
Gu et al. J Nanobiotechnol           (2020) 18:53  
https://doi.org/10.1186/s12951-020-00600-x

RESEARCH

Astaxanthin-loaded polymer-lipid 
hybrid nanoparticles (ATX-LPN): assessment 
of potential otoprotective effects
Jiayi Gu1,2,3†, Yuming Chen1,2,3†, Ling Tong1,2,3, Xueling Wang1,2,3*, Dehong Yu1,2,3* and Hao Wu1,2,3*

Abstract 

Background: Ototoxicity is one of the major side effects of platinum-based chemotherapy, especially cisplatin 
therapy. To date, no FDA approved agents to alleviate or prevent this ototoxicity are available. However, ototoxicity 
is generally believed to be produced by excessive generation of reactive oxygen species (ROS) in the inner ear, thus 
leading to the development of various antioxidants, which act as otoprotective agents. Astaxanthin (ATX) is an inter-
esting candidate in the development of new therapies for preventing and treating oxidative stress-related patholo-
gies, owing to its unique antioxidant capacity.

Methods and results: In this study, we aimed to evaluate the potential antioxidant properties of ATX in the inner ear 
by using the HEI-OC1 cell line, zebrafish, and guinea pigs. Because ATX has poor solubility and cannot pass through 
round window membranes (RWM), we established lipid-polymer hybrid nanoparticles (LPN) for loading ATX. The 
LPN enabled ATX to penetrate RWM and maintain concentrations in the perilymph in the inner ear for 24 h after 
a single injection. ATX-LPN were found to have favorable biocompatibility and to strongly affect cisplatin-induced 
generation of ROS, on the basis of DCFHDA staining in HEI-OC1 cells. JC-1 and MitoTracker Green staining suggested 
that ATX-LPN successfully reversed the decrease in mitochondrial membrane potential induced by cisplatin in vitro 
and rescued cells from early stages of apoptosis, as demonstrated by FACS stained with Annexin V-FITC/PI. Moreover, 
ATX-LPN successfully attenuated OHC losses in cultured organ of Corti and animal models (zebrafish and guinea pigs) 
in vivo. In investigating the protective mechanism of ATX-LPN, we found that ATX-LPN decreased the expression of 
pro-apoptotic proteins (caspase 3/9 and cytochrome-c) and increased expression of the anti-apoptotic protein Bcl-2. 
In addition, the activation of JNK induced by CDDP was up-regulated and then decreased after the administration 
of ATX-LPN, while P38 stayed unchanged.

Conclusions: To best of our knowledge, this is first study concluded that ATX-LPN as a new therapeutic agent for the 
prevention of cisplatin-induced ototoxicity.
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Background
Cisplatin (cis-diamminedichloroplatinum) (CDDP) is a 
widely used and highly effective antineoplastic agent for 
treating various tumors. Unfortunately, CDDP treatment 
is associated with a high incidence of severe ototoxicity. 
A recent study has reported that 80% of CDDP-treated 
patients (388 of 488) experience hearing loss of at least 
20 dB, and 40% experience tinnitus [1]. The incidence of 
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CDDP-induced ototoxicity in children ranges from 22 to 
77% [2], among which 63%–77% of children experience 
permanent sensorineural hearing loss [3, 4]. Children are 
at greater risk of CDDP-induced ototoxicity than adults, 
thus resulting in severe negative consequences in their 
neurocognitive ability and psychosocial development [5]. 
Thus, exploring new agents or strategies to combat the 
ototoxicity induced by CDDP is crucial.

Although no effective compounds for treatment or 
prevention of CDDP-induced ototoxicity have been 
approved by the FDA to date, numerous candidates 
have been identified in preclinical studies, and some 
are currently undergoing clinical trials, including anti-
oxidants (dexamethasone, sodium thiosulfate, and 
acetylcysteine) [6] and anti-inflammatory compounds 
(Flunarizine and Etanercept) [7]. The molecular mech-
anism of ototoxicity is not fully understood; however, 
common characteristics have been observed, such as 
accumulation of reactive oxygen species (ROS) in hair 
cells as a result of mitochondrial insult and the release 
of redox metals interacting with oxygen [8, 9]. Anti-
oxidants have generally been accepted as the most 
effectively otoprotective agents to combat ototoxicity 
induced by CDDP.

Astaxanthin (ATX) is widely used as a nutritional sup-
plement and a cosmetic ingredient, owing to its ability to 
scavenge singlet oxygen and free radicals, and to prevent 
lipid peroxidation in biological membranes [10, 11]. In 
recent years, ATX has attracted substantial attention for 
its unique antioxidant capacity, which is superior to those 
of vitamin E, beta-carotene, and coenzyme Q10 [12]. The 
administration of ATX has been shown to effectively pre-
vent the pathogenesis of ROS-related conditions, such 
as ischemia-related injury in brain tissue [12], neurode-
generative disease such as Alzheimer’s disease [13], car-
diovascular diseases and conditions such as ischemia and 
reperfusion injury [14]. However, to our knowledge, ATX 
administration in ROS-induced inner ear disease has not 
been investigated in previous studies.

The present study aimed to evaluate the protective 
effect of ATX against CDDP-induced ototoxicity in the 
HEI-OC1 cell line, zebrafish, and guinea pigs, and to 
explore the underlying molecular mechanisms. The high 
lipophilicity and thermolability of ATX limits its anti-
oxidant efficacy in humans. To overcome the limitations 
associated with the inner ear application of ATX noted 
above, we developed a formulation of lipid-polymer nan-
oparticle (LPN) carriers to protect ATX’s antioxidant 
activity and allow for both homogenous dispersion in 
aqueous solution and strong interactions with hair cells 
via electrostatic effects. We subsequently evaluated 
the potential of the resultant LPN carriers in treating 

CDDP-induced ototoxicity in  the HEI-OC1 cell line, 
zebrafish, and guinea pig animal models.

Results
Characterization of ATX‑LPN
ATX-LPN were fabricated with an emulsion and evap-
oration technique and characterized on the basis of 
particle size, PDI, zeta potential, drug loading (DL)%, 
and encapsulation efficiency (EE)%. When the ratio of 
DMPC/mPEG-PLA reached 1:2, the particle size was 
at a minimum (90.76 ± 0.53 nm) (Fig. 1a), and the value 
of PDI (0.333 ± 0.003) suggested good dispersity level 
of the nanoparticles. The diameter of the nanoparticles 
increased when the content of DMPC either increased 
or decreased. Specifically, nanoparticles fabricated with 
mPEG-PLA or DMPC alone were 114.23 ± 1.50 nm and 
1925.33 ± 20.84  nm in diameter, respectively. The zeta 
potential, as well as PDI, increased with the elevation of 
DMPC content, but all were negatively charged, ranging 
from −  3  mV to −  15  mV (Fig.  1a). For favorable uni-
fomity and an acceptable size, we selected the ratio of 
DMPC/mPEG-PLA (1:9) for the following study.

Figure 1b showed that DL % and EE % were much lower 
in acetonitrile solution at various concentrations than in 
dichloromethane solution  (CH2CL2), in agreement with 
ATX’s being more soluble in  CH2CL2 than in acetoni-
trile. Consequently, we used an emulsion and evapora-
tion technique instead of a nanoprecipitation method. 
After loading of the drug, the nanoparticle size slightly 
decreased, from 138.97 ± 0.87  nm to 132.28 ± 1.37  nm 
(Fig.  1c), whereas the zeta potential greatly decreased, 
from − 22.77 ± 1.43 to −  9.30 ± 0.93 (Fig.  1c), prob-
ably because of the drugs attached to the surfaces of 
the nanoparticles. The representative transmission elec-
tron microscopy images of ATX-LPN revealed that the 
nanoparticles were spherical with smooth surfaces, and 
distributed uniformly without adhesion or aggregation 
(Fig. 1d).

In vitro and in vivo drug release profiles of ATX‑LPN
The release profile of ATX from ATX-LPN in AP is 
shown in Fig.  1e. The release profile showed an ini-
tial burst release of ATX during the first 24 h, in which 
approximately 50.09% of the encapsulated ATX was 
released from LPN. Subsequently, the rate of ATX release 
slowed  down. A sustained release pattern was observed 
from 24  h to 15 d. At the end of the 15 d release, the 
cumulative release of ATX from LPN was 91.90%.

Next, we detected the ATX concentrations in cochlear 
perilymph in vivo at various time points (0.5, 1, 3, 6, 12, 
and 24 h after RWM administration of ATX/ATX-LPN. 
As shown in Fig.  1f, the ATX concentration was below 
the detection limit, thus indicating that ATX could not 
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pass through the RWM when administered by IP or 
RWM. However, 30  min after ATX-LPN were adminis-
tered through the RWM, the ATX concentration was 
detected to be 214.88 ± 129.47 ng/ml. The ATX concen-
tration peaked at 1 h (600.67 ± 143.16 ng/ml) and grad-
ually decreased during the post-treatment time. ATX 
remained detectable after 24 h (69.91 ± 13.67 ng/ml). The 
ATX release lasted for 24 h in cochlear perilymph in the 
inner ear. These results indicated that ATX-LPN pen-
etrated through the RWM and showed a long-term drug 
release profile, which may be beneficial for inner ear 
administration.

Cellular uptake of coumarin 6‑LPN
Cellular uptake of coumarin 6-LPN in HEI-OC1 cells was 
examined through both confocal laser scanning micros-
copy and flow cytometry with a fixed concentration of 
NPs (0.05 mg/ml). As shown in Fig. 2a, coumarin 6-LPN 
were easily internalized by HEI-OC1 cells after 1 h incu-
bation. The uptake profile was in the form of a parabola 

(Fig.  2b, c). Furthermore, the cellular uptake increased 
with incubation time, reaching a peak at 3  h and then 
decreasing (p < 0.001).

ATX‑LPN attenuates CDDP‑induced cytotoxicity
To determine the optimal CDDP concentration for 
inducing HEI-OC1 cell damage, we used a series of 
concentrations (0, 10, 30, 60, and 100  μM) for 24  h. 
The cell viabilities were 100%, 98.445% ± 3.295%, 
65.925% ± 10.039%, 36.234% ± 4.154%, and 
29.584% ± 2.192% for each cisplatin concentration, 
respectively (Fig.  3a). In addition, we evaluated cell via-
bility after 60  μM CDDP treatment for different times 
(1, 3, 6, 12, and 24  h). Only 24  h incubation exhibited 
37.89% ± 3.18% (Fig.  3b). We chose the 60  μM CDDP 
treatment for 24 h as an appropriate condition for HEI-
OC1 cell damage, on account of decrease in the number 
of viable cells to less than 50% that of the control. Hence, 
we used 60 μM CDDP treatment for 24 h for all experi-
ments in this study.

Fig. 1 Characterization of ATX-LPN. a Particle size (red line), zeta potential (green line) and values of PDI under various ratio of DMPC: mPEG-PLA. 
b Encapsulation efficiency (EE%) and drug loading (DL%) of the ATX-LPN in acetonitrile solution (ACN) or dichloromethane solution  (CH2CL2). c 
Particle size and zeta potential without and with ATX. d Representative TEM images of ATX-LPN. e ATX release from ATX-LPN in vitro. f ATX-LPN 
release profile in cochlea perilymph
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We examined the cytoprotective effects of ATX/ATX-
LPN at various concentrations (1, 5, 10, and 15  μg/ml) 
against CDDP injury. As shown in Fig.  3c, no cell oto-
toxicity of ATX-LPN was observed at the investigated 
ATX concentrations (1, 5, 10, and 15  μg/ml). The cell 
viability results showed that the percentages of viable 
cells in ATX-LPN + CDDP after treatment with experi-
mental concentrations (1, 5, 10, and 15  μg/ml) were 
76.03% ± 11.96%, 84.11% ± 11.43%, 76.83% ± 17.77%, and 
87.13% ± 18.10%, which were significantly greater than 
those in the CDDP group (36.23% ± 4.15%) (Fig.  3d). 
However, the ATX + CDDP (1, 5, 10, and 15  μg/ml) 
groups showed no improvement in viable cells relative 
to the CDDP group. Together, these results suggested 
that ATX-LPN attenuated CDDP-induced cytotoxicity in 
HEI-OC1 under the experimental concentrations (1, 5, 
10, and 15 μg/ml).

ATX‑LPN attenuates CDDP‑induced apoptosis
As illustrated in Fig.  4a–f, the protein expression lev-
els of pro-apoptotic proteins, cleaved-caspase 3/9, 
and  cytochrome-c were significantly increased by 
CDDP (60  μM, 24  h) treatment but significantly sup-
pressed by pretreatment with ATX (1  μg/ml) and 
ATX-LPN (1 or 10  μg/ml) separately. In addition, the 
expression level of the anti-apoptotic proteins Bcl-2 
decreased with CDDP(60 μM, 24 h) treatment but was 
enhanced by pretreatment with ATX (1 or 10  μg/ml) 
and ATX-LPN (1 or 10 μg/ml).

Flow cytometry experiments were performed to eval-
uate cell apoptosis. The dead cells were labeled with PI, 
and the cells undergoing apoptosis were labeled with 
Annexin V. As shown in Fig.  4g, h, the ratio of apop-
totic cells significantly increased after CDDP treat-
ment (19.83% ± 2.44%), as compared with the control 
(11.54% ± 1.89%). Apoptotic cells (15.76 ± 2.45% and 

Fig. 2 Cellular uptake of coumarin 6-LPN on HEI-OC1 cells. a confocol images of internalization at different times. b Flow cytometry assay. c Mean 
fluorescence intensity of HEI-OC1 cells by flow cytometry assay. ***p < 0.001 as compared with 0 h, ###p < 0.001 as compared with 1 h, $$$p < 0.001 as 
compared with 3 h
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13.80% ± 1.83%) significantly decreased after pre-treat-
ment with ATX-LPN (1 or 10 μg/ml), ascompared with 
the CDDP group. However, pretreatment with ATX (1 
or 10 μg/ml) did not result in fewer apoptotic cells than 
those in the CDDP group. Together, these results sug-
gested that ATX-LPN significantly decreased CDDP-
induced HEI-OC1 cell apoptosis at 1 and 10 μg/ml.

ATX‑LPN attenuates CDDP‑induced oxidative damage 
and mitochondrial dysfunction
Previous studies have confirmed that CDDP triggers 
oxidative damage through inducing ROS accumulation. 
Therefore, we investigated the oxidative status in CDDP-
treated HEI-OC1 cells. Intracellular ROS levels were 
monitored with the fluorescent probe DCFHDA [15]. 
As shown in Fig.  5a, b, CDDP (60  μM, 24  h) treatment 
caused significant accumulation of ROS, as demonstrated 
by the green fluorescence in cells. However, pre-treat-
ment with ATX or ATX-LPN (1 or 10  μg/ml) inhibited 
CDDP-induced generation of ROS. The statistical results 

further confirmed the anti-oxidative effects of ATX and 
ATX-LPN.

To elucidate the role of mitochondria in CDDP-induced 
apoptosis of HEI-OC1 cells, we detected MMP and mor-
phology with JC-1 and MitoTracker Green, respectively. 
As shown in Fig.  5c, d, CDDP treatment (60  μM, 24  h) 
induced significant loss of MMP, as reflected by the fluo-
rescence shift from red to green. ATX, or ATX-LPN (1 or 
10 μg/ml) pre-treatment partially improved the MMP in 
HEI-OC1 cells. Moreover, CDDP treatment also caused 
clear mitochondrial fragmentation, as demonstrated by 
the mitochondrial morphological changes from pro-
tonema to punctiform. Interestingly, ATX or ATX-LPN 
(1 or 10  μg/ml) pre-treatment partially blocked CDDP-
induced mitochondrial fragmentation.

ATX‑LPN attenuates the CDDP‑induced activity of P‑JNK
As shown in Fig. 6, CDDP (60 μM, 24 h) activated JNK 
and p38, as characterized by an increase in  the degree 
of phosphorylation  in  total JNK and p38. However, the 

Fig. 3 Cell viability of HEI-OC1 pretreated with ATX and ATX-LPN on CDDP-induced cell injury. a Cell viability of HEI-OC1 cells treated with a series 
of concentrations of CDDP (0, 10, 30, 60, 100 μM) for 24 h. b Cell viability of HEI-OC1 cells 60 μM CDDP at different incubation times (1, 3, 6, 12, and 
24 h). c Cell viability of HEI-OC1 cells treated with drug free LPN. d Cell viability of HEI-OC1 cells pretreatment with ATX or ATX-LPN (1, 5, 10, 15 μg/
ml) followed by 60 μM CDDP treatment for 24 h. **p < 0.01; ***p < 0.001 as compared with control. ###p < 0.001 as compared with ATX
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anti-inflammatory effects of 1 or 10 μg/ml ATX or ATX-
LPN on CDDP-treated HEI-OC1 were quite different, as 
reflected by a significant decrease in the ratio of P-JNK/
T-JNK and  P-JNK/GAPDH, whereas  nearly no change 

was observed in the P-P38/T-P38 and P-P38/GAPDH 
ratios.  More specifically, 1  μg/ml ATX-LPN decreased 
the activity of JNK more effectively than 1  μg/ml ATX 
(p < 0.05).

Fig. 4 Cell apoptosis of HEI-OC1 pretreated with ATX, or ATX-LPN (1 and 10 μg/ml) for 4 h, followed by CDDP (60 μM, 24 h). a Western blots were 
performed with anti-cleaved-caspase 3, anti-cleaved caspase 9, anti-p53, anti-Cyto C, and anti-Bcl-2 antibodies. b–f Quantificantion of the western 
blots in (a). g Flow cytometry was used to measure the rate of apoptosis after different treatments. h Quantification of the data in (g). *p < 0.05, 
**p < 0.01, ***p < 0.001 as compared with CDDP. #p < 0.05, ##p < 0.01, ###p < 0.001 as compared with ATX (1 μg/ml) + CDDP
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ATX‑LPN protective effect against damage 
to zebrafish hair cells
We evaluated the  neuronal ATX  hair cell damage by 
examining the fluorescence intensity of DASEPI and 
calculating the protective effect with the formula above 
(Fig. 7). Both ATX and ATX-LPN at concentrations of 1 
and  10  µg/ml did not decrease the damage to hair cells 
induced by CDDP. Only at the concentration of 50 μg/ml 
did ATX-LPN had an clear protective effect (32%) against 
the damage to zebrafish hair cells, to a level greater than 
that of the GSH (154 µg/ml) positive control (31%).

ATX‑LPN rescue OHCs damage in cultured organ of Corti
As shown in Fig. 8, CDDP induced a significant loss of 
hair cells and showed a greater disruption in the high-
frequency area. Morphologically, the arrangement of 

OHCs was irregular, and vacancies in OHCs occurred 
(Fig.  8a). The treatment with ATX/ATX-LPN attenu-
ated the damage to OHCs induced by CDDP, and a 
significant difference was observed in the 1 and 10 μg/
ml ATX-LPN groups in the middle and basal basi-
lar membrane (60%, 80%, and 100% from the apex) 
(Fig.  8b); 10  μg/ml ATX-LPN rescued the greatest 
amount of OHCs (30.33% ± 0.71%, 29.21% ± 1.80%, 
and 24.63% ± 1.91%). In addition, 10  μg/ml ATX res-
cued a significant amount of OHCs in the locations 
of 40%, 80%, 100% from the apex (11.28% ± 3.04%, 
27.88% ± 1.43%, and 26.16% ± 4.14%), as did 1  μg/
ml ATX at the basal part (100% from the apex) of the 
basilar membrane, 8.01% ± 5.24%. (*p < 0.05; **p < 0.01; 
***p < 0.001). A higher concentration of ATX had a bet-
ter effect in rescuing the OHCs at the basal part of the 

Fig. 6 Western Blot analyses of the MAPK involvement. a HEI-OC1 cells were treated with CDDP and ATX/ATX-LPN as above. The expression of JNK 
and p38 were evaluated by WB. b–e Quantification of the light intensity of the protein expression from western blot results above. ATX or ATX-LPN 
administration on CDDP-treated HEI-OC1 lead to a decreasing ratio of P-JNK/T-JNK (b) and P-JNK/GAPDH (c), with no change in that of P-P38/T-P38 
(d) and P-P38/GAPDH (e). *p < 0.05, **p < 0.01, ***p < 0.001 as compared with CDDP. #p < 0.05 as compared with ATX (1 μg/ml),

(See figure on previous page.)
Fig. 5 Detection of ROS level (DCFHDA) and Mitochondrial Dysfunction (JC-1 and MitoTracker Green) pretreated with ATX, or ATX-LPN (1 and 
10 μg/ml) for 4 h, followed by CDDP (60 μM, 24 h). a Confocal images showing the intracellular ROS stained by DCFHDA (green fluorescence) in 
HEI-OC1 cells increased treated with 60 μM CDDP and was greatly inhibited by ATX or ATX-LPN. b Quantification of mean fluorescence intensity. 
ROS was significantly reduced after the application of ATX or ATX-LPN *p < 0.05, **p < 0.01, ***p < 0.001 as compared with CDDP. #p < 0.05, ##p < 0.01, 
###p < 0.001 as compared with ATX (1 μg/ml), &p < 0.05 as compared with ATX (10 μg/ml), $$$p < 0.001 as compared with ATX-LPN (1 μg/ml). c JC-1 
staining has 2 forms: J -aggregate(red) at high MMPs and J-monomer(green) at low MMPs. a Change in fluorescence from red to green indicated a 
decrease of MMPs. d MitoTracker Green dying, representing the functional mitochondria in living cells
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BM (80% and 100% from the apex), and no influence of 
concentration was observed for ATX-LPN. At the same 
concentrations, ATX and ATX-LPN showed no signifi-
cant difference in decreasing the loss of OHCs, except 
at 1 μg/ml at 100% from the apex.

ATX‑LPN partially restored CDDP‑induced hearing loss 
in ABR tests
Conventional ABR recording was used to monitor 
auditory function after CDDP treatment. As shown in 
Fig.  8c–e, the ABR tests indicated that ATX-LPN par-
tially protected against CDDP-induced hearing loss 
on day 3 after RWM administration. Compared with 
CDDP, ATX-LPN + CDDP exhibited a significantly 
enhanced protective effect at 2  kHz (p < 0.05), 2.8  kHz 

(p < 0.001), 4  kHz (p < 0.001), 5.6  kHz (p < 0.001), 8  kHz 
(p < 0.001), 11.3  kHz (p < 0.001), 16  kHz(p < 0.001), 
and 22.6  kHz(p < 0.001) frequencies. However, the 
ATX + CDDP group did not show a statistically signifi-
cant difference in the mean ABR threshold at all detected 
frequencies. Furthermore, ATX-LPN + CDDP showed 
a greater preventive effect than ATX + CDDP at 2  kHz 
(p < 0.05), 2.8 kHz (p < 0.001), 4 kHz (p < 0.001), 5.6 kHz 
(p < 0.001), 8 kHz (p < 0.001), 11.3 kHz (p < 0.001), 16 kHz 
(p < 0.001), and 22.6 kHz (p < 0.01) frequencies.

Hair cells were stained with FITC-conjugated phal-
loidin. Caspase-3, a  downstream effector caspase that 
executes apoptosis, was also observed to be mainly dis-
tributed in the supporting cells in control guinea pig 
cochleae.  Morphologically, CDDP caused irregular for-
mation and several vacancies in the first row of OHCs 
in cochlea, whereas caspase-3 expression was greatly 

Fig. 7 Evaluation of neuromast hair cell damage by DASEPI in zebrafish a Neuromasts hair cells of zebrafish, stained by DASEPI (green), 
demonstrated the damage of CDDP and protection of ATX/ATX-LPN. b Calculation of the protective percentage of ATX/ATX-LPN. ***p < 0.001 as 
compared with CDDP
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enhanced in the second and third rows. Pretreatment 
with protective drugs (ATX/ATX-LPN) effectively weak-
ened the  fluorescence of caspase-3 and rescued more 
OHCs. Specifically, ATX decreased the expression of 
caspase-3 but did not inhibit the hair cell loss, whereas 
ATX-LPN showed a stronger effect on attenuating 

the expression of caspase-3  as well as rescuing OHCs 
(Fig. 8f ).

Discussion
CDDP, an antineoplastic agent, is indispensable in clinic 
settings; however, ototoxicity usually restricts its wide use. 
Substantial effort has been made to explore new agents to 

Fig. 8 ATX-LPN partially rescue CDDP-induced hearing loss. a In vitro culture of Organ of Corti. CDDP induced a significant loss of hair cells 
(Myosin VII, red), especially in the high-frequency areas. b Survival outer hair cell numbers in 1 mm length at different locations from apical end of 
each group. *p < 0.05, **p < 0.01, ***p < 0.001 as compared with CDDP, #p < 0.05 as compared with ATX + CDDP. c–e Mean ABR threshold of mice 
treated with cisplatin, ATX 1 mg/ml, 5 μl. ATX-LPN + CDDP. *p < 0.05, **p < 0.01, ***p < 0.001 as compared with CDDP, #p < 0.05 as compared with 
ATX + CDDP. f Immunohistochemistry of cochlea in apex/middle/basal area of BM. The pretreatment of protective drugs (AST/AST-LPN) effectively 
reduced the expression of caspase-3 (red fluorescence) and rescued more OHCs (green fluorescence)
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alleviate or prevent CDDP-induced ototoxicity. Although 
no agents have been approved by the FDA to date, numer-
ous agents have been successful in preclinical work, and 
several have shown protection in the clinic. Among them, 
sodium thiosulfate is the only agent exhibiting protective 
effects against CDDP-induced ototoxicity in clinical set-
tings [2]. The mechanism is not fully understood, but anti-
oxidation and anti-inflammation are assumed to be the 
major causes. In the present study, we established LPN for 
loading ATX to successfully facilitate penetration through 
the RWM and maintain ATX concentrations in the inner 
ear perilymph for 24  h after a single injection. ATX-
LPN have favorable biocompatibility and strongly affect 
CDDP-induced generation of ROS in HEI-OC1 cells. JC-1 
and MitoTracker Green staining suggested that ATX-LPN 
successfully reversed the decrease in MMP induced by 
CDDP in vitro, as well as rescuing cells in early stages of 
apoptosis, as demonstrated by FACS. Moreover, ATX-LPN 
successfully attenuated OHCs losses in animal models 
(zebrafish and guinea pigs) in vivo.

ATX, with its superior anti-oxidant and anti-inflamma-
tory properties, exhibits protective effects in cardiovas-
cular health and disease, ischemia and reperfusion injury, 
cognitive function with age, and neurodegeneration [16]. 
However, its use in the food, feed, and pharmaceutical 
fields is limited, owing to low bioavailability, poor stabil-
ity during thermochemical treatments, susceptibility to 
oxidation, and poor organoleptic characteristics. Nan-
oparticle-based drug delivery systems have been used 
to encapsulate ATX to avoid the drawbacks mentioned 
above. Recently, many drug delivery systems and prepa-
ration methods have been explored to improve stability 
and water-solubility, such as DNA/chitosan nanoparti-
cles [17], polyrrole nanoparticles [18], gold nanoparticles 
[19], nanoliposomes [20], nanopowders, and nanodisper-
sions [20]. In the present study, we fabricated ATX-LPN 
by using an emulsion and evaporation technique. The 
LPN are composed of a phospholipid shell and polymer 
core, thereby providing a core–shell structure with the 
advantages of both liposomes and polymer nanopar-
ticles [21, 22]. The solid polymer core endows the LPN 
with mechanical stability, shape control, biodegradabil-
ity, a narrow particle-size distribution, and a large surface 
area, and serves as a structural framework [23]. In addi-
tion, the lipid shell of the LPN, with properties similar to 
those of cell membranes, easily combines with a variety 
of bioactive molecules [24]. Hence, LPN have attracted 
attention as a new type of drug carrier in recent years. 
We optimized the preparation method by comparing 
the method of  nanoprecipitation and  emulsion solvent 
evaporation, the latter of which improved encapsulation 
efficiency and drug loading, thus resulting in a higher sol-
ubility of ATX in dichloromethan (Fig. 1).

Although systemic administration is an ideal drug 
delivery method for inner ear therapy, ATX and even 
ATX-LPN could not pass the BBB and BLB after IP injec-
tion with as high as 200 µg/ml (Fig. 1f ). Local drug deliv-
ery, including intratympanic and intracochlear delivery, 
provides an alternative pathway. The lipid shell of the 
LPN improved the ATX water solubility and altered its 
size, and ATX-LPN easily penetrated RWM and entered 
the endolymph in the inner ear. ATX-LPN exhibited a 
long-term release profile in  vitro (15 d) thus suggesting 
long retention in vivo (24 h).

In the inner ear, many antioxidants, such as rosmarinic 
acid [25],  alpha-lipoic acid [26], and Mitoquinone [27] 
have been applied to improve hearing loss after expo-
sure to various damage, such as noise or ototoxic drugs. 
ATX, which has a stronger biological activity than other 
antioxidants  because of its link with the cell membrane 
from the inside to the outside [28], has been shown to 
protect against  CDDP-induced nephrotoxicity  in rats 
[29] and neomycin-induced ototoxicity in zebrafish hair 
cells [30]. However, to our knowledge, the effect of ATX 
on  CDDP-induced ototoxicity has not previously been 
studied. In the present study, we provide evidence that 
ATX-LPN successfully attenuated OHC losses both in 
cultured organ of Corti and in animal models (zebrafish 
and guinea pigs).

The mechanism of CDDP-induced ototoxicity is com-
plex and remains unclear.  Among possible hypotheses, 
generation of excessive ROS, such as  superoxide radi-
cals,  hydrogen peroxide, and  hydroxyl radicals,  have 
been implicated as major contributors [31]. Either 
increased  toxic lipid peroxides  or depletion of coch-
lear antioxidant enzyme activities can lead to  a cascade 
resulting in apoptosis of hair cells [2]. Many studies have 
shown favorable effects of ATX on the regulation of oxi-
dative stress, in accordance with our finding that ATX-
LPN significantly attenuated the production of ROS 
induced by CDDP. ATX inhibits  mitochondrial pro-
duction of intracellular ROS  via inducing expression of 
antioxidants (e.g., superoxide  dismutase) [32], scaveng-
ing oxidative stress products (e.g., 4-hydroxy-2-nonenal, 
4-HNE) [33, 34], and retaining the mitochondrial redox 
state and functional integrity [35]. Intriguingly, Niu et al. 
have demonstrated that ATX generates trace amounts of 
ROS, thus activating the cellular antioxidant defense sys-
tem via the ERK-Nrf-2/HO-1 pathway in HUVECs [36].

The present study  confirmed the CDDP ototoxicity 
on hair cells through induction of apoptosis. Apopto-
sis  occurs through two main pathways:  extrinsic and 
intrinsic. The former is triggered by FAS, and the latter 
originates from a release of cytochrome-c. Both path-
ways are followed by activation of a cascade of caspases 
[37].  In the present study, CDDP led to  apoptosis  in 
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both intrinsic and extrinsic pathways, as evidenced 
by the decreased levels of cleaved caspase 3/9 and 
cytochrome-c, and the increased expression of BCL-
2, which represses apoptosis by blocking the release 
of  cytochrome-c, in accordance with findings from 
previous studies [38].  Encouragingly, ATX/ATX-LPN 
attenuated the levels of  the apoptotic proteins men-
tioned above in  the intrinsic and extrinsic pathways, 
and consequently inhibited apoptosis. Meanwhile, lev-
els of one of the most important proteins that regulates 
apoptotic pathways, p53 (a transcription factor regulat-
ing  downstream genes important in cell cycle  arrest, 
DNA repair, and apoptosis), remained constant after 
the administration of CDDP. Conversely, p53 has been 
demonstrated to be  a major determinant of CDDP 
ototoxicity, and  genetic or pharmacological ablation 
of p53 substantially attenuates cochlear cell apoptosis 
[39]. Another study has demonstrated that ATX treat-
ment enhances expression of P53 [40]. Thus, the level 
of P53 appears to depend on the balance between its 
pro-apoptotic and anti-apoptotic functions, which is 
affected by phosphorylation status, subcellular localiza-
tion, or protein interactions.

Phosphorylation of STAT1, a  transcription fac-
tor  involved  in inflammation and apoptosis, can be 
achieved by serine kinases such as ERK 1/2,  p38,  and 
JNK [41]. These kinases are stimulated by ROS, which 
is increased after the use of CDDP, as evidenced above. 
In the present study, the activation of JNK induced by 
CDDP was upregulated and reduced after the admin-
istration of  ATX/ATX-LPN,  while P38  remained 
unchanged. However, another study has demonstrated 
that  inhibition of  the JNK signaling pathway  does not 
prevent the CDDP-initiated activation of participants  in 
apoptosis despite a significant increase in activated JNK 
[38].  Similarly, a previous study [42] has demonstrated 
that after IL-1β stimulation, ATX decreased the phos-
phorylation of two mitogen-activated protein kinases, 
p38 and ERK1/2, in chondrocytes. Another study has 
found that ATX induces thephosphorylation of ERK 
kinase in HUVECs [36]. Together, these studies indicate 
that mitogen-activated protein kinase signaling pathways 
are involved in the protective process of ATX in CDDP-
induced ototoxicity. The discrepancymay be attributed to 
different cells and different treatments.

The protective effect of ATX-LPN in terms of morphol-
ogy was verified by rescuing OHCs in cultured cochlear 
explants. We then evaluated auditory function and found 
that  hearing was  restored  by  20–30  dB SPL at a wide 
range of frequencies after  ATX/ATX-LPN administra-
tion. Although greater CDDP-induced  damage  exists 
in the high-frequency area in both animals and humans 
[43],  a better restoration of hearing was observed. 

ATX-LPN showed stronger protection of OHCs at the 
basal part of the BM in both cultured organ of Corti and 
guinea pig cochleae. These effects cannot be explained 
by a higher accumulation of drug at the base of the BM 
through RWM penetration, and the intrinsic characteri-
zation of the basilar membrane may play an important 
role.

Conclusion
In summary, in the present study, we developed a nano-
particle delivery system for loading ATX to rescue the 
ototoxicity induced by CDDP. The synthesized ATX-
LPN were  uniformly spherical in shape and showed 
favorable  chemical  stability  and  biocompatibility. Our 
results clearly demonstrated that ATX-LPN decreased 
ROS generation and  MMP  collapse, inhibited CDDP-
induced  hair cell apoptosis, and eventually attenu-
ated hair cell loss both in vitro and in vivo. Although the 
detailed mechanisms must be further investigated, the 
results suggest that ATX-LPN may be a potential drug for 
alleviating CDDP-induced hearing loss.

Methods
Materials, cell culture and animals
ATX, DMSO, dichloromethane, and cholate solution 
were purchased from Sigma-Aldrich (USA). CDDP was 
purchased from Aladdin (Shanghai, China). Methoxy 
(polyethylene glycol) (mPEG-PLA, MW 50  kDa) was 
purchased from Daigang Biomaterial Co, Ltd (Ji’nan, 
China). DMPC was purchased from Avanti Polar 
Lipids, Inc (USA). DAPI was purchased from Invitro-
gen (Carlsbad, CA, USA).

The House Ear Instituteorgan of Corti 1 (HEI-OC1) 
cell line (generated at the House Ear Institute, Los 
Angeles, CA, USA) was cultured in DMEM  (Gibco) 
supplemented with 10% fetal bovine serum  (Gibco, 
Waltham, MA, USA) free of antibiotics at 33 °C under 
10%  CO2.

Healthy male guinea pigs (4–6 weeks of age, weighing 
220–250 g) without otitis media were purchased from the 
Shanghai Laboratory Animal Center (Shanghai, People’s 
Republic of China). All animal procedures were carried 
out in accordance with the Ethical Committee of Shang-
hai Jiao Tong University School of Medicine (Shanghai, 
China). Animal experiments complied with the 3R prin-
ciples (reduction, replacement, and refinement).

Preparation of ATX‑loaded lipid‑polymer nanoparticles 
(ATX‑LPN)
ATX-LPN were fabricated with a single emulsion sol-
vent evaporation method. Briefly, mPEG-PLA and ATX 
(6:1, w/w) were mixed and completely dissolved in 1 ml 
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of dichloromethane solution as the oil phase. DMPC was 
then dissolved in 3  ml of sodium cholate solution (1%, 
w/v) as the aqueous phase. The oil phase and aqueous 
phase were mixed well and sonicated at 390 W for 30 s 
(Scientz Biotechnology Co, Ltd, Ningbo City, People’s 
Republic of China). The resulting emulsion was further 
diluted in 36 ml of 0.5% sodium cholate solution, and the 
oil phase was removed by evaporation. The polymer core 
formed, and  the lipid self-assembled around it. Finally, 
LPN were acquired by centrifugation (11,000×g, 30 min) 
and washed twice to remove excess emulsifier. ATX-LPN 
were frozen and stored at − 20 °C for further study.

Morphology and characterization of ATX‑LPN
The particle size, zeta potential and polydispersity index 
(PDI) were determined with a Zetasizer Nano-ZS instru-
ment (Particle Sizing Systems, Santa Barbara, CA, USA). 
Triplicate measurements for each sample were carried 
out. ATX-LPN were negatively stained with sodium 
phosphotungstate solution and scanned with a trans-
mission electron microscope (Hitachi, Tokyo, Japan) to 
examine the morphology. The encapsulation efficiency 
(EE%) and drug loading (DL%) of the ATX-LPN were 
examined with LC–MS/MS, as described in a previous 
study [44]. The methode in detail was described as the 
the following " LC–MS/MS method for ATX" section.

In vitro and in vivo release profiles
In vitro release profile analysis was performed in arti-
ficial perilymph (pH7.4) at 37  °C in a water bath. ATX-
LPN (0.2  mg/ml) suspension was placed in a centrifuge 
tube and diluted in artificial perilymph  to 1 ml. At spe-
cific time points (0.5, 1, 6, 12 h, 1 d, 2 d, 5 d, 10 d, and 
14 d), the tube was removed and centrifuged, and 900 μl 
supernatant was acquired and stored at − 20 °C for ATX 
detection. The tube was refilled with 900 μl of fresh artifi-
cial perilymph for the next release measurement.

The in  vivo release profile was determined in guinea 
pigs divided into three groups: group I, intraperitoneal 
injection (IP) administration of 200  μg ATX; group II, 
RWM administration of 6 μg ATX; and group III, RWM 
administration of 6  μg ATX-LPN. The guinea pigs were 
decapitated at different time points, and the left coch-
lea was removed. The RWM was punctured with a glass 
electrode, approximately 7  μl perilymphatic fluid was 
extracted with a 1 ml syringe, and the EP tube contain-
ing external lymphatic fluid was stored at −  80  °C. The 
obtained buffer was subjected to LC–MS/MS determine 
the ATX concentration, and the minimum detection 
limit was 1 ng/ml.

LC–MS/MS method for ATX
The LC system comprised a Shimadzu (Shimadzu Co., 
Japan) liquid chromatography equipped with a binary 
pump (LC-30AD), an autosampler (SIL-30AC), a column 
oven (CTO-20A), a system controller (CBM-20A) and a 
degasser (DGU-20A). Mass spectrometric analysis was 
performed using an AB SCIEX API6500 triple-quadru-
pole (Ontario, Canada) instrument with an ESI interface. 
The data acquisition and control system were created by 
using Analyst 1.6.2 software from AB SCIEX (Ontario, 
Canada). Chromatographic separation on a Waters 
X-Bridge BEH C18 (2.1 × 50 mm, 2.5 µm), mobile phase 
A is water (containing 1% formic acid), mobile phase B 
is ACN (containing 1% formic acid), The column was 
eluted at a flow rate of 0.6 ml/min in a gradient program 
consisting of 2% phase B (0–0.4  min), from 2 to 65% B 
(0.4–0.7  min), from 65 to 90% B (0.7–1.30  min), 90% B 
(1.30–1.90  min), from 90 to 2% B (1.90–1.91  min), 2% 
B (1.91–2.50  min). For Astaxanthin, the retention time 
for the analyte and IS (Diclofenac) were 1.82  min and 
1.30 min respectively, injection volume is 5 µl.

The precursor product ion pair was m/z 597.3 → 147.1 
for Astaxanthin, m/z 296.2 → 214.2 for Diclofenac.

Standard curve preparation
Stock solution of Astaxanthin were prepared at 1 mg/mL 
in DMSO. The stock solution was diluted with MeOH to 
preparing serial working solution (200, 400, 600, 1000, 
2000, 6000, 20,000 ng/ml), an aliquote of 10 µl working 
solution was spiked into 190  µl guinea pig plasma: PBS 
1:9 (V/V) to obtain calibration standard curve (10, 20, 30, 
50, 100, 300, 1000 ng/ml).

Sample preparation
An aliquot of 3 µl sample was diluted with 12 µl guinea 
pig plasma: PBS 1: 9 (V/V). Then 75  µl IS (Diclofenac, 
100 ng/ml in ACN) was added for protein precipitation. 
The mixture was vortexed for 10 min at 750 rpm and cen-
trifuged at 6000 rpm for 10 min. An aliquot of 5 µl super-
natant was injected for LC–MS/MS analysis.

Cellular uptake by HEI‑OC1 cells
To trace LPN uptake by HEI-OC1 cells, we encapsulated 
coumarin 6 in LPN and used DAPI to label nuclei. Briefly, 
HEI-OC1 cells were cultured on VWR Micro Cover 
Glasses in 24-well plates at a density of 5 × 104 cells/well. 
When the cells reached approximately 80% confluence, 
the medium was replaced with coumarin 6-labeled LPN 
and incubated for 1, 3, 6, and 12  h. After the coumarin 
6-LPN were removed, and the wells were washed twice 
with PBS, the cells were fixed with 4% glutaraldehyde for 
20  min, and the cell nuclei were stained with DAPI for 
30  s. The cells were then observed under an LSM-510 
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CLSM (Carl Zeiss AG, Oberkochen, Germany) with 
a fluorescein isothiocyanate (FITC) filter (excitation, 
488 nm; emission, 520 nm), and flow cytometry (BD LSR 
Fortessa, America) was performed.

Cell viability
The in  vitro cytotoxicity of nanoparticles was assessed 
with CCK-8 assays. HEI-OC1 cells were seeded at a den-
sity of 5 × 103cells/well in a 96-well plate and allowed to 
attach overnight. Then they were divided into the fol-
lowing three groups of exposures: ATX or ATX-LPN at 
various concentrations (1, 5, 10, and 15  μg/ml); CDDP 
(10, 30, 60, and 100 μM); and co-treatment with CDDP 
(60  μM) and  ATX/ATX-LPN (1, 5, 10, and 15  μg/ml). 
After a 24  h incubation, 10  μl CCK-8 reagent (Dojindo 
Molecular Technologies, Japan) was added to each well 
and reacted for 2 h at 37 °C in 5%  CO2. The absorbance 
was measured at 450  nm with a plate reader. The per-
centage of cell viability was calculated by comparing cells 
treated with different formulations to the corresponding 
control cells.

ROS evaluation
The fluorescent probe 2, 7-dichlorofluorescein diacetate 
(DCFH-DA) was used to detect  intracellular ROS pro-
duction. HEI-OC1 cells, seeded at a density of 5 × 105 
and cultured overnight, were treated with 60 μM CDDP 
alone or co-treated with 1, or 10 μg/ml ATX/ATX-LPN 
for 24 h, then incubated with 10 μM DCFH-DA (Abcam, 
MA, USA) in serum-free medium at 37  °C for 30  min 
in the dark.  Quantification of the fluorescence intensity 
(488  nm excitation/525  nm  emission) was performed 
with a Zeiss confocal laser scanning microscope.

Detection of mitochondrial membrane potential
JC-1 (Thermo Fisher Scientific, MA, USA) and 
MitoTracker Green (Thermo Fisher Scientific, MA, USA) 
are widely used  fluorescent dyes  for monitoring  mito-
chondrial membrane protentional (MMP).  HEI-OC1 
cells were cultured and treated with 60 μM CDDP alone 
or co-treated with 1 or 10 μg/ml ATX/ATX-LPN for 24 h, 
then stained with 10  μM JC-1 and 1  μM MitoTracker 
Green for 20  min and 45  min, respectively.  JC-1 exhib-
its double fluorescence staining, either as red fluorescent 
J-aggregates (530 nm excitation/590 nm emission) at high 
potentials or as  green fluorescent J-monomers (490  nm 
excitation/530 nm emission) at low potentials; a fluores-
cence change from red to green represents a decrease in 
MMP.  MitoTracker Green, another fluorescent stain for 
mitochondria, labelsfunctioning mitochondria in liv-
ing cells and exhibits green fluorescence (490  nm exci-
tation/516  nm emission). Images were acquired with  a 
Zeiss confocal laser scanning microscope.

Apoptosis assays
Flow cytometry was carried out for quantitative evalua-
tion of apoptosis. HEI-OC1 cells were seeded in six-well 
culture plates at a density of 5 × 105  per well for 24  h 
before the assay. After incubation with 60  μM CDDP 
alone or co-treatment with 1 or 10 μg/ml ATX/ATX-LPN 
for 24 h, treated cells were trypsinized, collected, washed 
with PBS, and resuspended. The cells were  then incu-
bated with FITC-conjugated Annexin V (BD biosciences) 
and PI (BD biosciences) for 15 min at room temperature 
in the dark. Annexin V-FITC/PI positive cells were ana-
lyzed by fluorescence-activated cell sorting (FACS) (Bec-
ton Dickinson).

Western blotting
To determine levels of proteins in the apoptosis pathway, 
we treated HEI-OC1 cells with 60  μM CDDP and 1 or 
10  μg/ml ATX/ATX-LPN as described above, and then 
harvested the cells for western blot analyses. The protein 
extracts were subjected to 10% SDS-PAGE and electro-
transferred to PVDF membranes. The membranes were 
then blocked for 1 h in quick-blocker at room tempera-
ture and incubated overnight in a cold chamber (4  °C) 
with specific primary antibodies. After incubation, the 
membranes were washed with TBS and then incubated 
with HRP conjugated secondary antibody for 1 h at room 
temperature, washed  repeatedly, and visualized with an 
enhanced chemiluminescence kit (Thermo Fisher Sci-
entific). GAPDH and α-tubulin served as internal stand-
ards.  The relative intensity was quantified by Quantity 
One. The following primary antibodies were used: anti-
cleaved-caspase 3, anti-cleaved-caspase 9, anti-p53, anti-
BCL-2, anti-P-P38, anti-T-P38 and anti-cytochrome 3 
(Cell Signaling Technology, CST), anti-P-JNK (Abcam), 
and anti-T-JNK (Abcam).

Evaluation of hair cell damage on zebrafish
This experiment was carried out by Hunter 
Biotechnology,Inc (Hangzhou, China). Briefly, zebrafish 
larvae  (5  days post-fertilization, n = 30  per concen-
tration) were pretreated with various concentra-
tions (1,  10 and  50  µg/ml) of  ATX  (1, 10 and  50  µg/
ml), ATX-LPN  (1,  10 and 50  µg/mL)  or GSH (154  μg/
mL) for 4  h, then exposed to CDDP (60  μM) for 24  h. 
After being washed three times, larvae were stained 
with  2-[4-(dimethylamino)styryl]-1-ethylpyridin-
ium iodide) (Sigma) to evaluate the hair cell dam-
age of neuromasts.  Then  ten zebrafish from each 
experimental group were randomly selected and pho-
tographed under a fluorescence microscope, and the 
images were analyzed in Image-J. The fluorescence 
intensity (S) of neuromast  hair cells in the zebrafish 
body was calculated. The below formula was used to 
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evaluate the damage to hair cells: Protective effect on 
hair cell damage (%)  =  [S(treatment)  −  S(CDDP)]/
[S(control) − S(CDDP)] x 100%.

Administration of ATX‑LPN on RWM
RMW administration was described in our previous 
study [45], Briefly, guinea pigs were anesthetized with 
an intraperitoneal (IP) injection of 1% pentobarbital 
sodium (35  mg/kg). During the procedure, the animals 
were placed on a heating pad (38  °C). A subcutaneous 
injection of 1% lidocaine was performed to reduce pain. 
A postauricular incision was made and the muscle was 
dissociated via blunt dissection and retracted until expo-
sure of the auditory bulla. A hole of 2–3 mm in diameter 
was drilled on the bulla to provide direct visualization of 
the round window niche. A ATX or ATX-LPN solution 
(6 μl) was applied onto the RWM using a microsyringe. 
The guinea pigs were fixed at this position for 30  min. 
The bulla opening was sealed with dental cement and the 
incision was closed with sutures.

Evaluation of hearing loss and hair cell damage in guinea 
pigs
Auditory brainstem responses (ABR) were measured in 
anesthetized animals before and 3  days after the drug 
administration.  Guinea pigs were placed on a heat-
ing pad maintained at 37  °C in a sound-proof booth. 
Pure tone stimuli of 1.4, 2, 2.8, 4, 5.6, 8, 11.3, 16, 22.6, 
or 32 kHz between 0 and 90 dB SPL in 5 dB steps were 
delivered through an open-field microphone. Subcuta-
neous electrodes collecting signals were inserted at the 
pinna (recording electrode), vertex (reference electrode), 
and rump (ground electrode). The acoustic signals were 
generated with Tucker-Davis Technologies (Alachua, FL, 
USA) hardware. Thresholds were defined as the lowest 
stimulus level at which a response was observed.

Guinea pig cochleae from the three groups were per-
fused with 4% paraformaldehyde for 2  h for fixation 
and decalcified in 0.12  mM EDTA at room tempera-
ture for 1 week. The cochleae were then microdissected 
into the apex, middle and basal turns and subjected to 
immunohistostaining of  FITC-conjugated phalloidin 
(green)  and caspase-3 (red), indicating stereocilia and 
apoptosis. Specimens were mounted on slides with 
anti-fade mounting medium and imaged with a Zeiss 
confocal microscope. The percentage of survival OHCs 
at the basal, middle and apex turns was determined for 
areas located at 4, 11, and 32 kHz.

Statistical analysis
All statistical analyses were performed in GraphPad 
Prism. Variables are expressed as means ± standard error 

of mean (SEM).  Student’s  t-test and two-way ANOVA 
with Bonferroni correction were used for statistical anal-
ysis. Values of P < 0.05 were considered significant.

Abbreviations
FDA: Food and drug administration; ROS: Reactive oxygen species; ATX: Asta-
xanthin; HEI-OC1: House ear instituteorgan of corti 1; RWM: Round window 
membrane; LPN: LIpid-polymer nanoparticles; DCFHDA: 2,7-Dichlorodi-
hydrofluorescein diacetate; FACS: Fluorescence activating cell sorter; CDDP: 
Cisplatin; PDI: Polydispersity index; DMPC: 1,2-Dimyristoyl-sn-glycero-3-phos-
phocholine; mPEG-PLA: Methoxy (polyethylene glycol).

Acknowledgements
We thank International Science Editing (https ://www.inter natio nalsc ience editi 
ng.com) for editing this manuscript.

Authors’ contributions
JG preparation of ATX-LPN, YC organ culture, LT western blot experiments, 
XW ABR tests, DY data analyse, HW manuscripts writing. All authors read and 
approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(No. 81970874, No. 81700899), Shanghai Municipal Science and Technology 
Commission (No. 19ZR1429400), Shanghai Municipal Education Commis-
sion –Gaofeng Clinical Medicine Grant Support (Two-hundred Talent) (No. 
20171919), Interdisciplinary research of 9th People’s Hospital affiliated to 
Shanghai Jiao Tong university School of Medicine (No. JYJC201810), Fun-
damental research program funding of Ninth People’s Hospital affiliated to 
Shanghai Jiao Tong University School of Medicine (No. JYZZ025), Shanghai 
Health and Family Planning Commission (No. 201740005), the State Key 
Program of National Natural Science Foundation of China (No. 81330023), the 
Shanghai Key Laboratory of Translational Medicine on Ear and Nose Diseases 
(No. 4DZ2260300), and Innovative research team of high-level local universi-
ties in Shanghai.

Availability of data and materials
Date and material are availability for any research.

Ethics approval and consent to participate
All animal procedures were carried out in accordance with the Ethical Com-
mittee of Shanghai Jiao Tong University School of Medicine (Shanghai, China). 
Animal experiments complied with the 3R principles (reduction, replacement, 
and refinement).

Consent for publication
We agree for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Otolaryngology-Head and Neck Surgery, Shanghai Ninth 
People’s Hospital, Shanghai Jiao Tong University, School of Medicine, 
Shanghai 200011, China. 2 Ear Institute, Shanghai Jiao Tong University, School 
of Medicine, Shanghai 200011, China. 3 Shanghai Key Laboratory of Transla-
tional Medicine On Ear and Nose Diseases (14DZ2260300), Shanghai 200011, 
China. 

Received: 24 December 2019   Accepted: 5 March 2020

Reference:s 
 1. Frisina RD, Wheeler HE, Fossa SD, Kerns SL, Fung C, Sesso HD, Monahan 

PO, Feldman DR, Hamilton R, Vaughn DJ, Beard CJ, Budnick A, Johnson 
EM, Ardeshir-Rouhani-Fard S, Einhorn LH, Lipshultz SE, Dolan ME, Travis 

https://www.internationalscienceediting.com
https://www.internationalscienceediting.com


Page 16 of 17Gu et al. J Nanobiotechnol           (2020) 18:53 

LB. Comprehensive audiometric analysis of hearing impairment and 
tinnitus after cisplatin-based chemotherapy in survivors of adult-onset 
cancer. J Clin Oncol. 2016;34(23):2712.

 2. Brock PR, Maibach R, Childs M, Rajput K, Roebuck D, Sullivan MJ, Laithier 
V, Ronghe M, Dall’Igna P, Hiyama E, Brichard B, Skeen J, Mateos ME, Capra 
M, Rangaswami AA, Ansari M, Rechnitzer C, Veal GJ, Covezzoli A, Brugières 
L, Perilongo G, Czauderna P, Morland B, Neuwelt EA. Sodium thiosul-
fate for protection from cisplatin-induced hearing loss. N Engl J Med. 
2018;378(25):2376–85.

 3. Coradini PP, Cigana L, Selistre SG, Rosito LS, Brunetto AL. Ototoxicity 
from cisplatin therapy in childhood cancer. J Pediatr Hematol Oncol. 
2007;29(06):335–60.

 4. Fligor BJ. Pediatric Ototoxicity: current trends and management. Semin 
Hear. 2019;40(2):154–61.

 5. Knight KR, Kraemer DF, Neuwelt EA. Ototoxicity in children receiving 
platinum chemotherapy: underestimating a commonly occurring toxic-
ity that may influence academic and social development. J Clin Oncol. 
2005;23(34):8588–96.

 6. Freyer DR, Chen L, Krailo MD, Knight K, Villaluna D, Bliss B, Pollock BH, 
Ramdas J, Lange B, Van Hoff D, VanSoelen ML, Wiernikowski J, Neu-
welt EA, Sung L. Effects of sodium thiosulfate versus observation on 
development of cisplatin-induced hearing loss in children with cancer 
(ACCL0431): a multicentre, randomised, controlled, open-label, phase 3 
trial. Lancet Oncol. 2017;18(1):63–74.

 7. Prinja S, Singh G, Vashisth M, Arora T. Protective role of calcium channel 
blocker flunarizine on cisplatin induced ototoxicity: a clinical study. Int J 
Contemp Med Res. 2016;3:1290–2.

 8. Deavall DG, Martin EA, Horner JM, Roberts R. Drug-induced oxidative 
stress and toxicity. J Toxicol. 2012;2012:645460.

 9. Kim HJ, Lee JH, Kim SJ, Oh GS, Moon HD, Kwon KB, Park C, Park BH, 
Lee HK, Chung SY, Park R, So HS. Roles of NADPH oxidases in cisplatin-
induced reactive oxygen species generation and ototoxicity. J Neurosci. 
2010;30(11):3933–46.

 10. Mano CM, Guaratini T, Cardozo KHM, Colepicolo P, Bechara EJH, Barros MP. 
Astaxanthin restrains nitrative-oxidative peroxidation in mitochondrial-
mimetic liposomes: a pre-apoptosis model. Mar Drugs. 2018;16(4):126.

 11. Xu J, Rong S, Gao H, Chen C, Yang W, Deng Q, Huang Q, Xiao L, Huang F. A 
combination of flaxseed oil and astaxanthin improves hepatic lipid accu-
mulation and reduces oxidative stress in high fat-diet fed rats. Nutrients. 
2017;9(3):271.

 12. Wang Y, Liu Y, Li Y, Liu B, Wu P, Xu S, Shi H. Protective effects of astaxanthin 
on subarachnoid hemorrhage-induced early brain injury: reduction of 
cerebral vasospasm and improvement of neuron survival and mitochon-
drial function. Acta Histochem. 2019;121(1):56–63.

 13. Rahman SO, Panda BP, Parvez S, Kaundal M, Hussain S, Akhtar M, Najmi 
AK. Neuroprotective role of astaxanthin in hippocampal insulin resist-
ance induced by abeta peptide in animal model of Alzheimer’s disease. 
Biomed Pharmacother. 2019;110(47):58.

 14. Zuluaga M, Gueguen V, Letourneur D, Pavon-Djavid G. Astaxanthin-anti-
oxidant impact on excessive reactive oxygen species generation induced 
by ischemia and reperfusion injury. Chem Biol Interact. 2018;279:145–58.

 15. Eruslanov E, Kusmartsev S. Identification of ROS using oxidized DCFDA 
and flow-cytometry. Methods Mol Biol. 2010;594:57–72.

 16. Kim SH, Kim H. Inhibitory effect of astaxanthin on oxidative stress-
induced mitochondrial dysfunction-a mini-review. Nutrients. 
2018;10(9):1137.

 17. Wang Q, Zhao Y, Guan L, Zhang Y, Dang Q, Dong P, Li J, Liang X. Prepara-
tion of astaxanthin-loaded DNA/chitosan nanoparticles for improved 
cellular uptake and antioxidation capability. Food Chem. 2017;227:9–15.

 18. Bharathiraja S, Manivasagan P, Oh YO, Moorthy MS, Seo H, Bui NQ, Oh J. 
Astaxanthin conjugated polypyrrole nanoparticles as a multimodal agent 
for photo-based therapy and imaging. Int J Pharm. 2017;517(1–2):216–25.

 19. Bharathiraja S, Manivasagan P, Quang Bui N, Oh YO, Lim IG, Park S, Oh 
J. cytotoxic induction and photoacoustic imaging of breast cancer 
cells using astaxanthin-reduced gold nanoparticles. Nanomaterials. 
2016;6(4):78.

 20. Guan L, Liu J, Yu H, Tian H, Wu G, Liu B, Dong P, Li J, Liang X. Water-
dispersible astaxanthin-rich nanopowder: preparation, oral safety and 
antioxidant activity in vivo. Food Funct. 1397s;10(3):1386–1397s.

 21. Anarjan N, Tan CP. Physico-chemical stability of astaxanthin nanodisper-
sions prepared with polysaccharides as stabilizing agents. Int J Food Sci 
Nutr. 2013;64(6):744–8.

 22. Yang XZ, Dou S, Wang YC, Long HY, Xiong MH, Mao CQ, Yao YD, Wang J. 
Single-step assembly of cationic lipid–polymer hybrid nanoparticles for 
systemic delivery of siRNA. ACS Nano. 2012;6:4955–65.

 23. Kim JK, Garripelli VK, Jeong UH, Park JS, Repka MA, Jo S. Novel pH-sensi-
tive polyacetal-based block copolymers for controlled drug delivery. Int J 
Pharm. 2010;401(1–2):79–86.

 24. Beija M, Salvayre R, Lauth-de Viguerie N, Marty JD. Colloidal sys-
tems for drug delivery: from design to therapy. Trends Biotechnol. 
2012;30(9):485–96.

 25. Peetla C, Stine A, Labhasetwar V. Biophysical interactions with model 
lipid membranes: applications in drug discovery and drug delivery. Mol 
Pharm. 2009;6(5):1264–76.

 26. Fetoni AR, Eramo SLM, Di Pino A, Rolesi R, Paciello F, Grassi C, Troiani D, 
Paludetti G. The antioxidant effect of rosmarinic acid by different delivery 
routes in the animal model of noise-induced hearing loss. Otol Neurotol. 
2018;39(3):378–86.

 27. Kim KH, Lee B, Kim YR, Kim MA, Ryu N, Jung DJ, Kim UK, Baek JI, Lee KY. 
Evaluating protective and therapeutic effects of alpha-lipoic acid on 
cisplatin-induced ototoxicity. Cell Death Dis. 2018;9(8):827.

 28. Tate AD, Antonelli PJ, Hannabass KR, Dirain CO. Mitochondria-targeted 
antioxidant mitoquinone reduces cisplatin-induced ototoxicity in Guinea 
pigs. Otolaryngol Head Neck Surg. 2017;156(3):543–8.

 29. Ambati RR, Phang SM, Ravi S, Aswathanarayana RG. Astaxanthin: sources, 
extraction, stability, biological activities and its commercial applications–
a review. Mar Drugs. 2014;12(1):128–52.

 30. Akca G, Eren H, Tumkaya L, Mercantepe T, Horsanali MO, Deveci E, Dil E, 
Yilmaz A. The protective effect of astaxanthin against cisplatin-induced 
nephrotoxicity in rats. Biomed Pharmacother. 2018;100:575–82.

 31. Takemoto Y, Hirose Y, Sugahara K, Hashimoto M, Hara H, Yamashita H. Pro-
tective effect of an astaxanthin nanoemulsion against neomycin-induced 
hair-cell damage in zebrafish. Auris Nasus Larynx. 2018;45(1):20–5.

 32. Lanvers-Kaminsky C, Ciarimboli G. Pharmacogenetics of drug-induced 
ototoxicity caused by aminoglycosides and cisplatin. Pharmacogenom-
ics. 2017;18(18):1683–95.

 33. Lee DH, Kim CS, Lee YJ. Astaxanthin protects against MPTP/MPP+-
induced mitochondrial dysfunction and ROS production in vivo and 
in vitro. Food Chem Toxicol. 2011;49(1):271–80.

 34. Mizuta M, Hirano S, Hiwatashi N, Tateya I, Kanemaru S, Nakamura T, Ito 
J. Effect of astaxanthin on vocal fold wound healing. Laryngoscope. 
2014;124(1):E1–7.

 35. Dose J, Matsugo S, Yokokawa H, Koshida Y, Okazaki S, Seidel U, Eggers-
dorfer M, Rimbach G, Esatbeyoglu T. Free radical scavenging and cellular 
antioxidant properties of astaxanthin. Int J Mol Sci. 2016;17(1):103.

 36. Wolf AM, Asoh S, Hiranuma H, Ohsawa I, Iio K, Satou A, Ishikura M, Ohta S. 
Astaxanthin protects mitochondrial redox state and functional integrity 
against oxidative stress. J Nutr Biochem. 2010;21(5):381–9.

 37. Niu T, Xuan R, Jiang L, Wu W, Zhen Z, Song Y, Hong L, Zheng K, Zhang J, 
Xu Q, Tan Y, Yan X, Chen H. Astaxanthin induces the Nrf2/HO-1 antioxi-
dant pathway in human umbilical vein endothelial cells by generating 
trace amounts of ROS. J Agric Food Chem. 2018;66(6):1551–9.

 38. Ghobrial IM, Witzig TE, Adjei AA. Targeting apoptosis pathways in cancer 
therapy. CA Cancer J Clin. 2005;55(3):178–94.

 39. Wang J, Ladrech S, Pujol R, Brabet P, Van De Water TR, Puel JL. Caspase 
inhibitors, but not c-Jun NH2-terminal kinase inhibitor treatment, prevent 
cisplatin-induced hearing loss. Cancer Res. 2004;64(24):9217–24.

 40. Benkafadar N, Menardo J, Bourien J, Nouvian R, Francois F, Decaudin D, 
Maiorano D, Puel JL, Wang J. Reversible p53 inhibition prevents cisplatin 
ototoxicity without blocking chemotherapeutic efficacy. EMBO Mol Med. 
2017;9(1):7–26.

 41. Song X, Wang B, Lin S, Jing L, Mao C, Xu P, Lv C, Liu W, Zuo J. Astaxanthin 
inhibits apoptosis in alveolar epithelial cells type II in vivo and in vitro 
through the ROS-dependent mitochondrial signaling pathway. J Cell Mol 
Med. 2014;18(11):2198–212.

 42. Kaur T, Borse V, Sheth S, Sheehan K, Ghosh S, Tupal S, Jajoo S, Mukherjea 
D, Rybak LP, Ramkumar V. Adenosine A1 receptor protects against cispl-
atin ototoxicity by suppressing the NOX3/STAT1 inflammatory pathway 
in the cochlea. J Neurosci. 2016;36(14):3962–77.



Page 17 of 17Gu et al. J Nanobiotechnol           (2020) 18:53  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 43. Chen WP, Xiong Y, Shi YX, Hu PF, Bao JP, Wu LD. Astaxanthin reduces 
matrix metalloproteinase expression in human chondrocytes. Int Immu-
nopharmacol. 2014;19(1):174–7.

 44. Wang J, Xu J, Ji X, Wu H, Yang H, Zhang H, Zhang X, Li Z, Ni X, Qian M. 
Determination of veterinary drug/pesticide residues in livestock and 
poultry excrement using selective accelerated solvent extraction and 
magnetic material purification combined with ultra-high-performance 
liquid chromatography-tandem mass spectrometry. J Chromatogr A. 
2019;19:460808.

 45. Chirtes F, Albu S. Prevention and restoration of hearing loss asso-
ciated with the use of cisplatin. BioMed Res Int Biomed Res Int. 
2014;2014:925485.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Astaxanthin-loaded polymer-lipid hybrid nanoparticles (ATX-LPN): assessment of potential otoprotective effects
	Abstract 
	Background: 
	Methods and results: 
	Conclusions: 

	Background
	Results
	Characterization of ATX-LPN
	In vitro and in vivo drug release profiles of ATX-LPN
	Cellular uptake of coumarin 6-LPN
	ATX-LPN attenuates CDDP-induced cytotoxicity
	ATX-LPN attenuates CDDP-induced apoptosis
	ATX-LPN attenuates CDDP-induced oxidative damage and mitochondrial dysfunction
	ATX-LPN attenuates the CDDP-induced activity of P-JNK

	ATX-LPN protective effect against damage to zebrafish hair cells
	ATX-LPN rescue OHCs damage in cultured organ of Corti
	ATX-LPN partially restored CDDP-induced hearing loss in ABR tests

	Discussion
	Conclusion
	Methods
	Materials, cell culture and animals
	Preparation of ATX-loaded lipid-polymer nanoparticles (ATX-LPN)
	Morphology and characterization of ATX-LPN
	In vitro and in vivo release profiles
	LC–MSMS method for ATX
	Standard curve preparation
	Sample preparation
	Cellular uptake by HEI-OC1 cells
	Cell viability
	ROS evaluation
	Detection of mitochondrial membrane potential
	Apoptosis assays
	Western blotting
	Evaluation of hair cell damage on zebrafish
	Administration of ATX-LPN on RWM
	Evaluation of hearing loss and hair cell damage in guinea pigs
	Statistical analysis

	Acknowledgements
	References




