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ABSTRACT:	Biotinylated	hydrophilic	polymers	are	used	in	a	plethora	of	chemical	and	biochemical	assays	due	to	the	excep-
tional	 affinity	of	biotin	 for	 (strept)avidin.	Here	we	 report	a	
facile	 method	 for	 the	 installation	 of	 biotin	 at	 the	 end	 of	
poly(oxazoline)s	(P(Ox))	using	an	electrophilic	biotin	initia-
tor.	While	this	method	is	applicable	to	many	different	oxazo-
line	monomers,	 we	 focus	 on	 biotin-poly(2-methyl-2-oxazo-
line)	as	 it	 is	a	desirable	alternative	 to	poly(ethylene	glycol)	
(PEG),	which	has	rising	immunogenicity	concerns.	A	further	
advantage	of	POx	over	PEG	is	the	high	degree	of	chemical	flex-
ibility	that	can	be	imparted,	which	we	showcase	through	the	
preparation	of	varied	molecular	weight,	amphiphilic,	and	bi-
functional	POxs.	Furthermore,	we	demonstrate	the	high	effi-
cacy	of	these	biotin	polymers	through	a	series	of	common	biochemical	assays	that	frequently	utilize	the	biotin-streptavidin	
pair.

Introduction.	
Biotin	 bearing	 polymers	 have	 pervaded	 the	 fields	 of	

both	chemistry	and	biology	due	to	the	high	binding	affinity	
(Kd	=	1.3x10-15	M)	and	broad	utility	of	the	streptavidin	and	
biotin	interaction.1,2	Applications	that	utilize	biotinylated	
polymers	include	immunoprecipitation	assays,3–5	surface	
functionalization,6–8	 targeted	 drug	 delivery,9–14	 fluores-
cent	analyte	detection,15–17	and	the	study	of	substrate-en-
zyme	pairs18–20	(Figure	1A).	The	utilization	of	polymer	or	
oligomer	 linkers	between	biotin	and	a	 ligand	of	 interest	
allows	for	sufficient	spacing	for	the	necessary	binding	in-
teractions	to	occur.21,22	Poly(ethylene	glycol)	(PEG)	is	the	
most	 commonly	 used	 biotinylated	 polymer	 scaffold,	 as	
PEG	itself	comes	with	the	distinct	advantages	of	increasing	
serum	 half-lives	 of	 proteins,	 reducing	 interactions	 with	
endogenous	biomolecules,	 and	 enhancing	water	 solubil-
ity.23	However,	its	frequent	use	in	pharmacological	formu-
lations	has	led	to	the	generation	of	α-PEG	antibodies	and	
enzymes	capable	of	PEG	metabolism,	leading	to	immuno-
genicity	and	degradation	concerns	with	this	polymer	scaf-
fold.24,25	Furthermore,	commercially	available	biotin-PEGs	
are	expensive	and	come	in	only	a	limited	selection	of	mo-
lecular	weights.	While	methods	have	been	reported	to	in-
stall	biotin	directly	onto	other	polymer	scaffolds,8,26–30	ef-
forts	to	facilely	synthesize	biotinylated	polymers	specifi-
cally	as	PEG	replacements	have	yet	to	be	reported.	

Poly(oxazoline)	(P(Ox))	has	entered	the	field	as	a	desir-
able	 alternative	 to	 PEG.	 Poly(2-methyl-2-oxazoline)	
(P(MeOx)),	specifically,	retains	the	aforementioned	bene-
fits	of	PEG	and	displays	superior	hydrophilicity,	compara-
ble	antifouling	properties,	and	a	high	degree	of	molecular	
weight	and	functional	group	tunability.31,32	Due	to	its	lim-
ited	clinical	and	cosmetic	use,	P(MeOx)	does	not	yet	have	
the	immunogenic	concerns	reported	in	PEG	formulations,	
making	it	a	viable	alternative	for	both	in	vitro	and	in	vivo	
applications.	 Accordingly,	 a	 POx-drug	 conjugate	 is	 cur-
rently	undergoing	phase	1	clinical	trials	for	the	treatment	
of	Parkinson’s	disease.33	
Single	 biotin	 molecules	 have	 been	 previously	 added	

onto	 P(Ox)	 scaffolds	 through	 post-polymerization	 click	
chemistry	 at	 the	 initiator	 or	 side	 chain	 positions,	 or	
through	 post-polymerization	 carbodiimide	 chemistry	 at	
the	terminal	end	(Figure	1B).33–35	These	approaches	are	
disadvantageous	 because	 they	 introduce	 biotin	 at	 sub-
quantitative	yields	(73	%),	are	slow	(48	h),	require	an	ad-
ditional	step,	and/or	lack	stoichiometric	control.	Installing	
biotin	in	a	controlled	and	efficient	manner	would	increase	
the	utility	and	accessibility	of	biotinylated-P(Ox)s.	A	more	
reliable	and	efficient	approach	would	be	to	introduce	bio-
tin	as	either	an	electrophilic	initiator	or	a	nucleophilic	ter-
minator.	While	the	termination	of	P(Ox)	using	carboxylic	
acids	is	precedented	in	the	literature,36	the	resulting	ester	
functionality	 can	 be	 biologically	 labile.	 Furthermore,	
(D)+biotin	 (1)	 contains	 several	 potentially	 interfering	
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functional	groups	that	could	hinder	efficient	end	capping.	
Thus,	we	 sought	 to	 turn	 biotin	 into	 an	 efficient	 electro-
philic	 initiator	 for	 ring-opening	 polymerization	 of	 oxa-
zolines.	

To	synthesize	a	biotin	initiator,	we	considered	modify-
ing	 the	 carboxylic	 acid.	 This	 functional	 group	protrudes	
out	of	the	binding	pocket	of	streptavidin	and	is	the	stand-
ard	point	of	conjugation	via	amide	bond	formation.2,37	For-
tunately,	 modifications	 to	 this	 position	 cause	 inconse-
quential	changes	 to	 the	overall	binding	affinity	 to	strep-
tavidin1	While	 acid	halide	 initiators	have	been	 reported	
for	 the	 living	 cationic	 ring	 opening	 polymerization	 of	
P(MeOx),	 halide	 counterions	 tend	 to	 yield	 slow	 rates	 of	
polymerization	 and	 can	 sometimes	 lead	 to	 poor	 initia-
tion.38,39	 Alkyl	 sulfonate	 esters,	 on	 the	 other	 hand,	 have	
proven	to	be	excellent	initiators	for	P(MeOx).36,40,41	These	
polymerizations	initiate	fast,	the	byproducts	do	not	inter-
fere	with	the	propagation,	and	the	resulting	polymers	bear	
dispersities	 (Đ)	 of	 <	1.2	 (indicating	 a	 controlled	mecha-
nism).	 Several	 different	 alkyl	 sulfonate	 esters	 can	 be	
formed	readily	 from	a	common	alcohol	precursor.	Thus,	
we	prepared	a	panel	of	alkyl	sulfonate	esters	from	biotinol	
and	 evaluated	 their	 ability	 to	 initiate	 poly(oxazoline)	

synthesis.	Ultimately,	we	report	the	first	electrophilic	bio-
tin	initiator	for	the	ring	opening	polymerization	of	P(Ox)	
and	establish	an	efficient	route	to	synthesize	highly	func-
tional	biotinylated	polymers.	
Results	and	Discussion.	
Synthesis	of	biotin	initiators.	

(D)+biotin	(1)	was	esterified	and	reduced	to	biotinol	(2)	
following	established	procedures.42	From	this	common	in-
termediate,	a	panel	of	alkyl	sulfonate	derivates	was	syn-
thesized	(3-5,	Scheme	1).	Mesylate	3	and	tosylate	4	were	
prepared	utilizing	mesyl	 anhydride	 and	 tosyl	 anhydride	
respectively.43	4-nitrobenzene	sulfonic	anhydride	(Ns2O)	
was	 not	 commercially	 available,	 so	 4-nitrobenzene	 sul-
fonyl	 chloride	 (NsCl)	was	 used.	 This	 synthesis	 required	
Ag2CO3	to	sequester	free	chloride	anions,	which	prevented	
the	formation	of	a	chlorinated	biotin43	and	allowed	for	the	
isolation	 of	 biotin	 nosylate	5.	 Significant	 attempts	were	
made	 to	 synthesize	 the	 trifluoromethylsulfonate	 ana-
logue.	However,	this	product	would	readily	dimerize,	im-
peding	 isolation.	 Nevertheless,	 we	moved	 forward	with	
the	panel	of	three	initiators	for	oxazoline	polymerization.		

Initiator	Evaluation.	
Initial	polymerizations	were	conducted	to	evaluate	ini-

tiators	3-5	 (Figure	2A).	N,N-dimethylacetamide	(DMAc)	
was	 chosen	 as	 the	 reaction	 solvent	 due	 to	 its	 ability	 to	
readily	solvate	all	of	the	initiators	and	established	compat-
ibility	 with	 POx	 polymerizations.44	 While	 any	 oxazoline	
monomer	could	be	utilized,	2-methyl-2-oxazoline	(MeOx)	
was	chosen	as	the	monomer	to	create	hydrophilic	PEG	al-
ternatives.31	 A	 monomer	 concentration	 of	 1.25	 M	 with	
conventional	heating	at	100	°C	was	used	to	compare	these	
initiators	 directly	 with	 reported	 initiators	 for	 P(MeOx).	
Gratifyingly,	all	initiators	produced	polymers	with	biotin	
1H	nuclear	magnetic	resonance	(NMR)	peaks	after	dialysis.	
All	initiators	yielded	polymers	with	narrow	dispersities	(Đ	
<	1.2),	but	only	the	tosylate	4	and	nosylate	5	initiated	pol-
ymers	 reached	 molecular	 weights	 close	 to	 the	 target	
(3630	Da)	as	measured	by	size	exclusion	chromatography	
(SEC)	(Figure	2B,	entries	2	and	3).	Notably,	the	tosylate	4	
initiated	polymer	gave	a	much	larger	discrepancy	in	mo-
lecular	 weight	 between	 NMR	 and	 SEC	 compared	 to	

	
Figure	1.	Biotinylation	of	hydrophilic	polymers.	A)	Applications	of	
biotin	polymers.	B)	Previous	work	on	biotinylated	P(Ox)	relies	solely	
on	post	polymerization	modifications.	Work	described	herein:	rapid	
and	direct	biotinylation	of	P(Ox)	using	an	electrophilic	initiator.	
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Scheme	1.	Synthesis	of	a	panel	of	electrophilic	biotin	initiators.	Me-
sylate	3,	tosylate	4,	and	nosylate	5	were	all	accessed	from	a	common	
biotinol	precursor.	 i)	Sulfonate	anhydride,	pyridine,	DCM,	rt.	 ii)	4-
nitrobenzene	sulfonyl	chloride,	pyridine,	Ag2CO3,	DCM,	rt.	
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nosylate	5	 initiated	polymer.	Next,	 polymerization	 rates	
(kp)	of	the	three	initiators	were	measured	to	compare	both	
within,	and	against	other	previously	reported	initiators.	A	
semi-logarithmic	conversion	plot	of	monomer	consump-
tion	 shows	 linear	 trends	 (R2	 =	 0.9868-0.9961)	 with	 all	
three	initiators,	indicating	living	polymerization	character	
(Figure	2C).	The	three	initiators	(3-5)	showed	agreement	
with	literature	trends	in	the	relative	magnitudes	of	their	
polymerization	 rates,	 where	 nosylate	 5	 was	 the	 fastest	
(6.6	x10-3	L	mol-1	s-1).41	This	kp	is	close	to	a	reported	pro-
tected	sugar	containing	a	triflate	leaving	group	(12.1	x10-
3	L	mol-1	s-1)	under	similar	conditions.45	While	mesylate	in-
itiators	have	not	been	well	characterized	in	the	P(Ox)	lit-
erature,	we	observed	that	tosylate	4	and	mesylate	3	have	
comparable	rates	(1.9	x10-3	L	mol-1	s-1	and	2.8	x10-3	L	mol-
1	s-1,	respectively).	Taking	into	consideration	initiator	sol-
ubility,	stability,	kinetics,	and	polymer	Mn,	we	moved	for-
ward	 with	 nosylate	 5	 as	 the	 preferred	 initiator	 for	 the	
preparation	of	biotin-P(MeOx).	
To	 further	 characterize	 the	 reactivity	 of	 initiator	5	 in	

P(MeOx)	polymerizations,	the	monomer:initator	([M]:[I])	
feed	ratio	was	varied.	Using	a	microwave	reactor	at	140	
oC,	20:1,	40:1,	and	60:1	[M]:[I]	all	yielded	polymers	with	
low	 dispersities	 (Figure	 2B,	 entries	 4-6).	 All	 three	
P(MeOx)	 polymers	 exhibited	 a	 small	 amount	 of	 chain-
chain	coupled	byproduct,	as	evident	by	the	doubled	mo-
lecular	weight	 (MW)	 shoulder	 in	 the	 SEC	 trace	 (Figure	
2D).	We	established	kp	for	MeOx	at	different	feed	ratios,	as	
well	as	EtOx	and	NonOx	using	5	at	a	40:1	feed	ratio	at	140	
°C	under	conventional	heating	conditions.	The	respective	
kp	values	of	the	different	monomers	show	agreement	with	
literature	 trends,	 where	 MeOx	 polymerized	 the	 fastest,	
followed	by	EtOx,	then	NonOx.	While	relatively	slow	com-
pared	to	other	reported	initiators,	these	rates	using	5	are	
still	practical	and	the	polymerization	can	be	completed	in	
30	minutes.		
Quantification	of	biotin	incorporation.	
	During	our	 initial	evaluation	of	 initiators	3–5,	we	ob-

served	 biotinylation	 of	 the	 polymers	 and	 expected	 kp	
trends	 for	 the	 initiator	series.	However,	 the	discrepancy	
between	Mn	in	the	SEC	and	NMR	required	further	investi-
gation.	We	 looked	 at	 biotin-P(MeOx)40	 (6,	 n	 =	 40)	 as	 a	

representative	 example	 and	 further	 characterized	 it	 by	
NMR	and	matrix	 assisted	 laser	desorption-time	of	 flight	
(MALDI-TOF).	Although	the	biotin	peaks	are	prominent	in	
the	1H-NMR	spectrum,	the	Mn	of	the	polymer	is	overesti-
mated	when	calculating	with	biotin	as	the	end-group	(Fig-
ure	2E).	This	could	occur	if	biotin	installation	is	not	quan-
titative.	In	the	MALDI	spectrum,	the	desired	biotinylated	
P(MeOx)	was	observed	as	the	major	product,	though	pro-
ton-initiated	 P(MeOx)	 was	 also	 observed	 (Figure	 2F).	
This	side	product	is	well-known	and	characterized	in	the	
P(Ox)	literature.46,47	While	relative	population	intensities	
cannot	be	quantified	using	MALDI,	the	amount	of	proton-
initiated	P(MeOx)	seemed	to	be	significant.	Since	these	by-
products	 do	 not	 contain	 biotin,	 we	 sought	 to	 minimize	
their	formation.	
To	estimate	the	percent	of	P(MeOx)	bearing	biotin,	we	

employed	a	combination	of	NMR	and	SEC.	By	attributing	
overestimations	in	the	NMR	Mn	solely	to	proton	initiation,	
we	can	compare	the	ratio	of	Mn	obtained	by	NMR	to	Mn	ob-
tained	 by	 SEC	 as	 an	 estimate.	 The	Mn	 of	 polymers	with	
minimal	 proton	 initiation	 should	 have	 excellent	 agree-
ment	between	SEC	and	NMR.	A	screen	was	carried	out	to	
elucidate	the	condition	that	gives	the	greatest	conversion	
for	biotin	initiation.	A	40:1	[M]:[I]	was	chosen	to	ensure	
reliably	high	biotin	signal	in	the	NMR	spectrum	at	an	in-
termediate	 polymer	 size.	 Three	 solvents	 (DMAc,	 MeCN,	
and	Sulfolane)	were	compared	at	varying	concentrations	
(1.25	M,	2	M,	4	M)	and	at	different	temperatures	(100	°C	
and	140	°C).	Conditions	at	100	°C	were	performed	conven-
tionally,	whereas	conditions	at	140	°C	were	performed	in	
a	 µwave	 reactor.	When	 each	 condition	 in	 triplicate	was	
compared,	no	statistically	significant	difference	 in	biotin	
yield	was	found.	We	then	evaluated	biotin	yields	of	syn-
thesized	poly(2-ethyl-2-oxazoline)	(P(EtOx)),	where	pro-
ton	initiation	through	α-proton	extraction	by	excess	mon-
omer	 is	 suppressed	 due	 to	 increased	 steric	 hinderance.	
P(EtOx)	yielded	comparable	amounts	of	proton	initiation	
to	P(MeOx)	despite	suppression	of	one	possible	pathway.	
When	this	experiment	was	attempted	with	poly(2-phenyl-
2-oxazoline),	proton-initiated	polymer	was	also	observed,	
despite	the	complete	absence	of	an	abstractable	α-proton.	
Therefore,	it	is	likely	that	the	formation	of	proton-initiated	

	
Figure	2.	Biotin-P(MeOx)	characterization.	A)	Synthesis	of	biotin-P(MeOx)	using	initiators	3-5.	B)	Polymerization	characterization	of	biotin-P(MeOx)	
using	initiators	3-5	at	100	°C,	or	initiator	5	at	140	°C	with	varying	feed	ratios.	C)	Semi-logarithmic	kinetics	plots	of	polymerizations	initiated	by	3-5.	
D)	Representative	SEC	trace	of	6	at	n	=	40	P(MeOx).	E)	Representative	1H-NMR	of	6	at	n	=	40	P(MeOx).	F)	Representative	MALDI	of	6	at	n	=	40	P(MeOx).	
G)	Possible	mechanism	for	the	observed	proton-initiation.	
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species	 is	 being	 facilitated	 by	 the	 biotin	 initiator	 itself,	
with	a	possible	mechanism	depicted	in	Figure	2G.	From	
this	condition	screen,	we	proceeded	with	the	DMAc,	1.25	
M,	140	°C,	as	these	gave	the	lowest	standard	deviation	be-
tween	 yields	 and	 fast	 turnaround	 for	 reactions.	 Under	
these	conditions,	we	can	synthesize	biotin-P(MeOx)	con-
taining	between	62-70%	biotin.	While	this	percent	bioti-
nylation	 is	comparable	to	previous	reports	quantified	 in	
the	 literature,	 this	method	 installs	biotin	 in	a	 fraction	of	
the	time	and	does	not	preclude	the	installation	of	clickable	
handles	at	other	positions.	
Functional	biotinylated	P(MeOx).	
Commercial	biotinylated	PEG	is	available	with	a	pleth-

ora	 of	 different	 functional	 groups	 to	 fit	 various	 applica-
tion-based	 needs.	 This	 functional	 group	 diversity	 is	 ac-
cessed	 through	 a	 core	 of	 easily	 transformed	 functional	
groups	such	as	alcohols	and	amines.	We	sought	to	emulate	
this	functional	group	versatility	by	synthesizing	a	panel	of	
functional	biotin-P(MeOx)s	that	can	readily	undergo	post-
polymerization	 modifications	 to	 yield	 more	 advanced	
functionality	(Scheme	2A).	We	focused	only	on	high	yield-
ing	(+80%)	end	caps.	We	found	that	the	most	reliable	ter-
mination	 occurred	 with	 polymers	 treated	 with	 nucleo-
philic	 salts	 (6-8)	or	strong	nucleophiles	such	as	 thiol	or	
hydrazine	groups	(9,	10).	To	demonstrate	scalability,	pol-
ymer	8	was	synthesized	and	isolated	at	gram	scale.	While	
additional	end	caps	utilizing	carboxylic	acids	and	amines	
as	 nucleophiles	were	 attempted,	 conditions	 reported	 in	
the	literature	led	to	suboptimal	conversion.	Amines	were	
instead	accessed	through	the	Staudinger	reduction	of	pol-
ymer	 8	 using	 literature	 conditions48	 to	 yield	 biotin-
P(MeOx)40-NH2	 (11).	 To	 demonstrate	 the	 installation	 of	
advanced	functionality,	polymer	11	was	clicked	with	fluo-
rescein	 isothiocyanate	 isomer	1	 to	yield	a	hydrolytically	
stable	fluorophore	-	biotinylated	polymer	conjugate	(12)	
using	previously	reported	conditions49	(Scheme	2B)	

A	 key	 feature	 of	 living	 polymerizations	 is	 the	 ease	 of	
synthesis	of	block	copolymers.	By	using	biotinylated	initi-
ators,	 biotin	 functionalized	 diblock	 co-polymers	 can	 be	
readily	 accessed	with	distinct	 sizes	and	block	 identities.	

Biotinylated	micelles	and	nanoemulsions	can	then	be	as-
sembled	 for	 in	 vivo	 applications	using	 these	 surfactants.	
Currently,	the	only	commercially	available	biotin-PEG	sur-
factant	 is	 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[biotinyl(polyethylene	glycol)]	which,	while	use-
ful,	 is	not	 sufficient	when	 flexibility	 in	polymer	size	and	
block	 ratio	 is	 needed.	 To	 showcase	 biotin	 amphiphile	
preparation,	 biotin-P(MeOx)30-b-P(NonOx)10	 surfactant	
(13)	was	synthesized.	These	block	lengths	were	chosen	as	
our	 lab	 has	 previously	 employed	 similar	 surfactants	 to	
stabilize	 perfluorocarbon-in-water	 nanoemulsions,	
though	a	wide	range	of	oxazoline	monomers	or	block	ra-
tios	can	be	achieved	following	established	P(Ox)	literature	
(Scheme	2C).50	

Binding	to	streptavidin.	
With	the	ability	to	synthesize	biotin-P(MeOx)	of	differ-

ent	lengths	and	terminal	end	functional	groups,	we	sought	
to	validate	that	these	polymers	bind	to	streptavidin,	and	
that	 neither	 the	 reduction	 of	 the	 biotin	 nor	 the	 roughly	
30%	 proton-initiated	 P(MeOx)	 present	 debilitates	 their	
performance.	We	evaluated	binding	performance	through	
a	gel	shift	assay,	a	fluorescence	resonance	energy	transfer	
(FRET)	experiment,	and	through	nanoparticle	labelling	–	
three	popular	applications	of	biotinylated	hydrophilic	pol-
ymers.	
Beginning	with	the	gel	shift	assay,	we	synthesized	poly-

mer	6	at	three	different	degrees	of	polymerization:	n	=	20,	
40,	and	60.	Since	streptavidin	is	a	tetrameric	protein	capa-
ble	of	binding	to	biotin	at	four	different	sites,	we	expected	

	
Scheme	2.	End	group	panel	of	biotin-P(MeOx).	A)	Terminal	function-
alization	with	strong	nucleophiles.	B)	Post	polymerization	modifica-
tion	of	biotin-P(MeOx).	C)	Synthesis	of	biotinylated	diblock	co-poly-
mer	P(Ox)	surfactant.	
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Figure	3.	Gel	shift	assay	of	streptavidin.	A)	Schematic	of	the	gel	shift	
assay.	B)	12%	SDS-PAGE	gel	showing	size	dependent	shift	of	strep-
tavidin	with	silver	(left)	and	unstained	fluorescence	(right).	Heated	
samples	were	mixed	with	Laemmli	sample	buffer,	then	boiled	at	100	
°C	for	2	hours.	Unheated	samples	were	mixed	with	Laemmli	buffer	
immediately	prior	to	running.		
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the	protein	to	gain	molecular	weight	correlating	to	the	size	
of	the	polymer	bound	(Figure	3A).	Sodium	dodecyl	sulfate	
polyacrylamide	gel	electrophoresis	(SDS-PAGE)	was	em-
ployed	to	visualize	the	shift	in	mass.	The	three	polymers	
(6)	 each	were	 incubated	with	 commercial	 streptavidin-
rhodamine	(Sa-Rho).	As	a	negative	control,	two	samples	of	
Sa-Rho	were	 incubated	with	1,	 with	 or	without	 boiling.	
The	samples	containing	polymer	were	not	boiled.	The	five	
samples	 were	 run,	 imaged	 for	 rhodamine	 fluorescence,	
and	then	visualized	with	silver	stain.	Sa-Rho	that	was	not	
boiled	showed	higher	amounts	of	aggregation	above	the	
tetramer,	 though	higher	order	aggregates	above	70	kDa	
were	not	abundant.	Sa-Rho	treated	with	polymers	showed	
a	noticeable	increase	in	the	size	of	the	protein	and	this	dif-
ference	became	more	drastic	as	the	molecular	weight	of	
the	polymer	increased,	indicating	successful	binding	(Fig-
ure	3B).		
Next,	we	 conducted	 a	 FRET	 experiment	 using	 Sa-Rho	

and	FITC-conjugated	12	to	demonstrate	binding	between	
biotin-initiated	12	and	streptavidin.	We	synthesized	 the	
previously	reported	Me-P(MeOx)-FITC	(14)	as	a	negative	
control.49	We	coincubated	12.5	equivalents	 (per	binding	
site)	of	12	 (or	14)	with	Sa-Rho	for	30	minutes,	dialyzed	
(10,000	MWCO),	then	centrifuged	the	samples	over	a	spin	
filter	(10,000	Da	MWCO)	to	remove	excess	polymer	(Fig-
ure	4A).	 After	 ensuring	 that	 similar	 amounts	 of	 Sa-Rho	
were	present	via	excitation	at	560	nm	(Figure	4B,	 red),	
the	samples	were	excited	at	460	nm	and	the	total	fluores-
cence	and	rhodamine	fluorescence	were	analyzed	(Figure	
4B,	black,	grey).	Comparing	the	emission	upon	460	nm	ex-
citation	 clearly	demonstrates	 that	 biotin	 is	necessary	 to	
retain	significant	fluorescence	and	FRET	signal.	The	mini-
mal	amount	of	persistent	fluorescence	from	nonbiotinyl-
ated	polymer	14	is	likely	due	to	nonspecific	binding	to	Sa-
Rho.	 Quantification	 of	 these	 data	 using	 the	 total	 rhoda-
mine	signal	(excited	at	560	nm)	as	normalization	shows	a	

6.4-fold	 increase	 in	 the	 FRET	 signal	 observed	 for	 12-
treated	Sa-Rho	over	14-treated	Sa-Rho	(Figure	4C).	These	
results	 further	 support	 that	 biotin-initiated	 P(MeOx)	
shows	strong	binding	to	streptavidin.		

Finally,	we	demonstrated	that	biotin-P(Ox)	amphiphiles	
can	be	used	to	make	biotinylated	nanoparticles	which	sub-
sequently	associate	with	streptavidin.	Biotinylated	block	
copolymer	13	was	used	to	make	perfluorocarbon-in-wa-
ter	macroemulsions.	These	emulsions	were	compared	to	
those	prepared	from	previously	reported	Me-P(MeOx)30-
P(NonOx)10	 (15).51	 Macroemulsions	 were	 prepared	 by	
mixing	a	1:6.6	ratio	of	perfluorooctyl	bromide	containing	
50	 nM	 fluorous	 soluble	 rhodamine	 to	 PBS	with	 0.2	mM	
surfactant	and	shaking	(Figure	5A).52	The	macroemulsion	
solutions	 were	 there	 subjected	 to	 100	 uL	 of	 1	 mg/mL	
streptavidin-fluorescein	 (Sa-Fluo)53	 and	 imaged	 via	
epifluorescence	 microscopy.	 Samples	 containing	 13	
showed	clear	labelling	with	both	the	fluorous	rhodamine	
inside	the	emulsion	and	the	Sa-Fluo	adhered	to	the	surface	
(Figure	 5B).	 Comparatively,	 surfactant	 15	 stabilized	
emulsions	displayed	rhodamine	fluorescence	yet	did	not	
exhibit	Sa-Fluo	labelling,	indicating	that	the	biotin	is	nec-
essary	for	the	interaction	and	that	nonspecific	labelling	is	
minimal.	

	
Figure	4.	FRET	utilizing	biotin-P(MeOx)-FITC	and	Sa-Rho.	A)	Sche-
matic	of	FRET	experiment.	Sa-Rho	was	incubated	with	12.5	equiva-
lents	 of	 either	 13	 or	 14	 for	 30	 minutes,	 then	 dialyzed	 (10,000	
MWCO).	 The	 proteins	 were	 then	 washed	 six	 times	 using	 10,000	
MWCO	spin	filters.	B)	Fluorescence	traces	of	12	and	14	treated	Sa-
Rho.	C)	Quantification	of	the	FRET	/	rhodamine	emission	ratio.	Emis-
sion:	460	nm,	slit	width	excitation	1	nm,	slit	width	emission	1	nm.		

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

500000

600000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

0.2

0.4

0.6

0.8

1

1

To
ta

l F
lu

or
es

ce
nc

e 
(N

or
m

al
iz

ed
)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

15000

30000

45000

60000

560 660
λ (nm)

0

0.5

1

1.5

1

Fl
uo

re
sc

ei
n 

/ R
ho

da
m

in
e 

Ra
tio

0

0.1

0.2

0.3

0.4

0.5

1
FR

ET
 / 

Rh
od

am
in

e 
Ra

tio

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

500000

600000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

0.2

0.4

0.6

0.8

1

1
To

ta
l F

lu
or

es
ce

nc
e 

(N
or

m
al

iz
ed

)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

15000

30000

45000

60000

560 660
λ (nm)

0

0.5

1

1.5

1

Fl
uo

re
sc

ei
n 

/ R
ho

da
m

in
e 

Ra
tio

0

0.1

0.2

0.3

0.4

0.5

1

FR
ET

 / 
Rh

od
am

in
e 

Ra
tio

λex = 460 nm
+14+12

+14 λex = 560 nm
+14 λex = 460 nm
+12 λex = 560 nm
+12 λex = 460 nm

FRET

λmax, em= 590 nm 

λex= 460 nm 

FRET Streptavidin-Rhodamine
λex= 560 nm

λmax, em= 590 nm FITC:
λex= 460 nm

λmax, em= 517 nm 

14: Me-p(MeOx)-FITC

or
12: Biotin-p(MeOx)-FITC 

C.B.

A.

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

500000

600000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

0.2

0.4

0.6

0.8

1

1

To
ta

l F
lu

or
es

ce
nc

e 
(N

or
m

al
iz

ed
)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

15000

30000

45000

60000

560 660
λ (nm)

0

0.5

1

1.5

1

Fl
uo

re
sc

ei
n 

/ R
ho

da
m

in
e 

Ra
tio

0

0.1

0.2

0.3

0.4

0.5

1

FR
ET

 / 
Rh

od
am

in
e 

Ra
tio

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

500000

600000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

0.2

0.4

0.6

0.8

1

1

To
ta

l F
lu

or
es

ce
nc

e 
(N

or
m

al
iz

ed
)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

15000

30000

45000

60000

560 660
λ (nm)

0

0.5

1

1.5

1

Fl
uo

re
sc

ei
n 

/ R
ho

da
m

in
e 

Ra
tio

0

0.1

0.2

0.3

0.4

0.5

1

FR
ET

 / 
Rh

od
am

in
e 

Ra
tio

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

100000

200000

300000

400000

500000

600000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

0.2

0.4

0.6

0.8

1

1

To
ta

l F
lu

or
es

ce
nc

e 
(N

or
m

al
iz

ed
)

0

100000

200000

300000

400000

480 580 680

In
te

ns
ity

 (A
bs

ol
ut

e)

λ (nm)

0

15000

30000

45000

60000

560 660
λ (nm)

0

0.5

1

1.5

1

Fl
uo

re
sc

ei
n 

/ R
ho

da
m

in
e 

Ra
tio

0

0.1

0.2

0.3

0.4

0.5

1

FR
ET

 / 
Rh

od
am

in
e 

Ra
tio

****

	
Figure	5.	Streptavidin	 labelled	macroemulsions.	A)	Formulation	of	
biotinylated	and	nonbiotinylated	macroemulsions.	Emulsions	were	
incubated	with	0.5	mg/mL	Sa-Fluo	for	20	minutes.	The	supernatant	
was	replaced	three	times	with	phosphate	buffered	saline	(PBS)	to	re-
move	excess	protein.	Emulsions	were	diluted	1	in	20	in	PBS	for	im-
aging	 at	 10x	magnification.	 B)	Microscopy	 images	 of	13	 stabilized	
macroemulsions	treated	as	described	in	(A).	Differential	interference	
contrast	(DIC),	red	channel,	green	channel	(left	to	right).		Microscopy	
images	 of	 15	 stabilized	 macroemulsions.	 DIC,	 red	 channel,	 green	
channel	(left	to	right).	Scale	bars	represent	400	µm.	
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Conclusions.	
We	have	 demonstrated	 that	 biotin	 can	 be	 directly	 in-

stalled	 onto	 P(Ox)	 scaffolds	 through	 initiation.	 Biotinol	
was	transformed	into	a	nosylate	(5),	which	demonstrated	
living	polymerization	character	and	a	modest	kp	at	140	°C	
for	2-methyl-2-oxazoline	polymerization.	Biotin-P(MeOx)	
was	synthesized	in	a	variety	of	molecular	weights	with	up	
to	70%	biotin	incorporation,	with	the	remaining	percent-
age	characterized	as	proton-initiated	P(MeOx).	Standard	
termination	reagents	can	be	used	to	produce	bifunctional	
P(MeOx)	polymers.	The	biotin-initiation	strategy	is	com-
patible	with	post-polymerization	modification	as	demon-
strated	by	the	installation	of	fluorescein	on	P(MeOx).	Ini-
tiation	of	other	oxazoline	monomers	and	the	formation	of	
block	copolymers	was	also	successful	with	nosylate	5.		
The	ability	for	biotin-P(MeOx)	to	bind	streptavidin	was	

evaluated	 through	 three	assays.	Gel	 shift	assays	showed	
an	 Mn-dependent	 increase	 in	 molecular	 weight	 when	
streptavidin	was	bound	to	several	different	sized	biotin-
P(MeOx)s.	Biotin-P(MeOx)-FITC	was	retained	through	ex-
tensive	purification	when	bound	to	streptavidin.	This	pair	
showed	enhanced	fluorescein	and	FRET	signals	compared	
to	streptavidin	treated	with	the	non-biotinylated	control.	
Lastly,	perfluorocarbon	macroemulsions	displaying	biotin	
on	 the	 surface	 were	 formulated.	 Selective	 labelling	 of	
these	 macroemulsions	 using	 streptavidin-fluorescein	
over	non-biotinylated	macroemulsions	was	shown.	These	
assays	demonstrate	the	viability	of	biotin-initiated	P(Ox)	
for	use	 in	applications	commonly	used	with	biotin	poly-
mers.	Overall,	this	route	to	installing	biotin	retains	the	ca-
pacity	for	post-polymerization	click	chemistry	and	offers	
significant	 promise	 in	 developing	 highly	 functionalized	
PEG	replacements.	
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