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ABSTRACT: Primary hyperoxalurias (PHs) represent rare diseases associated with
disruptions in glyoxylate metabolism within hepatocytes. Impaired glyoxylate detoxification
in PH patients results in its accumulation and subsequent conversion into oxalate, a process
catalyzed by the hepatic lactate dehydrogenase A enzyme (hLDHA). Targeting this enzyme
selectively in the liver using small organic molecules emerges as a potential therapeutic
strategy for PH. However, achieving selective hepatic inhibition of hLDHA poses
challenges, requiring precise delivery of potential inhibitors into hepatocytes to mitigate
adverse effects in other tissues. Our recent efforts focused on the design of polymeric
micelle nanocarriers tailored for the selective transport and release of hLDHA inhibitors
into liver tissues. In this study, we synthesized and assessed the internalization and
disaggregation dynamics of chitosan-based polymeric micelles in both hepatic and
nonhepatic cell models using live-cell imaging. Our findings indicate that lactonolactone
residues confer internalization capacity to the micelles upon exposure to cells. Moreover, we
demonstrated the intracellular disaggregation capacity of these nanocarriers facilitated by
the cystamine redox-sensitive linker attached to the polymer. Importantly, no cytotoxic effects were observed throughout the
experimental time frame. Finally, our results underscore the higher selectivity of these nanocarriers for hepatic HepG2 cells
compared to other nonhepatic cell models.

1. INTRODUCTION
Primary hyperoxalurias (PHs) constitute a group of rare
diseases characterized by a hepatic genetic disorder related to
glyoxylate metabolism, leading to abnormal overproduction of
oxalate.1−3 This terminal metabolite is synthesized in the liver
and excreted by the kidneys, where the excess of oxalate can
precipitate as calcium oxalate crystals or stones, ultimately
resulting in kidney failure, often progressing to end-stage renal
disease.4,5 Glyoxylate detoxification involves three key
enzymes: (i) alanine-glyoxylate aminotransferase, (ii) glyox-
ylate reductase-hydroxypyruvate reductase, and (iii) 4-
hydroxy-2-oxoglutarate aldolase.6 Malfunctions or defects in
these enzymes lead to an imbalance in the glyoxylate
concentration. Under such conditions, alternative pathways
are activated to reduce its concentration, involving the action
of lactate dehydrogenase A (LDHA), which rapidly catalyzes
the oxidation of glyoxylate to oxalate as the terminal metabolite
(Figure 1).

Among the various enzymes involved in liver glyoxylate
metabolism, LDHA and glycolate oxidase (GO) have been
identified as potential and safe targets for PH treatment.5,7

Two different approaches have been pursued to selectively
achieve their inhibition: (i) siRNA inhibition of GO8,9 or
LDHA10−12 and (ii) inhibition of the active sites in GO,13,14

LDHA,15−17 or both18,19 using small molecules. The advantage

of targeting LDHA lies in its role in the final stage of glyoxylate
metabolism, directly catalyzing oxalate formation, thereby
reducing cytosolic levels of this terminal metabolite and
offering a comprehensive treatment for all PH types.

Recognizing the necessity for selective LDHA isoenzyme
inhibition, mainly found in liver and muscle tissues,20,21 our
research group has focused on designing and synthesizing
selective LDHA isoenzyme inhibitors in the past few
years.15−17 However, selectively targeting LDHA in hepato-
cytes poses a challenge to its use as a treatment for PHs, and
specific transporters for these inhibitors need to be developed.

Polymeric micelles, particularly those with a chitosan core,
have gained significant interest as drug delivery systems for
treating various diseases.22−24 This interest stems from their
inherent biocompatibility and biodegradability, as well as their
chemical versatility, unique structure, size, and morphology.25

The encapsulation of hydrophobic drugs within these
polymeric systems offers several advantages over free drug

Received: April 9, 2024
Revised: July 24, 2024
Accepted: August 20, 2024
Published: September 10, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

39503
https://doi.org/10.1021/acsomega.4c03415

ACS Omega 2024, 9, 39503−39512

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+A%CC%81ngeles+Ferna%CC%81ndez-Mimbrera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sofi%CC%81a+Salido"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Alberto+Marchal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alfonso+Alejo-Armijo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c03415&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03415?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03415?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03415?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03415?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03415?fig=agr1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/38?ref=pdf
https://pubs.acs.org/toc/acsodf/9/38?ref=pdf
https://pubs.acs.org/toc/acsodf/9/38?ref=pdf
https://pubs.acs.org/toc/acsodf/9/38?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c03415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


forms, including improved stability, solubility, and bioavail-
ability.25,26 Additionally, owing to their chemical flexibility,
polymeric micelles can be easily modified with specific ligands,
enhancing their specificity and targetability toward selected
tissues or cell lines. The aforementioned modifications
facilitate increased drug accumulation in the targeted tissue
while minimizing the risk of nonspecific tissue toxicity.26 These
properties position polymeric micelles as promising candidates
for the treatment of pathologies requiring tissue specificity and
recognition, such as PHs.

With this idea in mind, our research group has been
developing a redox-sensitive nanocarrier system based on
polymeric micelles with a chitosan core for the targeted
delivery of LDHA inhibitors into hepatocytes.27 These
polymeric micelles incorporate a redox-sensitive moiety
(cystamine linker), responsive to the high intracellular
glutathione (GSH) concentration in hepatocytes.28 Addition-
ally, they include a directing ligand (lactonolactone)
recognized by asialoglycoprotein receptors (ASGPRs), which
are overexpressed in hepatocyte cell membranes.29 In that
sense, the chitosan polymer was specifically grafted for both
the selective recognition of hepatocytes against other cell types
and their disassembly inside them to release their cargo.

While the stability and disaggregation abilities of these
polymeric micelles concerning GSH concentration have been
simulated in silico by us,27 a more detailed analysis of their
selective internalization and dynamic disaggregation within
hepatocytes and other cell types is necessary for further
development and optimization of the material previously
prepared and characterized by us. In this study, we synthesized
and assessed the internalization and disaggregation capacities
of different chitosan-based polymeric micelles using hepatic

and nonhepatic cellular models. To evaluate their capacity as
nanocarriers for the treatment of PHs, we selected two
fluorescent probes, fluorescein isothiocyanate (FITC) and Nile
Red, for being encapsulated during micelle synthesis. Both
fluorophores are commonly used for staining and tracking the
intracellular dynamics of similar nanocarriers.30−33 The
combination of both fluorophores allows us to not only
evaluate internalization but also predict the disassembly
capacity of micelles under natural living conditions. For this
purpose, we employed confocal live-cell microscopy, a
methodology providing more reliable and comprehensive
information compared with fixed-cell-based approaches,
enabling dynamic visualization of the fluorophore signal in
live cells over time. Moreover, the physiological status and
viability of cells were monitored concurrently, which is crucial
for the biological applicability of these polymeric micelles.

2. EXPERIMENTAL SECTION
2.1. Materials. Solvents and starting materials used were

obtained from commercial sources and were used without
further purification. Specifically, Nile Red was purchased from
TCI Europe (Zwijndrecht, Belgium) and FITC from Abcam
(Cambridge, United Kingdom). Dulbecco’s modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and antibiotics (1% Penicillin-Streptomycin) was
purchased from Gibco (ThermoFischer Scientific, Carlsbad,
California, United States). Chitosan-based polymeric materials
1−4 were also prepared and characterized according to the
methodology previously described by us.27

Cell lines used were purchased from American Type Culture
Collection (ATCC, Manassas, Virginia, United States) or
kindly provided. In particular, hepatocellular carcinoma cells

Figure 1. Metabolic pathways of glyoxylate detoxification. Enzymes involved in PHs are highlighted in red.
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(HepG2) were purchased from ATCC, retinal pigmented
epithelial cells (hTERT RPE-1) were kindly provided by F.
Corteś-Ledesma from Centro Nacional de Investigaciones
Oncoloǵicas (CNIO, Instituto de Salud Carlos III, Madrid,
Spain),34 and osteosarcoma cells (U2OS) were also kindly
provided by H. Neitzel from Charite Hospital (Berlin,
Germany).35

2.2. Drug-Loading and Entrapment Efficiency. All
polymeric micelles (1−4) were formed following a two-step
methodology involving dialysis and sonication, which we have
previously used and optimized.27 In that sense, polymers 1−4
(10 mg) were dissolved in 10 mL of H2O with some drops of
HOAc, then dialyzed for 3 days, and finally sonicated for 10
min using the probe-type ultrasonicator previously described.
Then, 0.5 mL of a solution of FITC or Nile Red at 30 mg/mL
in dimethyl sulfoxide was added dropwise to each polymeric
micelle solution. The resulting suspension was energetically
stirred at room temperature for 24 h and dialyzed against 1 L
of deionized water for 24 h using a membrane with a molecular
weight cutoff (MWCO) of 12 kDa. Finally, the micelle
solution was filtered through a 0.5 μm filter and then
lyophilized.

The entrapment efficiency (EE) and drug-loading efficiency
(DL) were calculated using the following equations:

= ×
m

m
EE 100%f,micelles

f,total (1)

=
+

×
m

m m
DL 100%f,micelles

f,total p,total (2)

where mf,micelles is the mass (mg) of fluorescent compound in
micelles, mf,total is the total mass (mg) of fluorescent compound
used, and mp,total is the total mass (mg) of polymer (1−4) used.

The amount of nonencapsulated FITC or Nile Red in each
polymeric micelle (1−4) was measured by UV−vis spectros-
copy using a Genesys 150 Vis/UV−vis spectrophotometer
(Thermo Fischer Scientific, Waltham, MA, USA) and
calculated from standard curves obtained for FITC (y =
0.0013x + 0.0436; R2 = 0.991) or Nile Red (y = 0.1673x +
0.0097; R2 = 0.999) in EtOH:H2O (1:1).

2.3. Polymeric Micelle Preparation for Cellular
Analyses. Fluorescent-loaded micelles of polymers 1−4
were also prepared according to the methodology described
in Section 2.2. Briefly, 5 mg of each polymer was dissolved in 5
mL of DMEM medium with a few drops of acetic acid
(HOAc). Then, the mixture was dialyzed against 500 mL of
DMEM medium (MWCO 12 kDa; Spectrum Laboratories
Inc., USA) at room temperature for 3 days and sonicated for
10 min at 4 °C using a probe-type ultrasonicator (JY 92-2D;
Ningbo Scientz Biotechnology Co., Ltd, Nanjing, China) at
100 W. Finally, all samples were filtered with a poly(ether
sulfone) HPLC filter (0.22 μm).

2.4. Cell Culture Procedures. Cell culture was conducted
under standard conditions, in a humidified atmosphere under
5% CO2 at 37 °C using DMEM supplemented with 10% FBS
and antibiotics (1% Penicillin-Streptomycin). Cells were split
every 2 or 3 days depending on their proliferation rate.
Viability and cell response were monitored through visual
inspection under a microscope. The presence of mycoplasma
was routinely checked using the MC-Venor GeM qEP
mycoplasma detection kit (Minerva Biolabs) to ensure they
were contamination-free.

2.5. Live-Cell Microscopy. For live imaging, 25,000−
35,000 cells were plated onto eight-well slides (“μ-slide 8 well
high Glass Botton #1.5H D263 Schott glass; Ibidi) and
cultured under standard conditions. After 24 h, cells were
washed three times and replaced with prewarmed DMEM
without phenol red and without FBS. This medium also
contained the corresponding micelles at the required
concentration. As the control, parallel samples incubated
with similar media but lacking micelles were always
maintained. Cells were incubated with micelles for the next 3
h, and after that, washing-out and adding of a new medium
were performed. Cells were immediately transferred to a
microscope humidified stage incubator containing 5% CO2 at
37 °C, coupled to an inverted laser scanning Leica TCS SP5
microscope. Cells were filmed with three to seven z sections
with a 20× objective and 2× zoom using the Confocal LAS AF
software (Leica Application Suite for Advanced Fluorescence).
Images were acquired every 20 min, and live recording was
extended during the next 6−12 h. For each data point,

Figure 2. Structure of the polymeric micelles. Blue, chitosan core; green, DOCA moiety; purple, redox-sensitive cystamine linker; yellow, PEG
moiety; red, lactonolactone.
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transmitted light and either 488 (FITC fluorophore) or 561
(Nile Red fluorophore) laser scanning images were obtained.
TIFF images were stacked and processed using FiJi.36 For
quantification data, maximum Z-projections were generated,
and signal intensity data were obtained after manual selection
of the ROI in FiJi. A minimum of 20 cells were inspected for
each condition. Plots and statistical comparisons were done
using RStudio (RStudio Team (2020). RStudio: Integrated
Development for R. RStudio, PBC, Boston, MA URL http://
www.RStudio.com/). Mean intensity data from a minimum of
20 cells were normalized against the mean value of the data
from HepG2 cells. Statistical comparisons for the mean and
median data were performed by Student's t and Wilcoxon's
(W) tests, respectively. ****p < 0.001

3. RESULTS AND DISCUSSION
3.1. Polymeric Micelle Preparation and Encapsula-

tion of Fluorescent Probes. Chitosan-based polymeric
micelles 1−4 (Figure 2) were recently prepared, characterized,
and described by our research group27 as a smart nanocarrier-
based drug delivery system targeting the hepatic lactate
dehydrogenase A enzyme selectively inside hepatocytes. The
chitosan core of all polymeric micelles was decorated with
poly(ethylene glycol) (PEG, shown in yellow in Figure 2) and
deoxycholic acid (DOCA, shown in green in Figure 2).
Chitosan, known for its biocompatibility and nontoxic nature,
was chosen as the core material.25 DOCA was incorporated as
the amphiphilic component to facilitate the self-aggregation of
the polymers.37 Furthermore, PEG was grafted onto the
polymeric core to improve the stability and hydrophilicity of
the resulting conjugates.38 Additionally, polymeric micelles 1
and 3 were decorated with lactonolactone (shown in red in
Figure 2), a ligand recognized by hepatocyte cells, and
polymeric micelles 1 and 2 also included a redox-sensitive
moiety (cystamine, shown in purple in Figure 2) to facilitate
their disassembly and cargo release preferably inside
hepatocytes where the concentration of GSH is high enough.
The lactonolactone moiety has a terminal unit of galactose that
allows recognition by ASGPRs highly expressed in hepato-
cytes.29

To study the internalization and disassembly processes of
these polymeric micelles, two different fluorescent compounds
were selected for encapsulation studies: (i) Nile Red, whose
fluorescence is highly dependent on the environment and only
fluoresces in hydrophobic media;39 and (ii) FITC, which can
emit fluorescence in both hydrophilic and hydrophobic
environments and only fluoresces inside cells if properly
internalized. Both fluorophores are nontoxic and widely used
for cell staining.

Both complementary fluorophores were encapsulated inside
polymeric micelles prepared (1−4) using a simple dialysis
method previously used by us.27 Table 1 shows the main
encapsulation features of the fluorescent polymeric micelle
systems.

In general terms, all polymeric micelles prepared showed
high drug loadings (14.3−21.7%) and entrapment efficiencies
(24.8−35.6%) for both selected fluorescent probes. According
to the data obtained, it seems that Nile Red is slightly better
encapsulated inside the polymeric micelle assayed.

3.2. Internalization and Disassembly of Polymeric
Micelles into Hepatocytes. To investigate whether the
lactonolactone moiety could properly recognize HepG2 cells
and subsequently accumulate inside them, we employed

confocal live-cell microscopy. This methodology allowed us
to evaluate the signal distribution and intensity inside the same
cell over time under physiological conditions. For this purpose,
cells were incubated for 3 h with the corresponding FITC-
encapsulated micelles (1 mg/mL), and live-cell recording was
started immediately after the washout (experimental setup in
Figure 3a). As shown in Figure 3b, remarkable fluorescence
was observed inside HepG2 cells only when the lactonolactone
moiety was attached to the chitosan core, i.e., polymeric
micelles 1 and 3. In parallel, cells treated under the same
conditions but not exposed to micelles were also analyzed to
exclude the occurrence of autofluorescence (Supplementary
Video 3). Importantly, in all of our analyses, cells maintained a
healthy condition similar to control cells (i.e., not exposed to
micelles) during the experiments (Supplementary Videos 1−
3). This indicates the lack of cytotoxic effects for the polymeric
micelles evaluated under the indicated conditions.

HepG2 cells incubated with FITC-encapsulated micelles
lacking the lactonolactone moiety (micelles 2 and 4) did not
show intracellular fluorescence (Figure 3b). Our data clearly
demonstrate that lactonolactone residues are required for the
internalization of micelles inside HepG2 cells. These results are
in consonance with previous studies, suggesting a specific
interaction of lactonolactone residues with the ASGPR ligand
receptor located on the hepatocyte’s surface.32,40 Therefore,
lactonolactone-mediated recognition at the cell surface allowed
rapid internalization of the polymeric micelles, while passive
diffusion practically did not occur.

Furthermore, our analyses allowed for a detailed inves-
tigation of the micelle dynamics inside the cells. The observed
distribution of the FITC signal inside HepG2 cells was
homogeneous and very similar for micelles 1 and 3. As
observed in Figure 3c, fluorescence accumulated not only
throughout the cytoplasm but also inside the nuclei with the
same intensity. This could indicate that polymeric micelles also
have the capacity to cross the nuclear membrane and
accumulate inside the nuclei or that free FITC released in
the cytosol could diffuse to the nucleus (more details below).
Moreover, this pattern of distribution was maintained during
the time that the cells were monitored (Figure 3d). Our data
also reveal a progressive reduction of the signal inside cells
during the time course of the experiment, presumably due to
the diffusion of fluorescent materials out of the cell, as
previously observed by others.33 During all this time, cells
remained viable and had a normal appearance (Figure 3d).

Table 1. Encapsulation Features of the Fluorophore Loaded
into Polymeric Micelles (1−4)a

polymeric
micelle fluorophore

entrapment efficiency
(%) (EE)

drug loading
(wt %) (DL)

1 FITC 26.5 ± 0.5 16.0 ± 0.2
Nile Red 28.0 ± 0.4 17.2 ± 0.1

2 FITC 30.4 ± 0.6 16.5 ± 0.1
Nile Red NDb NDb

3 FITC 24.8 ± 0.3 14.3 ± 0.1
Nile Red 35.6 ± 0.3 21.7 ± 0.2

4 FITC 28.1 ± 0.4 16.5 ± 0.2
Nile Red NDb NDb

aData are represented as mean ± SD (n = 3). bND, not determined.
Polymeric micelles without lactonolactone are not able to internalize
cells and therefore were not used for Nile Red release experiments
(see Sections 3.2 and 3.3). For that sense, EE and DL were not
measured for polymeric micelles 2 and 4 with Nile Red.
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The results obtained with FITC-encapsulated micelles 1 and
3 confirmed the internalization capacity of these nanocarriers

based on their lactonolactone residues when exposed to
HepG2 cells. However, the predicted disassembly capacity of

Figure 3. Internalization dynamics of FITC-encapsulated micelles in HepG2 cells. (a) Description of the experimental procedure employed. (b)
Representative images obtained from confocal live-cell microscopy after 3 h of incubation with the corresponding micelles. All samples were
processed in parallel under the same conditions. (c) Examples of cells magnified from (b), incubated with micelles 1 and 3. Note that the FITC
signal is homogeneously distributed through the cell. Maximum Z-projections are presented. (d) Z-stack images for one representative cell from
upper C. (e) Relative quantification of the mean intensity FITC signal during the time course of the live-cell recording. For each time point, a
minimum of 20 cells were selected and quantified. Data were normalized against the mean intensity value observed at time 0. Mean and SD values
are presented. (f) Selected frames showing the FITC signal and cell dynamics upon time. Minutes from live-cell starting are shown. Scale bar is 5
μM..
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micelle 1 inside an intracellular media with a high
concentration of GSH, typical in hepatocytes,28 could not be
established in our previous experiments. This is because the
FITC dye exhibited a fluorescent signal both when
encapsulated within the micelle and as a free form upon
micelle disaggregation. To resolve this question, we made use
of Nile Red, a dye that only fluoresces when interacting as a
free form with the hydrophobic part of the cytosol.41 The
results obtained for polymeric micelles 1 and 3 encapsulated
with Nile Red and exposed to HepG2 followed the same
protocol explained before and are presented in Figure 4. While
a clear fluorescent signal was detected inside cells for micelle 1,
no signal was observed for micelle 3 (Figure 4a). These results

clearly demonstrate that micelle 1 is able to internalize HepG2
cells and disassemble inside them, as predicted, based on its
cystamine-based redox-sensitive moiety. Moreover, these
findings are in accordance with our previous observations in
terms of disaggregation abilities of micelles 1 and 3,27 where
we mimicked the reducing condition inside and outside
hepatocytes using different GSH concentrations for micelles 1
and 3, and we controlled the disassemble process by DLS,
NMR-1H, and HPLC-MS.27

We also investigated the dynamics of the Nile Red signal
inside HepG2 cells. Compared with FITC-encapsulated
micelles, a remarkable difference was the lack of signal inside
the nuclei for the Nile Red micelles (see Figure 4b). A similar

Figure 4. Internalization dynamics of Nile Red-encapsulated micelles in HepG2 cells. (a) Representative images obtained from confocal live-cell
microscopy after 3 h of incubation with the corresponding micelles. All samples were processed in parallel under the same conditions. (b) Example
of a cell magnified upon incubation with Nile Red-encapsulated micelle 1. Note that the Nile Red signal is not included in the nuclei (n) in
comparison with the FITC signal, which spreads through the nuclei (see Figure 3). Maximum Z-projections are presented. (c) Selected frames
showing the Nile Red signal and cell dynamic upon time. Minutes from live-cell starting are shown. (d) Relative quantification of the mean intensity
Nile Red signal during the time course of the live-cell recording. For each time point, a minimum of 20 cells were selected and the mean intensity
value was quantified. Data were normalized against the mean intensity value observed at time 0. Mean and SD values are presented. (e) Z-stack
images for the cell in (c) at time 0.
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pattern has been described before for other cell lines as A549
or BxPC3 when exposed to nanoparticles encapsulated with
this fluorophore.42,43 The hydrophilic composition of the
nucleoplasm might inhibit the Nile Red fluorescence. The
FITC signal, however, remains unaltered, either as a free form
or encapsulated. Taking together both results, the FITC and
Nile Red encapsulation, it is clear that micelle 1 has the ability
to internalize and disassemble inside HepG2 cells (FITC and
Nile Red fluorescence, Figures 3 and 4, respectively), while
micelle 3 can internalize but not disassemble (only FITC
fluorescence, Figure 3). Thus, the fluorescent signal observed
in the nucleus for micelle 3 with FITC is mainly attributed to
the presence of polymeric micelles with encapsulated FITC as
micelle 3 does not release the encapsulated dye.

The distribution pattern described for Nile Red was
maintained during the time that cells were monitored by
live-cell microscopy, but the intensity of the signal
progressively reduced over time (see Figure 4c), similar to
what was previously observed for FITC.

3.3. Internalization and Disassembly of Polymeric
Micelles into Other Cell Types. One of our key objectives
was to determine the selectivity of polymeric micelles for the
target cell type, i.e., hepatocytes. Our investigations were
conducted using a hepatocellular carcinoma cell model,
HepG2, which is widely employed in similar studies.32,44

Consequently, we selected a nonhepatic cancer cell model to
assess the internalization and cellular dynamic of micelle 1
encapsulated with either FITC or Nile Red. For this purpose,
we chose osteosarcoma U2OS cells due to their flattened and

Figure 5. Internalization dynamics in other cell types. (a) Examples of HepG2 (upper panel), RPE-1 (middle panel), and U2OS (lower panel) cells
after 3 h of incubation with FITC-encapsulated micelle 1. (b) Examples of HepG2 (upper panel), RPE-1 (middle panel), and U2OS (lower panel)
cells after 3 h of incubation with Nile Red-encapsulated micelle 1. In both (a) and (b), images were obtained through confocal live-cell microscopy
following the same experimental setup explained before. (c) Relative quantification of the mean intensity signal for FITC and Nile Red in the
indicated cell lines. Mean intensity data from a minimum of 20 cells were obtained in each case and normalized against the mean value of the data
from HepG2 cells. Statistical comparisons for the mean and median data were performed by Student's t and Wilcoxon's (W) tests respectively.
****p < 0.001.
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increased size, which are suitable for fluorescent microscopy
analyses.45 The results are presented in Figure 5. When
compared with HepG2 cells treated under the same
conditions, U2OS cells incubated with FITC-encapsulated
micelle 1 exhibited a reduced signal, mainly accumulated in the
nuclei (Figure 5a). Similar results were obtained when the
analysis was repeated with Nile-Red-tagged micelle 1. In this
case, U2OS cells showed a less pronounced reduction in signal
intensity compared to their HepG2 cell counterpart, with the
signal remaining visible in the cytoplasmic region surrounding
the nuclei (Figure 5b).

Subsequently, we replicated these analyses with RPE-1 cells,
a cell line derived from the retinal pigment epithelium. These
immortalized nontumor cells maintain a stable genome and are
emerging as an alternative to cancer cells.46 The results are
listed in Figure 5. Both FITC- and Nile Red-encapsulated
micelles 1 produced an extremely reduced signal compared to
that of HepG2 and U2OS cells, as quantified in Figure 5c.
Specifically, FITC fluorescence was barely detectable, while
Nile Red produced a faint signal with a distribution pattern
similar to that observed for U2OS (Figure 5b).

In summary, our results demonstrate that the polymeric
micelles used in this study exhibit a higher internalization rate
for HepG2 cells compared to other cell types. However, the
recognition capacity is not exclusive to hepatic cells, as some
internalization is still observable in other cell types.
Importantly, when micelles lacking the directing ligand
lactonolactone were employed, no signal was observed either
in U2OS or in RPE-1 (data not shown), consistent with our
previous observations in HepG2 cells. Therefore, the observed
phenomenon of micelle internalization observable in other cell
types, although reduced, relies on the recognition of the
directing ligand by receptors on the cell surface.

Our data demonstrate a greater internalization capacity for
these micelles in osteosarcoma cancer cells compared with the
nontumor cells analyzed. One plausible explanation could be
associated with the well-described phenomenon of glucose
transporter (GLUT) overexpression on the membrane of
cancer cells due to the Warburg effect.47−49 GLUTs may act as
receptors recognizing the galactose terminal unit of lactono-
lactone, allowing for some internalization of micelles.
Consequently, the addition of galactose terminal units to
some cancer-targeting complexes has been employed as a
strategy to enhance internalization in osteosarcoma cells.50

Furthermore, micelle internalization is also observed in
nontumor cells investigated (RPE-1 cells), albeit to a lesser
extent. This is more evident for Nile Red-encapsulated micelles
compared with FITC-encapsulated micelles (Figure 5c). The
Nile Red fluorophore produced a higher signal than FITC in
both cell types. Despite the slightly increased EE of the
micelles for Nile Red (Table 1), other factors might contribute
to these differences. One such factor may be related to the free
or hydrophobic/lipid-associated signaling dynamic of FITC
and Nile Red fluorophores, respectively. Under reduced
loading conditions, this may influence the occurrence of
external diffusion or entrapment at specific cellular territories
for these fluorophores.

Taken together, our results demonstrate a higher internal-
ization rate of polymeric micelles in hepatic HepG2 cells
compared to the nonhepatic cells analyzed. Moreover,
nonhepatic cellular uptake is also influenced by the interaction
of the directing ligand with external receptors, likely GLUT-
related. Finally, this phenomenon was more pronounced in

osteosarcoma cancer cells probably due to the overexpression
of GLUT receptors in the cell membrane, one of the
mechanisms fulfilling the glucose addiction of tumors.49

4. CONCLUSIONS
In this study, four different polymeric micelles have been
prepared (1−4), based on chitosan as a polymeric core and
lactonolactone residues as a potential hepatic-specific target
ligand. The primary objective was to explore the internalization
and disaggregation properties in both hepatic and nonhepatic
cellular models. Moreover, the behavior of these micelles was
evaluated through the encapsulation of two different
fluorescent probes, namely, FITC or Nile Red. To
comprehensively understand their internalization and disag-
gregation dynamics under physiological conditions, along with
assessing potential cytotoxicity, confocal live-cell imaging was
employed as an analytical methodology. Our findings clearly
indicate that the presence of lactonolactone residues is
required for the internalization of these micelles within cells.
Moreover, we demonstrated that the disaggregation capacity of
these nanocarriers is contingent upon the cystamine redox-
sensitive linker embedded in the polymer. This linker reacts
with intracellular GSH, elucidating the mechanism underlying
the disaggregation process. Importantly, no cytotoxic effects
were observed throughout the duration of our experiments.
Lastly, we unveiled a heightened selectivity of these nano-
carriers toward HepG2 cells in comparison to other non-
hepatic cell models. In that sense, polymeric micelle 1, as
presented herein, emerges as a promising vehicle for drug
delivery into hepatocytes and for application in the treatment
of PHs. Nevertheless, further studies are still required to
optimize and enhance the selection of these nanocarriers,
specifically for hepatocytes.
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