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Konetski,	Danielle	Stephanie	(PhD,	Chemical	and	Biological	Engineering)	

In	Situ	Designer	Lipid	Production:	Integration	of	Novel	Characteristics	and	Behaviors	into	

Synthetic	Cell	Membranes	

Thesis	directed	by	Professor	Christopher	N.	Bowman	

	

	 This	thesis	investigated	the	coupling	of	lysolipids	and	functionalized	tails	for	in	situ	

formation	of	synthetic	liposomes	designed	to	enable	specific	characteristics	or	behaviors	in	

applications	ranging	from	drug	delivery	to	the	advancement	of	artificial	cell	development.		

Copper-catalyzed	 Azide-Alkyne	 Cycloaddition	 (CuAAC)	 mediated	 lipid	 coupling	 was	

improved	 via	 incorporation	 of	 a	 photoinitiation	 system.	 	 Here,	 photo-CuAAC	 enabled	

spatiotemporal	 control	 over	 liposome	 assembly,	 an	 over	 400-fold	 increase	 in	 formation	

density,	and	control	over	the	maximal	cross-sectional	area	of	the	liposomes	formed.			

Thiol-Michael	 mediated	 lipid	 coupling	 was	 enabled	 using	 thiol-functionalized	

lysolipids	 and	 acrylate	 tails	 where	 phospholipids	 were	 produced	 over	 48	 hours	 with	

approximate	 90%	 conversion.	 	 Coupling	 was	 achieved	 using	 the	 thiol-Michael	 addition	

reaction	 for	 designer	 lipid	 synthesis	 by	 forming	 lipids	 bearing	 terminal	 alkyne	

functionalities	 in	 the	presence	of	 a	 visible	 light-sensitive	photoinitiator	 over	48	hours	 to	

reach	approximately	90%	conversion	followed	by	irradiation	to	homopolymerize	the	lipid	

tails.			

Dynamic	 lipid	 bilayers	 were	 formed	 using	 thiol-thioester	 exchange	 for	 in	 situ	

liposome	 formation	 between	 thiol-functionalized	 lysolipids	 and	 phenyl	 thioester-

functionalized	aliphatic	tails.	 	Two	tails,	a	C7	phenyl	thioester	and	a	C11	phenyl	thioester,	

reacted	with	 thiol	 lysolipid	 to	greater	 than	90%	conversion	over	48	hours	and	12	hours,	
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respectively.	 	 These	 phospholipid	 products	 produced	 liposomes	with	 differences	 in	 self-

assembly	behavior	and	enhanced	permeability	was	 found	 in	 the	C11	thioester-containing	

phospholipid	system.	 	Following	phospholipid	 formation	with	the	C11	tail,	addition	of	C7	

phenyl	 thioester	 enabled	 exchange	 to	 convert	 between	 30	 and	 40%	 of	 C11	 thioester-

containing	phospholipids	into	C7	thioester-containing	phospholipids	over	96	hours.			

Finally,	 photo-cleavable	 lipids	 synthesized	 using	 CuAAC-mediated	 coupling	 were	

mixed	 with	 natural	 lipids	 to	 enable	 photo-induced	 pinocytosis	 behavior	 in	 liposomes	

formed	either	via	lipid	film	hydration	or	the	pull-down	technique.		The	lipid	film	hydration	

method	liposomes	displayed	consistent	pinocytosis	in	liposomes	with	pearled	structures	or	

aspect	 ratios	 greater	 than	 2,	 indicating	 that	 they	 possessed	 a	 critical	 volume-to-surface	

area	 ratio.	 	 Morphological	 transitions	 and	 31x	 greater	 liposome	 formation	 using	 an	

asymmetric	 formation	 technique	with	 photocleavable	 lipid	 in	 the	 outer	 leaflet	 indicate	 a	

dependence	upon	asymmetric	lipid	distribution,	decreasing	the	outer	leaflet	to	inner	leaflet	

ratio	during	irradiation,	to	cause	engulfment.		Pinocytosis	in	spherical,	unilamellar	systems	

using	osmotic	pressure	 followed	by	 irradiation	 lead	 to	 an	 average	of	 44%	of	 the	 imaged	

population	 undergoing	 pinocytosis,	 making	 this	 approach	 potentially	 applicable	 to	

protocell	and	artificial	cell	systems.	 	
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Figure	3.1.		A	schematic	illustrating	the	use	of	a	radical	generating	photo-initiator	to	
reduce	copper(II)	to	copper(I)	in	the	presence	of	visible	light.		This	now-catalytic	copper	(I)	
goes	on	to	initiate	the	CuAAC	formation	of	phospholipids	resulting	in	the	transition	of	
micelles	and	stabilized	oil	droplets	into	bilayer	membranes.		These	membranes	then	form	
small,	spherical	vesicles	or	large,	irregular	vesicles	and	tubules	dependent	upon	exposure	
conditions	all	with	the	simultaneous	benefit	of	a	high,	localized	density.			
	
Figure	3.2.		Upon	exposure	to	20mW/cm2	400-500	nm	light	for	either	30	(left)	or	60	
(right)	minutes,	a	sample	containing	alkyne	functionalized	lysolipid	(2.5	mM),	dodecyl	
azide	(2.5	mM),	and	CAP,	a	copper-ligand	complex	that	functions	as	a	visible	light	
photoinitiator	(1	wt%),	showed	nearly	complete	consumption	of	the	alkyne	lysolipid	[2]	
and	formation	of	triazole	phospholipid	[4]	one	hour	after	irradiation	was	completed.		In	
addition,	hypophosphonate	salts	[1]	(for	structure	see	Figure	S3.5)	and	freed	PMDETA	[3]	
were	observed	following	irradiation.		No	formation	was	seen	when	no	light	was	exposed	or	
when	the	CAP	was	absent.				
	
Figure	3.3.		Slides	containing	alkyne	functionalized	lysolipid	(2.5	mM),	dodecyl	azide	(2.5	
mM),	CAP	(1	wt%),	and	fluorescent	dye	(2	uM)	were	irradiated	with	400	nm	light	over	an	
area	of	500	um	x	500	um	at	an	intensity	of	20	mW/cm2	for	30	minutes.		Following	
development	overnight,	these	slides	exhibited	localized	formation	of	vesicles,	albeit	with	
patterns	limited	by	vesicle	diffusion.		The	area	between	the	inserted	white	lines	indicates	
the	approximate	boundaries	of	the	irradiated	area	while	the	expanded	areas	enable	better	
visualization	of	giant	vesicle	formation.		Due	to	the	image	stitching	and	uneven	fluorescent	
excitation	within	each	frame,	boundaries	between	frames	sometimes	appeared	darker	than	
normal.	
	
Figure	3.4.		Initiation	of	vesicle	formation	from	alkyne	lysolipid	(2.5	mM)	and	dodecyl	
azide	(2.5	mM)	using	sodium	ascorbate	(2.5	mM)	and	copper	sulfate	(0.25	mM)	(top)	
versus	initiation	using	CAP	(1	wt%)	exposed	to	400	nm	light	over	an	area	of	200	um	x	200	
um	at	an	intensity	of	20	mW/cm2	for	1	hour	(bottom).		Resulting	vesicle	densities	from	
sodium	ascorbate	initiation	(left)	versus	photo-initiation	(right)	indicate	an	over	400-fold	
increase	when	formation	is	initiated	using	light.	
	
Figure	3.5.		Sealed	slides	containing	alkyne	lysolipid	(2.5mM),	aliphatic	azide	(2.5mM),	
CAP	(1wt%)	and	rhodamine-DHPE	(2uM)	were	photopatterned	with	400nm	light	over	an	
area	of	2mmx2mm	at	an	intensity	of	20mW/cm2	for	10	minutes	(left)	or	50mW/cm2	for	4	
minutes	(right).		Representative	images	from	each	slide	were	taken	to	demonstrate	
formation	of	giant	vesicles	visible	by	fluorescence	microscopy.		An	increase	in	vesicles	of	
the	largest	dimensions	is	found	in	slides	exposed	at	a	lower	intensity,	while	the	density	of	
the	smaller	vesicles	appears	to	increase	upon	exposure	to	the	higher	intensity.	
	
Figure	3.6.		Vesicle	initiation	using	a	rapid,	high	dose	(50	mW/cm2	for	4	minutes)	versus	a	
slower	dosing	(20	mW/cm2	for	10	minutes)	when	equal	quantities	of	lipid	precursors	
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([alkyne	lysolipid]=[dodecyl	azide]=2.5	mM)	were	used	resulted	in	the	formation	of	
drastically	different	populations.		Under	the	higher	intensity	exposure,	vesicles	have	
smaller	cross-sectional	areas	with	greater	overall	numbers	while	the	slower	dose	results	in	
larger	vesicles	that	are	fewer	in	number.			
	
Figure	S3.1.		Mixtures	containing	alkyne	functionalized	lysolipid	(2.5	mM),	dodecyl	azide	
(2.5	mM),	and	CAP	(1	wt%),	showed	no	formation	of	triazole	phospholipid	when	left	in	the	
dark	(left)	and	the	same	formulation	for	which	CAP	was	removed	and	a	20mW/cm2,	400-
500nm	light	exposure	was	applied	for	60	minutes	(right)	also	saw	no	formation	of	triazole	
phospholipid.	
	
Figure	S3.2.		Samples	containing	alkyne	functionalized	lysolipid	(2.5	mM),	dodecyl	azide	
(2.5	mM),	CAP	(1	wt%),	and	sulforhodamine	(100uM)	were	either	exposed	to	20mW/cm2	
400-500nm	light	for	30	minutes	or	were	left	in	the	dark.		After	4	hours	of	development,	
both	were	diluted	1:10	on	slides	and	imaged	using	fluorescent	microcopy.	Those	exposed	
to	light	produced	vesicles	(left)	while	samples	kept	in	the	dark	did	not	(right).	
	
Figure	S3.3.		Cryo-TEM	images	of	a	standard	formulation	([alkyne]=[azide]=2.5	mM	and	
[CAP]=	1	wt%)	exposed	to	20mW/cm2	400-500nm	light	for	30	minutes.		Scale	bar	denotes	
200nm.	
	
Figure	S3.4.		Vials	containing	alkyne	functionalized	lysolipid	(2.5	mM),	dodecyl	azide	(2.5	
mM),	and	CAP	(1	wt%)	were	exposed	to	20mW/cm2	400-500nm	light	for	10	minutes.		
Formation	of	triazole	phospholipid	progressed	over	the	first	2	hours	following	exposure,	
resulting	in	incomplete	consumption	of	the	alkyne	lysolipid.	
	
Figure	S3.5.		Hypophosphonate	salts	(left)	produced	from	CAP	photoinitiator	(right)	upon	
exposure	to	400-500nm	light.		
	
Scheme	4.1.		A	lysolipid	bearing	a	free	thiol	functionality	(1)	readily	and	rapidly	undergoes	
thiol-Michael	addition	with	an	acrylate	functionalized	tail	(2)	in	the	presence	of	a	water-
soluble,	nucleophile	catalyst,	2-methylimidazole,	to	produce	a	thioether-containing	
phospholipid	product	(3).		The	precursors	in	this	process	assemble	into	micelles	and	
stabilized	oil	droplets	and	transition	to	bilayer	structures	and	liposomes	in	situ	upon	
addition	of	the	second	aliphatic	tail	and	the	subsequent	Michael	addition	reaction.	
	
Figure	4.1.		LC-MS	coupled	with	an	Evaporative	Light	Scattering	Detector	(ELSD)	
monitoring	the	progression	of	the	thiol-Michael	addition	reaction.		Reaction	solutions	of	
5mM	thiol	lysolipid	(SHPC)	[1],	5mM	aliphatic	acrylate	tail	[2],	and	2.5mM	2-
methylimidazole	catalyst	were	mixed	and	sampled	at	various	time	points	to	determine	
conversion	(A).		SHPC	peak	area,	normalized	to	0	hours,	and	product	peak	area,	normalized	
to	48	hours,	demonstrate	almost	90%	conversion	over	the	course	of	48	hours	(B).	When	
catalyst	is	absent,	the	reaction	occurs	to	approximately	50%	conversion	over	the	course	of	
48	hours	(C,D).	
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Figure	4.2.	Microscopy	images	of	liposomes	assembled	from	thioether-containing	
phospholipid	products	[3].		5mM	reduced	SHPC	and	aliphatic	AT	were	reacted	in	the	
presence	of	2.5mM	2-methylimidazole.		For	fluorescence	microscopy	imaging,	2uM	
rhodamine-DHPE	was	included	in	the	reaction	mixture.		After	48	hours	of	reaction,	
fluorescence	microscopy	demonstrated	liposome	formation	(left)	with	most	liposomes	
assembled	in	a	unilamellar	fashion	as	demonstrated	using	cryo-TEM	(right).	
	
Scheme	4.2.		A	schematic	illustrating	the	formation	of	a	designer	lipid	bearing	a	terminal	
alkyne	using	the	thiol-Michael	formation	method.		A	new	terminal	alkyne	functionalized	AT	
[4]	couples	to	SHPC	[1]	in	the	presence	of	2-methylimidazole	resulting	in	liposomes	with	
terminal	alkynes	buried	in	their	hydrophobic	core.		These	liposomes	themselves	enable	
subsequent	modification	of	the	membrane	characteristics	or	behavior	and	as	a	whole	
demonstrate	the	ability	to	incorporate	a	wide	array	of	new	functionalities	using	this	
formation	chemistry.		As	one	example	of	characteristics	enabled	with	this	formulation,	
homopolymerization	could	be	used	to	temporarily	enhance	permeability	upon	the	
generation	of	radicals.	
	
Figure	4.3.	Designer	lipid	with	terminal	alkyne	functionality	synthesized	using	thiol-
Michael	addition.		LC-MS	with	ELSD	tracks	the	formation	reaction	with	SHPC	peak	values	
normalized	to	the	peak	area	at	0	hours	while	product	peak	values	were	normalized	to	the	
peak	area	at	48	hours.		SHPC	[1]	and	an	alkyne-terminated	acrylate	tail	[4]	were	reacted	in	
the	presence	of	2.5mM	2-methylimidazole	and	5mM	LAP	photoinitiator	resulting	in	nearly	
90%	conversion	to	phospholipid	[5]	over	the	course	of	48	hours.	Subsequently,	alkyne-
functionalized	phospholipids	were	irradiated	with	10mW/cm2	400-500nm	light	for	10	
minutes,	resulting	in	complete	consumption	of	the	phospholipid	as	the	alkyne	polymerizes	
(A).		Fluorescence	microscopy	verified	the	assembly	of	functionalized	lipids	into	giant	
liposomes	(B).		
	
Scheme	5.1.		A	schematic	illustrating	the	formation	of	synthetic	phospholipids	using	the	
thiol-thioester	exchange	reaction.		Thiol-functionalized	lysolipids	[1]	undergo	reversible	
exchange	with	either	C7	[2]	or	C11	[3]	phenyl	thioesters	in	the	presence	of	a	basic	catalyst,	
triethylamine	(TEA),	to	generate	phospholipid	products	[4	and	5].		These	lipid	products	are	
then	capable	of	assembling	into	bilayers	to	form	liposomes.	
	
Figure	5.1.		LC-MS-ELSD	chromatography	monitoring	reactions	containing	5mM	reduced	
thiol	lysolipid	(SHPC)	[1],	10mM	TEA	and	5mM	thioester	tail	[2	or	3]	(A,	C).	C7	thioester	
tails	and	SHPC,	normalized	to	0	hours,	undergo	approximately	90%	conversion	to	
phospholipid	4,	normalized	to	48	hours,	over	the	course	of	48	hours	(B)	and	C11	thioester	
tails	with	SHPC,	normalized	to	0	hours,	undergo	nearly	complete	exchange	over	12	hours	to	
produce	phospholipid	5,	normalized	to	24	hours	(D).	
	
Figure	5.2.		Fluorescence	microscopy	and	cryo-TEM	images	of	phospholipid	assemblies.		
C7	thioester	tails	(5mM)	undergo	exchange	with	reduced	SHPC	(5mM)	in	the	presence	of	
10mM	TEA	over	48	hours	to	produce	predominantly	unilamellar	liposomes,	as	evidenced	
by	fluorescence	microscopy	(A)	and	cryo-TEM	(B).		When	reacted	at	30oC	for	24	hours,	C11	
thioester	tails	(5mM)	undergo	exchange	with	reduced	SHPC	(5mM)	in	the	presence	of	
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10mM	TEA	to	produce	liposomes,	visualized	using	fluorescence	microscopy	(C)	but	at	
room	temperature	assemble	into	tubular	micelles,	visualized	using	cryo-TEM	(D).			
	
Figure	5.3.		Photobleaching	assays	of	phospholipid	4	and	phospholipid	5	liposomes.		Both	
systems	enable	bleaching	of	internal	HPTS	upon	irradiation.	Mean	internal	fluorescence	
normalized	to	initial	fluorescence	values	shows	restoration	of	fluorescence	over	20	
seconds	for	phospholipid	5	systems	and	no	restoration	of	fluorescence	for	phospholipid	4	
systems.	
	
Figure	5.4.		Phospholipid	5	undergoes	exchange	with	C7	phenyl	thioester	tails.		Following	
formation	of	phospholipid	5	over	the	course	of	24	hours,	equimolar	C7	thioester	tails	[3]	
were	added.	Exchange	of	the	two	tails	progressed	over	the	course	of	96	hours	to	convert	
over	30%	of	phospholipid	5,	normalized	to	0	hours,	to	phospholipid	4,	normalized	to	96	
hours	(A).			Fluorescence	microscopy	verified	persistence	of	liposomes	following	addition	
of	C7	phenyl	thioester	tails	after	48	hours	of	continued	development	at	30oC	(B).		
	
Figure	S5.1.		LC-MS-ELSD	chromatography	monitoring	control	reactions	containing	5mM	
reduced	thiol	lysolipid	(SHPC)	[1]	and	5mM	thioester	tail	[2	or	3]	but	no	catalyst.		No	
formation	of	thioester-containing	phospholipid	product	is	apparent	48	hours	after	mixing	
SHPC	[1]	with	C7	phenyl	thioester	tail	[2]	(A)	or	12	hours	after	mixing	SHPC	[1]	with	C11	
phenyl	thioester	tail	[3]	(B).	
	
Figure	6.1.		Liposome	formulations	consisted	of	a	mixture	of	DOPC,	NBPC,	and	cholesterol	
at	a	molar	ratio	of	2:2:1,	respectively.		NBPC	undergoes	photo-induced	cleavage	upon	
irradiation	to	produce	lysolipids,	carbon	dioxide,	and	aliphatic	tails.		DOPC	ensures	fluidity	
of	the	membrane	at	room	temperature	and	cholesterol	increases	stability.	
	
Figure	6.2.		Liposomes	formed	using	a	precipitation	method	to	produce	asymmetric	
assembly	of	lipids	between	the	inner	and	outer	leaflet	was	used	here	to	probe	the	leaflet	
selectivity	of	NBPC.		Liposomes	were	formed	with	NBPC	exclusively	in	the	outer	(B)	or	
inner	leaflet	mixture	(A),	resulting	in	pronounced	differences	in	the	quantity	of	liposomes	
generated.		Liposomes	are	indicated	by	a	fluorescent	interior	marked	by	AlexaFluor	647	
and	membrane	fluorescence	assessed	by	rhodamine-DHPE.		
	
Figure	6.3.		Fluorescence	microscopy	images	during	irradiation	of	elongated	liposomes	
demonstrate	photo-induced	pinocytosis.	Liposomes	were	formed	via	lipid	film	hydration	
composed	of	2:2:1	NBPC:DOPC:cholesterol	with	rhodamine-DHPE.		Internal	compartments	
encapsulate	500uM	fluorescein	in	an	external	solution	of	100uM	sulforhodamine	B	and	
350mM	glucose.		Irradiation	with	365nm	10mW/cm2	light	results	in	photo-cleavage	of	
NBPC	in	the	membrane	and	a	shape	change	transition	from	lobed	structures	and	tubules	to	
oblate	ellipsoids	and	closed	stomatocytes.	Each	strip	contains	representative	images	of	
time	points	progressing	left	to	right	illustrating	shape	change	steps	of	each	vesicle.		Strip	
length	does	not	correlate	to	irradiation	time.	
	
Figure	6.4.		Microfluidic	wells	contain	liposomes	composed	of	2:2:1:0.02	
NBPC:DOPC:cholesterol:rhodamine-DHPE	encapsulating	1mM	AlexaFluor647	and	200mM	
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sucrose.		External	solvent	(200mM	glucose)	is	exchanged	with	300mM	glucose	to	apply	
osmotic	pressure	to	deform	the	liposomes.		Following	deformation,	irradiation	with	405nm	
light	results	in	pinocytosis	in	an	average	of	44%	of	the	imaged	liposomes	as	observed	here	
where	the	post-exposure	vesicles	are	shown	to	contain	internalized	structures.	
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Chapter	1	

Introduction	

	

Section	1.1.	Liposome	structure	and	early	characterization	

	 Liposomes,	 often	 referred	 to	 as	 spherulites	 in	 the	 early	 days	 of	 their	

characterization,	 are	 self-assembled	 lipid	bilayers	 that	 encapsulate	 an	 aqueous	 core	kept	

separate	 from	 the	 external	 media.	 	 Bilayer	 lipid	 structures	 composed	 of	 lecithin	 and	

cholesterol	 were	 first	 visualized	 using	 negative-staining	 for	 electron	 microscopy	 by	

Bangham	and	Horne	in	the	early	1960s1,	and	this	enclosed	lipid	bilayer	system	served	as	a	

competitive	 cell	 membrane	 model	 to	 the	 “black	 lipid	 membrane”	 (BLM)2.	 	 Since	 that	

discovery	 at	 the	 Babraham	 Institute,	 liposomes	 have	 been	 applied	 as	 models	 to	 study	

anesthetics,	cell	dynamics,	and	even	lung	surfactants3	while	also	being	used	and	studied	for	

a	wide	 range	 of	 other	 purposes,	 both	 fundamental	 and	 practical.	 	 Specifically,	 liposomes	

were	 rapidly	 applied	 as	 simplified	 systems	 to	 study	 membrane	 proteins4,5,	 bilayer	

properties6–12,	 mitochondrial	 behavior13,	 and	 the	 interaction	 of	 membranes	 with	

peptides14,	 proteins15–21	 and	 drugs22–24,	 all	 just	 within	 that	 initial	 decade	 following	 their	

discovery.		

In	the	time	since	their	initial	development,	 liposomes	have	become	such	a	beloved	

and	 integral	 part	 of	 research	 that	 upon	 retirement,	 Bangham	 wrote	 to	 fellow	 scientists	

requesting	thoughts,	poems,	etc.	and	published	the	results	as	the	Liposome	Letters3,25.		One	

such	 poem,	written	 by	 the	 first	 principal	 investigator	 to	 publish	 upon	 the	 application	 of	

liposomes	to	drug	delivery26,	is	presented	here:	
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Little	fatty	vesicles	of	bilayer	fame	
Protean	and	elusive,	fragile	all	the	same,	

Aloof	and	enigmatic	beneath	your	many	skins,	
Unyielding	to	the	vigour	of	thousands	of	spins,	

Descended	from	the	pastures	of	Babraham	we	are	told,	
You	never	case	to	wrinkle,	expand	and	then	to	fold	
Embracing	sodium	ions	and	such	electrolytes.	
Twinkling	guide	stars	to	throngs	of	accolytes	
Desirous	of	your	membranous	semi-barriers.	
Precursors	of	bion,	potential	drug	carriers.	

Gregory	Gregoriadis	in	Liposome	Letters	
	

	

Section	1.2.	Commercial	and	Research	Applications	of	Liposomes	

	 The	unique	amphiphillic	bilayer	of	liposome	structure	enables	the	encapsulation	of	

hydrophilic	compounds	within	internal	compartments	and	hydrophobic	compounds	within	

the	core	of	the	self-assembled	bilayer.		Encapsulation	in	this	manner	provides	benefits	such	

as	 sustained	 release,	 protection	 from	 degradation,	 or	 reduced	 off-target	 toxicity.	 	 These	

attributes	have	found	particular	utility	in	the	fields	of	drug	and	cosmetics	delivery.		To	date,	

at	least	eight	formulations	of	drug-loaded	liposomes	have	been	approved	by	the	FDA27	and	

progress	in	the	field	has	prompted	a	multitude	of	reviews27–43.		Meanwhile,	the	presence	of	

lipids	 in	 cosmetic	 formulations	 is	 great	 enough	 to	 compel	 a	 conference,	 the	 “Lipids	 &	

Cosmetics”	conference	held	in	2018	in	Bordeaux44.	

	 While	 the	 native	 structure	 of	 liposomes	 enables	 drug	 encapsulation	 for	 delivery,	

research	 into	 increasing	 efficiency	 of	 liposome	 systems	 for	 drug	 delivery	 has	 introduced	

targeting	behavior,	 increased	stealth	and	stimuli-responsive	 release.	Although	drugs	may	

benefit	from	the	protection	provided	by	the	liposome	shell,	this	approach	can	also	result	in	

slow	delivery,	which	has	 the	potential	 for	decreasing	 the	 therapeutic	 effect.	 	 To	 improve	

delivery	 rates,	 acidic	 conditions	 present	 in	 tumors	 have	 been	 utilized	 to	 facilitate	 site-
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specific	uptake	of	 liposomes45	while	 rapid	delivery	of	 liposomal	 contents	 is	 also	possible	

upon	 application	 of	 an	 external	 stimulus	 to	 induce	 permeability	 of	 the	 liposome	barrier.		

Permeability	 has	 been	 induced	 using	 ultrasound	 in	 liposomes	 containing	 air46,47,	 near-IR	

with	 photosensitizers48,49	 or	 porphyrin-functionalized	 lipids50,51,	 	 UV-induced	 lipid	

cleavage52,	 photo-induced	 lipid	 isomerization	 using	 azobenzene53	 and	 spiropyran54,	 and	

photo-induced	 polymerization	 using	 double55	 or	 triple	 bonds56	 embedded	 in	 the	

hydrophobic	chains	and	many	others.		Additionally,	liposomes	suffer	from	rapid	clearance	

as	a	result	of	circulation,	so	hydrophilic	polymers	such	as	PEG	have	been	used	to	decorate	

the	 outside	 of	 the	 liposomal	 bilayer	 to	 improve	 the	 	 “invisibility”	 of	 the	 liposome	 to	 the	

immune	and	other	body	systems.		Finally,	targeting	of	liposome	carriers	to	disease	sites	has	

been	oft	explored	although	the	benefits	of	this	approach	still	remain	under	debate32.	

	 Beyond	 commercial	 applications,	 liposomes	have	 also	been	applied	 in	 research	 as	

microreactors	to	spatially	segregate	reactions57,	to	monitor	conversion	upon	mixing	of	two	

small	volumes58,	and	for	sensing	applications59.		Membrane	dynamics	that	are	designed	to	

mimic	cell	processes	have	been	studied	using	liposomes	as	a	much	simpler	environment	as	

compared	to	that	 found	in	the	crowded	cell,	enabling	deconvolution	of	the	importance	or	

activity	of	various	components.		In	addition,	liposomes	have	been	utilized	to	study	sunlight	

fueled	development	of	proton	gradients60,	membrane	remodeling61,	organelle	generation62,	

morphological	changes63–69,	and	much	more.	

	

Section	1.3.	Artificial	and	Proto-cell	Studies	

	 Perhaps	 most	 importantly,	 insofar	 as	 this	 thesis	 is	 concerned,	 liposomes	 have	

become	a	popular	model	for	cell	membranes	as	used	for	origin-of-life	studies	and	bottom-
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up	 artificial	 cells,	 and	 for	 their	 use	 in	 protocells.	 	 Origin-of-life	 studies	 focus	 upon	

compounds	that	may	have	been	available	 to	generate	early	compartments70	or	simplified	

systems	 to	 deduce	 how	 complexity	might	 have	 evolved71–73.	 	 In	 contrast,	 protocells	 add	

components	one	at	a	time	to	result	in	compartments	capable	of	synthesizing	molecules	or	

proteins	 of	 interest	 without	 restrictions	 on	 the	 complexity	 of	 the	 components	 added74.		

Similarly,	bottom-up	artificial	cells	build	complexity	 into	systems	until	a	status	of	“living”	

can	be	applied.	 	While	definitions	of	 “living”	vary,	common	themes	are	 the	self-contained	

expression	 of	 a	 genetic	 code	 and	 the	 ability	 to	 replicate	 and	 evolve75–80.	 	 To	 this	 end,	

significant	 work	 has	 been	 reported	 on	 the	 necessary	 components	 for	 protocells	 and	

bottom-up	artificial	cells.	 	For	protein	expression,	cell-free	expression	systems	have	been	

reported81	 and	 used	 in	 liposome	 systems82–86.	 	 This	 encapsulation	 of	 protein	machinery	

protects	the	proteins	from	degradation;	however,	the	bilayer	liposomal	boundary	can	also	

hamper	 expression	 if	 reactants	 cannot	 readily	 cross	 into	 the	 compartment.	 	 To	 increase	

reactant	 access,	 methods	 such	 as	 protein	 channels	 and	 translocation	 machinery83,87–98,	

microinjection99,100,	 and	 increased	 membrane	 permeability	 using	 surfactants101,102	 have	

been	 reported.	 	 Additionally,	 these	 systems	 have	 been	 taken	 a	 step	 further	 to	 produce	

liposomes	 with	 internal	 compartments	 that	 recreate	 organelles	 with	 confined	

reactions58,103.	 	 Finally,	 evolution	 of	 synthetic	 systems	 requires	 the	 division	 of	 individual	

compartments	 to	 create	new	progeny,	 and	 so	growth-dependent	division	behaviors	have	

been	explored104–107.	

	

Section	1.4.	Assembly	of	Liposomes	
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	 Early	studies	on	the	structure	of	 liposomes	at	the	Babraham	Institute	involved	the	

shaking	 of	 lipids	 in	 water	 to	 produce	 a	 liposome	 dispersion3.	 	 The	 ease	 of	 liposome	

assembly	 demonstrated	 by	 this	 simple	 approach	 represented	 the	 utility	 liposomes	 could	

provide	to	a	host	of	applications.		It	can	therefore	be	of	no	great	surprise	that	in	the	years	

since	 their	 identification	a	host	of	new	 formation	methods	have	been	developed	 to	more	

tightly	control	the	desired	properties	achieved	by	the	assembly.		The	simplest	and	earliest	

method,	developed	in	the	years	following	the	original	liposome	characterization,	is	the	lipid	

film	 hydration	method108,109.	 	 This	method	 involves	 the	 gentle	 hydration	 of	 a	 dried	 lipid	

film	in	the	aqueous	media	of	choice.	 	Formation	using	this	method	is	dependent	upon	the	

diffusion	of	solvent	and	compounds	across	the	bilayer	to	produce	an	internal	compartment.		

For	 this	 reason,	 the	 ability	 to	 encapsulate	 hydrophilic	 compounds	 of	 interest	 (i.e.	 the	

encapsulation	efficiency)	 is	 low	and	the	resulting	structures	are	often	heterogeneous	and	

multilamellar.		Regardless,	the	sheer	simplicity	drives	its	continued	use.	

	 Following	 the	 lipid	 film	 hydration	 method	 came	 the	 electroformation	 method110.		

Here,	 lipid	 films	 were	 subjected	 to	 an	 oscillating	 electric	 current	 to	 generate	 more	

unilamellar	 structures.	 	 However,	 this	 approach	 also	 suffers	 from	 low	 encapsulation	

efficiency.	 	 In	 contrast,	 to	 produce	 liposomes	 encapsulating	 higher	 concentrations	 of	 the	

desired	compounds,	two	methods	are	of	note.		The	pull-down	technique	utilizes	centrifugal	

force	to	pull	water-in-oil	droplets	 loaded	with	molecules	of	 interest	through	an	oil/water	

interface111–113.		Liposomes	produced	in	this	manner	have	higher	encapsulation	efficiencies	

and	are	predominantly	unilamellar	but	with	limited	control	over	size.	 	On	the	other	hand,	

double	 emulsion	 microfluidic	 devices	 have	 precise	 control	 over	 internal	 and	 external	

aqueous	solutions	to	establish	high	encapsulation	efficiencies	as	well	as	utilizing	fine-tuned	
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control	 over	 flow	 rates	 to	 generate	 uniform	 liposome	 populations77,114–117.	 	 A	 significant	

drawback	 to	 microfluidic	 formation,	 however,	 is	 the	 substantial	 amount	 of	 technical	

experience	required	to	master	this	technique.			

Finally,	the	most	recent	formation	technique	is	the	direct	in	situ	coupling	of	aliphatic	

tails	 to	 lysolipids	 (phospholipid-based	molecules	with	 the	 zwitterionic	 headgroup	 and	 a	

single	aliphatic	tail	built	off	of	a	glycerol	backbone).		Upon	coupling,	assemblies	of	micelles	

and	 stabilized	 oil	 droplets	 transition	 to	 liposomes118.	 	 Original	 work	 on	 this	 formation	

chemistry	 revolved	 around	 the	 use	 of	 the	 copper-catalyzed	 azide-alkyne	 cycloaddition	

reaction	 (CuAAC)	 which	 couples	 an	 azide	 precursor	 to	 an	 alkyne	 in	 the	 presence	 of	 a	

reduced,	Cu(I)	catalyst	to	produce	a	triazole	product.		Early	work	on	this	assembly	process	

utilized	 a	 reducing	 agent,	 sodium	 ascorbate,	 but	 copper	 could	 also	 be	 reduced	 using	 a	

radical-generating	 photo-initiation	 system119,120	 or	 the	 catalyst	 could	 be	 done	 away	with	

entirely	 if	 a	 strained	cyclo-octyne	precursor	was	developed,	a	 common	 technique	 for	 the	

bio-orthogonal	labeling	of	substrates	in	vitro121.	

The	 CuAAC	 reaction	 is	 broadly	 classified	 as	 a	 “click”	 reaction,	 a	 classification	 of	

reactions	 which	 could	 be	 further	 explored	 for	 alternative	 lipid	 coupling	 reactions.		

Originally	 designated	 by	 Sharpless	 et	 al.	 in	 2001122,	 the	 term	 “click”	 refers	 to	 reactions	

which	 hold	 the	 properties	 of	 being	 orthogonal,	 fast,	 high	 yielding,	 stereospecific,	 and	

amenable	 to	 ambient	 conditions,	 among	 others.	 	 These	 characteristics	 make	 “click”	

reactions	 an	 excellent	 starting	 point	 from	which	 to	 explore	 the	 production	 of	 liposomes	

which	require	 the	presence	of	water,	are	dilute	systems,	and	are	generally	developed	 for	

conditions	at	or	near	 those	of	physiological	 relevance.	 	Two	other	reactions	 to	which	 the	

“click”	designation	is	generally	applied	are	the	radical-mediated	thiol-ene	reaction	and	the	
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thiol-Michael	addition.		Thiol-ene	reactions	involve	the	addition	of	a	thiol	to	a	double	bond	

mediated	 by	 a	 thiyl	 radical	 intermediate123,124.	 	 The	 thiol-Michael	 reaction	 similarly	

involves	thiols,	but	the	reaction	is	catalyzed	by	a	thiolate	anion	intermediate	adding	to	an	

electron	deficient	double	bond	to	produce	a	thioether	product	in	the	presence	of	a	base	or	

nucleophile	catalyst125.		

	

Section	1.5.	Overview	of	the	Present	Work	

	 In	the	present	thesis,	I	have	striven	to	build-upon	the	current	field	of	designer	lipid	

(lipid-based	 compounds	 with	 novel	 functionalities	 integrated	 into	 their	 structure	 for	

enhanced	functionality)	synthesis.		To	achieve	this	aim,	I	have	developed	new	chemistries	

for	the	 in	situ	 liposome	formation	system.	 	Additionally,	 I	have	used	the	 in	situ	method	to	

make	designer	lipids	with	numerous	functionalities	of	interest.		In	situ	liposome	formation	

has	the	capacity	to	simplify	designer	lipid	synthesis	by	utilizing	the	second	aliphatic	tail	as	

a	 carrier	 system	 for	 moieties	 not	 found	 in	 natural	 lipids	 but	 which	 might	 increase	 the	

functionality	 of	 the	 liposome	 or	 otherwise	 alter	 its	 behavior	 and	 responsiveness	 in	 a	

desirable	manner.		A	large	benefit	found	in	the	field	of	“click”	reactions	is	the	specificity	of	

the	 reactive	 groups,	making	 them	orthogonal	 to	many	 reactions	 and	 frequently	 amongst	

themselves.	 	 For	 this	 reason,	 I	 worked	 first	 with	 thiol-Michael	 addition	 to	 enable	 lipid	

formation	 using	 base	 or	 nucleophile	 catalyst	 systems,	 and	 to	 establish	 orthogonality	 to	

functional	 groups	 such	 as	 terminal	 alkynes	 for	downstream	modification.	 	Additionally,	 I	

implemented	 the	 thiol-thioester	 exchange	 reaction	 for	 membrane	 formation	 to	 enable	

exchange	 of	 one	 added	 aliphatic	 tail	 for	 another.	 	 From	 this	 toolbox	 of	 in	 situ	 formation	

chemistries	I	looked	to	incorporate	synthetic	functionalities	into	the	membrane	to	modify	
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characteristics	 or	behaviors	 of	 the	 liposome.	 	 Two	examples	 of	 such	 functionalities	were	

the	 incorporation	 of	 moieties	 capable	 of	 homopolymerization	 and	 photo-cleavable	

structures.		Utilizing	the	thiol-Michael	reaction	a	tail	terminated	in	an	alkyne	was	coupled	

into	 the	 membrane.	 	 This	 functionality	 could	 photopolymerize	 upon	 irradiation	 to	

temporarily	 increase	 membrane	 permeability	 and	 deliver	 encapsulated	 compounds	 or	

could	be	used	for	future	modification	reactions	such	as	thiol-yne	or	CuAAC.		Photo-induced	

pinocytosis,	 enabled	 by	 a	 photo-cleavable	 o-nitrobenzyl	 moiety	 coupled	 into	 the	 lipid	

membrane	 mediated	 by	 the	 CuAAC	 reaction,	 laid	 groundwork	 for	 future	 artificial	 cell	

feeding	applications.		Upon	irradiation,	these	lipids	release	the	second	aliphatic	tail,	driving	

engulfment	of	 external	 fluid	 in	 liposomes	bearing	 reduced	volume-to-surface	 area	 ratios.		

This	 behavior	 would	 enable	 spatiotemporal	 control	 over	 artificial	 cell	 feeding	 when	

incorporation	 of	 resources	 is	 necessary	 while	 not	 losing	 previously	 encapsulated	

compounds.		While	powerful,	these	incorporated	functionalities	demonstrate	only	a	subset	

of	what	is	possible	with	this	in	situ	formation	reaction.		
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Chapter	2	

Objectives	

	 Liposome	 development	 for	 applications	 from	 molecular	 delivery	 to	 fundamental	

membrane	studies	requires	the	manipulation	of	components	such	as	the	bilayer	formation	

technique	to	the	structure	of	the	lipids	themselves.	 	These	manipulations	strive	to	control	

the	properties	and	characteristics	of	 the	membrane	as	 its	structure	dictates	 the	ability	 to	

load	 the	material(s)	of	 interest	 and	 the	downstream	 fate	of	 those	 loaded	molecules.	 	 For	

this	 reason	 a	 new	 technique	 to	 manipulate	 the	 system	 of	 self-assembly	 using	 covalent	

attachment	 of	 an	 aliphatic	 tail	 to	 a	 lysolipid	 structure	 has	 been	 developed.	 	 Using	 this	

technique	 as	 a	 launching	 point,	 the	 objectives	 of	 this	 thesis	 aimed	 to	 expand	 the	

chemistries	available	to	drive	liposome	formation	and	apply	those	systems	to	incorporate	

functionalities	into	the	lipid	molecules	to	alter	behavior	and	induce	characteristic	changes	

in	the	bilayer	membrane	as	a	model	for	cell	membrane	recreation.	

	 To	 advance	 the	 former	 area,	 phospholipid	 coupling	 reactions	 were	 designed,	

developed,	 and	 characterized.	 	 First,	 the	 CuAAC	 coupling	 reaction	 developed	 by	

collaborators	at	UCSD	was	expanded	upon	 to	 incorporate	 spatiotemporal	 control	using	a	

photoinitiation	 system	 to	 reduce	 the	 copper	 catalyst	 that	 leads	 to	 the	 phospholipid	

formation.	 	 Second,	 the	 toolbox	 of	 chemistries	 for	 coupling	 of	 a	 lysolipid	 to	 a	 second	

aliphatic	 tail	 was	 expanded	 by	 introduction	 of	 a	 thiol-Michael	 coupling	 pair.	 	 Lastly,	 a	

reversible	 chemistry,	 the	 thiol-thioester	 exchange	 reaction,	 was	 developed	 for	

phospholipid	formation.	

	 To	 manipulate	 behaviors	 of	 the	 liposome	 or	 to	 modulate	 characteristics	 of	 the	

membrane,	 various	 coupling	 reactions	 were	 applied	 to	 the	 formation	 of	 phospholipids	
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bearing	 functionalities	 of	 interest.	 	 Using	 the	 thiol-Michael	 reaction	 for	 phospholipid	

formation	 enabled	 the	 formation	 of	 a	 lipid	 bilayer	 that	 was	 capable	 of	 subsequent	

photoinduced	 homopolymerization.	 	 	 Next,	 the	 thioester	 exchange	 reaction	 was	 used	 to	

enable	 remodeling	 of	 the	 bilayer	 through	 the	 exchange	 of	 one	 aliphatic	 tail	 for	 another.		

Finally,	photo-cleavable	lipids	were	synthesized	using	the	CuAAC	coupling	reaction,	which	

when	 applied	 in	 a	 mixed	 lipid	 system,	 enabled	 engulfment	 of	 external	 fluid	 during	

irradiation,	i.e.,	pinocytosis.	

	

Specific	 Aim	 1:	 	 Enable	 spatiotemporal	 control	 and	 enhance	 the	 control	 over	

liposome	characteristics	and	structure	by	developing	a	photo-initiated	CuAAC	in	situ	

formation	reaction.	

For	 this	 aim,	 a	 radical	 generating	 photoinitiator	 bound	 to	 a	 copper	 complex	 was	

incorporated	 into	 the	 Copper-catalyzed	 Azide-Alkyne	 Cycloaddition	 (CuAAC)	 reaction-

based	 phospholipid	 formation	 system.	 	 This	 photoinitiator	 generates	 radicals	 upon	

irradiation	with	visible	light	that	subsequently	reduce	copper	(II)	to	copper	(I)	to	catalyze	

the	 CuAAC	 reaction	 and	 ultimately	 lead	 to	 phospholipid	 formation.	 	 Following	

characterization	of	 the	photoinitiation	of	 the	 lipid	 coupling	 reaction,	 the	 effect	 of	 control	

over	 photon	 dose	 was	 analyzed.	 	 Spatiotemporal	 control	 over	 irradiation	 and	 the	

modulation	of	intensity	of	light	applied	was	utilized	to	enhance	control	over	liposome	size,	

density	and	location.			

	

Specific	Aim	2:		Expand	the	toolbox	of	in	situ	formation	reactions	by	developing	thiol-

Michael	mediated	lipid	formation.	
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	 To	realize	 the	second	specific	aim,	a	 thiol-functionalized	 lysolipid	and	an	acrylate-

functionalized	 tail	 were	 designed	 and	 synthesized	 for	 the	 implementation	 of	 the	 thiol-

Michael	reaction	as	a	lipid	coupling	reaction.		Catalyst	systems	were	tested	for	their	ability	

to	 catalyze	 the	 reaction	 without	 enhancing	 the	 rate	 of	 hydrolytic	 breakdown	 of	 lipid	

structures	and	 the	phospholipid	and	subsequent	 liposome	 formation	were	 characterized.		

To	 demonstrate	 the	 added	 utility	 of	 this	 new	 coupling	 reaction,	 a	 terminal	 alkyne	

functionality	was	 incorporated	 into	 the	 final	 lipid	 structure	using	 a	 synthesized	 tail	with	

both	 acrylate	 and	 alkyne	 functionalities.	 	 Newly	 functionalized	 lipids	were	 examined	 for	

their	 ability	 to	 form	 liposomes	 and	 to	 homopolymerize	 upon	 introduction	 of	 radical	

species.		

	

Specific	 Aim	 3:	 	 Enable	 lipids	 to	 remodel	 via	 introduction	 of	 a	 reversible	 lipid	

coupling	reaction.	

	 Building	 upon	work	 in	 the	 previous	 aim,	 the	 tested	 thiol	 lysolipid	was	 applied	 to	

facilitate	the	thiol-thioester	exchange	reaction	using	synthesized	phenyl-thioester	tails.		For	

this	 work,	 two	 different	 tails	 were	 analyzed	 for	 their	 ability	 to	 form	 synthetic	

phospholipids	 capable	 of	 assembling	 into	 liposomal	 structures	 upon	mixing	with	 a	 base	

catalyst.		Again,	concentrations	were	surveyed	to	allow	catalysis	without	lipid	degradation.		

Following	 initial	 exchange	 of	 thiol	 lysolipid	 with	 phenyl-thioester	 tails,	 the	 capability	 to	

exchange	one	tail	for	another	was	assessed.	

	

Specific	 Aim	 4:	 	 Replicate	 a	 native	 cell	 behavior,	 pinocytosis,	 using	 photo-induced	

cleavage	of	lipids	in	the	membrane.	
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	 For	 the	 final	 aim,	 the	 CuAAC-based	 formation	 of	 lipids	 was	 utilized	 to	 produce	 a	

synthetic	 lipid	bearing	a	photo-cleavable	moiety.	 	These	synthetic	 lipids	were	mixed	with	

natural	 lipid	 molecules	 to	 form	 liposomes	 using	multiple	 formation	 techniques.	 	 	 These	

systems	were	manipulated	 to	 produce	 extended	 liposome	morphologies,	 operating	 away	

from	the	spherical	volume	to	surface	area	ratio.	 	Using	light	to	alter	the	bilayer	structure,	

the	ability	to	photo-induce	engulfment	of	external	fluid,	i.e.,	pinocytosis,	was	demonstrated	

and	analyzed.				

	

Summary	of	Work	

	 The	work	detailed	in	this	thesis	advances	the	field	of	synthetic	lipid	production	for	

applications	in	a	wide	array	of	fields.		This	work	increases	the	methods	for	lipid	coupling	in	

situ	 thereby	 increasing	 the	 range	 of	 orthogonal	 functionalities	 that	 are	 able	 to	 be	

incorporated	 into	 lipid	 tails	 and	 demonstrates	 several	 of	 those	 characteristics.	 	 For	

increased	 control	 over	 a	 preexisting	 formation	 chemistry,	 Chapter	 3	 incorporates	 a	

photoinitiation	 system	 into	 the	 CuAAC	 induced	 formation	 of	 synthetic	 phospholipids	

thereby	 enhancing	 control	 over	 liposome	 density,	 size,	 and	 location.	 	 Adding	 to	 the	

repertoire	of	 formation	chemistries,	Chapter	4	develops	a	 thiol-Michael	addition	reaction	

for	lipid	synthesis	and	applies	it	to	the	incorporation	of	a	terminal	alkyne	functionality	that	

is	 capable	 of	 subsequent	 downstream	 homopolymerization	 while	 Chapter	 5	 introduces	

reversibility	 into	 the	 lipid	 coupling	 reaction	 via	 a	 thiol-thioester	 mediated	 lysolipid-tail	

coupling.		Finally,	Chapter	6	applies	a	photo-cleavable	lipid	formed	using	the	lipid	coupling	

systems	to	the	inducement	of	a	novel	photo-induced	pinocytosis	behavior.	 	Together,	this	

work	will	 facilitate	 the	creation	of	 future	 synthetic	 liposome	systems	by	speeding	up	 the	
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“build”	 step	 in	 the	 design-build-test	 iteration	 and	 adds	 to	 the	 capabilities	 of	 synthetic	

liposomes	for	future	artificial	cell	or	liposomal	delivery	systems.	
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Chapter	3	

Photoinduced	Vesicle	Formation	via	the	Copper-Catalyzed	Azide-Alkyne	

Cycloaddition	Reaction	

	

Section	3.1.	Introduction	

Vesicles	are	 the	product	of	 the	self-assembly	of	amphiphillic	phospholipid	molecules	 to	

produce	enclosed	bilayer	membranes.		Interest	in	the	use	of	vesicles	in	fields	ranging	from	

drug	delivery37,126	 and	 cosmetics127	 to	 their	 use	 as	 cell	membrane	mimics58,76	 and	 in	 the	

study	and	evaluation	of	membrane	dynamics128	has	increasingly	grown	in	the	years	since	

their	 discovery	 in	 19641.	 	 For	 artificial	 cell	 and	 membrane	 dynamics	 studies,	 giant	

unilamellar	vesicles	(GUVs),	which	are	characterized	as	having	a	diameter	greater	 than	1	

μm,	 are	 of	 particular	 significance	 and	 as	 such,	 have	 solicited	 much	 attention	 toward	

developing	 simple,	 reproducible	 means	 of	 formation129.	 	 Popular	 vesicle	 formation	

methods	 include	 lipid	 film	hydration108,109	and	electroformation110,	which	require	 little	 in	

the	way	of	specialized	equipment	or	expertise	but	suffer	from	restrictions	over	the	charged	

nature	 of	 the	 lipids	used130,131,129.	 	 Ethanol-injection132,133	 and	 the	pull-down,	 or	 inverted	

emulsion111–113,	 technique	 similarly	 require	 minimal	 experience	 but	 may	 suffer	 from	

continued	 presence	 of	 the	 solvation	 medium129,	 and	 the	 use	 of	 microfluidics114,134	 yield	

highly	 regular	 formation	 with	 excellent	 encapsulation	 efficiency	 but	 require	 a	 more	

complicated	set	up	and	technical	know-how129.			

To	remedy	some	of	the	pitfalls	of	the	aforementioned	methods,	recent	studies	have	been	

conducted	 to	 enhance	 the	 control	 over	 vesicle	 formation	 while	 maintaining	 relative	

simplicity	 in	 the	 techniques	 used.	 	 Novel	 approaches	 that	 achieve	 at	 least	 some	 level	 of	
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spatiotemporal	 control	 over	 the	 formation	 involve	 the	use	 of	 focused	 IR	heating135,136	 or	

ultraviolet	 (UV)	exposure137.	 	However,	 these	 techniques	 require	exposure	 to	UV	 light	or	

increased	 temperature	 which	 could	 be	 potentially	 harmful	 to	 encapsulated	 materials,	

depending	on	the	nature	and	purpose	of	the	vesicle.	Another	technique	involving	the	use	of	

ultrasound138	allows	for	the	formation	of	vesicles	with	control	over	their	size	without	UV	

exposure	 or	 heating	 but	 largely	 sacrifices	 the	 spatial	 control	 afforded	 by	 the	 other	

approaches.	 	 One	 paper	 did	 in	 fact	 adapt	 their	 previous	method	 to	 form	 a	 vesicle	 under	

laser	 irradiation	 in	 the	 visible	 range	 but	 it	 required	 the	 incorporation	 of	 a	 bulky,	

photochromic	molecule137.	

Methods	to	allow	for	phospholipid	generation	 in	situ	offer	a	new	perspective	on	vesicle	

formation.	 	 Utilizing	 the	 efficiency	 of	 click	 reactions,	 a	 method	 involving	 the	 Copper-

catalyzed	 Azide-Alkyne	 Cycloaddition	 reaction	 (CuAAC)139	 was	 developed	 to	 induce	 the	

transition	of	micelles	to	vesicles	through	the	covalent	attachment	of	a	second	aliphatic	tail	

to	 a	 chemically	modified	 lysolipid	 in	 the	 presence	 of	 a	 reducing	 agent118.	 	 	 This	method	

enables	the	formation	of	vesicles	in	situ;	however,	it	too	still	lacks	spatiotemporal	control,	

and	little	has	yet	been	demonstrated	in	the	way	of	controlling	the	vesicle	structure	or	size.		

Light-induced	reduction	of	copper	has	been	readily	documented	in	the	 literature	through	

the	 use	 of	 a	 variety	 of	 complexes119,140–142	 and	 we	 have	 demonstrated	 previously	 the	

initiation	 of	 vesicle	 formation	 through	 the	 incorporation	 of	 a	 ruthenium	 tris-bipyridine	

photoinitiation	 system	 into	 the	 aforementioned	 CuAAC-based	 method143.	 	 Here,	 we	

demonstrate	 this	 formation	using	a	more	efficient,	 radical	based	 reduction	of	 the	 copper	

catalyst120,	 resulting	 in	 a	 greater	 ability	 to	 control	 the	 vesicle	 formation	 process	 and	

structure.	The	overall	approach	developed	here	is	illustrated	in	Figure	3.1.	
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Figure	 3.1.	 	 A	 schematic	 illustrating	 the	 use	 of	 a	 radical	 generating	 photo-initiator	 to	
reduce	copper(II)	to	copper(I)	in	the	presence	of	visible	light.		This	now-catalytic	copper	(I)	
goes	 on	 to	 initiate	 the	 CuAAC	 formation	 of	 phospholipids	 resulting	 in	 the	 transition	 of	
micelles	and	stabilized	oil	droplets	into	bilayer	membranes.		These	membranes	then	form	
small,	spherical	vesicles	or	large,	irregular	vesicles	and	tubules	dependent	upon	exposure	
conditions	all	with	the	simultaneous	benefit	of	a	high,	localized	density.			
	

Section	3.2.	Methods	
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General.	 	 1H	nuclear	magnetic	 resonance	 (NMR)	 spectra	 for	 product	 verification	were	

gathered	 on	 a	 Bruker	 Ascend	 400	 spectrometer	 and	 electrospray	 ionization	 mass	

spectrometry	 measurements	 were	 recorded	 by	 a	 Synapt	 G2	 spectrometer.	 	 Preparative	

thin-layer	chromatography	(TLC)	was	carried	out	on	glass-backed	Silicycle	TLC	plates.		The	

alkyne	 functionalized	 lysolipid118	 as	 well	 as	 the	 copper(II)	 acylphosphinate-PMDETA	

(CAP)120	 complex	 can	 be	 and	were	 synthesized	 as	 previously	 reported.	 	 Briefly,	 dodecyl	

azide	was	synthesized	by	adding	12.7	mL	1-bromododecane	in	portions	to	3.46	mg	sodium	

azide	dissolved	in	40mL	DMSO.	 	This	solution	was	stirred	overnight	at	room	temperature	

and	quenched	using	20mL	of	water.	The	crude	product	was	extracted	in	ether,	washed	with	

water	 and	 brine,	 and	 dried	 over	 sodium	 sulfate	 before	 purification	 using	 column	

chromatography.		1HNMR	(400	mHz,	CDCl3):	δ	3.25	(t,	J=	6.8	Hz,	2H),	1.59	(quin,	J=	7.2	Hz,	

2H),	1.22-1.40	 (m,	18H),	0.88	 (t,	 J=	7.0	Hz,	3H).	 	Other	compounds	were	purchased	 from	

standard	sources	and	were	used	as	received.		

	

Preparation	and	Photoinitiation	of	Lipid	Systems.	 	For	initiation	of	vesicle	formation	

in	 solution,	 a	 100	 uL	 emulsion	 of	 dodecyl	 azide	 in	water	 (2.5	mM)	was	 prepared	 in	 the	

presence	of	 alkyne	 lysolipid	 (2.5	mM)	and	CAP	 (1	wt%)	 in	HPLC	vials	 fitted	with	350uL	

Supelco	glass	 inserts.		Photoinitiation	was	performed	using	an	Acticure	4000	lamp	with	a	

400-500	nm	bandgap	filter	to	expose	the	sample	to	various	intensities	and	durations.		The	

resulting	solution	was	left	at	room	temperature	to	allow	complete	assembly	of	vesicles.		

Spatially	 refined	 liposome	 formation	 was	 carried	 out	 using	 a	 similar	 emulsion	

([alkyne]=[azide]=2.5	 mM,	 [rhodamine	 B	 1,2-dihexadecanoyl-sn-glycero-3-

phosphoenthanolamine	(rhodamine	DHPE)]=	2	uM,	and	[CAP]=	1	wt%).		Microscope	slides	
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containing	 the	 emulsion	were	 prepared	 and	 sealed.	 	 Photoirradiation	 of	 finite	 areas	was	

performed	 on	 a	 Nikon	 Ci-L	 upright	 microscope	 equipped	 with	 Mightex	 Polygon	 400	

multiwavelength	dynamic	spatial	 illuminator	and	Mightex	BLS-series	BioLED	 light	source	

control	module.		Irradiated	samples	were	left	overnight	to	develop	completely.	

In	 all	 cases,	 solely	 visible	 light	 induced	 formation	 of	 vesicles	 was	 explored	 using	

wavelengths	no	shorter	than	400nm	so	as	to	exclude	UV	irradiation	from	the	samples.	

	

Microscope	 Imaging.	 	 Fluorescent	 imaging	 was	 performed	 using	 a	 Nikon	 Te-2000	

inverted	 widefield	 microscope	 equipped	 with	 EXFO	 Photonic	 Solutions	 X-Cite	 120	 LED	

lamp	and	Nikon	Digital	Sight	DS-QiMc	CCD	camera	and	a	Nikon	A1R	laser	scanning	confocal	

microscope	controlled	by	Nikon	Elements	software	version	4.20.	 	 In	both	cases,	a	561nm	

laser	was	employed	 to	excite	 the	 fluorescent	dye.	 	 Images	over	 the	exposed	 location	and	

surrounding	area	were	acquired	using	Nikon	Elements	stitching	software.	For	acquisition	

of	 TEM	 images,	 4	 µl	 of	 sample	 solution	was	 transferred	 onto	 a	 lacey	 holey-carbon	 grid,	

blotted	 for	 1-2	 seconds,	 and	 then	plunge-frozen	 using	 an	 FEI-Vitrobot	 Mark	 IV	 at	 room	

temperature.	 	The	resulting	vitrified	sample	was	 imaged	on	an	FEI	Tecnai	F20	FEG-TEM,	

operating	 at	 200kV	 and	 25,000x	magnification,	 using	 a	 Gatan	 US4000	 CCD	 camera.		 The	

electron	dose	per	image	was	limited	to	20	electrons/Å2,	with	a	defocus	of	-2µm,	using	the	

low-dose	mode	of	Serial	EM	acquisition	software.	

	

Vesicle	 Counting	 and	 Sizing.	 	 Images	 acquired	 from	 fluorescence	 microscopy	 were	

imported	 into	 ImageJ.	 	 For	 density	 measurements,	 intensity	 thresholds	 were	 selected	

followed	by	application	of	the	watershedding	algorithm	to	produce	vesicles	with	maximal	
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separation	 and	 minimal	 object	 loss.	 	 The	 resulting	 objects	 were	 counted	 with	 retained	

location	 coordinates.	 	 To	 determine	 vesicle	 sizes	 in	 solution,	 initiation	 of	 formation	was	

conducted	in	HPLC	vials	as	described	above.	 	Undisturbed	samples	were	taken	from	each	

vial	and	diluted	1:300.	 	Vesicles	sizes	were	measured	using	a	Malvern	LM10	Nanoparticle	

Tracking	Analysis	(NTA)	 instrument	equipped	with	a	532nm	laser.	 	For	each	sample,	 five	

30-second	videos	were	acquired	and	analyzed	with	the	Malvern	NTA	software.		To	ensure	

consistency	between	samples,	camera	level	(11)	and	detection	threshold	(3)	were	kept	the	

same.				

	

LC-MS	 of	 Product	 Formation.	 	 	Vesicle	 formation	was	 conducted	 in	HPLC	vials	 fitted	

with	350uL	glass	inserts	as	described	above	with	4uL	samples	taken	over	the	course	of	the	

reaction.		Samples	were	injected	onto	an	analytical	Agilent	LC-MS	with	SedeX	Evaporative	

Light	 Scattering	 Detector	 controlled	 by	 ChemStation	 software	 and	 fitted	 with	 Agilent	

Zorbax	 Eclipse	 Plus	 c8	 column.	 	 A	 binary	 solvent	 system	 of	 0.1%	 formic	 acid	 in	 both	

methanol	and	water	was	used	at	a	flow	rate	of	1mL/minute.		

	

Encapsulation	 Experiments.	 	 Vesicle	 formation	 was	 conducted	 in	 HPLC	 vials	 as	

described	above	 in	 the	presence	of	100uM	sulfo-rhodamine.	 	 Samples	were	allowed	 four	

hours	 to	 develop	 followed	by	 a	 1	 to	 10	dilution	on	microscope	 slides	 and	 imaging	using	

fluorescent	microscopy.	

	

Section	3.3.	Results	and	Discussion	

A	Novel	Method	for	the	Simple,	Photo-Induced	Formation	of	Vesicles	In	Situ	
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	 In	an	effort	to	produce	a	simple	method	for	the	production	of	vesicles	with	limited	

exposure	 to	 potentially	 damaging	 stimuli	 while	maintaining	 spatiotemporal	 control,	 this	

project	 aimed	 to	 incorporate	 photoinitiation	 systems	 into	 the	 previously	 documented118	

CuAAC	 induced	 vesicle	 formation	 process.	 To	 this	 end,	 2.5	 mM	 lysolipid	 precursors	

containing	an	alkyne	functionality	in	place	of	the	hydroxyl	group	were	combined	with	2.5	

mM	 aliphatic	 chains	 functionalized	 at	 one	 end	 with	 an	 azide.	 	 However,	 rather	 than	

producing	the	copper(I)	catalyst	via	incorporation	of	a	reducing	agent	and	a	Cu(II)	source,	

a	 copper-ligand	 complex	 that	 functions	 as	 a	 visible	 light	 sensitive	 photoinitiator,	

copper(II)acylphosphinate-PMDETA	 (CAP),	was	 substituted	 in	 place	 of	 sodium	 ascorbate	

and	Cu(II)	salts	at	a	concentration	of	1wt%.	 	Following	mixing	 in	HPLC	vials,	400-500nm	

light	was	exposed	at	an	intensity	of	20mW/cm2	for	either	30	or	60	minutes.		Samples	were	

taken	 at	 various	 time	 points	 and	 injected	 into	 an	 analytical	 LC-MS	 with	 an	 Evaporative	

Light	 Scattering	 Detector	 (ELSD),	 demonstrating	 nearly	 complete	 conversion	 to	 triazole	

phospholipid	one	hour	after	exposure	(Figure	3.2).		To	ensure	that	this	conversion	was	due	

to	 the	 photoinitiation	 of	 the	 system,	 samples	 were	 produced	 which	 lacked	 the	 CAP	

photoinitiator.	 	 Following	 exposure	 to	 20mW/cm2	light	 for	 60	minutes,	 no	 formation	 of	

triazole	phospholipid	was	evidenced.		Additionally,	formulations	that	contained	all	reaction	

components	but	were	 left	 in	the	dark	saw	no	production	of	 triazole	phospholipid	(Figure	

S3.1).	 	 This	 outcome	 represents	 one	 of	 the	 first	 cases	 of	 photoinitiated	 formation	 of	

phospholipids	in	situ,	widening	the	possible	approaches	available	for	vesicle	formation.			
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Figure	 3.2.	 	 Upon	 exposure	 to	 20mW/cm2	400-500	 nm	 light	 for	 either	 30	 (left)	 or	 60	
(right)	 minutes,	 a	 sample	 containing	 alkyne	 functionalized	 lysolipid	 (2.5	 mM),	 dodecyl	
azide	 (2.5	 mM),	 and	 CAP,	 a	 copper-ligand	 complex	 that	 functions	 as	 a	 visible	 light	
photoinitiator	 (1	wt%),	 showed	nearly	 complete	 consumption	of	 the	 alkyne	 lysolipid	 [2]	
and	 formation	of	 triazole	phospholipid	 [4]	 one	hour	 after	 irradiation	was	 completed.	 	 In	
addition,	hypophosphonate	salts	[1]	(for	structure	see	Figure	S3.5)	and	freed	PMDETA	[3]	
were	observed	following	irradiation.		No	formation	was	seen	when	no	light	was	exposed	or	
when	the	CAP	was	absent.				
	

To	determine	the	level	of	control	over	where	vesicle	formation	was	occurring,	the	system	

was	 transferred	 to	 a	 new	 platform	 to	 allow	 for	 spatial	 control	 over	 the	 light	 exposure.		

Similar	 to	 the	 previous	 formulation,	 2.5	mM	alkyne	 lysolipid	 and	2.5	mM	aliphatic	 azide	

were	 combined	with	 1wt%	 CAP	 and	 2	 uM	 of	 a	 lipid	 bound	 fluorescent	 dye,	 rhodamine-

DHPE.	Using	a	digital	light	processing	(DLP)	system,	patterned	400	nm	light	was	projected	

onto	 the	 solution,	which	 had	 been	 sealed	 to	 eliminate	 evaporation.	 	 Following	 exposure,	

these	slides	were	left	overnight	to	ensure	complete	development	of	the	vesicles	followed	by	

imaging	with	fluorescence	microscopy.	

	 Observations	suggested	that	large	exposure	areas	of	2	mm	x	2	mm	could	be	initiated	

by	shorter	exposures	(20	mW/cm2	for	10	minutes)	while	smaller	areas	of	200	um	x	200	um	

required	 longer	 (20	mW/cm2	 for	1	hour)	exposures	and	 intermediate	areas	of	500	um	x	

500	um	required	intermediate	(20	mW/cm2	for	30	minutes)	exposures	to	facilitate	vesicle	

formation.		To	elucidate	fully	the	level	of	spatial	control	over	formation,	large	images	were	

generated	 using	 the	 stitching	 software	 available	 in	 Nikon	 Elements	 to	 scan	 a	 large	 area	
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over	and	around	the	localized	irradiation.		These	images	demonstrated	localized	formation	

of	vesicles;	however,	due	to	their	ability	to	diffuse	away	from	their	region	of	formation,	the	

spatial	resolution	was	limited	(Figure	3.3).			

	

	
Figure	3.3.	 	Slides	containing	alkyne	functionalized	lysolipid	(2.5	mM),	dodecyl	azide	(2.5	
mM),	CAP	(1	wt%),	and	fluorescent	dye	(2	uM)	were	irradiated	with	400	nm	light	over	an	
area	 of	 500	 um	 x	 500	 um	 at	 an	 intensity	 of	 20	 mW/cm2	 for	 30	 minutes.	 	 Following	
development	 overnight,	 these	 slides	 exhibited	 localized	 formation	of	 vesicles,	 albeit	with	
patterns	limited	by	vesicle	diffusion.	 	The	area	between	the	inserted	white	lines	indicates	
the	approximate	boundaries	of	the	irradiated	area	while	the	expanded	areas	enable	better	
visualization	of	giant	vesicle	formation.		Due	to	the	image	stitching	and	uneven	fluorescent	
excitation	within	each	frame,	boundaries	between	frames	sometimes	appeared	darker	than	
normal.	
	

	 To	determine	if	the	spreading	was	due	to	diffusion	of	vesicles	or	the	Cu(I)	catalyst,	

initiation	was	conducted	 in	 the	presence	of	a	Cu(I)	 scavenger,	4-dimetheylaminopyridine	

(DMAP)	 using	 the	 same	 protocol	 as	 before.	 	 However,	 rather	 than	 using	 the	 copper-

liganded	photo-initiator,	2.5	mM	lithium	phenyl-2,4,6-trimethylbenzoylphosphinate144	and	

2.5	mM	 copper	 sulfate	were	 used	 to	 focus	 on	 the	 copper	 catalyst	 independently.	 	 	 After	

irradiation	 and	 development,	 spreading	 was	 still	 apparent	 although	 overall	 vesicle	

generation	 had	 been	 decreased	 leading	 us	 to	 believe	 that	 vesicle	 diffusion,	 not	 catalyst	

diffusion,	was	responsible	for	the	appearance	of	vesicles	outside	the	exposed	area.	
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To	verify	that	the	structures	produced	by	these	formation	methods	were	indeed	vesicles,	

encapsulation	experiments	were	conducted	in	the	presence	of	100uM	sulforhodamine	dye	

followed	 by	 dilution	 after	 the	 samples	 had	 been	 given	 sufficient	 time	 to	 develop.		

Fluorescence	microscopy	confirmed	the	formation	of	vesicles	only	upon	exposure	to	400-

500nm	 light	 (Figure	 S3.2).	 	 Multilamellarity	 of	 the	 vesicle	 compartments	 was	 identified	

using	cryo-TEM	(Figure	S3.3).	

Overall,	these	results	proved	the	ability	to	irradiate	a	solution	of	reaction	components	to	

induce	 the	 formation	 of	 vesicles.	 	 This	 solution,	 as	 it	 does	 not	 involve	 the	 spatially	

constrained	requirements	of	techniques	such	as	lipid	film	hydration	or	microfluidics,	would	

allow	 for	 the	 flow	 of	 this	 reaction	 mixture	 into	 a	 wide	 range	 of	 environments.	 	 This	

flexibility	opens	up	the	possibility	to	form	vesicles	on	command	wherever	the	researcher	

requires,	eliminating	 time	consuming	steps	 that	could	 lead	to	 the	potential	application	of	

stressing	forces.		Because	this	reaction	is	dependent	upon	a	reduced	copper	catalyst,	it	can	

be	assumed	that	 the	elimination	of	oxygen	 from	the	system	would	only	serve	to	enhance	

the	efficiency	of	bilayer	formation.	

Additionally,	through	the	use	of	a	visible	light	photoinitiator,	this	system	introduces	the	

potential	 for	 spatiotemporal	 control	 over	 vesicle	 formation	 without	 the	 potentially	

damaging	exposures	that	are	involved	in	some	previously	documented	techniques.		A	large	

sector	 of	 the	 interest	 in	 vesicles	 is	 generated	 by	 those	 studying	membrane	 dynamics	 or	

those	 working	 on	 artificial	 cells,	 both	 of	 which	involve	 the	 encapsulation	 of	 DNA	 or	

proteins,	 or	 the	 integration	 of	 proteins	 into	 the	 lipid	 bilayer.		 These	 molecules	 can	 be	

particularly	 sensitive,	 resulting	 in	 structural,	 functional,	 or	 mutagenic	 changes	 upon	

exposure	to	UV145	or	denaturation	from	excessive	heating.		Because	studies	are	focused	on	
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the	 activity	 of	 these	 encapsulated	 compounds,	 it	 is	 necessary	 to	 maintain	 their	 native	

structure.		Therefore,	if	they	are	to	be	incorporated	into	the	formation	medium,	it	becomes	

necessary	that	not	only	the	experimental	conditions	but	also	the	formation	conditions	are	

mild.		To	this	end,	this	formation	procedure	offers	a	distinct	approach	as	compared	to	those	

which	 used	 UV	 exposure137	 or	 localized	 IR	 heating135,136	 to	 generate	 vesicles	 in	 a	

spatiotemporally	 controlled	 manner	 by	 instead	 introducing	 a	 stimulus	 that	 is	 less	

damaging	 to	many	encapsulated	biologically	 active	 compounds.	 	Additionally,	 the	 copper	

used	to	catalyze	this	reaction	will	not	negatively	impact	the	biological	molecules	intended	

to	 be	 studied;	 however,	 the	 toxicity	 of	 copper	 in	 living	 systems	 will	 require	 the	

determination	 of	 biocompatibility	 of	 this	 system	 and	 potentially	 the	 integration	 of	more	

biologically	 inert	 ligands146,147,148	 if	 this	 system	 is	 to	 be	 translated	 into	 a	 living	 cell	

framework	in	the	future.	

Beyond	the	utility	of	a	more	mild	stimulus,	the	use	of	visible	light	to	generate	the	catalyst	

opens	 up	 the	 possibility	 for	 two-wavelength	 systems.	 	 By	 building	 upon	 previously	

documented	studies	on	control	over	vesicle	characteristics	or	behavior,	using	400-500	nm	

light	enables	the	subsequent	processing	of	the	vesicles	by	exposure	to	a	second	wavelength	

of	light.		For	example,	following	formation,	behaviors	such	as	fusion	or	disruption52–54,56,149–

152	can	be	induced	using	UV	or	red	wavelengths	all	from	the	original	reaction	solution.	

	

Enhanced	density	and	control	over	size	via	photo-initiation	

An	unexpected	benefit	found	upon	photoinitiation	of	the	CuAAC	formation	reaction	was	

the	 development	 of	 a	 much	 higher	 vesicle	 density	 upon	 irradiation	 as	 opposed	 to	 the	

previously	 developed	 sodium	 ascorbate	 system.	 	 In	 order	 to	 quantify	 this	 difference	 in	



	 25	

density	 and	 vesicle	 characteristics,	 initiation	 of	 vesicle	 formation	was	 conducted	 using	 a	

high	exposure	(20	mW/cm2		for	1	hour)	over	an	area	of	200	um	x	200	um	in	the	presence	of	

CAP	 (1	wt%)	 for	 one	 sample	while	 2.5	mM	sodium	ascorbate	 and	0.25	mM	CuSO4		were	

used	to	initiate	an	otherwise	similarly	prepared	sample.		Both	samples	contained	the	same	

alkyne	 lysolipid	 (2.5	mM),	 dodecyl	 azide	 (2.5	mM)	 and	 rhodamine-DHPE	 (2	 uM).	 	 Scans	

were	 taken	 of	 both	 samples	 after	 overnight	 development	 and	 the	 resulting	 images	were	

processed	using	ImageJ	software	to	generate	a	vesicle	count	based	on	distance	along	the	x-

axis.	 	 Graphing	 these	 counts,	 it	 became	 apparent	 that,	 over	 a	 100	 um	 stretch,	 an	

approximate	 400-fold	 increase	 in	 vesicle	 density	 was	 achieved	 by	 photoinitiating	 the	

reaction	(Figure	3.4).		Due	to	the	crowding	resulting	from	the	high	density	at	the	center	of	

formation,	 it	was	 not	 always	 possible	 to	 separate	 each	 vesicle	 boundary	 from	 that	 of	 its	

neighbor	resulting	in	a	lower	than	normal	count	at	the	center,	suggesting	that	this	number	

could	potentially	be	even	higher.			

	



	 26	

	
Figure	 3.4.	 	 Initiation	 of	 vesicle	 formation	 from	 alkyne	 lysolipid	 (2.5	mM)	 and	 dodecyl	
azide	 (2.5	 mM)	 using	 sodium	 ascorbate	 (2.5	 mM)	 and	 copper	 sulfate	 (0.25	 mM)	 (top)	
versus	initiation	using	CAP	(1	wt%)	exposed	to	400	nm	light	over	an	area	of	200	um	x	200	
um	at	 an	 intensity	 of	 20	mW/cm2	 for	 1	 hour	 (bottom).	 	 Resulting	 vesicle	 densities	 from	
sodium	ascorbate	initiation	(left)	versus	photo-initiation	(right)	 indicate	an	over	400-fold	
increase	when	formation	is	initiated	using	light.	

	

This	enhanced	density	provides	multiple	benefits	for	the	study	of	vesicles.		In	any	study,	

it	allows	 for	more	simple	 location	and	 identification	of	 the	vesicles.	 	More	 importantly,	 it	

makes	 it	 possible	 to	 observe	 many	 vesicles	 all	 at	 once,	 allowing	 for	 the	 collection	 of	

statistically	significant	data	on	the	impact	of	various	stimuli	on	phospholipid	membranes.	

Beyond	the	benefit	of	increased	formation	density,	as	different	initiation	conditions	were	

tested,	it	became	apparent	that	the	maximum	cross-sectional	area	of	the	vesicles	present	in	

each	 slide	 was	 responsive	 to	 the	 initiation	 conditions.	 To	 test	 the	 extent	 of	 this	 effect,	
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vesicle	 formulations	 containing	 alkyne	 functionalized	 lysolipid	 (2.5	 mM)	 and	 aliphatic	

azide	(2.5	mM)	along	with	rhodamine-DHPE	(2	uM)	and	CAP	(1	wt%)	were	sealed	under	

coverslips	with	76	um	spacers	to	reduce	compression	and	distortion	of	the	formed	vesicles.		

These	slides	were	exposed	to	a	2	mm	x	2	mm	square	of	400	nm	light	using	the	DLP	system	

at	 either	 20	 mW/cm2	 for	 10	 minutes	 or	 50	 mW/cm2	 for	 4	 minutes	 for	 a	 more	 rapid	

exposure	to	the	same	dose	of	photons.		Following	development	overnight,	these	slides	were	

imaged	using	fluorescence	microscopy.		While	both	samples	showed	development	of	small	

vesicles	away	 from	 the	periphery	of	 the	exposed	area	 (as	 they	 can	diffuse	more	quickly)	

and	giant	vesicles	within	 the	exposed	area,	 a	 slight	 increase	 in	maximal	vesicle	diameter	

can	be	seen	when	a	lower	intensity	was	used	(Figure	3.5).		
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Figure	 3.5.	 	 Sealed	 slides	 containing	 alkyne	 lysolipid	 (2.5mM),	 aliphatic	 azide	 (2.5mM),	
CAP	(1wt%)	and	rhodamine-DHPE	(2uM)	were	photopatterned	with	400nm	light	over	an	
area	of	2mmx2mm	at	an	intensity	of	20mW/cm2	for	10	minutes	(left)	or	50mW/cm2	for	4	
minutes	 (right).	 	 Representative	 images	 from	 each	 slide	 were	 taken	 to	 demonstrate	
formation	of	giant	vesicles	visible	by	 fluorescence	microscopy.	 	An	 increase	 in	vesicles	of	
the	largest	dimensions	is	found	in	slides	exposed	at	a	lower	intensity,	while	the	density	of	
the	smaller	vesicles	appears	to	increase	upon	exposure	to	the	higher	intensity.	
	

Alternatively,	 to	determine	 the	 effect	 on	 size	 of	 this	 variation	 in	 intensity	 at	which	 the	

photon	 dose	 is	 applied,	 vesicle	 populations	 were	 analyzed	 using	 Nanoparticle	 Tracking	

Analysis	(NTA).		Samples	were	prepared	in	vials	fitted	with	glass	inserts	following	the	same	

lysolipid	 and	 aliphatic	 tail	 concentrations	 used	 previously	 with	 1wt%	 CAP.	 	 Following	
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mixing,	the	entire	vial	was	exposed	to	20mW/cm2	400-500nm	light	for	10	minutes,	or	the	

same	 dose	 was	 applied	 by	 exposing	 samples	 to	 50mW/cm2	 for	 4	 minutes.	 	 After	

undisturbed	 overnight	 development,	 samples	 were	 taken	 from	 the	 top	 of	 each	 vial	 and	

diluted	before	being	injected	into	the	NTA.		Upon	analysis	of	the	results,	it	became	apparent	

that	 the	 lower	 intensity	 produced	 vesicles	which	 are	 large	 (over	 200nm	 in	 diameter)	 as	

well	 as	 small	 vesicles	 (under	 200nm	 in	 diameter)	 while	 the	 higher	 intensity	 primarily	

produced	small	vesicles	(Figure	3.6).	

To	determine	 the	potential	 cause	of	 this	variation	 in	size,	HPLC	vials	containing	alkyne	

lysolipid,	 aliphatic	 azide,	 and	 CAP	 at	 the	 concentrations	 used	 above	 were	 exposed	 to	

20mW/cm2	400-500nm	light	 for	10	minutes	and	 injected	onto	the	LC-MS	at	various	time	

points.		Conversion	halted	two	hours	following	the	termination	of	exposure,	despite	not	all	

alkyne	lysolipid	having	been	consumed	(Figure	S3.4).	 	This	 incomplete	conversion	can	be	

attributed	 to	 the	 squared	 concentration	 dependence	 on	 the	 copper	 catalyst153	 and	 could	

result	 in	 phospholipid	 vesicles	 budding	 from	 the	 surface	 of	 the	 lysolipid	 stabilized	 oil	

droplets	 at	 limited,	 irradiation	 dependent	 catalyst	 sites,	 leaving	 behind	 unreacted	

precursors.	

Overall,	 this	control	over	size	could	allow	for	more	simple	membrane	dynamics	studies	

as	the	size	produced	in	shear-free	environments	generate	relatively	much	larger	vesicles,	

making	visualization	simpler.		Additionally,	giant	vesicles	formed	around	the	exposure	area	

tended	to	produce	much	more	irregular	structures	while	the	smaller	vesicles	found	at	the	

periphery	were	more	spherical.		Due	to	their	large	size	and	alterable	shape,	vesicles	formed	

in	this	manner	make	attractive	candidates	for	the	production	of	artificial	cells.		
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Figure	3.6.		Vesicle	initiation	using	a	rapid,	high	dose	(50	mW/cm2	for	4	minutes)	versus	a	
slower	 dosing	 (20	 mW/cm2	 for	 10	 minutes)	 when	 equal	 quantities	 of	 lipid	 precursors	
([alkyne	 lysolipid]=[dodecyl	 azide]=2.5	 mM)	 were	 used	 resulted	 in	 the	 formation	 of	
drastically	 different	 populations.	 	 Under	 the	 higher	 intensity	 exposure,	 vesicles	 have	
smaller	cross-sectional	areas	with	greater	overall	numbers	while	the	slower	dose	results	in	
larger	vesicles	that	are	fewer	in	number.			
	

Section	3.4.	Conclusion	

	 Through	 the	 incorporation	 of	 a	 copper-ligand	 photoinitiator	 complex	 into	 the	

CuAAC-based	 formation	of	 phospholipids,	 it	 became	possible	 to	 spatiotemporally	 control	

the	initiation	of	vesicle	formation	using	visible	light.		This	process	opens	the	door	for	two-

wavelength	 formation	 and	 alteration	 processes	 incorporating	 this	 formation	 technique	

with	 previously	 documented	 vesicle	 alteration	methods	 as	well	 as	 protecting	 potentially	

encapsulated	compounds.		Beyond	the	development	of	a	novel	vesicle	formation	method,	it	

was	 discovered	 that	 the	 maximum	 vesicle	 size	 was	 responsive	 to	 the	 intensity	 of	 light	

applied.	 	 Additionally,	 this	 method	 resulted	 in	 a	 much	 higher	 density	 of	 vesicles	 in	 the	

formation	area.			These	advances	expand	the	control	over	vesicle	formation	as	well	as	their	

characteristics	 as	 is	 often	 desirable	 for	 the	 reliable	 study	 of	 membranes	 and	 the	

development	of	artificial	cells.	
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Section	3.5.	Supplementary	Figures			

	
Figure	S3.1.	 	Mixtures	containing	alkyne	functionalized	lysolipid	(2.5	mM),	dodecyl	azide	
(2.5	mM),	and	CAP	(1	wt%),	showed	no	formation	of	triazole	phospholipid	when	left	in	the	
dark	(left)	and	the	same	formulation	for	which	CAP	was	removed	and	a	20mW/cm2,	400-
500nm	light	exposure	was	applied	for	60	minutes	(right)	also	saw	no	formation	of	triazole	
phospholipid.	
	
	
	
	
	

	
Figure	 S3.2.	 	Samples	containing	alkyne	 functionalized	 lysolipid	(2.5	mM),	dodecyl	azide	
(2.5	mM),	CAP	(1	wt%),	and	sulforhodamine	(100uM)	were	either	exposed	to	20mW/cm2	
400-500nm	 light	 for	30	minutes	or	were	 left	 in	 the	dark.	 	After	4	hours	of	development,	
both	were	diluted	1:10	on	slides	and	imaged	using	fluorescent	microcopy.	Those	exposed	
to	light	produced	vesicles	(left)	while	samples	kept	in	the	dark	did	not	(right).	
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Figure	 S3.3.	 	Cryo-TEM	 images	of	a	 standard	 formulation	 ([alkyne]=[azide]=2.5	mM	and	
[CAP]=	1	wt%)	exposed	to	20mW/cm2	400-500nm	light	for	30	minutes.		Scale	bar	denotes	
200nm.	
	

	
Figure	S3.4.	 	Vials	containing	alkyne	functionalized	lysolipid	(2.5	mM),	dodecyl	azide	(2.5	
mM),	 and	 CAP	 (1	 wt%)	 were	 exposed	 to	 20mW/cm2	 400-500nm	 light	 for	 10	 minutes.		
Formation	of	 triazole	phospholipid	progressed	over	 the	 first	2	hours	 following	exposure,	
resulting	in	incomplete	consumption	of	the	alkyne	lysolipid.	
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Figure	S3.5.	 	Hypophosphonate	salts	(left)	produced	from	CAP	photoinitiator	(right)	upon	
exposure	to	400-500nm	light154.		
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Chapter	4	

Formation	of	Lipid	Vesicles	In	Situ	Utilizing	the	Thiol-Michael	Reaction	

	

Section	4.1.	Introduction	

In	 the	 fields	 of	 drug32,33,35,37,39	 and	 cosmetics	 delivery155–157,	 cellular	 membrane	

modeling60,61,63,158,159,	 artificial	 cell	 design76–78,80,87,104,160,161,	 microreactor	 development57–

59,162	as	well	as	others,	phospholipid-based	vesicles	have	found	great	potential	since	their	

discovery	in	the	early	1960s1.	 	Composed	primarily	of	phospholipid	molecules,	these	lipid	

vesicles,	 or	 liposomes,	mimic	 cell	membranes.	 Lipids	 are	 assembled	with	 charged	 head-

groups	extended	into	solution	and	hydrophobic	tail	domains	sequestered	into	the	middle	of	

the	bilayer.		The	bilayers	enwrap	an	internal	aqueous	compartment,	effectively	separating	

it	 from	 the	 surrounding	 media,	 minimizing	 contact	 of	 the	 hydrophobic	 chains	 with	 the	

aqueous	 environment.	 	 This	 lipid-water	 interface	 enables	 encapsulation	 of	 hydrophobic	

molecules	within	the	bilayer	and	hydrophilic	compounds	inside	the	interior	compartment,	

thereby	imparting	their	utility	on	this	wide	range	of	fields.	

However,	 while	 their	 structure	 is	 ideal	 for	 encapsulation,	 to	 enable	 the	 use	 of	

liposomes	 for	 many	 of	 these	 applications,	 it	 becomes	 necessary	 to	 introduce	 novel	

behavior,	responsiveness	or	other	characteristics	 into	the	phospholipid	membrane36.	 	For	

example,	 synthetic	 phospholipid	 molecules	 bearing	 functionalities36	 such	 as	 photo-

cleavable	 structures52,	 double	 or	 triple	 bonds	 for	 polymerization	 55,56,	 isomerizable	

structures53	 and	 porphyrin	 rings50,51	 have	 been	 studied	 to	 induce	 permeability	 of	 the	

membrane	for	stimuli-responsive	drug	delivery.		However,	in	order	to	generate	and	utilize	
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these	lipids,	 intensive	and	complicated	syntheses	are	often	necessary,	resulting	in	a	more	

laborious	and	time-consuming	design-build-test	process.			

Recently,	 a	 new	method	 for	 the	 in	 situ	 formation	 of	 phospholipid	 molecules	 was	

developed	 for	 covalently	 attaching	 a	 hydrophobic	 tail	 to	 a	 functionalized	 lysolipid	

backbone	 utilizing	 the	 copper-catalyzed	 azide-alkyne	 cycloaddition	 (CuAAC)	

reaction118,143,163.	 	 This	 lipid	 formation	 method	 could	 be	 employed	 to	 enable	 simplified	

incorporation	 of	 synthetic	 moieties	 into	 the	 lipid	 structure	 to	 generate	 designer	 lipids.		

However,	many	systems	are	not	amenable	to	the	copper	catalyst	necessary	for	the	CuAAC	

reaction	due	to	 ligand-dependent	 toxicity	effects	 in	 living	systems146,164,165.	 	Alternatively,	

the	 functionality	 of	 interest	 may	 not	 be	 orthogonal	 to	 the	 redox	 reaction	 necessary	 to	

generate	the	Cu(I)	catalyst	or	if	a	terminal	alkyne	functionality	is	to	be	incorporated	in	the	

tail	this	formation	chemistry	could	not	be	used.		In	contrast,	the	thiol-Michael	click	reaction	

has	 enhanced	 biocompatibility	 in	 that	 it	 avoids	 the	 use	 of	 Cu,	 is	 readily	 catalyzed	 by	

relatively	weak	bases	and	nucleophiles,	is	amenable	to	the	aqueous	conditions	required	for	

in	 situ	 liposome	 formation,	 proceeds	 rapidly	 to	 completion	 under	 ambient	 conditions	

without	 significant	 side	 reactions,	 and	 is	 compatible	 with	 the	 usage	 of	 a	 wide	 range	 of	

natural	and	synthetic	thiols	as	well	as	alkene	functionalities.		In	this	reaction,	thiol	groups	

and	 electron	 deficient	 alkenes	 such	 as	 acrylates,	 maleimides,	 vinyl	 sulfones	 and	 others	

undergo	 coupling	 in	 the	 presence	 of	 basic	 or	 nucleophilic	 catalysts	 via	 a	 thiolate	 anion	

intermediate	 to	 produce	 a	 thioether	 product125.	 	 To	 increase	 the	 range	 of	 designer	 lipid	

systems	compatible	with	the	in	situ	formation	method,	we	have	incorporated	acrylate	and	

thiol	 functionalities	 into	 the	 tail	 and	 lysolipid	 structures,	 respectively,	 to	 enable	 thiol-

Michael	formation	of	phospholipids.		The	power	of	this	formation	chemistry	lies	in	the	fact	
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that	this	system	is	not	limited	to	the	acrylate	tail	used	here.		By	utilizing	the	thiol-Michael	

addition	reaction,	lipids	are	functionalized	using	any	number	of	acrylate	and	methacrylate	

monomers	available	for	commercial	purchase,	and	new	vinyl	sulfone	or	acrylate	monomers	

can	 be	 easily	 synthesized	 from	 compounds	 of	 interest	 bearing	 free	 hydroxyl	 groups.		

Additionally,	 vast	 quantities	 of	 bioconjugate	 chemistry	 have	 revolved	 around	 the	 use	 of	

maleimide-functionalized	molecules	and	cysteine-functionalized	peptides,	making	each	of	

those	 systems	 immediately	 available	 for	 use	 as	 the	 ene	 or	 thiol,	 respectively,	 in	 this	

synthetic	membrane	formation	method.		Beyond	the	array	of	molecules	available	for	use	in	

the	 thiol-Michael	 reaction,	 the	 use	 of	 photo-bases166,167	 for	 photo-initiated	 thiol-Michael	

reactions	enables	spatiotemporal	control	in	liposome	formation	using	this	method.		

	

Section	4.2.	Methods	

General.	 	 1H	 nuclear	 magnetic	 resonance	 (NMR)	 spectra	 for	 product	 verification	 were	

gathered	on	a	Bruker	Ascend	400	spectrometer.	Reactions	were	monitored	on	an	Agilent	

1100	Series	HPLC	 fitted	with	an	Agilent	Zorbax	5um	4.6x50mm	C8	column	coupled	with	

Agilent	G1946D	Mass	Spectrometer	and	SedeX	Evaporative	Light	Scattering	Detector.		

LAP	 was	 synthesized	 following	 a	 previously	 published	method144	 and	 other	 compounds	

were	purchased	from	standard	sources	and	were	used	as	received.	

Synthesis	of	Thiol	Lysolipid	(SHPC):	

To	a	dry	10mL	round-bottomed	flask	equipped	with	magnetic	stir	bar	was	added	70mg	1-

palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine	 and	 3-3.5mL	 chloroform.	 	 Following	

stirring	 for	 30	 minutes	 under	 argon	 the	 solution	 was	 cooled	 to	 0oC	 and	 60mg	 3,3’-

dithiodipropionic	acid,	80mg	EDAC	and	5mg	DMAP	was	added	while	stirring.		The	solution	
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was	allowed	to	react	overnight	under	argon.	 	Following	reaction,	 the	CHCl3	was	removed	

and	 products	 were	 dissolved	 in	 H20	 for	 30	 minutes.	 	 This	 solution	 was	 transferred	 to	

1,000MW	 cutoff	 dialysis	 tubing	 and	 dialyzed	 overnight.	 	 Following	 dialysis,	 the	 solution	

was	 transferred	 to	 a	 vial	 equipped	 with	 stir	 bar	 and	 200mg	 TCEP-HCl	 was	 added.	 	 1M	

NaOH	was	added	dropwise	to	neutralize	the	solution	followed	by	spinning	overnight.		This	

solution	 was	 then	 transferred	 to	 fresh	 1,000MW	 cutoff	 dialysis	 tubing	 for	 overnight	

dialysis.	 	 The	 product	was	 lyophilized	 to	 produce	 a	white	 powder.	 Yield	 =	 71%	 1H	NMR	

(400mHz,	 CDCl3)	 δ:	 5.24	 (m,	 1H),	 4.36	 (dd,	 J=12.1,	 3.0	 Hz,	 1H),	 4.27	 (m,	 2H),	 4.15	 (dd,	

J=12.1,	7.4	Hz,	1H),	3.95	(m,	2H),	3.75	(m,	2H),	3.32	(s,	9H),	2.75	(m,	2H),	2.67	(m,	2H),	2.28	

(m,	2H),	1.80	(t,	J=8.2	Hz,	1H),	1.57	(m,	2H),	1.25	(m,	24H),	0.87	(t,	3H).	

Synthesis	of	Dodecyl	Acrylate:		

To	 a	 round	 bottom	 flask	 with	 stir	 bar	 was	 added	 1.86g	 1-dodecanol	 in	 10mL	 THF	 and	

allowed	 to	 dissolve.	 	 10mL	 of	 a	 THF	 mixture	 with	 1.02g	 TEA	 was	 added	 to	 the	 round	

bottom	and	cooled	 to	0oC.	 	 1.09g	acryloyl	 chloride	was	added	dropwise	 and	 the	 solution	

was	allowed	 to	equilibrate	 to	 room	temperature.	 	 Stirring	continued	 for	at	 least	3	hours.		

Dodecyl	acrylate	product	was	extracted	with	methylene	chloride	and	washed	with	water.	

1H	NMR	 (400mHz,	CDCl3)	δ:	6.35	 (dd,	 J=17.3,	1.6	Hz,	1H),	6.07	 (dd,	 J=17.3,	10.4	Hz,	1H),	

5.75	(dd,	 J=10.4,	1.6	Hz,	1H),	4.10	(t,	 J=6.8	Hz,	2H),	1.63	(m,	2H),	1.23	(m,	18H),	0.84	(m,	

3H).	

Synthesis	of	Alkyne-Acrylate	Tail:	

To	a	round	bottom	flask	with	stir	bar	was	added	0.57mL	10-undecyn-1-ol,	1.25mL	TEA	and	

33mg	BHT	in	15mL	methylene	chloride	under	nitrogen.		The	mixture	was	cooled	to	0oC	and	

0.36mL	acryloyl	 chloride	was	added	dropwise.	 	 36mg	DMAP	was	added	and	 the	mixture	
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was	allowed	to	equilibrate	to	room	temperature	and	left	to	react	overnight.	 	The	product	

was	washed	with	sodium	bicarbonate,	water	and	brine,	dried	and	filtered	before	methylene	

chloride	was	removed	leaving	the	product	as	an	oil.		Yield	=	69%	1H	NMR	(400mHz,	CDCl3)	

δ:	6.40	(dd,	J=17.3,	1.5	Hz,	1H),	6.12	(dd,	J=17.3,	10.4	Hz,	1H),	5.81	(dd,	J=10.4,	1.5	Hz,	1H),	

4.14	(t,	J=6.7	Hz,	2H),	2.18	(td,	J=7.1,	2.6	Hz,	2H),	1.94	(t,	J=2.7	Hz,	1H),	1.66	(m,	2H),	1.57-

1.44	(m,	2H),	1.42-1.2	(m,	10H)	

	

Preparation	of	Lipid	Solutions.	Prior	to	use,	SHPC	was	reduced	overnight	in	an	equimolar	

mixture	 of	 TCEP-HCl	 and	 NaOH	 in	 a	 2:1	 SHPC:TCEP	 solution.	 	 For	 monitoring	 of	 the	

phospholipid	 coupling	 reaction	 via	 LCMS,	 a	 100uL	 solution	 was	 prepared	 of	 aliphatic	

acrylate	 in	 water	 (5mM),	 reduced	 SHPC	 mixture	 (5mM	 SHPC),	 and	 2-methylimidazole	

(2.5mM)	in	HPLC	vials	fitted	with	350uL	Supelco	glass	inserts.		The	solution	was	then	left	at	

room	temperature	to	react.	

Fluorescence	microscopy	samples	were	prepared	similarly	([reduced	SHPC]=[acrylate	tail]	

=	5mM,	[2-methylimidazole]=	2.5mM)	with	the	addition	of	2μM	rhodamine-DHPE.		Samples	

were	mixed,	sealed	under	coverslips,	and	allowed	to	develop	for	48	hours	prior	to	imaging.	

Polymerizeable	 lipids	 were	 prepared	 similarly	 to	 those	 described	 above	 ([reduced	

SHPC]=[alkyne	 AT]=5mM,	 [2-methylimidazole]=2.5mM,	 and	 [LAP]=5mM,	 as	 well	 as	

[rhodamine-DHPE]=2μM	 and	 [fluorescein]=500	 μM	 if	 sample	 was	 to	 be	 imaged	 under	

fluorescence	microscopy).			

	

Microscope	 Imaging.	 	 Fluorescence	 imaging	 was	 performed	 using	 a	 Nikon	 A1R	 laser	

scanning	confocal	microscope	equipped	with	Nikon	Elements	software	version	4.20.		In	all	
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cases,	a	561nm	laser	was	employed	to	excite	the	rhodamine-DHPE.		For	acquisition	of	TEM	

images,	4	µl	of	sample	solution	was	transferred	onto	a	lacey	holey-carbon	grid,	blotted	for	

1-2	seconds,	and	then	plunge-frozen	using	an	FEI-Vitrobot	Mark	 IV	at	room	temperature.		

The	 resulting	 vitrified	 sample	was	 imaged	 on	 an	 FEI	 Tecnai	 F20	 FEG-TEM,	 operating	 at	

200kV	and	25,000x	magnification,	using	a	Gatan	US4000	CCD	camera.		The	electron	dose	

per	image	was	limited	to	20	electrons/Å2,	with	a	defocus	of	-2µm,	using	the	low-dose	mode	

of	Serial	EM	acquisition	software.	

	

LC-MS	of	Product	Formation.		Phospholipid	formation	was	conducted	in	HPLC	vials	fitted	

with	350uL	glass	inserts	as	described	above	with	5uL	samples	taken	over	the	course	of	the	

reaction.		Samples	were	injected	onto	an	analytical	Agilent	LC-MS	with	SedeX	Evaporative	

Light	 Scattering	 Detector	 controlled	 by	 ChemStation	 software	 and	 fitted	 with	 Agilent	

Zorbax	5um	4.6x50mm	C8	column	column.		A	binary	solvent	system	of	0.1%	formic	acid	in	

5:4:1	isopropanol:water:methanol	and	methanol	was	used	at	a	flow	rate	of	0.9mL/minute.		

Peak	 areas	 of	 SHPC	 precursors	 were	 normalized	 to	 the	 peak	 area	measured	 at	 0	 hours	

while	 products	were	 normalized	 to	 the	 peak	 area	 at	 48	 hours	 to	 calculate	 the	 degree	 of	

conversion.	

	

Section	4.3.	Results	and	Discussion	

Expanding	the	reaction	toolbox	for	the	generation	of	synthetic	phospholipids	

	 The	 highly	 efficient	 thiol-Michael	 addition	 reaction	 was	 employed	 to	 form	 a	

functionalized	phospholipid	(see	3	in	Scheme	4.1)	via	functionalization	of	the	lysolipid	with	

a	primary	thiol	[1]	and	the	subsequent	nucleophile-catalyzed	reaction	of	the	thiol	with	an	
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aliphatic	acrylate	 tail	 [2]	as	shown	 in	Scheme	4.1.	 	This	approach	enables	 the	design	and	

implementation	 of	 an	 incredible	 range	 of	 new,	 functionalized	 phospholipids	 based	 on	

aliphatic	 tails,	 other	 functionalized	 molecules	 chosen	 from	 the	 great	 variety	 of	 acrylate	

monomers	already	commercially	available,	molecules	that	are	readily	formed	by	reactions	

of	 acids	 or	 other	 terminal	 functional	 groups,	 or	 the	 array	 of	 maleimide-functionalized	

bioconjugate	molecules	available.				

	

Scheme	4.1.		A	lysolipid	bearing	a	free	thiol	functionality	(1)	readily	and	rapidly	undergoes	
thiol-Michael	addition	with	an	acrylate	 functionalized	 tail	 (2)	 in	 the	presence	of	a	water-
soluble,	 nucleophile	 catalyst,	 2-methylimidazole,	 to	 produce	 a	 thioether-containing	
phospholipid	 product	 (3).	 	 The	 precursors	 in	 this	 process	 assemble	 into	 micelles	 and	
stabilized	 oil	 droplets	 and	 transition	 to	 bilayer	 structures	 and	 liposomes	 in	 situ	 upon	
addition	of	the	second	aliphatic	tail	and	the	subsequent	Michael	addition	reaction.	
	

SHPC	and	the	aliphatic	acrylate	tail	(AT)	were	mixed	at	a	concentration	of	5mM	in	

the	presence	of	2.5mM	of	a	water-soluble	nucleophile	catalyst,	2-methylimidazole.		A	weak	

base	catalyst,	 triethylamine	(TEA),	was	also	explored	as	a	potential	catalyst.	 	However,	at	
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the	 dilute	 conditions	 necessary,	 the	 reaction	 rates	 were	 exceedingly	 slow	 whereas	

increased	concentrations	of	TEA	leads	to	hydrolytic	degradation	of	the	esters	present	in	the	

lipid	structures.		Stronger	nucleophiles	were	probed	as	well,	but	suffered	from	limitations	

in	 aqueous	 solubility.	 	 Samples	 drawn	 at	 various	 time	 points	 were	 injected	 into	 an	

analytical	 LC-MS	 equipped	 with	 an	 Evaporative	 Light	 Scattering	 Detector	 (ELSD)	 to	

monitor	the	progression	of	the	reaction.	 	Approximately	90%	of	SHPC	[1]	was	coupled	to	

AT	[2]	over	 the	course	of	48	hours,	 resulting	 in	production	of	 the	synthetic	phospholipid	

product	 [3]	 (Figure	4.1A,B).	 	This	 relatively	 slow	reaction	 time	 is	 likely	due	 to	 the	dilute	

reaction	conditions,	the	weak	nucleophile	catalyst,	and	the	stoichiometric	reactant	mixture.		

It	 should	 be	 noted	 that	 the	 progression	 of	 the	 reaction	 under	 these	 disadvantageous	

reaction	 conditions	 to	 near-completion	 is	 another	 illustration	 of	 the	 capabilities	 of	 the	

thiol-Michael	addition	reaction.			

Certain	alkene	substituents,	for	example	maleimides,	and	certain	conditions,	such	as	

highly	 polar	 solvents,	 have	been	demonstrated	 to	 cause	 “catalyst-free,”	 solvent-mediated	

thiol-Michael	 addition168,169.	 	 Here,	 to	 assess	 whether	 a	 catalyst	 is	 necessary	 for	 this	

reaction,	 SHPC	 [1]	 (5mM)	 and	AT	 [2]	 (5mM)	were	mixed	 in	 the	 absence	 of	 any	 catalyst.		

Over	 the	 course	 of	 48	 hours,	 approximately	 50%	 of	 SHPC	 was	 consumed	 resulting	 in	

formation	 of	 phospholipid	 [3].	 	 However,	 this	 insufficient	 degree	 of	 conversion	

demonstrates	 the	 need	 for	 a	 catalyst	 to	 reach	 satisfactory	 conversion	 under	 the	 desired	

conditions		(Figure	4.1C,D).		
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Figure	 4.1.	 	 LC-MS	 coupled	 with	 an	 Evaporative	 Light	 Scattering	 Detector	 (ELSD)	
monitoring	 the	 progression	 of	 the	 thiol-Michael	 addition	 reaction.	 	 Reaction	 solutions	 of	
5mM	 thiol	 lysolipid	 (SHPC)	 [1],	 5mM	 aliphatic	 acrylate	 tail	 [2],	 and	 2.5mM	 2-
methylimidazole	 catalyst	 were	 mixed	 and	 sampled	 at	 various	 time	 points	 to	 determine	
conversion	(A).		SHPC	peak	area,	normalized	to	0	hours,	and	product	peak	area,	normalized	
to	48	hours,	demonstrate	almost	90%	conversion	over	 the	course	of	48	hours	(B).	When	
catalyst	is	absent,	the	reaction	occurs	to	approximately	50%	conversion	over	the	course	of	
48	hours	(C,D).	
	

	 Fluorescence	microscopy	and	cryo-TEM	enable	imaging	of	the	lipid	assemblies.	 	 In	

this	 way,	 it	 is	 possible	 to	 determine	 the	 ability	 of	 the	 phospholipid	 products	 to	 self-

assemble	 into	 lipid	 vesicles,	 or	 liposomes.	 	 For	 fluorescence	 microscopy,	 the	 AT	 and	

reduced	SHPC	(5mM)	were	mixed	in	the	presence	of	2-methylimidazole	catalyst	(2.5mM)	

and	 a	 membrane	 bound,	 fluorescent	 dye,	 rhodamine-DHPE	 (2uM).	 	 Following	 mixing,	 a	

drop	 was	 placed	 on	 a	 sealed	 slide	 and	 allowed	 to	 develop	 at	 room	 temperature.		
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Fluorescence	microscopy	verified	the	presence	of	liposomal	structures	following	48	hours	

of	 development,	 as	 evidenced	 by	 a	 brightly	 fluorescent	 membrane	 surrounding	 a	 dark	

interior	(Figure	4.2A).		Cryo-TEM	was	conducted	on	the	samples	to	verify	the	formation	of	

lipid	 bilayers	 by	 thioether-containing	 phospholipids.	 	 Samples	 were	 prepared	 as	 in	 the	

fluorescence	 microscopy	 experiments,	 though	 excluding	 rhodamine-DHPE,	 and	

subsequently	 frozen	 following	 48	 hours	 of	 development.	 	 Cryo-TEM	 images	 show	 the	

presence	of	lipid	bilayer	structures	in	single	rings	rather	than	stacked	lamellae,	indicating	

that	thiol-Michael	addition	mediated	 liposome	formation	using	2.5mM	2-methylimidazole	

catalyst	results	in	predominantly	unilamellar	liposomes	(Figure	4.2B).	 	This	configuration	

makes	 this	 in	 situ	 formation	 method	 particularly	 useful	 for	 applications	 requiring	

unilamellar	structures	 for	 imaging	purposes129	as	 it	 results	 in	vesicular	structures	over	a	

micron	 in	 diameter	 directly	 from	 the	 reaction	 mixture	 and	 without	 any	 requirement	 of	

further	processing.		

	

Figure	 4.2.	 Microscopy	 images	 of	 liposomes	 assembled	 from	 thioether-containing	
phospholipid	 products	 [3].	 	 5mM	 reduced	 SHPC	 and	 aliphatic	 AT	 were	 reacted	 in	 the	
presence	 of	 2.5mM	 2-methylimidazole.	 	 For	 fluorescence	 microscopy	 imaging,	 2uM	
rhodamine-DHPE	 was	 included	 in	 the	 reaction	 mixture.	 	 After	 48	 hours	 of	 reaction,	

200 nm 
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fluorescence	 microscopy	 demonstrated	 liposome	 formation	 (left)	 with	 most	 liposomes	
assembled	in	a	unilamellar	fashion	as	demonstrated	using	cryo-TEM	(right).	
	

Demonstration	of	the	facile	incorporation	of	functional	moieties	into	the	
phospholipid	structure	
	 To	demonstrate	the	utility	of	the	thiol-Michael	induced	formation	of	phospholipids	

capable	 of	 self-assembling	 into	 liposomal	 structures	 and	 to	 highlight	 the	 capacity	 of	 this	

approach	to	incorporate	a	variety	of	acrylic	(or	other)	moieties,	a	second	molecule	capable	

of	modifying	the	characteristics	of	the	liposome	system	was	reacted	and	incorporated	into	

the	 phospholipid.	 	 A	 new	 aliphatic	 tail	 was	 designed	 and	 synthesized	 with	 an	 acrylate	

functionality	 for	 the	 thiol-Michael	 coupling	 as	 well	 as	 a	 terminal	 alkyne	 capable	 of	 a	

number	of	subsequent	reactions.		In	particular,	alkynes	are	orthogonal	to	the	thiol-Michael	

addition	reaction,	providing	a	downstream	functionality	for	a	variety	of	reactions	such	as	

copper-catalyzed	 azide-alkyne	 cycloaddition	 (CUAAC)139,153,	 radical-mediated	

polymerization	or	radical-mediated	thiol-yne	addition123,170.		This	reactive	capability	could	

be	used	to	modify	the	vesicle	structure	or	characteristics,	such	as		temporary	enhancement	

of	 the	 permeability	 of	 the	 liposome	 systems	 upon	 polymerization	 as	 has	 been	

demonstrated	in	the	literature55,56	(scheme	4.2).	
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Scheme	4.2.	 	A	schematic	illustrating	the	formation	of	a	designer	lipid	bearing	a	terminal	
alkyne	using	the	thiol-Michael	formation	method.		A	new	terminal	alkyne	functionalized	AT	
[4]	couples	to	SHPC	[1]	 in	the	presence	of	2-methylimidazole	resulting	 in	 liposomes	with	
terminal	 alkynes	 buried	 in	 their	 hydrophobic	 core.	 	 These	 liposomes	 themselves	 enable	
subsequent	 modification	 of	 the	 membrane	 characteristics	 or	 behavior	 and	 as	 a	 whole	
demonstrate	 the	 ability	 to	 incorporate	 a	 wide	 array	 of	 new	 functionalities	 using	 this	
formation	 chemistry.	 	 As	 one	 example	 of	 characteristics	 enabled	 with	 this	 formulation,	
homopolymerization	 could	 be	 used	 to	 temporarily	 enhance	 permeability	 upon	 the	
generation	of	radicals.	
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	 Samples	were	injected	into	the	LC-MS-ELSD	to	determine	the	reaction	progress	with	

samples	 prepared	 from	 stoichiometric	 reactants	 ([reduced	 SHPC]=[tail]=5mM	 and	 [2-

methylimidazole]=2.5mM)	 including	 the	 acrylate-alkyne	 tail	 in	 place	 of	 the	 aliphatic	

acrylate	 tail.	 	 Additionally,	 a	 photoinitiator,	 lithium	 phenyl-2,4,6-

trimethylbenzoylphosphinate	 (LAP),	 was	 included	 at	 a	 concentration	 of	 5mM	 to	 enable	

subsequent	 photopolymerization	 and	 reaction	 of	 the	 alkyne	 tail	 following	 vesicle	

formation.	 	 Forty-eight	 hours	 after	 mixing,	 the	 reaction	 reached	 approximately	 90%	

conversion	 (Figure	 4.3A).	 	 The	 vesicle-containing	 solution	 was	 subsequently	 irradiated	

using	400-500nm	light	at	10mW/cm2	for	10	minutes	to	react	 the	alkyne.	 	 Injection	of	 the	

sample	 on	 analytical	 LC-MS-ELSD	 after	 irradiation	 shows	 complete	 disappearance	 of	 the	

phospholipid	product	[5]	upon	radical	generation,	due	to	homopolymerization170.		Lack	of	

appearance	 of	 a	 new	 peak	 in	 the	 ELSD	 chromatogram	 suggests	 that	 the	 increased	

hydrophobic	 character	 of	 the	 polymer	 results	 in	 extensive	 interaction	 with	 the	 HPLC	

column	causing	increased	retention,	or	the	size	of	the	polymer	product	results	in	removal	

from	the	flow	by	filtration	upstream	of	column	separation.		Additionally,	the	disappearance	

of	 the	 phospholipid	 peak,	 without	 equivalent	 loss	 of	 SHPC,	 promotes	 the	 idea	 that	

phospholipid	product	 [5]	 is	undergoing	homopolymerization	and	not	 thiol-yne	 reactions.		

To	 verify	 the	 persistence	 of	 liposome	 assembly	 in	 the	 presence	 of	 the	 terminal	 alkyne	

functionality,	 fluorescence	 microscopy	 was	 employed.	 	 Mixtures	 were	 prepared	

([SHPC]=[alkyne	AT]=[LAP]=5mM,	[2-methylimidazole]=2.5mM,	[rhodamine-DHPE]=2	μM,	

[fluorescein]=500	μM)	and	placed	in	a	sealed	glass	slide.	Fluorescence	microscopy	verified	

the	assembly	of	giant	liposomes	following	48	hours	of	development	(figure	4.3B).			
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Figure	 4.3.	 Designer	 lipid	 with	 terminal	 alkyne	 functionality	 synthesized	 using	 thiol-
Michael	addition.	 	LC-MS	with	ELSD	tracks	the	formation	reaction	with	SHPC	peak	values	
normalized	to	the	peak	area	at	0	hours	while	product	peak	values	were	normalized	to	the	
peak	area	at	48	hours.		SHPC	[1]	and	an	alkyne-terminated	acrylate	tail	[4]	were	reacted	in	
the	presence	of	2.5mM	2-methylimidazole	and	5mM	LAP	photoinitiator	resulting	in	nearly	
90%	 conversion	 to	 phospholipid	 [5]	 over	 the	 course	 of	 48	 hours.	 Subsequently,	 alkyne-
functionalized	 phospholipids	 were	 irradiated	 with	 10mW/cm2	 400-500nm	 light	 for	 10	
minutes,	resulting	in	complete	consumption	of	the	phospholipid	as	the	alkyne	polymerizes	
(A).	 	 Fluorescence	 microscopy	 verified	 the	 assembly	 of	 functionalized	 lipids	 into	 giant	
liposomes	(B).		
	

These	results	illustrate	the	ability	to	form	liposomes	in	situ	while	incorporating	new	

functionalities	 into	 the	 lipid	 structure	 by	 utilizing	 the	 thiol-Michael	 coupling	 reaction	 to	

functionalize	 the	 phospholipid.	 	 This	 formation	 reaction	 becomes	 part	 of	 a	 two-step	

formation	and	modification	system	where	 lipids	can	be	functionalized	with	any	of	a	wide	

range	 of	 compounds	 bearing	 electron	 deficient	 double	 bonds	 in	 the	 presence	 of	

nucleophilic	 catalysts	 followed	 by	 a	 second	 stimulus	 to	 use	 the	 incorporated	 moiety	 to	

enact	changes	in	the	bilayer	characteristics	or	behavior.		An	added	benefit	of	the	system	is	

the	linkage	connecting	the	lysolipid	with	its	primary	thiol	is	part	of	a	class	highly	sensitive	

to	hydrolytic	degradation,	offering	future	opportunities	in	pH-sensitive	lipid	degradation	or	

triggered	release	of	attached	molecules.		
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Section	4.4.	Conclusion	

Synthetic	 liposomal	 systems	 have	 a	 vast	 array	 of	 potential	 applications,	 many	 of	

which	 require	 enhanced	 characteristics,	 tunable	 responses	 or	 modified	 behavior	 of	 the	

vesicles.	 	The	use	of	 thiol-Michael	click	reactions	 for	 forming	phospholipids	to	enable	the	

facile	 incorporation	 of	 novel	 functionalities	 into	 the	 phospholipid	 structure	 is	

demonstrated	here	through	the	coupling	of	acrylate-functional	tails	with	a	thiol-functional	

lysolipid.	 	 This	 approach	 is	 compatible	 with	 the	 use	 of	 a	 wide	 array	 of	 acrylate,	 vinyl	

sulfone,	maleimide	and	other	functionalized	compounds	available	commercially	or	readily	

synthesized.			

The	covalent	coupling	of	 thiol-functionalized	 lysolipids	and	acrylate	 functionalized	

tails	using	the	thiol-Michael	reaction	enabled	generation	of	synthetic	phospholipids,	and	by	

extension	 liposomes,	 in	situ.	 	Assembled	 lipids	 formed	 giant,	 unilamellar	 vesicles	making	

them	highly	useful	 for	applications	such	as	membrane	dynamics	studies	and	artificial	cell	

membranes.			By	further	modification	of	the	acrylate	tail,	the	ability	to	readily	incorporate	

new	characteristics	or	behaviors	into	the	final	lipid	structure	was	demonstrated.		This	two-

step	 process	 added	 a	 terminal	 alkyne	 tail	 to	 SHPC	 via	 thiol-Michael	 addition	 to	 produce	

phospholipids	 capable	 of	 assembling	 into	 liposomes.	 	 After	 the	 coupling	 reaction	 was	

complete,	 polymerization	 initiated	 by	 visible-light	 induced	 radical	 generation	 resulted	 in	

triggered	homopolymerization	of	the	lipid	tails.		This	approach	is	suitable	for	incorporating	

functionalities	 needed	 to	 achieve	 a	 range	 of	 synthetic	 behaviors	 or	 characteristics	 based	

upon	moieties	coupled	into	the	phospholipid	structure.		
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Chapter	5	

Production	of	Dynamic	Lipid	Bilayers	Using	the	Reversible	Thiol-Thioester	Exchange	
Reaction	

	

Section	5.1.	Introduction	

	 Synthetic	 liposomes,	 lipid	structures1	self-assembled	with	hydrophilic	head	groups	

extending	 into	 solution	 and	 hydrophobic	 chains	 sequestered	 into	 a	 bilayer	 core	 to	

minimize	 contact	 with	 water,	 effectively	 separate	 an	 aqueous	 compartment	 from	 the	

surrounding	environment.		With	this	assembly,	liposomes	mimic	cell	membrane	structures	

and	 have	 garnered	 significant	 interest	 for	 their	 ability	 to	 encapsulate	 hydrophobic	

molecules	 within	 the	 bilayer	 core	 and	 hydrophilic	 components	 inside	 the	 internal	

compartment.	 	 These	 features	 have	 found	 applications	 in	 a	 wide	 range	 of	 fields	 from	

drug28,31–33,35–37,39	 and	 cosmetics155–157,171	 delivery	 to	 microreactors57–59,111,162,172.	 	 More	

recently,	 the	 pursuit	 of	 a	 bottom-up	 artificial	 cell75,78–80,82,87,104,107,160	 has	 garnered	

significant	interest,	frequently	utilizing	synthetic	liposomes	in	place	of	the	cell	membrane.		

Their	simplified	structure,	devoid	of	controlled	sub-domains	and	countless	proteins,	makes	

liposomes	ideal	models	for	artificial	cell	membranes	and	for	study	of	behaviors	present	in	

native	cell	membranes60–62.	

	 Previous	work	has	examined	the	ability	to	generate	synthetic	phospholipids,	and	by	

extension	 liposomes,	 in	 situ	 using	 a	 few	 reactions118,143,163,173.	 	 For	 example,	 utilizing	

coupling	 reactions,	 such	 as	 the	 copper-catalyzed	 azide-alkyne	 cycloaddition	 reaction,	 an	

aliphatic	tail	is	added	to	a	phospholipid-based	structure	bearing	a	charged	head-group	and	

a	single	aliphatic	tail	(lysolipid).		Coupling	drives	the	conversion	of	micelles	and	stabilized	

oil	droplets	to	liposomes,	enabling	in	situ	assembly.		However,	little	work	has	been	done	to	
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develop	reversible	chemistries,	resulting	in	systems	that	serve	as	poor	mimics	for	a	native	

cell	membrane’s	enzymatic	ability	to	exchange	one	tail	for	another174.		What	work	has	been	

done	 to	 integrate	 reversibility	 into	 the	 membrane	 utilized	 native	 chemical	 ligation	 and	

reversible	native	chemical	ligation,	however	this	system	requires	addition	of	more	lysolipid	

precursors175,	 limiting	 the	 number	 of	 exchanges	 possible	 before	 the	 bilayer	 becomes	

unstable	due	to	disfavored	packing.	

	 Thiol-thioester	 exchange	 is	 a	 reversible	 reaction	wherein	 a	 thiolate	 anion	 attacks	

the	carbonyl	carbon	of	a	 thioester	resulting	 in	a	 tetrahedral	 intermediate.	 	 Intermediates	

can	 break	 back	 down	 to	 the	 original	 compounds	 or	 to	 a	 new	 thiol-thioester	 pair176.		

Exchange	 in	 this	 fashion	 continues	 as	 long	 as	 thiolate	 anions	 are	 present,	 resulting	 in	 a	

dynamic	 system	 capable	 of	 constant	 remodeling.	 	 Applying	 this	 behavior	 to	 an	 in	 situ	

formation	 method	 would	 enable	 exchange	 of	 the	 lysolipid	 and	 tail	 pairs	 to	 produce	 a	

liposome	mimic	of	cell	membrane	remodeling.		Additionally,	with	this	behavior	present	in	

liposome	systems	it	would	be	possible	to	incorporate	new	functionalities	into	a	pre-formed	

bilayer	 by	 subsequent	 introduction	 of	 compounds	 bearing	 thioester	 groups.	 	 Herein	 we	

report	 the	 use	 of	 this	 exchange	 reaction	 to	 develop	 a	 synthetic	 lipid	 bilayer	 capable	 of	

continued	remodeling.	

	

Section	5.2.	Methods		

General.	 	 1H	and	 13C	nuclear	magnetic	 resonance	 (NMR)	 spectra	 for	product	verification	

were	 gathered	 on	 a	 Bruker	Ascend	 400	 spectrometer.	 	 Reactions	were	monitored	 on	 an	

Agilent	1100	Series	HPLC	fitted	with	an	Agilent	Zorbax	5um	4.6x50mm	C8	column	coupled	

with	Agilent	G1946D	Mass	Spectrometer	and	SedeX	Evaporative	Light	Scattering	Detector.		
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Synthesis	of	Thiol	Lysolipid	(SHPC):	

To	a	dry	10mL	round-bottomed	flask	equipped	with	magnetic	stir	bar	was	added	70mg	1-

palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine	 and	 3-3.5mL	 chloroform.	 	 Following	

stirring	 for	 30	 minutes	 under	 argon	 the	 solution	 was	 cooled	 to	 0oC	 and	 60mg	 3,3’-

dithiodipropionic	 acid,	 80mg	 EDAC	 and	 5mg	 DMAP	 were	 added	 while	 stirring.	 	 The	

solution	was	allowed	 to	 react	overnight	under	 argon.	 	 Following	 reaction,	 the	CHCl3	was	

removed	and	products	were	dissolved	in	H20	for	30	minutes.		This	solution	was	transferred	

to	1,000MW	cutoff	dialysis	tubing	and	dialyzed	overnight.		Following	dialysis,	the	solution	

was	transferred	to	a	10mL	round-bottom	flask	and	200mg	TCEP-HCl	was	added.		1M	NaOH	

was	 added	 dropwise	 to	 neutralize	 the	 solution	 followed	 by	 spinning	 overnight.	 	 This	

solution	 was	 then	 transferred	 to	 fresh	 1,000MW	 cutoff	 dialysis	 tubing	 for	 overnight	

dialysis.	 	 The	 product	was	 then	 lyophilized	 to	 produce	 a	white	 powder.	 Yield	 =	 71%	 1H	

NMR	(400mHz,	CDCl3)	δ:	5.24	(m,	1H),	4.36	(dd,	J=12.1,	3.0	Hz,	1H),	4.27	(m,	2H),	4.15	(dd,	

J=12.1,	7.4	Hz,	1H),	3.95	(m,	2H),	3.75	(m,	2H),	3.32	(s,	9H),	2.75	(m,	2H),	2.67	(m,	2H),	2.28	

(m,	2H),	1.80	(t,	J=8.2	Hz,	1H),	1.57	(m,	2H),	1.25	(m,	24H),	0.87	(t,	3H).	

Synthesis	of	S-phenyl	thioester:	

S-phenyl	thiooctanoate.	

To	a	100	mL	round-bottomed	flask	equipped	with	a	magnetic	stir	bar	was	added	0.57	mLs	

(0.61	grams,	5.54	mmol,	1.1	equiv)	of	thiophenol,	0.98	mLs	(0.71	grams,	7	mmol,	1.4	equiv)	

of	 triethylamine	 (Et3N),	 and	was	 diluted	with	 25	mLs	 (0.2	M)	 of	 anhydrous	 CH2Cl2.	This	

solution	 was	 cooled	 to	 0°C	 and	 the	 octanoyl	 chloride	 0.85	 mLs	 (0.81	 grams,	 5	 mmol,	

1equiv.)	was	added	drop-wise	over	a	period	of	15	min.	The	mixture	was	allowed	to	react	

for	another	16	hours	at	room	temperature.	After	 this	period,	 the	contents	of	 the	reaction	
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mixture	 were	 diluted	 with	 100	 mLs	 of	 CH2Cl2	 and	 then	 water	 (30	 mLs)..	 	 This	 biphasic	

mixture	was	 transferred	 to	 a	 separatory	 funnel,	 the	 organic	 layer	was	 removed	 and	 the	

aqueous	 layer	 was	 further	 extracted	 with	 CH2Cl2	(~50	mLs,	 2X),	 the	 combined	 organics	

were	washed	with	1N	HCl	solution(~50	mLs,	1X),	water	(~50	mLs,	1X),		(brine	(~25	mLs,	

1X),	 dried	 over	 Na2SO4,	 filtered,	 and	 concentrated	 to	 give	 1.08	 grams	 (92%)	 of	 the	 title	

compound	(S-phenyl	thiooctanoate)	as	a	colorless	liquid	which	was	used	directly	with	no	

further	purifications.	

	

S-phenyl	 thiooctanoate:	 colorless	 liquid;	92%	yield;	NMR	(400	MHz,	CDCl3)	δ	=	7.41(m,	

5H),	2.67	–	2.64	(m,	2H),	1.75-1.68	(m,	2H),	1.35-1.27(m,	8H),	0.91-0.87	(m,	3H);	13C	NMR	

(101	MHz,	DMSO-d6)	δ	=	197.8,	134.6,	129.4,	129.3,	128.1,	43.9,	31.8,	29.1,	29.1,	25.7,	22.7,	

14.2.	

	

S-phenyl	 thiododecanoate:	 colorless	 liquid;	 91%	 yield;	 NMR	 (400	 MHz,	 CDCl3)	 δ	=	

7.41(m,	5H),	2.67	–	2.63	(m,	2H),	1.75-1.67	(m,	2H),	1.40-1.23(m,	16H),	0.90-0.86	(m,	3H);	

13C	NMR	(101	MHz,	DMSO-d6)	δ	=	197.8,	134.6,	129.4,	129.3,	128.1,	43.9,	32.1,	29.7,	29.7,	

29.6,	29.5,	29.4,	29.1,	25.8,	22.8,	14.3.	

All	other	compounds	were	purchased	from	standard	sources	and	were	used	as	received.	

	

Preparation	of	Lipid	Solutions.	Prior	to	use,	SHPC	was	reduced	overnight	in	an	equimolar	

mixture	 of	 TCEP-HCl	 and	 NaOH	 in	 a	 2:1	 SHPC:TCEP	 solution.	 	 For	 monitoring	 of	 the	

phospholipid	 coupling	 reaction	 via	 LCMS,	 a	 100uL	 solution	 was	 prepared	 of	 aliphatic	

SPh

O

SPh

O
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phenyl	thioester	in	water	(5mM),	reduced	SHPC	mixture	(5mM	SHPC),	and	TEA	(10mM)	in	

HPLC	 vials	 fitted	with	 350uL	 Supelco	 glass	 inserts.	 	 The	 solution	was	 then	 left	 at	 room	

temperature	to	react.	

Fluorescence	 microscopy	 samples	 were	 prepared	 similarly	 ([reduced	 SHPC]=[thioester	

tail]	 =	 5mM,	 [TEA]=	 10mM)	with	 the	 addition	 of	 2uM	 rhodamine-DHPE.	 	 Samples	 were	

mixed	and	sealed	under	coverslips	for	development	of	 liposomal	structures.	 	C7	thioester	

samples	 were	 developed	 at	 room	 temperature	 for	 48	 hours	 and	 C11	 samples	 were	

developed	at	30oC	for	24	hours	prior	to	imaging.	 	Photobleaching	samples	were	prepared	

the	same	as	 the	 fluorescence	microscopy	samples,	with	 the	addition	of	1mM	HPTS	 in	 the	

reaction	mixture.	

Exchange	 reactions	 began	 the	 same	 as	 above	 ([reduced	 SHPC]=[thioester	 tail]	 =	 5mM,	

[TEA]=	 10mM,	 as	 well	 as	 [rhodamine-DHPE]=2uM	 if	 sample	 was	 to	 be	 used	 for	

fluorescence	 microscopy).	 	 C11	 thioester	 samples	 were	 reacted	 for	 24	 hours	 and	 C7	

thioester	 samples	 were	 reacted	 for	 48	 hours.	 	 Reaction	 was	 followed	 by	 addition	 of	

equimolar	C7	thioester	tail	in	C11	samples	or	up	to	10	equivalents	of	C11	thioester	tail	into	

C7	samples.		Microscopy	samples	for	C11	thioester	product	exchange	with	C7	thioester	tails	

were	developed	at	30oC.	

	

Microscope	 Imaging.	 	 Fluorescent	 imaging	 was	 performed	 using	 a	 Nikon	 A1R	 laser	

scanning	confocal	microscope	equipped	with	Nikon	Elements	software	version	4.20-4.6.		In	

all	cases,	a	561nm	laser	was	employed	to	excite	the	rhodamine-DHPE	while	a	488nm	laser	

was	 additionally	used	 for	photobleaching	 assays.	 	 For	 acquisition	of	TEM	 images,	 4	µl	 of	

sample	 solution	was	 transferred	onto	 a	 lacey	holey-carbon	 grid,	 blotted	 for	 1-2	 seconds,	
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and	then	plunge-frozen	using	an	FEI-Vitrobot	Mark	IV	at	room	temperature.		The	resulting	

vitrified	 sample	 was	 imaged	 on	 an	 FEI	 Tecnai	 F20	 FEG-TEM,	 operating	 at	 200kV	 and	

25,000x	magnification,	 using	 a	Gatan	US4000	CCD	 camera.		 The	 electron	dose	per	 image	

was	limited	to	20	electrons/Å2,	with	a	defocus	of	-2µm,	using	the	low-dose	mode	of	Serial	

EM	acquisition	software.	

	

LC-MS	of	Product	Formation.		Phospholipid	formation	was	conducted	in	HPLC	vials	fitted	

with	350uL	glass	inserts	as	described	above	with	5uL	samples	taken	over	the	course	of	the	

reaction.		Samples	were	injected	onto	an	analytical	1100	Series	Agilent	LC-MS	with	Agilent	

G1946D	Mass	Spectrometer	and	SedeX	Evaporative	Light	Scattering	Detector	controlled	by	

ChemStation	software	and	fitted	with	Agilent	Zorbax	5um	4.6x50mm	C8	column.		A	binary	

solvent	 system	of	 0.1%	 formic	 acid	 in	 5:4:1	 isopropanol:water:methanol	 and	 chloroform	

was	 used	 at	 a	 flow	 rate	 of	 0.9mL/minute.	 	 To	 quantify	 conversion,	 SHPC	 peak	 area	was	

normalized	 to	 the	 area	 measured	 at	 0	 hours	 while	 products	 were	 normalized	 to	 areas	

measured	 at	 24	 hours	 (C11	 system)	 or	 48	 hours	 (C7	 system).	 	 For	 phospholipid	 5	 to	

phospholipid	4	exchange,	peak	areas	were	normalized	to	0	hours	 for	phospholipid	5	and	

96	hours	for	phospholipid	4.	

	

Photobleaching	 Experiments.	 	 Vesicle	 formation	was	 conducted	 in	 sealed	 slides	 in	 the	

presence	 of	 1mM	 HPTS	 and	 2uM	 rhodamine-DHPE	 as	 described	 above.	 	 Following	 self	

assembly	of	bilayers,	select	liposomes	were	imaged	for	5	seconds,	exposed	to	high	intensity	

488nm	light	 for	15	seconds	 to	bleach	encapsulated	HPTS,	 then	 imaged	 for	one	minute	 to	

monitor	 for	 restoration	 of	 fluorescence.	 	 Mean	 internal	 fluorescence	 of	 photobleached	
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liposomes	was	measured	using	Nikon	Elements	software	and	values	normalized	to	 initial	

fluorescence	 intensity	 were	 averaged	 across	 6	 liposomes	 for	 phospholipid	 4	 and	 3	

liposomes	for	phospholipid	5.	

	

Section	5.3.	Results	and	Discussion	

	

Scheme	5.1.		A	schematic	illustrating	the	formation	of	synthetic	phospholipids	using	the	
thiol-thioester	exchange	reaction.		Thiol-functionalized	lysolipids	[1]	undergo	reversible	
exchange	with	either	C7	[2]	or	C11	[3]	phenyl	thioesters	in	the	presence	of	a	basic	catalyst,	
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triethylamine	(TEA),	to	generate	phospholipid	products	[4	and	5].		These	lipid	products	are	
then	capable	of	assembling	into	bilayers	to	form	liposomes.	
	

						Dynamic	behavior	enabled	by	the	thiol-thioester	exchange	was	introduced	to	liposome	

membranes	through	design	and	synthesis	of	lysolipids	bearing	primary	thiol	functionalities	

(SHPC)	[1]	and	one	of	two	aliphatic	tails	(C7	[2]	and	C11	[3])	terminated	in	phenyl	

thioesters	as	depicted	in	Scheme	5.1.		Phenyl	thioester	functionalities	were	selected	to	

drive	the	generation	of	synthetic	phospholipid	and	free	phenyl	thiol	due	to	the	greater	

stability	of	the	phenyl	thiol	as	compared	to	the	lipid	thiol,	driving	tetrahedral	intermediates	

to	break	down	into	full	phospholipids	and	phenyl	thiols.		Reaction	progress	was	monitored	

on	an	analytical	LC-MS	equipped	with	an	Evaporative	Light	Scattering	Detector	(ELSD)	to	

track	consumption	of	lysolipid	and	production	of	phospholipid	product.		SHPC	(5mM)	was	

mixed	with	either	C7	or	C11	thioester	tails	(5mM)	in	the	presence	of	the	base	catalyst	

triethylamine	(TEA)	(10mM)	to	generate	the	reactive	thiolate	anions.		TEA,	a	weak	base,	

was	used	sparingly	to	catalyze	the	exchange	without	significantly	increasing	hydrolytic	

cleavage	of	the	ester	linkages.		In	the	presence	of	C7	phenyl	thioesters,	SHPC	was	consumed	

over	the	course	of	48	hours	leading	to	approximately	90%	conversion	to	a	C7	thioester-

containing	phospholipid	product	(phospholipid	4)	(Figure	5.1A,B).		Exhibiting	faster	

exchange,	SHPC	mixed	with	C11	phenyl	thioester	tails	was	consumed	over	12	hours	

reaching	nearly	complete	conversion	to	a	C11	thioester-containing	phospholipid	product	

(phospholipid	5)	(Figure	5.1C,D).		In	either	reaction	if	the	TEA	catalyst	was	excluded,	no	

formation	of	phospholipid	product	was	observed	over	the	same	time	frames	(SI	Figure	

S5.1),	verifying	the	dependence	on	the	catalyst	presence.		
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	 Relatively	slow	reaction	times	in	both	cases	are	attributed	to	the	necessity	of	a	weak	

base	catalyst	as	needed	to	prevent	hydrolysis,	the	dilute	reactants,	and	a	stoichiometric	

ratio	of	thiol	to	thioester	precursors.		However,	the	ability	of	the	reaction	to	progress	

independent	of	these	conditions	conveys	the	strength	the	thiol-thioester	exchange	reaction	

offers	the	in	situ	formation	system.		Interestingly,	C11	thioesters	underwent	more	rapid	

exchange	than	the	C7	thioesters,	which	may	be	due	to	a	more	favorable	packing	of	the	

precursors	to	exclude	water	and	thereby	increase	the	lifetime	of	thiolate	anion	

intermediates	or	to	increase	accessibility	of	thiolate	anions	to	phenyl	thioesters.		Additional	

work	would	be	necessary	to	determine	the	role	tail	hydrophobicity	plays	on	the	rate	of	the	

thiol-thioester	exchange.	

	
Figure	5.1.		LC-MS-ELSD	chromatography	monitoring	reactions	containing	5mM	reduced	
thiol	lysolipid	(SHPC)	[1],	10mM	TEA	and	5mM	thioester	tail	[2	or	3]	(A,	C).	C7	thioester	
tails	and	SHPC,	normalized	to	0	hours,	undergo	approximately	90%	conversion	to	
phospholipid	4,	normalized	to	48	hours,	over	the	course	of	48	hours	(B)	and	C11	thioester	
tails	with	SHPC,	normalized	to	0	hours,	undergo	nearly	complete	exchange	over	12	hours	to	
produce	phospholipid	5,	normalized	to	24	hours	(D).	
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	 Fluorescence	microscopy	and	cryo-TEM	were	used	to	assess	assembly	of	the	

phospholipid	products	into	liposomes.		Samples	were	prepared	as	in	the	LC-MS-ELSD	

experiments	([reduced	SHPC]=[thioester	tail]=5mM,	[TEA]=10mM)	with	the	addition	of	

2uM	rhodamine-DHPE	for	fluorescence	microscopy	samples.		Liposomes	greater	than	a	

micron	in	diameter	were	observed	under	fluorescence	microscopy	following	development	

of	the	C7	phenyl	thioester-based	reaction	at	room	temperature	for	48	hours	(Figure	5.2A).		

Cryo-TEM	images	display	single	rings	rather	than	stacked	layers,	signifying	assembly	into	

predominantly	unilamellar	structures	(Figure	5.2B).		Unilamellar	assemblies	are	likely	due	

to	the	slow	reaction	times	and	make	this	liposome	formation	method	particularly	useful	for	

applications	such	as	artificial	cells	and	membrane	dynamics	studies	in	which	unilamellar	

structures	are	desired	for	imaging129.			

	 Separately,	it	should	be	noted	that	phospholipid	5	exhibited	dependence	upon	

temperature	for	the	assembly	of	liposomal	structures.		When	developed	at	room	

temperature,	phospholipid	5	assembled	primarily	into	wormlike	micelles,	visualized	under	

cryo-TEM	as	2-4nm-wide	strands	(Figure	5.2D).		If	developed	at	slightly	elevated	

temperatures	such	as	30oC,	phospholipid	5	assembled	into	liposomes	(Figure	5.2C).		This	

temperature	dependent	assembly	suggests	that	temperature	plays	a	much	stronger	role	in	

the	packing	of	phospholipid	5	than	phospholipid	4	near	ambient	conditions	leading	to	

these	significant	morphological	transitions.	
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Figure	5.2.		Fluorescence	microscopy	and	cryo-TEM	images	of	phospholipid	assemblies.		
C7	thioester	tails	(5mM)	undergo	exchange	with	reduced	SHPC	(5mM)	in	the	presence	of	
10mM	TEA	over	48	hours	to	produce	predominantly	unilamellar	liposomes,	as	evidenced	
by	fluorescence	microscopy	(A)	and	cryo-TEM	(B).		When	reacted	at	30oC	for	24	hours,	C11	
thioester	tails	(5mM)	undergo	exchange	with	reduced	SHPC	(5mM)	in	the	presence	of	
10mM	TEA	to	produce	liposomes,	visualized	using	fluorescence	microscopy	(C)	but	at	
room	temperature	assemble	into	tubular	micelles,	visualized	using	cryo-TEM	(D).			
	
	 Under	fluorescence	microscopy,	localization	of	rhodamine-DHPE	to	the	membrane	

highlights	the	structures	as	closed	membranes.	However,	to	probe	the	integrity	of	the	lipid	

bilayers	as	boundaries	capable	of	encapsulating	hydrophilic	molecules,	additional	studies	

were	necessary.		Photo-bleaching	of	an	encapsulated,	charged	dye	followed	by	monitoring	

for	recovery	was	used	to	examine	the	barrier	to	diffusion	presented	by	the	lipid	membrane.		

Both	vesicle	populations	displayed	photobleaching	of	encapsulated	HPTS	immediately	
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following	irradiation,	with	phospholipid	4	samples	losing	74%	of	initial	internal	

fluorescence	intensity	and	phospholipid	5	samples	losing	45%	of	initial	internal	

fluorescence	intensity.	For	phospholipid	4	samples,	no	increase	in	fluorescence	within	the	

membrane	boundary	was	observed	during	the	recovery	period.		Alternatively,	restoration	

of	fluorescence	within	phospholipid	5	liposomes	occurred	over	the	course	of	20	seconds	

after	which	it	was	not	possible	to	consistently	distinguish	liposomes	(Figure	5.3),	indicating	

that	HPTS	was	able	to	diffuse	from	the	external	solution	into	the	vesicle	cavity.		These	

results	indicate	that	both	phospholipids	assemble	into	enclosed	systems	to	enable	the	

initial	photobleaching,	and	indicate	that	phospholipid	4	vesicles	produce	a	more	

impermeable	membrane	at	room	temperature.		The	greater	degree	of	permeability	in	

phospholipid	5	vesicles	could	be	used	for	applications	requiring	a	diffusion-limited	system	

capable	of	taking	up	resources	from	the	environment.			

	

	
Figure	5.3.		Photobleaching	assays	of	phospholipid	4	and	phospholipid	5	liposomes.		Both	
systems	enable	bleaching	of	internal	HPTS	upon	irradiation.	Mean	internal	fluorescence	
normalized	to	initial	fluorescence	values	shows	restoration	of	fluorescence	over	20	
seconds	for	phospholipid	5	systems	and	no	restoration	of	fluorescence	for	phospholipid	4	
systems.	
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	 Due	to	the	reversible	nature	of	the	thiol-thioester	exchange	reaction,	it	is	possible	to	

introduce	new	thioester-functionalized	molecules	following	liposomal	formation	to	

incorporate	new	moieties	into	the	lipid	structures.		This	approach	would	enable	

downstream	labelling	or	modification	of	the	liposomes.		To	demonstrate	this	capability,	

following	equilibration	of	the	first	thioester	exchange	reaction,	an	equimolar	quantity	of	

complementary	aliphatic	thioester	tail	was	added.		Samples	were	taken	at	various	time	

points	and	injected	onto	the	analytical	LC-MS-ELSD	to	monitor	exchange.		Over	the	course	

of	96	hours,	exchange	of	phospholipid	5	with	C7	phenyl	thioester	tails	was	apparent,	

demonstrating	over	30%	conversion	of	phospholipid	5	to	phospholipid	4,	and	fluorescence	

microscopy	verified	the	persistence	of	liposomal	structures	(Figure	5.4).		However,	when	

the	opposite	tail	and	phospholipid	exchange	was	attempted,	there	was	no	exchange	of	C11	

phenyl	thioester	tails	into	the	phospholipid	4	system	evident	using	either	equimolar	or	

excess	quantities	of	C11	phenyl	thioester.		Together,	these	aliphatic	tail	exchange	results	

promote	the	idea	that	phospholipid	4	has	a	more	stable	thioester	than	phospholipid	5	or	

that	there	are	favorable	lipid	constructs	that	either	prevent	or	facilitate	exchange,	

respectively,	in	phospholipid	4	and	5.		
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Figure	5.4.		Phospholipid	5	undergoes	exchange	with	C7	phenyl	thioester	tails.		Following	
formation	of	phospholipid	5	over	the	course	of	24	hours,	equimolar	C7	thioester	tails	[3]	
were	added.	Exchange	of	the	two	tails	progressed	over	the	course	of	96	hours	to	convert	
over	30%	of	phospholipid	5,	normalized	to	0	hours,	to	phospholipid	4,	normalized	to	96	
hours	(A).			Fluorescence	microscopy	verified	persistence	of	liposomes	following	addition	
of	C7	phenyl	thioester	tails	after	48	hours	of	continued	development	at	30oC	(B).		
	
Section	5.4.	Conclusion	

	 In	this	work	a	novel	method	for	the	in	situ	formation	of	synthetic	phospholipids	

using	a	reversible	reaction	has	been	developed.		Dynamic	behavior	in	the	bilayer	was	

introduced	using	thiol-thioester	exchange	between	SHPC	and	phenyl	thioester	tails.		Two	

tails,	C7	phenyl	thioester	and	C11	phenyl	thioester,	exchange	with	SHPC	to	produce	

phospholipid	products.		These	products	assemble	into	liposomes	capable	of	varying	

degrees	of	hydrophilic	compound	encapsulation.		Beyond	liposome	assembly,	phospholipid	

5	demonstrates	the	ability	to	undergo	further	exchange	with	C7	phenyl	thioesters.			This	

continued	exchange	better	mimics	the	remodeling	present	in	native	cell	membranes,	

furthering	the	pursuit	of	a	bottom-up	artificial	cell	and	enabling	downstream	modifications	

of	liposomal	structures	following	in	situ	formation.	
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Section	5.5.	Supplementary	Figures			

	
Figure	S5.1.		LC-MS-ELSD	chromatography	monitoring	control	reactions	containing	5mM	
reduced	thiol	lysolipid	(SHPC)	[1]	and	5mM	thioester	tail	[2	or	3]	but	no	catalyst.		No	
formation	of	thioester-containing	phospholipid	product	is	apparent	48	hours	after	mixing	
SHPC	[1]	with	C7	phenyl	thioester	tail	[2]	(A)	or	12	hours	after	mixing	SHPC	[1]	with	C11	
phenyl	thioester	tail	[3]	(B).		 	
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Chapter	6	

Photoinduced	Pinocytosis	for	Artificial	and	Proto-cell	Systems	

	

Section	6.1.	Introduction	

A	pursuit	 to	understand	the	conditions	necessary	 to	evolve	 living	cells	and	utilize	 their	

complexity	 to	produce	a	 suite	of	biologically-inspired	 commercial	 compounds	has	driven	

the	 development	 of	 proto-	 and	 artificial	 cells.	 	 In	 top-down	 approaches	 for	 generating	

artificial	 cells,	 cellular	 components	 are	 eliminated	 over	 time	 to	 reach	 a	 minimal,	 living	

cell177.	 	 In	 contrast,	 protocells	 and	bottom-up	approaches	 for	 forming	artificial	 cells	both	

add	 components	 piece	 by	 piece	 to	 produce	 individual	 compartments	 capable	 of	

synthesizing	 products	 of	 interest	 (protocell)74	 or	 until	 a	 status	 of	 “living”	 is	 achieved	

(artificial	cell)76,78,80,104.		While	there	is	no	universally	accepted	definition	of	“living”,	typical	

requirements	 include	 (1)	 self-replication	 and	 (2)	 the	potential	 for	 evolution	using	 a	 self-

contained	genetic	code.		For	such	living	systems,	significant	progress	has	been	made	in	the	

development	 of	 boundary/membrane	 materials129,178,179,	 	 cell-free	 expression	 systems	

75,81,86,	 and	 growth-dependent	 division	 behavior106,107,180–182.	 	 However,	 to	 limit	 the	

machinery	needed	 in	 these	simplified	systems,	 it	 is	generally	necessary	 to	 feed	 in	critical	

building	 molecules	 including	 those	 that	 provide	 energy,	 as	 well	 as	 proteins	 or	 genetic	

material.		

Current	methods	to	incorporate	material	into	existing	protocell	and	bottom-up	artificial	

cell	structures	involve	the	use	of	selective	poration51,183	or	surfactant	addition,101,102	either	

of	which	result	 in	 the	equilibration	of	 internal	and	external	components.	 	Other	methods	

involve	microinjection,99,100	which	requires	precise	control	over	the	 injection	system,	and	



	 65	

fusion	of	carrier	vesicles,57,181,184,185	both	of	which	are	labor	intensive.		In	other	strategies,	

membrane	 channels	 and	 translocation	 machinery	 have	 been	 expressed	 within	 the	 pre-

formed	membrane	or	have	been	introduced	post	formation.	However,	these	systems	suffer	

from	bi-directional	solute	exchange	resulting	in	the	loss	of	encapsulated	compounds,	have	

limitations	on	size	or	charge	density	of	 compounds	 transported,	 require	energy	 input,	or	

entail	the	use	of	specific	tags	on	the	cargo	of	interest74,83,88–98.	

Real	cells	are	capable	of	taking	in	foreign	material	via	endocytosis	 in	the	form	of	either	

phagocytosis	(i.e.,	internalization	of	solid	material186)	or	pinocytosis	(i.e.,	internalization	of	

liquids187,188).	Achieving	endocytic	behavior	in	artificial	cells	offers	an	improved	solution	to	

the	“feeding”	problem,	providing	a	time-dependent	method	for	altering	the	state	of	the	cell	

in	 any	 of	 a	 variety	 of	ways.	 	 Towards	 this	 end,	 phagocytosis-inspired	 behavior	 has	 been	

reported	 for	 emulsion	 systems189,	 and	 a	 previous	 study	 reported	 the	 production	 of	

endocytic	 vesicles	 from	 lipid	 rafts	 in	 the	 presence	 of	 osmotic	 or	 surfactant	 stress190.	

However,	no	work	to	date	has	incorporated	stimuli	responsive	endocytotic	behavior	using	

components	 already	 present	 in	 the	 lipid	 bilayer,	 particularly	 in	 a	 spatiotemporally	

controllable	 manner.	 	 Here,	 the	 introduction	 of	 photo-cleavable	 lipids	 into	 liposomes	 is	

used	 to	 enable	photo-induced	pinocytosis.	 	Upon	exposure	 to	 light,	 liposomes	 containing	

this	 photo-cleavable	 lipid	 engulf	 external	 solution	 without	 the	 apparent	 loss	 of	 internal	

constituents.	 	 This	 behavior	 has	 been	 achieved	 using	 two	 widely	 differing	 liposome	

formation	 methods,	 lipid	 film	 hydration	 and	 pull-down,	 indicating	 the	 versatility	 and	

robustness	 of	 this	 photo-induced	 pinocytosis	 behavior	 and	 underscoring	 its	 potential	

utility	for	future	artificial	cell	systems.	
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Section	6.2.	Methods	

General.	 Compounds	were	 purchased	 from	 commercial	 sources	 and	 used	 as	 received.		

Synthesis	of	NBPC	was	conducted	as	published191.		1H	and	13C	nuclear	magnetic	resonance	

(NMR)	 spectra	 for	 product	 verification	 were	 gathered	 on	 a	 Bruker	 Ascend	 400	

spectrometer.	 	 Irradiation	with	365nm	 light	was	conducted	using	an	Acticure	4000	 lamp	

fitted	with	a	365nm	bandgap	filter	while	405nm	irradiation	was	performed	using	the	laser	

scanning	confocal	imaging	laser.		Microfluidic	chips	were	produced	using	Optical	Associates	

Inc.	Model	J500	mask	aligner	with	ENM	illumination	controller	exhibiting	peak	intensities	

at	 367,	 407,	 and	 438nm	 at	 an	 intensity	 of	 15mW/cm2,	 a	 Nikon	 Ci-L	 upright	microscope	

equipped	with	a	Mightex	Polygon	400	multiwavelength	dynamic	spatial	 illuminator	and	a	

Mightex	BLS	series	BioLED	light	source	module	and	microfluidic	devices	were	fused	using	a	

PlasmaEtch	plasma	cleaning	system.		

Liposome	Preparation.	 	Lipid	film	hydration	vesicles.		Lipid	components	were	measured	

from	 prepared	 chloroform	 stocks	 resulting	 in	 a	 final	 molar	 ratio	 of	 2:2:1:0.01	

nitrobenzylphophatidylcholine	 (NBPC):1,2-dioleoyl-sn-glycero-3-phosphocholine	

(DOPC):cholesterol:Lissamine	 rhodamine	 B	 1,2-dihexadecanoyl-sn-glycero-3-

phophoethanolamine	 (rhodamine-DHPE).	 	 Chloroform	 was	 dried	 completely	 before	

addition	 of	 500uM	 fluorescein	 solution	 or	 100mM	 sucrose	 and	 100uM	 AlexaFluor	 647	

solution.	 	Hydration	proceeded	with	or	without	 sonication	 for	 the	 first	 hour	 followed	by	

development	 at	 40-45oC	 overnight	with	 no	 clear	 impact	 of	 sonication.	 	 Prior	 to	 imaging,	

liposomes	were	 lightly	 vortexed	 followed	 by	 1:9	 dilution	 in	 100uM	 sulforhodamine	 and	

350uM	glucose	for	fluorescein	vesicles	and	100mM	glucose	and	5mM	sodium	chloride	for	

AlexaFluor	647	vesicles.		
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Pull-down	 vesicles.	 	 Lipids	 were	 mixed	 using	 a	 similar	 2:2:1:0.02	

NBPC:DOPC:cholesterol:rhodamine-DHPE	ratio	in	heavy	mineral	oil	at	a	final	concentration	

of	0.35mg	lipids/mL	heavy	mineral	oil.		Lipids	were	dispersed	by	vortex	and	sonication	and	

could	be	stored	for	a	couple	weeks	at	-18oC.		100uL	200mM	glucose	solution	was	pipetted	

into	 a	 0.65mL	 eppendorf	 tube.	 	 In	 another	 tube,	 10uL	 1mM	AlexaFluor647	 and	 200mM	

sucrose	 solution	 was	 pipetted	 into	 200uL	 of	 the	 prepared	 lipid	 mixture.	 	 This	 was	

emulsified	 by	 dragging	 across	 a	microcentrifuge	 tube	 rack	 before	 layering	 on	 top	 of	 the	

glucose	 solution	 followed	 by	 centrifugation	 at	 10,000rcf	 for	 10	 minutes	 to	 generate	 a	

liposome	pellet.	 	The	upper	oil	 layer	was	aspirated	off	as	well	 as	a	majority	of	 the	 lower	

aqueous	layer	leaving	10-15uL.		The	liposomes	were	resuspended	by	light	vortexing	before	

use.		

Asymmetric	vesicles.	 	Lipid	mixtures	were	prepared	as	above	for	the	pull-down	vesicles,	

however	mixtures	 contained	 either	 4:1	 DOPC:	 cholesterol	 or	 4:1	 NBPC:cholesterol,	 both	

with	rhodamine-DHPE.		200uL	200mM	glucose	solution	was	layered	at	the	bottom	of	Nunc	

Lab-Tec	8	well	chambered	cover	glass	followed	by	200uL	of	the	lipid	mixture	for	the	outer	

leaflet	 of	 lipids	 and	 100uL	 heavy	 mineral	 oil.	 	 Following	 development	 for	 2	 hours,	 an	

emulsion	of	200uL	inner	leaflet	 lipid	mixture	and	10uL	1mM	AlexaFluor	647	and	200mM	

sucrose	solution	was	layered	on	top	and	liposomes	were	allowed	to	precipitate	overnight	

prior	to	imaging.		

Microscopy.	 Fluorescence	 imaging	 was	 performed	 using	 a	 Nikon	 A1R	 laser	 scanning	

confocal	microscope	 equipped	with	Nikon	 Elements	 software	 version	 4.20	 to	 4.6.	 	 In	 all	

cases,	a	561nm	laser	was	employed	to	excite	rhodamine-DHPE,	a	488nm	laser	was	used	to	
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excite	 fluorescein,	 and	 a	 638nm	 laser	 was	 used	 to	 excite	 AlexaFluor	 647.	 	 For	 405nm	

irradiation	of	lipid	samples,	the	405nm	imaging	laser	was	used.	

Assessment	 of	 Asymmetric	 Vesicle	 Formation	 Efficiency.	 	 Two	 replicates	 of	 the	

formation	 pair	were	 imaged	 using	 scanning	 laser	 confocal	microscopy	 utilizing	 stitching	

software	 in	 Nikon	 Elements	 to	 image	 a	 large	 area.	 	 Images	 were	 analyzed	 using	 FIJI	

software	 to	 remove	 background	 fluorescence	 and	 count	 objects	 present.	 The	 count	 from	

sample	 formed	with	NBPC	on	 the	outside	was	divided	by	 the	 count	 from	sample	 formed	

with	NBPC	on	the	inside.		

Assessment	of	Internal	Fluorescence	Intensity.		Videos	of	lipid	film	hydration	method	

liposomes	 with	 internal	 fluorescein	 were	 analyzed	 for	 internal	 fluorescence	 intensity	

during	pinocytosis.		Using	Nikon	Elements	Software,	circular	ROIs	were	set	in	areas	of	the	

original	encapsulated	cavity	at	the	beginning	of	irradiation	and	after	pinocytosis	and	mean	

internal	fluorescence	intensity	values	were	collected.	

Aspect	Ratio	Measurements.		Videos	were	collected	using	Nikon	Elements	software.		In	

each	 video,	 non-spherical	 vesicle	 structures	 were	 identified	 which	 were	 in	 the	 imaging	

plane	 long	 enough	 to	 determine	 the	 presence	 of	 pinocytosis	 behavior.	 	 Selected	 vesicles	

were	 measured	 using	 Nikon	 Elements	 software	 to	 determine	 the	 length	 of	 each	 vesicle	

followed	 by	 a	 perpendicular	 characteristic	width	 (not,	 for	 example,	 at	 the	 neck	 between	

two	lobes	but	within	those	lobes)	of	the	same	vesicle.	

Microfluidics.	 	 Microfluidic	 molds	 were	 produced	 using	 a	 thiol-ene	 polymerization	

process	 published	 previously192.	 	 Briefly,	 glass	 slides	 were	 prepared	 by	 etching	 with	 a	

solution	 of	 3	 parts	 sulfuric	 acid	 and	 1	 part	 hydrogen	 peroxide	 for	 3	 hours	 followed	 by	

overnight	 vapor	 deposition	 of	methacryloxypropyltrimethoxysilane	 at	 room	 temperature	
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in	a	vacuum	chamber.	 	Using	a	clean	glass	slide	as	backing,	onto	custom	printed	FineLine	

Imaging	 nylon	 masks	 was	 deposited	 a	 monomer	 mixture	 for	 thiol-ene	 polymerization.		

Several	 mixtures	 were	 tested,	 with	 the	 most	 consistent	 results	 from	 a	 mixture	 of	

pentaerythritol	 tetra(3-mercaptoproprionate)	 (PETMP)	 and	 triallyl-1,3,5-triazine-2,4,6-

trione	(TATATO)	in	a	1:1	stoichiometric	thiol:ene	ratio	with	1wt%	Irgacure	184	and	1wt%	

N-nitrosophenyl-hydyroxylamine	(Q1301)	with	52um	Precision	Brand	color	coded	shim	as	

spacers	 at	 either	 end	 placed	 without	 obscuring	 printed	 features.	 	 Functionalized	 slides	

were	placed	atop	assemblies	without	introducing	bubbles	and	sides	were	clamped	prior	to	

irradiation	 using	 Optical	 Associated	 Inc.	 model	 J500	 optical	 mask	 alignment	 system.		

Excess,	 unreacted	monomer	 was	 washed	 away	 leaving	 polymerized	 channels	 and	 wells.		

The	 above	 assembly	 steps	 were	 repeated	 on	 the	 resulting	 features	 using	masks	 of	 well	

features	alone	and	102um	spacers	for	a	multi-layer	microfluidic	chip.		For	PDMS	devices,	a	

10:1	 mixture	 of	 Sylgard	 184	 silcone	 elastomer	 was	 layered	 atop	 microfluidic	 chips,	 de-

gassed	for	30	minutes	and	cured	in	a	70oC	oven	for	4	hours.		Independent	devices	were	cut	

away	and	inlet	and	outlet	ports	were	punched	using	a	0.5mm	biopsy	punch.	 	Clean	cover	

slips	and	PDMS	surfaces	were	prepared	in	a	PlamaEtch	plasma	cleaning	system	for	fusion.			

Osmotic	Deformation	and	Pinocytosis	Efficiency.		Microfluidic	devices	were	prepared	

for	 liposome	 loading	 by	 incubation	 in	 a	 vacuum	 chamber	with	 an	 inlet	 port	 sealed	 for	 a	

minimum	 of	 10	minutes.	 	 Pull-down	 liposome	 solutions	were	 deposited	 atop	 inlet	 ports	

immediately	following	release	of	vacuum	to	allow	thorough	loading	of	solution	into	wells.		

Upon	completion	of	 loading,	a	0.012”IDx0.030”OD	microbore	PTFE	tube	primed	with	300	

or	400mM	glucose	and	tracer	dye	solution	was	inserted	into	the	loading	port	and	the	seal	

on	the	second	port	was	removed.		Fluid	was	exchanged	at	a	flow	rate	of	5uL/hr	for	30	to	50	
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minutes	using	a	syringe	pump	monitoring	for	external	 fluid	exchange	and	deformation	of	

loaded	 liposomes.	 	 Deformed	 liposomes	 were	 irradiated	 with	 405nm	 light	 using	 the	

imaging	laser	line	of	the	microscope	to	induce	shape	change	and	pinocytosis	while	imaging	

the	 638nm	 line.	 	 To	 analyze	 percentage	 of	 liposomes	 to	 undergo	 pinocytosis,	 liposomes	

were	 counted	 using	 FIJI	 software	 and	 the	 subset	 of	 the	 population	 that	 underwent	

pinocytosis	were	identified	by	hand.	

	

Section	6.3.	Results	and	Discussion	

Morphological	 changes	 in	 the	 lipid	 bilayer	 such	 as	 membrane	 budding68,69	 have	 been	

modeled	using	 the	 introduction	of	 amphiphillic	 compounds.	 	Based	on	 this	 same	general	

concept,	morphological	 changes	 in	 the	bilayer	 structure	were	achieved	here,	without	 the	

introduction	of	new	compounds,	through	photo-induced	cleavage	of	lipids	in	the	preformed	

membrane	that	alter	the	structure	and	character	of	the	lipid	bilayer.		To	this	end,	a	photo-

cleavable	 lipid	 was	 synthesized	 based	 upon	 a	 previously	 reported	 lipid	 synthesis	

method118.	 	 Specifically,	 an	 alkyne	 functionalized	 lysolipid	 was	 coupled	 to	 an	 azide-

functionalized	 tail	 bearing	 a	 photosensitive	 o-nitrobenzyl	 moiety	 via	 copper-catalyzed	

azide-alkyne	cycloaddition	(CuAAC)	 to	produce	a	synthetic	phospholipid	 (NBPC)191.	 	This	

product	was	mixed	with	natural	lipids	to	achieve	a	2:2:1	molar	ratio	of	NBPC:	1,2-dioleoyl-

sn-glycero-3-phosphocholine	 (DOPC):cholesterol	 (Figure	 6.1).	 	 The	 photosensitive	 NBPC	

molecules	absorb	UV	light,	tailing	into	the	400nm	range,	resulting	in	the	cleavage	of	the	o-

nitrobenzyl	moiety	 to	produce	a	 lysolipid	with	a	 short	 second	 tail,	 carbon	dioxide,	 and	a	

free	 aliphatic	 tail.	 	 DOPC	 was	 included	 in	 the	 lipid	 mixture	 for	 increased	 fluidity	 of	 the	

membrane	 as	 it	 has	 a	 Tg	 of	 -17oC	 while	 cholesterol	 was	 incorporated	 for	 enhanced	
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stability193.			A	small	amount	(0.4	mol%)	of	lissamine	rhodamine	B	1,2-dihexadecanoyl-sn-

glycero-3-phosphoethanolamine,	 triethylammonium	 salt	 (rhodamine-DHPE)	 was	

incorporated	into	the	lipid	mixture	to	enable	imaging	of	the	lipid	bilayer	using	fluorescence	

microscopy.	

	

Figure	6.1.		Liposome	formulations	consisted	of	a	mixture	of	DOPC,	NBPC,	and	cholesterol	
at	 a	 molar	 ratio	 of	 2:2:1,	 respectively.	 	 NBPC	 undergoes	 photo-induced	 cleavage	 upon	
irradiation	to	produce	lysolipids,	carbon	dioxide,	and	aliphatic	tails.		DOPC	ensures	fluidity	
of	the	membrane	at	room	temperature	and	cholesterol	increases	stability.	
	

It	 is	 expected	 that	 the	 bulky	 structure	 of	 NBPC	 leads	 to	 a	 selective	 partitioning	 of	 the	

NBPC	to	the	outer	leaflet	due	to	the	local	positive	curvature.	This	hypothesis	was	assessed	

using	 an	 asymmetric	 liposome	 formation	 strategy	 based	 on	 a	 previously	 reported	

methodology194.		Different	lipid	mixtures	(4:1)	of	either	NBPC	and	cholesterol	or	DOPC	and	

cholesterol	were	used	for	each	leaflet.		In	both	cases	rhodamine-DHPE	was	included	at	0.4-

0.8	mol%	as	a	means	for	imaging	the	vesicles.	The	presence	of	vesicles	following	overnight	
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development	 was	 verified	 using	 fluorescence	 microscopy	 to	 detect	 AlexaFluor	 647	

entrapped	in	the	 internal	compartment	and	rhodamine-DHPE	localized	to	the	membrane.		

For	samples	in	which	the	inner	leaflet	was	formed	with	4:1	NBPC:cholesterol	and	the	outer	

leaflet	consisted	of	4:1	DOPC:cholesterol,	few	vesicles	were	found	in	the	images.		However,	

when	the	leaflet	compositions	were	reversed	with	the	NBPC-enriched	layer	on	the	outside,	

fluorescence	microscopy	images	showed	extensive	vesicle	 formation.	 	Specifically,	15	and	

46	 times	 more	 vesicles	 were	 reported	 in	 preparations	 with	 NBPC	 in	 the	 outer	 leaflet	

compared	 to	 NBPC	 in	 the	 inner	 leaflet,	 in	 two	 different	 repetitions	 of	 the	 asymmetric	

formation	pairs	(Figure	6.2).		This	behavior	suggests	a	lower	stability	of	liposomes	that	are	

assembled	with	NBPC	in	the	inner	leaflet	or	decreased	efficiency	of	stabilized	water	in	oil	

droplet	 assembly	 using	 NBPC-cholesterol	 mixtures.	 	 With	 these	 observations,	 it	 can	 be	

hypothesized	that	during	assembly	of	water	in	oil	emulsions	using	the	mixed	lipid	system,	

DOPC	will	selectively	partition	to	the	water	droplet	and	lipid	films	will	selectively	hydrate	

with	 increased	 DOPC	 at	 areas	 of	 negative	 curvature,	 which	 eventually	 form	 the	 internal	

compartment,	resulting	in	greater	concentrations	of	NBPC	in	the	outer	leaflet.	
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Figure	 6.2.	 	 Liposomes	 formed	 using	 a	 precipitation	 method	 to	 produce	 asymmetric	
assembly	of	 lipids	between	the	 inner	and	outer	 leaflet	was	used	here	to	probe	the	 leaflet	
selectivity	 of	 NBPC.	 	 Liposomes	were	 formed	with	 NBPC	 exclusively	 in	 the	 outer	 (B)	 or	
inner	leaflet	mixture	(A),	resulting	in	pronounced	differences	in	the	quantity	of	liposomes	
generated.	 	 Liposomes	 are	 indicated	by	 a	 fluorescent	 interior	marked	by	AlexaFluor	647	
and	membrane	fluorescence	assessed	by	rhodamine-DHPE.		
	

With	NBPC	preferentially	located	in	the	outer	leaflet,	irradiation	was	expected	to	cause	a	

more	prominent	outer	leaflet-specific	response.		In	particular,	photo-cleavage	would	result	

in	an	un-charged	aliphatic	tail	that	may	readily	traverse	the	two	bilayers	more	easily	than	

the	zwitterionic	lysolipid,	which	is	constrained	by	slow	rates	of	trans-membrane	flip-flop.		

This	 behavior	 would	 result	 in	 a	 rapid	 decrease	 in	 volume	 of	 the	 outer	 leaflet	 and	

constriction	of	the	external	surface	area.	 	The	resultant	tension	in	the	membrane	forces	a	

shape	change	to	minimize	elastic	energy,	requiring	that	the	liposomes	adopt	a	new	shape.		

Vesicle	shape	predictions	modeled	using	the	Area-Difference	Elasticity	Model195,196	indicate	

a	series	of	possible	morphologies	based	upon	the	volume-to-surface-area	ratio	within	the	

vesicle	and	the	difference	between	the	surface	areas	of	the	two	leaflets	in	the	bilayer.		Past	

NBPC inside, DOPC outside DOPC inside, NBPC outside 
A. B. 
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research	 has	 verified	 these	 shape	 transformations	 by	 modulating	 these	 parameters	

through	the	addition	of	lipids67–69	or	the	application	of	external	forces64–66,197.	

To	 visualize	 the	 shape	 transformations	 induced	 by	 NBPC	 cleavage,	 two	 different	

liposome	 formation	 methods	 were	 employed	 (Table	 6.1).	 	 The	 lipid	 film	 hydration	

method108,109	 produces	 heterogeneous,	 multilamellar	 liposomes	 through	 the	 gentle	

hydration	 of	 a	 dried	 lipid	 film.	 	 In	 contrast,	 the	 pull-down	 technique111–113	 produces	

spherical,	unilamellar	liposomes	by	the	application	of	centrifugal	force	to	pull	water-in-oil	

droplets	through	an	oil/water	interface.	

	

Table	6.1.		Liposome	Formation	Methods			

	

	

Formation	 of	 liposomes	 via	 lipid	 film	 hydration	 results	 predominantly	 in	 very	 large,	

multilamellar	 liposomes	 in	a	wide	range	of	shapes	and	structures	enabling	assessment	of	

the	impact	that	aspect	ratio	and	shape	have	upon	the	photo-induced	pinocytosis	behavior.		

These	 shapes	 include	 tubular	 liposomes	 (prolates),	 lobed	 structures	 (dumbbells,	 pears),	

Forma&on	Method	 Lipid	Film	Hydra&on	 Pull-down	

Schema'c	of	
Forma'on	

Vesicle	Characteris'cs	 Giant,	Mul'lamellar,	Irregular	Morphologies	 Giant,	Unilamellar	Spheres	

Drawbacks	for	this	
System	 Inconsistent	Product	Liposomes	 Requires	Deforma'on	by	Osmo'c	

Pressure	

Does	it	Pinocytose?	 Yes	 Yes	
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multiple	lobes	around	a	central	axis	(starfish),	and	strings	of	pearls.		Upon	irradiation	and	

following	 the	 associated	 cleavage	 of	 the	 NBPC	 located	 preferentially	 in	 the	 outer	 layer,	

liposomes	with	 lobed	 and	 prolate	 structures	 transformed	 to	 flattened	 discs	 (oblates	 and	

discocytes),	eventually	engulfing	external	fluid	to	form	closed	stomatocytes	(Figure	6.3).	No	

appreciable	 loss	 of	 encapsulated	 hydrophilic	 dye	 was	 observed	 during	 irradiation,	

indicating	that	the	membrane	remains	intact	and	the	internal	volume	of	the	original	vesicle	

compartment	 does	 not	 appreciably	 mix	 with	 the	 surrounding	 material	 during	 shape	

changes	 leading	 up	 to	 the	 pinocytosis	 event.	 	 Specifically,	 fluorescence	 decreased	 in	 the	

original	vesicle	compartment	an	average	of	15%	across	6	representative	vesicles,	including	

those	 presented	 in	 figure	 6.3.	 	 This	 moderate	 decrease	 is	 most	 likely	 due	 to	 gradual	

photobleaching	 as	 opposed	 to	 pores	 forming	 in	 the	membrane.	 	 These	 shape	 transitions	

follow	 the	 Area-Difference	 Elasticity	 Model196	 assuming	 that	 the	 volume	 of	 the	 original	

vesicle	compartment,	i.e.	excluding	engulfed	volume,	is	kept	constant	while	the	ratio	of	the	

outer	 to	 inner	 surface	 areas	 decreases,	 further	 validating	 the	 hypothesis	 that	 the	 shape	

change	 is	 driven	 by	 the	 change	 in	 outer	 leaflet	 surface	 area	 as	 compared	with	 the	 inner	

leaflet	surface	area.	
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Figure	 6.3.	 	 Fluorescence	microscopy	 images	 during	 irradiation	 of	 elongated	 liposomes	
demonstrate	 photo-induced	pinocytosis.	 Liposomes	were	 formed	via	 lipid	 film	hydration	
composed	of	2:2:1	NBPC:DOPC:cholesterol	with	rhodamine-DHPE.		Internal	compartments	
encapsulate	 500uM	 fluorescein	 in	 an	 external	 solution	 of	 100uM	 sulforhodamine	 B	 and	
350mM	 glucose.	 	 Irradiation	 with	 365nm	 10mW/cm2	 light	 results	 in	 photo-cleavage	 of	
NBPC	in	the	membrane	and	a	shape	change	transition	from	lobed	structures	and	tubules	to	
oblate	 ellipsoids	 and	 closed	 stomatocytes.	 Each	 strip	 contains	 representative	 images	 of	
time	points	progressing	 left	 to	right	 illustrating	shape	change	steps	of	each	vesicle.	 	Strip	
length	does	not	correlate	to	irradiation	time.	
	

Applied	as	an	artificial	or	proto	cell	 feeding	system,	this	photo-induced	behavior	would	

potentially	enable	uptake	of	a	wide	range	of	compounds	with	fewer	constraints	on	size	or	

structure	 as	 compared	 to	 membrane	 protein-based	 systems.	 Additionally,	 because	 this	

uptake	 method	 did	 not	 disrupt	 membrane	 integrity,	 it	 would	 enable	 uptake	 of	 external	

substrates	without	compromising	previously	encapsulated	molecules.		This	capacity	would	

allow	for	the	maintenance	of	gradients	and	chemical	distinctions	between	the	cell	and	its	

surroundings	 developed	 from	 formation	 methods	 or	 active	 behaviors	 such	 as	 protein	

pumps,	which	are	necessary	for	processes	such	as	calcium	signaling198	or	pH	gradients	for	

ATP	production60,199.	
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Interestingly,	 irradiation	 does	 not	 result	 in	 pinocytosis	 in	 all	 cases	 as	 some	 liposomes	

transition	only	to	spheres.		To	better	understand	the	system,	aspect	ratios	(i.e.,	the	ratio	of	

the	 longest	 axis	 to	 the	 characteristic	 width)	 of	 the	 liposomes	 pre-irradiation	 were	

measured	 and	 compared	 with	 those	 of	 vesicles	 that	 underwent	 pinocytosis	 induced	 by	

405nm	irradiation.		Using	the	fluorescent	interior	as	a	guide,	structures	were	classified	as	

liposomes	and	non-liposomes,	based	on	the	presence	or	absence	of	a	fluorescent	interior,	

respectively,	and	only	non-spherical	liposomes	(31	total)	were	analyzed.	 	Pinocytosis	was	

consistently	observed	in	two	types	of	liposomes:	those	with	an	aspect	ratio	greater	than	or	

equal	to	two	and	those	with	lobed	structures.		In	the	case	of	tubular	liposomes	with	aspect	

ratios	between	1	and	2,	only	17%	underwent	pinocytosis	during	 the	 light-induced	shape	

change.	 	These	findings	suggest	that	there	is	a	critical	volume-to-surface	area	ratio	to	fate	

liposomes	into	a	pinocytotic	pathway.		This	finding	is	consistent	with	predictions	of	shape	

change	 based	 upon	 the	 area-difference	 elasticity	model	 where	 closed	 stomatocytes	 only	

occur	 in	 systems	 bearing	 volume-to-surface-area	 ratios	 far	 from	 spherical.	 	 However,	

further	studies	would	be	necessary	to	determine	the	conditions	that	result	 in	pinocytosis	

for	the	small	subset	of	liposomes	with	aspect	ratios	between	1	and	2.		

To	 study	 photo-induced	 pinocytosis	 behavior	 in	 unilamellar	 systems,	 a	 commonly	

utilized	 morphology	 in	 synthetic	 cell	 membranes,	 liposomes	 were	 formed	using	 the	 so-

called	 “pull-down”	 technique.	 	 This	 technique	 additionally	 enables	 the	 study	 of	 more	

consistent,	 spherical	 morphologies	 and	 the	 ability	 to	 induce	 the	 conditions	 required	 to	

determine	efficiency	of	the	pinocytosis	activity	across	a	vesicle	population	as	would	apply	

to	photo-induced	pinocytosis	behavior	for	systems	like	those	present	in	current	proto-	and	

artificial	cell	studies.		For	spherical	liposomes	an	external	stress,	such	as	osmotic	pressure,	
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is	 required	 to	 force	 liposome	deformation	 to	 a	 state	with	 a	 decreased	 volume-to-surface	

area	 ratio.	 	 To	 transition	 the	 liposomes	 from	 a	 solution	 that	will	 cause	minimal	 osmotic	

pressure	to	one	with	increased	osmotic	pressure	which	leads	to	more	uniform,	aspherical	

structures,	pull-down	liposomes	were	loaded	into	a	microfluidic	device.	Following	loading	

into	the	chambers	within	the	microfluidic	device,	 the	 liposomes’	external	200mM	glucose	

solution	 was	 replaced	 with	 a	 solution	 of	 300	 or	 400mM	 glucose	 that	 was	 used	 both	 to	

remove	 the	 unencapsulated	 dye	 and	 to	 facilitate	 rapid	 deformation	 caused	 by	 the	

application	 of	 a	 large	 osmotic	 pressure.	 	 Following	 the	 deformation,	 the	 liposomes	were	

still	largely	spherical	with	many	now	bearing	thin	tubule	projections.	Upon	irradiation,	an	

average	of	44%	of	liposomes	underwent	pinocytosis,	analyzed	from	17	videos	taken	over	8	

experiments	 	(Figure	6.4).	 	 	These	results	 lead	to	two	distinct	and	 important	conclusions.		

First,	the	morphological	changes	observed	here	that	lead	to	pinocytosis	do	not	appear	to	be	

dependent	upon	the	lamellarity	of	the	vesicle.		Secondly,	the	liposomes	need	not	be	visibly	

elongated	to	result	in	pinocytosis.			

The	 capability	 to	 induce	 deformation	 followed	 by	 irradiation	would	 potentially	 enable	

multiple	 cycles	 of	 photo-induced	 pinocytosis	 in	 future	 proto-	 and	 artificial	 cell	 systems.		

Upon	 necessity	 of	 a	 feeding	 event,	 osmotic	 stimulus	 could	 be	 applied	 with	 the	 feeding	

solution	 followed	 by	 photo-induced	 pinocytosis.	 	 Following	 irradiation,	 liposomes	 adopt	

spherical	 morphologies,	 setting	 the	 system	 up	 for	 another	 round	 of	 deformation	 and	

irradiation	at	the	next	feeding	cycle.			
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Figure	 6.4.	 	 Microfluidic	 wells	 contain	 liposomes	 composed	 of	 2:2:1:0.02	
NBPC:DOPC:cholesterol:rhodamine-DHPE	encapsulating	1mM	AlexaFluor647	and	200mM	
sucrose.	 	 External	 solvent	 (200mM	 glucose)	 is	 exchanged	with	 300mM	 glucose	 to	 apply	
osmotic	pressure	to	deform	the	liposomes.		Following	deformation,	irradiation	with	405nm	
light	results	in	pinocytosis	in	an	average	of	44%	of	the	imaged	liposomes	as	observed	here	
where	the	post-exposure	vesicles	are	shown	to	contain	internalized	structures.	
	

Section	6.4.	Conclusion	

These	studies	lay	the	groundwork	for	future	applications	in	artificial	cell	feeding	systems.		

We	 have	 demonstrated	 spatiotemporal	 control	 over	 pinocytosis-inspired	 behavior	 in	

synthetic	 liposomal	 systems	 using	 light.	 	 The	 spatiotemporal	 control	 of	 the	 pinocytosis	

behavior	 afforded	 by	 light	 enables	 uptake	 of	 external	 fluid	 only	 where	 and	 when	 the	

desired	substrate	is	present	without	the	loss	of	encapsulated	compounds.		Additionally,	this	

behavior	is	tolerant	of	differing	formation	conditions,	occurs	over	a	wide	range	of	shapes	

and	 is	 consistent	 with	 models	 for	 vesicle	 shape	 that	 have	 previously	 been	 developed,	

making	it	applicable	to	a	wide	range	of	protocell	and	bottom-up	artificial	cell	types.		Finally,	

the	 ability	 to	 induce	 necessary	 deformation	 of	 liposomes	 followed	 by	 photo-induced	

Before Irradiation After Irradiation 
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pinocytosis	in	a	large	portion	of	the	population	sets	the	stage	for	multiple	cycles	of	feeding	

in	future	systems.	
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Chapter	7	

Conclusions	and	Future	Directions	

	 This	dissertation	focuses	on	the	development	of	novel	in	situ	formation	chemistries	

for	 the	 production	 of	 functional,	 synthetic	 liposomes.	 	 First,	 spatiotemporal	 control	 was	

implemented	 into	 the	Copper-catalyzed	Azide-Alkyne	Cycloaddition	 (CuAAC)	 reaction	 for	

the	covalent	attachment	of	a	second	aliphatic	tail	onto	a	 lysolipid.	 	Second,	the	toolbox	of	

reaction	chemistries	available	for	 in	situ	phospholipid	formation	was	expanded	to	include	

both	 thiol-Michael	addition	and	 thiol-thioester	exchange.	 	Finally,	 these	chemistries	were	

utilized	 to	 enable	 added	 functionality	 of	 the	 membrane,	 incorporating	 remodeling	

behavior,	homopolymerization,	or	photo-cleavage	for	engulfment	of	an	external	fluid.		The	

following	 sections	 will	 be	 dedicated	 to	 summarizing	 the	 findings	 of	 this	 thesis	 work	

followed	by	reflections	over	potential	future	directions	in	this	area.	

	

Section	7.1.			Development	of	Novel	In	Situ	Liposome	Formation	Methods	

	 Over	the	course	of	this	thesis,	three	new	methods	for	the	covalent	attachment	of	an	

aliphatic	 tail	 functionalized	 on	 one	 end	 to	 a	 complementarily	 functionalized	 lysolipid	 (a	

lipid	structure	bearing	a	zwitterionic	headgroup	and	one	aliphatic	tail	built	off	of	a	glycerol	

molecule)	have	been	developed.	 	The	 first	of	 these	methods	built	off	of	previous	work	 to	

covalently	attach	an	alkyne-functionalized	 lysolipid	 to	an	azide-functionalized	 tail	via	 the	

CuAAC	reaction118.		From	there,	a	photoinitiator	composed	of	a	copper-ligand	pair	and	two	

radical	 generating	 acylphosphinate	 groups120	 was	 substituted	 for	 the	 sodium	 ascorbate-

Cu(SO4)2	 catalyst	 system	 to	 produce	 the	 reduced	 copper	 catalyst	 upon	 generation	 of	

radicals119.	 	 By	 introducing	 a	 photoinitiation	 system,	 the	 conversion	 of	 lysolipids	 to	
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phospholipid	 molecules	 and	 by	 extension	 the	 transition	 of	 micelles	 and	 stabilized	 oil	

droplets	 to	 liposomes	 could	 be	 controlled	 in	 a	 spatiotemporal	 manner.	 	 Beyond	

spatiotemporal	 control	over	 liposome	 formation,	 this	 technique	afforded	enhanced	 levels	

of	 liposome	density	 in	the	area	of	 irradiation	as	well	as	a	degree	of	control	over	maximal	

liposome	 size	 based	 upon	 intensity	 of	 the	 applied	 photon	 dose.	 	 This	 system	 increases	

control	over	the	formation	of	liposomes	for	a	host	of	future	applications	such	as	membrane	

dynamics	 studies	 which	 require	 giant	 vesicles	 for	 imaging	 or	 studies	 which	 require	 the	

mixing	of	multiple	components	with	stable	lipid	precursors	and	the	initiation	of	membrane	

assembly	at	a	later	time	and	place.	

	 Following	 characterization	 of	 the	 photo-CuAAC	 formation	 method,	 it	 became	

apparent	 that	 in	 order	 to	 realize	 the	 range	 of	 designer	 lipids	which	may	 be	 synthesized	

using	 the	 in	 situ	 formation	 method,	 another	 chemistry	 must	 be	 developed	 as	 not	 all	

moieties	of	interest	are	orthogonal	to	the	CuAAC	reaction	and	not	all	systems	are	amenable	

to	the	presence	of	copper	or	radicals.		With	that	in	mind,	another	“click”	reaction,	the	thiol-

Michael	 addition	 reaction,	was	developed	 for	 in	situ	 formation	of	 liposomes	using	 a	 new	

thiol	 functionalized	 lysolipid	 and	 another	 aliphatic	 tail	 functionalized	 this	 time	 with	 an	

acrylate	group.	A	water-soluble	nucleophilic	catalyst,	2-methyl	imidazole,	was	selected	for	

the	reaction	system	and	LC-MS-ELSD	analysis	demonstrated	nearly	complete	conversion	of	

the	 lipid	 precursors	 to	 the	 thioether-containing	 product	 over	 the	 course	 of	 48	 hours.		

Additionally,	microscopy	verified	the	assembly	of	thioether-containing	products	 into	lipid	

bilayers	with	 a	majority	 assembling	 into	 unilamellar	 liposomes.	 	 These	 structures	make	

this	 system	 particularly	 useful	 for	 any	 systems	 requiring	 giant	 unilamellar	 vesicles	

(GUVs)129.	
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	 Finally,	 a	 third	 phospholipid	 coupling	 chemistry	 was	 designed	 with	 the	 intent	 of	

producing	a	dynamic	liposome	system	capable	of	undergoing	future	exchange	to	mimic	the	

ability	of	native	cell	membrane	systems	to	exchange	one	fatty	acid	tail	for	another	utilizing	

enzymes174	and	to	enable	downstream	modification	of	liposomes.		To	accomplish	this	aim,	

the	 thiol	 lysolipid	 developed	 for	 the	 thiol-Michael	 formation	 system	was	 combined	with	

either	 of	 two	 new	 aliphatic	 tails	 (C7	 and	 C11)	 functionalized	 with	 phenyl	 thioester	

moieties.	 Greater	 stability	 of	 the	 phenyl	 thiol	 leads	 to	 an	 equilibrium	 favoring	 the	 full	

phospholipid.	 	 LC-MS-ELSD	was	used	 to	monitor	 the	 conversion	of	 C11	 thioester	 tails	 to	

products	over	the	course	of	12	hours	while	nearly	complete	conversion	of	C7	thioester	tails	

was	 reached	 over	 48	 hours.	 	 These	 products	 were	 also	 probed	 for	 self-assembly	

capabilities,	demonstrating	a	formation	of	mostly	unilamellar	liposomes	from	C7	thioester	

phospholipids	while	C11	thioester	phospholipids	displayed	a	temperature	dependence	for	

assembly,	 producing	 tubular	 micelles	 at	 room	 temperature	 and	 requiring	 elevated	

temperatures	for	liposome	assembly.		The	faster	reaction	times	and	differences	in	assembly	

for	the	C11	product	suggest	a	different	packing	profile	of	the	C11	tail	system	as	compared	

to	 that	 of	 the	 C7	 system.	 	 Lysolipid	 and	 C11	 tail	 packing	 may	 establish	 preferable	

accessibility	 of	 reactive	 groups	 resulting	 in	 faster	 reaction	 times;	 however,	 the	 assembly	

structure	is	less	amenable	to	bilayer	assembly	upon	phospholipid	formation.			

Both	 thiol-Michael	 addition	 and	 thiol-thioester	 exchange	 systems	 suffer	 from	

relatively	 slow	 reaction	 rates.	 	 This	 limitation	 may	 be	 attributed	 to	 dilute	 reaction	

conditions,	 weak	 catalysts	 and	 a	 stoichiometric	 ratio	 of	 tail	 and	 lysolipid	 precursors.		

However,	the	tolerance	of	each	reaction	to	these	conditions	demonstrates	the	capability	of	

each	 reaction	 for	 phospholipid	 coupling.	 	 Additionally,	 both	 thiol-Michael	 addition	 and	
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thiol-thioester	 exchange	 with	 the	 C7	 phenyl	 thioester	 tail	 result	 in	 giant	 unilamellar	

structures,	 which	 may	 be	 attributed	 to	 the	 relatively	 slow	 reaction	 rates,	 making	 them	

desirable	 assembly	 processes	 for	 studies	 using	 fluorescence	 or	 brightfield	 microscopy	

techniques.	

	

Section	7.2.			Introduction	of	Synthetic	Functionalities	Using	the	In	Situ	Method	

	 Following	 development	 and	 characterization	 of	 the	 synthetic	 phospholipid	

formation	 reactions,	 the	 ability	 to	 incorporate	 new	 characteristics	 or	 behaviors	 into	 the	

lipid	 structure	 through	 the	 second	 aliphatic	 tail	 was	 probed.	 	 First,	 for	 use	 in	 the	 thiol-

Michael	 reaction	 an	 aliphatic	 tail	 bearing	 the	necessary	 acrylate	 functionality	 at	 one	 end	

and	a	new,	terminal	alkyne	functionality	at	the	other	was	synthesized,	and	the	formation	of	

synthetic	phospholipids	with	this	new	tail	was	demonstrated.		LC-MS-ELSD	showed	nearly	

complete	 conversion	of	 the	new	 lysolipid-tail	 system	 to	 the	 thioether-containing	product	

over	 the	 course	 of	 48	 hours	 in	 the	 presence	 of	 2-methylimidazole	 catalyst	 as	 well	 as	 a	

visible	light	photoinitiator,	LAP.	The	presence	of	the	photoinitiator	had	little	effect	on	the	

conversion,	and	the	product	was	able	to	self-assemble	into	liposomes.		Following	exposure,	

the	 homopolymerization	 of	 the	 alkyne	 functionalities	 was	 monitored	 on	 LC-MS-ELSD,	

showing	complete	consumption	of	the	phospholipid	upon	irradiation.				

	 Utilizing	 the	 dynamic	 nature	 of	 the	 thiol-thioester	 exchange	 reaction,	 the	 system	

was	 probed	 for	 the	 capability	 to	 exchange	 one	 tail	 for	 another.	 Following	 addition	 of	 a	

single	equivalent	of	C7	thioester	tail	to	the	C11	thioester-containing	phospholipid	system,	

exchange	 was	 apparent	 over	 72	 hours.	 	 However,	 when	 up	 to	 10	 equivalents	 of	 C11	

thioester	 tail	was	 incorporated	 into	 the	 C7	 thioester-containing	 phospholipid	 system,	 no	
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exchange	 was	 detected.	 This	 unidirectional	 exchange,	 in	 addition	 to	 the	 temperature	

dependence	of	the	C11	thioester-containing	phospholipid	assembly,	suggests	that	exchange	

with	 the	 C7	 phenyl	 thioester	 tail	 results	 in	 a	 more	 stable	 thioester	 or	 that	 there	 are	

preferred	 structures	 for	 the	 phospholipid	 assemblies.	 	 In	 both	 cases,	 addition	 of	 an	

equivalent	of	the	opposite	tail	did	not	disturb	the	assembly	of	the	lipid	bilayers.			

	 Using	 the	 original	 CuAAC	 phospholipid	 formation	 method,	 lipids	 bearing	 an	 o-

nitrobenzyl	photo-cleavable	moiety	(NBPC)	were	synthesized.		Liposomes	with	this	lipid	in	

conjunction	with	 other,	 natural	 lipids	 (DOPC	 and	 cholesterol)	 were	 produced	 using	 two	

widely	differing	methods:	lipid	film	hydration	and	the	pull	down	technique.		Both	systems	

were	 capable	 of	 photo-induced	 pinocytosis	when	 liposomes	were	 far	 from	 the	 spherical	

volume	 to	 surface	 area	 ratio.	 Using	 microfluidic	 devices,	 pull-down	 vesicles	 could	 be	

rapidly	deformed	in	the	presence	of	osmotic	pressure	followed	by	irradiation	with	405nm	

light	 to	 drive	 photo-induced	 pinocytosis	 in	 an	 average	 of	 44%	 of	 imaged	 vesicles.	 	 This	

behavior	 was	 further	 characterized	 using	 aspect	 ratio	 measurements	 of	 the	 lipid	 film	

hydration	method	vesicles	to	determine	the	degree	to	which	liposomes	must	be	distorted	

to	 result	 in	 pinocytosis	 and	 not	 simply	 shape	 change	 to	 spheres.	 	 Finally,	 asymmetric	

assembly	 of	 liposomes	 displayed	 greater	 numbers	 of	 liposomes	 formed	when	NBPC	was	

present	only	in	the	outer	leaflet,	suggesting	that	the	photo-induced	pinocytosis	behavior	is	

dependent	 upon	 the	 selective	 partitioning	 of	 NBPC	 to	 the	 outer	 leaflet.	 	 Overall,	 the	

tolerance	of	 this	behavior	 to	a	wide	 range	of	 formation	methods	as	well	 as	 the	ability	 to	

control	 deformation	 and	 irradiation	 would	 enable	 this	 system	 to	 be	 applied	 as	 a	 future	

artificial	cell	feeding	system.	
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Section	7.3.			Outlook	and	Future	Directions	

	 This	 thesis	 has	 furthered	 the	 field	 of	 designer	 lipid	 synthesis	 by	 simplifying	 the	

coupling	of	functionalities	of	interest	into	the	lipid	structure	and	tested	that	ability	with	a	

range	of	 chemistries	 to	 instill	 synthetic	behaviors	and	characteristics	 into	 the	membrane	

that	 can	 be	 applied	 to	 fields	 such	 as	 drug	 delivery	 and	 artificial/proto-cell	 design.		

However,	 there	 is	 still	much	 to	 explore	 in	 the	 functionalities	 used	 here	 and	many	more	

functionalities	 to	 probe	 in	 the	 future.	 	 Both	 thiol-Michael	 and	 thiol-thioester	 exchange	

chemistries	 could	 be	 expanded	 into	 the	 family	 of	 photo-initiated	 liposome	 formation	

reactions	 through	 the	 incorporation	 of	 photo-base	 systems.	 	 With	 careful	 selection	 of	

initiator	systems,	this	would	enable	two-step	formation	with	a	long	wavelength	to	generate	

the	base	catalyst	followed	by	shorter	wavelength	irradiation	for	the	generation	of	radicals	

for	 reactions	 such	 as	 homopolymerization,	 thiol-ene,	 thiol-yne	 or	 CuAAC.	 	 The	

polymerization	of	 the	 lipid	bilayer	could	be	expanded	 to	enable	enhanced	stability	of	 the	

membrane	 by	 developing	 a	 crosslinking	 system	 utilizing	 multi-functional,	 hydrophobic	

small	molecules	or	by	producing	new	aliphatic	tails	bearing	multiple	reactive	moieties.		The	

thioester-containing	 phospholipid	 preference	 for	 certain	 tails	 could	 be	 probed	 further	

using	new,	 shorter	 thioester	 tails	 and	 the	ability	 to	 attach	hydrophilic	 compounds	 to	 the	

membrane	using	thiol-thioester	exchange	could	be	explored.		Finally,	future	work	to	enable	

site-specific	 enhanced	 permeability	 in	 the	 endocytosed	 vesicles	 following	 pinocytosis	

would	 improve	 the	 application	 of	 photo-induced	 pinocytosis	 behavior	 for	 the	 feeding	 of	

artificial	and	protocell	systems.		
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