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Zebrafish is an established valuable model for understanding the complex in vivo behavior of systemic 
nanocarrier strategies, their safety profile, and the array of possible compositions. To date, we have 
explored the possibility of Paclitaxel (PTX) delivery using liposome systems as a promising approach to 
treating cancer. Despite its benefits, this efficacious anti-cancer drug presents a main adverse effect, 
such as the onset of chemotherapy-induced peripheral neuropathy (CIPN). Thus, many research efforts 
are aimed at searching for the resolution or reduction of such problems. Taking advantage of zebrafish 
embryos, a powerful model for predicting and translating what is observed in humans, we investigated 
the plain PTX outcomes and compared them to the effects of different liposomes loaded with PTX. 
Since approximately 70% of human genes have at least one orthologue in zebrafish, studying the 
molecular mechanisms underlying chemotherapy-induced toxicity and increased oxidative stress 
becomes easy. First, we used a transgenic model to evaluate the systemic response to different 
concentrations of PTX, planning the final concentration to be loaded in liposomes, with and without 
functionalization. Then, we assessed the effects of this promising nanocarrier system at a molecular, 
histochemical, and behavioral level in reducing the detrimental side effects of the most successful 
cancer drug.
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In the last decade, the Teleostei zebrafish (Danio rerio) has become one of the most widely used vertebrate 
models by researchers worldwide. This little fish has numerous advantages, being prolific and easy to manipulate, 
characterized by external fertilization and transparent offspring. One of the most attractive characteristics is that 
zebrafish can be a robust predictive model for different human diseases. About 80% of human disease-causing 
genes are conserved in this model, making the probability of identifying molecular factors with analogous 
functions in humans very high.

Two different populations of somatosensory neurons are present in zebrafish, called trigeminal neurons and 
Rohon-Beard (RB) neurons, both formed around 18 h post-fertilization (hpf) in the head and body.

The peculiarity of RB neurons is that they are transient, being present between 2 and 4 weeks of age and 
successively replaced by the Dorsal Root Ganglia (DRG) neurons1,2, even if a recent research work stated that 
RBs do not die during early zebrafish development, surviving long past DRG formation and integration3.

Juvenile and adult zebrafish have trigeminal and DRG neurons that are comparable to mammals. Nonetheless, 
RB neurons are molecularly equivalent to trigeminal and DRG neurons, sharing with them molecular markers4,5. 
Moreover, the RB neurons axons arborize within the skin as mammalian somatosensory neurons6,7. In the case 
of embryonic and larval zebrafish, RB neurons coexist with the rudimental skin, formed by two layers, the 
outer enveloping and the inner basal keratinocyte layer, respectively. Like mammals, the basal keratinocyte layer 
is innervated by unmyelinated sensory neurons. At 4 weeks developmental stage, the skin differentiates into 
stratified epithelium, and the DRG neurons become completely functional8,9.

Since the beginning of the twenty-first century, zebrafish have been widely used as a model for drug discovery, 
given the ease of administration that can be achieved by different roots, through the aqueous environment 
or through injection, and the medication efficacy, bioavailability, and toxicity that can be readily determined. 
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Nevertheless, the potential of lipid-based delivery systems and their versatile payload are of great interest as 
proper nanocarriers, providing stability, compatibility, and a reduced immune response10.

Given the morphology similarity to cell membranes, liposomes are an optimal drug delivery system widely 
studied in recent 50 years and are recognized as the most successful nanocarrier system. They are used with the 
intent to overcome the circulation half-life of drugs, the uncontrolled biodistribution and the undesirable side 
effects. Furthermore, liposomes can be functionalized to increase the target tissue selectivity and have been used 
in efficient cancer chemotherapy regimens to incorporate and deliver a drug to the disease site. In this research 
work, we used a cationic liposome formulation with 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP), 
a positively charged lipid commonly used in the formulation of cationic liposomes, and the neutral DOPC 
(1,2-dioleoyl-sn-glycero-3-phosphatidylcholine) loaded with PTX. These cationic liposomes can be used for 
encapsulating and delivering hydrophobic drugs such as Paclitaxel (PTX) within the lipid bilayer membrane11.

PTX, initially known as Taxol, is a taxane diterpenoid, a natural compound extracted from the Pacific yew 
tree, Taxus brevifolia. It was discovered by the National Cancer Institute (NCI) in the late 1960s during studies 
conducted on plant extracts searching for potential anti-cancer agents. PTX is characterized by distinctive 
cytotoxic properties against cancer cells, with the ability to inhibit microtubule depolymerization, leading to cell 
cycle arrest and apoptosis12. It is one of the effective antitumor agents against advanced and early-stage cancers, 
such as breast cancer13, despite it being known to cause damage in healthy cells14.

Therefore, researchers have tried to find a solution to reduce the detrimental secondary effects caused by 
this effective chemotherapeutic agent15, such as chemotherapy-induced peripheral neuropathy (CIPN). This 
secondary effect is a sensory neuropathy that may occur as a side effect of PTX, along with motor and autonomic 
changes of different intensity and duration16.

Besides CIPN, the microtubule-stabilizing PTX causes different pathological insults directly to sensory 
neurons, particularly at the dorsal root ganglion (DRG) level, resulting in damaged peripheral nerves and 
sensory axonal neuropathy development17. For these reasons, we decided to generate liposomes morphologically 
adapted to target and deliver drugs to be employed as nanocarriers precisely18 and to test their effects in vivo 
using zebrafish embryos as a model.

Here, we developed liposomes functionalized with a matrix metalloproteinase (MMP) sensitive lipopeptide, 
here called MSLP-Lip, to deliver and release their cargo in response to the metalloproteinases (MMPs) presence19. 
Among MMPs, MMP-2 and MMP-9 are particularly increased in different tumor microenvironments20,21. 
MSLP-Lip was loaded with PTX, which is encapsulated in the liposome bilayers, thus allowing the PTX to be 
carried and specifically released in the target site. To evaluate PTX efficacy at toxicological, molecular, behavioral 
and microscopy level, we injected zebrafish embryos at 48 hpf with (i) 30 µM PTX; (ii) Liposomes loaded with 
30 µM PTX (LipoPTX); (iii) Liposomes unloaded (Lipo unloaded); (iv) MSLP Liposomes loaded with 30 µM 
PTX (MSLP-LipoPTX); (v) MSLP Liposomes unloaded (MSLP-Lipo unloaded), compared with (vi) Ctrl not 
injected.

Zebrafish is an excellent model for in vivo imaging, allowing the live imaging of axon degeneration. 
Furthermore, the peripheral neurons development is rapid, and their differentiation occurs within 48 h, allowing 
CIPN evaluation in a short time9.

Considering such a model, our research aims to evaluate the effects of these new bio-based nanocarriers and 
compare them with PTX in a biological milieu. A specific transgenic zebrafish line, Tg(isl2b:GFP)zb7, was used 
for this purpose since it allows the visualization of somatosensory neurons under a fluorescent microscope. This 
preparatory work is needed to assess liposome behavior in a zebrafish xenograft model established using human 
breast cancer cells. We believe these efforts are necessary to set new standards in generating novel and safe 
therapeutic approaches to reduce the adverse consequences of the most used anti-cancer drug.

Results
Setting up the PTX concentration
We injected at 48 hpf the Tg(isl2b:GFP)zb7 embryos with PTX at a concentration of 60 nM, 100 nM, 10 µM and 
22 µM in 1 nanoliter (nL) of sterile water (Supplementary Fig. 1). The experimental groups observed were (i) 
Ctrl not injected (n = 13); (ii) Embryos injected with PTX 60 nM, (iii) Embryos injected with PTX 100 nM, (iv) 
Embryos injected with PTX 10 µM, and (v) Embryos injected with PTX 22 µM.

We observed n = 39 embryos for each experimental group during three different experiments, for a total of 
195 embryos observed. The results showed low mortality (less than 5%, taking into consideration the mortality 
on control embryos) and a negligible number of embryos presenting sublethal defects (less than 0,7% of embryos 
presenting cardiac edemas) (Fig. 1a, b). Furthermore, the fluorescence was observed in injected embryos’ caudal 
fin at 48 h post injection (hpi), as a readout of peripheral sensory neurons suffering from PTX administration 
(Fig. 1c–e), observing no statistically significant results.

Liposomes loaded with different PTX concentrations
Based on the results obtained so far, we decided to load liposomes with PTX 30 µM and 100 µM, comparing 
them with PTX alone and with liposome unloaded (Lipo unloaded), at liposome concentration equivalent to 
LipoPTX 30 µM (A) or 100 µM (B). The following experimental groups were compared. (i) Ctrl not injected; (ii) 
Embryos injected with PTX 30 μM; (iii) Embryos injected with LipoPTX 30 μM; (iv) Embryos injected with Lipo 
unloaded A; (v) Embryos injected with PTX 100 μM; (vi) Embryos injected with LipoPTX 100 μM; and (vii) 
Embryos injected with Lipo unloaded B. We achieved 3 independent experiments, observing n = 32 embryos for 
each experimental group. We observed a high mortality percentage (40%) in embryos injected with PTX 30 μM, 
clearly reduced in embryos injected with LipoPTX 30 μM (12%). The same was observed in embryos injected 
with PTX 100 μM (31.6% of mortality), compared to embryos injected with LipoPTX 100 μM (14.6%) (Fig. 2a).
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The average percentage of embryos alive at 48 hpi, corresponding to 96 hpf developmental stage, showed a 
significant decrease in living embryos after PTX 30 μM injection compared to Ctrl (***p < 0.0001, Chi-square 
value = 51.57, df = 1), to LipoPTX 30 μM (***p < 0.0001, Chi-square value = 21.59, df = 1) and to Lipo unloaded A 
(***p < 0.0001, Chi-square value = 51.57, df = 1). Similar results were observed after the injection of PTX 100 μM 
compared to Ctrl (###p < 0.0001, Chi-square value = 38.10, df = 1), to LipoPTX 100 μM (##p < 0.005, Chi-square 
value = 8.038, df = 1), and Lipo unloaded B (###p < 0.0001, Chi-square value = 22.55, df = 1).

Fig. 1.  Evaluation of different PTX concentrations injected in zebrafish embryos. (a) mortality reported in the 
graph showed a negligible percentage of dead embryos injected at 48 hpf, even with higher PTX concentration 
(22 µM). (b) sublethal defects average reported is less than 0.5%. The main defect observed in injected embryos 
is cardiac edema. (c) Representative images of embryos at 48 h post injection showed the frame used to 
analyze the GFP signal. (Scale bar, 100 µm). (d) graph reporting the fluorescent area measured in arbitrary 
units. (e) peripheral sensory neurons length measured and reported in graph. The effects of the different 
PTX concentrations were observed in n = 39 embryos for each experimental group during three different 
experiments, for a total of n = 195 embryos.
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The sublethal defects observed (Fig. 2b) were specifically cardiac edema, present in 0.5% of embryos injected 
with LipoPTX 30 μM, corresponding to less than n = 3 ± 1 embryos observed during 6 different experiments. 
At 48 hpi, the embryos were analyzed under a fluorescence stereomicroscope (Fig. 2c and d). Based on the data 
obtained, which reported an interesting trend in embryos injected with PTX 30 μM, LipoPTX 30 μM, and Lipo 
unloaded A, we decided to focus on this concentration.

Liposomes characterization by dynamic light scattering and light field microscopy
3 µL of each liposome formulation and PTX was dropped on a cover slip and sealed with nail polish. Samples 
were stored at 4  °C and imaged at 40X magnification. We performed DLS analyses before testing them in 
Tg(isl2b:GFP)zb7 transgenic embryos and compared their effect to liposomes that were not functionalized (Table 
1).

We tested the ζ-Average, polydispersion index and ζ-potential at 0, 24 and 48 h to verify if there were some 
changes in liposomes during time.

Fig. 2.  Liposomes injections results. (a) Graph shows mortality percentages of embryos injected with 
liposomes loaded with PTX 30 and 100 µM, compared to embryos injected with PTX alone (30 or 100 µM) 
and liposomes unloaded observed during 3 independent experiments, for a total of n = 32 embryos for 
each experimental group. The liposomes unloaded are defined as A, wich are blank liposomes at liposome 
concentration equivalent to LipoPTX 30 µM, or B, wich are blank liposomes with liposome concentration 
equivalent to LipoPTX 100 µM. A high mortality percentage (40%) is observed in embryos injected with PTX 
30 μM, clearly reduced in embryos injected with LipoPTX 30 μM (12%) (***p < 0.0001). The same is observed 
in embryos injected with PTX 100 μM (31.6% of mortality), compared to embryos injected with LipoPTX 
100 μM (14.6%) (##p < 0.005). (b) Graph reporting the sublethal defects observed. The most recurrent defect 
is cardiac edema, present in an average of 0.5% of embryos injected. (c, d) Graphs reporting analyses on GFP 
fluorescent signal and on peripheral sensory neurons length measures at 48 h post injection.
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The results observed showed that all the liposomes (functionalized or not and loaded with PTX or not) 
presented a ζ-Average of circa 131 nm as diameter, and did not exhibit relevant changes in the hydrodynamic 
diameter in water-based suspensions during time (Table 2). Moreover, Light field microscopy was used to 
observe the PTX solubility and the (Fig. 3).

Embryos injection
The embryos to be injected were mechanically chorion deprived at 24 hpf and screened for GFP signal. The 
6 different experimental groups were set up as follows. (i) Ctrl; (ii) embryos injected with PTX 30 µM; (iii) 
embryos injected with LipoPTX 30 µM; (iv) embryos injected with Lipo unloaded; (v) embryos injected with 
MSLP-LipoPTX 30  µM; (vi) embryos injected with MSLP-Lipo unloaded. N = 80 embryos for each group, 
observed during 6 different experiments (n = 480 embryos total) were analyzed. The embryos were anesthetized 
and injected at 48 hpf. After the injection, the embryos were reawakened, maintained at 28 ± 1 °C and observed 
for defects and mortality during the following 48 h.

At 96 hpf, the embryos were analyzed, photographed under a fluorescence stereomicroscope, and successively 
used for the molecular analyses.

At 48 hpi, the mortality rate showed a significant increase in embryos injected with PTX 30 µM compared 
to Ctrl (@p = 0.0002, two-sided), to LipoPTX 30  µM (***p = 0.0008, two-sided), to Lipo unloaded 30  µM 
(***p = 0.0008, two-sided), to MSLP-LipoPTX 30  µM (#p = 0,0192, two-sided), and to MSLP-Lipo unloaded 
30  µM (***p = 0.0008, two-sided) (Fig.  4a). The negligible percentage of sublethal defects observed in the 
experimental groups, averaging 5.8%, primarily consisted of mild cardiac edemas (Fig. 4b).

Fluorescence evaluation
To deeply investigate if liposomes could reduce the possibility of incurring PTX secondary detrimental effects, 
such as CIPN, we examined the variations in GFP signal in transgenic Tg(isl2b:GFP)zb7 embryos injected with 
PTX 30 µM, LipoPTX 30 µM and MSLP-LipoPTX 30 µM compared to Ctrl not injected. The Tg(isl2b:GFP)zb7 
is an advantageous zebrafish line since the RB neurons can be analyzed for axon degeneration. The differences 
were particularly evident in the caudal fin of zebrafish embryos at 96 hpf (Fig. 5a).

GFP signal and peripheral sensory neurons length were measured in n = 6 embryos at 96 hpf related to (i) 
Ctrl; (ii) embryos injected with PTX 30 µM; (iii) embryos injected with LipoPTX 30 µM, and (iv) embryos 
injected with MSLP-LipoPTX 30 µM, obtained during 6 different experiments, for a total of n = 36 embryos for 
each experimental group examined.

Nanoparticles Medium Time (h) ζ-Average (nm) ± SD PdI ± SD ζ-potential ± SD (mV)

Lipo (unloaded) mQ

0 130.7 ± 18.42 0.027 ± 0.00 39.0 ± 11.3

24 126.2 ± 25.37 0.052 ± 0.00 41.1 ± 15.6

48 125.4 ± 20.73 0.049 ± 0.00 40.7 ± 11.7

LipoPTX (30 µM) mQ

0 107.9 ± 19.92 0.060 ± 0.00 44.7 ± 11.0

24 107.0 ± 26.93 0.052 ± 0.00 46.4 ± 12.5

48 104.2 ± 21.44 0.099 ± 0.00 42.9 ± 10.6

MSLP-Lipo (unloaded) mQ

0 124.5 ± 14.17 0.018 ± 0.00 43.5 ± 13.9

24 122.4 ± 19.90 0.084 ± 0.00 48.7 ± 8.55

48 120.6 ± 30.51 0.116 ± 0.00 42.3 ± 11.7

MSLP-LipoPTX (30 µM) mQ

0 106.2 ± 22.43 0.101 ± 0.00 45.6 ± 19.4

24 104.0 ± 23.24 0.142 ± 0.00 49.2 ± 8.45

48 102.7 ± 28.28 0.130 ± 0.00 41.9 ± 11.0

Table 2.  DLS analyses. Size (ζ-Average (nm) and Polydispersity Index (PdI) of 30 µM Liposomes (Lipo 
unloaded 30 µM, LipoPTX 30 µM, MSLP-Lipo unloaded 30 µM and MSLP-LipoPTX unloaded 30 µM) 
measured by Dynamic Light Scattering (DLS) at different time point in mQ water. Means SD of three 
replicates.

 

Lt
a Lt

a St
b DOTAPc DOPCd PTX [PTX] [PTX] MSLPe Vf

f

mM mg Mg mol% mol% mol% ug mL−1 uM mol% mL

Lipo

1

0.74 0.74

50

50 0 0 0 0

1LipoPTX 0.72 0.74 47 3 25.6 30 0

MSLP-Lipo 0.71 0.76 45.34 3 25.6 30 1.66

Table 1.  Liposomes composition a) Lt total lipid amount; b) St total solid amount; c) DOTAP was fixed at 
50 mol% for all formulations; d) DOPC amount changed according to the other components amount in the 
formulation; e) MSPL 1.66 mol% correspond to the ratio DOTAP:MSLP (w/w) 10:1, or DOTAP:MSLP (mol/
mol) 30:1; f) final formulation volume DLS analyses.
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The results showed a statistically significant decrease in GFP signal area (reported in arbitrary units) in 
embryos injected with PTX 30 µM, compared to Ctrl embryos (Ctrl vs. PTX 30 µM, **p < 0.005). The embryos 
injected with LipoPTX 30 µM and MSLP-LipoPTX 30 µM showed no statistically significant differences in GFP 
signal compared to PTX 30 µM injected embryos (Fig. 5b).

The measurement of peripheral sensory neurons extent showed a significant reduction in the average length 
in embryos injected with PTX 30 µM, compared to Ctrl embryos, while an increasing trend was observed in 
liposomes-injected embryos (Fig. 5c).

Behavioral test and caudal fin morphological observation
Being CIPN the cause of movement impairment, we analyzed the embryos touch-provoked mobility behavior 
by the Touch evoke response test, in which the number of evoked escape events was recorded for each embryo 
after a gentle touch. No significant differences between Ctrl embryos and embryos of each experimental group 
were observed, even if the trend showed a decrease in embryos that did not respond to the stimulus in LipoPTX 
30  µM, Lipo unloaded, MSLP-LipoPTX 30  µM and MSLP-Lipo unloaded injected embryos compared to 
embryos injected with PTX 30 µM (Supplementary Fig. 2a).

The morphology of the caudal fins of embryos injected at 96 hpf was observed to verify the PTX damage 
in the caudal fin extremities (Fig. 5a, white arrows). Even if not statistically significant, the results showed an 
increase in the percentage of embryos injected with PTX 30 µM presenting caudal fin damages compared to all 
the other experimental groups observed (Supplementary Fig. 2b).

Molecular evaluation of PTX effects
The expression levels of nfkb2, tnfα, il1β, il6, tgfβ1a, tgfβ1b and tgfβ3 genes, related to neuropathic pain caused 
by PTX were investigated by qRT-PCR (Fig. 6). The RNAs of embryos injected with PTX 30 µM, LipoPTX 30 µM 

Fig. 3.  Selected light field microscopy images of PTX crystals and liposome formulations. Light-field 
microscopy was used to observe PTX crystal formation. (a) PTX crystals are present in the higher 
concentration 0.5 mM PTX mixture in H2O/methanol 1:1 (arrow). (b–d) Images showing liposome 
formulations MSLP-Lipo unloaded (b), LipoPTX (c), and the complete formulation MSLP-LipoPTX (d), 
prepared at 3 mol%. Scale bar (50 µM).
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or MSLP-LipoPTX 30 µM were compared to Ctrl embryos RNAs. The RNAs were extracted and processed from 
embryos at 96 hpf of 6 different experiments.

The results showed that in most cases, these genes were upregulated in embryos injected with PTX 30 µM, 
compared to Ctrl embryos and both liposomes injected embryos, except for tgfβ1b expression level, for which 
a downregulation was observed. A statistically significant downregulation of nfkb2 in embryos injected with 
LipoPTX 30 µM was observed, compared to embryos injected with PTX 30 µM, while in embryos injected with 
MSLP-Lipo PTX 30 µM, only a downregulated trend was observed.

The results observed after the analyses of bax, bcl2, Mn-sod, Cu/Zn-sod, catalase and glutathione peroxidase, a 
panel of genes related to reactive oxygen species (ROS), showed a decreased trend in the gene expression levels 
observed in embryos injected with liposomes loaded with PTX 30 µM compared to embryos injected with PTX 
30 µM.

Discussion
Zebrafish is an attractive in vivo model for evaluating nanocarrier performance and toxicity studies. Along 
with its numerous characteristics, such as the high fecundity, transparency of the embryos, and simplicity 
of structures, it supports the obtention of significant results related to the design and development of new 
therapeutic strategies.

In our study, Tg(isl2b:GFP)zb7 transgenic embryos were used, a zebrafish line particularly convenient in 
studying CIPN, one of the most detrimental side effects of PTX in patients experimenting with cancer. In our 
strategy, the final purpose was to take advantage of zebrafish embryos to assess the in vivo effects of PTX , 
evaluate toxicity and CIPN at molecular, behavioral and microscopy levels, and propose the development of 
a therapeutic system such as liposomes, which are effective to reduce the PTX outcomes and stable enough to 
resist in a biological milieu.

Firstly, we decided on the preferable injection site, at what developmental stage to inject, and which PTX 
concentration to use. The need to test different concentrations of drugs is related to the fact that, in zebrafish 
embryos, there is a lack of standardized protocols for pharmacological dose administration, such as those 

Fig. 4.  Paclitaxel and liposomes injections results in embryos at 48 hpi (a) Graph reporting the mortality 
average percentage of embryo injected with PTX 30 µM, compared to Ctrl and LipoPTX 30 µM, Lipo 
unloaded, MSLP-LipoPTX 30 µM and MSLP-Lipo unloaded injected embryos. The number of embryos 
observed was n = 13 embryos for each group (n total = 80), in 6 different experiments. At 48 hpi, the mortality 
rate showed a significant increase in embryos injected with PTX 30 µM compared to Ctrl (@p = 0.0002, two-
sided), to LipoPTX 30 µM (***p = 0.0008, two-sided), to Lipo unloaded 30 µM (***p = 0.0008, two-sided), to 
MSLP-LipoPTX 30 µM (#p = 0.0192, two-sided), and to MSLP-Lipo unloaded 30 µM (***p = 0.0008, two-sided). 
For statistical analyses, the Fisher’s exact test was applied. (b) Graph reporting the negligible percentage of 
sublethal defects observed (cardiac edemas), also detected in Ctrl not injected. The results showed that either 
functionalized or not liposomes were well tolerated by the embryos, and their stability in the biological milieu 
allowed protection against the PTX action in the healthy tissues for the 48-h period observed.

 

Scientific Reports |        (2025) 15:18358 7| https://doi.org/10.1038/s41598-025-00258-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 5.  Variations in GFP expression in Tg(isl2b:GFP)zb7 injected embryos. (a) Representative images of 
injected embryos at 96 hpf. The images show the caudal fin morphology. In PTX 30 µM injected embryos, 
there are evident defects affecting the fin extremity related to PTX action (black arrows). Since the embryos 
injected with LipoPTX 30 µM and MSLP-LipoPTX 30 µM showed very similar results, only MSLP-LipoPTX 
30 µM embryos image were reported as an example (Scale bar, 50 µm). (b) The graph reports a statistically 
significant decrease in GFP signal area (reported in arbitrary units) in embryos injected with PTX 30 µM, 
compared to Ctrl embryos (**p < 0.005). The embryos injected with LipoPTX 30 µM and MSLP-LipoPTX 
30 µM showed no statistically significant differences in GFP signal compared to PTX 30 µM injected embryos. 
Nonetheless, an increasing trend in the GFP signal is visible. (c) Graph showing results of peripheral sensory 
neurons extent measures. The length is taken from the fourth from the last RB neuron to the extremity of 
the caudal fin. In this case, a significant reduction was observed in the average length of peripheral sensory 
neurons in embryos injected with PTX 30 µM, compared to Ctrl embryos, while an increasing trend was 
observed in liposomes-injected embryos.
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available for higher mammals22. This is due to the presence of many administration routes for therapeutical 
agents in such a model, namely injection or epidermal contact, and to the impossibility of weighing each embryo 
prior the treatment as in other animals23. Nonetheless, the advantages of this model, such as the ability to test 
multiple concentrations simultaneously, rapid development, the possibility to assess drug outcomes at various 
stages, and ease of manipulation, far outweigh the challenges.

The timeframe and the site of injection chosen for Tg(isl2b:GFP)zb7 embryos were based on the fact that 
the final purpose will be testing the efficacy in reaching the target of functionalized liposomes in a xenograft 
model generated using human breast cancer cells. There are many paths used to set up a xenograft model in 
zebrafish embryos, such as the yolk sac, the duct of Cuvier, also known as the common cardinal vein, the caudal 

Fig. 6.  Molecular investigations of liposomes effects compared to PTX. (Upper panel) Graphs reporting gene 
expression levels of nfkb2, tnfα, il1β, il6, tgfβ1a, tgfβ1b and tgfβ3, a panel of genes reported in literature as 
related to CIPN. The results showed that the genes related to neuropathic pain are generally upregulated in 
embryos injected with PTX 30 µM, compared to Ctrl embryos and both liposomes injected embryos. nfkb2, a 
key regulator of molecul es and pathways important for inflammation and pain, is significantly downregulated 
(@p = 0.022) by LipoPTX 30 µM injection. (Lower panel) Graphs show expression levels of genes related 
to oxidative stress. The presence of increased ROS is known to be caused by the PTX exposure. Our results 
showed a decreasing trend in all the gene expression levels observed after injection with liposomes.
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vein, perivitelline space, and hindbrain ventricle24,25. To be minimally invasive as possible after the xenograft 
transplantation in further studies, we have established the injection of PTX and liposomes using a volume of 
1 nanoliter (nL) directly into the yolk sac, close to the sub-intestinal vein (SIV) plexus. A xenograft model in 
embryos at 24 hpf will be generated, and the larvae will be injected with drugs the following day, at 24 h post-
injection (hpi), letting the tumoral cells grow for 24 h. For this reason, the injection of PTX and liposomes in 
embryos at 48 hpf was selected.

We then assessed different PTX concentrations to observe and identify defects associated with drug 
administration, thereby determining the proper amount of PTX to be incorporated in the liposomes. In the 
literature, numerous scientific papers report concentrations of PTX used in both in vitro26,27 and in vivo 
models28–30. Considering the research work of Lisse and colleagues31, who injected PTX in zebrafish embryos 
at a concentration of 22 µM, we decided to inject at 48 hpf the Tg(isl2b:GFP)zb7 embryos at a concentration 
of 60 nM, 100 nM, 10 µM and 22 µM PTX in 1 nL. The results showed a mortality rate of less than 5% and a 
sublethal defect rate lower than 1%. Furthermore, as a readout of CIPN, we analyzed the fluorescence signal of 
caudal fin embryos at 48 h post-injection (hpi). Also, in this case, no significant results were observed. Therefore, 
a decision was taken to produce liposomes loaded with higher PTX concentrations, such as 30 µM and 100 µM. 
Both concentrations exceeded the highest PTX concentration tested so far, but this was necessary to observe 
differences after the injections of PTX-loaded liposomes..

After PTX 30 μM injection, a mortality rate of 40% was obtained, clearly reduced in embryos injected with 
LipoPTX 30 μM (12%). The same was observed in embryos injected with PTX 100 μM (31.6% of mortality), 
compared to embryos injected with LipoPTX 100 μM (14.6%).

Moreover, the injection of 30 μM PTX, LipoPTX and Lipo unloaded showed a negligible number of embryos 
presenting sublethal defects.

Since there was evidence in the literature that even low doses of PTX are effective in the tumor environment39, 
we hypothesized that PTX 30 μM was a suitable dosage compromise to observe defects and differences in the 
easier way comparing embryos injected with liposomes loaded with the same PTX amount. Furthermore, we 
were confident in increasing the quantity of PTX injected in embryos concerning the dose of 22 μM that Lisse and 
colleagues used36 because, with a different approach, we focused on performing a unique injection, considering 
the generation of a xenograft model for our upcoming studies. We decided to focus on this concentration 
(30 μM) for these reasons.

Liposomes functionalized with an MMP-sensitive lipopeptide for an MMP-triggered PTX (MPLS-LipoPTX) 
were prepared for the PTX release in the tumor site and evaluation of the behavior of the nanostructure in vivo, 
comparing them to PTX (solution) and Liposomes without functionalization.

Before injection, the liposomes were characterized by Light field microscopy and DLS. The DLS results showed 
a PDI way lower than ≤ 0.3 (in a range from 0.018 to 0.142), underlining that all the liposome formulations were 
monodispersed. The stability was also confirmed by the ζ-potential values observed, which were over 30 mV 
for each specimen. It is known that a high ζ-potential is related to stability since the charged particles repel one 
another, overcoming the tendency to form aggregates32,33.

Microscopy was used to observe PTX crystal formation. Figure 3 a presents the PTX crystals from a 0.5 mM 
PTX mixture in H2O.methanol 1:1, a high concentration in which crystals are observed. Figure 3b, c, and d 
represent liposome formulations MSLP-Lipo unloaded, LipoPTX, and the complete formulation MSLP-
LipoPTX, respectively, prepared at 3 mol%, a fraction presented in all animal studies and clinical trials with 
liposomes. In our studies, the amount of PTX was not higher than the liposomes membrane solubility, and PTX 
remains soluble in the lipid bilayer and is has not phase separated into stable water-insoluble crystals.

Liposome stability is fundamental for this therapeutic system’s final purpose. Sure enough, liposomes must 
reach the target entirely before their disruption and releasing their cargo, thus leading to a specific drug action 
exclusively in the target site and consequently to a reduction of the side effects of the treatment, potentially 
increased by the no-needed activity exerted in healthy districts. However, further investigations are needed to 
explore the impact of the lipopeptide on liposome stability after 72 h of film hydration.

The results observed at 48 hpi showed that mortality of embryos injected with LipoPTX 30 µM, Lipo unloaded, 
MSLP-LipoPTX 30 µM, and MSLP-Lipo unloaded was significantly reduced compared to PTX 30 µM injected 
embryos and resulted like mortality observed in Ctrl embryos at the same developmental stage. Moreover, the 
embryos presenting sublethal defects were a negligible number within the experimental groups observed. Since 
these were observed also in Ctrl not injected, we were confident that they were not triggered by the injection or 
the injected material.

The results obtained underlined the stability of the two different liposomes injected, functionalized or not, 
during the 48 h of observation, besides the effective reduction of free PTX injection effects, emphasizing the 
proper role that this therapeutic strategy has, and the fact that the different liposomes were well tolerated by the 
embryos (mortality rate averaged 3.4%, with sublethal defects averaging 5.8%, and no significant upregulation 
or downregulation of gene expression levels was observed).

The injection and evaluation of unloaded liposomes were important to understand if the synthesized 
liposomes, the MMP-sensitive lipopeptide used as functionalization, or the injections themselves can be toxic 
or cause the defects observed. Their role is to be a positive control for the experiments with embryos and the 
chemical synthesis.

At this point, to evaluate if liposomes were reducing the effects of PTX on CIPN, we assessed the fluorescent 
analyses on transgenic embryos injected. In this case, the embryos injected with LipoPTX 30 µM and MSLP-
LipoPTX 30 µM showed no statistically significant differences in GFP signal compared to PTX 30 µM injected 
embryos. Nevertheless, a trend of increasing GFP signal was observed.
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No significant differences were observed also in peripheral sensory neurons extent after injection of liposomes 
and free PTX. In this case, the length of peripheral sensory neurons departing from the fourth from the last RB 
neuron34 to the extremity of the caudal fin.

Since PTX-induced epithelial damage precedes cutaneous axon degeneration, as reported by Lisse and 
colleagues31, and probable movement impairment, we observed the behavior of embryos after the stimulus and 
the morphology of caudal fins of embryos injected at 96 hpf.

About the behavioral evaluation, no significant differences between Ctrl embryos and embryos of each 
experimental group after the touch evoked test were observed, even if the trend showed an increase in embryos 
number that responded to the stimulus in LipoPTX 30 µM, Lipo unloaded, MSLP-LipoPTX 30 µM and MSLP-
Lipo unloaded injected embryos compared to embryos injected with PTX 30 µM.

About the morphology, the evaluation of injuries in caudal fin extremities presented some issues since 
defects in caudal fins were present even in Ctrl embryos, probably ascribable to the manipulation of embryos. 
Additionally, in this case, the percentage of embryos injected with PTX 30 µM increased compared to embryos 
injected with liposomes and Ctrl, although this was not statistically significant.

Our general thought is that we obtained no statistically significant results in both behavioral test and 
morphological evaluation since the time elapsed between the PTX injection and observation was insufficient 
to appreciate severe damage. Nonetheless, the interesting decreasing trend in embryos injected with liposomes, 
compared to embryos injected with PTX, led us to hypothesize that these nanocarriers can effectively reduce the 
defects caused by the PTX anti-cancer drug in terms of behavior and morphology of embryos.

Future experiments with an extended timeframe or repeated liposome injections will be necessary and 
valuable to provide clearer evidence of the non-harmful effects of liposomes on behavior and morphology.

Finally, we evaluated the PTX 30  µM effects at molecular level, comparing the results obtained with the 
different liposomes injection.

We decided to analyze a panel of genes based on the results reported by North et al.35. North and colleagues 
tried correlating the neuropathic pain caused by PTX and differentially expressed genes at the transcriptomic 
level. In this regard, we investigated the expression level of nfkb2, tnfα, il1β, il6, tgfβ1a, tgfβ1b and tgfβ3 by qRT-
PCR.

To perform the analyses, the RNAs of embryos injected with PTX 30 µM, LipoPTX 30 µM or MSLP-LipoPTX 
30 µM were compared to Ctrl embryos RNAs.

The results obtained showed an upregulation of most of the genes analyzed in embryos injected with PTX 
30 µM, compared to Ctrl embryos and both liposomes injected embryos, except for tgfβ1b expression level, for 
which a downregulation was observed. The only gene expression level that showed a statistical downregulation 
in embryos injected with non-functionalized liposomes is nfkb2. This gene encodes a subunit of the transcription 
factor complex nuclear factor-kappa-B (NFkB), a key regulator of molecules and pathways important for 
inflammation and pain36.

The statistically significant downregulation was observed specifically in embryos injected with LipoPTX 
30 µM, compared to embryos injected with PTX 30 µM, while in embryos injected with MSLP-Lipo PTX 30 µM, 
only a downregulated trend was observed.

Furthermore, we observed a panel of genes, such as bax, bcl2, Mn-sod, Cu/Zn-sod, catalase and glutathione 
peroxidase, to evaluate the role of reactive oxygen species (ROS) in the development and maintenance of PTX-
induced painful neuropathy37.

The results showed a decreased trend in the gene expression levels observed in embryos injected with 
liposomes loaded with PTX 30 µM compared to embryos injected with PTX 30 µM, thus underlining the positive 
effect of both liposomes in reducing oxidative stress impairment compared to free PTX. We hypothesize that the 
not statistically significant results are due to the reduced treatment timeframe, which was only 48 h. Altogether, 
the encouraging results obtained in our research confirmed the positive effect of liposomes, functionalized or 
not, in reducing PTX side effects, such as CIPN at molecular, behavioral and microscopy levels. Furthermore, 
led us to hypothesize that the liposomes may demonstrate in vivo stability.

To conclude, this study presented the zebrafish embryos not only as an in vivo valuable model for testing 
novel therapeutic strategies but also as a model that helps the step-by-step production of new therapeutic 
approaches. The embryos offer invaluable benefits by allowing researchers to investigate effects at multiple levels 
while simultaneously evaluating the mechanisms involved and activated during treatment.

The opportunity to assess directly and in vivo the toxicological profile of a novel drug nanocarrier strategy 
is invaluable and requires appropriate models, as we demonstrated that the zebrafish embryos are. They can 
be considered a bridge model between in vivo and in vitro models, giving the chance to evaluate an integrated 
response that considers development progression and systemic diffusion, for example. Moreover, further 
research on the promising liposome nanocarrier system would not be wasted and is indispensable for newer 
insights that can lead to possible breakthroughs in fighting CIPN.

Materials and methods
Animal rearing and ethics
The adults of the Tg(isl2b:GFP)zb7 transgenic line (Tu/Longfin background) were kindly donated by the Max-
Planck Institute for Biological Intelligence (Am Klopferspitz 18, 82,152 Martinsried Germany), maintained and 
bred at the University of Milano-Bicocca Zebrafish Facility (approved by ATS Metro Milano Prot. n. 0020984—
12 February 2018), in a recirculating ZebTec Active Blue aquatic system (Tecniplast,  Buguggiate, Italy). All 
experiments were performed on embryos within 5  days post fertilization (dpf), thus not subject to animal 
experimentation rules according to European and Italian directives. Embryos were raised at 28 °C and staged 
according to Kimmel et al.38. The embryonic ages were expressed in hours post fertilization (hpf) and days post 
fertilization (dpf).
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Liposome preparation and chemicals
Liposomes containing PTX (LC Laboratories, Woburn, MA) (LipoPTX) and liposomes containing PTX and 
metallosensitive lipopeptide (MSLP) (MSLP-LipoPTX) were prepared after choosing the main components 
of the nanoformulation. DOTAP (SC‐208,732, Santa Cruz Biotechnology, USA), a cationic phospholipid, 
was selected as the fixed amount component in the formulation (50 mol% of the total phospholipid amount. 
DOPC amount corresponds to 50  mol% in the unloaded liposomes and 47  mol% in the LipoPTX, as PTX 
in such formulation corresponds to 3 mol%. Previous studies have also reported DOTAP and DOPC as the 
main phospholipid components for the PTX incorporation and release39,40. Formulations were prepared by film 
formation and hydration followed by extrusion in a thermobarrel. The PTX amount in the formulation was 
selected due to the previous studies about the PTX instability when the drug’s incorporation in the liposome 
bilayer is higher than 3 mol% (Table 1).

Light field microscopy was used to observe the PTX solubility. Samples were prepared and assayed after 72 h. 
3 µL of each liposome formulation and PTX was dropped on a cover slip and sealed with nail polish. Samples 
were stored at 4 °C and imaged at 40X magnification.

PTX and liposome nanoformulation injection
The embryos were injected at 48 hpf in the upper site of the yolk, close to the SIV, with a volume of 1 nl. Briefly, 
the embryos at 24 h were mechanically chorion deprived, screened for fluorescence signal and then maintained 
in grow medium at 28.5  °C. Shortly before the injection, the embryos were anesthetized with 0.016% ethyl 
3-aminobenzoate methanesulfonate salt (Tricaine, Sigma Aldrich, Saint Louis, MO). Before the injection, the 
PTX (LC Labs, Boston, USA) was suspended using sterile DMSO 200 mg/ml (Sigma-Aldrich, Saint Louis, MO) 
to obtain a stock solution of 50 mM (mM). To reach the injection concentration, we diluted the stock solution 
with milliQ water each time before injection. This resulted in a DMSO percentage lower than 1%, the maximum 
percentage tolerated in zebrafish embryos.

PTX or liposome nanoformulation injection was made in embryos at 48 hpf using a microinjection station 
(FemtoJet 4i, Eppendorf, Hamburg, Germany). The solvent used for both was milliQ water plus phenol red as 
vital tracker. The injected embryos were then rescued in a growth medium solution, to which 0.003% 1-phenyl-
2-thiourea (PTU, Sigma-Aldrich, Saint Louis, MO) was added to prevent pigmentation. At 96 hpf, embryos were 
placed in a 60 mm Petri dish with a medium containing Tricaine, and a single-plane image was acquired using 
a Leica M205FA microscope equipped with a 5MPx DFC450C digital camera and Leica software (Leica, Leica 
Application Suite X, version 3.7.0.20979, ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​l​e​i​c​​a​-​m​i​c​r​o​​s​y​s​t​e​​​m​s​.​c​​o​​m​/​p​r​o​d​​u​​c​t​s​/​​m​i​c​r​o​s​​c​​o​p​e​-​​s​o​f​t​​w​a​​​r​e​/​
p​/​​​l​e​i​c​​a​​-​l​a​s​-​x​-​l​s​/), and successively used for molecular analyses.

The injection at 48 hpf developmental stage is based on several factors. First, the human breast cancer cell 
xenograft model will be established at 24 hpf. Second, vascular development plays a crucial role, as primary blood 
vessels form within the first 24 h, followed by the sprouting angiogenesis of intersegmental blood vessels (ISVs). 
By 48 hpf, blood circulates anteriorly and posteriorly through a series of aortic arteries forming a circulatory 
loop. The ISVs in the trunk and tail become fully functional after 72 hpf41. Therefore, we hypothesized that the 
optimal timeframe for observing liposome effects is between 48 and 96 hpf.

Characterization of liposomes
Physicochemical properties of LipoPTX and MSLP-LipoPTX, such as hydrodynamic size (Dh), polydispersity 
(PDI), and charge (z-pot), were determined during the set-up of the formulation. For that, dynamic light 
scattering (DLS) using Zetasizer® Nano-ZS90 (Malvern Instruments, Malvern, UK). DTS0012 cuvettes were used 
to measure the Dh and the PDI, whereas, for the determination of the z-pot, DTS1070 cuvettes were selected. 
All determinations were performed in the raw sample (dilution in MilliQ water 1:2) in triplicate at 25 °C. The 
maximum acceptable value for the sample monodisperse was a PDI ≤ 0.3.

The Light field microscope (Widefield Microscopes Zeisscell observer, Zeiss, Oberkochen, Germany) was 
used for morphological characterization of liposomes and PTX solubility evaluation at the microscopy level.

RNA extraction and cDNA synthesis
Total RNA was extracted, as reported in Bragato et al.42. Briefly, total RNA derived from zebrafish embryos at 96 
hpf was processed using TRI Reagent (MRC, Cincinnati, OH, USA). First-strand cDNA synthesis reaction from 
total RNA was catalyzed by High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific, Applied 
Biosystems).

The cDNA was then amplified with Actin-β primers (Fw: 5′-​T​G​T​T​T​T​C​C​C​C​T​C​C​A​T​T​G​T​T​G​G-3′, Rw: 
5′-​T​T​C​T​C​C​T​T​G​A​T​G​T​C​A​C​G​G​A​C-3′) using Phusion High-Fidelity polymerase (Finnzymes, Thermo Fisher 
Scientific, Waltham, MA, USA).

Real-time quantitative PCR
Quantitative real-time PCR (qRT-PCR) was performed as reported in Bragato et al.43. Briefly, the PowerTrack™ 
SYBR™ Green Master Mix kit (Applied Biosystems, Waltham, MA, USA) and the Quantum 3™ (Applied 
Biosystems, Waltham, MA, USA) Real-Time PCR system was used according to manufacturer instructions. 
Real-time PCR was performed in a 10 μL reaction containing 600 nM of each primer, 2 μL template cDNA, and 
5 μL qPCR Master Mix. The PCR was run at 95 °C for 60 s, followed by 40 cycles of 95 °C for 15 s and 60 °C for 
30 s. mobk13 was used as the endogenous control.

Relative changes in gene expression between control and treated samples were determined using the 2−ΔΔCt 
method44, and the results were presented in logarithmic scale fold change45. The primer sequences of tested 
genes (nfkb2, tnfα, il1β, il6, tgfβ1a, tgfβ1b, tgfβ3, related to CIPN evaluation, bax, bcl2, Mn-sod, Cu/Zn-sod, 
catalase, and glutathione peroxidase, related to oxidative stress) are listed in Table S1.
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Caudal fin fluorescence and peripheral sensory neurons length evaluation
To quantify the GFP fluorescent signal into the caudal fin and to measure the peripheral sensory neurons length, 
embryos were observed under a fluorescence stereomicroscope, and pictures of the entire tail, starting from 
the caudal prolongation area of the yolk, were collected. The green signal area (expressed as arbitrary units) 
was calculated by ImageJ Fiji software (https://imagej.net/Fiji) on fluorescent images taken under the same 
conditions, such as light exposition and frame size. Using the software, a threshold and a ROI were applied to 
the pictures to obtain regions of positive GFP in white and negative in black46,47.

The same micrographs were used to measure and compare peripheral sensory neurons length in the observed 
experimental groups, taking advantage of the SNT-Simple Neurite Tracer plugin48.

The GFP signal and the neuronal length measurements of injected embryos were compared to control 
embryos for normalization.

Behavioral test
At 48 hpi both injected and Ctrl embryos were subjected to a tactile stimulus test. A gentle stimulus was applied 
at the tail of the larvae using a microneedle and elicited reactions observed under a stereomicroscope. Embryos 
were touched, and the number of evoked escape events was recorded.

Statistical analyses
Data are reported as means and standard error of the means (SEM) using GraphPad Prism 9.2.0.332 (GraphPad 
Software). The statistical significance between multiple groups was determined by one-way ANOVA, followed 
by Bonferroni’s post hoc test analysis were appropriate. The level of significance was considered at p < 0.05. 
Differences in mortality rate were assessed by the Chi-square test or Fisher’s exact test, where appropriate.

Data availability
The datasets generated during the current study are available from the corresponding author upon reasonable 
request.
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