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Abstract	
An	amphiphilic	random	copolymer	of	hydrophilic	of	poly(ethylene	glycol)	methyl	ether	methacrylate	with	hydrophobic	
perfluorohexylethyl	 acrylate,	 PEGMA77-co-FA23,	 was	 synthesized	 by	 ATRP	 and	 used	 to	 investigate	 self-assembling	
into	nanostructures	 in	water	and	chloroform	solutions,	both	experimentally	and	computationally.	The	dynamic	 light	
scattering	 measurements	 on	 water	 solutions	 of	 the	 copolymer	 at	 room	 temperature	 evidenced	 the	 presence	 of	
nanoassemblies	with	hydrodynamic	diameter	Dh	=	4	±	1	nm.	The	behavior	of	fluorescence	emission	intensity	of	water	
solutions	 with	 added	 ethidium	 bromide	 suggested	 confinement	 of	 the	 molecular	 rotor	 within	 a	 hydrophobic	
environment	 of	 the	 copolymer.	Moreover,	 these	 nanoassemblies	 were	 thermoresponsive	 and	 reversibly	 collapsed	
into	 much	 larger,	 multi-chain	 aggregates	 with	 Dh	 =	 390	 ±	 20	 nm	 at	 a	 critical	 temperature	 of	 55	 °C	 (5	 mg	 mL–1).	
Molecular	 dynamics	 simulations	 revealed	 the	 formation	 of	 single-chain,	 prolate	 globular	 nanoassemblies	 with	 a	
structural	variability	 in	water	solution	at	room	temperature.	The	evolutions	of	 the	simulated	radius	of	gyration	(Rg),	
asphericity,	prolateness	and	solvent-accessible	surface	area	were	analyzed	along	 the	 folding	 trajectories.	Thus,	 self-
folding	appeared	to	result	from	the	interplay	between	hydrophobic	interactions	and	structural	constraints	which	leads	
to	rather	complex	nanostructures	(Rg	=	20–25	Å,	200	ns	simulation).	By	contrast,	folding	in	much	more	open	polymer	
conformations	(Rg	=	30–40	Å)	was	predicted	for	chloroform	solutions.	
	
	

	
1.	Introduction	
	 The	 concept	 behind	 the	 fast	 developing	 field	 of	 single-chain	 nanoparticles	 (SCNPs)	 is	 straightforward	 in	

principle	and	clearly	inspired	by	the	precise	and	efficient	folding	of	natural	macromolecules,	that	can	provide	complex	

functions	 related	 to	 their	 three-dimensional	 arrangement.[1–4]	 The	 preparation,	 characterization	 and	 practical	

application	 of	 such	 artificial	 single-chain	 nanostructures	 are	 less	 obvious,	 nevertheless	 the	 benefits	 would	 be	

uncountable	 for	 example	 in	 catalysis,	 sensors,	 vectors	 for	 contrast	 agents,	 drug	 delivery	 carriers,	 and	 in	

nanotechnology	at	large.[5]	Several	strategies	have	been	pursued	to	collapse	and	stabilize	single	polymer	chains	into	

functional,	 soft	 nanoobjects,	 involving	 the	 formation	 of	 (reversible)	 covalent	 bonds	 and	 non-covalent	 intrachain	

interactions.[4,6–14]	



	 The	 self-assembly	 of	 neutral	 amphiphilic	 random	 copolymers	 represents	 one	 straightforward	 approach	 to	

generate	 dynamic,	 reversible,	 stimulus-responsive	 SCNPs	 in	 water,	 via	 hydrophobic	 intramolecular	 interactions	

established	between	water-insoluble	portions	of	the	copolymer.[15]	These	special	SCNPs	are	sometimes	referred	to	

as	unimer	micelles,	 in	analogy	with	 the	 intermolecular	micelles	 formed	by	common	amphiphiles.	Repeat	units	with	

different	degree	of	hydrophobicity	have	been	reported,	such	as	those	comprised	of	alkyl	[15],	fluoroalkyl	[16–18]	and	

siloxane	[19]		chains.	In	particular,	the	inclusion	of	low	surface	energy	fluoroalkyl	side	chains	in	a	polymer	structure	is	

known	to	drastically	enhance	the	hydrophobic	and	lipophobic	nature	of	the	entire	system,	which	results	 in	a	strong	

capability	 to	 self-assemble	 in	 solution,	 in	 bulk	 and	 at	 the	 surface	 of	 thin	 films.[20–24]	Hydrophobic	monomers	 are	

randomly	copolymerized	with	a	large	excess	of	hydrophilic	monomers,	mainly	poly(ethylene	glycol)	based	monomers	

such	as	methacrylate	(PEGMA)	[15–19]	or	acrylamide	(PEGAAm).[25]	PEG-based	copolymers	have	the	advantage	to	be	

soluble	 in	 both	 water	 and	 organic	 solvents,	 with	 effective	 steric	 stabilization	 of	 the	 formed	 SCNPs	 even	 at	 high	

concentrations	 in	 water.[15]	Moreover,	 they	 inherit	 a	 lower	 critical	 solution	 temperature-type	 (LCST)	 behavior	 in	

water	solution,	typical	of	the	corresponding	PEGMA	homopolymers,	leading	to	thermoresponsive	systems.[26–28]	

	 Valuable	information	to	guide	the	development	of	single-chain	technology	would	come	from	theoretical	and	

computational	approaches,	especially	in	the	delicate	matter	of	unraveling	morphological	and	conformational	aspects	

to	be	correlated	with	the	manifold	collection	of	experimental	data.[29,30]	Molecular	dynamics	(MD)	and	Monte	Carlo	

(MC)	simulations	mostly	using	coarse	grained	models	have	been	used	to	investigate	soft	nanoparticles,	mainly	formed	

by	intramolecular	covalent	cross-linking	[31–33]	or	hydrogen	bonding	supramolecular	motifs.[34]	Owing	to	the	large	

reduction	 in	the	number	of	explicit	degrees	of	 freedom	allowed	by	these	techniques,	 longer	time	windows	become	

available	 as	 well	 as	 longer	 chains	 can	 be	 investigated.	 From	 these	 analyses	 and	 from	 the	 comparison	 of	 a	 large	

number	 of	 experimental	 data,	 it	 appears	 that	 chain	 compaction	 occurs	 locally,	 independent	 of	 the	 type	 of	

intramolecular	interactions,	while	the	overall	structure	maintains	an	open	and	swollen	conformation	resembling	that	

of	 intrinsically	disordered	proteins.[29,30]	The	physical	 reason	 for	 this	 lack	of	compactness	has	been	related	 to	 the	

fact	that	self-avoiding	conformations	of	the	linear	precursors	in	the	good	solvent	conditions	of	the	synthesis	make	the	

formation	 of	 long	 loops	 statistically	 infrequent.	 As	 a	 result,	 cross-linking	 events	 are	 found	 only	 between	 groups	

separated	by	short	contour	distances	and	a	 large-scale	compaction	cannot	be	achieved.	Simulations	have	also	been	

used	to	develop	different	protocols	allowing	bonding	between	groups	separated	by	long	contour	distances.	Some	of	

these	 strategies	 are	based	on	 the	use	of	bad	 solvent	 conditions	 for	 the	 reactive	 groups	which	 leads	 to	 a	 collapsed	

conformation	 of	 the	 precursor.[35,36]	 While	 the	 solvent	 affinity	 displayed	 some	 effects	 on	 the	 compaction	 of	

covalently	 crosslinked	 SCNPs,	 it	 plays	 a	 critical	 role	 in	 the	 spontaneous	 formation	 of	 single-chain	 folded	

nanostructures	(unimer	micelles).	In	this	case,	in	fact,	the	driving	forces	of	the	folding	process	and	the	stabilization	of	

the	 resulting	nanoassemblies	are	 those	generated	exclusively	 from	 the	hydrophobic	and	hydrophilic	 interactions	of	

different	components	of	the	copolymer	with	water,	which	acts	as	a	selective	solvent.	It	was	assumed	that	such	self-

folded	assemblies	adopt	 in	water	a	closed	and	compact,	 spherical	nanostructure	consisting	of	a	highly	hydrophobic	

core	and	a	highly	hydrophilic	shell,[15,17]	but	solid	experimental	and	computational	support	to	their	actual	shape	and	

morphology	is	still	lacking.	

	 Herein,	 an	 ATRP	 random	 amphiphilic	 copolymer	 from	 hydrophilic	 poly(ethylene	 glycol)	 methyl	 ether	

methacrylate	 (PEGMA)	 and	 hydrophobic/lipophobic	 perfluorohexylethyl	 acrylate	 (FA)	 was	 used	 to	 build	 model	

nanoassemblies	by	single-chain	self-folding	of	the	copolymer	in	water,	driven	by	hydrophobic	interaction	between	the	



perfluorinated	 side	 chains.[16–18]	 Dynamic	 light	 scattering	 and	 fluorescence	 emission	 spectroscopy	with	 ethidium	

bromide	 fluorescent	 probe	 were	 used	 to	 characterize	 the	 self-assembly	 of	 the	 copolymer	 in	 water,	 including	 its	

temperature-dependent	mode	of	aggregation.	In	order	to	achieve	a	detailed	understanding	of	the	folding	mechanism,	

fully	atomistic	MD	simulations	were	carried	out	on	the	copolymer	in	water	and	in	chloroform,	chosen	as	selective	and	

non-selective	 solvents	 for	 the	 amphiphilic	 copolymer,	 respectively.	 The	 resulting	 trajectories	 suggested	 strongly	

different	 behaviors	 in	 the	 two	 solvents.	 In	 particular,	 only	 in	 water,	 the	 copolymer	 single-chains	 fold	 into	 prolate	

globular	nanoassemblies	that	present	a	structural	heterogeneity.	

	

2.	Experimental	

2.1.	Materials	

	 Anisole	 (Sigma	Aldrich)	was	 vacuum	distilled	 over	 sodium.	 CuBr	 (Sigma	Aldrich)	was	 extracted	with	 glacial	

acetic	 acid	 then	 washed	 with	 diethyl	 ether,	 dried	 and	 stored	 under	 nitrogen.	 N,N,Nʹ,Nʹʹ,Nʹʹ-

Pentamethyldiethylenetriamine	 (PMDETA,	 Sigma	 Aldrich),	 and	 ethyl	 α-bromophenylacetate	 (EBPA,	 Sigma	 Aldrich)	

were	 freshly	 distilled	 before	 use.	 Perfluorohexylethyl	 acrylate	 (FA,	 Fluoryx),	 and	 poly(ethylene	 glycol)	methyl	 ether	

methacrylate	 (PEGMA,	Mn	 =	 300	 g	 mol–1,	Đ	 =	 1.2,	 Sigma	 Aldrich)	 were	 filtered	 through	 basic	 alumina	 to	 remove	

inhibitors.	 Ethidium	 bromide	 (EtBr,	 purity	 99%,	 Sigma)	 solutions	 were	 prepared	 by	 dissolving	weighed	 amounts	 in	

water	and	their	molar	concentration	was	verified	spectrophotometrically	(ε	=	5600	M–1	cm–1	at	λmax	=	480	nm).[37]	

	

2.2.	Characterization	

2.2.1.	Nuclear	magnetic	resonance	(NMR)	

	 1H	NMR	and	19F	NMR	solution	spectra	were	recorded	with	a	Bruker	Avance	DRX	400	spectrometer.	The	1H	

NMR	spectra	in	various	solvents	were	used	to	evaluate	the	Mn	of	the	copolymer.	

2.2.2.	Size	exclusion	chromatography	(SEC)	

	 Values	of	number	and	weight	average	molecular	weights	of	the	copolymer	(Mw,	Mn),	Mark-Houwink	slope	(α)	

and	 increment	 of	 refractive	 index	 (dn/dC)	 were	 determined	 by	 SEC	 measurements	 with	 a	 SEC	 Max	 Malvern	

instrument	equipped	with	a	Viscotek	TDA	305	apparatus	with	three	detectors	(refractive	index,	detection	angle	at	90°	

and	low	angle	(7°)	laser	light	scattering,	viscometer).	Copolymer	solutions	in	various	solvents	were	used	at	40–60	°C:	

flux:	 0.8	mL	min−1;	 injection	 volume:	 0.100	 µL;	 columns:	 Phenogel	 106	 and	 103	with	 a	 Phenogel	 pre-column;	 triple	

detection	(polystyrene	standard,	Mn	=	101,252	g	mol−1,	Mw	=	104,959	g	mol−1)	and	universal	calibration	(polystyrene	

standard,	Mn	=	935–3,000,000	g	mol−1).		

	 The	values	of	Mw,	Mn	and	dispersity	 (Đ)	of	 samples	 from	polymerization	 solutions	 for	kinetics	experiments	

were	 evaluated	 by	 SEC	 with	 a	 Jasco	 PU-2089Plus	 liquid	 chromatograph	 equipped	 with	 two	 PL	 gel	 5	 µm	mixed-D	

columns,	 a	 Jasco	 RI-2031Plus	 refractive	 index	 detector	 and	 a	 Jasco	 UV-2077Plus	 UV/vis	 detector.	 Poly(methyl	

methacrylate)	standards	(Mn	=	1160–124,300	g	mol–1)	were	used	for	calibration.		

2.2.3.	Dynamic	light	scattering	(DLS)		

	 DLS	measurements	on	polymer	solutions	were	taken	with	a	Beckman	Coulter	Delsa	Nano	C	particle	analyzer	

(detection	angle	=	166.22°).	Intensity,	volume	and	number	distribution	were	obtained	from	the	signal	autocorrelation	

function	through	CONTIN	analysis	in	the	instrument	software.	Hydrodynamic	diameters	were	evaluated	from	intensity	



size	 distributions	 and	 averaged	 over	 at	 least	 5	 measurements.	 Samples	 (5	 mg	 mL–1	 copolymer	 solutions)	 were	

prepared	 in	 filtered	 solvents	 (0.2	 µm	 CA	 or	 PTFE	 filters)	 of	 the	 highest	 purity	 available	 to	 avoid	 external	

contamination.	All	the	solutions	were	analyzed	at	25	°C	and	at	temperatures	varied	in	steps	of	~5	°C,	in	both	heating	

and	cooling	cycles.	

2.2.4.	Fluorescence	emission	spectroscopy	

	 A	Perkin	Elmer	LS55	spectrofluorometer	was	used	to	record	fluorescence	spectra,	with	a	temperature	control	

of	±0.1	°C.		

	

2.3.	Synthesis		

2.3.1.	Synthesis	of	copolymer	

	 PEGMA	(4.59	mL,	16.07	mmol),	FA	(1.679	g,	4.02	mmol),	PMDETA	(41.9	µL,	0.20	mmol),	EBPA	(35.2	µL,	0.20	

mmol)	and	anisole	(3.25	mL)	were	degassed	in	a	Schlenk	tube	with	three	freeze-pump-thaw	cycles.	Then,	CuBr	(28.8	

mg,	0.20	mmol)	was	added	and	three	more	freeze-pump-thaw	cycles	were	performed	before	the	polymerization	was	

started	at	70	°C	under	nitrogen	atmosphere.	Periodically,	aliquots	of	the	reaction	mixture	were	withdrawn	for	kinetics	

and	molar	mass	analysis.	After	24	h,	the	reaction	was	stopped	by	exposure	to	air	and	quenching	to	0	°C.	The	crude	

product	 was	 filtered	 several	 times	 through	 basic	 alumina	 to	 remove	 catalyst	 and	 repeatedly	 precipitated	 from	

chloroform	solutions	into	n-hexane	to	isolate	copolymer	(final	yield	54%).	
1H	NMR	[acetone-d6]:	δ	(ppm)	=	7.2−7.4	(0.5	H,	aromatic),	4.1−4.5	(21.0	H,	COOCH2),	3.4−3.8	(139.5	H,	OCH2CH2),	3.3	

(24.0	H,	OCH3),	2.7−2.9	(CH2CF2	+	H2O**),	1.5−2.3	(CH2,	CH	+	acetone-d6*),	0.8−1.5	(24.9	H,	CH3)	(**	and	*:	water	and	

solvent	impurities)	(see	Supplementary	Data,	Figure	S1).		
19F	NMR	[acetone-d6,	CF3COOH]:	δ	(ppm)	=	−5.6	(3.0	F,	CF3),	−38.5	(2.0	F,	CF2CH2),	−46	to	−48	(6.1	F,	CF2),	−51	(2.0	F,	

CF2CF3)	(Figure	S2).	

	

2.4.	Computational	details	

2.4.1.	Force	field	and	model	structures	

	 The	 amphiphilic	 copolymer	was	 composed	of	 PEGMA	and	 FA	 counits	 capped	with	 a	methyl	 group	 at	 both	

ends.	We	generated	 four	different	model	104-mer	 random	sequences	 (RA–RD)	with	an	approximate	number	of	80	

PEGMA/24	 FA	 counits	 by	 randomly	 selecting	 the	 PEGMA	 or	 FA	 counits.	 The	 resulting	 structures	 had	 the	 following	

compositions:	 RA	 (76	 PEGMA/28	 FA),	 RB	 (87	 PEGMA/17	 FA),	 RC	 (75	 PEGMA/29	 FA),	 and	 RD	 (79	 PEGMA/25	 FA).	

Moreover,	 we	 generated	 one	 blocky	 sequence	 (EQB)	 with	 80	 PEGMA	 counits	 and	 24	 FA	 counits	 and	 one	 PEGMA	

homopolymer	(all-HYD).	Parameters	for	the	polymer	were	taken	from	the	General	Amber	Force	Field	(GAFF)	[38]	and	

partial	charges	were	derived	following	the	standard	RESP	procedure.[39]	Parameters	for	the	solvents	were	modeled	

or	 taken	 from	 the	 literature.[40,41]	 Further	 details	 on	 the	 preparation	 of	 the	 system	 are	 presented	 in	 the	

Supplementary	Data.		

	



2.4.2.	Folding	simulation		

	 The	initial	structure	was	put	into	a	rectangular	box	of	water	molecules.	The	four	different	model	structures	

were	 also	 solvated	 in	 chloroform.	 The	dimensions	of	 the	box	were	 chosen	 so	 that	 the	 edges	of	 the	box	were	 at	 a	

minimum	distance	of	20	Å	from	the	polymer	atoms.	The	solvated	system	was	heated	up	to	300	K	for	100	ps,	followed	

by	a	200	ns	of	production	run.	All	the	MD	simulations	were	performed	in	a	NPT	ensemble	using	a	Langevin	thermostat	

with	 a	 damping	 constant	 of	 1	 ps–1	 and	 the	 isotropic	Monte	 Carlo	 barostat	 as	 implemented	 in	 Amber	 14.[42]	 The	

integration	time	step	was	set	to	2	fs	in	combination	with	the	SHAKE	algorithm	for	hydrogen	atoms.	

2.4.3.	Analysis	of	trajectories		

	 Different	 parameters	 were	 analyzed	 along	 the	 folding	 trajectories.	 We	 extracted	 the	 gyration	 tensor	 (G),	

defined	as:	

	 Gij =
1
N

rn,i
n=1

N

∑ rn, j i, j = x,y,z 	 (1)	

where	 i	 and	 j	 are	 two	 cartesian	 components,	 the	 sum	 runs	 over	 all	 the	 heavy	 atoms	of	 the	polymer,	 and	 rn	 is	 the	

position	of	the	n-th	atom	with	respect	to	the	geometric	center	of	the	polymer.	Note	that	the	positions	are	not	mass-

weighted.	To	describe	the	dimensions	of	the	polymer,	we	used	the	radius	of	gyration,	defined	as	Rg = tr(G) .	Since	

the	radius	of	gyration	only	estimates	the	compactness	of	 the	macromolecule,	 it	 is	useful	 to	define	additional	shape	

descriptors	from	the	principal	gyration	moments,	 i.e.	the	eigenvalues	of	the	gyration	tensor	GX	<	GY	<	GZ,	associated	

with	the	principal	axes	X,	Y,	and	Z.		

	 The	asphericity	parameter	α	and	the	prolateness	parameter	p	are	defined	as31,32:	

	

	

α =
(GX −GY )

2 + (GX −GZ )
2 + (GY −GZ )

2

2(GX +GY +GZ )
	

(2)	

	 p =
(3GX −Rg

2) (3GY −Rg
2) (3GZ −Rg

2)
2(GX

2 +GY
2 +GZ

2 −GXGY −GXGZ −GYGZ )
3/2

	

	

The	asphericity	α	 is	 always	positive	and	≤	1,	 and	quantifies	 the	deviation	 from	a	 spherical	 shape.	 For	 a	 spherically	
symmetrical	object,	 α	=	0,	whereas	for	a	perfectly	linear	object α	=	1.	The	prolateness	p	has	values	between	–1	and	1,	

and	is	positive	(negative)	for	a	prolate	(oblate)	object.	In	particular,	p	=	1	when	GX	=	GY	<	GZ,	and	p	=	–1	when	GX	<	GY	=	

GZ.	These	two	descriptors	can	thus	be	used	to	classify	the	shape	of	the	polymer,	giving	complementary	information	to	

Rg.	

	 In	 order	 to	 assess	 the	 role	 of	 hydrophobic	 interactions,	 we	 computed	 the	 solvent-accessible	 surface	 area	

(SASA)	[43]	of	the	polymer	using	the	SURF	program.[44]	The	SASA	was	partitioned	into	individual	contributions	from	

PEGMA	 and	 FA	 counits	 (SASAPEGMA	 and	 SASAFA)	 and	 analyzed	 along	 the	 trajectory	 by	 defining	 the	 time-dependent	

fraction	XPEGMA/FA(t)	as:	

	 XPEGMA/FA(t) =
SASAPEGMA/FA(t)
SASAPEGMA/FA(0)

	 (3)	

	



3.	Results	and	discussion	
3.1.	Synthesis	of	random	copolymer		

	 An	 amphiphilic	 random	 copolymer	 from	 PEGMA	 and	 FA	 was	 synthesized	 via	 atom	 transfer	 radical	

polymerization	(ATRP)	(Scheme	1),	using	EBPA	as	initiator,	CuBr	as	catalyst,	PMDETA	as	ligand	(1:1:1	molar	ratios)	and	

anisole	 (0.5	 mL	 g–1	 of	 monomers)	 as	 solvent	 at	 70	 °C.	 The	 resulting	 copolymer	 was	 named	 PEGMA77-co-FA23,	

according	to	the	mole	percentage	contents	of	the	respective	repeat	counits.	The	evaluated	monomer	reactivity	ratios,	

rPEGMA	=	1.43	and	rFA	=	0.88	(AIBN	initiation,	5	min	reaction	time,	Kelen-Tudos	method),	suggested	a	random	insertion	

of	counits	within	the	copolymer	backbone	although	a	little	gradient	in	composition	was	produced	due	to	the	drift	in	

feed	composition	occurring	during	the	reaction.	

	

	
Scheme	1.	Synthesis	of	the	amphiphilic	random	copolymer	PEGMA77-co-FA23	via	ATRP	(x	=	77,	y	=	23	mol%).	
	

	 Key	features	of	the	reversible-deactivation	reaction	of	the	ATRP	were	verified	by	monitoring	the	kinetics	of	

copolymer	formation	by	1H	NMR	and	SEC	analyses.	Figure	1a	shows	the	kinetics	plots	of	ln([M]0/[M])	as	a	function	of	

reaction	time	for	PEGMA	and	FA.	Both	plots	have	a	linear	trend	up	to	75%	total	monomer	conversion,	indicating	that	

the	 polymerization	 proceeded	 with	 a	 first	 order	 kinetics.	 A	 deviation	 from	 linearity	 was	 observed	 at	 higher	

conversions	(Figure	S3),	denoting	the	 incidence	of	termination	reactions.	Chain	transfer	reactions	to	ethylene	glycol	

side	chains	may	also	occur.[45,46]	The	values	of	the	overall	number	average	degree	of	polymerization	DPn	determined	

were	consistent	with	the	theoretical	values	expected	for	an	ATRP	process	(Figure	1b)	calculated	as:	

	 DPn =
[M ]0
[I]0

p 	 (4)	

where	p	 is	 the	monomer	 conversion	 and	 [M]0	and	 [I]0	 are	 the	 initial	molar	 concentrations	 of	 both	monomers	 and	

initiator,	 respectively.	Narrow	dispersity	 indexes,	Đ	≤	1.35,	were	evaluated	by	SEC	 (Figure	1c).	The	 19F	NMR	spectra	

(Figure	S2)	confirmed	the	inclusion	of	fluorinated	counits	in	the	copolymer.		



	
	 (a)	 (b)	 (c)	

Fig.	 1.	 (a)	 Kinetics	 plots,	 (b)	 overall	 degree	 of	 polymerization	 (DPn,	 by	
1H	 NMR	 in	 acetone)	 and	 dispersity	 index	 (Đ,	 by	 SEC	 in	

chloroform)	vs	conversion,	and	(c)	evolution	of	the	SEC	curves	of	the	copolymer	during	the	polymerization	time.	
	

	 The	average	molecular	weights	were	investigated	by	SEC	experiments	with	triple	detection	and/or	universal	

calibration	in	various	solvents.	Values	of	Mn	=	25000	g	mol–1	and	Mw	=	34500	g	mol–1	(Đ	=	1.38)	were	determined	for	

solutions	(with	both	triple	detection	and	universal	calibration)	in	tetrahydrofuran	(α	=	0.38).	Triple		detection	was	not	

possible	on	solutions	in	chloroform	or	dimethylformamide	(10	mM	LiBr),	owing	to	a	very	weak	scattering	response	at	

the	detecting	angles;	universal	calibration	provided	values	of	Mn	=	15500	g	mol–1	and	Mw	=	21000	g	mol–1	(Đ	=	1.35)	

for	the	former	solutions	(α	=	0.46)	and	values	of	Mn	=	25000	g	mol–1	and	Mw	=	34500	g	mol–1	(Đ	=	1.38)	for	the	latter	

(α	 =	 0.38).	 All	 such	 values	 of	Mark-Houwink	 slope	 suggest	 the	 existence	 of	 a	 random	 coil	 polymer	 chain	 in	 these	

solutions,	with	chloroform	being	a	better	(theta-like)	solvent.	Meaningful	values	of	molecular	weights	and	viscometry	

parameters	(α,	LogK)	could	not	be	obtained	for	the	copolymer	solutions	in	water	(0.02	wt%	NaN3)	or	water/methanol	

(90/10	v/v)	by	either	SEC	method.	This	was	possibly	due	to	a	worse	copolymer	solvation	in	these	SEC	conditions,	with	

a	very	low	increment	of	refractive	index	in	both	solutions	(dn/dC	=	0.004	mL	g–1).	Nonetheless,	values	of	Mn	of	37200	g	

mol–1	in	water	and	34000	g	mol–1	in	both	chloroform	(Mn,chloroform/Mn,water	≈	0.9)	and	acetone	solutions	were	evaluated	

by	 1H	NMR	(Figure	S1).	Therefore,	 the	copolymer	 formed	unimolecular	nanostructures	 in	 solution	 (see	also	below).	

Accordingly,	average	numbers	of	repeat	counits	in	the	copolymer	were	80	for	PEGMA	and	24	for	FA.	

	

3.2.	Dynamic	light	scattering	of	water	solutions	

	 DLS	measurements	 of	water	 solutions	 of	 the	 amphiphilic	 copolymer	were	 performed	 to	 directly	 assess	 its	

ability	to	self-assemble	in	water	at	room	temperature	and	as	a	function	of	temperature.	Figure	2a	shows	the	volume	

size	 distribution	 for	 copolymer	 clear	 solution	 in	 water	 at	 25	 °C	 that	 presented	 a	 predominant	 population	 of	

nanostructures	with	hydrodynamic	diameter	Dh	=	4	±	1	nm.	A	very	minor	population	of	nanostructures	with	Dh	=	170	±	

7	 nm	 was	 also	 detected.	 Dh	 value	 was	 in	 agreement	 with	 the	 existence	 in	 water	 solution	 of	 unimolecular	

nanoassemblies,	 identified	 as	 unimer	micelles	 of	 single-chain	 folded	 copolymer.[16–18]	 These	were	 formed	 by	 the	

self-aggregation	of	 the	hydrophobic	 FA	 side	 chains	 in	 an	 inner	 compartment,	whereas	 the	hydrophilic	 PEGMA	 side	

chains	were	preferentially	exposed	to	contact	with	water	in	a	outer	shell.	



	 	 	
		 (a)		 (b)	 	(c)	

Fig.	 2.	DLS	volume	size	distributions	for	copolymer	solutions	 in	water	(5	mg	mL–1)	at	 (a)	25	°C,	 (b)	60	°C,	and	(c)	variation	of	the	
hydrodynamic	diameter	(Dh)	as	a	function	of	temperature.	
	

	 DLS	measurements	on	water	solutions	(5	mg	mL–1)	as	a	function	of	temperature	revealed	that	above	a	critical	

temperature	(Tc	=	55	°C),	the	stable	nanoassemblies	collapsed	into	much	larger	multi-chain	aggregates	with	Dh	=	390	±	

20	 nm	 with	 a	 very	 narrow	 size	 distribution	 (PDI	 =	 0.006)	 (Figure	 2b),	 characteristic	 of	 a	 lower	 critical	 solution	

temperature	 (LCST)	 behavior.	 DLS	 measurements	 confirmed	 that	 this	 phenomenon	 was	 reversible	 with	 no	

temperature	hysteresis	on	cooling	(Figure	2c).	Values	of	Tc	 in	the	range	66−76	°C	were	reported	for	other	polymers	

based	 on	 PEGMA	 (Mn	 =	 300	 g	 mol–1).[27,28]	 The	 amphiphilic	 random	 copolymer	 of	 this	 work	 showed	 a	 similar	

thermoresponsive	 behavior,	 by	 which	 hydrogen	 bonds	 between	 water	 and	 hydrophilic	 oxyethylene	 side	 chains	 of	

single-chain	nanoassemblies	are	broken	at	Tc	and	the	chains	collapse	into	larger	multi-chain	aggregates.	However,	the	

marked	hydrophobic	nature	of	the	FA	counits	led	to	significantly	lower	Tc’s	than	those	of	the	PEGMA	homopolymer.	

DLS	 measurements	 carried	 out	 on	 chloroform	 solutions	 of	 the	 copolymer	 revealed	 the	 formation	 of	 scattering	

nanostructures	with	hydrodynamic	diameter	Dh	=	5	±	1	nm.	 	Thus,	 the	copolymer	chains	were	folded	 in	more	open	

conformations	in	this	solvent.	

	

3.3.	Fluorescence	emission	of	water	solutions	with	ethidium	bromide	

	 Ethidium	bromide	(EtBr)	is	a	weakly	fluorescent	molecule	in	water,	known	for	its	ability	of	tightly	intercalating	

into	DNA,	thus	extensively	enhancing	its	fluorescence	intensity.[47]	Similarly,	when	added	to	an	aqueous	solution	of	

the	 copolymer,	 an	 increase	 in	 its	 fluorescence	 emission	 (λexc	 =	 520	 nm)	 was	 observed,	 owing	 to	 hydrophobic	

interactions	between	the	aromatic	core	of	EtBr	and	the	inner	compartment	of	the	copolymer	nanoassemblies	(Figure	

3a).	In	this	way,	the	interaction	with	solvent	molecules	was	shielded,	and	fluorescence	emission	from	a	locally	excited	

state	was	enhanced.	

	 Given	 the	 inherent	 thermoresponsive	 behavior	 of	 the	 amphiphilic	 copolymer	 in	 water,	 the	 temperature	

dependence	of	the	fluorescence	emission	of	the	copolymer/EtBr	system	in	water	was	also	examined.	As	an	example,	

the	fluorescence	emission	intensity	at	607	nm	(λexc	=	520	nm)	of	a	water	solution	containing	the	copolymer	(3.13	mg	

mL–1)	and	EtBr	(0.03	mg	mL–1)	significantly	decreased	in	going	from	25	°C	to	65	°C	(Figure	3b).	On	the	other	hand,	an	

increase	 in	 scattering	 (at	 530	nm)	due	 to	 the	 formation	of	 larger	 sub-microaggregates	 at	 higher	 temperatures	was	

evident.	 These	 two	 opposite	 trends	 showed	 a	 discontinuity	 at	 52	 °C	 (Figure	 3c).	 Above	 52	 °C	 single-chain	 folded	

macromolecules	 aggregated,	 consistent	 with	 the	 observations	 by	 DLS.	 On	 collapsing,	 the	 multi-chain	 aggregates	



expelled	 solvation	 water	 molecules,	 no	 longer	 engaged	 in	 hydrogen	 bonds	 with	 the	 oxyethylene	 side	 chains,	 and	

simultaneously	 released	 EtBr	 to	 the	 outer	 environment,	 as	 is	 shown	 by	 the	 significant	 sudden	 decrease	 in	 its	

fluorescence	emission	intensity.		

	 	 	
	 (a)	 	(b)	 (c)	

Fig.	3.	(a)	Fluorescence	emission	spectra	(λexc	=	520	nm)	in	water	of	a	reference	solution	of	EtBr	(0.03	mg	mL–1)	and	a	solution	of	
copolymer	(3.13	mg	mL–1)	containing	EtBr	(0.03	mg	mL–1).	(b)	Fluorescence	emission	spectra	(λexc	=	520	nm)	in	water	of	a	solution	
of	 copolymer	 (3.13	 mg	 mL–1)	 containing	 EtBr	 (0.03	 mg	 mL–1)	 at	 different	 temperatures	 from	 25	 to	 65	 °C	 (from	 blue	 to	 red,	
respectively).	 (c)	 Fluorescence	 emission	 intensity	 maxima	 at	 607	 nm	 and	 scattering	 intensity	 at	 530	 nm	 as	 a	 function	 of	
temperature	for	a	solution	of	copolymer	(3.13	mg	mL–1)	in	water	containing	EtBr	(0.03	mg	mL–1).	
	

	 Solutions	with	different	concentrations	of	PEGMA77-co-FA23	exhibited	an	analogous	LCST-type	behavior,	but	

with	different	 transition	 temperatures	Tc	 (Figure	4).	These	 results	 showed	 that	 the	multi-chain	aggregation	and	 the	

associated	release	of	EtBr	were	induced	at	higher	temperatures	(74–55	°C)	for	dilute	solutions	(0.10−0.63	mg	mL–1).	

Above	2.34	mg	mL–1	and	up	to	significantly	higher	copolymer	concentration	of	32.85	mg	mL–1,	 the	EtBr	release	was	

triggered	at	53–51	°C.	Such	temperature	values	were	consistent	with	those	previously	found	by	DLS.	

	
Fig.	4.	Critical	temperature	Tc	vs	copolymer	concentration	in	water.	

	

	 It	 was	 recently	 observed	 that	 the	 EtBr	 can	 interact	 with	 single-chain	 folded	 nanoassemblies	 derived	 from	

similar	PEGMA-co-FA	copolymers	which	were	functionalized	by	incorporating	a	julolidine-based	fluorescent	molecular	

rotor	(FMR)	as	a	comonomer.[18]	The	spectroscopic	absorption/emission	properties	of	FMR	and	EtBr	closely	matched	

with	 each	 other,	 and	 a	 Förster	 resonance	 energy	 transfer	 (FRET)	 process	 was	 observed,	 implying	 a	 short	 range	

interaction	between	the	FMR	donor	and	the	EtBr	acceptor.	However,	despite	the	proximity	within	the	nanoassembly,	

EtBr	 fluorescence	 emission	 was	 weak,	 since	 it	 was	 not	 sheltered	 enough	 from	 the	 surrounding	 water	 molecules.	

Formation	of	a	more	complex	and	looser	structure	is	supposed	for	these	nanoassemblies	compared	to	the	spherical	

and	compact	core-shell	morphology	that	has	been	shown	for	nanoassemblies	of	structurally	related	random	PEGMA-



fluoroalkyl	 methacrylate	 (PEGMA-co-FMA)	 copolymers	 in	 water	 solution.[16,17]	 Thus,	 the	 question	 of	 shape	 and	

morphology	 of	 single-chain	 folded	 nanoassemblies	 of	 such	 type	 of	 amphiphilic	 copolymers	 is	 relevant	 for	 both	

experimental	and	theoretical	viewpoints.		

	
3.4.	Molecular	dynamics		

	 To	 achieve	 a	 better	 understanding	 of	 the	 folding	 of	 PEGMA-co-FA	 copolymers,	 MD	 simulations	 were	

performed	for	four	different	random	copolymer	models	(RA–RD),	one	blocky	copolymer	model	(EQB),	and	one	PEGMA	

homopolymer	 (all-HYD).	All	 simulations	were	performed	 in	water	 starting	 from	outstretched	 random	structures.	To	

investigate	the	role	of	the	solvent	on	the	folding,	we	performed	additional	simulations	in	chloroform	starting	from	the	

four	 initial	structures	used	 in	the	water	simulations.	The	front	views	of	 final	structures	 (200	ns	simulation)	 in	water	

and	chloroform	are	reported	in	Figure	5	for	RA–RD,	along	with	those	for	EQB	and	all-HYD;	top	and	side	views	of	final	

structures	in	water	are	also	shown	in	Figure	S4.		

	 All	 simulations	 in	 water	 reached	 a	 much	 more	 compact	 structure	 than	 the	 initial	 one;	 however,	 a	 large	

structural	variability	was	also	found	likely	due	to	the	different	distributions	of	PEGMA	and	FA	counits	along	the	main	

chain	of	each	copolymer	leading	to	different	structural	constraints.	In	all	random	simulations	RA–RD,	the	copolymer	

finally	reached	a	prolate	globular	structure,	namely	elongated	 in	one	direction.	The	fluorinated	side	chains	FA	were	

predominately	 confined	 in	 a	 inner	 hydrophobic	 core.	 In	 the	 simulations	 for	 EQB	 and	 all-HYD,	 instead,	 the	 final	

structures	 were	 more	 disk-shaped	 (Figure	 5	 and	 S4).	 Compared	 to	 what	 was	 found	 in	 water,	 the	 simulations	 in	

chloroform	 reached	 much	 more	 open	 conformations,	 where	 both	 different	 side	 chains	 remained	 exposed	 to	 the	

solvent,	and	fewer	contacts	were	formed	among	the	counits	(Figure	5).	

	
Fig.	5.	Final	structures	(200	ns,	 front	views)	from	the	simulations	for	the	random	copolymers	RA–RD,	blocky	copolymer	EQB	and	
PEGMA	homopolymer	all-HYD	in	water	(top	row)	and	in	chloroform	(bottom	row).	The	yellow	trace	represents	the	carbon	polymer	
backbone;	red	and	blue	colors	refer	to	FA	and	PEGMA	counits,	respectively.	
	

	 A	more	quantitative	description	of	 the	 folding	process	was	obtained	by	 following	 the	 radius	of	 gyration	Rg	

along	each	simulation	(Figure	6).	In	all	simulations	in	water	(including	the	blocky	copolymer	and	the	homopolymer),	Rg	

decreased	 in	time,	whereas	 in	chloroform,	Rg	oscillated	around	the	 initial	value,	slightly	decreasing	 in	simulation	RD	

only.	 Therefore,	 the	 copolymer	 does	 not	 tightly	 fold	 in	 chloroform,	 rather	 it	 adopts	 various	 open	 conformations.	

Although	Rg	decreased	along	all	simulations	in	water,	the	time	evolution	varied	due	to	the	different	polymer	sequence	

and	 starting	 conformation.	Nonetheless,	 all	 simulations	 in	water	 reached	 a	 value	of	 Rg	around	20–25	Å	within	 less	

than	200	ns	of	simulation.	On	the	other	hand,	the	value	of	Rg	in	chloroform	was	higher	(30–40	Å).	Quite	comparable	



values	 of	 Rg	 were	 previously	 found	 for	 analogue	 copolymers	 PEGMA90-co-FA10	 and	 PEGMA70-co-FA30	 in	 D2O	

solutions	by	small	angle	neutron	scattering	(SANS)	measurements	[48]	(see	below).	

	
Fig.	6.	Radius	of	gyration	calculated	on	heavy	atoms	along	the	various	simulations.	Black	lines	represent	simulations	in	water,	dark	
red	lines	represent	simulations	in	chloroform.	All	data	are	smoothed	with	a	moving	average	over	200	frames.	Thin	lines	represent	
the	original	non-averaged	values.	
	

The	 formation	 of	 globular	 structures	 in	 water	 simulations	 was	 confirmed	 by	 the	 analysis	 of	 shape	 descriptors,	

 asphericity	α	 and	 prolateness	 p	 (Figure	 S5),	 and	 solvent-accessible	 surface	 area	 SASA	 (Figure	 7).	 The	 values	 of	α	

decreased,	closely	following	the	trend	in	Rg	values,	indicating	that	the	polymer	becomes	more	spherical	as	it	folds.	The	

respective	p	indicated	that	three	of	the	four	random	copolymer	models	present	a	definite	prolate	shape,	with	p	>	0.5	
(Figure	 S5).	 In	 parallel,	 for	 all	water	 simulations,	SASA	 decreased	 in	 time	 (Figure	 7	 left),	 showing	 that	 the	 polymer	

structure	becomes	more	compact,	exposing	less	of	its	surface	to	the	solvent,	as	a	consequence	of	folding.	By	contrast,	

no	 significant	 changes	 were	 observed	 in	 the	 shape	 descriptors	 or	 SASA	 for	 any	 of	 the	 simulations	 in	 chloroform	

(Figures	 7	 left	 and	 S5),	meaning	 that	 the	 copolymer	maintains	 an	 outstretched	 conformation,	 similar	 to	 the	 initial	

structure.	

	 In	order	to	understand	whether	the	two	different	side	chains	are	equally	exposed	to	solvent,	we	evaluated	

the	contributions	to	SASA	coming	from	PEGMA	and	FA	units	as	a	function	of	time,	XPEGMA/FA(t)	 (Figure	7	right).	 In	all	

simulations,	the	FA	contribution	was	always	smaller	than	the	PEGMA	contribution	because	FA	units	are	shorter	than	

PEGMA	 units,	 and	 thus	 contribute	 less	 to	 the	 total	 surface.	 However,	 upon	 folding	 in	 water	 the	 relative	 FA	

contribution	to	the	SASA	decreased	much	more	than	the	PEGMA	one	(Figure	7	right).	Therefore,	the	FA	units	become	

more	buried	in	a	inner	region	of	the	nanostructure,	as	the	copolymer	chain	folds.	On	the	contrary,	in	the	simulations	

in	chloroform	the	contributions	of	both	PEGMA	and	FA	units	to	the	SASA	were	virtually	constant,	indicating	that	their	

different	exposure	to	the	solvent	remains	unchanged	along	the	entire	trajectory.	Taken	together,	the	results	from	the	

MD	simulations	confirm	strongly	different	behaviors	of	the	polymers	in	water	and	chloroform.	In	water	solutions	all	



model	 random	 copolymers	 self-fold	 into	 prolate	 globular	 nanostructures;	 by	 contrast	 more	 open	 and	 loose	

nanostructures	 are	 formed	 in	 chloroform.	 As	 expected	 of	 hydrophobic	 interactions,	 the	 reduction	 in	 the	 solvent-

accessible	 surface	which	 accompanies	 the	 chain	 folding	 is	more	pronounced	 for	 the	 FA	units,	which	become	more	

buried	in	the	core	of	the	globule.	However,	a	clear	leading	role	of	the	hydrophobic	interactions	is	not	evident	as	is	also	

highlighted	by	the	similarities	 found	 in	 the	 investigated	shape	descriptors	between	the	copolymers	and	the	PEGMA	

homopolymer	 (all-HYD).	Particularly,	 the	 simulations	 suggest	 the	 importance	of	 the	 interplay	between	hydrophobic	

interactions	and	the	specificity	of	the	structural	constraints	of	each	random	copolymer	which	results	in	the	observed	

heterogeneity.		

	

	
Fig.	7.	Left:	Solvent-accessible	surface	area	(SASA)	along	the	various	simulations;	black	 lines	represent	simulations	 in	water,	dark	
red	 lines	represent	simulations	 in	chloroform	(all	data	are	smoothed	with	a	moving	average	over	200	frames).	Right:	XPEGMA/FA(t)	
fraction	of	the	SASA	corresponding	to	the	PEGMA	(blue	lines)	and	FA	components	(red	lines)	along	the	MD	trajectories	(see	Eq.(3));	
solid	lines	represent	simulations	in	water,	thin	dashed	lines	represent	simulations	in	chloroform.		
	

	 In	a	previous	work,	analogue	random	copolymers	PEGMA90-co-FA10	and	PEGMA70-co-FA30,	that	is	slightly	

richer	 and	 slightly	 poorer	 in	 PEGMA	 counits	 than	 the	 present	 copolymer,	 90	 and	 70	 mol%	 respectively,	 were	

investigated	 by	 SANS	 measurements.	 Both	 copolymers	 formed	 single-chain	 folded	 nanoassemblies	 as	 prolate	

spheroids	(in	D2O,	2–5	mg	mL–1,	at	room	temperature).	However,	while	the	former	exhibited	a	radius	of	gyration	of	

3.7	±	0.2	nm	and	polar	axes	of	9.2	±	0.1	nm	and	equatorial	axes	of	1.7	±	0.1	nm	(ratio	~5:1),	 the	 latter	exhibited	a	

radius	 of	 gyration	 of	 3.4	 ±	 0.2	 nm	 and	 polar	 axes	 of	 6.30	 ±	 0.06	 nm	 and	 equatorial	 axes	 of	 2.77	 ±	 0.03	 nm	 (ratio	

~2:1).[48]	 Thus,	 the	more	 hydrophilic	 copolymer	 formed	more	 expanded	 prolate	 nanoassemblies.	 Based	 on	 those	

SANS	measurements,	the	random	copolymer	PEGMA77-co-FA23	appears	to	adopt	a	similarly	prolate	nanostructure,	

as	is	also	expected	by	the	atomistic	MD	simulations.	

	



4.	Conclusions	
	 The	 experimental/computational	 findings	 support	 the	 self-folding	 of	 amphiphilic	 random	 copolymer	

PEGMA77-co-FA23	 into	 single-chain	 nanoassemblies	 in	 water.	 Our	 MD	 simulations	 show	 that	 self-folding	 of	 the	

copolymer	 in	water	 leads	 to	prolate	globular	nanostructures	with	a	 structural	 variability.	The	 single-chain	 folding	 is	

accompanied	by	a	reduction	in	the	solvent-accessible	surface	area	especially	for	the	hydrophobic	units	that	become	

more	buried	 in	the	core	of	 the	globule.	Hydrophobic	 interactions	thus	represent	the	driving	 force	of	 the	copolymer	

collapse.	 However,	 these	 interactions	 do	 not	 determine	 a	 definite	 arrangement	 of	 the	 hydrophobic	 units,	 as	 the	

structural	constraints	will	allow	different	arrangements	in	each	random	copolymer	sequence.	
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