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ABSTRACT:	 Fluorescent	 nanosensors	 have	 drastically	 progressed	 our	 ability	 to	 accelerate	 diagnostics	 and	
quantify	cellular	dynamics	in	real	time.	Their	modular	assembly	allows	for	facile	sensor	tuning,	leading	to	a	large	
expansion	of	analytes	and	systems	that	can	be	analyzed.	Still,	separating	sensor	signals	from	background	optical	
signatures	 remains	 a	 major	 hurdle	 in	 the	 field.	 Exploiting	 this	 modular	 synthesis,	 we	 merged	 optode-based	
sensing	 with	 near-infrared	 emitting	 ZnGa2O4:Cr3+	 persistent	 luminescence	 nanoparticles	 (PLNPs)	 to	 create	
functional	nanocomposites	for	autofluorescence-free	“glow-in-the-dark”	sensing.	We	hydrophobically	modified	
the	PLNP	surface	with	covalently	bound	ligands	and	incorporated	the	PLNPs	into	the	polymeric	core	of	optode-
based	nanoparticles.	We	demonstrate	persistent	luminescence	nanosensors	(PLNs)	for	five	different	analytes	(K+,	
Na+,	 Ca2+,	 pH,	 and	 O2)	 based	 on	 two	 different	 sensing	 mechanisms.	 The	 PLNs	 allowed	 us	 to	 achieve	
autofluorescence-free	 quantification	 of	 K+	 in	 fetal	 bovine	 serum	 and	 ratiometric	 metabolic	 monitoring	 of	
microbial	samples	with	time-resolved	luminescence	acquisition.	We	foresee	that	this	approach	will	allow	for	high	
signal-to-noise	ratios	while	sensing	in	optically	challenging	samples.	

Nanoparticle-based	optical	sensors	(nanosensors)	are	useful	 tools	 for	probing	chemical	and	biological	
systems(1–3).	 Because	 native	 fluorescent	 molecules	 tend	 to	 interfere	 with	 quantitative	 analysis,	 persistent	
luminescence	 nanoparticles	 (PLNPs)	 are	 emerging	 as	 a	 popular	 probe	 for	 optical	 sensing(4–6).	 Instead	 of	
separating	sensor	signal	from	background	by	wavelength,	the	long-lasting	emission	of	PLNPs	(which	is	orders	of	
magnitude	longer	than	typical	 luminophores(7–9))	allows	for	temporal	signal	separation	with	a	time-resolved	
acquisition.	By	attaching	recognition	elements	to	the	PLNP,	autofluorescence-free	sensing	with	PLNPs	has	been	
achieved	for	proteins,	nucleic	acids,	and	small	biomolecules(10–13).		

Another	 notable	 class	 of	 nanosensors	 are	 those	 derived	 from	 the	 polymeric	 optode	 membrane	 that	
function	on	target	analyte	partitioning	and	its	interactions	with	the	chemical	moieties	embedded	in	the	particle's	
hydrophobic	core(14).	This	two-phase	architecture	allows	for	facile	switching	of	the	loaded	components	to	sense	
a	different	analyte	or	tuning	optical	properties(14–16).	Importantly,	this	enables	the	incorporation	of	luminescent	
nanomaterials	into	the	sensor	matrix(15)	e.g.	CdSe/ZnS	core-shell	quantum	dots(17),	upconversion	NaYF4:Er,Yb	
nanorods(18),	silicon	nanocrystals(19),	and	graphene	carbon	dots(20,	21).	In	2019,	our	group	developed	a	Na+	
selective	optode	membrane	that	incorporated	a	persistent	luminescent	microparticle(22).	Due	to	the	µm	size	of	
the	particles,	this	approach	precluded	nanosensor	fabrication	which	limits	both	response	time	and	application	in	
many	biological	systems.		

Here,	we	merged	optode-based	sensing	with	persistent	luminescence	nanoparticles	to	create	functional	
nanocomposites	 that	we	 term	 persistent	 luminescent	 nanosensors	 (PLNs).	 Using	 flash	 nanoprecipitation,	we	
integrated	hydrophobically	modified	chromium-doped	zinc	gallate	(ZGO:Cr3+)	PLNPs	into	optode-based,	polymer	
nanoparticles	 for	 autofluorescence-free	 signal	 acquisition	 and	 quantification.	 We	 demonstrate	 two	 sensing	
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schemes	that	integrate	the	ZGO:Cr3+.	The	first,	a	traditional	ionophore-based	approach(14),	couples	the	ZGO:Cr3+	
persistent	luminescence	to	the	variable	absorption	of	a	lipophilic	pH	indicator.	By	including	a	selective	ionophore	
for	 K+,	 Na+,	 or	 Ca2+,	 the	 absorption/protonation	 of	 the	 indicator	 becomes	 dependent	 on	 the	 activity	 of	 the	
respective	ion	in	the	aqueous	phase,	and	we	demonstrate	four	different	sensors	based	on	the	same	architecture	
(Scheme	1A)(14).	The	second	sensing	scheme	is	a	design	for	ratiometric,	time-resolved	O2	sensing	by	using	the	
ZGO:Cr3+	persistent	luminescence	as	an	internal	standard	signal	to	the	O2	sensitive,	phosphorescent	emission	of	
Palladium-TPTBP	 (Scheme	 1B).	 For	 both	 systems,	 by	 using	 a	 time-resolved	 approach	 (Scheme	 1C),	 we	 can	
exclude	autofluorescence	from	biological	samples	and	measure	the	sensor	signal	directly,	even	with	significant	
spectral	overlap.	

	
Scheme	1.	Sensing	Mechanisms		

	
a	A)	Ion-selective	PLN	mechanism:	ions	in	the	surrounding	bulk	phase	displace	a	proton	from	the	pH-sensitive	
blueberry	 dye,	 increasing	 its	 absorbance	 which	 gates	 the	 persistent	 luminescence	 of	 ZGO:Cr3+	 B)	 O2	 PLN	
mechanism:	a	ratiometric	readout	where	PdTPTBP	is	dynamically	quenched	by	O2	while	the	ZGO:Cr3+	is	unaffected	
by	O2.	C)	Approach	for	time-resolved	luminescence	detection	with	PLNs.	
	

We	synthesized	the	persistent	 luminescent	ZGO:Cr3+	hydrothermally	 to	yield	cubic	phase	nanocrystals	
with	diameters	of	10	±	2nm	(Figure	1A-D)	and	a	zeta	potential	of	34	±	1.1	mV	–	making	 the	particles	easily	
dispersed	in	water.	The	luminescence	spectrum	in	Figure	1E	at	696nm	is	the	emission	of	the	spin-forbidden	2E	
à		4A2	transition	of	Cr3+	(5).	As	expected,	the	ZGO:Cr3+	NPs	have	3	excitation	bands	(Figure	S1)	–	254	nm,	420	nm,	
and	580	nm	representing	the	d-d	transitions	of	Cr3+	(5).	Using	a	pulse	excitation	of	420	nm,	the	Cr3+	emission	peak	
showed	a	multiexponential	decay	and	an	effective	luminescence	lifetime	(teff)	of	531	µs	using	equation	S1.	The	
luminescence	decay	at	696nm	proceeds	well	into	the	millisecond	range	after	either	a	420	nm	(Figure	1F)	or	266	
nm	(Figure	S2)	pulse	excitation,	deeming	the	ZGO:Cr3+	ready	for	the	next	steps	towards	incorporation	into	our	
optode-based	persistent	luminescence	sensing	approach.	
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Figure	1.	PLNP	Characterization.	A)	Schematic	of	hydrothermal	synthesis	and	processing.	B)	X-ray	diffraction	pattern	
showing	 pure	 cubic	 spinel	 structure	 (ICDD	=	 00-038-1240).	 C)	HR-TEM	 image	 of	 ZGO:Cr3+	 (scale	 bar	 =	 10nm).	 D)	
Frequency	distribution	of	ZGO:Cr3+	PLNPs	(obtained	from	200	particles).	E)	Luminescence	spectrum	of	ZGO:Cr3+	after	
420nm	excitation.	F)	Luminescence	decay	of	ZGO:Cr3+	after	420nm	pulse	excitation.		
 

In	most	 biological	 applications,	 modifications	 are	 needed	 to	 link	 recognition	 sites	 and/or	 stabilizing	
agents	 to	 the	 ZGO:Cr3+	 surface	 for	 sensing	 or	 better	 aqueous	 stability(4,	 5,	 23).	 However,	 to	 incorporate	 our	
ZGO:Cr3+	PLNPs	they	must	have	a	hydrophobic	surface	to	be	retained	in	the	organic	phase	of	the	optode-based	
nanosensor.	 Thus,	 the	 raw	 ZGO:Cr3+	 NPs	 were	 modified	 by	 condensation	 of	 trimethoxy(octyl)	 silane	 to	 the	
hydroxide	surface	of	ZGO:Cr3+	NPs	(Figure	2A)	to	yield	ZGO:Cr3+@TMOS	that	are	stable	in	nonpolar	environments	
like	 the	optode	matrix.	The	modification	was	confirmed	with	Fourier	 transform	infrared	(FT-IR)	spectroscopy	
where	the	peaks	in	the	siloxane	region	(1090	cm-1,	1053	cm-1,	1033	cm-1,	and	1015	cm-1)	represent	the	Si–O–Si	
stretching,	indicating	successful	condensation	and	the	bands	at	2958	cm-1,	2923	cm-1,	and	2855	cm-1	represent	
the	C(sp3)-H	bonds	of	 the	octyl	 silane	attachment	protruding	 from	the	particle	 the	surface	 (Figure	2B).	After	
ligand	addition,	the	ZGO:Cr3+@TMOS	can	be	dispersed	in	a	variety	of	organic	solvents	(THF,	chloroform,	toluene)	
for	further	use.	
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Figure	2.	Surface	modification	of	the	ZGO:Cr3+	NPs	and	their	incorporation	into	a	polymeric	nanoparticle.	A)	Schematic	
of	the	silane	attachment.	B)	FT-IR	Spectrograph	highlighting	siloxane	attachment	to	the	PLNP	surface.	C)	Schematic	of	
the	principle	of	Flash	Nanoprecipitation	 for	nanocomposite	 fabrication.	D)	TEM	of	 the	ZGO:Cr3+@TMOS@Ps-b-PEO	
nanocomposite.	
	

Flash	nanoprecipitation	is	a	nanoparticle	fabrication	approach	that	can	encapsulate	a	range	of	materials	
into	 polymer	 nanoparticles(24).	 Here,	 we	 used	 FNP	 to	 fabricate	 persistent	 luminescent	 nanocomposites	 of	
ZGO:Cr3+@TMOS	and	poly	styrene-b-poly(ethylene)	oxide	(PS-b-PEO)(Figure	2C&D).	Their	hydrophobic	core	is	
a	 mixture	 of	 ZGO:Cr3+@TMOS	 and	 PS	 while	 the	 PEO	 coat	 provides	 aqueous	 stability;	 though,	 other	 block	
copolymers	can	be	used	for	fabrication	(Table	S1).	Before	the	incorporation	of	sensing	components,	we	used	the	
ZGO:Cr3+@TMOS@PS-b-PEO	(shown	in	Figure	2C&D)	to	show	that	 the	autofluorescence	of	 fetal	bovine	serum	
(FBS)	 can	 be	 completely	 omitted	 from	 our	 luminescence	 measurements	 (Figure	 S3).	 The	 FBS	 is	 strongly	
autofluorescent	with	a	broad	peak	at	500	nm	which	overlaps	with	the	ZGO:Cr3+	emission	unless	a	time-resolved	
acquisition	approach	is	used.	

Optode	sensor	design	revolves	around	the	choice	of	functional	components	embedded	in	a	hydrophobic	
polymer	matrix.	The	ionophore,	acting	as	the	recognition	unit,	extracts	and	stabilizes	the	ion	of	choice	into	the	
nanoparticle	 core.	 At	 the	 same	 time,	 the	 non-fluorescent	 pH	 indicator,	 blueberry-C6-ester-652	 (blueberry)	 is	
deprotonated	and	increases	in	absorbance,	gating	the	PLNP	emission.	An	ionic	additive,	Na+TFPB-,	is	incorporated	
into	 the	 sensor	 core	 to	 balance	 the	 positive	 charge	 on	 the	 protonated	 blueberry.	 Combining	 blueberry	 and	
Na+TFPB-,	with	either	potassium	ionophore	I,	sodium	ionophore	X,	or	calcium	ionophore	II	into	the	FNP	solvent	
stream	 yielded	 K+,	 Na+,	 or	 Ca2+	 PLNs,	 respectively.	 The	 ion	 PLN	 emission	 decreases	 as	 a	 function	 of	 analyte	
concentration	and	blueberry	absorbance	(Figure	3A-C	and	S4).	As	expected,	the	addition	of	optode	components	
still	allowed	for	ZGO:Cr3+@TMOS	incorporation	into	the	PLN	core	(Figure	S5).		
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Figure	3.	Calibration	curves	for	the	ion	and	pH	persistent	luminescent	nanosensors.	The	K+	(A),	Na+	(B),	and	Ca2+	(C)	
sensors	were	tested	against	common	ions	in	separate	solutions	and	all	showed	good	selectivity	(the	target	ion	is	darker	
in	each	panel).	D)	The	pH	PLN	calibrations	in	Britton-Robinson	Universal	buffer	with	(pink)	or	without	(black)	saline	
spike	(n	=	3	for	all	calibrations).	
	

Using	a	100µs	delay	time,	the	K+	PLNs	in	Figure	3A	are	100-times	more	selective	for	K+	than	Na+	(logKK,Na	
=	-2.1)	and	have	a	dynamic	range	that	overlaps	with	concentrations	found	in	serum(25).	Importantly,	the	K+	PLN	
response	stays	consistent	as	the	delay	time	is	increased	out	to	1	ms	which	could	allow	K+	quantification	in	systems	
with	fluorescent	sources	of	variable	luminescent	lifetimes	(e.g.,	when	multiplexing)	(Figure	S6).	The	K+	PLNs	are	
also	reversible	(corroborating	the	expected	equilibrium-based	ion	exchange	mechanism)	and	have	a	functional	
lifetime	of	at	least	8	days	(Figure	S7	&	S8).		
Likewise,	using	a	100µs	delay,	the	Na+	PLNs	shown	in	Figure	3B	have	a	selectivity	coefficient	that	compares	to	
other	Na+	 sensors	using	 the	same	 ionophore	and	PEG-based	surfactants	(logKNa,K	=	 -1.1),	which	are	known	to	
impact	K+	partitioning	and	selectivity(26).	The	Na+	PLNs	have	a	dynamic	range	sufficient	for	serum	quantification	
and	a	functional	lifetime	between	4	and	8	days	(Figure	S9).	The	Ca2+	PLNs	(Figure	3C,	100µs	delay)	are	~1000-
times	more	selective	over	the	major	competing	ion	Mg2+	(logKCa,Mg	=	-3.2)	and	have	a	functional	lifetime	of	less	
than	4	days	(Figure	S10).	The	size	and	selectivity	coefficients	of	all	ion	PLNs	can	be	seen	in	Tables	S1	and	S2,	
respectively.	To	further	confirm	the	ion	exchange	mechanism	of	the	ion	PLNs,	the	ionophores	were	excluded	from	
formulations,	and	the	time-resolved	response	to	ions	was	tested.	As	expected,	without	an	ionophore,	the	sensors	
respond	according	to	ion	lipophilicity	(Hofmeister	series)	(Figure	S11).	Additionally,	there	is	no	response	to	pH	
or	ions	when	the	optode	components	are	excluded	from	the	formulation,	indicating	the	modulation	of	ZGO:Cr3+	
emission	is	a	function	of	the	dye’s	protonation	degree	and	selective	partitioning	(Figure	S12).	
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Adjusting	 the	 PLN	 formulation	 to	 incorporate	 a	 different	 lipophilic	 pH	 indicator,	 Chromoionophore	 II	 (ChII),	
allowed	us	to	measure	across	the	biological	pH	range	with	the	persistent	luminescence	format	(Figure	3D,	500	
µs	 delay).	 The	 inverse	 relationship	 between	 pH	 and	 ChII	 absorbance	 at	 700nm	 (Figure	 S13)	 results	 in	 the	
increasing	ZGO:Cr3+	signal	seen	in	Figure	3D.	Importantly,	the	pH	PLN	response	remains	the	same	with	multiple	
delay	times	(Figure	S14)	and	when	saline	concentrations	of	ions	are	spiked	into	the	buffered	standards,	indicating	
no	significant	response	to	ionic	strength	(Figure	3D,	pink).	The	pH	PLN	signal	was	also	tested	against	Na+	and	K+	
(10µM	–	 1M)	 –	 no	 change	 in	 signal	 occurred	 (Figure	 S15).	 Additionally,	 the	 calibrations	 of	 the	 pH	PLNs	 are	
consistent	for	8	days	(Figure	S16).	Next,	the	pH	PLN	response	was	measured	in	pH-adjusted	FBS	from	pH	3-9.	An	
inner	filter	effect	(IFE)	impacted	the	sensor	signal	but	can	be	adjusted	for	using	established	methods	(see	equation	
S2)(27).	Using	a	delay-time,	we	can	omit	FBS	autofluorescence	and	calibrate	 the	pH	PLNs	 in	 the	serum	while	
achieving	the	same	fit	parameters	as	the	response	in	buffered	standards	(Figure	S17).	Without	a	delay	time,	these	
measurements	are	not	possible	in	FBS	as	the	background	signal	is	at	least	5	times	that	of	the	sensor	response	
(Figure	S18).	

We	used	K+	PLNs	to	quantify	K+	in	FBS.	After	mixing	the	FBS	with	K+	PLNs	(1-to-1	v/v)	and	adjusting	for	
IFE,	the	K+	level	was	found	to	be	1.9	±	0.8	mM.	These	results	show	that	ion-selective	PLNs	are	a	promising	tool	for	
the	evaluation	of	real	clinical	samples	–	even	those	with	background	autofluorescence.		

To	fabricate	O2-sensitive	PLNs,	we	used	the	phosphorescent	PdTPTBP	(em:	800	nm,	t0	=	356	µs(28))	as	
the	 O2	 indicator	 and	 the	 ZGO:Cr3+	 emission	 as	 the	 O2	 insensitive	 reference	 (Figure	 S19)	 for	 time-resolved,	
ratiometric	 measurements.	 Exciting	 the	 Pd-chelate	 results	 in	 an	 electronic	 transition	 to	 S1	 and	 intersystem	
crossing	 to	 an	 excited	 triplet	 state	 (T1)	 causing	 spin	 inversion	 and	 a	 forbidden	 transition	 back	 to	 S0	 –	 the	
mechanism	of	phosphorescence(28,	29).	Molecular	O2	can	collide	with	the	dye	and	quench	it,	resulting	in	a	lower	
emission	intensity	and	luminescence	lifetime(28,	29).	This	collisional	quenching	process	is	characterized	by	the	
Stern-Volmer	 relationship	 (equation	 S3A).	 Ratiometric	 O2	 measurements	 are	 described	 by	 a	 pseudo-Stern	
Volmer	 relationship	 (equation	 S3B)	 by	 instead	 plotting	 the	 quotient	 of	 the	 ratiometric	 signal	
(PdTPTBP/ZGO:Cr3+)	 at	 0	mg/L	O2	 by	 the	 same	 ratio	 at	 prevailing	 [O2],	 giving	 a	 linear	 response	 (Figure	 4A,	
black)(30,	31).	As	expected,	the	pseudo-Ksv	increases	over	the	measured	O2	range	by	increasing	the	delay	time	–	
a	function	of	the	variable	luminescence	lifetime	of	PdTPTBP	(Figure	4A	and	S20).	
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Figure	4.	A)	Ratiometric	calibration	curves	of	the	O2	PLNs	with	various	delay	times	fit	to	Eq.	S3B	(Kpsv	=	0.236,	3.35,	
and	10.2	for	no	delay,	100µs,	and	250µs,	respectively.	B)	The	O2	PLNs	can	track	O2	metabolism	of	yeast	over	a	60-hour	
incubation	with	a	500	µs	time	gate.	Metabolism	is	halted	after	adding	an	antimicrobial	at	42	hr	and	the	culture	returns	
to	atmospheric	conditions.	
	

While	spectral	separation	approaches	have	been	used	to	overcome	autofluorescence	in	microbial	systems	
(31–33),	this	work	achieves	this	with	ratiometric	sensors	that	are	compatible	with	a	time-resolved	measurement	
approach.	O2	consumption	of	Saccharomyces	cerevisiae	(Kolsch	I)	was	monitored	over	65	hours	with	the	O2	PLNs	
(plate	 setup	 in	 Figure	 S21).	 Without	 a	 delay,	 yeast	 autofluorescence	 interferes	 with	 ZGO:Cr3+	 emission	 and	
precludes	ratiometric	O2	measurements	(Figure	S22A)	but	using	a	500	µs	delay	eliminates	the	autofluorescence	
and	shows	an	 increasing	ratiometric	 signal	at	20hrs	 (Figure	4B	and	S22B).	Figure	4B	shows	 that	metabolic	
activity	 is	 inhibited	 upon	 the	 addition	 of	 an	 antimicrobial	 agent	 (potassium	 metabisulfite)	 and	 the	 O2	
concentration	is	brought	back	to	baseline	after	10	hrs.		

In	 summary,	 our	 approach	 of	 integrating	 hydrophobic	 persistent	 luminescence	 nanoparticles	 into	 an	
optode-based	nanosensor	allowed	for	autofluorescence-free	measurements	in	biological	samples.	An	advantage	
of	the	ion-selective	optode	approach	is	the	ability	to	tune	dynamic	range	and	selectivity	depending	on	the	sensing	
components	 in	 the	 polymeric	 matrix(15,	 34).	 Utilizing	 this	 modularity	 enabled	 us	 to	 fabricate	 persistent	
luminescence	nanosensors	 for	 five	different	biologically	 relevant	 analytes.	While	 long-lifetime	emissions	have	
been	used	for	the	quantification	of	O2	using	phosphorescent	lifetime	imaging	or	other	custom	microscopes/CCD	
camera	setups(35,	36),	the	systems	are	often	expensive	or	difficult	to	build	for	the	end	user.	We	showed	that	the	
ratiometric	O2	PLNs	can	be	used	in	a	standard	plate	reader	for	facile	time-resolved	monitoring	of	O2	consumption	
in	a	high	throughput	manner.	Overall,	we	anticipate	that	the	PLNP	nanocomposite	can	be	used	as	a	multifunctional	
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and	highly	versatile	platform	for	autofluorescence-free	sensing	and	imaging	in	a	breadth	of	complex	biological	
systems.	
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