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ABSTRACT: Intranasal drug delivery to the brain offers a Nanocapsules tracking for brain therapy:

promising strategy to overcome biological barriers. Chitosan- Nanoemulsion reaches the target cell

. o .8 RS still intact
coated nanoemulsion-based nanocapsules demonstrate significant & .
potential due to their mucoadhesive properties, ability to permeate g & Nanosmy Re,
epithelial cells, and ability to solubilize poorly water-soluble drugs, LR Sion corg (NE) ;
making them ideal candidates for bypassing the blood-brain barrier _ 0 — i
and overcoming the nasal mucosa. To ensure effective drug - 'g”NE . broken;"

delivery, it is critical to assess the integrity of these nanocapsules " content has been

during their transit across such barriers. In this study, we employed X;,:‘re\eased FRET is lost
Forster resonance energy transfer to track the structural integrity of | . - ©
nanocapsules during transport. A simplified in vitro model was I @ = b
established using Calu-3 cells to mimic the mucosal epithelial o

barrier and Balb-c 3T3 fibroblasts as target cells. Our findings

demonstrated that the nanoemulsion core of the nanocapsules successfully crossed the in vitro epithelial barrier and reached target
cells while maintaining its structural integrity. These results validate the potential of chitosan-coated nanocapsules as a robust
platform for the intranasal delivery of drugs to the brain.

Y

§ Nasal epithelial
barrier model
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H INTRODUCTION mucus, ensuring extended retention at the absorption site,

The intranasal route holds significant potential for treating reducing mucociliary clearance, and promoting sustained drug
brain diseases by bypassing the blood-brain barrier.'™ release while enhancing the overall bioavailability of the CS-
- . . 1,15 o1 .

However, one major challenge in designing drug delivery coated nanocarrier.”~ Furthermore, the ability to modify CS
systems is overcoming the mucus layer and epithelial cells, allows for fine-tuning the interactions between nanoparticles
which could hamper drug delivery. These barriers can cause and mucus, optimizing their retentlonléand diffusion into the
nanocarriers to degrade or disrupt, prematurely releasing their mlicus Afor enh;ncec}ll eplthehallclllp;ake.- d ¢ brai

therapeutic payload. This complexity requires advanced tools d l'n v1v;) stg Sles ta:ile provi el .ev1 E;ICI; )O }? osg-to- ramn
to study the integrity and fate of these nanocarriers, allowing elivery tor f.o-coated nanoemuisions $), Showing cargo

for a better understanding of how the payload is released and transport via the .tr.1gerr}1nal and .o%fac;ory nerves to the
enabling continuous improvements in the customization of the olfactory bulb, albeit in minute quantities.” NEs are metastable
carrier for tailored therapy. colloids formed by dispersing one immiscible fluid within

Chitosan (CS), a natural cationic polysaccharide composed another and being stabilized by surfactants. Due to the small
of (1 — 4)-linked D-glucosamine and N-acetyl-D-glucos- droplet size and high surface area of NEs, encapsulation of
amine, stands out due to its biodegradability, biocompatibility, hydrophobic substances enhances their solubility and increases

mucoadhesion, and ability to facilitate drug transport across

epithelia.”® Notably, CS can facilitate the transfer of Received:  January 27, 2025
macromolecules across epithelia, such as the nasal one.””” Revised: ~ March 16, 2025
CS-based nanocarriers have been successfully applied in Accepted:  April 9, 2025

various drug delivery systems, including intranasal deliv- Published: April 28, 2025

ery.”'°™'* CS has mucoadhesive properties due to its
interaction with negatively charged glycoproteins in the
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Scheme 1. Main Hypotheses of the Fate of the NCs after Intranasal Administration”

?(1) NCs are capable of crossing the nasal mucosal epithelium and reaching the brain still intact; (2) NCs are retained in the mucus and epithelial
cells, where the CS shell disrupts and allows the NE to penetrate the mucosal epithelium; (3) NCs are retained in the mucus and epithelial cells and

NEs release their content.which reaches the brain.
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their bioavailability.”_19 In our group, we previously reported
the preparation of CS-coated nanoemulsion-based nano-
capsules (NCs) for drug delivery purposes.”’”>* We used
these NCs as an efficient intranasal drug delivery system for
Alzheimer’s disease (AD), showing that NCs loaded with the
p38 MAPK hydrophobic inhibitor could reach the target site—
the cerebral cortex and hippocampus—after in vivo intranasal
administration in the AD mice model. Inhibitor-loaded NCs
outperformed the free drug, suggesting a direct transport route
of the inhibitor from the nasal mucosa to the cortex.””> While
NCs demonstrated their potential for brain-restricted reduc-
tion of p38 MAPK activity, the exact mechanisms underlying
their transport as well as the role of nanocarrier integrity in
enhancing therapeutic efficacy remain unclear. Understanding
whether NCs maintain their structural integrity during
transport is crucial for optimizing their therapeutic potential.
Advanced techniques such as magnetic resonance imaging
(MRI) and positron emission tomography (PET) are
commonly employed to track nanoparticles, utilizing magnetic
properties and radioactive tracers to visualize their distribu-
tion.”* Similarly, fluorescence-based methods allow for real-
time imaging within biological systems.” However, these
approaches often struggle to determine whether nanoparticles
remain intact or whether their contents have been released,
limiting their ability to assess nanocarrier stability after
administration. Forster resonance energy transfer (FRET)
stands out as the most effective method for studying
nanocarrier integrity, enabling precise real-time monitoring of
structural stability and payload release.”>~>” FRET relies on
the energy transfer between two fluorophores incorporated in
the nanocarrier: a donor and an acceptor.”® The efficiency of
this energy transfer depends on their proximity, typically
within 2—10 nm, making FRET an ideal technique to monitor
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the structural integrity of nanoparticles.””*" If the nanocarrier
remains intact, the donor and acceptor will stay in close
proximity, resulting in a detectable FRET signal. Conversely, if
the nanocarrier disintegrates, the distance between the
fluorophores increases, diminishing the FRET signal and
indicating payload release.

In this study, our goal was to better understand the fate of
NCs, composed of an NE core coated with a CS shell, after
administration to a simplified epithelial model (Scheme 1).
Specifically, we explored whether: (1) the NCs could cross
intact the nasal mucosal epithelium, potentially reaching the
brain; (2) the CS shell was retained in the nasal mucus or the
epithelial cells, while the inner NE could penetrate through the
epithelium; and (3) the NCs could not cross the epithelial
barrier but could still release their contents, which then
reached the brain. To investigate which of these scenarios was
taking place, we employed a FRET pair of lipophilic dyes***
to track the fate and integrity of the NCs when they cross an in
vitro nasal epithelium barrier model. We conducted two
approaches: (i) We loaded the NE core with the cyanine dye
DiA (donor) and functionalized the CS shell with sulfo-
Cyanine 5 (sCyS, acceptor). This approach would allow us to
monitor the integrity of the NCs, specifically the CS shell and
NE core through FRET, derived from the proximity of the
fluorophores. (ii) We encapsulated DiA (donor) and another
cyanine dye, DiD (acceptor), within the NE core of the NCs.
In this case, generating an efficient FRET signal would enable
us to track the integrity of the NE core and the cargo release.

B EXPERIMENTAL SECTION

Materials. Tween 20, absolute ethanol (EtOH), NaH,PO,, and
Na,HPO, were purchased from Panreac Qumica S.L.U. (Barcelona,
Spain). Span 85 (sorbitane trioleate), oleic acid, sodium tetraphe-
nylborate (TPB), chitosan (ref: 448877, 75—85% deacetylated chitin,
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medium molecular weight, MW 190—310 kDa), ethyl acetate,
dichloromethane (DCM), methanol (MeOH), D,0, TFA, Na,SO,,
NaHCO;, Na,COs, and 3-(trimethylsilyl)propionic-2,2,3,3-d, acid
sodium salt were purchased from Sigma-Aldrich Pte. Ltd.
(Singapore). Water (double-processed tissue culture, endotoxin-
free) used in all nanocapsule synthesis was from Sigma-Aldrich.
The fluorophores DiA (4-Di-16-ASP (4-(4-(dihexadecylamino)-
styryl)-N-methylpyridinium iodide, Invitrogen D3883) and DiD
(1,1’-dioctadecyl-3,3,3",3'-tetramethylindodicarbocyanine perchlo-
rate, Invitrogen D307) were purchased from Thermo Fisher Scientific
(Madrid, Spain). Sulfo-Cyanine 5 NHS ester (sCyS-NHS ester) was
obtained from Lumiprobe GmbH (Hannover, Germany). Phosphate
buffered saline (PBS, 1X, pH 7.4, Gibco), Dulbecco’s phosphate
buffered saline (DPBS, 1X, pH 7.4, Gibco), Minimum Essential
Medium (MEM, Gibco), Dulbecco’s modified Eagle’s medium
(DMEM, Gibco), 100 U/mL of penicillin/streptomycin, paraformal-
dehyde (PFA), 4/,6-diamidine-2’-phenylindole dihydrochloride
(DAP], Invitrogen D1306), hexamethyldisilazane (HMDS, 98%),
and ZO-1 monoclonal antibody conjugated with Alexa Fluor 488 were
from Thermo Fisher Scientific. Bovine serum albumin (BSA), fetal
bovine serum (FBS), glutaMAX, sodium pyruvate, trypsin-EDTA
(0.25% porcine trypsin and 0.2% EDTA), sodium cacodylate
trihydrate, osmium tetroxide (OsO4), uranyl acetate, lead citrate,
xylene, alcian blue (AB), and Triton X-100 were purchased from
Sigma-Aldrich. Glutaraldehyde was purchased from Electron Micros-
copy Sciences (Hatfield, PA, USA). Carbon-coated 200-mesh copper
grids were supplied by Agar Scientific Supplies.

Methods. CS Functionalization with sCy5-NHS Ester. For the
synthesis of sCyS-labeled CS, different substitution degrees were
planned: 0.2, 1, and 5%. One mg of CS has 4.7 ymol amino groups as
calculated from the mean deacetylation degree (80%) of the applied
CS. This ratio was used for calculating the theoretical substitution
degrees of the functionalized CS. First, 12 mg of CS (with 56.4 ymol
amino group theoretically, 2.4 mL of 5 mg/mL CS solution in acetic
acid 1% (v/v)) was added to 10 mL of 0.1 M NaHCO,/Na,CO;
buffer (pH 8.5) in each case. sCyS-NHS ester (MW: 777.95 Da, 112.8
nmol for 0.2%, 564 nmol for 1%, and 2.82 umol for 5% theoretical
substitution degree, from 10 mg/mL sCyS-NHS ester stock solution
in DMSO) was added to the CS solution, the reaction was left under
magnetic stirring during 8 h (300 rpm, RT), and an amide bond was
formed. Finally, the reaction solutions of the different functionalized
CSs were transferred into dialysis bags (SnakeSkin dialysis tubing, 3.5
K MWCO, Thermo Fisher Scientific, Waltham, MA, USA) and
subjected to dialysis against 2 L water for 72 h. The water was
changed every 24 h during the dialysis process. Then, the CS
solutions were freeze-dried to obtain the solid product. For NC
synthesis, sCyS@chitosans were dissolved to obtain S mg/mL
concentration in water with 1% acetic acid (v/v). For fluorescence
measurements, the sCyS@CSs solutions were diluted with MeOH to
obtain 5 ug/mL solution and their fluorescence intensity was
measured with excitation at 600 nm and detection at 662 nm using
a BioTek Synergy H1 microplate reader (Agilent Technologies, Santa
Clara, California, USA) after carrying out a calibration curve of sCyS-
NHS ester in MeOH (Figure S1) and used to calculate the measured
substitution degree of sCyS@CSs (Table S1).

Counterion Substitution of DiA and DiD Fluorophores. DiA-TPB
and DiD-TPB were synthesized based on previously described
methods (Figure $2).2632 Briefly, for DiA-TPB, 6.2 mg (7.8 ymol)
of DiA-iodide was mixed with 20 mol equiv of sodium TPB (53.6 mg,
156 pmol) in 1.5 mL of ethyl acetate/DCM 2:1 (v/v). For DiD-TPB,
5.5 mg (5.7 ymol) of DiD-perchlorate was mixed with 20 mol equiv
of sodium TPB (39.2 mg, 114 umol) in 1 mL of ethyl acetate, where
both salts readily dissolved. After 1 h of magnetic stirring, the
formation of the TPB salts was confirmed by thin-layer chromatog-
raphy (TLC aluminum sheets, silica gel layer, ALUGRAM Xtra SIL G
UV254, MACHEREY-NAGEL GmbH, Diiren, Germany) using
DCM/MeOH, 95:5 (v/v), where the TPB products exhibited a
retardation factor significantly higher than that of the initial
compounds. The solvent was evaporated by a rotary evaporator,
and the TPB salts were purified by column chromatography (DCM/

MeOH, 95:5 (v/v), silica gel (high-purity grade, average pore size 60
A, Sigma-Aldrich)). The desired fractions were pooled, the solvent
was evaporated, the resulting TPB salts were weighed, and stock
solutions of DiA-TPB and DiD-TPB in EtOH were prepared.

Preparation of the Fluorophore-Loaded NCs. Synthesis of
DiA-Loaded sCy5@CS-NCs. The synthesis of the NCs was carried out
as previously described””*" with modifications. To encapsulate DiA-
TPB, 0.2 umol (461 uL of 434 yM DiA-TPB in EtOH) was added to
4 mL of absolute ethanol containing 40 mg of oleic acid and 8.6 mg of
Span 85, obtaining the organic phase.

For the formation of the NE core, this organic phase was added
drop by drop under magnetic stirring to the aqueous phase, which
contained 13.6 mg of Tween 20 dissolved in 8 mL of water and left
stirring for 15 min. Next, 750 4L of a 5 mg/mL sCyS@CS solution in
1% (v/v) acetic acid was added, allowing the formation of a CS
coating on the NE core. Then, the mixtures were stirred for 15 min.
To obtain the final polymeric hydrogel shell, the sCyS@CSs-coated
NE was added to 15 mL of 50 mM Na,SO, solution in water while
gently stirring. The excess of Na,SO, was removed by ultra-
centrifugation (20,000 g, 25 min, 10 °C), and NCs were resuspended
in 2 mL of water. The concentration of the NCs in the water
suspension was determined by measuring the weight of a sample after
freeze-drying. The NCs were diluted to a concentration of 10 mg/mL
and were freeze-dried with 10% (m/m) mannitol as cryoprotectant
and were stored at 4 °C. The steps for the preparation of empty
sCyS@CS-NCs followed the protocol presented above, adding the
appropriate sCyS@CS.

Synthesis of DIiA and DiD-Loaded NCs. To encapsulate
fluorescent dyes in NCs, 0.2 umol of DiA-TPB (461 uL of 434 yM
DiA-TPB in EtOH) or 0.2 umol of DiD-TPB (222 uL of 903 uM
DiA-TPB in EtOH)—for single-dye-loaded NCs—or both DiA-TPB
and DiD-TPB (0.2 pmol each)—for FRET-pair-loaded NC—were
mixed with 4 mL of absolute ethanol containing 40 mg of oleic acid
and 8.6 mg of Span 85, obtaining the organic phase. Fluorophores
with the original counterion were also used for the preparation of the
NCs. For this, 0.2 gmol of DiA-I (20 uL of 10 mM DiA-I in EtOH),
or 0.2 umol of DiD-PC (20 uL of 10 mM DiD-PC in EtOH), or both
DiA-I and DiD-PC (0.2 umol each) were added to the organic phase.
For the formation of the NE core and the CS coating and to obtain
the final polymeric hydrogel shell, we followed the protocol presented
above. The concentration of the NCs in the water suspension was
determined by measuring the weight of a sample after freeze-drying.
Empty NCs as controls, without adding fluorophores, were also
prepared using the same method. The obtained NCs were freeze-
dried with mannitol, as described above.

Encapsulation Efficiency and Fluorophore Loading. Encap-
sulation efficiency is the percentage of encapsulated fluorophores over
the amount initially added to the preparation of nanocarriers.
Fluorophore loading is the amount of fluorophore encapsulated (in
nmol) per milligram (mg) of NC. To calculate the amount of
encapsulated fluorophores in the NCs, the appropriate volume of
suspension that contains 0.5 mg of NC was mixed with MeOH to
obtain the final volume of 500 L and sonicated for 30 min to achieve
the complete extraction of the encapsulated dyes. This solution was
then centrifuged (13,000 rpm, S min) to eliminate the CS fragments
eventually present. The fluorescence was measured with excitation at
455 nm for DiA and 650 nm for DiD and detection at 586 nm for DiA
and 670 nm for DiD using a BioTek Synergy H1 microplate reader
after a calibration curve of each dye was carried out in MeOH (Figure
S3).

FRET Signal Evaluation by Fluorimetry and Flow Cytom-
etry. Fluorescence emission spectra were recorded with a
PerkinElmer LS 5SS fluorescence spectrometer (PerkinElmer Inc.,
Shelton, CT, US) using quartz cells with a path length of 1 cm. The
samples containing the fluorophores (0.1 #M for free fluorophores in
EtOH and 0.3 mg/mL for NCs in water) were irradiated by using
excitation wavelengths at 450, 488, 585, and 633 nm. The
fluorescence emission spectra were recorded at room temperature
with an excitation and emission slit width of 10 nm and an integration
time of 1200 s. Emission spectra were collected from 450 to 700 nm
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with a 1 nm increment. The semiquantitative parameter of FRET
efficiency (also called the proximity ratio (PR)) was calculated
according to the following equation:

PR (%) = (FA/(FA + FD)) X 100%

where FA and FD are, respectively, the acceptor and donor maximal
emission intensities at the donor excitation wavelength. For the
characterization, the selected emission wavelength for encapsulated
DiA was 561 nm when excited at 450 nm. For encapsulated DiD, the
selected emission wavelength was 671 nm when excited at 633 nm to
avoid spectral overlap with the excitation source.

The fluorescent signal of the NCs in the cMEM was also
characterized by a CytoFLEX type flow cytometer (Beckman Coulter
Life Sciences, Indianapolis, IN, USA) using a 488 nm laser. The PE
channel was used to detect DiA fluorescence (emission at 585/42
nm), and the PCS.5 channel to detect DiD and CyS fluorescence
(emission at 690/50 nm). Data were analyzed by using CytExpert 2.4
software (Beckman Coulter) and Kaluza 2.1 software (Beckman
Coulter).

To study FRET reduction or loss due to the disruption of the
FRET-NCs, the NCs were added to complete MEM without phenol
red at a concentration of 0.6 mg/mL NCs in 3 mL of medium. The
fluorescence was checked before and after S min of sonication with a
sonicator tip (UP400 St Ultrasonic Homogenizer, Hielscher Ultra-
sonics, Teltow, Germany) at 340 W of power.

Zeta Potential and Size of the NCs. Dynamic light scattering
(DLS) analysis and surface potential (zeta ({) potential) measure-
ments were carried out using a Malvern Zetasizer Nano ZS (Malvern
Panalytical Ltd., Malvern, United Kingdom). NC hydrodynamic
diameter, polydispersity index (PDI), and ¢ potential were measured
in water at a concentration of 0.1 mg/mL at 25 °C.

Transmission Electron Microscopy (TEM) of the NCs. TEM
analysis was carried out using a Tecnai T20 microscope (Thermo
Fisher Scientific) at 200 kV. The sample was first fixed in a centrifuge
tube using 0.25% glutaraldehyde in 0.01 M phosphate buffer (based
on NaH,PO, and Na,HPO,) (v/v) for 1 h at 4 °C, then centrifuged
and washed three times, each time in 0.01 M phosphate buffer for 1
min. A 10 yL drop of each sample was placed on Parafilm in a Petri
dish. Freshly glow-discharged (30 s, 15 mA) carbon-coated 200-mesh
copper grids were incubated for S min on the sample drops and then
washed with a droplet of distilled water for 1 min. The grids were then
stained with 2% uranyl acetate in water for 1 min, and the excess stain
was removed by touching the edge of the grid with filter paper.

NCs Stability and NE Diffusion through the CS Shell in
Release Assays. Fluorescent NCs were introduced into PBS, chosen
as the release medium, at a concentration of 1 mg/mL NCs at a final
volume of 0.5 mL and left at 37 °C for 24 h in 2 mL centrifugal tubes
under constant mechanical stirring (150 rpm). The release experi-
ment was performed in duplicate. A schematic representation is
provided in Scheme S1. At various time points, samples were filtered
(Millex-GV  Filter, 022 um; PVDF, 13 mm; Merck Millipore,
Darmstadt, Germany). The intact NCs retained in the filters were
extracted by passing 500 uL of MeOH through the filter twice, which
induces the degradation of the NCs, allowing the encapsulated
molecules to dissolve in the solvent for subsequent quantification. The
remaining NCs adhered to the walls of the centrifugal tubes were also
extracted with 500 pL of MeOH. The amount of extracted
fluorophores in MeOH that corresponds to the number of
fluorophores still present in the NCs was determined by a BioTek
Synergy H1 microplate reader by fluorescence measurements using
calibration curves, excitation, and detection wavelengths presented
above. The sum of filter and centrifugal tube extractions was
considered for the complete release profile. Data presented were
calculated as percentages, where 100% corresponds to the value
representing the fluorophores retained in the NCs under storage
conditions.

Cell Culture Conditions. The Calu-3 human lung epithelial cell
line (American Type Culture Collection, ATCC HTB-55, Manassas,
VA, USA) was maintained in MEM supplemented with 10% FBS, 2
mM GlutaMAX, 1 mM sodium pyruvate, and 100 U/mL penicillin/

streptomycin (complete MEM, cMEM). Balb-c 3T3 clone A31 mouse
embryo fibroblast (American Type Culture Collection, ATCC CCL-
163) was maintained in DMEM supplemented with 10% FBS, 2 mM
GlutaMAX, 1 mM sodium pyruvate, and 100 U/mL penicillin-
streptomycin (complete DMEM, ¢cDMEM). Both cell types were
cultured at 37 °C in with 5% CO, and used for the experiments from
passages 2 to 20 for Calu-3 and 10 to 13 for Balb-c 3T3. Cells were
confirmed to be free of mycoplasma contamination.

NC Transport across the Calu-3 Barrier Model. Calu-3 lung
epithelial cells were seeded to Transwell (TW) inserts (polyethylene
terephthalate, 3.0 um pore size, 1.12 cm® growth area) in Transwell
cell culture chambers (Product Number 3462, Corning Costar,
Cambridge, MA, USA) at a density of 400,000 cells/S00 yL/insert
(equal to 357,000 cells/cm?) and cultured for 10 days. Every 2 days,
the culture medium from the apical and basal chambers was removed,
cells were washed twice with 1 mL PBS, both chambers were filled
with 1 mL PBS, and transepithelial electrical resistance (TEER) was
measured to monitor monolayer formation on the inserts using a
Millicell- ER-2 system (Millipore Corporation, Billerica, MA). Then,
PBS was replaced with fresh cMEM (0.5 mL per insert (apical part)
and 1 mL per well (basal part)) for further culturing. After 10 days in
culture, cell monolayers with TEER values over 500 Q-cm* were used
for experiments. Balb-c 3T3 fibroblasts were seeded into 12-well
plates (TPP, Techno Plastic Products AG, Switzerland) at a density of
40,000 cells/600 puL/well 2 days before the permeability experiment.
On the day of the experiment, both cell types were washed twice with
PBS, and then TW inserts with Calu-3 monolayer (apical chamber)
were placed on the 12-well plates containing the Balb-c 3T3 cells
(basal chamber). The basal chambers were filled with 400 uL. cMEM.
NCs (DiA-NCs, DiD-NCs, FRET-NCs, and a mixture of DiA-NCs
and DiD-NCs) at a concentration of 0.3 mg/mL in a volume of 200
p#L were added to the apical chamber. Cells without NCs were
employed as negative controls, and free fluorophores (DiA- and DiD-
TPB) were also added at the same concentration as the encapsulated
fluorophores. After 24 h, Balb-c 3T3 cells were washed with PBS,
treated with 150 uL of trypsin-EDTA, and after 5 min of incubation at
37 °C, trypsin was inactivated by 750 uL ¢cMEM. Then, cells were
transferred from the plate to tubes, centrifuged (1500 rpm, S min),
and the supernatant was removed. Cells were resuspended in 150 uL
of 10% FBS containing PBS, and their intracellular fluorescence
intensity was measured with a CytoFLEX flow cytometer using the
same excitation and detection setting as described above. Data was
analyzed as described above, for the gating strategy, see Figure S4.
The transcellular transport across the Calu-3 cell monolayer was then
assessed in triplicate to consider the biological variability from one
well to another.

Statistical Analysis. Data were analyzed using GraphPad Prism
8.0 (GraphPad Software Inc., Boston, MA, USA). The results are
presented as the mean =+ standard deviation from at least two
independent experiments. One-way analysis of variance (ANOVA)
followed by the Dunnet multiple comparison test was used to evaluate
differences between groups. Data points were considered statistically
significant at a p value of <0.0S.

B RESULTS AND DISCUSSION

Preparation of the Fluorophore-Loaded NCs. The
NCs are made of a lipophilic NE-based core composed of oleic
acid and stabilized with Span 85 and Tween 20 surfactants that
is further coated with a hydrophilic cationic CS hydrogel shell
(Figure 1A).2%*" Our goal was to track both the overall
integrity of the NCs and the NE core, providing insight into
the eventual release of the NE from the CS shell as well as the
potential release of the payload from the NE core. To achieve
this, we developed two types of NCs: (i) one designed to
monitor the entire NC structure by labeling the CS shell and
the NE core and (ii) another focused on tracking the NE core
itself.
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Figure 1. (A) Schematic representation of the NCs synthesis process
and TEM micrograph of NCs. (B) Library of the synthesized NCs
and graphical representation of the expected emission wavelength
when excited at 488 nm (wavelength used in the following
experiments to excite DiA in a flow cytometer).

(i) To track the two main components of the NCs—the CS
outer shell and the NE inner core—we labeled CS with sCyS-
NHS ester with three substitution degrees: 0.2, 1, and 5%
(Table S1). Labeled CSs were characterized through NMR and
FTIR analysis (Figure SS) and used to synthesize fluorescent
NCs (empty and DiA-loaded). The overlapping emission and
excitation spectra of the fluorophores (Figure S6) ensured the
conditions necessary for efficient FRET detection in case of
close proximity (distance less than 10 nm).”* NC colloidal
stability and labeled CS fluorescent signal were used as a
readout. Since NEs coated with CS with a 5% substitution
degree were unstable and CS with a 0.2% substitution degree
resulted in low fluorescence intensity (data not shown), only
the 1% substitution degree was employed for further studies.

(ii) To specifically monitor the NE core and potential
payload release, we prepared NCs with the FRET pair
encapsulated within the NE core. For this purpose, we loaded
the core with two cyanine dyes, DiA (donor) and DiD
(acceptor), forming a FRET pair with compatible overlapping
emission and excitation spectra (Figure S7).

For control purposes, additional NCs containing only DiA
and DiD were synthesized. Furthermore, to enhance dye
solubility in oil, ensure loading stability, and reduce dye
leakage, the hydrophilic counterions of DiA and DiD—iodide
(I) and perchlorate (PC), respectively—were replaced with
the hydrophobic TPB counterion before encapsulation (Figure
§2).7%%* Figure 1B shows the library of NCs used in this study.
From this point forward, we refer to the first type of NCs,
where the CS shell is labeled with sulfo-Cyanine 5 (sCy$S) and
the NE core with DiA, as sCyS@CS-DiA-NCs. The second
type, with the FRET pair DiA and DiD encapsulated within the
NE core, will be referred to as FRET-NCs.

Encapsulation Efficiency and Fluorophore Loading.
The encapsulation efficiency (EE)—the amount of fluoro-
phore encapsulated per amount of fluorophore initially
added—and the fluorophore loading (FL)—the amount of
fluorophore encapsulated (in nmol) per mg of NC—were
determined as detailed in Material and Methods. As
mentioned, we substituted the counterions of the fluorophores
with a more lipophilic one (TPB) to minimize fluorophore
leakage. We compared the results obtained encapsulating both
fluorophores—with commercial or substituted counterions—
in Table S2. In the case of FRET-NCs, switching from the

original counterions to fluorophores-TPB resulted in an
improvement in EE, while FL remained similar.

EE and FL values obtained for NCs containing DiA(TPB)
or DiD(TPB) are shown in Table 1. DiA(TPB)-NCs and
DiD(TPB)-NCs showed similar FL, while the EE was higher
for DiA-TPB. FRET(TPB)-NCs showed a slightly lower EE
value for DiA-TPB and a similar one for DiD-TPB compared
to the NCs control. For FL, DiA-TPB content was similar,
while DiD-TPB content slightly decreased.

In the case of sCy@CS-DiA(TPB)-NCs, the quantity of
DiA-TPB loaded inside the NCs (FL = 2.4 nmol/mg) was
lower in comparison to DiA(TPB)- and FRET(TPB)-NCs,
which could be associated with the degree of substitution of
the CS. This evidence supports the hypothesis that the final
loading of fluorophores inside the NE also depends on the
stabilization provided by the CS coating.

Table 1. EE and FL Data of the NCs

FL, nmol fluorophore/mg
NC

NCs EE, %
DiA(TPB)-NCs 93.6 + 6.4 45+03
DiD(TPB)-NCs 54.6 + 1.6 44 %01
FRET(TPB)-NCs DiA: 76.6 + 4.7 DiA: 42 + 0.3
DiD: 59.8 + 6.0 DiD: 32 + 0.3
sCyS@CS-DiA(TPB)-NCs ~ 47.4 + 0.4 24 £ 00

We then performed the release assay by adding fluorescent
NCs to PBS and keeping them under constant stirring at 37 °C
for 24 h (Scheme S1).”"** Samples were collected at different
time intervals, and the amount of fluorophore remaining in the
NCs was quantified using fluorimetry (Figure 2). Release
profiles for DiA-loaded NCs showed no significant differences
between iodide and TPB counterions (Figure 2A). Conversely,
NCs loaded with the fluorophore DiD-TPB had a 25% higher
retention of the fluorophore within the NE compared with
NCs synthesized with the original counterion, DiD-PC (Figure
2B). These results are consistent with the findings of Roger et
al”® In any case, we selected TPB instead of I or PC since it
helps mitigate the self-quenched z-stacked structures (H-
aggregates) that cyanine dyes can form at high concen-
trations.>® Of note, after 24 h in PBS at 37 °C, the DiA and
DiD content in all NCs with TPB counterion (DiD-, DiA-, and
FRET-NCs) was around 70—80%, showing similar stability of
encapsulation (Figure 2C). For these reasons, we opted to use
DiD-TPB and DiA-TPB for further studies. Starting from here,
for simplification reasons, DiA(TPB)-NCs, DID(TPB)-NCs,
FRET(TPB)-NCs, and sCyS@CS-DiA(TPB)-NCs will be
referred to as DiA-NCs, DiD-NCs, FRET-NCs, and sCy5@
CS-DiA-NCs, respectively.

Zeta Potential, Size, and Morphology of the NCs.
From a biological point of view, an overall positive charge can
significantly enhance cellular uptake, transport, and distribu-
tion of nanocarriers compared to negatively charged counter-
parts.”**> This is primarily due to the electrostatic interactions
between the positively charged nanocarriers and negatively
charged cell membranes. We assessed the surface charge of all
of the NCs by measuring their { potential (Table S3).
Unmodified NCs showed a positive { potential ranging from
+30 to +34 mV, indicating a stable colloidal suspension and
that the NE was correctly coated with CS.”° In the case of NCs
with the sCyS@CS coating, a lower { potential (+13 mV) was
obtained because of the lower number of free amino groups in
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Figure 2. Fluorophore content inside the (A) DiA-NCs, (B) DiD-NCs, and (C) FRET-NCs during the release assay performed in PBS at 37 °C
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Figure 3. (A) Emission spectra of DiA-NCs, DiD-NCs, and FRET-NCs in water with an NC concentration at 0.3 mg/mL excited at 4., 450 nm.
(B) FRET-NCs in cMEM with an NC concentration at 0.6 mg/mL before and after sonication. Flow cytometry analysis of NCs, the fluorescent
signal of the NCs excited with a 488 nm laser and detected at (C) the PE channel (donor emission intensity, 585/42 nm) and at (D) the PCS.S

channel (acceptor emission intensity, 690/50 nm).

the CS. The lower { potential of sCyS@NCs may lead to
reduced colloidal stability compared to the unmodified NCs.
For intranasal delivery, positively charged particles are typically
attracted to the mucus under normal conditions, as it displays
negatively charged carboxylate and sulfate groups. This
characteristic makes the CS-coated NCs well-suited for
retention in the mucus layer.”® Enhanced retention in
intranasal drug delivery improves absorption and bioavailability
by prolonging the formulation residence time at the nasal
mucosa and facilitating epithelial transport. It also reduces drug

clearance by mucociliary action, enabling sustained re-
lease, 143738
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The size of NCs also influences uptake efficiency as it affects
their adhesion and interaction with cells. The hydrodynamic
size of the NCs, measured by DLS, showed a size range
between 75 and 202 nm (Table S3). This size range is
adequate for obtaining high nasal mucosa permeability.”
Additionally, we performed electron microscopy character-
ization using both SEM (scanning electron microscopy, Figure
S8A,B) and TEM (Figures 1A and S8C,D). Size distribution
analysis was consistent with DLS, and NCs showed a spherical
shape with an amorphous surface.

FRET Signal Evaluation by Fluorimetry and Flow
Cytometry. To evaluate the FRET phenomenon in the NCs,
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Figure 4. (A) Schematic representation of the release assay performed and the samples collected for analysis. (B) Fluorescent spectra of FRET-
NCs in PBS during the release assay with an NC concentration at 1 mg/mL. (C) Fluorescent spectra of the filtrate were obtained by filtering the
samples of the release assay. (D) Comparison between PR calculated from the spectra of the FRET-NCs in PBS and the filtered supernatant at
different time points during the release assay. Comparison between the { potential of (E) bare NE and chitosan-coated-NCs and (F) the ¢ potential
of the supernatant obtained after the filtration of the FRET-NCs used for the release assay.

we employed fluorimetry (Figure 3A,B) and flow cytometry
(Figure 3C,D). We first confirmed the presence of sCyS in
sCyS@CS-NCs and sCyS@CS-DiA-NCs by fluorimetry
(Figure S9A). Then, to assess whether a FRET signal was
present in sCyS@CS-DiA-NCs, we collected the fluorescence
emission spectra at 671 nm with 450 nm excitation,
corresponding to the donor (DiA) excitation wavelength
(Figure S9B). No FRET signal was observed, indicating that
the core and shell compartments are well-defined and that the
distance between sCyS in the shell and DiA in the core is
greater than 10 nm. This separation is likely influenced by the
surfactants used in the synthesis for NE stabilization that may
create a layer between the core and shell.

For the FRET-NCs (double-dye loaded), we detected two
emission peaks when excited at 450 nm: one at 561 nm,
corresponding to the fluorescence of the donor, and another at
671 nm, indicating acceptor fluorescence and confirming that
energy transfer was occurring (Figure 3A). The calculated PR

26354

value for FRET was approximately 50—60%, depending on the
batches. Fluorescence intensity demonstrated a linear relation-
ship with NC concentration with a proportional increase in
fluorescence signals. At the same time, the PR remained
constant across all concentrations, indicating stable emission
properties of the NCs across varying concentrations (Figure
$10). In the emission spectra of the control single-dye-loaded
NCs excited at 450 nm, we observed a fluorescence signal at
561 nm for DiA-NCs, while no peak was noted for DiD-NCs
as expected (Figure 3A). To further prove that FRET is a
consequence of the coencapsulation, we intentionally disrupted
the NCs, sonicating them, and then we checked their
fluorescence again. The emission spectrum of the FRET-NCs
before sonication (Figure 3B) was characterized by the
presence of two main peaks. As expected, after sonication,
the spectrum of the sample changed. Acceptor fluorescence
intensity decreased, while donor fluorescence intensity was
higher. The loss of the FRET signal and the recovery of donor
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fluorescence confirmed that when the NCs are disrupted, the
spatial separation of the fluorophores hinders the energy
transfer.””

To complement the results, we used flow cytometry for the
FRET detection in NCs. The flow cytometry gating strategy of
a representative sample of empty NCs is shown in Figure S11.
We compared the fluorescence intensity of empty-NCs, DiA-
NCs, DiD-NCs, FRET-NCs, sCyS@CS-NCs, and sCyS@CS-
DiA-NCs by exciting the NCs with a 488 nm laser and
detecting their signals in the PE channel (donor emission) and
PCS.5 channel (acceptor emission) (Figure 3C,D). Addition-
ally, to exclude potential fluorophore diffusion between
particles, we analyzed a mixture of DiA- and DiD-NCs loaded
separately. As expected from the results of fluorimetry, flow
cytometry also confirmed the lack of FRET in the case of
sCyS@DiA-NCs. The other DiA-containing systems (DiA-
NCs, FRET-NCs, and the mixture of DiA- and DiD-NCs)
showed fluorescence in the donor emission channel, while only
FRET-NCs showed notable fluorescence in the acceptor
emission channel. The lack of FRET in the control mixture
(DiA- and DiD-NCs) confirmed that only when fluorophores
are closely entrapped inside the NCs is their spatial distance
enough to allow the occurrence of energy transfer. Notably,
DiD-NCs excited at 488 nm exhibited a very low emission
intensity at the PCS.5 channel, contributing minimally to the
overall fluorescence intensity observed in the case of FRET-
NCs.

Based on the absence of FRET in sCyS@CS-DiA-NCs, we
determined that these NCs were not suitable for assessing
whether NCs could cross the nasal mucosal epithelium intact
and reach the brain, leading to their exclusion from further
testing. However, the FRET signal provided by the NE of
FRET-NCs, assessed via fluorimetry and flow cytometry,
allows tracking the integrity and the penetration of the NE
core through the mucosal epithelium after administration.

To evaluate FRET-NC stability, we analyzed the PR and
hydrodynamic diameter in water, PBS, and cMEM over 24 h at
37 °C (Figure S12). At time 0, the PR values were
approximately 50% in water, 37% in PBS, and 47% in
cMEM. The observed differences in PR values between water
and PBS can be attributed to solvent-dependent changes in
electrostatic interactions and fluorophore environment, as
reported in previous studies.””*" After 24 h, the PR remained
consistent in water and PBS, but it decreased by about 10% in
cMEM, suggesting some NC disruption. The hydrodynamic
diameter remained unchanged in water, but in PBS and
cMEM, a smaller population appeared after 24 h. The observed
decrease in hydrodynamic size in PBS and ¢tMEM suggests
possible structural rearrangements, which could be due to the
loss of the CS shell. The high ionic strength in PBS can weaken
the interactions between the CS shell and the NE core,
potentially leading to shell detachment.*” Similarly, serum
proteins in cMEM can adsorb onto the NCs surface, forming a
protein corona that may displace the CS shell, leading to the
loss of it.”> Future studies are necessary to elucidate these
interactions and their impacts on NC stability and function.

NCs Stability and NE Diffusion through the CS Shell
in Release Assays. During the release assays described above,
we also examined potential leakage from the NE through the
CS shell of the NCs. To check CS fate, we monitored the
fluorescent signal of sCyS@CS in both the entire release
mixture (unfiltered release mixture containing PBS and sCyS@
CS-DiA-NCs) and the filtrate obtained after filtering out intact

NCs (Figure S13). Initially, we observed a minimal signal of
sCyS@CS in the filtrate, but a significant emission peak
emerged after 24 h, suggesting CS shell disruption and
subsequent polymer release into the medium. This finding
supports our hypothesis that the CS shell initially aids in the
retention of NCs within the mucus, after which its gradual
disruption could facilitate the release of the NE, allowing it to
penetrate the epithelial barrier. However, since sCyS@CS-DiA-
NCs did not give us information about the NE structural
integrity and potential release mechanisms, we used FRET-
NCs to determine if fluorophore leakage involved the intact
NE or only selected components. In this case, we monitored
energy transfer in both the entire release mixture (unfiltered
release mixture containing PBS and FRET-NCs) and the
filtrate obtained after filtering out intact NCs (Figure 4A). In
the release mixture, we observed a decrease in both FRET
intensity and overall fluorescence over time, likely due to a
lower concentration of NCs as they adhered to the walls of the
release tubes (Figure 4B). However, FRET intensity in the
filtrate increased during the 24 h assay (Figure 4C), suggesting
that part of the encapsulated NE may be leaking out of the CS
shell and entering the release medium intact. After 24 h, the
PR in the release mixture decreased from around 37 to 33%,
while the filtrate decreased from 47 to 34% (Figure 4D). This
decrease in PR indicates partial release of the fluorescent NE
components into the medium, while the FRET signal in the
filtrate points toward an intact NE.** As further evidence of the
presence of released NE in the filtrate, we measured the {
potential of the filtrate, and it was consistent with those of bare
NE (Figure 4E,F). Indeed, the { potential of all the filtrate
samples collected over time was negative and in the same range
of values reported for the bare NE (consisting of the addition
of the organic phase to the aqueous one) we used as a control.

Opverall, these studies indicated that the NE could persist
intact after the loss of the CS shell. In the context of drug
delivery to the brain via intranasal administration, CS
contributes to mucosal adhesion by interacting with negatively
charged glycoproteins in mucus, such as with mucins,*
whereas uncoated NE cannot exhibit this interaction."*
Additionally, CS enhances nanocarrier retention and perme-
ation in the nasal mucosa compared to bare NE or free
drugs.M’46 This property is crucial for approaches requiring
prolonged release and more localized drug delivery.
Furthermore, these NCs can facilitate the permeation of the
NE core toward its intended target site, improving drug
delivery, as demonstrated by Roger et al. for lipid NCs in the
context of an intestinal epithelial barrier.”®

In Vitro Cellular Uptake of the NCs. Before developing a
simplified in vitro barrier model, we confirmed that NCs were
safe at concentrations up to 0.3 mg/mL, showing no toxicity in
Calu-3 cells (Figure S14). We then tested NC internalization
in Calu-3 cells using flow cytometry at 0.075, 0.15, and 0.3
mg/mL, observing that their uptake was concentration-
dependent (Figure S15). Importantly, FRET was detectable
by flow cytometry after internalization. Based on these results,
we selected a 24 h incubation as optimal for internalization
studies.

To ensure that fluorophores released from NCs and
subsequently internalized by target cells would not colocalize
in the same cellular compartment and consequently produce a
false FRET signal, we evaluated the cellular uptake of free
fluorophores in Balb-c 3T3 fibroblasts chosen as target cells.
For this purpose, we used the same concentration of
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Figure S. (A) Schematic representation of the internalization assay of NCs and free fluorophores in Balb-c 3T3 cells. Created with BioRender.com.
Mean intracellular fluorescence intensity of Balb-c 3T3 cells incubated for 24 h with empty-NCs, FRET-NCs, free DiA, free DiD, and a mixture of
free DiA and DiD was determined by flow cytometry. Cells were excited using a 488 nm laser, and the fluorescent signal was collected at the (B) PE
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Dunnet multiple comparison test. Data points are statistically different with p < 0.0003 (**%*) and p < 0.0001 (%),

fluorophores as those encapsulated within the NCs. As shown
in Figure S, cells exposed to the mixture of the free
fluorophores for 24 h did not exhibit a detectable FRET
signal. This confirms that the observed FRET signal in our
experiments is specifically due to intact NCs. Consequently,
these results reinforce the robustness of our system for
assessing NC integrity during cellular uptake and transit.

Nanocapsule Transport across the Calu-3 Barrier
Model. To evaluate the integrity and permeability of NCs
across a biological barrier, we implemented a polarized cellular
monolayer model based on Calu-3 cells cultured at the liquid—
liquid interface (LLI). This model was characterized through
TEER measurements (Figure S16), electron microscopy
imaging (SEM and TEM) (Figure S17A—D), and staining
techniques, all of which confirmed the formation of a robust,
polarized monolayer with tight junctions and cellular differ-
entiation (Figure S17E—G). These assessments demonstrated
that the Calu-3 monolayer differentiated into mucus-producing
cells and effectively mimics the in vivo epithelial barrier,
providing a suitable platform for evaluating NC transport and
integrity during barrier passage.

Calu-3 cell monolayers were cultured on TW inserts under
LLI conditions and, to better resemble the in vivo situation
where the cargo is required to reach the target, detector cells
(fibroblasts, Balb-c 3T3 cells) were introduced in the lower
compartment of the TW support (Figure 6A). 24 h after NCs
were added to the apical chamber, these target cells were
collected and analyzed by flow cytometry to monitor the FRET
signal from the NE, the loss of which would indicate potential
NE damage or disruption.
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The target cells collected showed a clear FRET signal from
FRET-NCs (Figures 6 and S18). The persistence of the FRET
signal on the basal side after NC exposure meant the successful
passage of the NE through the Calu-3 barrier model without
breakdown. As we expected, in the case of target cells from the
controls, which had been incubated with free fluorophores
(DiA- and DiD-TPB), no FRET signal was detected (Figure
S18). The absence of the FRET signal confirms that the
lipophilic dyes, even if released, did not generate significant
interactions or confinement capable of producing FRET in the
target cells.

To further ensure that the FRET signal did not result from
NE disruption and subsequent colocalization of free
fluorophores within cellular compartments, besides using
DiA-NCs and DiD-NCs, we also introduced a mixture of
these NCs loaded with single fluorophores (DiA-NCs + DiD-
NCs) (Figure 6B,C). Analysis of the target cells confirmed that
only NCs with the FRET pairing produced significant FRET
signals, confirming the proximity of the fluorophores within the
FRET-NCs after 24 h. This result demonstrates that intact
NEs successfully crossed the Calu-3 barrier, delivering their
cargo to the target cells, thus underscoring their potential for
transporting therapeutic payloads across cellular barriers in a
stable form.

B CONCLUSIONS

In this work, we developed fluorescent NCs incorporating a
FRET pair of lipophilic dyes, enabling us to monitor
nanocarrier integrity through two strategies. The coencapsu-
lation of DiA and DiD within the NCs produced a strong
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FRET signal, facilitating efficient NE tracking. In contrast, no
FRET signal was detected when the core was loaded with DiA
and the CS shell was functionalized with sCyS. This lack of
signal indicates that the distance between the fluorophores
exceeded 10 nm, providing valuable insights into the structural
arrangement of the NCs. To further investigate their behavior,
we conducted release assays of the FRET-NCs obtained by
fluorophore coencapsulation, highlighting the potential of the
NE to diffuse through the CS shell. This diffusion capability
could enhance epithelium penetration following mucosal
adhesion provided by CS, allowing for effective drug delivery
in brain-targeted therapies. Our study utilized a simplified
respiratory model with Calu-3 cells to replicate nasal mucosal
behavior, where the FRET signal served as a reliable marker for
monitoring NE integrity during permeability experiments.
Remarkably, target cells beneath the epithelial monolayer that
were treated with the FRET-NCs exhibited a FRET signal,
confirming that the NE can traverse the epithelium while
remaining intact. Given their straightforward and flexible
preparation, these NCs hold significant promise for applica-
tions in nasal brain delivery, including bioimaging, therapeutic,
and theragnostic strategies.
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