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Abstract: In this study, in order to address the drawback of cisplatin (CDDP)-induced ototoxicity,
we propose a straightforward strategy based on the delivery of a sulfur-based antioxidant, such
as lipoic acid (LA), to HEI-OC1 cells. To this aim, hybrid liposomes (LA@PCGC) with a spherical
shape and a mean diameter of 25 nm were obtained by direct sonication of LA, phosphatidylcholine
and a gelatin-curcumin conjugate in a physiological buffer. LA@PCGC were found to be stable over
time, were quickly (i.e., by 1 h) taken up by HEI-OC1 cells, and guaranteed strong retention of the
bioactive molecule, since LA release was less than 20%, even after 100 h. Cell viability studies showed
the efficiency of LA@PCGC for stabilizing the protective activity of LA. Curcumin residues within
the functional liposomes were indeed able to maintain the biological activity of LA, significantly
improving (up to 2.19-fold) the viability of HEI-OC1 cells treated with 5 µM CDDP. Finally, LA@PCGC
was incorporated within an alginate-based injectable hydrogel carrier to create a formulation with
physical chemical features suitable for potential ear applications.

Keywords: cisplatin-induced ototoxicity; lipoic acid; curcumin conjugate; functional nanoparticles;
drug delivery; liposomes

1. Introduction

Cis-diamminedichloroplatinum(II), also known as Cisplatin (CDDP), is a cytotoxic
drug widely used for the treatment of several types of solid tumours, including head
and neck, lung, bladder, ovarian, and testicular cancers [1]. Similarly to many other
conventional chemotherapeutics, CDDP exhibits nephrotoxicity, neurotoxicity, and ototoxi-
city [2–4], which, due to its progressive and irreversible nature, greatly affects the patient’s
quality of life [5]. After entering cells, CDDP undergoes hydration and the loss of chlorine
ions, leading to the cross-linking of nuclear and mitochondrial DNA [6,7], an increase in
reactive oxygen species (ROS), and/or depletion of cell antioxidant defences [8], resulting
in cell death due to the inhibition of DNA replication and cellular metabolism [9].

Different preclinical pharmacological strategies have been proposed to reduce the
ototoxic effects of cisplatin, although none have been approved for clinical practice [10]. In
addition to the use of nanoparticulate systems for increasing the therapeutic window of
CDDP [11,12], data in the literature suggest that the administration of antioxidant agents
such as N-acetyl cysteine, sodium thiosulfate, lipoic acid, as well as polyphenolic species
(e.g., curcumin, rosmarinic acid, ferulic acid), can alleviate its toxic side-effects [13–18].

Lipoic acid (LA), an antioxidant compound soluble in lipids and water (in its reduced
form, dihydrolipoic acid), is an essential cofactor for mitochondrial respiratory enzymes,
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and it is also widely distributed in either the cell membrane or intracellular compartments
where it is involved in the aerobic metabolism [19–21]. Due to its ability to regenerate
endogenous antioxidants (e.g., Vitamin C and E), and to act as a free radical scavenger and
metal chelating agent [22], LA has been proposed for the treatment of different pathological
conditions, including diabetes, neurodegeneration, and nephropathies [23–25]. More
recently, LA was found to protect from CDDP-induced ototoxicity both in vitro and in vivo,
and in cochlear explants (ex vivo) [3,26]. This protective effect was correlated with an
increase in glutathione concentration, inhibition of lipid peroxidation, and the enhanced
activity of antioxidant enzymes [26,27].

The low solubility of LA, together with its rapid degradation within the body, can be
an obstacle for the development of effective LA-based therapeutic protocols, thus LA is
often administrated in the form of an ethylenediamine complex or within nanoformulations,
mainly based on phospholipids [28].

Although lipid nanoparticles have been perceived as ideal carriers for bioactive agents
due to their similarity to cell membranes and high biocompatibility [29], their poor struc-
tural stability can result in degradation upon storage or a short half-life upon systemic
administration [30,31]. To overcome these limitations, polymeric counterparts were added
to lipid formulations to obtain hybrid nanosystems [32,33]. The ultimate aim of this ap-
proach was to enhance the therapeutic performance of the delivery vehicle by coupling the
high biocompatibility and cell internalization efficiency of lipid structures with the high
mechanical stability and chemical versatility of polymeric materials, which can be easily
derivatized with many functionalities [34,35]. Among the different functionalization routes,
it is well known that polymeric backbones can be modified by conjugation with antioxidant
species, and that the resulting bioconjugates can be successfully used as starting materials
for the development of functional carrier systems that are able to synergize the biological
efficacy of the loaded therapeutic agents [36,37].

In this work, we encapsulated LA within a hybrid nanoformulation composed of
phosphatidylcholine (PC) and a gelatin-curcumin conjugate (GC), and investigated its
ability to counteract CDDP-induced cytotoxicity in HEI-OC1 cells, the most widely used
cell line for investigating the biological responses associated with auditory cells and screen-
ing ototoxic drugs in vitro [38]. Moreover, to address the requirements for middle ear
administration, such as increased residence time and accumulation through the round
window membrane [39], the hybrid nanoparticles were embedded within alginate gels
obtained by an ionic gelation process.

2. Results and Discussion
2.1. Synthesis and Characterization of Hybrid Liposomes

Hybrid liposome nanoparticles for the delivery of LA (bioactive element) to the inner
ear, composed of PC and GC as the lipid and polymer counterparts, respectively, were
prepared in a “one-step” method involving the ultrasonication of equal amounts of PC
and GC in the presence of LA in an aqueous medium. This is a valuable alternative to
traditional lipid film hydration methods, since it can be carried out in the absence of any
trace of organic solvents [40], and it promotes the self-assembly of lipids into small spherical
vesicles with a process that is more feasible to scale up (Figure 1).
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Figure 1. Schematic representation of LA@PCGC preparation. CUR, curcumin; G, gelatin; GC,
gelatin-curcumin; I-laccase, immobilized laccase.

The experimental procedure is composed of the following two-steps: (i) the enzymatic
synthesis of the GC conjugate, and (ii) the sonication of the liposome components, that can
be performed in a full green environment without the use of organic solvents to address
the biocompatibility requirements of any pharmaceutical nanoformulation.

For the first step, enzyme coupling was selected for the synthesis of the GC conjugate
(79 mg of curcumin per g) according to a previously developed protocol that exploits
the eco-friendly advantages of the biocatalyst (immobilized laccase) and offers an easy
way to recover the polymer bioconjugate (dialysis process) [41]. The reaction involves
a Michael-type addition of nucleophilic groups to the side chain of the protein on an
enzyme-activated polyphenol [42]. In detail, the laccase-induced oxidation of curcumin
molecules to quinone derivatives is followed by the non-enzymatic attack of O, S, or, more
predominantly, N nucleophiles [43]. The enzymatic independent step of the coupling is
the driving force of the whole process that allows macromolecules of a different nature
(e.g., proteins and polysaccharides) to be involved in the conjugation reactions with high
degree of derivatization.

In a second step, since it has been proved that polymer-polyphenol conjugates can be
used as functional components for highly engineered nanocarriers that are able to increase
or even synergize with the therapeutic efficacy of the loaded drug [44], the GC conjugate
was used as the polymer counterpart of a hybrid phospholipid nanosystem with the aim of
enhancing the stability and therapeutic efficacy of the PC based-nanoparticles.

The rationale behind the choice of gelatin and curcumin for the synthesis of the bio-
conjugate was based on the peculiar properties of these two compounds in pharmaceutical
formulations for ear applications. Gelatin is widely used for the preparation of drug de-
livery vehicles for the treatment of ear disorders such as vertigo, tinnitus, and hearing
loss [45,46]. On the other hand, it has been proved that the administration of curcumin
before and/or along with CDDP therapy exerts significant protective effects against CDDP-
induced ototoxicity via multiple mechanisms related to its antioxidant properties, including
anti-inflammation, restoration of a proper redox balance in the Corti organ, and enhance-
ment of Nrf-2 translocation and heme oxygenase-1 in the cochlea [13,18]. Nevertheless, it
is well known that the poor pharmacokinetic properties of curcumin dramatically limit
its employment in clinical protocols [47,48], and that conjugation with macromolecular
systems is an effective strategy for overcoming these drawbacks [49,50]. Moreover, we
selected PC, a phospholipid constituting 45–60% of cell membranes, due to its well-known
applicability to the fabrication of lipid-based nanosystems with high biocompatibility and
cell uptake capability [51].

For our formulation, transmission electron micrography (TEM) analyses (Figure 2)
showed the presence of spherical vesicular systems, and the low-contrast interior of the
nanoparticles indicated the presence of an aqueous core (Figure 2a) with a mean diameter
distribution of 25 nm (Figure 2b).
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Figure 2. (a) TEM image of negatively stained LA@PCGC showing the spherical shape of the hybrid
liposomes; (b) mean diameter distribution for LA@PCGC. Scale bar 100 nm.

Moreover, dynamic light scattering (DLS) analyses (Figure 3) confirmed the qual-
ity and homogeneity of our liposome suspension (Figure 3a) with a polydispersity in-
dex (PDI) value of 0.223. The number-weighted (Figure 3b) and the intensity-weighted
(Figure 3d) diameters were estimated as 22.85 and 54.17 nm, respectively, while a ζ-potential
of +10.0 ± 0.9 mV was measured.

Interestingly, the formulation was found to be stable over time (Figure 3a), since no
sign of aggregation was recorded, even after 1 month (PDI value of 0.293), confirming
the high suitability of the nanoformulation as a carrier for a bioactive species. In detail,
only slight modifications in the number-weighted (Figure 3d) and intensity-weighted
(Figure 3e) diameters were recorded, with values of 25.19 and 68.84 nm, respectively, while
the ζ-potential increased to +11.2 ± 1.1 mV.
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2.2. Biological Characterization

Our biological characterization experiments were performed after exploring different
LA to (PC + GC) ratios to find the optimal nanoparticle composition.

To determine the optimal concentration of PC for these experiments, its effect on
HEI-OC1 cell viability was assessed over a concentration range 100–1000 µg mL−1 for 48 h.
It was found that it was well tolerated up to 300 µg mL−1 (viability > 85%), but PC became
toxic at higher concentrations, and cell viability was reduced to 43% at 1000 µg mL−1 (data
not shown). Thus, 100 µg mL−1 was selected as the ideal PC concentration, since no sign of
toxicity was recorded at this concentration in the presence of 5 µmol L−1 CDDP treatment
(Figure 4).
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Figure 4. HEI-OC1 cell viability upon 48 h treatment in the presence of 5 µM CDDP and different
combinations of 100 µg mL−1 PC, LA, GC, or gelatin (G). Viability was measured spectrophotometri-
cally and normalized with respect to values obtained in the absence of CDDP. Data are plotted as
the average ±SEM. The results were compared using a non-parametric ANOVA followed by Dunn’s
multiple comparisons test. *** p < 0.001 vs. CDDP alone.
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As far as the amount of LA was concerned, in order to maximize the loading amount
and guarantee a high intracellular level for effective cytoprotection, we selected a drug
to carrier ratio of 50% corresponding to a LA concentration of 100 µg mL−1, which was
within the active concentration range for the antioxidant, as suggested by the literature [21]
for reaching an entrapment efficiency of 97%.

The efficiency of the LA@PCGC system acting as protective agent against CDDP-
induced cytotoxicity of HEI-OC1 cells was assessed and compared to that of a control
system prepared using native gelatin (G) instead GC (LA@PCG) (Figure 4).

It should be noted that, since PC was found to form an unstable formulation in the
absence of protein-induced stabilization, the biological performance of the LA@PC system
could not be tested.

As expected, a reduction in CDDP-induced toxicity was detected upon treatment
with LA, with cell viability enhanced by almost 1.69-fold as a consequence of its strong
antioxidant properties [19]. A slight increase in cell viability was recorded also in the
presence of the GC conjugate (1.16-fold), although the effect was not significant at this
concentration. Thus, it can be hypothesized that encapsulation within a functional hybrid
liposomes formulation may increase the activity of bioactive LA.

The viability of HEI-OC1 cells exposed to CDDP in the presence of LA@PCGC was
2.18-fold higher than cisplatin alone, suggesting a possible synergistic effect between the
encapsulated LA and CUR moieties of the liposomes. Notably, the combination of LA
and GC was also found to be effective as a protective agent against CDDP toxicity, but
the presence of PC within LA@PCGC was a key determining factor for guaranteeing an
appropriate residence time for LA within the administration site.

The combination of LA and GC, although slowing the diffusion of LA due to the
insurgence of weak interactions with the bioactive molecule and the modified protein [52],
resulted in complete diffusion within 5 h (Figure 5). On the contrary, due to its high stability,
the LA@PCGC formulation was found to strongly retain the loaded therapeutic agent, with
the amount of released LA (Mt/M0) being lower than 0.2, even after 96 h incubation.
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Figure 5. LA diffusion (grey curve) and the release profiles for LA@PCGC (blue curve) and LA@GC
(red curve) in HEPES 10−3 M, pH 7.4. Mt, amount of LA in solution at time t; M0, amount of loaded
LA. Data are plotted as the average ± SEM.

The affinity of LA for the GC and PCGC systems was assessed by determining the
kinetic parameters after applying an empirical model available in the literature [53], which
considers the release of a bioactive molecule from a nanoparticle system as a partition
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between the carrier and the solvent phases according to the following first- and second-
order kinetic equations (Equations (1) and (2)):

Mt

M0
= Fmax(1− e−

(
kR

Fmax

)
t
) (1)

Mt

M0
=

Fmax(e
2
(

kR
α

)
t − 1)

1− 2Fmax + e2
(

kR
α

)
t

(2)

where Fmax corresponds to the maximum amount of released drug (Mt/M0) and kR is the
release rate constant.

In this model, the α parameter is a measure of the physical chemical affinity of the
drug for the carrier and the release media, and can be calculated as follows (Equation (3)):

α =
Fmax

1− Fmax
(3)

Drug release occurs when α > 0.
The data reported in Table 1 clearly shows that a first-order model is a better fit for the

experimental data (R2 > 0.95 in both cases).

Table 1. R2 values and kinetic parameters for Equations (1) and (2).

Mathematical Model Parameter LA

GC PCGC

Equation (1)

R2 0.9571 0.9521
Fmax 0.92 0.16
α 10.88 0.19

kR (10−2) 7.97 6.26

Equation (2) R2 0.5625 0.4198

From the analysis of the collected data, it is evident that the affinity of LA for PCGC is
almost 57-fold higher than that for GC, confirming the importance of the stable vesicular
structure of the hybrid liposomes formulation for the fabrication of an efficient delivery
system. The calculated kR values also confirm the different release rates, although the
increase (1.27-fold) is lower than that recorded for the α values, since kR is related to Fmax
and not M0 in the applied model.

The effectiveness of LA vehiculation within HEI-OC1 cells with a negligible release
of LA to the external media was confirmed by confocal microscopy analysis, where the
presence of the fluorescence signal for curcumin was detected in the cytoplasm, even after
1 h incubation (Figure 6).
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This finding is of great importance when considering the applicability of the proposed
nanoformulation. Indeed, it is well known that in order to meet the requirements for
prolonged inner ear delivery, nanoformulations should act as a drug reservoir, and their
elimination by the Eustachian tube should be reduced [54]. The latter effect can be obtained
by inclusion within an injectable hydrogel, which, due to non-thixotropic and viscoelastic
properties, increases the residence time of the therapeutic agent in the middle ear [39].

Under our experimental conditions, we tested the possibility of incorporating LA@PCGC
within an injectable hydrogel consisting of alginate (ALG) chains stabilized by ionic gelation
in the presence of CaCl2 [55]. Preliminary viscoelastic measurements were performed to
find either the appropriate LA@PCGC to ALG ratio or ALG crosslinking degree, taking
into consideration the conditions needed to avoid perilymph leakage through the round
window membrane, such as a physiological pH (~7.4) and a viscosity close to 5 (102 Pa) [56].
We found that 0.5 mg mL−1 LA@PCGC in 0.90 mg mL−1 ALG, crosslinked in the presence of
0.12 mg mL−1 CaCl2, matched these requirements and could represent the final formulation
to be employed in future ex vivo and in vivo experiments aimed at better elucidating the
actual mechanism of action for the proposed system, as well as its in vivo applicability.

3. Materials and Methods
3.1. Hybrid Liposomes Preparation and Characterization

The hybrid liposomes formulation LA@PCGC was prepared with an ultrasonication
method. Briefly, 12.5 mg PC, 12.5 mg GC, and 12.5 mg LA were added to 5 mL HEPES solu-
tion (10−3 M, pH 7.4) with stirring, then treated with a cup-horn high-intensity ultrasonic
homogenizer (SONOPULS, Bandelin electronic GmbH, Berlin, Germany) equipped with
a cylindrical tip (amplitude 70%, time 10 min). The same procedure was used to prepare
LA@PCG when native G was used instead of the GC conjugate.

TEM images were recorded with a HRTEM/Tecnai F30 microscope and an accelerating
voltage of 80 kV (FEI company, Hillsboro, OR, USA). For sample preparation, a drop of
the liposomes dispersion was placed on a Cu TEM grid (200 mesh, Plano GmbH, Wetzlar,
Germany), and the excess was removed with filter paper. Then, after deposition of a drop
of phosphotungstic acid solution (2% w/v) on the carbon grid for 2 min, the sample was
dried on air and analyzed.

The size distribution for the liposomes was determined at 25 ◦C by using a 90 Plus
Particle Size Analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA) op-
erating a 658 nm laser beam with the autocorrelation function set at 90◦. The PDI was
calculated from the instrumental data by using an inverse Laplace transformation and
the Contin method. Homogenous and mono-disperse populations were characterized by
PDI values ≤ 0.3 [57].

The ζ-potential of the hybrid liposomes formulation was determined at room tempera-
ture with laser Doppler electrophoretic mobility measurements using a Zeta-Sizer Nano ZS
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(Malvern Instruments Ltd., Malvern, UK). Values were calculated by the instrument soft-
ware using the Helmholtz–Smoluchosky equation. Analyses were performed in triplicate
and expressed as mean ± SEM.

3.2. Release Experiments

A volume of 2.0 mL LA@PCGC dispersion was loaded into a dialysis bag (MWCO
3.5 kDa) and dialyzed against 10.0 mL HEPES buffered solution (10−3 M, pH 7.4) at 37 ◦C
with magnetic stirring. At suitable time intervals, 1.0 mL release medium was withdrawn,
replaced with fresh medium, and the amount of released LA was quantified by UV-Vis
analysis with an Evolution 201 spectrophotometer (ThermoFisher Scientific, Hillsboro, OR,
USA) operating with 1.0 cm quartz cells at 320 nm.

From the calibration curves for LA under the same conditions, the cumulative amount
of release was calculated using Equation (4):

LA release (%) =
Mt

M0
× 100 (4)

where Mt and M0 are the amounts of LA in solution at time t and loaded into the liposome
formulation, respectively. These experiments were performed under sink conditions.

All chemicals were obtained from Sigma/Merck (Darmstadt, Germany).

3.3. Cell Culture

HEI-OC1 (House Ear Institute-Organ of Corti 1) cells were maintained in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
and 2.5 µg mL−1 amphotericin B at 33 ◦C in a humidified incubator with 10% CO2, as
described [58].

PC, LA, GC, and their different combinations, were prepared immediately before use
in DMEM without serum, sonicated, and diluted ten-fold to obtained the concentrations
indicated in the experiments. G, PC, and LA were obtained from Sigma/Merck (Darmstadt,
Germany); DMEM and fetal bovine serum were purchased from Euroclone (Milan, Italy).

3.4. Viability Experiments

Five thousand HEI-OC1 cells were seeded in 96-well plates containing 100 µL of
medium. The following day, the cells were treated in the presence or absence of different
concentrations of PC, LA, GC (and their combinations), and 5 µmol L−1 CCDD. After
48h, cell viability was measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction. Briefly, 0.5 mg mL−1 MTT in phosphate buffer saline was added
to each well; cells were incubated at 33 ◦C in a humidified 10% CO2/90% air atmosphere
for 60 min; the reaction was stopped by replacing the MTT solution with 100 µL dimethyl
sulfoxide and the formazan salts were dissolved by gentle shaking for about 5 min at room
temperature, and quantified spectrophotometrically by reading the absorbance at 596 nm
with an automatic ultra-microplate reader, EL 808 (Bio-Tek Instruments Inc., Winooski,
VT, USA).

The values were normalized against the average absorbance of the control sample.
Each experiment was performed in octuplicate and repeated at least two times.

3.5. Confocal Microscopy Analysis

HEI-OC1 cells were seeded upon coverslips inside 6-well plates with a density of
1.0 × 105 cells/well and cultured overnight in complete medium. Then, the cells were
treated for 1 h with 100 µg mL−1 LA@PCGC. The cells were then fixed for 15 min at
25 ◦C using 4.0% paraformaldehyde and washed in PBS. A 0.2 µg mL−1 4′,6-diamidino-
2-phenylindole (DAPI) solution was employed to stain the nuclei. Slides were visualized
(DAPI and curcumin excitation at 358 nm and 480 nm, respectively [59,60]) at 40× using a
FV3000 confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan).
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3.6. Hydrogel Formulation

A solution of 0.5 mg mL−1 LA@PCGC was added to 0.90 mg mL−1 ALG in 5.0 mL
HEPES buffered solution (10−3 M, pH 7.4) with magnetic stirring. Then, 0.12 mg mL−1

CaCl2 was added and the mixture was allowed to stand with stirring for 12 h. The rheomet-
ric measurements were carried out using a strain-controlled RFS III rheometer (Rheometric
Scientific Inc., Piscataway, NJ, USA) equipped with plate-plate geometry (gap = 2 mm,
Φ = 25 mm). The temperature was controlled using a Peltier system (25 ± 0.1 ◦C).

3.7. Statistical Analysis

Data are presented as the average ± SEM. The results of the viability assay were
compared using a non-parametric ANOVA followed by Dunn’s multiple comparisons test.
A value of p < 0.001 was considered significant.

4. Conclusions

In this work, we present experimental evidence that functional hybrid liposomes
based on PC and GC conjugates represent a valuable strategy for delivering LA to HEI-
OC1 cells and attenuating CDDP-induced cytotoxicity. The nanometric size of LA@PCGC
ensured fast cellular uptake, while the high LA encapsulation efficiency, together with
its slow-release profile, demonstrated the effectiveness of the proposed formulation as an
intracellular delivery vehicle.

Our biological characterization clearly demonstrated the ability of the functional
nanosystem to counteract CDDP toxicity in vitro, though future in vitro experiments will
be required to better evaluate its therapeutic performance. To this end, preliminary formu-
lation studies were performed by incorporating LA@PCGC within an injectable hydrogel
and selecting a liposomes to hydrogel ratio matching the theoretical requirements for safe
and effective ear administration. Future experiments will aim to evaluate the therapeutic
applicability of the designed hybrid liposomes by determining the pharmacokinetics profile
and the protective activity with a relevant in vivo model.

Author Contributions: Conceptualization, M.C., G.C. and M.G.-G.; methodology, M.C., G.C. and
M.G.-G.; validation, M.C., G.C. and M.G.-G.; formal analysis, R.A., L.G., M.D.L. and F.P.N.; investi-
gation, M.C., R.A., L.G, M.D.L. and D.A.; resources, F.I. and M.G.-G.; data curation, F.P.N. and F.I.;
writing—original draft preparation, M.C. and G.C.; writing—review and editing, D.A., F.P.N. and
M.G.-G.; visualization, M.C.; supervision, F.I. and M.G.-G. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by MIUR Excellence Department Project funds (L.232/2016),
awarded to the Department of Pharmacy, Health and Nutritional Sciences, University of Calabria,
Italy; PON R&I 2014-2020-ARS01_00568-SI.F.I.PA.CRO.DE.–Sviluppo e industrializzazione di farmaci
innovativi per terapia molecolare personalizzata PA.CRO.DE. M.C. is funded by PON R & I 2014–2020
Azione IV.6–“Contratti di ricerca su tematiche Green”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The HEI-OC1 cell line was a kind gift from Federico Kalinec (House Ear Institute,
Los Angeles, CA, USA).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sheth, S.; Mukherjea, D.; Rybak, L.P.; Ramkumar, V. Mechanisms of Cisplatin-Induced Ototoxicity and Otoprotection. Front. Cell.

Neurosci. 2017, 11, 338. [CrossRef] [PubMed]
2. Rybak, L.P.; Mukherjea, D.; Jajoo, S.; Ramkumar, V. Cisplatin Ototoxicity and Protection: Clinical and Experimental Studies.

Tohoku J. Exp. Med. 2009, 219, 177–186. [CrossRef] [PubMed]

http://doi.org/10.3389/fncel.2017.00338
http://www.ncbi.nlm.nih.gov/pubmed/29163050
http://doi.org/10.1620/tjem.219.177
http://www.ncbi.nlm.nih.gov/pubmed/19851045


Pharmaceuticals 2022, 15, 394 11 of 13

3. Kim, K.H.; Lee, B.; Kim, Y.R.; Kim, M.A.; Ryu, N.; Jung, D.J.; Kim, U.K.; Baek, J.I.; Lee, K.Y. Evaluating protective and therapeutic
effects of alpha-lipoic acid on cisplatin-induced ototoxicity. Cell Death Dis. 2018, 9, 827. [CrossRef] [PubMed]

4. Karasawa, T.; Steyger, P.S. An integrated view of cisplatin-induced nephrotoxicity and ototoxicity. Toxicol. Lett. 2015, 237, 219–227.
[CrossRef] [PubMed]

5. Fellinger, J.; Holzinger, D.; Pollard, R. Mental health of deaf people. Lancet 2012, 379, 1037–1044. [CrossRef]
6. Wang, D.; Lippard, S.J. Cellular processing of platinum anticancer drugs. Nat. Rev. Drug Discov. 2005, 4, 307–320. [CrossRef]
7. Florea, A.-M.; Büsselberg, D. Cisplatin as an Anti-Tumor Drug: Cellular Mechanisms of Activity, Drug Resistance and Induced

Side Effects. Cancers 2011, 3, 1351–1371.
8. Yu, W.G.; Chen, Y.Y.; Dubrulle, J.; Stossi, F.; Putluri, V.; Sreekumar, A.; Putluri, N.; Baluya, D.; Lai, S.Y.; Sandulache, V.C. Cisplatin

generates oxidative stress which is accompanied by rapid shifts in central carbon metabolism. Sci. Rep. 2018, 8, 4306. [CrossRef]
9. Zhang, Y.; Ding, C.; Zhu, W.; Li, X.; Chen, T.; Liu, Q.; Zhou, S.; Zhang, T.-C.; Ma, W. Chemotherapeutic drugs induce oxidative

stress associated with DNA repair and metabolism modulation. Life Sci. 2022, 289, 120242. [CrossRef]
10. Yu, D.H.; Gu, J.Y.; Chen, Y.M.; Kang, W.; Wang, X.L.; Wu, H. Current Strategies to Combat Cisplatin-Induced Ototoxicity. Front.

Pharmacol. 2020, 11, 999. [CrossRef]
11. Bortot, B.; Mongiat, M.; Valencic, E.; Dal Monego, S.; Licastro, D.; Crosera, M.; Adami, G.; Rampazzo, E.; Ricci, G.; Romano, F.;

et al. Nanotechnology-Based Cisplatin Intracellular Delivery to Enhance Chemo-Sensitivity of Ovarian Cancer. Int. J. Nanomed.
2020, 15, 4793–4810. [CrossRef]

12. Lan, X.M.; Zhu, W.Y.; Huang, X.S.; Yu, Y.J.; Xiao, H.H.; Jin, L.J.; Pu, J.Y.J.; Xie, X.; She, J.C.; Lui, V.W.Y.; et al. Microneedles loaded
with anti-PD-1-cisplatin nanoparticles for synergistic cancer immuno-chemotherapy. Nanoscale 2020, 12, 18885–18898. [CrossRef]
[PubMed]

13. Fetoni, A.R.; Paciello, F.; Mezzogori, D.; Rolesi, R.; Eramo, S.L.M.; Paludetti, G.; Troiani, D. Molecular targets for anticancer redox
chemotherapy and cisplatin-induced ototoxicity: The role of curcumin on pSTAT3 and Nrf-2 signalling. Brit. J. Cancer 2015, 113,
1434–1444. [CrossRef] [PubMed]

14. Jo, E.R.; Youn, C.K.; Jun, Y.; Cho, S.I. The protective role of ferulic acid against cisplatin-induced ototoxicity. Int. J. Pediatr. Otorhi.
2019, 120, 30–35. [CrossRef]

15. Jeong, H.J.; Choi, Y.; Kim, M.H.; Kang, I.C.; Lee, J.H.; Park, C.; Park, R.; Kim, H.M. Rosmarinic Acid, Active Component of
Dansam-Eum Attenuates Ototoxicity of Cochlear Hair Cells through Blockage of Caspase-1 Activity. PLoS ONE 2011, 6, e18815.
[CrossRef]

16. Rybak, L.P.; Whitworth, C.A.; Mukherjea, D.; Rarakumar, V. Mechanisms of cisplatin-induced ototoxicity and prevention. Hear.
Res. 2007, 226, 157–167. [CrossRef]

17. Tang, Q.; Wang, X.R.; Jin, H.; Mi, Y.J.; Liu, L.F.; Dong, M.Y.; Chen, Y.B.; Zou, Z.Z. Cisplatin-induced ototoxicity: Updates on
molecular mechanisms and otoprotective strategies. Eur. J. Pharm. Biopharm. 2021, 163, 60–71. [CrossRef]

18. Rezaee, R.; Momtazi, A.A.; Monemi, A.; Sahebkar, A. Curcumin: A potentially powerful tool to reverse cisplatin-induced toxicity.
Pharmacol. Res. 2017, 117, 218–227. [CrossRef]

19. Goraca, A.; Huk-Kolega, H.; Piechota, A.; Kleniewska, P.; Ciejka, E.; Skibska, B. Lipoic acid-biological activity and therapeutic
potential. Pharmacol. Rep. 2011, 63, 849–858.

20. Kim, J.; Cho, H.J.; Sagong, B.; Kim, S.J.; Lee, J.T.; So, H.S.; Lee, I.K.; Kim, U.K.; Lee, K.Y.; Choo, Y.S. Alpha-lipoic acid protects
against cisplatin-induced ototoxicity via the regulation of MAPKs and proinflammatory cytokines. Biochem. Biophys. Res. Commun.
2014, 449, 183–189. [CrossRef]

21. Koo, D.Y.; Lee, S.H.; Lee, S.; Chang, J.; Jung, H.H.; Im, G.J. Comparison of the effects of lipoic acid and glutathione against
cisplatin-induced ototoxicity in auditory cells. Int. J. Pediatr. Otorhi. 2016, 91, 30–36. [CrossRef]

22. Rochette, L.; Ghibu, S.; Richard, C.; Zeller, M.; Cottin, Y.; Vergely, C. Direct and indirect antioxidant properties of alpha-lipoic acid
and therapeutic potential. Mol. Nutr. Food Res. 2013, 57, 114–125. [CrossRef] [PubMed]

23. Rochette, L.; Ghibu, S.; Muresan, A.; Vergely, C. Alpha-lipoic acid: Molecular mechanisms and therapeutic potential in diabetes.
Can. J. Physiol. Pharm. 2015, 93, 1021–1027. [CrossRef]

24. Molz, P.; Schroder, N. Potential Therapeutic Effects of Lipoic Acid on Memory Deficits Related to Aging and Neurodegeneration.
Front. Pharmacol. 2017, 8, 849. [CrossRef] [PubMed]

25. El-Beshbishy, H.A.; Bahashwan, S.A.; Aly, H.A.A.; Fakher, H.A. Abrogation of cisplatin-induced nephrotoxicity in mice by alpha
lipoic acid through ameliorating oxidative stress and enhancing gene expression of antioxidant enzymes. Eur. J. Pharmacol. 2011,
668, 278–284. [CrossRef] [PubMed]

26. Lee, J.; Jung, S.Y.; Yang, K.J.; Kim, Y.; Lee, D.; Lee, M.H.; Kim, D.K. alpha-Lipoic acid prevents against cisplatin cytotoxicity via
activation of the NRF2/HO-1 antioxidant pathway. PLoS ONE 2019, 14, e0226769. [CrossRef]

27. Rybak, L.P.; Husain, K.; Whitworth, C.; Somani, S.M. Dose dependent protection by lipoic acid against cisplatin-induced
ototoxicity in rats: Antioxidant defense system. Toxicol. Sci. 1999, 47, 195–202. [CrossRef]

28. Shchelkogonov, V.A.; Alyaseva, S.O.; Lotosh, N.Y.; Baranova, O.A.; Chekanov, A.V.; Solov’eva, E.Y.; Kamyshinskii, R.A.; Vasilov,
R.G.; Shastina, N.S.; Korepanova, E.A.; et al. Lipoic acid nanoforms based on phosphatidylcholine: Production and characteristics.
Eur. Biophys. J. Biophy. 2020, 49, 95–103. [CrossRef]

29. Hadinoto, K.; Sundaresan, A.; Cheow, W.S. Lipid-polymer hybrid nanoparticles as a new generation therapeutic delivery platform:
A review. Eur. J. Pharm. Biopharm. 2013, 85, 427–443. [CrossRef]

http://doi.org/10.1038/s41419-018-0888-z
http://www.ncbi.nlm.nih.gov/pubmed/30068942
http://doi.org/10.1016/j.toxlet.2015.06.012
http://www.ncbi.nlm.nih.gov/pubmed/26101797
http://doi.org/10.1016/S0140-6736(11)61143-4
http://doi.org/10.1038/nrd1691
http://doi.org/10.1038/s41598-018-22640-y
http://doi.org/10.1016/j.lfs.2021.120242
http://doi.org/10.3389/fphar.2020.00999
http://doi.org/10.2147/Ijn.S247114
http://doi.org/10.1039/d0nr04213g
http://www.ncbi.nlm.nih.gov/pubmed/32902555
http://doi.org/10.1038/bjc.2015.359
http://www.ncbi.nlm.nih.gov/pubmed/26469832
http://doi.org/10.1016/j.ijporl.2019.02.001
http://doi.org/10.1371/journal.pone.0018815
http://doi.org/10.1016/j.heares.2006.09.015
http://doi.org/10.1016/j.ejpb.2021.03.008
http://doi.org/10.1016/j.phrs.2016.12.037
http://doi.org/10.1016/j.bbrc.2014.04.118
http://doi.org/10.1016/j.ijporl.2016.10.008
http://doi.org/10.1002/mnfr.201200608
http://www.ncbi.nlm.nih.gov/pubmed/23293044
http://doi.org/10.1139/cjpp-2014-0353
http://doi.org/10.3389/fphar.2017.00849
http://www.ncbi.nlm.nih.gov/pubmed/29311912
http://doi.org/10.1016/j.ejphar.2011.06.051
http://www.ncbi.nlm.nih.gov/pubmed/21763304
http://doi.org/10.1371/journal.pone.0226769
http://doi.org/10.1093/toxsci/47.2.195
http://doi.org/10.1007/s00249-019-01415-x
http://doi.org/10.1016/j.ejpb.2013.07.002


Pharmaceuticals 2022, 15, 394 12 of 13

30. Gabizon, A.; Amitay, Y.; Tzemach, D.; Gorin, J.; Shmeeda, H.; Zalipsky, S. Therapeutic efficacy of a lipid-based prodrug of
mitomycin C in pegylated liposomes: Studies with human gastro-entero-pancreatic ectopic tumor models. J. Control. Release 2012,
160, 245–253. [CrossRef]

31. Mukherjee, A.; Waters, A.K.; Kalyan, P.; Achrol, A.S.; Kesari, S.; Yenugonda, V.M. Lipid-polymer hybrid nanoparticles as a
next-generation drug delivery platform: State of the art, emerging technologies, and perspectives. Int. J. Nanomed. 2019, 14,
1937–1952. [CrossRef]

32. Persano, F.; Gigli, G.; Leporatti, S. Lipid-polymer hybrid nanoparticles in cancer therapy: Current overview and future directions.
Nano Express 2021, 2, 012006. [CrossRef]

33. Zaborova, O.V.; Filippov, S.K.; Chytil, P.; Kovacik, L.; Ulbrich, K.; Yaroslavov, A.A.; Etrych, T. A Novel Approach to Increase the
Stability of Liposomal Containers via In Prep Coating by Poly[N-(2-Hydroxypropyl)Methacrylamide] with Covalently Attached
Cholesterol Groups. Macromol. Chem. Phys. 2018, 219, 1700508. [CrossRef]

34. Borandeh, S.; van Bochove, B.; Teotia, A.; Seppala, J. Polymeric drug delivery systems by additive manufacturing. Adv. Drug
Deliv. Rev. 2021, 173, 349–373. [CrossRef]

35. Macha, I.J.; Ben-Nissan, B.; Vilchevskaya, E.N.; Morozova, A.S.; Abali, B.E.; Muller, W.H.; Rickert, W. Drug Delivery From
Polymer-Based Nanopharmaceuticals-An Experimental Study Complemented by Simulations of Selected Diffusion Processes.
Front. Bioeng. Biotechnol. 2019, 7, 37. [CrossRef]

36. Maraveas, C.; Bayer, I.S.; Bartzanas, T. Recent Advances in Antioxidant Polymers: From Sustainable and Natural Monomers to
Synthesis and Applications. Polymers 2021, 13, 2465. [CrossRef]

37. Filippov, S.K.; Domnina, N.; Vol’eva, V. Future and the past of polymeric antioxidants. Polym. Adv. Technol. 2021, 32, 2655–2668.
[CrossRef]

38. Kalinec, G.; Thein, P.; Park, C.; Kalinec, F. HEI-OC1 cells as a model for investigating drug cytotoxicity. Hear. Res. 2016, 335,
105–117. [CrossRef]

39. Jaudoin, C.; Carré, F.; Gehrke, M.; Sogaldi, A.; Steinmetz, V.; Hue, N.; Cailleau, C.; Tourrel, G.; Nguyen, Y.; Ferrary, E.; et al.
Transtympanic injection of a liposomal gel loaded with N-acetyl-L-cysteine: A relevant strategy to prevent damage induced by
cochlear implantation in guinea pigs? Int. J. Pharm. 2021, 604, 120757. [CrossRef]

40. Valle, M.J.D.; Navarro, A.S. Liposomes Prepared in Absence of Organic Solvents: Sonication Versus Lipid Film Hydration Method.
Curr. Pharm. Anal. 2015, 11, 86–91. [CrossRef]

41. di Luca, M.; Curcio, M.; Valli, E.; Cirillo, G.; Voli, F.; Butini, M.E.; Farfalla, A.; Pantuso, E.; Leggio, A.; Nicoletta, F.P.; et al.
Combining antioxidant hydrogels with self-assembled microparticles for multifunctional wound dressings. J. Mater. Chem. B
2019, 7, 4361–4370. [CrossRef]

42. Vittorio, O.; Cojoc, M.; Curcio, M.; Spizzirri, U.G.; Hampel, S.; Nicoletta, F.P.; Iemma, F.; Dubrovska, A.; Kavallaris, M.; Cirillo, G.
Polyphenol Conjugates by Immobilized Laccase: The Green Synthesis of Dextran-Catechin. Macromol. Chem. Phys. 2016, 217,
1488–1492. [CrossRef]

43. Silva, C.; Matama, T.; Kim, S.; Padrao, J.; Prasetyo, E.N.; Kudanga, T.; Nyanhongo, G.S.; Guebitz, G.M.; Casal, M.; Cavaco-Paulo,
A. Antimicrobial and antioxidant linen via laccase-assisted grafting. React. Funct. Polym. 2011, 71, 713–720. [CrossRef]

44. Vittorio, O.; Le Grand, M.; Makharza, S.A.; Curcio, M.; Tucci, P.; Iemma, F.; Nicoletta, F.P.; Hampel, S.; Cirillo, G. Doxorubicin
synergism and resistance reversal in human neuroblastoma BE(2)C cell lines: An in vitro study with dextran-catechin nanohybrids.
Eur. J. Pharm. Biopharm. 2018, 122, 176–185. [CrossRef]

45. Hakuba, N.; Tabata, Y.; Hato, N.; Fujiwara, T.; Gyo, K. Gelatin Hydrogel With Basic Fibroblast Growth Factor for Tympanic
Membrane Regeneration. Otol. Neurotol. 2014, 35, 540–544. [CrossRef]

46. Piu, F.; Bishop, K.M. Local Drug Delivery for the Treatment of Neurotology Disorders. Front. Cell. Neurosci. 2019, 13, 238.
[CrossRef]

47. Prasad, S.; Tyagi, A.K.; Aggarwal, B.B. Recent Developments in Delivery, Bioavailability, Absorption and Metabolism of Curcumin:
The Golden Pigment from Golden Spice. Cancer Res. Treat. 2014, 46, 2–18. [CrossRef]

48. Kumar, B.; Yadav, A.; Hideg, K.; Kuppusamy, P.; Teknos, T.N.; Kumar, P. A Novel Curcumin Analog (H-4073) Enhances the
Therapeutic Efficacy of Cisplatin Treatment in Head and Neck Cancer. PLoS ONE 2014, 9, e93208. [CrossRef]

49. Pan, R.H.; Zeng, Y.; Liu, G.Q.; Wei, Y.; Xu, Y.S.; Tao, L. Curcumin-polymer conjugates with dynamic boronic acid ester linkages
for selective killing of cancer cells. Polym. Chem. 2020, 11, 1321–1326. [CrossRef]

50. Dey, S.; Sreenivasan, K. Conjugation of curcumin onto alginate enhances aqueous solubility and stability of curcumin. Carbohyd.
Polym. 2014, 99, 499–507. [CrossRef]

51. Lee, H.S.; Kim, B.K.; Nam, Y.; Sohn, U.D.; Park, E.S.; Hong, S.A.; Lee, J.H.; Chung, Y.H.; Jeong, J.H. Protective role of phosphatidyl-
choline against cisplatin-induced renal toxicity and oxidative stress in rats. Food Chem. Toxicol. 2013, 58, 388–393. [CrossRef]
[PubMed]

52. Wang, C.; Shen, H.; Tian, Y.; Xie, Y.; Li, A.L.; Ji, L.J.; Niu, Z.W.; Wu, D.C.; Qiu, D. Bioactive Nanoparticle-Gelatin Composite
Scaffold with Mechanical Performance Comparable to Cancellous Bones. Acs. Appl. Mater. Inter. 2014, 6, 13061–13068. [CrossRef]

53. Reis, A.V.; Guilherme, M.R.; Rubira, A.F.; Muniz, E.C. Mathematical model for the prediction of the overall profile of in vitro
solute release from polymer networks. J. Colloid Interface Sci. 2007, 310, 128–135. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jconrel.2011.11.019
http://doi.org/10.2147/Ijn.S198353
http://doi.org/10.1088/2632-959X/abeb4b
http://doi.org/10.1002/macp.201700508
http://doi.org/10.1016/j.addr.2021.03.022
http://doi.org/10.3389/fbioe.2019.00037
http://doi.org/10.3390/polym13152465
http://doi.org/10.1002/pat.5203
http://doi.org/10.1016/j.heares.2016.02.019
http://doi.org/10.1016/j.ijpharm.2021.120757
http://doi.org/10.2174/1573412910666141114221935
http://doi.org/10.1039/c9tb00871c
http://doi.org/10.1002/macp.201600046
http://doi.org/10.1016/j.reactfunctpolym.2011.03.011
http://doi.org/10.1016/j.ejpb.2017.11.005
http://doi.org/10.1097/Mao.0000000000000200
http://doi.org/10.3389/fncel.2019.00238
http://doi.org/10.4143/crt.2014.46.1.2
http://doi.org/10.1371/journal.pone.0093208
http://doi.org/10.1039/c9py01596e
http://doi.org/10.1016/j.carbpol.2013.08.067
http://doi.org/10.1016/j.fct.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23684996
http://doi.org/10.1021/am5029582
http://doi.org/10.1016/j.jcis.2006.12.058
http://www.ncbi.nlm.nih.gov/pubmed/17382340


Pharmaceuticals 2022, 15, 394 13 of 13

54. El Kechai, N.; Geiger, S.; Fallacara, A.; Infante, I.C.; Nicolas, V.; Ferrary, E.; Huang, N.; Bochot, A.; Agnely, F. Mixtures of
hyaluronic acid and liposomes for drug delivery: Phase behavior, microstructure and mobility of liposomes. Int. J. Pharm. 2017,
523, 246–259. [CrossRef]

55. Chen, L.Y.; Shen, R.Z.; Komasa, S.; Xue, Y.X.; Jin, B.Y.; Hou, Y.P.; Okazaki, J.; Gao, J. Drug-Loadable Calcium Alginate Hydrogel
System for Use in Oral Bone Tissue Repair. Int. J. Mol. Sci. 2017, 18, 989. [CrossRef]

56. El Kechai, N.; Agnely, F.; Mamelle, E.; Nguyen, Y.; Ferrary, E.; Bochot, A. Recent advances in local drug delivery to the inner ear.
Int. J. Pharm. 2015, 494, 83–101. [CrossRef]

57. Provencher, S.W. A constrained regularization method for inverting data represented by linear algebraic or integral equations.
Comput. Phys. Commun. 1982, 27, 213–227. [CrossRef]

58. Kalinec, G.M.; Park, C.; Thein, P.; Kalinec, F. Working with Auditory HEI-OC1 Cells. Jove-J. Vis. Exp. 2016, 115, e54425. [CrossRef]
59. Chang, R.; Sun, L.L.; Webster, T.J. Selective inhibition of MG-63 osteosarcoma cell proliferation induced by curcumin-loaded

self-assembled arginine-rich-RGD nanospheres. Int. J. Nanomed. 2015, 10, 3351–3365. [CrossRef]
60. Moustapha, A.; Peretout, P.A.; Rainey, N.E.; Sureau, F.; Geze, M.; Petit, J.M.; Dewailly, E.; Slomianny, C.; Petit, P.X. Curcumin

induces crosstalk between autophagy and apoptosis mediated by calcium release from the endoplasmic reticulum, lysosomal
destabilization and mitochondrial events. Cell Death Discov. 2015, 1, 15017. [CrossRef]

http://doi.org/10.1016/j.ijpharm.2017.03.029
http://doi.org/10.3390/ijms18050989
http://doi.org/10.1016/j.ijpharm.2015.08.015
http://doi.org/10.1016/0010-4655(82)90173-4
http://doi.org/10.3791/54425
http://doi.org/10.2147/Ijn.S78756
http://doi.org/10.1038/cddiscovery.2015.17

	Introduction 
	Results and Discussion 
	Synthesis and Characterization of Hybrid Liposomes 
	Biological Characterization 

	Materials and Methods 
	Hybrid Liposomes Preparation and Characterization 
	Release Experiments 
	Cell Culture 
	Viability Experiments 
	Confocal Microscopy Analysis 
	Hydrogel Formulation 
	Statistical Analysis 

	Conclusions 
	References

