	 the	 concentration	 of	 PEG-HCCs	 used	 in	 other	 experiments.	 We	

made	this	decision	because	PEG-HCCs	have	an	unknown	distribution	of	constituent	

members	and	comparing	a	statistical	mixture	with	unknown	sizes	to	a	single	species	

of	small	molecule	is	a	difficult	comparison	to	justify.	

	

	
	
Figure	7.8:	Comparison	of	PEG-HCCs	and	MB	at	4	mg/L	concenteration	on	reduction	
of	CytC	(40	µM)	by	NADH	(0-5	mM).		
(A)	On	a	mass	concentration	basis,	methylene	blue	has	a	higher	Vmax	than	PEG-HCCs	
by	nearly	one	order	of	magnitude.	Without	NADH,	neither	PEG-HCCs	nor	MB	reduce	
cytochrome	c.	PEG-HCCs	rescue	bEnd.3	cells	from	hydrogen	peroxide	toxicity	while	
MB	 is	 intrinsically	 toxic.	 (B)	 bEnd.3	 cells	 were	 treated	 with	 100	 µM	 hydrogen	
peroxide	and	8	mg/L	PEG-HCCs	were	added	at	0	min	following	the	initial	insult.	Live	
cell	 counts	 (n=32)	 were	 performed	 and	 show	 no	 toxicity	 of	 the	 PEG-HCCs	 and	
complete	protection	of	bEnd.3	cells	against	H2O2.	(C)	MB	given	at	5,	10,	and	20	µM	
causes	 dose-dependent	 cytotoxicity	 in	 bEnd.3	 cells	 with	 synergistic	 effects	 when	
given	immediately	following	treatment	with	100	µM	H2O2.	
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We	 obtained	 distinct	 saturation	 curves	 for	 PEG-HCCs	 and	MB	 using	 NADH	

concentrations	between	0	and	5	mM	(Figure	7.8a)	The	calculated	Vmax	 for	MB	was	

significantly	higher	than	the	Vmax	for	PEG-HCCs	(1.432×10-7	M/s	vs.	2.27×10-8	M/s)	

and	 the	 KM	 was	 nearly	 one	 order	 of	 magnitude	 lower	 than	 that	 of	 PEG-HCCs	

(3.78×10-4	M	vs.	3.35×10-3	M).	

The	 electrochemical	 properties	 of	 MB	 indicate	 higher	 affinity	 and	 rate	 of	

electron	shuttling	on	a	mass	concentration	basis.	 It	 is	not	clear,	however,	whether	

these	properties	will	translate	to	better	efficacy	against	cellular	injury.		It	is	possible	

that	higher	affinity	may	compete	with	normal	mitochondrial	respiration.	During	an	

episode	 of	methemaglobinemia	 their	 activity	might	 be	 helpful,	 but	 that	might	 not	

translate	to	other	conditions	such	as	those	that	are	also	accompanied	by	generation	

of	excess	ROS.	MB	has	been	shown	to	be	toxic	to	Leishmania	amazonensis	through	a	

photodynamic	process	and	 is	known	 to	generate	ROS	 in	 vitro34,	 35.	 It	has	not	been	

shown	 that	MB	possesses	 SO	 or	HO•	 scavenging	 functionality.	 On	 the	 other	 hand,	

PEG-HCCs	scavenge	SO	and	HO•	while	being	slower	electron	shuttles.	This	might	be	

a	favorable	profile	under	pathological	conditions	while	not	interfering	with	normal	

function.		We	therefore	tested	differential	properties	of	MB	and	PEG-HCCs	by	using	a	

hydrogen	peroxide	challenge	assay	in	cultured	cells.		

H2O2	 exerts	 toxic	 effects	 on	 endothelial	 cells	 through	 at	 least	 four	 routes:	

hydroxyl	and	SO	radical	formation	by	reacting	with	reduced	species,36	NOS	and	NOX	

stimulation	and	uncoupling,37	modulation	of	mitochondrial	permeability,38	and	the	

Fenton	reaction.	Our	model	employs	administering	the	test	agent	after	the	hydrogen	
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peroxide	 since	 efficacy	 under	 post-injury	 conditions	 would	 be	 critical	 for	 clinical	

translation	for	treatment	following	an	injury,	as	we	have	presented	previously20.		

PEG-HCCs	 and	 MB	 were	 compared	 in	 two	 standard	 hydrogen	 peroxide	

challenge	 assays	 using	 the	 method	 described	 by	 Fabian	 et	 al30.	 In	 the	 first	

experiment,	 bEnd.3	 murine	 cerebrovascular	 endothelial	 cells	 were	 treated	 with	

PEG-HCCs,	 and	 100	 µM	 H2O2	 with	 and	 without	 8	 mg/L	 PEG-HCCs.	 PEG-HCC	

concentration	was	derived	from	prior	experiments	that	also	approximate	the	blood	

levels	we	estimate	in	our	rodent	models6-8.	The	cells	were	incubated	overnight	and	

then	 detached	 and	 counted	 using	 a	 hemocytometer	 and	 Calcein	 AM	 to	 label	 live	

cells.	 Cells	 treated	with	 PEG-HCCs	 alone	 resulted	 in	 94.8%	 survival,	with	 100	 µM	

H2O2,	61.5%	of	 the	 cells	 survived,	 cotreatment	with	8	mg/L	PEG-HCCs	 resulted	 in	

93.8%	survival	(Figure	7.8b).	

A	similar	assay	was	performed	with	MB	at	0,	5,	10	and	20	µM	given	15	min	

after	initial	exposure	to	100	µM	H2O2.	We	selected	the	concentration	of	MB	used	on	

previous	work	 by	May	 et	 al.	 on	MB	 reduction	 in	 erythrocytes	where	 the	 authors	

used	 a	 concentration	 range	 up	 to	 20	 µM	 MB	 in	 packed	 erythrocytes39.	 These	

concentrations	are	also	within	 the	mass	 concentration	 (mg/L)	 range	of	PEG-HCCs	

used	 in	 these	 experiments.	 In	 this	 second	 challenge	 assay	 there	 was	 a	 dose-

dependent	 reduction	 in	 cell	 survival	 (Fig.	 7.7c).	 The	 inclusion	 of	 100	 µM	 H2O2	

further	reduced	survival.	
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The	 cytotoxicity	 of	MB	 in	 this	 assay	 is	 consistent	with	 effects	 reported	 by	

Poteet	 et	 al.	 who	 showed	 that	 MB	 increases	 reactive	 oxygen	 species	 generation	

within	 the	 tested	 range	 in	 our	 experiments40.	 Toxicity	has	 also	 been	 explained	 by	

effects	 on	 mitochondrial	 membrane	 potential	 and	 reactive	 oxygen	 species	

generation.	First,	because	MB	is	reduced	to	MBH2	by	NAD(P)H,	the	resulting	MBH2	

can	 be	 oxidized	 by	 dioxygen	 to	 produce	 SO	 in	 situ13.	 Second,	MB	may	 be	 able	 to	

decouple	the	electron	transport	chain	in	tightly	coupled	mitochondria	and	lead	to	a	

reduction	 in	 oxidative	 phosphorylation33.	 Third,	 MB	 is	 known	 to	 directly	 oxidize	

glutathione	 to	 glutathione	 disulfide	 without	 a	 hydrogen	 peroxide	 intermediate41.	

Finally,	 a	 fourth	 route	 may	 also	 exist,	 because	 MB	 oxidizes	 NADH	 to	 NAD+,	 and	

NADH	is	an	inhibitor	of	the	TCA	cycle,	MB	may	indirectly	accelerate	glycolysis	and	

lead	to	a	depletion	of	intracellular	glucose	and	glycogen.	One	effect	seen	clinically	of	

this	property	is	a	depletion	of	late	glycolysis	products	in	individuals	with	glucose-6-

phosphate	 dehydrogenase	 (G6PD)	 deficiency	 that	 can	 lead	 to	 a	 hemolytic	 crisis33.	

Additionally,	depletion	of	glucose	 stores	eventually	will	 lead	 to	 cell	death	 through	

ROS-induced	cytotoxicity34.	

Despite	PEG-HCCs	and	MB	having	analogous	electron	shuttling	properties	in	

cell	 free	systems,	two	key	differences	exist	between	PEG-HCCs	and	MB.	First,	PEG-

HCCs	 react	with	SO	 to	produce	hydrogen	peroxide	whereas	MB	 tends	 to	generate	

reactive	oxygen	species	in	its	reduced	state	from	dioxygen.	Second,	PEG-HCCs	have	

roughly	a	0.1x	the	Vmax	at	the	same	mass	concentration	as	MB,	so	they	are	likely	not	

as	strong	electron	transport	chain	decouplers.	
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7.7. PEG-HCCs	protect	b.End3	cells	from	cyanide	poisoning	

Here	we	tested	the	potential	beneficial	effect	of	PEG-HCCs	on	acute	cyanide	

poisoning	 in	 cultured	 cells.	 	MB	has	 been	 utilized	 for	 this	purpose	 experimentally	

based	 on	 its	 potential	 as	 an	 ETS14,	 33.	 Cyanide	 is	 a	 potent	 toxin	 that	 binds	

indiscriminately	 to	 heme	 iron.	 In	 the	 electron	 transport	 chain,	 cyanide	 binds	 to	

oxidized	heme	a3	with	high	affinity	 leading	 to	an	 interruption	of	 electron	 transfer	

and	 consequently	 oxidative	 phosphorylation	 by	 preventing	 the	 reduction	 of	

dioxygen	to	water42.	Cyanide	exposure	can	come	from	a	variety	of	sources	including	

intentional	poisoning	or	exposure	to	polyurethane	combustion	byproducts.	Existing	

antidotes	for	cyanide	exposure	include	thiosulfates	(thiocyanate-generator)	nitrites	

(methemoglobinemia	 inducer),	hydroxocobalamin	(high-affinity	cyanide	trap),	and	

experimentally,	 MB43.	 Early	 large	 animal	 in	 vivo	 experiments	 that	 demonstrated	

antidotal	 effect	 of	 MB	 on	 sodium	 cyanide	 poisoning	 were	 conducted	 on	 dogs	 by	

Eddy37.	 Eddy	 showed	 that	 sodium	 cyanide	 reduced	 respiration	 rate	 and	 salivary	

gland	excretions	in	dogs	with	an	approximate	weight	of	15	kg	given	5	µmol/kg	(6.6	

×	10-5	M	in	blood)	sodium	cyanide.	Treatment	with	1	mL/kg	of	1%	MB	(3.6	×	10-4	M)	

10	 min	 prior	 to	 the	 initial	 exposure	 to	 cyanide	 reduced	 the	 effect	 of	 cyanide	 on	

respiration	and	salivary	gland	excretions.	A	 lethal	dose	of	sodium	cyanide	 in	dogs	

was	 found	 to	 be	 3	 mg/kg	 (4.7	 ×	 10-5	 M)	 but	 could	 be	 protected	 against	with	 10	

mg/kg	(2.4	×	10-5	M)	MB	given	either	10	min	prior	to	exposure	or	2	min	following	

initial	exposure44.	
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We	treated	bEnd.3	cells	with	5	mM	sodium	cyanide	0,	15,	and	30	min	prior	to	

the	addition	of	PEG-HCCs	at	a	concentration	of	8	mg/L	 in	duplicate	wells	per	 time	

point	 and	 performed	 the	 experiment	 in	 triplicate	 with	 PBS-treated	 cells	 as	 the	

negative	 control	 and	 5	mM	NaCN	 as	 the	 positive	 control.	We	 observed	 that	 PEG-

HCCs	 significantly	 protected	 the	 bEnd.3	 cells	 when	 given	 immediately	 following	

exposure	 to	 5	mM	 NaCN	 (79.9%	 of	 PBS-treated	 bEnd.3	 cells	 vs.	 53.9%	 in	 5	 mM	

NaCN-treated	cells,	p	=	0.0065).	We	performed	a	second	experiment	to	survey	the	

protective	effects	of	PEG-HCCs	at	1	mM	and	10	mM	NaCN	with	duplicate	wells	and	

16	cell	counts	per	well.	We	observed	that	with	1	mM	sodium	cyanide,	approximately	

the	concentration	of	the	human	LD50	assuming	2.2	mg/kg,	a	20%	reduction	in	the	

number	of	 live	cells	was	observed	without	PEG-HCCs.	Exposure	to	10	mM	sodium	

cyanide	led	to	a	51%	reduction	in	live	cells	without	the	addition	of	PEG-HCCs.	The	1	

mM	sodium	cyanide-treated	cells	did	not	show	reduction	 compared	 to	 controls	 in	

live	cell	count	when	PEG-HCCs	were	added	at	0,	15,	or	30	min	with	live	cell	counts	at	

or	 slightly	 above	 100%	 the	 baseline.	 A	 time-dependent	 dose	 effect	was	 observed	

with	 both	 5	 and	 10	 mM	 sodium	 cyanide.	 When	 PEG-HCCs	 were	 administered	

immediately	 after	 exposure	 to	 sodium	 cyanide,	 cells	 exposed	 to	 5	 mM	 sodium	

cyanide	 showed	 no	 loss	 in	 live	 cells	 (Fig.	 8a),	 but	 this	 recovery	 decreased	

proportionally	with	time.	Simultaneous	treatment	after	10	mM	sodium	cyanide	was	

protective,	but	without	any	further	rescue	at	15	min	(Figure	7.9b).	
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Figure	 7.9:	 Effect	 of	 cyanide	 concentration	 and	 PEG-HCC	 administration	 time	 on	
LIVE	cell	count	of	bEnd3	cells.		
(A)	The	proportion	of	live	cells	following	exposure	to	5	mM	NaCN	and	simultaneous	
treatment	with	PEG-HCCs	was	shown	to	be	significantly	larger	(p=0.0065)	than	cells	
treated	 only	 with	 5	 mM	 NaCN	 in	 triplicate	 experiments	 (n=3).	 (B)	 A	 survey	
experiment	 with	 1	 and	 10	 mM	 NaCN	 showed	 that	 PEG-HCCs	 appear	 to	 protect	
bEnd.3	cells	 from	1	mM	NaCN	at	0,	15,	and	30	min.	bEnd3	cells	were	treated	with	
sodium	cyanide	at	three	concentrations,	1,	5,	and	10	mM.	PEG-HCCs	were	added	at	
0,	 15,	 and	 30	min.	 All	 results	 are	 relative	 to	 untreated	 negative	 controls.	 Positive	
controls	were	 treated	with	 sodium	cyanide	at	1,	5,	 and	10	mM	but	not	PEG-HCCs.	
The	 results	 show	 an	 inverse	 time-dependent	 and	 dose-dependent	 effect.	 As	
administration	delay	increases,	the	rescue	effect	is	reduced.	

	

Based	on	these	experiments	and	the	 literature,	we	predict	 that	at	 least	 two	

activity	 pathways	 exist	 that	 provide	 protection.	 First,	 PEG-HCCs	 may	 protect	 the	

mitochondria	by	shifting	the	redox	state	of	CytC	to	favor	more	CytCred	than	normal	

through	an	electron	shuttling	mechanism	by	capturing	electrons	from	reductants	in	

the	intermembrane	space	or	ubiquinol	and	transferring	them	to	cytochrome	c.	This	

would	 in	 turn	 lead	 to	 an	 increase	 in	 the	 amount	 of	 reduced	 cytochrome	 a3	 as	

Complex	IV	is	reduced	by	cytochrome	c.	Cyanide	has	a	lower	affinity	for	Fe(II)	than	
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it	 does	 for	 Fe(III)	 and	 shifting	 the	 electrochemical	 poise	 of	mitochondria	 to	 favor	

more	 cytCred,	 or	 reduced	 cytochrome	 a3	 may	 explain	 some	 of	 the	 protection	

afforded	the	cells43.	This	mechanism	is	opposite	of	how	sodium	nitrite	functions	as	

an	 antidote	 which	 works	 by	 oxidizing	 hemoglobin	 in	 the	 blood.	 Our	 proposed	

mechanism	forcibly	shifts	the	reduction	state	of	the	iron	in	cytochrome	a3	to	favor	

more	 ferrous	 heme	 than	 ferric	 heme	 thus	 lowering	 the	 affinity	 of	 cyanide	 for	

cytochrome	a343.	Second,	PEG-HCCs	may	keep	the	cytochrome	a3	site	in	a	reduced	

state,	 by	 oxidizing	 NADH	 and	 reducing	 cytochrome	 a3	 directly,	 again	 acting	 as	 a	

shuttle	and	reducing	the	affinity	for	cyanide	on	the	oxygen	reduction	portion	of	the	

electron	transport	chain.	The	third	effect	is	that	PEG-HCCs	still	can	function	as	SOD	

mimetics,	 thus	they	may	dismutate	SO	generated	by	Complexes	 I,	 II,	and	III	saving	

the	 cell	 from	 oxidative	 death	 but	 not	 maintaining	 the	 electron	 transport	 chain.	

Further	experiments	are	needed	to	determine	the	mechanism	of	action.	

7.8. Summary	of	potential	effects	of	PEG-HCCs	

As	 depicted	 in	 Figure	 7.10,	 we	 hypothesize	 several	 potential	 pathways	 by	

which	PEG-HCCs	 can	act	 to	mitigate	 the	effects	of	 complex	poisons	and	pathology	

that	generates	SO	radicals.	The	pathological	activity	of	SO	might	be	abated	by	PEG-

HCCs	 through	 dismutation,	 or	 possibly	 via	 the	 oxidation	 of	 ascorbic	 acid	 in	 the	

intermembrane	 space.	 PEG-HCCs	 could	 also	 transport	 electrons	 from	NAD(P)H	 to	

Complex	IV.	Finally,	PEG-HCCs	may	be	able	to	reduce	cytochrome	c	via	SO	generated	

in	 the	 intermembrane	 space.	The	precise	action	of	PEG-HCCs	 in	mitochondria	has	
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not	yet	been	determined,	however,	based	on	the	evidence	of	reduced	toxicity	from	

cyanide	exposure,	and	the	previously	published	results	 that	show	reduced	toxicity	

in	cells	treated	with	the	mitochondrial	poison	antimycin	A6,	8	we	suspect	that	PEG-

HCCs	might	be	at	least	partially	protecting	the	electron	transport	chain	from	these	

toxins.		

	
	
	
Figure	7.10:	Schematic	showing	the	possible	pathways	that	PEG-HCCs	can	 interact	
with	elements	of	the	elctron	transport	chain.		
First,	 PEG-HCCs	 can	 oxidize	 NAD(P)H	 which	 might	 possibly	 be	 transferred	 to	
cytochrome	c,	Complex	IV,	or	to	reduce	SO	to	hydrogen	peroxide.	Second,	PEG-HCCs	
may	oxidize	ascorbic	acid	to	either	reduce	hydrogen	peroxide,	or	transfer	electrons	
to	cytochrome	c.	Third,	PEG-HCCs	can	oxidize	SO,	they	then	may	be	able	to	reduce	
cytochrome	c.	These	pathways	are	presented	as	possible	interactions	based	on	the	
known	and	newly	discovered	reactivity	of	PEG-HCCs.	
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7.9. PEG-HCC	and	mitochondrial	interaction	

The	 hypothesis	 we	 have	 developed	 suggests	 that	 PEG-HCCs	 may	 interact	

with	 mitochondria	 through	 both	 an	 electron	 shuttling	 mechanism	 and	 SO	

dismutation.	 PEG-HCCs	 are	 saturable	 catalysts	 that	 appear	 to	 form	 a	 transient	

ternary	complex	with	an	electron	donor	and	acceptor	in	solution.	Limitations	on	the	

substrates	 utilized	 by	 PEG-HCCs	 have	 not	 yet	 been	 determined,	 however	 it	 is	

predicted	that	PEG-HCCs	can	catalyze	electrochemical	reactions	with	a	broad	range	

of	substrates.	We	are	not	certain	what	the	precise	mechanism	of	action	is	for	these	

reactions	 and	 is	 the	 subject	 of	 ongoing	 investigation.	 Identifying	 other	 substrates	

may	reveal	additional	mechanistic	pathways.	Deconvolution	microscopy	suggested	

that	PEG-HCCs	co-localize	with	mitochondria	and	remain	resident	in	the	cytoplasm	

and	 on	 the	 plasma	 membrane	 in	 bEnd.3	 cells.	 Limitations	 of	 the	 colocalization	

imaging	analysis	method	highlight	the	need	for	further	investigation.	Transmission	

electron	microscopy	also	supports	mitochondrial	localization30.	The	activity	of	PEG-

HCCs	is	similar	to	MB	but	without	the	intrinsic	cytotoxicity,	furthermore	PEG-HCCs	

protect	 bEnd.3	 cells	 against	 hydrogen	 peroxide	 toxicity.	 The	 seemingly	 antipodal	

activity	 of	 PEG-HCCs	 and	MB	 in	 the	 hydrogen	 peroxide	 assay	may	 apply	 to	 other	

oxidative	stress	conditions	as	well	and	will	be	studied	further.	Finally,	we	found	that	

PEG-HCCs	can	reduce	cyanide	cytotoxicity	in	culture	following	exposure	to	as	much	

as	 10	 mM	 cyanide.	 While	 the	 mechanism	 requires	 further	 investigation,	 the	

protective	 effects	 are	 consistent	 with	 action	 within	 the	 mitochondria.	 Recent	

publications	suggest	that	MB	can	function	as	a	rescue	mechanism	in	vivo	for	cyanide	
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poisoning	but	only	 if	 given	prior	 to	exposure	 to	 the	 toxicant.45	Because	PEG-HCCs	

can	both	dismutate	SO	and	shuttle	electrons,	they	are	multifunctional	nanomaterials	

with	potentially	many	other	functions	and	properties	that	have	yet	to	be	explored.	

7.10. Appendix	

7.10.1. Cyclic	Voltammetry	

Cyclic	 voltammograms	 were	 obtained	 on	 a	 CHI1202	 Electro-Chemical	

Analyzer	(CH	Instruments)	of	a	10	mL	sample	of	PBS	buffer	solution,	pH	7.4	using	a	

three	electrode	cell.	The	GQDs	were	deposited	onto	a	GC	electrode	that	was	used	as	

the	 working	 electrode,	 while	 a	 platinum	 wire	 served	 as	 a	 counter	 electrode	 and	

Ag/AgCl	served	as	the	reference	electrode.	CVs	were	recorded	at	a	scan	rate	of	200	

mV/s,	with	an	initial	starting	E	of	0	mV,	high	E	of	500	mV	and	low	E	of	-2500	mV.	

7.10.2. Spectroscopic	Measurement	of	Catalytic	Reduction	of	Resazurin	or	

Cytochrome	c	by	NADH	and	Ascorbic	Acid	and	PEG-HCCs	

A	29.0	mM	solution	of	 ascorbic	acid	was	prepared	by	dissolving	322	mg	of	

ascorbic	 acid	 into	 61	mL	 of	 PBS	 followed	 by	 titration	with	 1	M	NaOH	 to	 pH	 7.4.	

Afterwards,	 3.44	 mL	 of	 the	 29.0	 mM	 stock	 solution	 was	 diluted	 to	 12	 mL	 in	

phosphate	PBS	to	prepare	a	10	mM	solution.	Next,	a	10	mM	solution	of	NADH	was	

prepared	by	dissolving	71	mg	NADH	into	10	mL	of	PBS.	To	a	1	mL	PMMA	cuvette,	

250	µL	of	16	mg/L	PEG-HCCs	and	750	µL	of	PBS	were	added.	The	cuvette	was	then	

placed	into	a	WPA	S2000	UV/Vis	spectrophotometer	and	a	reference	spectrum	in	a	
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range	from	220-820	nm	was	obtained.	The	cuvette	was	emptied	and	rinsed	with	DI	

water	and	then	250	µL	of	160	µM	resazurin	in	phosphate	buffered	saline,	250	µL	of	

16	 mg/L	 PEG-HCCs,	 and	 250	 µL	 of	 Phosphate	 buffered	 saline	 were	 added.	

Immediately	before	collecting	spectra,	250	µL	of	10	mM	NADH	was	added	by	pipette	

and	 mixed	 three	 times	 by	 pipettor.	 Time	 course	 kinetics	 data	 were	 obtained	 by	

collecting	full	spectra	for	5	min	on	a	15	second	interval	with	the	cuvette	holder	both	

blocked	and	unblocked	from	ambient	light	using	a	custom	MATLAB	script	to	collect	

and	process	the	spectral	data	 from	the	 instrument.	The	concentration	of	resorufin	

was	calculated	using	the	following	equation	provided	in	the	product	information	for	

the	PrestoBlue	assay	where	A570	and	A600	are	the	UV-Vis	absorbances	measured	

at	570	and	600	nm	respectively:	

[#$%] = (34798 ∗ /012) − (47619 ∗ /722)
(104395 ∗ 34798) − (47619 ∗ 5494)	

Control	experiments	were	performed	without	PEG-HCCs,	or	NADH,	both	with	

and	without	ambient	light.	In	some	experiments,	160	µM	cytochrome	C	was	used	in	

place	of	resazurin.	In	the	cytochrome	c	experiments	the	absorption	at	550	nm	was	

monitored	and	the	concentration	was	calculated	using	28,000	M-1			cm-1	as	extinction	

coefficient.	

7.10.3. Michaelis-Menten	Saturation	Kinetics	

Michaelis-Menten	saturation	curves	of	PEG-HCCs	for	the	NADH	and	ascorbic	

acid	reduction	of	resazurin	and	cytochrome	c	were	performed	by	collecting	two	sets	
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of	reaction	rate	data.	First,	a	basal	reduction	rate	was	measured	by	collecting	the	5-

min	steady-state	average	formation	of	the	reduced	species,	resorufin	or	cytochrome	

c	spectrophotometrically.	Typically,	 the	concentration	of	 the	oxidizing	species	was	

40	µM.	For	both	NADH	and	ascorbic	acid	experiments,	solutions	containing	5.0,	2.5,	

1.3,	 0.63	 and	 0.31	mM	of	 the	 reducing	 species	were	 prepared	 from	10	mM	 stock	

solutions.		One	additional	concentration	of	reductant	was	used	for	NADH,	0.16	mM.	

A	second	set	of	measurements	were	taken	with	4	mg/L	PEG-HCCs	under	the	same	

conditions.	After	collecting	the	second	set,	 the	basal	reaction	rates	of	 the	solutions	

were	 subtracted	 from	 the	 reaction	 rates	 of	 solutions	 containing	 PEG-HCCs	 to	 give	

the	catalytic	reaction	rates.	Finally,	the	catalytic	reaction	rates	were	plotted	against	

the	concentration	of	reducing	agent	and	fit	to	a	Michaelis-Menten	model	curve	using	

Prism	Graphpad	7.	

7.10.4. Lineweaver-Burk	Calculations	for	Ascorbic	Acid	

Lineweaver-Burk	plots	were	produced	for	reactions	containing	ascorbic	acid	

and	 resazurin,	 with	 and	 without	 PEG-HCCs.	 In	 this	 experiment	 both	 the	

concentrations	 of	 resazurin	 (10,	 20,	 and	 40	 µM)	 and	 ascorbic	 acid	 (5.0,	 2.5,	 1.25,	

0.63,	0.31	mM)	were	varied,	 fit	 to	Michaelis-Menten	 saturation	 curves	with	Prism	

Graphpad	7	and	transformed	using	the	Lineweaver-Burk	double	reciprocal	plot.	
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7.10.5. Treatment	of	bEnd3	cells	from	Sodium	Cyanide	

Sodium	 cyanide	 is	 poisonous	 at	 olfactorially	 detectable	 concentrations!	

Immediate	 symptoms	 include	 shortness	 of	 breath,	 blue	 coloration	 of	 fingernails	 and	

lightheadedness.	 If	 these	 symptoms	 appear,	 immediately	 alert	 others	 in	 the	 area,	

isolate	the	area,	relocate	to	fresh	air	and	contact	emergency	services.		

BEnD.3	murine	endothelioma	cells	suspended	 in	DMEM	with	10%	FBS	and	

1%	 PCN-STM	 were	 seeded	 into	 a	 24-well	 cell	 culture	 tray	 at	 a	 concentration	 of	

50,000	cells/well	and	left	to	incubate	for	two	days	at	37	°C	under	5%	CO2.	Following	

incubation,	 10	 mL	 of	 a	 50	 mM	 solution	 of	 sodium	 cyanide	 was	 prepared	 by	

dissolving	24.5	mg	into	10	mL	PBS	in	a	chemical	fume	hood.	Solutions	of	1,	5,	and	10	

mM	NaCN	in	media	were	prepared	by	diluting	150	µL,	1500	µL,	or	3000	µL	of	NaCN-

containing	PBS	to	14.85	mL,	13.5	mL,	and	12.0	mL	of	complete	media	respectively.	

Afterwards,	and	PEG-HCCs	were	given	at	a	concentration	of	8	mg/L	at	0,	15,	and	30	

min	to	each	set.	A	separate	negative	control	(PBS)	and	positive	control	(cyanide,	no	

PEG-HCCs)	were	included.	The	cells	were	then	returned	to	the	incubator	for	24	h.	

7.10.6. LIVE/DEAD	Assays	of	CN	treated	bEnd.3	Cells	

The	 following	day,	 the	media	 in	each	well	was	 removed	and	 the	 cells	were	

rinsed	twice	with	1	mL	of	PBS.	The	cells	were	detached	using	1	mL	of	 trypsin	and	

vigorous	pipetting.	The	contents	of	each	well	were	transferred	to	1.7	mL	Eppendorf	

tubes	 and	 500	 µL	 of	 complete	 DMEM	 media	 and	 the	 cell	 suspensions	 were	

centrifuged	 at	 1300	 RPM	 for	 10	 min.	 Following	 centrifugation,	 the	 media	 was	
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removed	 by	 vacuum,	 replaced	 with	 1	 mL	 of	 complete	 media,	 and	 the	 cells	 were	

resuspended	 by	 pipette	 and	 brief	 vortex	 mixing.	 A	 LIVE/DEAD	 (Calcein-

AM/Ethidium	homodimer)	assay	was	performed	by	first	diluting	8	µL	of	Calcein-AM	

and	2	µL	of	Ethidium	homodimer	stock	solutions	into	8	mL	of	complete	media.		

7.10.7. Immunofluorescence	and	Imaging	

SHSY-5Y	 cells	 transfected	 with	 mito-PAGFP	 expressing	 GFP	 with	 a	

cytochrome	 c	 oxidase	 subunit	 IV	 targeting	 sequence	were	 plated	 on	 poly-L-lysine	

coated	 glass	 coverslips	 and	 left	 overnight	 to	 attach.26	 The	 following	morning,	 the	

cells	 were	 treated	 with	 8	 mg/L	 PEG-HCCs	 for	 30	 min.	 Cells	 were	 fixed	 in	 4%	

paraformaldehyde	for	20	min	on	 ice,	quenched	with	0.1M	ammonium	chloride	 for	

15	min	and	permeabilized	with	0.1%	Triton-X100	for	20	min	at	room	temperature.		

After	1	h	of	blocking	in	5%	milk/TBST,	cells	were	incubated	overnight	at	4	°C	with	

anti-polyethylene	glycol	[PEG-B-47]	rabbit	monoclonal	antibody	(Abcam,	ab51257,	

USA).		The	cells	were	washed	with	blocking	buffer	(5%	milk/TBST),	incubated	with	

AlexaFluor647-conjugated	anti-rabbit	antibody	(1/1000,	ThermoFisher,	OR,	USA)	in	

blocking	 buffer	 for	 1	 h	 at	 room	 temperature,	 and	 counterstained	 with	 DAPI	 (1	

µg/ml).	The	samples	were	 imaged	using	a	DeltaVision	(GE	Healthcare,	USA)	 image	

restoration	deconvolution	microscope	with	an	Olympus	100X	U	PlanS-Apo/1.4	NA	

oil	immersion	lens.	Z-stacks	were	obtained	with	an	interplane	distance	of	0.25	µm.	
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7.10.8. Colocalization	of	PEG-HCCs	in	bEnd.3	Cells	

The	Z-stacks	obtained	from	deconvolution	microscopy	were	processed	using	

the	FIJI	(FIJI	is	Just	ImageJ)	distribution	of	ImageJ38.	Briefly,	the	channels	in	each	Z-

stack	 were	 separated	 and	 the	 AlexaFluor	 647	 and	 GFP	 channels	 were	 binarized	

using	 the	 Otsu	 thresholding	 algorithm.	 Next,	 a	 coincidence	 layer	was	 constructed	

from	 the	 binary	AND	mask	 of	 the	AlexaFluor	647	 and	GFP	 channels	 at	 each	 layer	

within	 the	 Z-stack.	 Finally,	 the	 DAPI,	 AlexaFluor	 647,	 and	 the	 binary	 coincidence	

AlexaFluor	647	-	GFP	channels	were	composited	and	a	Z-projection	was	performed.	
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7.12. Experimental	Contributions	

Kimberly	 Mendoza	 synthesized,	 characterized	 and	 prepared	 the	 PEG-HCCs	

used	 in	the	in	vitro	experiments	under	the	guidance	of	Professor	 James	M.	Tour	at	

Rice	University.	Dr.	Paul	J.	Derry	and	William	V.	Dalmeida	conducted	the	in	vitro	cell	

experiments	 at	 Texas	 A&M	 Health	 Science	 Center	 College	 of	 Medicine.	 Dr.	 Almaz	

Jalilov	 conducted	 experiments	 and	 analysis	 of	 particles	 at	 Rice	 University.	 	 Dr.	

Vladimir	Berka	 conducted	 experiments	 analyzing	 particle	 activity	 at	 University	 of	

Houston	Medical	School.		
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Chapter 8 

PEG-HCCs and their use in Alzheimer’s 
Disease 
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8.1. Introduction	

Alzheimer’s	disease	(AD)	is	one	of	the	leading	causes	of	dementia	in	the	aging	

population1	 and	 the	 5th	 leading	 cause	 of	 death	 in	 the	 United	 States2.	 AD	 is	 a	

progressive	 disease	 that	 gradually	 worsens	 over	 time	 and	 patients	 with	 AD	

experience	 cognitive	 dysfunction,	 memory	 loss	 and	 behavioral	 changes3,	 4.	 Two	

abnormal	structures	that	characteristically	present	in	patients	with	AD	are	amyloid	

(Aß)	plaques	and	neurofibrillary	tangles	(NFT)5.	These	two	hallmarks	of	AD	lead	to	

damage	 and	 cell	 death	 in	 the	 brain.	 Aß,	 derived	 from	 amyloid	 precursor	 protein	

(APP)6,	are	plaques	are	characterized	by	depositing	ß-amyloid	(a	protein	fragment)	

allowing	 it	 to	build	up	 in	 the	 spaces	between	nerve	 cells.	The	accumulation	of	Aß	

later	leads	to	the	formation	of	toxic	oligomers	leading	to	synaptic	damage5.	NFTs	are	

composed	of	hyperphosphorylated	tau	protein	that	are	used	in	the	diagnosis	of	AD.	

NFT	are	also	correlated	to	the	severity	of	cognitive	decline	in	patients	with	AD7.		

Experimental	 research	 has	 demonstrated	 axonal	 transport	 is	 impaired	 in	

patients	 with	 AD	 and	 plays	 a	 role	 in	 the	 progression	 of	 neurological	 diseases8.	

Specifically,	 when	 ROS	 is	 increased	 axonal	 transport	 rates	 are	 decreased.	

Furthermore,	the	role	of	OS	and	ROS	plays	is	imperative	in	the	pathogenesis	of	AD	

and	other	diseases	such	as	Parkinson’s	Disease	and	Huntington’s	Disease9.	OS	leads	

to	 DNA	 and	 protein	 impairment	 and	 the	 imbalance	 between	 oxidant	 and	

antioxidants	 in	 the	 body	 leads	 to	 significant	 cell	 damage9.	 Extensive	 studies	 have	
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indicated	 the	 presence	 of	 SO	 radical,	 HO•	 and	 H2O2	 are	 responsible	 OS	 mediated	

neurodegeneration	in	patients	with	AD10.		

Unfortunately,	 no	 therapy	 exists	 to	 stop	 or	 slow	 the	 progression	 of	 AD.	

Current	 available	 therapeutic	 treatments	 involve	 symptom	 management	 to	 treat	

cognitive	 dysfunction,	 as	 well	 as,	 psychosocial	 intervention	 and	 palliative	 or	

caregiving	assistance.	Specifically,	the	Tour	Laboratory	at	Rice	University	posed	the	

idea	of	utilizing	PEG-HCCs,	a	potent	antioxidant,	as	a	potential	therapeutic	treatment	

for	in	vivo	studies	to	analyze	its	effect.		

8.2. Synthesis	of	PEG-HCCs	

As	seen	in	Scheme	8.1,	HCCs	are	synthesized	from	~	1nm	wide	SWCNT	that	

undergo	 highly	 oxidizing	 conditions	 (combination	 of	 oleum	 and	 nitric	 acid)	

generating	 short	 fragmented	 HCCs	 containing	 a	 variety	 of	 oxygen	moieties	 on	 its	

surface	including	hydroxy,	ether	and	epoxy,	carbonyl	groups,	ketones	and	carboxylic	

acids11,	 12.	Through	a	carbodiimide	coupling	synthesis	an	amine	terminated	PEG	is	

coupled	 to	 the	 carboxylic	 acid	 terminus	 on	 the	 HCCs	 to	 improve	 solubility	 in	

biological	media	 and	 circulation	 time	 in	 vivo13.	 The	 PEG-HCCs	 in	water	 are	 sterile	

filtered	 and	 their	 concentration	 can	 be	 determined	 through	 UV-Vis	 spectroscopy	

with	 an	 absorbance	 at	 763	 nm	 with	 an	 extinction	 coefficient	 ε763	=	0.0104	

mL/mg⋅cm.	
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Scheme	8.1:	Synthesis	of	PEG-HCCs.	

	

8.3. Dose	Dependent	Administration	of	PEG-HCC	Improves	

Axonal	Transport	

The	 focus	 of	 this	 study	 will	 explore	 use	 of	 PEG-HCC	 as	 a	 therapeutic	

treatment	 in	 APP/PS1	 mice.	 Nasal	 mucosal	 drug	 delivery	 has	 advantages	 over	

enteral	 and	 injectable	 delivery.	 	 Administration	 through	 the	 nasal	mucosa	 avoids	

hepatic	 first	 pass	metabolism	 and	 gastrointestinal	 degradation14.	 Furthermore,	 as	

the	 nasal	 cavity	 is	 richly	 vascularized,	 uptake	 of	 PEG-HCCs	 may	 provide	 a	 more	

potent	and	long-lasting	effect.	 	The	nasal	cavity	contains	nerve	endings	connecting	

the	brain	stem	and	olfactory	bulb.	Chemicals	 traveling	along	the	 fibres	can	bypass	

the	blood	brain	barrier	 (BBB).	This	 is	key	 for	 future	applications	 in	administering	

PEG-HCC	 through	 a	 noninvasive,	 painless	 application.	 This	 is	 beneficial	 for	 use	 in	

pediatric	 patients	 and	 by	 physicians	 that	 are	 administering	 drugs	 in	 emergency	
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settings.	Mice	in	this	study	were	administered	1	dose	of	PEG-HCCs	every	3	days	in	a	

nasal	lavage.		

Manganese	enhanced	magnetic	resonance	 imaging	(MEMRI)	was	utilized	to	

analyze	 cells	 treated	 with	 PEG-HCC.	 MEMRI	 is	 a	 preferred	 imaging	 technique	 as	

Mn2+	 is	 paramagnetic	 and	 is	 a	 Ca2+	 analogue	 for	 cell	 entry.	 	 In	 utilizing	Mn2+	 the	

signal	 intensity	 in	T1	weighted	MRI	 images	 is	 increased.	Most	 importantly	MEMRI	

can	 be	 utilized	 to	 trace	 neuronal	 pathways	 in	 vivo.	 Figure	 8.2	 indicates	 that	 after	

intranasal	administration	of	PEG-HCCs	there	was	accumulation	of	the	antioxidant	in	

the	 olfactory	 bulbs	 of	mice	 treated.	 	 In	 Figure	 8.3,	wildtype	mice	 received	 a	 nasal	

lavage	of	saline	or	PEG-HCC	and	compared	to	APP	mice	receiving	either	2,	6,	8	or	10	

doses	 of	 PEG-HCC.	 	 MEMRI	 results	 obtained	 indicated	 dose	 dependent	

improvements	 in	axonal	 transport.	 In	Figure	8.4,	MEMRI	data	obtained	evaluating	

different	 doses	 administered	 to	 mice	 showed	 a	 corresponding	 decrease	 in	 ROS	

within	3	and	5	months.	
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Figure	8.1:	Intranasal	administration	of	PEG-HCCs.		
(A)	 Control	 olfactory	 bulbs	 (B)	 PEG-HCC	 treated	 olfactory	 bulbs.	Mice	 received	 a	
nasal	 lavage	 of	 PEG-HCC,	 once	 every	 3	 days	 (consituting	 1	 dose).	 	 Results	 show	
accumulation	of	PEG-HCC	in	the	olfactory	bulbs.	
Image	courtesy	of	The	Pautler	Laboratory	at	Baylor	College	of	Medicine.	
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Figure	8.2:	MEMRI	results	obtained	in	mice	given	PEG-HCC	nasal	lavage.	
Mice	 received	 a	 nasal	 lavage	 of	 PEG-HCC	 once	 every	 3	 days.	 Rates	 of	 axonal	
transport	were	measured	 in	wildtype	mice	who	received	either	saline	or	PEG-HCC	
treatment.	Various	doses	of	PEG-HCC	were	administered	to	APP	mice	(2,	6,	8	and	10	
doses)	 and	 compared	 to	 wildtype.	 Results	 showed	 improvements	 in	 axonal	
transport	were	dose	dependent.	WT	=	wildtype,	APP	=	amyloid	precursor	protein	
genotype		
Graph	courtesy	of	The	Pautler	Laboratory	at	Baylor	College	of	Medicine.	
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Figure	8.3:	Dose	dependent	improvements	in	axonal	transport	3	and	5	months	after	
administration.	
Rates	 of	 axonal	 transport	were	 evaluated	 in	mice	with	APP/PSEN	mutation.	Mice	
were	evaluated	and	followed	3	and	5	months	after	PEG-HCC	administration.	There	
was	 a	 corresponding	 decrease	 in	 ROS	 present.	WT	 =	wildtype,	 APP/PSEN	 =	mice	
with	APP	mutations	for	early	onset	Alzheimer’s	disease.		
n=3-4		*	p	<	0.05	**	p	<	0.01	***	p	<	0.001.	Graph	courtesy	of	The	Pautler	Laboratory	
at	Baylor	College	of	Medicine.		
	

8.4. Study	Design	

A	variety	of	conditioning	is	performed	including	rotarod,	open	field	and	fear	

conditioning.	 The	 rotarod	 exam	 involves	 placing	 the	 mouse	 on	 a	 horizontal	 rod	

which	 rotates	about	 the	 long	axes.	The	mouse	must	walk	 forward	on	 the	 rotating	

rod	(rotarod)	without	falling	off.	 	The	rotarod	functions	to	assess	motor	deficits	as	

the	test	measures	the	time	at	which	the	mouse	can	remain	walking	on	the	rod	at	an	

accelerating	 speed.	 	The	open	 field	 test	 assesses	 locomotor	activity	 levels,	 anxiety	

and	 willingness	 to	 explore.	 Animals	 with	 Alzheimer’s	 disease	 walk	well	 but	 have	

poor	memory.	Thus,	the	open	field	test	can	evaluate	a	mouse’s	ability	to	explore	an	
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open	area	while	being	 recorded	by	an	overhead	camera.	Finally,	 fear	 conditioning	

involves	training	an	animal	to	respond	to	a	painful	stimulus	(shock	to	the	feet	of	the	

animal)	paired	with	an	auditory	cue.	Mice	will	freeze	upon	exposure	to	the	stimulus.	

However,	after	training	when	the	animal	hears	the	auditory	cue	it	will	still	respond	

by	 freezing	 even	 in	 the	 absence	 of	 the	 painful	 stimulus.	 This	 learned	 behavior	 is	

observed	 even	 when	 the	 mouse	 is	 moved	 to	 a	 new	 environment.	 The	 mice	 are	

evaluated	 2	 h	 and	 24	 h	 after	 initial	 training	 (lasting	 2	 min	 30	 s)	 Mice	 that	 are	

affected	by	Alzheimer’s	disease	have	a	deficit	 in	memory	 retention	and	 thus	upon	

being	 exposed	 to	 the	 stimulus	 will	 not	 freeze.	 As	 seen	 in	 Figure	 8.5,	 the	 image	

demonstrates	the	timeline	of	which	a	mouse	undergoes	fear	conditioning.	Freezing	

is	indicating	of	fear	memory	and	its	retention	was	evaluated.		

	

	

Figure	8.4:	Timeline	for	fear	conditioning	exposure	in	a	mouse.		
The	mice	experience	training	lasting	2	min	30	s	in	which	a	painful	stimulus	(shock	
to	the	animal’s	 feet)	 is	paired	with	an	auditory	cue.	The	procedure	 is	repeated	2	h	
and	24	h	afterwards	to	evaluate	the	animal’s	response	and	length	of	freezing.	Image	
courtesy	of	The	Pautler	Laboratory	at	Baylor	College	of	Medicine	
	

	

	

2 min 30 sec

Training

2 hours 24 hours

Context

5 minutes

Context

5 minutes



	 239	
	

APP/PS1	 mice	 were	 utilized	 in	 this	 study	 and	 animals	 were	 treated	 1-3	

months	intranasally	with	PEG-HCCs	beginning	at	3	months	of	age.	After	one-month	

animals	were	 euthanized	 and	 histology	was	 performed	 to	 determine	 if	 PEG-HCCs	

were	accumulating	 in	 the	brain.	There	were	no	behavioral	 tests	performed	at	 this	

state	 as	 behavioral	 deficits	 are	 not	 present	 until	 6	 months	 of	 age.	 The	 results	

obtained	 did	 not	 support	 the	 conclusion	 that	PEG-HCCs	were	 accumulating	 in	 the	

brain	 indicating	 that	 they	 were	 entering	 the	 vasculature	 but	 histology	 was	

inconclusive.		

PEG-HCC	 treatment	 in	 APP/PS1	mice	 demonstrated	 a	 retained	 memory	 of	

freezing	when	exposed	to	a	fear	stimulus.	On	the	contrary,	APP/PS1	mice	exhibited	

lower	length	of	freezing	times	indicating	insufficient	memory	retention.	Figure	8.6,	

graphs	the	results	obtained.		
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Figure	8.5:	Fear	conditioning	responses	in	APP/Ps1	mice	treated	with	PEG-HCC.		
APP/Ps1	 mice	 exhibited	 lower	 length	 of	 freezing	 times	 when	 compared	 to	
control/PEG-HCC	 mice	 and	 APP/Ps1/PEG-HCC	 mice,	 indicative	 of	 insufficient	
memory	retention.	APP/Ps1	mice	treated	with	PEG-HCC	demonstrated	recovery	in	
memory		suprassing	control	mice	treated	with	PEG-HCC.		
Graph	courtesy	of	The	Pautler	Laboratory	at	Baylor	College	of	Medicine.	

	

8.5. Summary	

APP	mice,	susceptible	to	developing	early	onset	Alzheimer’s	disease	treated	

with	PEG-HCC	 in	a	nasal	 lavage	 showed	a	 recovery	 in	memory	 retention.	 Imaging	

confirmed	presence	of	PEG-HCC	in	the	olfactory	bulbs	of	mice	and	MEMRI	imaging	

obtained	 showed	 dose	 dependent	 administration	 of	 PEG-HCC	 improved	 axonal	
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transport.	The	advantages	of	administering	PEG-HCC	in	a	nasal	lavage	is	important	

as	it	is	noninvasive	and	applicable	in	emergency	settings.	Future	studies	will	focus	

on	aerosolizing	PEG-HCC	to	determine	the	efficacy	of	delivery.	 	Histological	studies	

will	 be	 performed	 to	 determine	 if	 PEG-HCCs	 irritate	 the	 nasal	 epithelium	 and	 to	

pinpoint	 the	 location	 of	 PEG-HCC	 accumulation.	 Furthermore,	 while	 no	 definitive	

treatment	 exists	 for	 AD	 and	 therapeutic	 measures	 currently	 involve	 symptom	

management,	 these	 studies	 have	 demonstrated	 the	 positive	 effect	 PEG-HCC	

treatment	has	on	APP	mice,	in	delaying	or	potentially	even	preventing	onset	of	AD.	

	

	

	

	

	

	

	

	



	 242	
	

8.6. References	

1.	 Ashford,	J.	W.,	APOE	genotype	effects	on	Alzheimer's	disease	onset	and	

epidemiology.	J	Mol	Neurosci	2004,	23	(3),	157-65.	

2.	 Leading	Causes	of	Death.	https://www.cdc.gov/nchs/fastats/leading-causes-

of-death.htm	(accessed	September	10).	

3.	 Katzman,	R.,	Alzheimer's	disease.	N	Engl	J	Med	1986,	314	(15),	964-73.	

4.	 Budson,	A.	E.;	Price,	B.	H.,	Memory	dysfunction.	N	Engl	J	Med	2005,	352	(7),	

692-9.	

5.	 Crews,	L.;	Masliah,	E.,	Molecular	mechanisms	of	neurodegeneration	in	

Alzheimer's	disease.	Hum	Mol	Genet	2010,	19	(R1),	R12-20.	

6.	 Serrano-Pozo,	A.;		Frosch,	M.	P.;		Masliah,	E.;	Hyman,	B.	T.,	Neuropathological	

alterations	in	Alzheimer	disease.	Cold	Spring	Harb	Perspect	Med	2011,	1	(1),	

a006189.	

7.	 Braak,	H.;	Braak,	E.,	Neuropathological	stageing	of	Alzheimer-related	

changes.	Acta	Neuropathol	1991,	82	(4),	239-59.	

8.	 Stokin,	G.	B.;	Goldstein,	L.	S.,	Axonal	transport	and	Alzheimer's	disease.	Annu	

Rev	Biochem	2006,	75,	607-27.	

9.	 Manoharan,	S.;		Guillemin,	G.	J.;		Abiramasundari,	R.	S.;		Essa,	M.	M.;		Akbar,	M.;	

Akbar,	M.	D.,	The	Role	of	Reactive	Oxygen	Species	in	the	Pathogenesis	of	Alzheimer's	

Disease,	Parkinson's	Disease,	and	Huntington's	Disease:	A	Mini	Review.	Oxid	Med	

Cell	Longev	2016,	2016,	8590578.	

10.	 Xie,	Z.;		Wei,	M.;		Morgan,	T.	E.;		Fabrizio,	P.;		Han,	D.;		Finch,	C.	E.;	Longo,	V.	D.,	

Peroxynitrite	mediates	neurotoxicity	of	amyloid	beta-peptide1-42-	and	

lipopolysaccharide-activated	microglia.	J	Neurosci	2002,	22	(9),	3484-92.	



	 243	
	

11.	 Lucente-Schultz,	R.	M.;		Moore,	V.	C.;		Leonard,	A.	D.;		Price,	B.	K.;		Kosynkin,	D.	

V.;		Lu,	M.;		Partha,	R.;		Conyers,	J.	L.;	Tour,	J.	M.,	Antioxidant	single-walled	carbon	

nanotubes.	J	Am	Chem	Soc	2009,	131	(11),	3934-41.	

12.	 Berlin,	J.	M.;		Leonard,	A.	D.;		Pham,	T.	T.;		Sano,	D.;		Marcano,	D.	C.;		Yan,	S.;		

Fiorentino,	S.;		Milas,	Z.	L.;		Kosynkin,	D.	V.;		Price,	B.	K.;		Lucente-Schultz,	R.	M.;		Wen,	

X.;		Raso,	M.	G.;		Craig,	S.	L.;		Tran,	H.	T.;		Myers,	J.	N.;	Tour,	J.	M.,	Effective	drug	

delivery,	in	vitro	and	in	vivo,	by	carbon-based	nanovectors	noncovalently	loaded	

with	unmodified	Paclitaxel.	ACS	Nano	2010,	4	(8),	4621-36.	

13.	 Yoo,	J.	W.;		Chambers,	E.;	Mitragotri,	S.,	Factors	that	control	the	circulation	

time	of	nanoparticles	in	blood:	challenges,	solutions	and	future	prospects.	Curr	

Pharm	Des	2010,	16	(21),	2298-307.	

14.	 Bitter,	C.;		Suter-Zimmermann,	K.;	Surber,	C.,	Nasal	drug	delivery	in	humans.	

Curr	Probl	Dermatol	2011,	40,	20-35.



	 244	
	

8.7. Experimental	Contributions	

Kimberly	Mendoza	synthesized,	characterized	and	prepared	PEG-HCCs	under	

the	 guide	 of	 Professor	 James	 Tour	 at	 Rice	 University	 for	 use	 in	 this	 study.	 The	

Pautler	Laboratory	at	Baylor	College	of	Medicine	completed	all	in	vitro,	in	vivo	and	

histological	 characterization	 studies.	 	 	 All	 images	 and	 graphs	 in	 this	 chapter	were	

obtained	 courtesy	 of	 Dr.	 Robia	 Pautler	 at	 Baylor	 College	 of	 Medicine.	

	

	

	


