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ABSTRACT: Oral administration of nanoparticles (NPs) is a promising
strategy to overcome solubility and stability issues of many active
compounds. However, this route faces major obstacles related to the
hostile gastrointestinal (GI) environment, which impairs the efficacy of
orally administered nanomedicines. Here, we propose nanocomposites as a
promising approach to increase the retention time of NPs in the intestinal
tract by using bio- and mucoadhesive matrixes able to protect the cargo
until it reaches the targeted area. A microfluidic-based approach has been
applied for the production of tailored nanoemulsions (NEs) of about 110
nm, used for the encapsulation of small hydrophobic drugs such as the anti-
inflammatory JAK-inhibitor tofacitinib. These NEs proved to be efficiently
internalized into a mucus-secreting human intestinal monolayer of Caco-2/
HT29-MTX cells and to deliver tofacitinib to subepithelial human THP-1
macrophage-like cells, reducing their inflammatory response. NEs were then successfully encapsulated into alginate hydrogel
microbeads of around 300 μm, which were characterized by rheological experiments and dried to create a long-term stable system for
pharmaceutical applications. Finally, ex vivo experiments on excised segments of rats′ intestine proved the bioadhesive ability of NEs
embedded in alginate hydrogels compared to free NEs, showing the advantage that this hybrid system can offer for the treatment of
intestinal pathologies.

■ INTRODUCTION
The aim of drug delivery is to maximize therapeutic efficacy by
carrying and releasing the active molecule to the target site in
the body, thus minimizing off-target accumulation of the drug.
Over the past decades, nanomedicine has enabled new
approaches to address obstacles in the prevention and
treatment of a number of human diseases.1−4 However, one
of the unsettled challenges in pharmaceutical technology is the
design and complete characterization of a sustainable and
targeted drug delivery system, specifically for poorly water-
soluble or insoluble active compounds.5 Nanocomposites
based on the nanoparticle−hydrogel association represent a
growing class of drug delivery systems composed of three-
dimensional (3D) polymeric network embedding nano-
particles.6 The main advantages of nanocomposites include
modulated drug release kinetics by changes in the physiological
environment, assisted site-specific drug targeting, and increased
stability and drug loading.7,8 In particular, innovative hybrid
systems have recently been described as vehicles for active
compounds in the human digestive tract.9−11 Most of the
nanocomposites administered orally are conceived to target

intestinal inflammations while minimizing systemic effects,
which still remains an unmet need in the treatment of intestinal
inflammatory disorders such as IBDs (inflammatory bowel
diseases).12,13

A wide variety of natural and synthetic polymers has been
used, exploiting particular properties such as versatility and the
opportunity to insert functionalities in a single structure. In
particular, natural polymers such as alginates (AGs) represent
attractive materials for biomedical applications.14 AGs are
naturally occurring biopolymers extracted from the cell walls of
brown algae, currently used in an increasing number of
applications in many medical areas.15 They are linear, anionic
polysaccharides composed of alternating blocks of α-1,4-L-
guluronic acid (G) and β-1,4-D-mannuronic acid (M) units,

Received: March 13, 2023
Revised: May 10, 2023

Articlepubs.acs.org/Biomac

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.biomac.3c00260
Biomacromolecules XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

IN
R

A
E

 o
n 

Ju
ne

 2
, 2

02
3 

at
 0

8:
52

:4
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valentina+Andretto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Taurino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Guerriero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hana%CC%88e%CC%81+Gue%CC%81rin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emmanuelle+Laine%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Massimiliano+G.+Bianchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Massimiliano+G.+Bianchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ge%CC%81raldine+Agusti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ste%CC%81phanie+Brianc%CC%A7on"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ovidio+Bussolati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Clayer-Montembault"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+Clayer-Montembault"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giovanna+Lollo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biomac.3c00260&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00260?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00260?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00260?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00260?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00260?fig=abs1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org/Biomac?ref=pdf


with a Mw ranging between 10 and 600 kDa.16 Their
biocompatibility and biodegradability, together with their
unique property to form stable gels in aqueous media under
mild conditions, makes this biopolymer very useful for drug
delivery. By interaction with divalent calcium cations (Ca2+),
AGs form hydrogels able to swell in answer to the
environmental pH, thus allowing a targeted drug release at
the intestinal level.17 Alginates are classified as good
bioadhesive agents,18,19 and they may preferentially adhere to
the inflamed parts of the intestinal tract, thanks to their overall
negative charge that allows for a selective interaction with the
exposed positively charged inflammatory proteins.20,21 How-
ever, AG hydrogels alone have some limitations, such as low
stability, which may facilitate premature degradation in the
body and the consequent cargo release.22 The incorporation of
nanoparticles (NPs) into the AG matrix adds unique
properties to the hydrogels, such as mechanical toughness,
ability to adhere to surfaces, and responsiveness to external
stimuli (irradiation, temperature, pH), which can modulate the
release kinetics.

In this context, a hybrid nanocomposite was assembled from
lipid-based NPs obtained through a microfluidic technology,
and AGs have been conceived for the oral administration and
localized delivery to an inflamed intestine.

A previously optimized mixture of lipids and surfactants was
used for the formulation of nanoemulsions (NEs) able to form
stable hybrid composites when mixed with different biopol-
ymers.23,24 To solve the lack of reproducibility and scalability
limiting the clinical application of lipid-based NPs, we set up a
technology transfer to microfluidic systems. As the drug
candidate, the small hydrophobic molecule tofacitinib (TFC)
was selected since it is already commercialized (Xeljanz) for
the treatment of ulcerative colitis (UC)25 and is currently in
phase 2 clinical trial for the treatment of Crohn’s disease
(CD),26 the two extreme phenotypes of IBDs. TFC is the first
approved, reversible, and competitive inhibitor of Janus
Kinases (JAK 1-2-3).27 JAK activation follows the binding of
several cytokines to their specific cell-surface receptors, which
causes the phosphorylation of their cytoplasmic domains,
providing docking sites for members of the signal transducer
and activator of the transcription (STAT) protein family. In
turn, these transcription factors induce the expression of
several inflammatory mediators.28 In IBDs, multiple proin-
flammatory cytokines are synthesized and secreted upon
activation of the JAK-STAT pathway, leading to continuous
activation of immune cells, thus contributing to the chronicity
of inflammation. TFC prevents JAK activation and decreases
cytokine production in the inflamed site, even though it can
also cause systemic immune suppression.29 Currently, orally
administered TFC, formulated as an immediate-release film-
coated tablet, is systemically absorbed to exploit its anti-
inflammatory effects, accompanied by serious side effects.30

In the present work, the ability of the NEs to be internalized
by the human intestinal epithelium to reach the immune cells
in the Lamina propria was tested in vitro on a cell monolayer
composed of Caco-2 and mucus-secreting HT29-MTX cells.31

The anti-inflammatory inhibitory efficacy of the encapsulated
drug on the JAK-STAT pathway was then verified with a triple
co-culture made of THP-1 macrophage-like cells and the
intestinal epithelial monolayer. To formulate a more suitable
system for oral delivery, micron-sized carriers made of alginate
hydrogels in the form of microbeads with entrapped NE were
prepared. The single entities nano- and microsystems, as well

as their combination in the form of hybrid nanocomposites
were carefully characterized in terms of physicochemical,
morphological, and mechanical properties. Furthermore, in
vitro release and ex vivo bioadhesion studies on the intestine
and colon of rats were also investigated.

■ EXPERIMENTAL SECTION (MATERIALS AND
METHODS)

Materials. Medium-chain triglycerides, MCTs (Miglyol 812),
were purchased from Cremer Oleo GmbH & Co. KG (Hamburg,
Germany). Polyoxyethylene (40) stearate (Myrj 52), curcumin
(CCM), phosphate-buffered saline (PBS) tablets (pH 7.4) were
bought from Sigma Aldrich (St. Quentin-Fallavier, France). Oleoyl
polyoxyl-6 glycerides (Labrafil M1944CS) were provided by
Gattefosse ̀ (Saint-Priest, France). Tofacitinib (TFC) was purchased
by CliniSciences (Nanterre, France). Methanol (HPLC grade),
DiIC18(5) solid, 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbo-
cyanine, 4-chlorobenzene sulfonate salt (DiD), and sodium hydroxide
were purchased from Thermo Fisher Scientific (Illkirch, France).
Ethanol 96° was purchased from Carlo Erba Reagents (Val de Reuil,
France). Milli-Q water was obtained using a Milli-Q academic system
from Merck Millipore (Saint-Quentin-en-Yvelines, France). The
aqueous phase used to prepare nanoemulsions (NEs) was PBS (pH
7.4). FaSSIF-V2 powders were purchased from Biorelevant (London,
U.K.). Sodium chloride and hydrochloric acid were purchased from
VWR International (Fontenay-sous-Bois, France). Sodium alginate
was supplied by Alliance Gums & Industries (AGI, Cormeilles-en-
Parisis). The alginate is harvested from brown seaweed. The
percentage of mannuronic units in the alginate was close to 60%.
The weight-average molecular weight (Mw) and the dispersity of the
polymer were measured by a size-exclusion chromatography (SEC)
system consisting of an Agilent 1260 system equipped with a
differential refractometer Wyatt Optilab T-rEX (λ = 658 nm) and
interfaced with a multiangle laser light scattering (MALS) detector
(Wyatt HELEOS λ = 664 nm). The separation was carried out on two
gel columns of PL aquagel OH mixed M and PL aquagel OH mixed H
(300 mm × 7.5 mm, bead diameter: 8 μm). Elution was performed at
22 °C maintaining the flow rate at 0.5 mL/min. The eluent was
sodium nitrate aqueous buffer (0.1 M) adjusted at pH 7.0 with
sodium hydroxide solution. A refractive index increment (dn/dc)
close to 0.13 was measured and used in data processing. The samples
were prepared at a concentration of 1 mg/mL and filtered through a
0.45 μm pore-size membrane prior to injection. The values of Mw and
the dispersity are 223 kg/mol and 1.6, respectively.
Formulation by the Microfluidic Technique and Physico-

chemical Characterization of Nanoemulsions. A NanoAssemblr
Ignite system (Precision NanoSystems, Vancouver, Canada) was used
to prepare oil-in-water (O/W) NEs. PBS 5 mM, pH 7.4 was used as a
continuous aqueous phase. The dispersed, organic phase was an
ethanolic solution containing the surfactants (mono-, di-, and
triglycerides and PEG-6 (MW 300) mono- and diesters of oleic
(C18:1) acid, and polyoxyethylene(40) stearate), and the oily phase
Miglyol 812 N, consisting of medium-chain caprylic/capric acid
triglycerides (MCTs). The amount of surfactants and oil in the
organic phase was varied to obtain the highest possible lipid
concentration, from 10 up to 50% w/v. The NE precursors were
heated up to 60 °C to ensure complete homogenization prior to the
addition of ethanol. The instrument parameters’ total flow rate and
flow rate ratio (aqueous/organic) were fixed at 10 mL/min and 3:1,
respectively. Ethanol was removed by stirring the final system at room
temperature over 24 h and then the samples were stored at 4 °C.
TFC-loaded NEs were prepared by dissolving the drug in the organic
phase at three different final concentrations: 2, 4, and 5.15 mg/mL.
Similarly, DiD-loaded NEs (NE-DiD) were prepared by adding the
carbocyanine derivative fluorescent dye in the organic phase to obtain
a final concentration of 1.45 and 1.15 mg/mL for the in vitro assays
and the ex vivo studies, respectively.

The size distribution and surface potential of the NE droplets were
determined using a Malvern Zetasizer Nano ZS instrument (Malvern
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Instruments S.A., Worcestershire, U.K.). The particle sizes were
measured by dynamic light scattering (DLS) at 25 °C at a scattering
angle of 173°. The ζ-potential was calculated from the mean
electrophoretic mobility measured for samples diluted in Milli-Q
water. The stability of blank and drug-loaded NEs in a colloidal
suspension was followed for 1 month upon storage at 4 °C. At
scheduled time points, the particle size, polydispersity index (PDI), ζ-
potential, and drug content were measured.

To quantify the TFC loaded in the nanosystem, NEs were
dissolved in methanol to break the particles′ structure and analyzed by
RP-HPLC. The liquid chromatography system consists of a UHPLC
ACQUITY Arc with a diode array detector (PDA), binary pump, and
septum injection valve with a fixed 20 μL loop. The analyte was
monitored at 254 nm. Chromatographic analyses were carried out on
a Kinetex C18 column, 150 mm × 4.6 mm, particle size of 5 μm
(Phenomenex, Torrance, CA). In order to elute the compound, a
mixture of methanol and water in a ratio of 50:50% v/v was used, and
the column temperature was set at 30 °C. The HPLC calibration
curve was linear (R2 = 0.99) in the concentration range of 20−100
μg/mL. The method was validated according to ICH Q2(R1)
guidelines. Detection and quantification limits (LOD and LOQ) were
6.17 and 18.69 μg/mL, respectively. The diluted samples were filtered
using a nylon filter 0.22 μm (Whatman GmbH, Dassel, Germany)
before injection in the HPLC system. The drug concentration was
followed for 6 months. The encapsulation efficiency (EE) was
calculated following eq 1, as the ratio of the mass of TFC, detected by
RP-HPLC in the NE, to the total mass weighed in the organic mixture
prior to injection in the microfluidic system

= ×EE (%)
mass of TFC in NE
mass of TFC in OP

100
(1)

where OP is the organic phase injected in the microfluidic system.
Drug loading (DL) was calculated as the ratio of the mass of TFC,

detected by RP-HPLC in the NE, to the total mass of the NE, as
reported in eq 2

= ×DL (%)
mass of TFC in NE

mass of NE
100

(2)

DiD-loaded NEs were analyzed using a Tecan Infinite M1000 PRO
plate reader (Tecan GmbH, Gronig, Austria). Sample preparation
followed the same procedure reported above. 100 μL of samples was
plated on a 96-well flat bottom plate (Corning, Arizona) and analyzed
with an excitation wavelength at 644 nm and emission at 663 nm.
In Vitro Drug Release of TFC from NEs. A dialysis membrane

method was used to assess the drug release from the nanoscaled
formulation in a simulated intestinal fluid in a fasted state at pH 6.5
(FaSSIF-V2, Biorelevant, U.K.). A mini dialysis system (Slide-A-Lyzer
MINI Dialysis Devices, 3.5 kDa MWCO) containing 200 μL of TFC-
loaded NEs was placed in 14 mL of release medium, under sink
conditions and incubated at 37 °C under a stirring speed of 160 rpm.
Drug-loaded NEs were removed from the dialysis medium at
predetermined time intervals, and the total TFC content was
determined by RP-HPLC. At each withdrawal, the volume was
replaced by an equivalent amount of 5 mM PBS to avoid
modifications in the exchange kinetics.

■ CELL CULTURE AND TREATMENTS
Caco-2/HT29-MTX Co-culture. Caco-2 cells, derived from

a human colorectal carcinoma, were provided by ATCC, while
HT29-MTX cells, which are human colon carcinoma-derived,
mucin-secreting goblet cells, were kindly provided by Prof.
Antonietta Baldi, University of Milan. Caco-2 cells were
cultured in minimum essential medium (MEM, Corning),
while HT29-MTX cells were grown in Dulbecco′s modified
Eagle′s medium (DMEM, Corning) with high glucose (4.5 g/
L) and 10 mM sodium pyruvate. Both media were
supplemented with 10% of fetal bovine serum (FBS, Lonza
Group), 4 mM glutamine (EuroClone), antibiotics (strepto-

mycin 100 g/mL penicillin, 100 U/mL, Euroclone), and, in the
case of DMEM for HT29 cells, with 10 mM HEPES (Sigma
Aldrich). A mixed suspension of Caco-2 and HT29-MTX cells
(7:3) was seeded in HT29 culture medium at a density of 25 ×
104 cells/cm2 into cell culture inserts with membrane filters
(pore size 0.4 μm) for Falcon 24-well multitrays (Cat. N 3095,
Becton, Dickinson & Company, NJ), and grown for 21 days at
5% CO2 at 37 °C in water-saturated air at atmospheric oxygen
until a tight monolayer was formed (trans-epithelial electrical
resistance, TEER > 700 Ω·cm2), with a medium replacement
every 2 days. Then, 1 or 10 μg/mL NEs, containing the far-red
fluorescent, lipophilic carbocyanine DiD (NE-DID) was added
at the apical side of the monolayer, and cell viability, TEER,
and NE internalization were evaluated at different experimental
times, as indicated in the figure captions.
THP-1 Cells. The human acute monocytic leukemia THP-1

cell line was originally provided by the Cell Bank of the Istituto
Zooprofilattico Sperimentale della Lombardia ed Emilia-
Romagna (Brescia, Italy). Cells were cultured at 5% CO2 at
37 °C in water-saturated air at atmospheric oxygen in high-
glucose DMEM, supplemented with 4 mM glutamine,
antibiotics, and 10% of FBS. For macrophage differentiation,
THP-1 cells were pulsed with 80 nM phorbol 12-myristate 13-
acetate (PMA; Sigma Aldrich) and, after 3 h, were centrifuged
for 3 min at 300 rcf. The pellet was washed with PBS, further
centrifuged, and resuspended in standard growth medium.
Cells were seeded at a density of 1.5 × 105 cells/cm2 and
incubated at 5% CO2 at 37 °C. After 48 h, differentiated cells
were washed twice with PBS and incubated in standard growth
medium in the absence or in the presence of TFC, TFC-loaded
nanoemulsions (NE-TFC) at increasing concentrations of the
drug (0−100 μM), or empty NE (NE-Blank), corresponding
to the quantity of NE in the NE-TFC condition. After 48 h,
cell viability was evaluated.
Co-culture of THP-1 and Caco-2/HT29-MTX Cells.

After 21 days of incubation, the inserts hosting the monolayer
of Caco-2/HT29-MTX cells were transferred into wells
containing differentiated THP-1 cells. Apical and basolateral
media were replaced with fresh DMEM, supplemented with
10% FBS, 4 mM glutamine, antibiotics, and 10 mM HEPES.
Cells were incubated in the absence or in the presence of 10
μM TFC or NE-TFC or NE-Blank (90 μg/mL corresponding
to the quantity of NE in the NE-TFC condition at 10 μM
TFC) in the apical compartment. After 1 h, 100 ng/mL
Escherichia coli lipopolysaccharide (LPS, strain O55:B5, Sigma
Aldrich) and 20 ng/mL interferon-γ (INF-γ, R&D Systems,
Inc.) were added to the basolateral medium to provide a
proinflammatory stimulus to THP-1 cells. After 24 h, inserts
were removed, basolateral media were collected to quantify
secreted cytokines, and adherent THP-1 cells were used to
evaluate gene and protein expression through the real-time
polymerase chain reaction (PCR) and western blot,
respectively. As an experimental control, differentiated THP-
1 cells were maintained in monoculture and incubated in the
absence or in the presence of the proinflammatory stimuli with
or without TFC, NE-TFC, or NE-Blank.
Cell Viability. Cell viability was assessed with the resazurin

method. Experimental medium was replaced with the standard
growth medium of each cell line, supplemented with resazurin
(final concentration 44 μM), but without FBS, and cells were
incubated at 5% CO2 at 37 °C. Resazurin is a blue,
nonfluorescent dye, which is reduced by NADH-dependent
enzymes to resorufin, a fluorescent pink dye, which is then
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released into the extracellular medium. After 3 h of incubation,
fluorescence was measured at λex of 515 nm and λem of 586 nm
with a fluorometer (EnSpire multimode plate readers, Perkin
Elmer). Cell viability was expressed as the percentage of the
control, calculated through the following formula

= ×viability (%)
fluorescence (treated well)

fluorescence (untreated well)
100

(3)

where “untreated well” is represented by control conditions,
under which cells were cultured in standard growth medium in
the absence of treatments.
TEER Measurement. TEER was measured using an

epithelial voltmeter (EVOM, World Precision Instruments
Inc., Sarasota, FL). Changes in TEER were calculated with the
following equation

= ×

×

TEER (%)
final TEER treated
final TEER control

initial TEER control
initial TEER treated

100 (4)

Data were expressed as % of the control, where cells were
cultured in the absence of NEs.
Gene Expression with Real-Time-PCR. The total RNA

of Caco-2 and HT29-MTX cells cultured alone or co-cultured
and of differentiated THP-1 cells was isolated with a GeneJET
RNA Purification kit (Thermo Fisher Scientific) and reverse
transcribed with a RevertAid RT Reverse Transcription Kit
(Thermo Fisher Scientific). For real-time qPCR, cDNA was
amplified in a StepOne Real-Time PCR System (Applied
Biosystems) employing a PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific) with 5 pmol of the primers,
indicated in the Supporting information (Table S1). The
reaction consisted of 35 cycles, including a denaturation step at
95 °C for 30 s, followed by separate annealing (30 s) and
extension (30 s, 72 °C) steps. Fluorescence was monitored at
the end of each extension step. A no-template, no-reverse-
transcriptase control was included in each experiment. At the
end of the amplification cycles, a melting curve analysis was
performed. Data analysis was made according to the relative
standard curve method, and gene expression was normalized to
the expression of the housekeeping gene RPL15.32

Protein Expression with Western Blot. Differentiated
THP-1 cells were washed once with PBS and lysed with 60 μL
of Laemmli sample buffer (250 mM Tris−HCl, pH 6.8, 8%
SDS, 40% glycerol, and 0.4 M DTT) previously diluted in
RIPA lysis buffer (20 mM Tris−HCl (pH 7.5), 150 mM NaCl,
1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1
μg/mL leupeptin), supplemented with a cocktail of protease
inhibitors (Complete, Mini, EDTA-free, Roche). For each
experimental condition, a pool of extracts from two wells was
used. Lysates were heated at 95 °C for 5 min, and proteins
were quantified through the Lowry method. 20 μg of proteins
was loaded on an 8% polyacrylamide gel for SDS-PAGE. After
electrophoresis at constant 50 mA, proteins were transferred to
PVDF membranes (Thermo Fisher Scientific) at 4 °C
overnight at constant 30 V. Nonspecific binding sites were
blocked through 1 h incubation in blocking solution (Roche),
diluted in TBS-Tween. Membranes were then incubated at 4
°C overnight with the following primary antibodies diluted in
5% of BSA in TBS-Tween solution: anti-phospho-STAT1
(rabbit, monoclonal, 1:1000, Cell Signaling), anti-STAT1
(rabbit, polyclonal, 1:1000, Cell Signaling), and anti-tubulin

(mouse, monoclonal, 1:5000, Sigma Aldrich). After washing,
the membranes were exposed for 1 h at room temperature to
the HRP-conjugated anti-mouse or anti-rabbit IgG antibody
(Cell Signaling Technology), diluted 1:10,000 in blocking
solution. Immunoreactivity was visualized with the Immobilon
Western chemiluminescent HRP substrate (Millipore). The
images were captured with an Invitrogen iBright FL1500
imaging system (Thermo Fisher Scientific). Protein expression
was normalized for tubulin.
Cytokine Quantification. TNF-α and IL-6 were quanti-

fied via specific human ELISA kits (Invitrogen, Thermo Fisher
Scientific), following the manufacturer′s instructions.
Evaluation of DiD-Loaded NEs’ Entry into Mucus-

Secreting Cell Monolayers. Monolayers of Caco-2/HT29-
MTX cells were cultured in the absence or in the presence of
DiD-loaded NEs (NE-DiD), as described above. Cell
monolayers grown on membrane filters were washed twice in
ice-cold PBS and incubated for 20 min in paraformaldehyde
(3.7% v/v). Fixed cells were washed twice in PBS, treated for
15 min with 0.3% Triton-X100 in PBS, washed again, and
incubated for 30 min in a solution of 1% BSA in PBS to block
nonspecific binding sites. For the experiments performed in the
absence of NE-DiD, cell monolayers were then incubated
overnight in the presence of the following primary antibodies
diluted in 10% BSA in PBS: anti-claudin-7 (rabbit, polyclonal,
1:400, Cell Signaling), anti-MUC5AC (mouse, monoclonal,
1:300, Invitrogen). The day after, cells were washed twice with
PBS and exposed for 1 h to the secondary antibodies Alexa
Fluor 488 goat anti-mouse (λex 488 nm, λem from 515 to 540
nm) and Alexa Fluor 543 goat anti-rabbit (λex 543 nm, λem
from 580 to 630 nm) for the detection of MUC5AC and
claudin-7, respectively, in the presence of Hoechst 33258 (1
μg/mL, λex 405 nm, λem from 420 to 504 nm) for nuclei
counterstaining. For the experiments performed in the
presence of NE-DiD (λex 644 nm, λem from 663 to 812 nm),
apical media were harvested (see below), and the treated
monolayers were incubated for 1 h in the presence of Alexa
Fluor 580 phalloidin (3U/mL, λex 556 nm, λem from 568 to
624 nm) to visualize the actin cytoskeleton, and Hoechst
33258 to counterstain nuclei.

At the end of incubation, monolayers were further washed,
and slides were mounted with a cover slide in Glycergel
medium (DAKO, Santa Clara, CA) and observed with a
CLSM system (Stellaris 5, Leica Microsystems, Wetzlar,
Germany) using a Plan-Apo 63X oil immersion objective
(NA 1.4).

The apical media, harvested before monolayer fixation, were
used to quantify the amount of NE-DiD left after the
incubation with cells, measuring the fluorescent signal of NE-
DiD with a fluorimeter EnSpire multimode plate reader. A six-
point standard calibration curve of NE-DiD was used, and data
were expressed as μg/mL.
Preparation and Characterization of Empty Alginate

Microbeads (AGμ) and Nanocomposites (AGμ-NEs).
AGμ and AGμ-NE microbeads, with and without TFC, were
prepared by ionotropic gelation. The day prior to preparation,
a mixture of 20 mL of 1% alginate (w/v) and 5%
nanoemulsion (v/v) solution in Milli-Q water was prepared
and left under stirring at room temperature overnight to allow
complete polymer dissolution. 200 mL of 0.1 M calcium
chloride solution in Milli-Q water was prepared as gelation
medium. Ionotropic gelation was performed using an
Encapsulator B-395-Pro instrument (Büchi, Flawil, Switzer-
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land) configured with the following optimized parameters: 4.5
mL/min flow rate; 1400 V voltage; 1200 Hz frequency. The
AG/NE mixture was added dropwise through a 200 μm single
nozzle at room temperature into a calcium chloride bath under
continuous stirring (300 rpm). The newly formed microbeads
were left under stirring in the calcium bath for 15 min, washed
with Milli-Q water, and sealed in plastic vials at 4 °C. The
average diameter of moisturized microbeads was characterized
by optical microscopy, with a Leica DM 2000 LED (Leica
Microsystems, Wetzlar, 12 Germany) instrument, connected to
a Leica-DFC3000G digital camera (Leica Microsystems,
Wetzlar, Germany). Images of microbeads were taken with a
magnification of 5× and were analyzed with ImageJ software.
The average size of microbeads ± standard deviation was
deduced from the diameter measurement of 30 different
microbeads selected randomly.
Rheological Properties of AGμ and AGμ-NE Microbe-

ads’ Suspension. To measure the apparent viscosity of the
samples, flow sweep tests were carried out using a rheometer
AR 2000 (TA Instruments, Guyancourt, France) fitted with a
25 mm 4° cone-plate geometry. Approximately 0.5 g of each
sample was added to the plate, and the gap was fixed at 116
μm. The temperature was set at 24 °C. All measurements were
carried out applying successive shear rates ranging from 0.001
to 1000 s−1. During the measurements, the geometry was
covered with a solvent trap to maintain a wet environment
avoiding water evaporation from the samples.

Dynamic rheological measurements (strain sweep tests and
frequency sweep tests) were also performed using a rheometer
ARES (TA Instruments, Guyancourt, France) fitted with a
plate−plate geometry (25 mm diameter). The temperature was
set at 24 °C. Strain sweep tests were performed to ensure that
the apparent rheological moduli measurements were carried
out within the linear viscoelastic (LVE) region. Then, apparent
storage (G′) and loss (G″) moduli were measured from a
constant strain frequency sweep within frequency ranges of
100−0.05 rad/s. All measurements were performed in
triplicate.
AGμ and AGμ-NE Drying Procedure and Dried

System Characterization. NEs, empty and NE-loaded AG
microbeads, with and without the TFC, were freeze-dried to
enable their long-term storage. The freeze-drying process
involves the removal of water or other solvents from a frozen
product by sublimation, under vacuum, at low pressure and at
low temperature. Samples of AGμ and drug-loaded AGμ-NEs
were lyophilized in a Cryonext pilot freeze-dryer (Cryonext,
Saint-Aunes̀, France). The freeze-drying methodology was as
follows: freezing at −50 °C for 6 h in a freeze-dryer chamber;
primary drying from −50 to 0 °C for 24 h; and secondary
drying at 20 °C for 12 h. Finally, the vials were sealed with
rubber caps and stored at room temperature.

The residual water content of the AG-based microbeads was
evaluated by thermogravimetric analysis (TGA). TGA was
carried out using a TG 209 F1 Libra thermogravimetric
analyzer (Netzsch, Selb, Germany). Approximately 10 mg of
dried samples were sealed in an aluminum crucible. The raw
alginate powders, AGμ and AGμ-NE, with and without TFC,
were analyzed. Under a helium (He) flow, samples were heated
from 25 to 210 °C with a heating rate of 2 °C/min. The mass
loss (%) of samples was recorded depending on the time.

Scanning electron microscopy (SEM) was performed on
dried AG microbeads following lyophilization using an FEI
Quanta 250 FEG microscope at the Centre Technologique des

Microstructures (CTμ) of the University Lyon 1 (Villeur-
banne, France). Samples were coated under vacuum by
cathodic sputtering with copper and observed by a scanning
electron microscope under an accelerating voltage of 15 kV.

To determine the drug content of the drug-loaded AGμ-NE,
10 mg of dried microbeads were placed in 0.5 mL of citrate
buffer 0.2 M (pH = 7). The mixture was stirred until complete
bead dissolution, diluted 1:2 with methanol, and filtered with a
0.45 μm nylon filter (Whatman GmbH, Dassel, Germany) to
perform reversed-phase HPLC analysis, as detailed in the
Formulation by the Microfluidic Technique and Physicochem-
ical Characterization of Nanoemulsions section. The drug
loading capacity was calculated according to the following
equation

= ×LC (%)
mass of TFC in AG

mass of AG
100

(5)

AGμ and AGμ-NE Stability and Drug Release in
Simulated Intestinal Fluids. AGμ-NEs were rehydrated by
the addition of intestinal fluids. FaSSIF-V2 was prepared at pH
6.5 with the addition of a CaCl2 solution to reach a final
calcium concentration of 0.6 mM.11 The resuspension ability
and the stability of AGμ and AGμ-NES in simulated intestinal
fluids were evaluated by optical microscopy following the
protocol described in Rheological Properties of AGμ and AGμ-
NE Microbeads’ Suspension section. Stability studies were
carried out over a period of 7 days in triplicate. To this aim, 5
mg of dried microbeads were diluted in 1.5 mL of FaSSIF-V2
for each time point (0, 0.5, 1, 2, 3, 5, 8, 24, 32, 48, 72, 144, and
168 h). All samples were incubated at 37 °C under horizontal
shaking at 70 rpm using a Promax 1020 instrument and an
Incubator 1000 (Heidolph, Instruments, Schwabach, Ger-
many).

At each time point, a small amount of microbeads were
collected for the determination of the average diameter by
ImageJ software. In addition, the diameter gain percentage was
measured by comparing the size of the AGμ at the precise time
point, with the size before drying, according to the following
equation

= ×
t

diameter gain (%)
size( ) size before drying

size before drying
100

(6)

In parallel, the total volume of simulated buffer (1.5 mL)
was carefully withdrawn and filtered using a 0.45 μm nylon
syringe filter at each time point. The total TFC content was
determined by RP-HPLC analysis, as described above. The size
distribution of the TFC-loaded NEs released in the collected
buffers over time was assessed by DLS analysis to evaluate the
released NE integrity.
Mucoadhesion Ex Vivo Experiments. A mucoadhesion

study of AGμ-NEs containing DiD for fluorescence detection
was investigated on rat jejunum and colon mucosa, following a
previously described protocol.33 Water solution containing the
tracer was used as a negative reference of mucoadhesion.
Animal protocols were approved by the Committee for Ethical
Issues, CEMEA Auvergne (Clermont-Ferrand, France). Briefly,
tissue from the jejunum or colon (5 cm length) was taken,
flushed with normal saline (0.9% NaCl) to remove the
unbound mucus on the mucosal side, and cut open
longitudinally. The tissue was mounted on a plastic support
at an angle of 45° and washed with normal saline. 125 μL of
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each sample (NEs, and AGμ-NEs) was spread on the mucosal
side and kept for 5 min for solution-mucosal interactions. The
tissue was then washed with normal saline solution for 60 min
(flow rate 6 mL/min, close system). The amount of tracer still
on the tissue after 5, 10, 20, 30, 45, and 60 min of washing
times was measured. Mucoadhesive capacity was calculated as
the percentage of tracer retained by the mucosal tissue at the
end of the process. The experiment was performed in triplicate.
The assay of the tracer was performed using a fluorescence
plate reader.
Statistical Analysis. For statistical analysis of the ex vivo

and in vitro experiments, software GraphPad Prism 8.0 was
used. Sidak′s multiple-comparison test or two-tailed Student′s
t-test or the multiple t-test for unpaired samples were adopted,
as specified for each experiment, and p values <0.05 were

considered statistically significant. Data were expressed as the
mean ± standard deviation of three independent experiments.

■ RESULTS
Nanoemulsion Preparation and Physicochemical

Characterization. Stable NEs with a low polydispersity
index (PDI) were obtained by the microfluidic technique. The
optimization of the formulation considered the stability of the
system in terms of the encapsulation efficiency, size, and
surface charge, which are the parameters necessary for a stable
and controlled drug release. The aqueous phase and the
miscible organic solvent containing the precursors were
separately injected into the microchannels under laminar
flow, where the microscopic features engineered into the
channel control the mixing of the two streams, leading to the
production of homogeneous particles.34 In the final suspen-

Table 1. Physicochemical Properties of NEs, the Encapsulation Efficiency, and Drug Loading of the Formulationsa

TFC conc. (mg/mL) Z-average (nm) PDI ζ-potential (mV) TFC EE% TFC DL%

NEs 113.3 ± 1.8 0.17 ± 0.05 −16.3 ± 0.1
TFC-loaded NEs 2 111.5 ± 2.4 0.16 ± 0.09 −17.2 ± 0.6 73.3 ± 9.7 0.9 ± 0.1

4 111.0 ± 2.4 0.17 ± 0.02 −13.6 ± 0.9 79.8 ± 5.1 2.0 ± 0.1
5.15 112.3 ± 4.3 0.20 ± 0.03 −12.3 ± 0.4 83.9 ± 5.9 2.7 ± 0.2

DiD-loaded NEs 112.0 ± 0.9 0.15 ± 0.02 −12.9 ± 0.3
aData are expressed as the mean ± standard deviation (n = 3).

Figure 1. Stability over time in function of the physicochemical properties (hydrodynamic diameter and PDI (A), ζ-potential (B)) and of the
encapsulation efficiency (EE) of TFC in the optimized formulation (C). Release curve of TFC in FaSSIF-V2 at pH 6.5 (D). Data are expressed as
the mean ± standard deviation (n = 3).
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Figure 2. Relative gene expression of mucin-2 (MUC2) in Caco-2 and HT29-MTX, cultured alone or together (Caco-2/HT29-MTX). Data are
normalized to the expression of the housekeeping gene RPL15 and are expressed as folds of the mean value obtained in Caco-2/HT29-MTX
monolayers kept at 1. ***p < 0.001 vs Caco-2/HT29-MTX, ns = not significant (t-test for unpaired samples) (A). A 3D reconstruction of a cell
monolayer of Caco-2/HT29-MTX cells was obtained using the volume algorithm provided by LAS-X 4.5 software on Z-stack confocal images.
Mucin-5 (MUC5AC) is in green, claudin-7 is in red, and nuclei are in blue. Bar = 50 μm (B). Caco-2/HT29-MTX monolayers were incubated in
the presence of 1 μg/mL (C) or 10 μg/mL (D−F) of NE-DiD. Single horizontal confocal sections of representative fields of monolayers obtained
after 2-, 6-, and 24 h of exposure are shown with orthogonal projections. Actin is rendered in green, NE-DiD in red, and nuclei in blue. In the
control image, cells were cultured in the absence of NE-DiD. Bar = 50 μm (C). The concentration of NE-DiD in the apical medium after 2−6−
24−48−72 h of incubation with Caco-2/HT29-MTX monolayers was measured and nonlinear regression analysis was used to obtain the curve
(D). Cell viability (E) and TEER (F) of Caco-2/HT29-MTX monolayers are shown. Data are expressed as % of the control (cells cultured in the
absence of NE-DiD). Data are the mean ± standard deviation of three independent experiments (n = 3).
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Figure 3. THP-1 cells were differentiated into macrophage-like cells, as described in Materials and Methods, and, after 48 h were incubated in the
absence or in the presence of TFC, NE-TFC at increasing concentrations of the drug (0−100 μM) or NE-Blank. After a further 48 h, cell viability
was evaluated (A). Data are expressed as % of the control (cells cultured in the absence of the drug or NEs). THP-1 macrophage-like cells were
cultured for 24 h in monoculture or co-culture with Caco-2/HT29-MTX monolayers in the absence or in the presence of 10 μM TFC, NE-TFC, or
of NE-Blank (90 μg/mL corresponding to the quantity of NE in the NE-TFC condition at 10 μM TFC), and of proinflammatory stimuli (LPS
(100 ng/mL) and INF-γ (20 ng/mL)). A representative western blot of pSTAT1 and total STAT1 in THP-1 cells is shown in (B). Tubulin is used
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sion, the lipid concentration was 14.3% w/v. To optimize the
drug loading and to reduce the amount of formulation needed
for the therapeutic activity, TFC was encapsulated into the
nanosystem at three different concentrations. The maximum
drug amount was chosen considering the solubility limit
reached in the organic phase. All formulations (empty, drug-
loaded, and DiD-loaded) presented a hydrodynamic diameter
of around 111 nm, a slightly negative surface charge of around
−15 mV derived from the PEGylated surfactant integrated into
the particle shell, and a PDI lower than 0.2. NEs prepared at
different drug concentrations resulted stable over 28 days in
terms of physicochemical properties and the drug content, as
shown in the Supporting information (Figure S1) and detailed
in Table 1. No drug leakage was observed for the different
systems at the storage conditions. The formulation that
reached the maximal drug loading of 2.7% was chosen for
the successive experiments (Figure 1A−C). The in vitro release
of TFC from the NEs was evaluated under sink conditions in
the intestinal fluid (FaSSIF-V2), as shown in Figure 1D.
Almost half (48%) of the encapsulated TFC was released after
1 h of incubation in FaSSIF-V2 medium, 80% within 8 h, and a
complete release was observed at 24 h.
In Vitro Internalization of Nanoemulsions into

Mucus-Secreting Intestinal Cell Monolayers. To study
the biological impact of the nanoemulsions, we used a human
mucus-secreting intestinal epithelial model35 composed of two
different cell types, HT29-MTX and Caco-2 cells, which reflect
the key features of the human intestine epithelium. The first
line synthesizes and secretes mucins, in particular, mucin-2
(MUC2, see the expression in Figure 2A) and mucin-5
(MUC5AC, see the tridimensional image in Figure 2B),
whereas the latter expresses claudin-7 and shapes the tight
junctions of the monolayer (Figure 2B). When the cell
monolayer was exposed to NE-DiD, the red-stained
fluorescence was increasingly visible in the cytosol of cells
over the investigated time points (2-, 6-, 24 h, Figure 2C). The
intracellular localization of DiD was evident in the orthogonal
projections of the confocal images. Consistently, the
concentration of the fluorescent signal in the apical compart-
ment of the cell monolayer decreased over time compared to
the initial time point (Figure 2D). The initial apical
concentration was decreased by almost 40% after 6 h of
exposure, dropped by more than 75% after 24 h, remaining
nearly the same after 48 and 72 h, with a half-life of 7.3 h.
Importantly, NEs did not alter either the viability (Figure 2E)
or the TEER (Figure 2F) of the epithelial cell monolayer, even
after long times of exposure. These results demonstrate that
NEs are biocompatible and are internalized by human
intestinal cell monolayers.
Anti-Inflammatory Activity of TFC-Loaded NEs on

Macrophages in a Triple Cell Co-culture System. To
evaluate if the encapsulated TFC exerts an anti-inflammatory
activity on macrophages after internalization into the intestinal
monolayer, we exploited a triple co-culture system where

THP-1 macrophages, activated to a proinflammatory pheno-
type, were exposed to the drug through a monolayer of Caco-
2/HT29-MTX cells, thus simulating the in vivo condition.
TFC, NE-TFC, or empty NEs (NE-Blank) did not significantly
modify cell viability in THP-1 macrophages maintained in
monoculture (Figure 3A), confirming the biocompatibility of
nanoemulsions. When THP-1 cells were activated with a
proinflammatory stimulus (LPS + INFγ), they increased the
expression of the phosphorylated fraction of STAT1, the target
of JAK proteins (pSTAT1, Figure 3B). STAT1 activation was
completely blocked by either TFC or NE-TFC at comparable
levels, whereas it was not modified in the presence of NE-
Blank. In co-culture with the Caco-2/HT29-MTX monolayer,
activated THP-1 cells also increased pSTAT1 levels, which
were almost totally suppressed by apical TFC or NE-TFC,
although the total STAT1 protein level was highly increased.
These results show that, since TFC encapsulated in NE
inhibits the JAK-STAT pathway of macrophages at levels
comparable to the free drug, NEs do not alter the anti-
inflammatory activity of the drug. To confirm this result, we
measured gene expression (Figure 3C,D) and the secreted
fraction (Figure 3E,F) of the inflammatory cytokines TNF-α
and IL-6 in THP-1 cells stimulated with LPS+INFγ in the
absence or in the presence of TFC or NE-TFC. As expected,
stimulated THP-1 cells markedly increased the expression of
the two cytokines in either monoculture or co-culture with
Caco-2/HT29-MTX monolayers. In the presence of TFC or
NE-TFC, the induction of TNF and IL-6 was completely
hindered when THP-1 cells were in direct contact with the
drug (monoculture) and significantly lowered in the co-culture
system (Figure 3C,D), where the fraction of secreted TNF-α
and IL-6 was reduced by more than 65 and 40%, respectively,
in the presence of either TFC or NE-TFC (Figure 3E,F).
AGμ and AGμ-NE Morphological and Rheological

Characterizations. To increase the residence time of the NEs
in the gastrointestinal tract, AG was selected as a biopolymer
for the formulation of a bio- and mucoadhesive hybrid
nanocomposite. AGμ was produced by the ionotropic gelation
technique using a Microencapsulator B-395 apparatus
equipped with a single nozzle system. At first, empty
microbeads were prepared and analyzed by optical microscopy
(Leica DM1000 microscope, 5× magnification). Images
revealed the regular and spherical shape of alginate microbeads
with the absence of any aggregation (Figure 4A). NE-TFC (5%
w/v) were embedded into the alginate structure in order to
obtain nanocomposites AGμ-NE. Optical microscopy images
showed the encapsulation of NEs into alginate microbeads,
which caused the presence of a homogeneous opacity within
the beads’ outline (Figure 4B). The diameter of at least 30
microbeads was measured in triplicate using ImageJ software to
calculate the mean diameter (Figure 4C). AGμ with an average
diameter of 262 ± 22 μm was obtained using a 200 μm single
nozzle. A slight increase in the average diameter was observed

Figure 3. continued

for loading the control. Relative gene expression of TNF and IL-6 in THP-1 cells is shown in (C) and (D), respectively. Data are normalized to the
expression of the housekeeping gene RPL15 and are expressed as folds of the mean value obtained in control cells (THP-1 cells cultured in
monoculture in the absence of the drug or NEs) kept at 1. ***p < 0.001, ns = not significant (multiple t-test for unpaired samples). Secreted TNF-
α and IL-6 into the medium by THP-1 cells were measured, and data are expressed as pg/mL, as shown in E and F, respectively. **p < 0.01, ***p
< 0.001, ns = not significant vs control cells (THP-1 cells cultured in co-culture in the absence of the drug or NEs) (multiple t-test for unpaired
samples). Data are the mean ± standard deviation of three independent experiments (n = 3).
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in AGμ-NE compared to the empty ones, with an average
diameter of 315 ± 22 μm.

The flow behavior and the viscoelastic properties of AGμ
and AGμ-NE were assessed through rheological analyses. Flow
sweep tests were performed on the samples directly after their
preparation. The apparent viscosity (η) of samples was
measured at a shear rate (γ̇) range of 0.001−1000 s−1 and at
a temperature of 24 °C. The samples are suspensions
constituted by a continuous phase (aqueous) and microgel
particles. The flow behavior of the relatively concentrated
microgel suspension is intimately related to the movements of
the particles. Results showed a decrease in the apparent
viscosity as the shear rate increased for all of the tested samples
(Figure 4D). This trend confirms a shear-thinning behavior for
the AG microbead suspension due to the shear-induced
breaking of interparticle linkages at high shear rates, a behavior
typically observed in microgel suspensions.36,37 No significant
difference was observed between AGμ and AGμ-NE in terms
of the apparent viscosity, meaning that the incorporation of
NEs did not modify the overall flow behavior of the
suspension. Then, dynamic rheological characterizations were
performed. Strain sweep tests (data not shown) allowed us to
identify the LVE region and fix a strain of 0.3% for frequency
sweep tests. Beyond the LVE region, a further increase in strain
resulted in a decrease of the apparent rheological G′ and G″
moduli, meaning that the structure of AG microbeads broke
down. Frequency sweep measurements (Figure 4E) were
performed directly after sample preparation within the LVE
region in the range of 100−0.05 rad/s to measure the apparent
storage modulus G′ and the apparent loss modulus G″. G′
represents the elastic component of the material behavior,

whereas G″ represents the viscous component. All of the
samples presented the same trend: G′ was higher than G″ in
the frequency range measured, and the loss tangent (equal to
G″/G′) was lower than 1 for all of the samples, conditions that
define a solid-like rheological behavior and that are
representative of highly structured samples. Moreover, the
apparent G′ and G″ moduli slightly increased with frequency.
This frequency dependence is typically observed for soft
matter systems and microgel suspensions.38 Lastly, G′ and G″
result slightly higher in the presence of NE than in their
absence, and the suspension appears to behave more solid-like.
Stability of Freeze-Dried AGμ and AGμ-NE, In Vitro

Drug Release and Structural Characterization in
Biorelevant Fluids. Microbeads were freeze-dried to enable
their long-term storage. White powders with good flowability
and the absence of stickiness were obtained for both AGμ and
AGμ-NE. The morphology of lyophilized AGμ and AGμ-NE
was analyzed by SEM. The images in Figure 5A,B reveal the
loss of the microbeads′ spherical shape due to the collapsing of
the structure caused by the removal of water after drying. The
residual water content was investigated by TGA, and it was
about 15% in the raw powders. AGμ showed a lower residual
moisture content than corresponding powders, which was in
the same range (6−7%) when compared to AGμ-NE, with or
without the loaded drug. These differences in residual water
contents show that AGμ and AGμ-NE are slightly less
hydrophilic than alginate powders, due to the presence of
hydrophobic interactions between the AG chains in the AGμ
and AGμ-NE and to the presence of lipids in the AGμ-NE
formulation. Results are summarized in Figure 5C. The loading
capacity (LC%) of TFC obtained using eq 5 was 3.75 ± 0.14%.

Figure 4. Optical microscopy images of empty AGμ (A) and nanocomposites AGμ-NE (B), and the average diameter measured with ImageJ
software (C). Flow sweep tests of AGμ (light blue dots) and AGμ-NE (purple dots) expressed in terms of the apparent viscosity (D). Frequency
sweep tests of AGμ and AGμ-NE before drying (E) expressed in terms of apparent G′ and G″ moduli. Data are expressed as the mean ± standard
deviation (n = 3).
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Figure 5. SEM images of AGμ (A) and nanocomposites AGμ-NE (B) post freeze-drying. Residual moisture content detected in the different
samples by TGA (C). 5X magnification optical microscopy pictures of AGμ FaSSIF-V2 (pH 6.5) at different time points of the stability study (D).
Diameter gain AGμ in FaSSIF-V2 (pH 6.5) buffer (E). Time course of the TFC in vitro release profile in collected FaSSIF-V2 (pH 6.5) buffer (F).
Comparison of frequency sweep tests of AGμ-NE before drying and after rehydration in FaSSIF-V2 (G) expressed in terms of apparent G′ and G″
moduli. Data are expressed as the mean ± standard deviation (n = 3).
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AGμ and AGμ-NE were rehydrated in simulated intestinal
fluids (FaSSIF-V2) containing physiological concentrations of
calcium, which plays a key role in the alginate hydrogel
formation. Physiological levels of calcium enhance the stability
of AG microbeads preventing degradation and loss of their
structural integrity, limiting the ion exchange process between
monovalent ions in GI fluids and Ca2+ ions in the cross-linked
AG microbeads.39 To assess their stability, resuspended empty
microbeads were analyzed by optical microscopy to detect
structural changes over a period of 7 days. The mean diameter
of microbeads was measured on optical microscopy images
using ImageJ software (see the Supporting information, Figure
S2). At the first time point (0 h), images shown in Figure 5D
revealed the successful rehydration of the microbeads and the
complete recovery of the spherical shape. The microbeads
reached an average diameter of 446 ± 82 μm, and a loss of the
round shape with defined edges was observed at 168 h, a sign
of degradation of the hybrid system. The time-dependent size
variations showing an increasing over time (Figure 5E) were
assessed by calculating the diameter gain (eq 6) compared to
the size of microbeads before drying. The release of TFC-
loaded NEs from AGμ-NE was evaluated in vitro in simulated
intestinal fluids over a period of 7 days. At each of the defined
time points, FaSSIF-V2 supernatants were analyzed by DLS in
order to confirm the release of the whole NE (data not
shown), proving the presence of the nanosystem in the
medium. For each time point, TFC present in the supernatant
was quantified by RP-HPLC analyses. Results were normalized
according to the total TFC embedded in microbeads measured
as the maximum released amount reached after 7 days. As

shown in Figure 5F, in FaSSIF-V2 at pH 6.5, an immediate
burst release of 60% of the drug was observed upon
rehydration, followed by a slower phase reaching 80% of the
release in 5 h, to end with a total drug release 60 h after bead
resuspension.

Frequency sweep tests were repeated on dried AGμ-NE 12
hours after the resuspension in FaSSIF-V2 in order to verify
the impact of the complex medium on the sample viscoelastic
properties. Results showed the same trend of apparent G′ and
G″ moduli depending on the frequency as reported for AG
microbeads before drying, confirming the behavior of soft gels
(Figure 5G). Values of apparent G′ and G″ were slightly higher
when microbeads were loaded with NE. In general, no
significant difference was observed between the empty and the
NE-loaded beads.
Mucoadhesive Properties of AGμ-NE on the Intesti-

nal Mucosa of Rats. The percentage of AG microbeads
retained on rat intestines (jejunum and colon) over a period of
60 min was used to evaluate the mucoadhesive properties of
microbeads. AGμ-NE were formulated with DiD-loaded NEs.
The nanocomposites exhibited good mucoadhesive properties
with significant differences when compared with DiD-loaded
NEs alone, which were rapidly washed out (Figure 6).
Furthermore, no specificity for either intestinal tract was
demonstrated by these studies. NEs showed a retention ability
of around 30%, while the nanocomposites displayed an
increased adhesion ability with a 60−70% of retention on
the rat intestinal mucosa.

Figure 6. Schematic representation of the mucoadhesion study setup. (A). Percentage of retention on the rat jejunum (B) and colon (C) mucosa
over a period of 60 min. Data are shown as the mean ± standard deviation (n = 3). Statistical data analysis on Sidak′s multiple comparison test: *p
< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant.
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■ DISCUSSION
Drug delivery systems, and especially lipid-based nanosystems,
have received a great deal of attention, thanks to their ability to
overcome the biological barriers upon oral administration.40

Lipids and lipophilic excipients can have significant and
beneficial effects on the oral delivery of hydrophobic drugs.41

However, the in vitro and especially the in vivo performances of
these lipid systems are poorly predictable, limiting their use for
enhancing drug exposure. These considerations underlie the
rationale behind the creation of lipid−polymer hybrid
nanocomposites, as a strategy to control the in vivo behavior
of nanosystems and to limit their intrinsic variability upon oral
administration.7

NEs have been widely explored as delivery systems for oral
administration, allowing high entrapment efficiency of hydro-
phobic drugs. NEs are often manufactured, implying lengthy
and noncontinuous strategies, which are responsible for high
degrees of batch-to-batch variability, limiting industrial
development.42 To address this challenge, microfluidic
technologies have been used to synthesize lipid-based NPs
with more controlled physical properties, improving process
accuracy and efficiency and also in the sight of possible up-
scaling.43 Although the advantages of microfluidics in
preparing lipid systems are known, only a few adopted this
technology for the formulation of NEs,44 and the drug-loaded
systems are still often prepared using conventional techni-
ques.45 Here, we proved the feasibility of a technology transfer
in the preparation of drug-loaded NEs, maintaining the
physicochemical parameters of the original formulation,24 but
with significant improvement in the reproducibility and
scalability of the final suspension. In fact, the prepared NE
meets all of the requirements related to physicochemical
properties as well as long-term stability, thus supporting the
potential use of this system for drug delivery (Figure 1 A, B,
and C). The microfluidic approach adopted here also allowed
the loading of a considerably higher amount of TFC in the
NEs when compared to classical methods, which can be
translated into an improved tolerability in vivo.

To evaluate the biological effects of the NE-TFC and
simulate their behavior when in contact with an inflamed
intestinal epithelium, NEs were tested on co-cultures of human
intestinal epithelial monolayers and macrophages. At variance
with a previous study, in which TFC activity was evaluated in a
co-culture of THP-1 macrophages and a monolayer formed by
Caco-2 cells only,46 we have adopted here a triple co-culture,
where the intestinal cell monolayer is composed of two cell
populations, Caco-2 and mucus-secreting HT29-MTX cells.
Thus, this intestinal monolayer is characterized by the
simultaneous presence of tight junctions and mucus on the
surface in order to mimic as far as possible the in vivo
conditions.31,35 NEs were quickly internalized by the mucus-
secreting intestinal cell monolayer (half time about 7 h) and
were clearly detected in the cytosol (Figure 2C−D), suggesting
that NEs favor bioavailability in the bowel epithelium.
Moreover, the TFC loaded into NEs, internalized by the cell
monolayer, clearly inhibited the activation of the JAK-STAT
pathway in subepithelial macrophages stimulated by a
proinflammatory stimulus, a condition that mimics IBD.
Consistently, NE-TFC hindered the synthesis and secretion
of the proinflammatory cytokines TNF-α and IL-6 (Figure 3).
These results confirmed that the proposed lipid nanosystem

efficiently delivers TFC without altering the anti-inflammatory
properties of the drug.

To overcome the problem of poor bioadhesion of the
nanosystems, we selected AG as biopolymers for the
development of hybrid nanocomposites aiming at prolonging
NE retention time in the intestinal tract, thus improving drug
availability. AG microbeads with a diameter of around 300 μm
and a spherical shape were obtained by optimizing the
formulation parameters. As previously reported,11 the method
adopted allowed the preparation of beads with a homogeneous
dispersion of NEs within the beads’ outline (Figure 4B). In
bulk polysaccharide hydrogels, composite gel behavior can be
influenced by the interaction between the gel matrix and the
embedded nanoparticles.47 Even if gel microbeads and bulk
hydrogels share important similarities in their architecture,
their rheological behaviors are significantly different. The
microbead-based system is a macroscopic suspension con-
stituted by a continuous phase (water) and gel micro-
particles.36 The study of the apparent viscosity of the
suspensions (Figure 4D) performed on both AGμ and AGμ-
NE revealed a shear-thinning behavior for all samples, typically
observed in microgel suspensions.37 The apparent viscosity
decreases as the shear rate increases. The structural events,
such as the breaking of interparticle bridges, during the
rheological measurements, are responsible for the shear-
thinning behavior. Finally, the incorporation of NE in AG
microbeads did not modify the overall flow behavior of the
suspensions, and no significant differences were observed
between AGμ and AGμ-NE. Additionally, a solid-like
rheological behavior of both microbeads (with and without
NE) was observed by dynamic rheological characterizations
applying frequency sweep tests. More precisely, the resulting
curves of the rheological moduli are typical of soft matter
systems and microgel suspensions, showing a small increase of
the apparent moduli with the frequency. A slight rise in the
apparent moduli was observed for AGμ-NE, suggesting that
the nanosystems entangled in the hydrogel structure produce
slightly stiffer systems and that the presence of interactions
between NE and AG strengthen the composite.

To guarantee long-term storage of the final system, AGμ and
AGμ-NE were successfully freeze-dried without affecting TFC
loading. Moreover, the encapsulation of NE into AG
microbeads confirmed the advantage of nanocomposites in
enhancing the final drug loading by 38.9%, from 2.7 to 3.75%.
As highlighted by the SEM images (Figure 5A,B), the loss of
water content led to the complete shrinking of the beads,
possibly causing a partial expulsion of the lipid particles, which
may be placed on the lyophilized surface. In fact, in terms of
weight, the quantity of lipids is 5-fold higher than that of the
polysaccharide. To get insights into the stability of the
formulations in the intestinal tract, the nanocomposites were
exposed to simulated intestinal fluids (FaSSIF-V2) (Figure
5D−F). A complete recovery of the spherical shape of dried
microbeads was obtained after resuspension in FaSSIF-V2.
Diameter gain data (Figure 5E) revealed the trend of AG
microbeads to swell in intestinal-like conditions due to AG pH-
dependent behavior, in accordance with what was recently
highlighted by Gomez et al.16 Indeed, at intestinal pH values,
swelling occurs, thanks to the increased repulsive charges
between AG chains due to deprotonated negatively charged
carboxylic acid groups. The images in Figure 5D show the
beginning of the disintegration of the microbeads starting from
168 h (1 week) after the resuspension, probably due to the fact
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that ionically cross-linked alginate hydrogels can dissolve by
exchanging Ca2+ with Na+ ions.48 The in vitro release profile of
TFC from resuspended nanocomposites was then studied
(Figure 5F). An immediate release of 60% of the drug was
observed, probably as a consequence of the freeze-drying
process in which the AG-based microbeads lose around 95% of
their volume. To overcome these hurdles, several strategies can
be easily explored, such as the use of pH-dependent polymers
as the coating of the microgel, such as Eudragit polymers,
RPLO, and S100.49 For example, Giri et al. encapsulated drug-
loaded liposomes in alginate hydrogel beads, followed by
coating with Eudragit S-100 for efficient colonic delivery.50

Nevertheless, we have proved by ex vivo studies on the rat
jejunum and colon mucosa that assisted site-specific targeting
can be promoted by AG mucoadhesive properties. Indeed, the
results shown in Figure 6 confirmed the ability of AGμ to be
retained on the intestinal mucosa, thus favoring local drug
delivery. Mucoadhesive properties of microparticles based on
polysaccharides were similarly investigated by Duan et al. on
inflamed colon mucosa, confirming the advantage of specific
drug delivery to the site of inflammation, thanks to the
bioadhesive characteristics conferred to the drug delivery
system.13

■ CONCLUSIONS
By combining nanoemulsions and an alginate-based hydrogel
matrix, we have created a hybrid nanocomposite as a platform
for the localized delivery of lipophilic compounds by oral
administration. A microfluidic approach for an optimized
formulation of NEs was set up, maximizing tofacitinib loading
and the stability of the system. A triple cell culture model,
mimicking the inflammatory conditions at the intestinal level,
proved the ability of the NEs to penetrate the mucus covering
the epithelium and to mediate the internalization of the drug,
which can pass intact through the underlying epithelium and
exert its anti-inflammatory activity on activated macrophages.
Alginate microbeads, exploited as matrices to enhance the
performance of the orally administered nanosystem, were
successfully prepared and dried for long-term stability. A high
bioadhesion at the level of both intestinal and colonic mucosa
was proven by ex vivo studies on excised segments of the rat
small intestine and colon. Altogether, these results support the
use of the novel hybrid nanosystem described here to deliver
anti-inflammatory drugs to the intestine. Moreover, this
approach is a potentially transposable platform for the localized
oral administration of a variety of small molecules.
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