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Abstract		15	

Current	efforts	on	inflammatory	bowel	diseases	(IBD)	treatment	are	focused	on	strategies	16	

for	localised	drug	delivery	at	the	intestinal	mucosa.	Despite	the	potential	of	curcumin	(CC)	17	

for	IBD	treatment,	 its	low	solubility	and	stability	limit	 its	application.	Thus,	the	design	of	18	

nanocarriers	that	focus	CC	delivery	at	the	intestinal	epithelium	is	an	area	of	interest.	This	19	

work	 proposes	 α-tocopherol	 nanoemulsions	 (NE)	 stabilised	 by	 ascorbyl-2,6-dipalmitate	20	

(ADP)	as	 intestinal	CC-carriers.	The	 antioxidant	 capacity	of	α-tocopherol	 and	ADP	 could	21	

have	a	synergistic	effect	on	IBD-affected	tissues,	characterised	by	an	oxidative	environment.	22	

We	obtained	nanoemulsions	(NE-ADP)	with	size	below	200	nm,	negative	surface	charge,	23	



2	
	

stable	in	gastrointestinal	media	and	no	toxic	in	the	Caco-2	cell	model.	Intracellular	retention	1	

of	NE-ADP	 in	Caco-2	cells	was	observed	by	confocal	microscopy.	The	extremely	 low	Papp	2	

values	obtained	for	CC	and	α-tocopherol	indicated	the	lack	of	transport	across	the	Caco-2	3	

monolayer.	 Control	 nanoemulsion	 stabilised	 by	 lecithin	 (NE-L)	 was	 greatly	 transported	4	

across	the	Caco-2	cells	monolayer,	confirming	the	relevance	of	ADP	on	the	cellular	retention	5	

of	NE-ADP.	The	therapeutic	potential	of	NE-ADP	was	shown	by	the	significant	decrease	of	6	

intracellular	ROS	levels.	Altogether,	these	results	indicate	the	potential	of	NE-ADP	as	a	novel	7	

approach	for	the	treatment	of	IBD.	8	
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Abbreviations		1	

ADP:	Ascorbyl	2,6-dipalmitate	2	

CC:	Curcumin	3	

CC-loaded	NE-L:	curcumin	loaded	nanoemulsions	stabilised	by	lecithin	4	

CC-loaded	NE-ADP:	curcumin	loaded	nanoemulsions	stabilised	by	ascorbyl	dipalmitate	5	

DCFDA:	Dichlorofluorescein	diacetate	6	

DCFH-DA:	Oxidised	derivative	of	dichlorofluorescein	diacetate	7	

GI:	Gastrointestinal	8	

IBD:	Inflammatory	Bowel	Diseases	9	

NE:	Nanoemulsion	10	

NE-ADP:	Nanoemulsions	stabilised	by	ascorbyl	dipalmitate	11	

NE-L:	Nanoemulsions	stabilised	by	lecithin	12	

SGF:	Simulated	Gastric	Fluid	13	
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1. Introduction	1	

The	 term	 inflammatory	 bowel	 diseases	 (IBD)	 groups	 several	 chronic	 inflammatory	2	

disorders	of	the	gastrointestinal	(GI)	tract,	including	Chron’s	disease	and	ulcerative	colitis,	3	

whose	incidence	is	increasingly	growing	worldwide.	IBD	is	an	intermittent	disease,	based	4	

on	 flares	and	 remissions.	During	 flares,	 the	most	 common	 symptoms	 include	diarrhoea,	5	

abdominal	distension	and	pain,	nauseas,	vomiting,	fever	and	rectal	bleeding	(Bernstein	et	6	

al.,	2010;	Prantera,	2013).	Furthermore,	IBD	can	lead	to	more	severe	complications,	such	as	7	

toxic	megacolon,	colon	cancer,	or	bowel	perforation,	among	others	(Bernstein	et	al.,	2010).	8	

Although	the	pathogenesis	of	IBD	is	not	completely	understood,	genetic	factors	and	altered	9	

intestinal	 microbiota	 may	 be	 involved	 in	 the	 onset	 of	 the	 intestinal	 immune	 response	10	

dysregulation,	what	finally	causes	intestinal	injury	(Bernstein	et	al.,	2010;	Hvas	et	al.,	2018).	11	

In	addition,	there	is	strong	evidence	suggesting	that	ROS-induced	oxidative	stress	also	plays	12	

a	relevant	role	in	IBD	pathogenesis	and	progression	(Guan	and	Lan,	2018;	Kruidenier	et	al.,	13	

2003;	Tian	et	al.,	2017).		14	

The	current	therapeutic	strategies	aim	to	relief	flare-symptoms	and	avoid	hospitalisation	15	

or	surgery.	In	this	sense,	a	long-term	treatment	based	on	a	combination	of	drugs	is	often	16	

needed	 to	 control	 the	 disease.	More	 concretely,	 the	 therapeutic	 approach	 includes	 anti-17	

inflammatory	 drugs	 (aminosalicylates	 and	 systemic	 glucocorticoids),	 biological	 agents	18	

(such	as	anti-TNF-α	monoclonal	antibodies),	immunosuppressive	molecules	and	antibiotics	19	

(Hvas	et	al.,	2018).	Nonetheless,	most	of	these	treatments	involve	relevant	unwanted	side	20	

effects,	 mainly	 related	 to	 their	 systemic	 administration	 (Rogler,	 2010;	 Stallmach	 et	 al.,	21	

2010).	In	this	sense,	localised	drug	delivery	systems	to	the	damaged	mucosa	would	enhance	22	

the	therapeutic	potential	and	the	safety	of	the	treatments	(Grimpen	and	Pavli,	2010;	Siew	23	

et	al.,	2004).	24	

Currently,	the	administration	of	antioxidant	and	anti-inflammatory	natural	molecules	is	a	25	

strategy	under	research	(Bitiren	et	al.,	2010;	Hanai	et	al.,	2006;	Sugimoto	et	al.,	2002;	Tian	26	
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et	 al.,	 2017).	 More	 specifically,	 curcumin	 (CC)	 has	 recently	 attracted	 attention	 for	 its	1	

encouraging	in	vivo	results	in	reducing	both	oxidative	damage	and	inflammation	at	the	GI	2	

tract	(Arafa	et	al.,	2009;	Burge	et	al.,	2019;	Hanai	et	al.,	2006;	Sugimoto	et	al.,	2002).	In	fact,	3	

CC	is	a	potent	inhibitor	of	NF-κB,	cycloxygenase-2	and	STAT3	pathways	(Burge	et	al.,	2019;	4	

Du	et	al.,	2014;	Hanai	et	al.,	2006).	Nevertheless,	CC	poor	water-solubility	and	stability	at	5	

neutral	and	alkaline	pH	values	greatly	 limit	 its	therapeutic	use	(Anand	et	al.,	2007).	The	6	

development	of	CC-loaded	nanocarriers	 is	 a	promising	approach	 for	 IBD	 (Beloqui	 et	 al.,	7	

2016,	2014;	Sharma	et	al.,	2019),	as	nanocarriers	may	improve	drug	solubility	and	stability	8	

but	also	promote	the	interaction	with	the	intestinal	epithelium	(Plapied	et	al.,	2011;	Zhang	9	

et	 al.,	 2013).	 In	 this	 line,	 Beloqui	 et	 al.	 evaluated	 different	 lipid-based	 nanocarriers	10	

containing	CC	for	IBD	treatment.	Interestingly,	they	observed	that	nanocarriers	which	were	11	

able	to	achieve	CC	retention	at	the	GI	tract		were	more	efficient	in	treating	IBD	in	a	murine	12	

DSS-colitis	model	compared	to	those	that	enhanced	CC	intestinal	permeation	(Beloqui	et	al.,	13	

2016).	These	results	highlighted	the	relevance	of	the	nanocarrier	structure	and	composition	14	

on	the	biological	behaviour	of	the	systems.	Indeed,	the	 	functionalisation	of	nanocarriers	15	

with	specific	molecules	is	a	strategy	followed	for	potentiating	their	interaction	with	specific	16	

cell	populations	(Xu	et	al.,	2020;	Yoo	et	al.,	2019).	In	this	sense,	enterocytes	include	different	17	

transporters	and	receptors	that	mediate	their	functionality,	such	as	the	sodium-dependent	18	

ascorbic	 acid	 transporter	 SVCT1.	This	 transporter	 is	 involved	 in	 the	maintenance	of	 the	19	

ascorbic	acid	homeostasis	in	the	organism	(May,	2011).	Since	it	is	expressed	at	the	apical	20	

brush	of	enterocytes,	it	has	been	recently	proposed	as	a	novel	intestinal	target	(Luo	et	al.,	21	

2018).	22	

The	 aim	of	 this	work	was	 to	 formulate	 a	nanocarrier	 able	 to	 improve	CC	 solubility	 and	23	

deliver	the	drug	to	the	intestinal	mucosa	site.	We	have	recently	reported	the	development	24	

of	a	new	antioxidant	nanoemulsion	as	a	novel	nanocarrier	for	oral	delivery	(Plaza-Oliver	et	25	

al.,	 2020).	 This	 system,	 named	 as	 NE-ADP,	 is	 constituted	 by	 α-tocopherol	 which	 is	 a	26	

lipophilic	antioxidant	able	to	scavenge	free	radicals	in	hydrophobic	environments	(Kontush	27	
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et	al.,	1996).	The	core	 is	stabilised	by	ascorbyl-2,6-dipalmitate	(ADP)	that	maintains	the	1	

antioxidant	properties	of	ascorbic	acid	(Moribe	et	al.,	2010).	Hence,	we	proposed	this	two-2	

component	formula	that	would	simultaneously	act	as	a	CC	carrier	and	an	antioxidant	to	the	3	

intestinal	barrier.	This	dual-action	was	evaluated	by	studying	the	internalisation	capacity	4	

of	the	systems	and	their	ROS	scavenging	capacity	in	the	enterocyte-like	model	in	order	to	5	

determine	the	potential	of	NE-ADP	for	the	localised	treatment	of	IBD.	The	involvement	of	6	

SVCT1	 in	 the	 uptake	 was	 qualitatively	 assessed	 by	 using	 an	 excess	 of	 ascorbic	 acid	 to	7	

saturate	 the	 transporter	 in	 order	 to	 preliminary	 determine	 the	 effectiveness	 of	 this	8	

surfactant	targeted	approach.	9	

2. Materials	and	methods	10	

2.1	 Materials	11	

2.1.1	 Chemicals	12	

Lecithin	(Epikuron	145V)	was	kindly	donated	by	Cargill	(Spain).	Poloxamer	127	(PF127®),	13	

α-tocopherol,	CC,	bovine	serum	albumin	(BSA),	dimethyl	sulphoxide	(DMSO),	HEPES,	MES	14	

hydrate,	 triton-X	 100,	 dichlorofluorescein	 diacetate	 (DCFDA)	 and	 ascorbic	 acid	 were	15	

purchased	 from	 Sigma-Aldrich	 (Spain	 and	 USA,	 respectively).	 ADP	 was	 obtained	 from	16	

Combi-blocks	(USA).	Acetone,	methanol,	ethanol,	2-propanol	and	acetonitrile,	HPLC	grade,	17	

were	acquired	from	VWR	Chemicals	(Belgium).	ThermoFischer	supplied	99	%	glacial	acetic	18	

acid.	 DiD	 [DiIC18(5)	 oil	 (1,1′dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine	19	

perchlorate)]	and	rhodamin-phalloidin	fluorescent	tracers	were	purchased	from	Invitrogen	20	

(UK).	21	

2.1.2	 Cell	culture	reagents	22	

Caco-2	 cells	 (clone	1)	were	kindly	donated	by	Dr	Maria	Rescigno,	University	 of	Milano-23	

Bicocca	(Milano,	Italy)	(Rescigno	et	al.,	2001).	Dulbecco’s	Modified	Eagle	Minimal	Essential	24	

Medium	 (DMEM),	 fetal	 bovine	 serum	 (FBS)	 heat-inactivated	 HyClone,	 penicillin-25	
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streptomicin	(PEST),	Hanks	Balanced	Salt	Solution	(HBSS),	phosphate	buffer	saline	(PBS),	1	

trypsin-EDTA	(0.05	%)	and	non-essential	aminoacids	(NEAA)	were	purchased	from	GibcoTM	2	

(Invitrogen,	UK).	Basement	membrane	matrix	(MatrigelÒ)	was	obtained	from	BD	Bioscience	3	

(Belgium).	4	

2.2	 Nanoemulsions	formulation		5	

Nanoemulsions	 of	 α-tocopherol	 were	 formulated	 following	 the	 solvent	 displacement	6	

technique,	which	briefly	consists	on	the	spontaneous	emulsification	of	an	oily	phase	into	10	7	

mL	 of	 ultrapure	 water	 under	 magnetic	 stirring.	 We	 followed	 a	 procedure	 previously	8	

described	 with	 slight	modifications	 (Lozano	 et	 al.,	 2013;	 Plaza-Oliver	 et	 al.,	 2020).	 The	9	

organic	phase	was	a	solution	of	α-tocopherol	 (38	mg)	and	lecithin	(20	mg)	 in	250	µL	of	10	

ethanol	and	4.75	mL	of	acetone	to	yield	NE-L	systems.	The	organic	phase	for	the	NE-ADP	11	

formulations	was	obtained	by	dissolving	α-tocopherol	(38	mg)	and	ADP	in	5	mL	of	acetone.	12	

Two	different	NE-ADP	were	obtained:	NE1-ADP	(9	mg	ADP)	and	NE2-ADP	(17	mg	ADP).	In	13	

all	cases,	organic	solvents	were	eliminated	to	a	final	volume	of	4	mL	and	the	nanoemulsions	14	

were	further	incubated	for	24	h	with	1	mL	of	a	PF127®	aqueous	solution	(3	mg/mL)	to	allow	15	

the	adsorption	of	the	surfactant	to	the	surface	of	the	nanoemulsions.	This	PF127®	ratio	per	16	

batch	(3	mg)	was	selected	after	the	evaluation	of	different	PF127®	amounts	in	the	range	1.5-17	

12.5	mg	for	obtaining	the	coated	nanoemulsions.		18	

CC	was	 then	 encapsulated	 in	 the	 inner	 core	of	 the	nanoemulsions.	 For	 this	purpose,	we	19	

followed	the	same	formulation	procedure	but	adding	200	µL	of	an	ethanolic	CC	solution	(2.5	20	

mg/mL)	to	the	oily	phase.	This	way,	the	CC	loading	was	0.8	%	for	NE-L,	1	%	for	NE1-ADP	21	

and	0.9	%	for	NE2-ADP.		22	

Fluorescence	 labelling	of	 the	nanoemulsions	was	carried	out	by	the	 incorporation	of	the	23	

lipophilic	tracer	DiD	(λex≈644nm,	λem≈665nm)	to	their	oily	phase	during	the	formulation	24	

process.	Briefly,	40	μL	of	a	methanolic	DiD	solution	(6.25	mg/mL)	were	mixed	with	the	rest	25	

of	the	organic	components.	After	obtaining	the	labelled	nanoemulsions,	they	were	dialysed	26	
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(10,000	MWCO)	for	24	h,	 in	order	to	remove	the	non-encapsulated	DiD.	Then,	they	were	1	

incubated	with	1	mL	of	a	PF127®	aqueous	solution	(3	mg/mL)	for	24	h,	yielding	to	a	final	2	

DiD	concentration	of	8	µL/mL.		3	

2.3	 Physicochemical	characterisation	and	colloidal	stability	4	

The	 determination	 of	 the	 hydrodynamic	 mean	 diameter,	 polydispersity	 index	 and	 δ-	5	

potential	 was	 carried	 out	 by	 dynamic	 light	 scattering	 (DLS)	 and	 measurement	 of	 the	6	

electrophoretic	 mobility,	 using	 a	 NanoZS	 from	 Malvern	 (UK).	 For	 this	 purpose,	7	

nanoemulsions	were	previously	dispersed	(5	µL/mL)	in	phosphate	buffer	2	mM.		8	

The	long-term	stability	of	the	nanoemulsions	was	evaluated	at	4	°C	for	one	month.	Stability	9	

of	the	systems	in	plain	(not	enzymes-enriched)	and	normal	simulated	gastric	and	intestinal	10	

fluids	(SGF	and	SIF,	respectively)	following	the	USP	(XXIX)	guidelines	for	4	h	at	37	°C	was	11	

also	studied.	Similarly,	it	was	necessary	to	assess	the	stability	of	the	nanoemulsions	under	12	

the	 conditions	of	 in	 vitro	 experiments.	 For	 that	purpose,	 nanoemulsions	were	 incubated	13	

with	growth	(DMEM)	and	transport	(HBSS)	media	for	2	h	at	37	°C.		14	

2.4					CC	encapsulation	efficiency	and	release	in	transport	media	15	

The	 encapsulation	 efficiency	 (EE)	 of	 CC	 in	 CC-loaded	 nanoemulsions	 was	 assessed	 by	16	

isolating	 the	unloaded	CC	using	ultrafiltration	 and	determining	 the	 amount	of	CC	 in	 the	17	

filtrate.	Briefly,	nanoemulsions	were	placed	at	the	top	of	centrifuge	filtration	tubes	(100,000	18	

MWCO,	Amicon®)	and	centrifuged	at	1,500	rcf	for	20	min.	As	a	result,	a	transparent	filtrate	19	

was	obtained	at	 the	bottom	of	the	 tubes,	whereas	nanoemulsions	remained	intact	at	the	20	

upper	part	of	the	device.	The	diffusion	of	unloaded	CC	across	the	filter	was	confirmed	by	the	21	

ultrafiltration	 of	 a	 CC	 solution	 and	 the	 determination	 of	 the	 drug	 concentration	 in	 the	22	

filtrate.	The	quantification	of	CC	was	performed	by	HPLC	and	the	EE	values	were	indirectly	23	

calculated	by	the	following	equation:	24	

𝐸𝐸 = (100	𝑥	(𝐶) − 𝐶))/𝐶)										Eq.	1	25	
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where	C0	refers	to	the	theoretical	encapsulated	CC	concentration	and	C	to	its	concentration	1	

in	the	filtrate.	2	

A	similar	procedure	was	carried	out	 for	 the	determination	of	CC	released	 into	 transport	3	

media	(3	mM	MES	HBSS,	pH	6.5).	For	that	purpose,	nanoemulsions	were	first	incubated	with	4	

this	media	for	2	h	at	37	°C.	Then,	they	were	placed	at	the	top	of	centrifuge	filtration	tubes	5	

(100,000	MWCO)	and	 centrifuged	at	1,500	 rcf	 for	20	min.	 Finally,	 the	CC	present	 in	 the	6	

resulting	filtrates	was	quantified	by	HPLC.	7	

2.5	 CC	suspension	preparation	8	

CC	suspension	(CC-sus)	was	formulated	by	dispersing	10	mg	of	CC	in	5	mL	HBSS	containing	9	

3mM	MES	(pH	6.5).	The	control	CC-sus	was	homogenised	under	sonication	(60	sec)	at	a	10	

power	of	60	W	under	magnetic	stirring	(1,000	rpm)	and	its	particle	size	was	measured	by	11	

laser	diffraction	(HELOS,	Sympatec,	Clasthal-Zellerfeld,	DE).	The	control	was	obtained	by	12	

the	dilution	of	CC-sus	to	a	final	concentration	of	0.05	mg/mL.	13	

2.6	 CC	and	α-tocopherol	quantification	by	HPLC	14	

The	 quantification	 of	 both	 α-tocopherol	 and	 CC	 was	 carried	 out	 following	 procedures	15	

previously	described	with	minor	modifications	(Beloqui	et	al.,	2016,	2014;	Cui	et	al.,	2009;	16	

Memvanga	et	al.,	2013;	Villaseca-González	et	al.,	2018).	For	this	purpose,	a	Shimazu	20A	17	

Series	HPLC	system	with	a	diode	array	detector,	equipped	with	an	EC	250/2	Nucleodur	100-18	

5C18	column	(250x4,6mm,	particle	size:	5.0	µm)	(Macherey-Nagel,	DE)	was	used.	Regarding	19	

α-tocopherol,	the	mobile	phase	consisted	on	a	2-propanol:	acetonitrile	mixture	(50:50	v/v).	20	

Samples	 were	 diluted	 in	 mobile	 phase	 before	 injecting	 (20	 µL	 injection	 volume)	 and	21	

afterwards	isocratically	eluted	at	a	1	mL/min	flow	rate.	The	wavelength	detection	was	set	22	

at	295	nm	(Villaseca-González	et	al.,	2018).	The	limits	of	detection	(LOD)	and	quantification	23	

(LOQ)	of	α-tocopherol	were	0.5	and	1.7	mg/mL.	The	mobile	phase	 for	CC	determination	24	

consisted	on	a	mixture	of	methanol	and	3.6	%	glacial	acetic	acid	(73:27	v/v).	The	samples	25	

(50	µL	injection	volume)	were	diluted	in	the	mobile	phase	and	then	isocratically	eluted	at	a	26	
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0.8	mL/min	flow	rate	(Beloqui	et	al.,	2016,	2014;	Cui	et	al.,	2009;	Memvanga	et	al.,	2013).	1	

The	wavelength	detection	for	CC	was	set	at	428	nm.	Following	this	method,	LOD	and	LOQ	of	2	

CC	were	5	ng/mL	and	20	ng/mL,	respectively.		3	

2.7	 In	vitro	studies	in	Caco-2	cells	4	

2.7.1	 Cell	culture	5	

Caco-2	cells	were	cultured	in	DMEM	supplemented	with	1	%	(v/v)	PEST,	1	%	(v/v)	NEAA,	6	

1	%	(v/v)	L-glutamine	and	10	%	(v/v)	heat-inactivated	FBS	in	175	cm2	flasks	(Corning,	MA,	7	

USA)	under	an	atmosphere	of	10	%	CO2/	90	%	air	at	37	°C.	The	culture	media	was	replaced	8	

every	 2	 days,	 and	 regular	 passaging	was	 performed	 by	 trypsinisation.	 Cells	 were	 used	9	

between	passages	x	+	24	and	x	+	30.	10	

2.7.2	Nanoemulsions	effect	on	cell	viability		11	

The	 cytotoxicity	 of	 the	nanoemulsions	was	 assessed	 in	Caco-2	 cells	 by	 the	 crystal	 violet	12	

assay.	Briefly,	2	x	104	cells/well	were	seeded	in	96-well	plates	coated	with	Matrigel®	and	13	

incubated	at	37	°C	for	24	h.	Caco-2	cells	were	then	exposed	to	both	unloaded	and	CC-loaded	14	

nanoemulsions	 (NE-L,	 NE1-ADP	 and	 NE2-ADP)	 dispersed	 in	 100	 µL	 plain	 DMEM	 at	15	

increasing	concentrations	(2-90	%)	(v/v).	After	2	h,	the	supernatants	were	removed	and	16	

100	µL	of	a	0.5	%	(w/v)	crystal	violet	staining	solution	were	added	to	each	well.	Next,	Caco-17	

2	cells	were	incubated	at	37	°C	for	30	min,	washed	twice	with	ultrapure	water	and	air	dried	18	

for	30	min.	Finally,	100	µL	of	methanol	were	added	to	each	well	and	30	min	later	the	optical	19	

density	 was	 measured	 at	 570	 nm	 with	 a	 plate	 reader	 (MultiSkan	 EX	 plate	 reader,	20	

ThermoFischer	Scientific,	MA,	USA).	Caco-2	cells	treated	with	DMEM	or	with	Triton-X	100	21	

were	considered	as	negative	and	positive	controls,	respectively.		22	

2.7.3	Permeability	studies	of	unloaded	and	CC-loaded	nanoemulsions	across	Caco-2	23	

cell	monolayers	24	
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A	Caco-2	cell	monolayer	was	obtained	following	a	protocol	previously	described	(Beloqui	1	

et	al.,	2017,	2016,	2014).	Briefly,	Caco-2	cells	were	seeded	in	12-well	culture	inserts	(1	µm	2	

pore	diameter,	0.9	cm2	area,	Corning	Costar®,	NY)	at	a	density	of	5	x	105	cells/well	and	3	

grown	 for	 21	 days	 in	 supplemented	 DMEM	 by	 replacing	 media	 every	 other	 day.	 The	4	

integrity	 of	 the	 monolayers	 was	 evaluated	 by	 measuring	 the	 trans-epithelial	 electrical	5	

resistance	(TEER)	before	and	after	the	transport	studies.	These	measurements	were	carried	6	

out	at	37	°C	using	an	epithelial	voltmeter	(EVOM,	World	Precission	Instruments,	Berlin,	DE)	7	

that	 allowed	 us	 to	 select	 those	 monolayers	 with	 TEER	 values	 over	 200	 Ω/cm2	 for	 the	8	

experiments.		9	

a-tocopherol	was	used	as	a	marker	of	unloaded	nanoemulsions	permeability	across	Caco-2	10	

cells	monolayers.	For	that	purpose,	500	µL	of	NE-L,	NE1-ADP	or	NE2-ADP	dispersed	in	HBSS	11	

were	added	to	 the	apical	side	of	 the	 inserts	at	a	concentration	of	500	µL/mL	which	was	12	

previously	shown	to	be	safe	in	the	cytotoxicity	tests.	The	basolateral	side	of	the	inserts	was	13	

then	 filled	 with	 1	 mL	 HBSS,	 and	 after	 2	 h	 at	 37	 °C	 and	 sampled	 for	 α-tocopherol	14	

quantification	by	HPLC.	15	

Next,	the	apparent	permeability	coefficient	(Papp,	cm/s)	was	calculated	for	each	formulation,	16	

according	to	the	following	equation:		17	

𝑃.// = 𝑑𝑄 𝑑𝑡⁄ 	𝑥 1 𝐴𝐶)⁄ 														Eq.	2	18	

Where	dQ/dt	refers	to	the	transport	rate	(µg/s),	A	to	the	surface	area	of	the	membrane	filter	19	

(cm2)	and	C0	to	the	initial	α-tocopherol	concentration	in	the	apical	side	(µg/mL)	(Beloqui	et	20	

al.,	2016,	2014).		21	

Next,	 we	 assessed	 the	 permeability	 of	 CC-loaded	 nanoemulsions,	 compared	 to	 CC-sus,	22	

across	Caco-2	cells	monolayers.	For	this	purpose,	we	included	slight	modifications	to	the	23	

procedure	described	previously	e.g.,	the	modification	of	the	transport	media	to	assure	CC	24	

solubility	and	stability	(Beloqui	et	al.,	2016).	Accordingly,	3	mM	MES	HBSS	(pH	6.5)	was	25	



12	
	

used	 for	 dispersing	 CC-loaded	 NE-L,	 CC-loaded	 NE-ADP	 or	 CC-sus	 at	 the	 apical	1	

compartment.	The	basolateral	side	was	filled	with	1	mL	10	mM	HEPES	HBSS	+	1	%	BSA	(pH	2	

7.4)	(Beloqui	et	al.,	2016,	2014).	Finally,	Papp	values	for	CC	were	calculated	following	Eq.	2.	3	

In	this	case,	C0	refers	to	the	initial	CC	concentration	(50	µg/mL)	at	the	apical	side.		4	

Additionally,	we	evaluated	the	amount	of	CC	associated	or	intracellularly	localised	in	Caco-5	

2	cells.	For	this	purpose,	we	pre-treated	the	Caco-2	monolayer	to	lysate	the	cells	and	enable	6	

the	release	of	CC,	by	washing	thrice	the	inserts	with	HBSS	and	filling	them	with	1	mL	of	7	

sterile	water.	 Then,	we	 exposed	 Caco-2	 cells	 to	 three	 freeze-thawing	 cycles	 in	 order	 to	8	

disrupt	their	membranes	(Islam	et	al.,	2017).	Finally,	cell	lysates	were	centrifuged	at	250	rcf	9	

at	4	°C	for	5	min,	and	the	supernatants	were	collected	for	CC	quantification	by	HPLC.	10	

2.7.4	Localisation	of	nanoemulsions	in	Caco-2	cell	monolayers	11	

The	 localisation	of	DiD-loaded	nanoemulsions	(NE-ADP	and	NE-L)	in	Caco-2	monolayers	12	

was	 performed	 by	 confocal	 laser	 scanning	 microscopy	 (CLSM).	 For	 this	 purpose,	 we	13	

followed	the	procedure	described	in	section	2.7.3.	This	time,	after	the	2	h	incubation,	inserts	14	

were	washed	twice	in	warm	PBS	and	then	once	in	cold	PBS.	Afterwards,	inserts	were	fixed	15	

in	cold	4	%	(v/v)	paraformaldehyde	(PFA)	(500	µL/insert)	for	30	min	and	gently	washed	in	16	

PBS.	In	order	to	reveal	cell	borders,	actin	was	stained	with	200	µL	of	rhodamin-phalloidin	17	

(1:100)	in	HBSS	+	0.2	%	(v/v)	Triton	X-100.	Inserts	were	then	incubated	for	30	min	in	the	18	

dark,	washed	in	PBS,	cut	and	mounted	on	glass	slides	with	Vectashield®	mounting	medium	19	

containing	4’,6’-	diamidino2-phenylindole	(DAPI)	1:20	to	stain	cellular	nuclei	(Beloqui	et	al.,	20	

2016).	Images	were	captured	using	a	LSM710	confocal	microscopy	from	ZEISS	(Axio	Imager	21	

Z.1)	and	analysed	with	the	ZEN	(black	edition	2.1)	software	to	obtain	x-y,	x-z	and	y-z	views	22	

of	the	Caco-2	monolayers.	23	

In	order	to	evaluate	the	role	of	SVCT1	in	the	uptake	of	NE-L	and	NE-ADP,	we	also	carried	24	

out	 this	 experiment	 after	 a	previous	 incubation	 of	 the	 Caco-2	 cell	monolayers	with	 the	25	

substrate	of	this	transporter.	20	days	after	the	seeding	of	Caco-2	cells	in	the	inserts,	we	pre-26	
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incubated	them	with	an	ascorbic	acid	solution	(100	µM)	at	37	°C	for	24	h.	After	this	time	1	

(day	21),	TEER	measurements	were	carried	out	to	evaluate	the	effect	of	the	pre-incubation	2	

with	ascorbic	acid	on	the	integrity	of	the	Caco-2	cells	monolayers.	Then,	we	incubated	cells	3	

with	 the	 nanoemulsions	 for	 2	 h	 and	 we	 followed	 the	 experimental	 procedure	 above	4	

described	to	obtain	images	of	the	Caco-2	cells	monolayers	by	CLSM.	5	

	6	

2.7.5	Intracellular	ROS	levels	measurements	7	

The	 effect	 of	 the	 formulations	 on	 the	 intracellular	 ROS	 levels	 were	 evaluated	 by	8	

dichlorofluorescein	assay,	following	a	procedure	previously	described	(Djiokeng	Paka	et	al.,	9	

2016;	Jiménez	et	al.,	2016).	In	this	experiment,	Caco-2	cells	were	seeded	at	a	density	of	2	x	10	

104	cells/well	in	96	well	plates	coated	with	Matrigel™	and	incubated	for	24	h	at	37	°C.	Then,	11	

Caco-2	cells	were	incubated	for	2	h	with	the	different	treatments,	namely	CC-sus,	unloaded	12	

or	CC-loaded	NE-L	and	NE1-ADP,	at	a	concentration	corresponding	to	3,800	µg/mL	of	a-13	

tocopherol	 and	 50	 µg/mL	 of	 CC.	 Additionally,	 H2O2	 0.3	%	 (v/v)	 and	 PBS	were	 used	 as	14	

positive	and	negative	controls,	 respectively.	Next,	cells	were	washed	and	100	µL/well	of	15	

dichlorofluorescein	diacetate	(DCFH-DA)	(10	µM)	were	added.	After	1	h	of	incubation	at	37	16	

°C,	 Caco-2	 cells	were	washed	and	100	µL	of	H2O2	0.3	%	(v/v)	were	 added	 to	 each	well.	17	

Following	30	min	incubation	at	room	temperature,	the	formation	of	DCF-DA,	the	fluorescent	18	

oxidised	 derivative	 of	 DCFH-DA,	 was	 monitored	 with	 a	 plate	 reader	 (SpectraMax®	M3,	19	

Molecular	 Devices)	 (emission	 and	 excitation	 wavelengths	 of	 535	 nm	 and	 485	 nm,	20	

respectively).	Fluorescent	levels	from	DCF-DA	are	directly	proportional	to	intracellular	ROS	21	

levels	(Jiménez	et	al.,	2016).			22	

2.8	Statistical	analyses		23	

Statistical	 analysis	 was	 performed	 using	 the	 OriginPro	 8.0	 software	 (OriginLab	 Corp,	24	

Buckinghamshire,	 UK).	 The	 normal	 distribution	 was	 assessed	 by	 the	 Shapiro-Wilk	25	

normality	 test.	 The	 data	 was	 compared	 using	 ANOVA	 test	 or	 a	 Mann-Whitney	 non-26	
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parametric	test.	Differences	were	considered	statistically	significant	at	*p<	0.05.	The	results	1	

are	expressed	as	the	means	±	SD,	unless	otherwise	stated.	2	

3. Results	and	discussion	3	

Localised	delivery	of	drugs	to	the	intestinal	epithelium	is	a	promising	therapeutic	approach	4	

for	the	treatment	of	IBD.	The	rationale	is	to	focalise	drugs	at	the	injured	tissue	site	while	5	

avoiding	 the	 side	 effects	 associated	 to	 their	 systemic	 absorption.	 We	 have	 designed	 a	6	

surfactant-mediated	nanoemulsion	for	CC	able	to	accumulate	within	the	enterocytes	and	7	

concentrate	there	its	antioxidant	capacity.	8	

3.1 Physicochemical	characterisation	and	colloidal	stability		9	

The	landmark	in	colloidal	drug	delivery	is	the	design	of	stable	and	efficient	nanocarriers	for	10	

the	delivery	of	molecules	to	the	target	tissue	while	maintaining	a	low	toxicity	profile.	In	this	11	

work,	we	 have	 faced	 this	 goal	 by	 designing	 nanoemulsions	with	 just	 three	 components	12	

formulated	by	the	well-known	solvent	displacement	technique.	This	procedure	allows	the	13	

formation	of	nanoemulsions	under	mild	conditions	by	using	hydrophobic	excipients.	The	14	

selection	of	the	materials	was	carefully	carried	out,	as	their	nature	and	disposition	would	15	

influence	 the	biological	 behaviour	of	 the	 system.	We	have	previously	described	 that	 the	16	

hydrophobic	nature	of	the	core	in	nanoemulsions	determines	the	effective	adsorption	of	the	17	

surfactants.	 In	 this	work	we	 selected	 α-tocopherol	 due	 to	 its	 high	 hydrophobicity	 (M.	 J.	18	

Santander-Ortega	 et	 al.,	 2017).	 Hydrophobic	 ascorbic	 acid	 derivatives,	 e.g.	 palmitate	19	

derivatives,	 are	 compounds	 widely	 used	 in	 the	 pharmaceutical	 industry	 and	 in	 the	20	

formulation	of	nanocarriers	(Higashi	et	al.,	2017;	Moribe	et	al.,	2010;	Zariwala	et	al.,	2014).	21	

Indeed,	 we	 have	 recently	 shown	 that	 these	 compounds	 can	 be	 used	 as	 surfactants	 for	22	

nanoemulsion	 stabilisation	 (Plaza-Oliver	 et	 al.,	 2020).	 Among	 them,	 ADP	was	 the	most	23	

promising	molecule	and	thus	it	was	selected	for	the	formulation	of	the	systems	included	in	24	

this	work.	More	concretely,	ADP	was	incorporated	at	two	different	amounts,	9	and	17	mg,	25	
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to	determine	the	effect	that	the	amount	of	ADP	has	on	its	targeting	ability	to	the	enterocytes.	1	

In	 this	 line,	 we	 have	 also	 formulated	 a	 nanoemulsion	 control	 where	 the	 interface	 was	2	

stabilised	by	lecithin	instead	of	ADP.	The	emulsifying	and	dispersing	properties	of	lecithin	3	

are	well-known	and	therefore	it	has	been	widely	used	in	the	formulation	of	nanosystems	4	

(Hu	et	 al.,	 2012;	Nijaporn	Yanasarn,	Brian	R.	 Sloat,	 2009;	Plaza-Oliver	 et	 al.,	 2015;	M.	 J.	5	

Santander-Ortega	 et	 al.,	 2017).	 The	 systems	 stabilised	 by	 ADP	 and	 lecithin	 where	6	

respectively	named	as	NE1-ADP,	NE2-ADP	and	NE-L.		7	

One	important	aspect	required	by	the	 in	vitro	evaluation	of	the	nanoemulsions	was	their	8	

stability	in	the	media	used	in	the	experiments.	We	observed	that	the	dilution	of	the	uncoated	9	

systems	in	cell	culture	(DMEM)	and	transport	(HBSS)	media	led	to	their	aggregation	(data	10	

not	shown).	This	prompted	us	 to	consider	 the	coating	of	 the	nanoemulsions	with	a	PEG	11	

derivative	 like	 PF127®,	 taking	 into	 account	 the	 stabilisation	 properties	 of	 this	 type	 of	12	

polymers	(D’souza	and	Shegokar,	2016;	Otsuka	et	al.,	2003;	M.J.	Santander-Ortega	et	al.,	13	

2017),	as	well	as	its	potential	for	enhancing	the	diffusion	across	the	intestinal	mucus	(M.	J.	14	

Santander-Ortega	et	al.,	2017;	Yang	et	al.,	2011).	We	selected	a	range	of	PF127®	amounts	15	

per	 batch	 for	 the	 coating	 of	 the	 nanoemulsions	 (1.5-12.5	 mg).	 The	 physicochemical	16	

properties	of	the	obtained	formulations	are	included	in	Table	1.	Briefly,	all	of	them	exhibited	17	

low	polydispersity	and	size	values	below	200	nm;	showing	no	differences	on	size	(p	>	0.05)	18	

independently	of	the	surfactant	type	(L	or	ADP)	or	the	concentration	of	ADP.	Incorporation	19	

of	increasing	amounts	of	PF127®	was	clearly	evidenced	by	the	reduction	of	the	superficial	20	

charge	of	the	formulations	(Santander-Ortega	et	al.,	2006).	As	shown	in	Figure	S1,	3	mg	of	21	

PF127®	was	the	 lowest	surfactant	quantity	that	allowed	the	colloidal	stabilization	of	the	22	

different	nanoemulsions	in	cell	media.	Thus,	it	was	selected	for	the	final	composition	of	NE-23	

L	and	NE-ADP,	as	depicted	in	table	2.	24	

The	long-term	stability	of	the	nanoemulsions	under	storage	conditions	(4	°C),	confirmed	25	

that	all	the	formulations	remained	stable	for	at	least	4	weeks	(Figure	S.2).		26	
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The	oral	 route	 is	characterised	by	harsh	conditions	 like	extreme	pH,	high	salinity	or	 the	1	

presence	 of	 digestive	 enzymes	 that	 may	 lead	 to	 aggregation	 or	 degradation	 of	 the	2	

nanosystems.	Bearing	this	in	mind,	we	evaluated	the	stability	of	the	nanoemulsions	in	plain	3	

(non-supplemented)	SGF	and	SIF	and	normal	(enzymes	enriched)	SGF	and	SIF.	Remarkably,	4	

all	the	formulations	remained	stable	in	plain	SGF	and	SIF	(Figures	1.A	and	1.B	solid	lines	5	

and	closed	symbols),	as	well	as	in	digestive	enzymes	enriched	SGF	and	SIF	(Figure	1.A	and	6	

1.B	 dashed	 lines	 and	 opens	 symbols).	 In	 this	 sense,	 the	 adsorption	 of	 the	 hydrophilic	7	

surfactant	PF127®	onto	the	surface	of	the	nanoemulsions	could	avoid	the	interaction	of	the	8	

enzymes	by	steric	stabilisation	(Plaza-Oliver	et	al.,	2015).	Altogether,	these	results	indicate	9	

the	suitability	of	the	nanoemulsions	for	their	oral	administration.	10	

The	 encapsulation	 of	 CC	 led	 to	 no	 relevant	 differences	 in	 the	 size	 of	 NE-L	 or	 NE1-ADP	11	

compared	to	the	unloaded	formulations	(163	±	10	nm	and	173	±	20	nm,	respectively),	but	12	

slightly	decreased	their	z-potential	values	(-12.6	±	1.9	mV	and	-19.9	±	2.7	mV,	respectively).	13	

The	selection	of	highly	hydrophobic	core	components,	together	with	 the	 low	CC	loading,	14	

enabled	 to	 achieve	 100	%	 encapsulation	 efficiency	 of	 CC	 for	 both	 NE-L	 and	 NE1-ADP.	15	

Additionally,	the	drug	was	retained	in	the	nanostructure	even	after	its	dilution	in	the	culture	16	

media,	showing	no	release	of	CC.	This	was	particularly	important	as	CC	was	considered	not	17	

only	 as	 a	 therapeutic	 molecule	 but	 also	 as	 a	 probe	 to	 determine	 the	 transport	 of	 the	18	

nanoemulsions	across	the	intestinal	barrier.	19	

3.2	In	vitro	evaluation	of	 the	transport	of	 the	nanoemulsions	across	the	 intestinal	20	

barrier	21	

The	interaction	of	ADP-stabilised	nanoemulsions	with	the	intestinal	barrier	was	assessed	22	

following	a	dual	approach	that	consisted	on	the	quantification	of	α-tocopherol	and	CC	as	23	

essential	components	of	the	nanoemulsions.	Initially,	we	carried	out	cytotoxicity	assays	of	24	

NE-L,	NE1-ADP	and	NE2-ADP	to	select	a	safe	nanoemulsion	concentration	for	the	following	25	

studies.	None	of	the	tested	nanoemulsions	reached	IC50	levels	after	2	h,	even	at	the	highest	26	
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concentrations,	 in	 which	 they	 were	 barely	 diluted	 (750-900	 µL/mL).	 This	 could	 be	1	

explained	by	the	well-stablished	safety	profiles	of	the	materials	selected.	In	line	with	the	2	

scarce	toxicity	observed,	we	selected	a	nanoemulsion	dilution	equivalent	to	an	α-tocopherol	3	

concentration	of	3,800	µg/mL	and	50	µg/mL	of	CC.		4	

3.2.1	 Evaluation	 of	 the	 permeation	 of	 unloaded	 nanoemulsions	 in	 Caco-2	 cells	5	

monolayers	6	

Remarkably,	 α-tocopherol	 is	 the	 only	 component	 of	 the	 oily	 core	 in	 unloaded	7	

nanoemulsions,	and	one	of	the	main	components	of	the	formulation.	In	this	work,	we	have	8	

considered	that	the	amount	of	α-tocopherol	determined	in	the	permeation	studies	would	9	

correlate	to	the	nanoemulsion	itself,	since	we	were	not	indirectly	following	an	encapsulated	10	

dye	but	directly	quantifying	an	essential	component	of	 the	nanoemulsion.	This	rationale	11	

was	also	followed	for	CC,	which	was	totally	encapsulated	within	nanoemulsions	and	had	no	12	

release.	This	approach	allowed	us	to	circumvent	 the	use	of	 fluorescent	probes	 that	have	13	

been	traditionally	applied	for	the	transport	studies	of	nanocarriers.	Fluorescent	labelling	of	14	

nanocarriers	 may	 modify	 their	 physicochemical	 properties	 and	 when	 encapsulated,	15	

fluorescent	 dyes	 may	 be	 prematurely	 released	 from	 the	 nanocarrier	 (Lozano,	 M.V.;	16	

Santander-Ortega	M.J.;	Alonso,	2020).	In	this	sense,	we	followed	a	labelling-free	approach,	17	

as	we	quantified	α-tocopherol	by	HPLC	in	the	basolateral	side	of	the	inserts	and	afterwards	18	

calculated	α-tocopherol	Papp	value	for	each	nanoemulsion.	The	results	indicated	that	ADP-19	

stabilised	 nanoemulsions	 were	 barely	 transported	 across	 the	 Caco-2	 cells	 monolayer,	20	

showing	 low	 α-tocopherol	 Papp	 values.	 Furthermore,	 we	 observed	 that	 increasing	 ADP	21	

concentration	did	not	induce	higher	permeation	rates,	as	NE1-ADP	α-tocopherol	Papp	was	22	

significantly	higher	(p<0.001)	compared	to	that	obtained	for	NE2-ADP	(1.98	x	10-7	±	7.05	x	23	

10-8	 cm/s	 and	 1.35	 x	 10-7	 ±	 5.36	 x	 10-8	 cm/s,	 respectively),	 despite	 having	 half	 of	 ADP	24	

content.	This	could	be	related	to	an	optimal	level	of	ADP	that	avoids	the	saturation	of	the	25	

transporters;	therefore,	the	system	NE1-ADP	was	selected	for	the	following	experiments.	26	

On	the	other	hand,	NE-L	showed	a	higher	permeation	value	than	ADP-NE	(Figure	2A).	More	27	
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concretely,	NE-L	showed	a	α-tocopherol	Papp	of	5.46	x	10-6	±	1.11	x	10-6	cm/s,	significantly	1	

higher	(p<	0.001)	than	Papp	values	showed	by	NE1-ADP	and	NE2-ADP.	This	result	was	in	line	2	

with	the	widely	accepted	permeation-enhancing	properties	of	lecithin,	mainly	explained	by	3	

its	phospholipid	composition,	similar	to	cellular	membranes	(Chen	et	al.,	2016;	Heo	et	al.,	4	

2016).	Taken	together,	 these	results	suggest	 that	NE-ADP	are	promising	formulations	to	5	

achieve	a	localised	drug	delivery	at	the	intestinal	level.		6	

3.2.2	 Evaluation	 of	 the	 permeation	 of	 CC-loaded	 nanoemulsions	 in	 Caco-2	 cells	7	

monolayers	8	

The	 characteristics	 of	 CC	 involve	 poor	 transport	 rate	 across	 the	 intestinal	 barrier,	 as	9	

previously	observed	by	several	other	authors	(Beloqui	et	al.,	2016;	Kharat	et	al.,	2017).	In	10	

this	experiment,	we	have	observed	this	same	pattern	with	the	control	CC-sus	(mean	size	of	11	

9.46	±	0.48	µm),	detecting	no	CC	in	the	basolateral	compartment	after	its	incubation	with	12	

Caco-2	cells	(Figure	2B).	Similarly,	CC	was	not	able	to	reach	the	basolateral	side	(<LOD	5	13	

ng/mL)	after	the	treatment	of	the	Caco-2	cells	with	CC-loaded	NE1-ADP,	but	it	was	detected	14	

within	Caco-2	cells	(data	not	shown).	These	results	correlated	to	the	ones	obtained	for	the	15	

unloaded	nanoemulsions,	indicating	a	possible	accumulation	of	the	nanocarriers	at	the	cell	16	

monolayer	where	they	would	deliver	the	drug.	CC-loaded	NE-L	exhibited	higher	CC	Papp	(6.99	17	

x	10-6	±	9.08	x	10-8	cm/s),	which	is	in	line	with	the	high	Papp	values	obtained	for	α-tocopherol.	18	

The	mechanism	of	 transport	 of	 the	nanoemulsions	 could	be	 endocytosis	 or	 transcytosis	19	

processes	considering	the	size	of	the	formulation	(Table	1)	as	observed	by	other	authors	20	

(Fan	et	al.,	2017;	Neves	et	al.,	2016).	Indeed,	Y.	Fan	et	al.	demonstrated	the	endocytosis	of	a	21	

lipid	nanoemulsion	sized	170	nm	by	Caco-2	cells	(Fan	et	al.,	2017).	Similarly,	A.R.	Neves	et	22	

al.	have	recently	observed	that	the	uptake	of	different	lipid	nanoparticles	of	180	nm	in	Caco-23	

2	cells	occurs	mainly	by	clathrin-mediated	endocytosis	(Neves	et	al.,	2016).	Nevertheless,	24	

we	need	to	perform	further	mechanistic	studies	to	confirm	this	hypothesis.		25	

3.2.3	Intracellular	uptake	in	Caco-2	cells	26	
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The	accumulation	of	ADP-stabilised	nanoemulsions	within	the	monolayers	was	assessed	by	1	

CLSM.	 Therefore,	 we	 performed	 the	 transport	 experiments	 with	 DiD-loaded	2	

nanoemulsions,	 both	ADP	and	 lecithin-stabilised,	 and	 studied	 the	 location	of	DiD	within	3	

Caco-2	cell	monolayers	by	CLSM.	The	images	obtained	are	included	in	Figure	3	and	indicate	4	

clear	 differences	 depending	 on	 the	 stabilising	 surfactant.	 ADP-stabilised	 nanoemulsions	5	

strongly	interact	with	the	cells,	showing	slight	differences	between	NE1-ADP	and	NE2-ADP.	6	

More	concretely,	increasing	the	amount	of	ADP	(table	2)	did	not	entail	higher	uptake	of	NE2-7	

ADP	(Figure	3).	This	pattern	was	also	observed	when	the	permeation	of	α-tocopherol	was	8	

determined,	showing	significantly	(p<0.001)	higher	Papp	values	for	NE1-ADP	compared	to	9	

NE2-ADP	 (Figure	 2A).	 This	may	 point	 out	 that	 there	 is	 an	 optimum	 amount	 of	 ADP	 to	10	

promote	the	uptake	of	the	nanoemulsions	and	avoid	the	saturation	of	SVCT1,	but	further	11	

research	is	required	to	confirm	this.	Meanwhile,	it	was	not	possible	to	detect	DiD	within	the	12	

cellular	monolayer	after	the	NE-L	treatment.	This	indicates	that	the	NE-L	were	not	retained	13	

within	 the	 Caco-2	 cells	 monolayer.	 Most	 probably,	 this	 formulation	 could	 have	 been	14	

transported	to	the	basolateral	compartment	during	the	experiment,	an	assumption	based	15	

on	the	high	α-tocopherol	and	CC	Papp	values	observed	for	the	unloaded	and	CC-loaded	NE-L	16	

(Figure	2).	17	

3.2.4	Effect	of	ascorbic	acid	pre-incubation	on	the	intracellular	uptake	in	Caco-2	cells	18	

In	view	of	CLSM	results,	we	proceeded	to	determine	the	potential	implication	of	SVCT1	on	19	

the	nanoemulsions	uptake.	In	fact,	Caco-2	cells	express	many	membrane	transporters	and	20	

receptors	also	found	in	enterocytes,	including	the	vitamin	B12	and	epidermal	growth	factor	21	

receptors,	 glucose	 transporters	 and	 sodium-dependent	 ascorbic	 acid	 transporters	 like	22	

SVCT1	 (Artursson	 et	 al.,	 2001;	 Maulén	 et	 al.,	 2003).	 The	 transporter	 SVCT1	 has	 been	23	

identified	in	the	apical	membrane	of	both	enterocytes	and	Caco-2	cells	(Maulén	et	al.,	2003;	24	

May,	2011);	thus,	it	arises	as	a	potential	target	for	promoting	the	interaction	of	nanocarriers	25	

with	 the	 intestinal	 epithelium.	 This	 has	 been	 recently	 investigated	 by	 Luo	Q.	 et	 al	 with	26	

ascorbate-conjugated	nanoparticles	that	followed	a	SVCT1-mediated	uptake	process	(Luo	27	
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et	al.,	2018).	Bearing	this	in	mind,	we	performed	CLSM	experiments	after	the	pre-incubation	1	

of	the	Caco-2	cells	monolayers	with	an	ascorbic	acid	solution	for	24	h	(from	day	20	to	day	2	

21)	at	a	concentration	(100	μM)	which	is	within	the	SVCT1	saturation	range	(MacDonald	et	3	

al.,	2002).	Pre-incubation	of	Caco-2	cells	with	the	ascorbic	acid	solution	did	not	affect	the	4	

integrity	of	the	monolayer,	which	was	confirmed	by	TEER	measurements.	5	

As	 Figure	 4	 shows,	 the	 intracellular	 DiD	 levels	 were	 clearly	 lower	 compared	 to	 those	6	

observed	in	non-pre-treated	monolayers	with	ascorbic	acid.	Taken	together,	these	results	7	

indicated	 that	 SVCT1	 could	 effectively	 be	 implicated	 in	 the	 uptake	 of	 ADP-stabilised	8	

nanoemulsions	by	Caco-2	cells.	The	presence	of	ADP	on	the	surface	of	NE-ADP	could	boast	9	

their	interaction	with	the	intestinal	epithelium.	However,	further	research	in	this	regard	is	10	

still	required.	Regarding	the	uptake	of	NE-L,	it	was	not	influenced	by	the	pre-treatment	of	11	

the	cellular	Caco-2	monolayers	with	ascorbic	acid,	what	makes	sense	bearing	in	mind	that	12	

SVCT1	is	not	related	to	the	uptake	of	phospholipid-like	substrates.	13	

3.3	Inhibition	of	intracellular	ROS		14	

Chronic	inflammatory	disorders	like	IBD	have	an	excessive	accumulation	of	oxidant	species	15	

due	 to	cellular	oxidative	stress,	 that	play	a	key	role	 in	 IBD	pathogenesis	 (Guan	and	Lan,	16	

2018;	 Kruidenier	 et	 al.,	 2003;	 Tian	 et	 al.,	 2017).	 The	 administration	 of	 antioxidants	 is	17	

considered	 a	 promising	 approach	 to	 ameliorate	 the	 disease	 progression;	 one	 of	 the	18	

molecules	 proposed	 for	 IBD	 treatment	 is	 CC	due	 to	 its	 pleiotropic	properties,	 including	19	

antioxidant,	anti-inflammatory,	antitumor	and	prebiotic	(Burge	et	al.,	2019;	Sugimoto	et	al.,	20	

2002).	The	results	obtained	from	the	dichlorofluorescein	assay	of	the	formulations	were	21	

expressed	in	terms	of	intracellular	ROS	levels	(%),	corresponding	the	highest	value	(100	%)	22	

to	the	H2O2	control.	The	molecule	CC	is	an	effective	antioxidant	agent	as	it	was	observed	by	23	

the	intracellular	ROS	levels	after	CC-sus	treatment,	decreasing	them	to	60	±	18	%	(Figure	24	

5).	25	
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It	is	important	to	highlight	that	the	amount	of	α-tocopherol	used	was	the	same	in	NE-L	and	1	

NE-ADP	(Table	2).	This	molecule	is	one	of	the	most	powerful	lipophilic	antioxidants,	so	it	2	

would	contribute	to	the	antioxidant	capacity	of	the	NE-ADP	and	NE-L	formulations.	Instead	3	

of	 having	 the	 same	 effect,	 we	 did	 observe	 interesting	 differences	 in	 the	 ability	 of	 α-4	

tocopherol	 nanoemulsions	 to	 scavenge	 intracellular	 ROS	 levels	 depending	 on	 their	5	

stabilising	surfactant	(Figure	5).	NE-ADP	showed	a	significant	ROS	decrease,	whereas	NE-L	6	

did	not	alter	intracellular	ROS	levels	(p<	0.001).	More	concretely,	NE1-ADP	decreased	ROS	7	

levels	to	34	±	10	%.	This	means	that	NE1-ADP	has	great	potential	for	encapsulating	CC	and	8	

as	an	antioxidant	platform	itself.	It	is	worth	to	mention	that	despite	the	antioxidant	capacity	9	

of	ADP,	its	concentration	in	ADP-stabilised	nanoemulsions	was	notably	lower	compared	to	10	

α-tocopherol	concentration	(Table	2).	Considering	these	results,	it	could	be	hypothesised	11	

that	the	ROS	scavenging	ability	showed	by	NE1-ADP	could	be	mainly	due	to	α-tocopherol	12	

rather	 than	 to	ADP.	 Indeed,	 the	ROS	 levels	 obtained	 for	NE2-ADP	were	not	 significantly	13	

different	 from	 those	 of	 NE1-ADP	 (data	 not	 shown)	 despite	 having	 double	 amount	 of	14	

ascorbyl	derivative.	This	seems	to	point	out	that	the	role	of	ADP	in	these	nanocarriers	might	15	

be	 related	 to	 its	 transport-mediated	 surfactant	properties	 rather	 than	 to	 its	 antioxidant	16	

potential	(Plaza-Oliver	et	al.,	2020).		17	

On	 the	 other	 hand,	 intracellular	 ROS	 levels	 also	 decreased	 dramatically	 when	 CC	 was	18	

encapsulated	in	NE1-ADP,	showing	significant	differences	with	the	results	obtained	for	NE-19	

L-CC	(p<0.001).	In	fact,	this	formulation	was	able	to	reduce	ROS	even	below	basal	levels,	up	20	

to	 14	 ±	 5	 %	 (Figure	 5),	 completely	 reverting	 the	 oxidative	 stress	 generated	 by	 H2O2.	21	

Additionally,	this	result	showed	that	the	activity	of	CC	was	not	modified	by	the	formulation	22	

process.	The	encapsulation	of	CC	in	the	nanoemulsions	allows	an	increase	CC	stability	and	23	

solubility,	 but	also	provides	an	antioxidant	 synergism	between	the	 carrier	 itself	and	 the	24	

encapsulated	CC.																																																																																																																																																																																																															25	
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4. Conclusion	1	

Overall,	 this	 work	 shows	 that	 the	 composition	 of	 nanoemulsions	 determines	 their	2	

interaction	 with	 Caco-2	 cells,	 suggesting	 different	 future	 applications	 depending	 on	 the	3	

formulation.	 Based	 on	 these	 results,	 NE-L	 would	 be	 efficiently	 transported	 across	 the	4	

intestinal	barrier.	Thus,	it	seems	to	be	a	promising	formulation	for	the	systemic	delivery	of	5	

poor	water-soluble	molecules	with	low	bioavailability.	On	the	other	hand,	ADP-stabilised	6	

nanoemulsions	seem	to	be	 taken	up	and	retained	by	 the	Caco-2	cells.	Consequently,	 low	7	

systemic	exposure	of	the	encapsulated	drug	would	be	expected	after	the	oral	administration	8	

of	the	nanoemulsion	by	focalising	the	therapeutic	effect	at	the	damaged	tissue.	The	ascorbic	9	

acid	 transporter	 SVCT1	 can	 be	 a	 valuable	 mechanism	 for	 the	 development	 of	 new	10	

formulations,	what	requires	 further	research	 to	determine	 its	 full	potential.	Other	 issues	11	

that	need	to	be	taken	into	account	are	the	transporter	expression	pattern	in	different	IBD	12	

processes,	 especially	 during	 advanced	 stages	 of	 the	 disease	 as	 well	 as	 the	 patients’	13	

heterogeneity	in	these	disorders.		14	
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Figure 1 Colloidal stability of lecithin and ADP-stabilised nanoemulsions incubated in (A) non-
supplemented SGF (solid line and closed symbols) and in normal SGF (dashed line and open 
symbols); (B) non-supplemented SIF (solid line and closed symbols) and in normal SIF (dashed line 
and open symbols) (mean ± SD, n ≥ 3). 
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Formulation		 Papp	.	106	(cm/sec)	
NE-L	 5.46	±	1.11	
NE1-ADP	 0.20	±	0.07	
NE2-ADP	 0.10	±	0.05	
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Figure 2 Permeability of the nanoemulsions across a Caco-2 cells monolayer. (A) α-tocopherol Papp 
values obtained for NE-L, NE1-ADP and NE2-ADP. (B) CC Papp values obtained for CC-loaded NE-L, 
CC-loaded NE1-ADP and CC-sus. (N=3, n=3, mean ± SEM, ***p<0.001)) (ND: below CC LOD = 5 
ng/mL). 
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Figure 3 y-z, x-y and x-z sections of CLSM images of Caco-2 cells monolayers treated with 
fluorescence-labelled nanoemulsions.  DiD appears in green, cell membranes were stained in red 
with rhodamine-phalloidine and cellular nuclei, stained with DAPI, are shown in blue. For a better 
visualization, DAPI has not been included in the merged images. For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.  



 

Figure 4 y-z, x-y and x-z sections of CLSM images of Caco-2 cells monolayers after having been pre-
treated with ascorbic acid (100 μM) for 24 h and treated with fluorescence-labelled nanoemulsions. 
DiD appears in green, cell membranes were stained in red with rhodamine-phalloidine and cellular 
nuclei, stained with DAPI, are shown in blue. For a better visualization, DAPI has not been included 
in merged images. Comparison with figure 3 helps to observe the effect of ascorbic acid pre-
treatment. For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article. 

 



 

Figure 5 DCFH-DA assay. Effect of CC-sus, unloaded and CC-loaded lecithin and ADP-stabilised 
nanoemulsions on H2O2-induced intracellular ROS generation in Caco-2 cells. (N=4, n=4, mean ± 
SEM; ***p<0.001). 
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Table 1. Physicochemical properties of NE-L and NE-ADP coated with different amounts of PF-127® 
(mean ± SD, n ≥ 3). 

 

 

Table 2. Composition of NE-L, NE1-ADP and NE2-ADP. 

Components	(mg)	 NE-L	 NE1-ADP	 NE2-ADP	
α-tocopherol		 38	 38	 38	
Soybean	lecithin		 20	 -	 -	
ADP		 -	 9	 17	
PF-127®	 3	 3	 3	

 

  

 

 

	

Nanoemulsion	 PF127®	amount	(mg)	 Hydrodynamic	mean	size	(nm)	 PDI	 z-Potential	(mV)	
NE-L	 0	 175	±	2	 0.105	 -45.6	±	3.0	

1.5	 180	±	7	 0.126	 -35.9	±	1.7	
3	 171	±	10	 0.226	 -23.7	±	4.1	
6	 179	±	4	 0.102	 -11.6	±	1.9	
12.5	 183	±	4	 0.103	 -13.6	±	1.3	

NE1-ADP	 0	 173	±	1	 0.097	 -49.1	±	2.4	
1.5	 172	±	2	 0.120	 -39.9	±	2.5	
3	 173	±	15	 0.162	 -24.4	±	2.6	
6	 181	±	3	 0.089	 -8.7	±	0.6	
12.5	 191	±	6	 0.109	 -12.3	±	1.0	

NE2-ADP	 0	 175	±	1	 0.089	 -48.9	±	3.8	
1.5	 172	±	2	 0.093	 -35.5	±	1.4	
3	 175	±	14	 0.218	 -37.7	±	1.6	
6	 181	±	1	 0.130	 -16.2	±	1.0	
12.5	 198	±	3	 0.118	 -11.3	±	0.5	
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Figure	S.1.	Colloidal	stability	of	nanoemulsions	coated	with	different	amounts	of	PF127®	
(12.5,	6,	3	or	1.5	mg)	incubated	with	cell	culture	grow	media	(DMEM)	at	37	°C	for	2	h.	(A)	
NE-L,	(B)	NE1-ADP,	(C)NE2-ADP	(mean	±	SD,	n	≥	3).		The	nanoemulsions	showed	a	similar	
behaviour	in	the	transport	media	(HBSS)	(data	not	shown).	
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Figure	S.2.	Long	term	colloidal	stability	of	 lecithin	and	ADP-stabilised	nanoemulsions	at	
4ºC	(mean	±	SD,	n	≥	3).	

0 5 10 15 20 25 30
100

150

200

250
H
yd
ro
dy
na
m
ic
	m
ea
n	
si
ze
	(n
m
)

Time	(days)

	NE-L
	NE1-ADP
	NE2-ADP


