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Abstract

Mesoporous silica-based nanoparticles (NPs) are promising tools for developing targeted 
therapeutic interventions in cancer. Endowed with a large pore silica shell suitable for drug 
encapsulation and with a responsive magnetic core, iron oxide stellate mesoporous silica (IO 
STMS) NPs stand out. Yet, their impact and potential toxicity on relevant in vivo models has not 
been carefully tested yet. Herein, we assessed the impact of these IO STMS nanocomposites in 
a syngeneic metastasis assay in zebrafish. NPs were surface-modified with human serum 
albumin (HSA) and loaded or not with the chemotherapeutic doxorubicin (DOX). In vitro, DOX-
loaded NPs were expectedly more toxic to zebrafish melanoma (Zmel) cells than no-DOX NPs. 
In zebrafish embryos, the NPs were rapidly distributed through blood circulation and were found 
to colocalize over time with the vascular endothelium and local macrophages. Suprisingly, the 
NPs efficiently reduced the outgrowth of Zmel tumoral masses in an experimental metastasis 
assay in zebrafish embryos regardless of their loading with DOX. The anti-metastatic effect of 
these NPs was further improved by increasing the amount of HSA coating, also resulting in higher 
embryo survival. Altogether, IO STMS NPs showed promising cytotoxic effects on a relevant 
zebrafish metastasis model, inhibiting metastatic outgrowth in vivo independently of the drug 
loading. This opens the door to further testing for better exploiting their targeting and drug delivery 
potentialities.
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List of abbreviations:
  NPs – Nanoparticles
  IO@STMS – Iron Oxide@Stellate Mesoporous Silica
  MSNs – Mesoporous Silica Nanoparticles
  SPIONs – Superparamagnetic Iron Oxide Nanoparticles
  GMP – Good Manufacturing Practices
  HSA – Human Serum Albumin
  DOX – Doxorubicin
  DLS – Dynamic Light Scattering
  TEM – Transmission Electron Microscopy
  TAMRA – Tetramethylrhodamine (fluorescent dye)
  DMEM – Dulbecco’s Modified Eagle Medium
  FBS – Fetal Bovine Serum
  PBS – Phosphate-Buffered Saline
  MTT – [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] cell viability assay
  hpf – Hours Post-Fertilization
  E3 medium – Embryo medium (zebrafish culture medium)
  MS-222 – Tricaine methanesulfonate (anesthetic)
  S.C. – Subcutaneous
  IC50 – Half Maximal Inhibitory Concentration
  PEG – Polyethylene Glycol
  MRI – Magnetic Resonance Imaging
  I.V. – Intravenous
  H&E – Hematoxylin & Eosin (histological staining)
  RNA seq – RNA sequencing
  TLR4 – Toll-like receptor 4
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INTRODUCTION

The application of nanotechnology in cancer medicine offers the possibility to improve the 
efficiency of current anti-cancer therapies. In recent years, a wide variety of new nanoparticles 
(NPs) were designed for drug delivery, imaging and therapeutic purposes1,2. With successful lab-
based and pre-clinical screenings for toxicity and functional efficacy, these nanoplatforms could 
improve the quality of life in cancer patients during treatment and along their life span. Of the 
myriad of NPs investigated in the past years -including soft polymer, lipid-based and inorganic 
nanoparticles-, it is reported that at least 80 NP-based therapies are under clinical investigation 
and 15 nanomedecines are currently approved3. However, among the main challenges to be 
solved, the design of nanomedecines with efficient targeting, controlled biodegradability, 
favorable scaling-up, or the possibility to control drug delivery with local or remote stimuli, are the 
principal issues to leverage.  

Regarding specifically silica-based nanoparticles, to date there are mainly two theranostic 
nanoformulations used in clinical phases: Aurolase®, a silica core capped with a gold shell for 
near infrared light (NIR) treatment of prostate cancer and Cornell dots®, which are small silica 
dots (~ 5 nm size) functionalised with an RGD peptide targeting ligand and a positron emission 
tomography (PET) probe for the detection of metastatic cancer4. To date, there is no mesoporous 
silica translation in the clinics while they have the advantage of drug transport as compared to 
non-porous silica. Mesoporous silica nanoparticles (MSNs), with their unique property to 
encapsulate small and large biomolecules (e.g. RNA, proteins), display good biocompatibility and 
biodegradability ensuring a promising use for drug delivery applications5. Various mild chemical 
methods allow to finely tune their pore structure, for instance by playing on the porogen surfactant 
lenght or on its counter ion, enabling a high versatility in drug loading or protein encapsulation6,7. 
Regarding their biodegradability, recent in vitro and in vivo (mouse) studies indicate that MSNs 
degrade in periods ranging from several days to several weeks and that the main factors 
governing degradation and clearance are the NP concentration, their degree of agglomeration 
and their pore size8. Moreover, the integration of a biocompatible inorganic core into such silica 
structure to afford localized treatment (heating, formation of reactive oxygen species) under 
external fields (light, alternating magnetic field) appears as a very appealing approach for future 
treatments. 

Using sol-gel techniques in the presence of biocompatible inorganic cores (such as iron 
oxide, IO), core-shell nanomaterials have been developed, integrating the combinatorial 
properties of both, core and shell within a single nanostructure. At this respect, we have recently 
developed a new generation of core-shell iron oxide MSNs featuring a silica shell of stellate 
morphology (STMS) and controlled pore structure9. This stellate shell, formed in the presence of 
cetytrimethylammonium tosylate (CTATos) surfactant as a dendritic pore-directing agent, is fully 
tunable and exhibits a surface area of approximately 500 m².g-1 with a pore size ranging from 10 
to 15 nm. These IO STMS NPs were efficient at generating cancer cell death in vitro under 
magnetic hyperthermia, and were shown to be potential diagnostic markers for fluorescence and 
magnetic resonance imaging10. Furthermore, when loaded with doxorubicin (DOX), these NPs 
behaved as effective drug carriers and as prospective photothermal agents11. However, to date 
they were never assessed in an in vivo model, which is the purpose of this work.

Another key aspect is the NP surface functionalization, as it will ultimately determine the 
NP interaction with the biological environment. The functionalization of MS with serum proteins 
such as human serum albumin (HSA) is usually reported as a way to improve the biocompatibility 
and to limit immunogenicity. Given the isoelectric point (IEP) of HSA at 4.7, it ensures a satisfying 
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colloidal stability in physiological buffer, and helps to increase the blood circulation time. 
Regarding drug delivery aspects, serum protein coating is also reported to control or prolong the 
drug release profiles via gate keeping strategies. Especially in this work -as detailed later in the 
manuscript- we use a strategy based on isobutyramide grafts to bind HSA at our mesoporous 
silica surface. 

In recent years, zebrafish (Danio Rerio) has rapidly become an established animal model 
system to study NPs12–18. The transparency of the zebrafish embryo allows for direct visualization 
of NP biodistribution and of their interactions with host cells in vivo19,20. Furthermore, for a wide 
range of nanomaterials, recent studies indicate that NP behavior and cellular uptake process are 
very similar between zebrafish and mammals21. Noteworthy, the availability of fluorescent 
zebrafish reporter lines allows to investigate NP interactions with host cells, including endothelial 
cells and macrophages20,22,23. Besides, zebrafish xenograft models are very well established and 
have cancer avatars of different cancer cell types24–27. These models have been used for 
screening a large number of drugs and drug formulations for efficacy and toxicity28–30. Together 
with these characteristics, their low maintenance cost and amenability to high-throughput screens 
place the zebrafish embryo as an ideal model for screening nanobiomaterial biodistribution, 
toxicity, bioaccumulation, and in vivo fate28–30.

To date, the vast majority of NP assessment studies on zebrafish focuses only on 
toxicity31–35. Few studies have evaluated the toxicity of selected therapeutic MSNs in zebrafish36–

38, their biodistribution and in vivo delivery potential39–41. NP distribution in vivo is highly influenced 
by endothelial cells, and only few studies in zebrafish have demonstrated active uptake of these 
NPs by endothelial cells20,21. Another cell type that actively uptake NPs are macrophages, but NP 
uptake by macrophages has been shown to be inefficient for cancer therapy as it decreases the 
chances of NP accumulation in tumor sites42,43. On the contrary, recent studies suggest that direct 
targeting of macrophages may be advantageous as these cells can be recruited to tumor sites44–

46. Furthermore, among various drug formulations investigated in zebrafish for drug delivery 
against cancer, doxorubicin encapsulated by different nanocarriers on a zebrafish xenograft 
model has shown reduction in tumor burden47–51. Further in vivo analysis of the dissemination, 
cellular uptake, toxicity and anti-metastatic behavior of IO STMS NPs is thus warranted.

In this work, we adressed for the first time an in vivo study with core-shell IO STMS NPs. 
These NPs are well-characterized nanoplatforms that have superparamagnetic iron oxide cores 
and a versatile stellate mesoporous shell whose morphology and pore size can be tuned52. In 
these designs, the core-shell NPs were surface-modified with a tight HSA layer using 
isobutyramide (IBAM) grafts as efficient binders53. In vivo, the NP surface-coverage with HSA is 
vital to limit NP opsonization while in circulation54,55, yet whether increasing HSA coverage 
provides any additional benefit remained to be tested. Herein, we exploited a syngeneic zebrafish 
melanoma model to study the impact of HSA-coated IO STMS NPs, loaded or not with DOX, on 
their anti-metastatic potential. While DOX loading provided a significant advantage in cytotoxicity 
of Zmel cells in vitro, it had no impact when NPs were synchronously injected with metastatic cells 
in vivo in zebrafish embryos and assessed for their anti-metastatic potential. Yet and interestingly, 
we report that NPs significantly reduced metastatic outgrowth and embryo survival, and that by 
increasing HSA coating a further enhancement in tumor reduction and in embryo survival were 
revealed. 
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MATERIALS AND METHODS

Chemicals. Tetraethyl orthosilicate (TEOS, ≥99.0%)), cetyltrimethylammonium tosylate 
(CTATos, ≥98.0%), 2-amino-2-(hydroxymethyl)-1,3-propanediol (AHMPD, ≥99.9%), ammonium 
nitrate (NH4NO3), (3-amino propyl)triethoxysilane (APTES, 99%), isobutyryl chloride (IBC, 98%) 
and triethylamine (Et3N, ≥99%) were obtained from Sigma–Aldrich (France). Nitric acid 70% 
(HNO3, 70%) and N,N-Dimethylformamide (DMF, ≥99.9%) were purchased from Carlo-Erba. 
Iron(III) stearate (FeSt3) and fluorescein isothiocyanate (FITC) were obtained from TCI. Oleic 
acid (99%) was purchased from Alfa Aesar while squalane (99%) was purchased from Acros 
Organic. Doxorubicin hydrochloride was obtained from OChem Inc. Human serum albumin (HSA) 
were purchased from Sigma Life Science. Dimethyl sulfoxide (DMSO) was obtained from Roth. 

Cell culture. DMEM, non-essential amino acids and 0.05% trypsin were from Gibco. Fetal Bovine 
Serum (FBS), penicillin (50 units/mL) and streptomycin (50 µg/mL) were from Thermo Fisher 
Scientific. 1-Phenyl-2-thiourea (PTU) and Tricaine (ethyl-3-aminobenzoate-methanesulfonate) 
were from Sigma-Aldrich. 

Synthesis of NPs and DOX loading. IBAM-modified IO@STMS NPs (IO@STMS@IBAM) 
synthesis was as previously described11. For drug loading, doxorubicin hydrochloride (DOX) (2 
mg, 3.7 µmol) was dissolved in 1 mL HEPES buffer (100 mM, pH=7.5) and incubated with 2.5 mg 
of IO@STMS@IBAM NPs during 24 h on a stirring wheel at room temperature, protected from 
light. The obtained IO@STMS@DOX NPs were collected by centrifugation (14,000 g, 10 min) 
and washed three times with 4.5 mL HEPES buffer (100 mM, pH=7.5). The DOX concentration 
in the supernatants (after loading and washings) was measured by UV-Vis spectrophotometry to 
calculate the drug loading content (DLC) in the IO@STMS@DOX NPs. For this, a calibration 
curve of DOX in HEPES buffer (100 mM, pH=7.5) was established by measuring the absorbance 
at 480 nm (Figure S1.E). According to this calibration curve, the molar extinction coefficient for 
DOX is of 9772 M-1 cm-1. Finally, a DLC of 11.3 % -meaning 113 µg.DOX mg-1 NPs- was obtained 
and used for the whole biological study. 

FITC-labelling of HSA. The procedure was reported previously by Bizeau et al.56. Briefly, a molar 
ratio of 2 FITC for 1 HSA protein was used to ensure efficient labelling. 5 mL HSA solution (10 
mg.mL- 1) in NaHCO3 buffer (0.1 mol.L-1, pH 8.5) was reacted with 59 µL of FITC solution (10 
mg.mL-1 in DMSO) and stirred for 1 h. The mixture was protected from light during the whole 
procedure. After purification by dialysis against water (2 days, water change every 2 h), the final 
volume was measured to calculate the exact concentration. The HSA-FITC solution was aliquoted 
and stored at -20°C for further use.

HSA-FITC coating of the NPs. Two very different coatings of HSA-FITC : HSA and High HSA, 
were deposited on IO@STMS@IBAM NPs, loaded or not with DOX. 

HSA NPs: NPs@HSA-FITC (and NPs@DOX@HSA-FITC) were prepared by dispersing 10 mg 
of IO@STMS@IBAM (and IO@STMS@IBAM@DOX) NPs in 2.5 mL of a solution of HSA-FITC 
(0.4 mg.mL-1 in HEPES 100 mM, pH 7.5) resulting in a 10 wt% HSA-FITC feed weight ratio. The 
coating was deposited by stirring the suspensions on a rotating wheel for 1 h, at room temperature 
and protected from light. The NPs@HSA-FITC (and NPs@DOX@HSA-FITC) were centrifuged 
(12,000 g, 12 min) and washed twice (12,000 g, 12 min) with  HEPES buffer (100 mM, pH 7.5). 
HSA NPs, with and without DOX, are thereby modified with a 10 wt% ratio of HSA. These 
compounds are refered as HSA NPs or HSA-Dox_NPs in the text.
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High HSA NPs: For NPs@HighHSA-FITC, an additional incubation with 1 mL HSA-FITC at 10 
mg.mL-1 (100% feed weight ratio) was performed to increase the protein surface coverage. For 
NPs@DOX@HighHSA-FITC, additional successive incubations with 1 mL HSA-FITC at 1 and 10 
mg.mL-1 (respectively 10 and 100 % feed weight ratio) were carried out to increase the protein 
surface coverage. High HSA NPs are therefore modified with a 110 wt% ratio of HSA while DOX-
containing High HSA NPs have a slightly higher exposure to HSA at a 120 wt%. As above, after 
HSA modification, the NPs were centrifuged (12,000 g, 12 min) and washed twice (12,000 g, 12 
min) with HEPES buffer (100 mM, pH 7.5). These compounds are refered as High HSA-NPs or 
High HSA-Dox_NPs in the text.

Both, HSA and High HSA surface contents were calculated from the measurement of the 
fluorescence emission intensity of the supernatants at 519 nm (excitation at 490 nm). The HSA-
coated NPs (with and without DOX) were stored at 4°C in 100 mM HEPES buffer, pH 7.5 at a 
high concentration (i.e. in the mg.mL-1 range) prior to their use in the biological assays. 

Physicochemical characterization of the NPs. Once the IO@STMS NPs synthesized and the 
CTATos surfactant extracted from the pores, the NPs were imaged with a JEOL 2100 TEM 
instrument operating at 200 kV. Image J was used to analyse the size distribution of the NPs. 
IBAM graft density was evaluated using thermogravimetric analysis (TGA) which was performed 
on a STD Q600 (TA Instruments, 25-800°C, a heating rate of 5°C/min, under air flow rate of 50 
mL.min-1). Hydrodynamic size distributions of the NPs with and without DOX, and at HSA and 
High HSA ratios, were evaluated by dynamic light scattering (DLS) in the Intensity mode using a 
Malvern Nanosizer instrument operating at ambient temperature. Colloidal stability was evaluated 
in different buffers: HEPES (100 mM, pH 7.5), PBS (pH 7.4), and cell culture medium (RPMI). 

Cell culture. Zebrafish melanoma cells (Zmel-tdTomato) were cultured in DMEM containing 10% 
Fetal Bovine Serum (FBS), 1% penicillin (50 units.mL-1) and streptomycin (50 µg.mL-1) and 1% 
non-essential amino acids, and were maintained at 28°C in a humidified incubator supplied with 
5% CO2. Cells were harvested when reaching 85% confluence. Cells were detached with 0.05% 
trypsin, treated for 3 min at 28°C.

Cell viability. For cytotoxicity experiments, 125,000 Zmel-tdTomato were plated in a 24-well plate 
and let overnight. The day after, medium was changed for medium containing increasing 
concentrations (0 to 200 µg.mL-1) of NPs, doxorubicin-loaded NPs (Dox_NPs) or matching 
concentrations of doxorubicin.HCl (DOX). Those matching concentrations were calculated as NP 
concentration x 113 µg DOX.mg-1 NPs. The NPs were surface-coated with HSA-FITC, as 
previously described. After 48h, cells were washed, fixed with PFA 4% and stained for 1h with 
2% crystal violet. Excess crystal violet was washed with tap water and plates were let dry before 
imaging with an iBright 1500 imaging system. Images were loaded on ImageJ and crystal violet 
mean grey intensity in each well was measured after oval selection definition. 

Cellular internalization in vitro. For internalization experiments, 500,000 Zmel-tdTomato cells 
were plated in a 4-well LabTek chamber with coverlid and let overnight. The day after, medium 
was changed for medium containing 100 µg.mL-1 NPs or Dox_NPs in complete medium. The NPs 
were surface-coated with HSA-FITC, as previously described. After 5h of incubation at 28°C, cells 
were washed and fixed with PFA 4% before mounting in Fluoromount/DAPI. Slides were imaged 
using a LSM800 Zeiss confocal microscope with a Plan Apo ×40 oil (NA 1.4) objective. The 
excitation wavelenghts were: 405 nm for DAPI; 488 nm for FITC, and 554 nm for tdTomato.

Intravascular injection of NPs in zebrafish embryos. Zebrafish embryos were obtained from 
the following strains: Wildtype-AB, Tg(Kdrl.hsa-HRAS:mCherry)57, Tg(mpeg1:Gal4UAS:NTR-
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mCherry)58,59. Embryos were maintained at 28°C in Danieau 0.3X medium, supplemented with 1-
Phenyl-2-thiourea after 24 h post fertilization (hpf). All injection experiments were carried out at 
48 hpf and imaged between 48 hpf and 72 hpf. All animal procedures were performed in 
accordance with French and European Union animal welfare guidelines and supervised by local 
ethics committee (Animal facility #A6748233; APAFIS #2018092515234191). At 48 hpf, zebrafish 
embryos were dechorionated and mounted on a 0.8% low melting agarose pad containing 650 
µM tricaine (ethyl-3-aminobenzoate-methanesulfonate). Embryos were injected intravascularly in 
the duct of Cuvier with 2 x 13.9 nL of NPs (with and without doxorubicin, at 0.5 mg.mL-1) with a 
Nanoject microinjector 2 (Drummond) under a M205 FA stereomicroscope (Leica), as described 
previously60,61. The total injected DOX amount is 1.57 ng for the Dox_NPs. The total injected NP 
mass is of 13.9 ng of NPs. The NPs were surface-coated with HSA-FITC, as detailed above. At 
3 hpi (hours post-injection) and 24 hpi injected embryos were imaged using the Olympus IXplore 
Spin inverted spinning-disk microscope at 30x with a 1.05 NA (silicone) objective focusing on the 
head and caudal hematopoietic tissue region (CHT) (488 nm laser at 2% for 100 ms / 561 nm 
laser at 15% for 300 ms). Quantification of NP colocalization with endothelial cells and 
macrophages was done using an in-house macro in imageJ (Fiji). Embryo survival after NP 
administration was monitored every day until 4 dpi (days post-injection), with embryos screened 
for any phenotypic abnormalities. Percentage of embryo survival was plotted using a Kaplan-
Meier curve. Pacemaker activity was measured by recording the heartbeat of the embryos as 
short time‐lapses with a Stereomicroscope (Leica M205 FA). Heartbeats were manually counted.

Assessment of NP effect onto macrophage number and length of main vessels. 
Quantification of macrophage number in the head and trunk regions was performed on processed 
single Z planes based on intensity thresholding using Cell Profiler.  The Intersomitic vessel (ISV) 
length was measured from the point where the ISV sprouts from the dorsal aorta up to the tip of 
the ISV using imageJ. Similarly, Mesencephalic vein (MsV) length was measured from the point 
where the MsV extends from the dorsal side up to the tip of the MsV reaching artery using ImageJ. 

Tumor co-localization assay in vivo. This experiment was carried out with two types of NPs: 
NPs with HSA and High HSA surface content, both with and without encapsulated doxorubicin. 
In a typical experiment, about 200 zebrafish melanoma cells (Zmel-tdTomato = Zmel_tdT) were 
injected into the Duct of Cuvier at 36 hpf on a wildtype AB embryo. Embryos properly grafted with 
zebrafish melanoma cells were divided into 3 groups. At 48 hpf, 2 x 13.9 nL of PBS, NPs or 
Dox_NPs at 0.5 mg.mL-1 were injected into the circulation of the larvae of the pre-divided groups. 
The NPs were surface-coated with HSA-FITC, as previously described. At 3 hpi, 24 hpi and 4 dpi, 
injected embryos were imaged using spinning disk microscopy focusing on the caudal 
hematopoietic tissue region (CHT). Tumor volume at different time points was quantified with the 
Imaris (Interactive microscopy image analysis) software. Data are normalized according to the 
initial volume at 3 hpi for each embryo. Embryo survival was quantified at the defined time points. 

Colocalization analysis. Colocalization was analyzed on processed single Z planes (Despeckle 
and Gaussian blur filter in Fiji) based on intensity thresholding using Cell Profiler. Areas of 
overlapping regions between NPs and tumor cells were quantified. The percentage of NP 
colocalization with the tumor cell was calculated as a ratio of the NP overlap area to the total area 
of NP objects times 100.

Statistical analysis. Statistical analysis was done using GraphPad Prism (version 10.2). 
Normality of the data was confirmed using Shapiro-Wilkson test. According to the results,  
different statistical tests were used, as described in each specific section and in figure legends. 
For data that follow a Gaussian distribution, an unpaired t test was used; if not, a Mann-Whitney 
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approach was applied. Two-way Anova analysis was applied to analyzed tumor growth over time 
using the two-stage linear step-up post-test procedure of Benjamini, Krieger and Yekutiel. Survival 
was analyzed using the Log-rank (Mantel-Cox) test with a Bonferroni post-test setting the number 
of comparisons, k, to 3. Violin plots are employed to present the data, with median and quartiles 
included in the plots. p-values smaller than 0.05 were considered as statistically significant. * = 
p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.

RESULTS AND DISCUSSION

Synthesis and characterization of the HSA-coated NPs.

The NPs surface-modified with human serum albumin (HSA), denoted HSA NPs, and loaded or 
not with doxorubicin (DOX) molecules, were synthesized as previously reported by Adam et al.11 
(see Scheme S1 for the whole chemical strategy). This previous work from our group focused on 
the evaluation of the photothermal properties of the core-shell NPs, and on their drug 
loading/release capabilities as a function of pH and surface chemistry. Here, the aim is to analyze 
this well-characterized and versatile nanosystem in an in vivo condition, under blood circulation, 
and upon interaction with circulating tumor cells, macrophages and endothelial cells present in 
the vasculature. Briefly, the iron oxide (IO) cores were obtained by thermal decomposition, a 
method allowing a precise control over nanoparticle size and composition. Transmission electron 
microscopy (TEM) images indicate monodisperse spherical NPs with an average size distribution 
of 26.4 ± 3.4 nm, while X-ray diffraction (XRD) confirms the spinel phase structure (Fe3-xO4, Figure 
S1.A-C). The stellate mesoporous silica (STMS) shell was grown around the iron oxide cores 
using the sol-gel procedure in the presence of CTATos as the templating agent directing the 
stellate large pore morphology. Then, the surfactant was removed to free the pores and avoid any 
further release in biological media. TEM images confirm the synthesis of individual core-shell 
IO@STMS NPs having an average diameter of 119.7 ± 12 nm and optimal colloidal stability in 
ethanol, as determined by dynamic light scattering (DLS) (Figure 1.A-C). Specific surface area 
and average pore size were determined for this core-shell NPs, according to Bizeau et al., and 
are of 333 m2.g-1 and ca. 7.7 nm, respectively. Next, the surface was chemically modified in two 
steps with isobutyramide (IBAM) moieties covalently grafted at the extremities of condensed 
aminosiloxane groups (Fig. S1.D, Thermogravimetric analysis). Covalent aminosilane and IBAM 
modifications of the silica shell were followed by DOX loading and HSA immobilization, 
respectively. IBAM groups were previously reported as suitable binders for DOX loading (H-bonds 
and pi-pi stacking interactions) and HSA immobilization (tight H-bonds)11. DOX loading was set 
here at one specific loading condition ensuring a drug content of 113 µg DOX.mg-1 of NP for the 
whole biological study. DOX content was calculated from supernatant analysis by UV-Vis 
spectrophotometry using calibration curves in HEPES buffer (Figure S1.E). Then, NPs (loaded 
or not with DOX) were afterwards exposed to a human serum albumin protein (HSA) solution at 
a 10 wt% ratio relative to the NP mass, giving rise to an HSA content on the NP surface of 96 µg 
HSA.mg-1 of NP. HSA-FITC contents adsorbed on the NPs were calculated from supernatant 
analysis by fluorescence spectroscopy, using a calibration curve in HEPES buffer (Figure S1.F). 
This weigh ratio ensured an excellent yield (close to 100% impregnation) and the possibility of 
DOX release at pH mimicking intracellular conditions (~5.5) with a great efficiency11. Further, an 
HSA coating in the range 100-200 µg HSA.mg-1 ensured HSA NP interactions with HeLa cancer 
cells with suitable cell uptake (at NP concentrations in cell culture <30 µg.mL-1)10. TEM images in 
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Perton et al., previously illustrated the deposition of HSA onto the core-shell NPs and provide a 
clear evidence of the HSA surface modification10. Z potential values of these NPs were thoroughly 
analyzed in previous works from our team, resulting in ZP between -20 and -25 mV at pH 7.5 
(HEPES buffer) for the HSA-coated NPs without DOX10, and in ZP of ca. – 5 mV for the DOX and 
HSA-containing NPs11. Next, the colloidal stability of the NPs was evaluated in different biological 
media. Dynamic light scattering (DLS) measurements in RPMI cell culture medium provided 
average HSA NP diameters of 234 ± 4 nm (DLS Z-average value), with good colloidal stability. 
On the other hand, NPs tended to form aggregates of micron-size in buffers such as HEPES or 
PBS. For DOX loaded NPs, results are presented in Figure 1.D-F while the whole study with and 
without DOX is presented in Figure S2 with the same conclusions. 
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Figure 1. Main physicochemical features of the core-shell NPs surface-modified with HSA. 
Top: Summary of the chemical steps, with initial silica shell modification with IBAM functional 
units, followed by doxorubicin (DOX) loading and final HSA surface immobilization. A) TEM image 
of the core-shell NPs formed by an iron oxide core and an stellate mesoporous silica shell. B) 
Associated NP size histogram. C) NP hydrodynamic size distribution in the storage solvent 
ethanol prior DOX loading and HSA modification (DLS measurement). D-E-F) NP hydrodynamic 
size distribution in three different biological media (RPMI cell culture medium, PBS, and HEPES) 
for the core-shell NPs loaded with DOX and having HSA coating (DLS measurement). DLS runs 
were done in triplicate in each medium as indicated in the DLS graphs. The average 
hydrodynamic diameter of the NP distribution is indicated as inset. DLS = Dynamic Light 
Scattering. PDI = PolyDispersity Index. 

Drug-loaded HSA NPs are cytotoxic to zebrafish melanoma cells in vitro but not HSA NPs. 

We first assessed the impact of these engineered NPs on a relevant metastatic melanoma model 
(Zmel) that is compatible with the syngeneic experimental metastasis assays to be implemented 
further. For that, we evaluated the viability of Zmel cells (engineered to express the fluorescent 
TdTomato protein, named Zmel_tdT) upon 48 hours exposure to various concentrations of the 
HSA NPs, loaded or not with DOX (Dox_NPs), and of the drug DOX alone. Toxicity of Dox_NPs 
with regards to Zmel cells mirrored the one obtained with free DOX and scaled with increasing 
concentrations (Figure 2.A). Nevertheless, free DOX outweights encapsulated DOX in terms of 
cell viability losses, especially at low NP concentrations. Of note, high concentrations (above 50 
µg.mL-1) of drug-free NPs led to mild Zmel cells toxicity. When assessing the interactions of NPs 
with Zmel cells at the chosen NP concentration of 100 µg.mL-1, we observed micron-scale clusters 
at the cell surface independently of DOX loading (Figure 2.B). Altogether, this suggests that 
highly-concentrated NPs (above 50 µg.mL-1) are detrimental to Zmel tumor cells and that DOX 
loading provides a concentration-dependent anti-tumoral benefitial effect. Noteworthy, cell toxicity 
was distinctly higher for Dox_NPs than for the NPs without the drug, clearly highlighting a drug-
specific cellular response. 
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Figure 2. HSA NPs affect zebrafish melanoma cell viability in vitro. A) Quantification of 
zebrafish melanoma cell (Zmel_tdT) viability upon a 48 hour treatment with HSA NPs (with and 
without doxorubicin) using crystal violet assay. Concentration of NPs and of doxorubicin loaded 
inside the Dox_NPs in braket (purple) is indicated. Free doxorubicin in solution was also included 
as positive control. Results are normalized to untreated cells. DOX-containing NPs (Dox_NPs) 
showed a dose dependent effect similar to that of free DOX while cell viability is only affected at 
high NP concentrations for the NPs without the drug. Data are analyzed using two-way ANOVA 
followed by the two-stage linear step-up post-test procedure of Benjamini, Krieger and Yekutiel 
and displayed as mean ± SD. B) Representative images of NPs (in green) interactions with the 
zebrafish melanoma (Zmel_tdT) cell line (in red). Cells were exposed during 5 hours at 28°C to 
100 µg.mL-1 NPs or doxorubicin-loaded NPs , both surface-modified with HSA-FITC. DAPI stained 
nuclei in blue. Scale bar = 10 µm.

Page 11 of 29 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
N

hl
an

gu
la

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
02

5-
11

-1
1 

02
:0

3:
06

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR02444G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr02444g


12

HSA NPs interact with the endothelium and macrophages. 

Probing the in vivo behavior of NPs is instrumental to study their interactions with the host or their 
circulation time, which ultimately determines the efficacy of the therapeutics. Because the size, 
shape, and surface features of NPs can be tuned, in vivo tracking is the only method that enables 
a clear analysis of how these parameters control their biodistribution, preferential accumulation in 
specific organs, toxicity, and final fate62–64 In that context, the zebrafish embryo has proven to be 
a model of choice for NP toxicity, biodistribution and drug targeting efficacy65–67. 

Serum albumin nanoparticles have been extensively studied as anti-cancer drug delivery 
agents, due to their efficient uptake by cancer cells68–70. Upon uptake, the lysosomal degradation 
of serum albumin NPs induces cancer cell death through the release of their encapsulated 
drugs71. Among FDA approved drugs, DOX is known for its selective tumor localization and 
pharmacokinetic properties, and it has been encapsulated inside nanocarriers72–74. Although 
zebrafish do not have serum albumin proteins, it has been shown that HSA can be processed in 
the liver of juvenile zebrafish indicating the relevance of the model75. Moreover, the size of the 
HSA-modified NPs did not allow for direct absorption of NPs from fish water. Hence, microinjection 
of NPs into the blood stream was preferred and it enabled NP dissemination throughout the 
vasculature, in agreement with the biodistribution of different nanoformulations injected 
intravascularly.

Hence, in a first in vivo study, we assessed the stability and biodistribution of FITC-labeled 
HSA NPs (with and without DOX) in a relevant animal model and in real time. When microinjected 
into the duct of Cuvier of transgenic zebrafish strains Tg(Kdrl.hsa-HRAS:mCherry)57 and 
Tg(mpeg1:Gal4UAS:NTR-mCherry)58,59 that label endothelial cells and macrophages, 
respectively (Figure 3.A,D), the HSA-FITC NPs disseminated throughout the embryo irrespective 
of the transgenic line. Regarding their interactions with the endothelial system, many NPs and 
Dox_NPs were found in the caudal plexus area and in the head, close to optic and other brain 
vessels. Further, the NPs without the drug remained much longer in circulation than the Dox_NPs 
(found static at 3 hpi already, Figure 3.B), suggesting that the presence of DOX has an effect on 
the fate of these NPs in the zebrafish blood stream. Both NPs and Dox_NPs showed similar 
percentage of colocalization with endothelial cells (Figure 3.C) at 3 hpi, indicating that DOX 
encapsulation had no distinctive effect on this phenomena. Confocal imaging confirmed that some 
NPs were internalized by endothelial cells independently of the DOX loading. Interestingly, we 
noticed that Dox_NPs were more prone to spread across the extravascular space at 24 hpi 
(Figure S3.A,B). Dox_NPs rapidly form immobile aggregates in proximal yet extravascular 
regions.This suggests that Dox_NPs might interact with specific host cell types or induce cellular 
mechanisms that can aid their extravasation. In general, NPs are unable to escape interactions 
with other host proteins and the consequent formation of a protein corona. This phenomenon 
ends up enabling their visibility to phagocytic cells.

Interestingly, caudal plexus area homes the origin of macrophages76; it might thereby be 
possible that high accumulation of NPs in this area is due to macrophage engulfment. To confirm 
this hypothesis, NPs were microinjected into the zebrafish fluorescently labeled macrophage 
reporter line Tg(mpeg1:Gal4UAS:NTR-mCherry)58,59. Upon injection, the NPs and Dox_NPs were 
found distributed throughout the embryo (Figure 3.E). At 3 hpi, Dox_NPs were found colocalizing 
with macrophages at a higher percentage than their counterparts without DOX (Figure 3.F), 
pointing at a potential faster clearance of Dox_NPs by macrophages. Additionally, at a later time 
point (24 hpi), around 35 % of both NPs, with and without DOX, colocalized with macrophages 
(Figure S3.C), indicating that their removal from circulation at later stages in the zebrafish is 
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similar, irrespective of the encapsulated drug. In this report, we did not address the uptake of NPs 
by neutrophils, as it has been shown that neutrophils are less involved than macrophages in 
internalizing NPs and other vesicles when administered23,77,78. 

Hence, overall, by analyzing the colocalization between the NPs, the macrophages and 
the endothelium, the here-proposed method efficiently detects most NPs injected into the system 
and enables the insightful quantification of NP fractions present in colocalizing regions. The 
elevated colocalization with macrophages, specially at short-times after injection, can be 
associated with their phagocytic activity, though this remains to be fully elucidated.

HSA NPs do not affect zebrafish vascular and innate immune embryo physiology.

We further analyzed endothelial and macrophage homeostasis upon injection of NPs in 48 hpf 
Tg(Kdrl.hsa-HRAS:mCherry)57 and Tg(mpeg1:Gal4UAS:NTR-mCherry)58,59 zebrafish embryos 
(Figure 4.A,D). We used the length of the mesencephalic vein (MsV) and of the intersomitic 
vessel (ISV) as a proxy for vascular homeostasis. At 24 hpi, the vessel anatomies in the head 
and trunk of the injected embryos had similar lengths irrespective of the injected NP (with and 
without DOX, Figure 4.B,C). Similarly, at 24 hpi the ramified shape of macrophages was 
maintained upon microinjection of the NPs (Figure 4.E), suggesting there was no activation of 
macrophages at this time point, which can be assessed by their round shape. Hence macrophage 
homeostasis at 24 hpi remained unperturbed in both NPs and Dox_NPs injected zebrafish. 
Further, the number of macrophages in the head and trunk was also maintained irrespective of 
their injection with NPs and Dox_NPs (Figure 4.F), and pacemaker activity was not altered 
(Figure S4.A). For the latter, the unperturbed heart rate in the presence of DOX is a noteworthy 
result given the known cardiotoxicity79,80 of this chemotherapeutic drug. 

Altogether, these data suggest that the HSA NPs, with and without DOX, after 24 hours 
of injection in the zebrafish blood circulation, do not alter the main morphological features of the 
embryo (length of main vessels, number of macrophages, absence of noticeable phenotypic 
modifications). 
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Figure 3. Biodistribution of HSA NPs and their interaction with endothelial cells and 
macrophages. A) Description of the experimental setup: 48 hours post-fertilization (hpf), 
Tg(Kdrl.hsa-HRAS:mCherry) zebrafish embryos (endothelial cells in red) are injected 
intravascularly via the duct of Cuvier with both, NPs and DOX-containing NPs (Dox_NPs) surface-
modified with HSA-FITC. Embryos are imaged in the head (1) and caudal plexus area (2) 3 or 24 
hours post injections (hpi). B, C) Representative images (B) of the NPs in the head (1) and caudal 
plexus (2) areas, and quantification of NPs colocalizing with the endothelium (C). At 3 hpi, there 
is no difference between the NPs and Dox_NPs injected groups (Mann-Whitney test, 3 
independent experiments, 30 embryos in total). D) Description of the experimental setup: 48 hours 
post-fertilization (hpf), Tg(mpeg-ntr:mCherry) zebrafish embryos (macrophages in red) are 
injected intravascularly via the duct of Cuvier with both NPs and DOX-containing NPs (Dox_NPs) 
surface-modified with  HSA-FITC. Embryos are imaged in the head (1) and caudal plexus area 
(2) 3 or 24 hpi. E, F) Representative images (E) of the NPs in the head (1) and caudal plexus (2) 
areas, and quantification of NPs colocalizing with macrophages (F). At 3 hpi, Dox_NPs displayed 
a significantly higher colocalization with macrophages as compared to the NPs without the drug 
(Mann-Whitney test, p<0.0001, 3 independent experiments, 30 embryos in total). Scale bar 50µm.
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Figure 4. Endothelial and macrophage homeostasis remain unperturbed. A) Description of 
the experimental setup: 48 hours post-fertilization (hpf), Tg(Kdrl.hsa-HRAS:mCherry) zebrafish 
embryos (endothelial cells in red) are injected intravascularly via the duct of Cuvier with both NPs 
and DOX-containing NPs (Dox_NPs) surface-modified with HSA-FITC. Embryos are imaged in 
the head (1) and caudal plexus area (2) at 24 hpi. B) Representative images of Mesencephalic 
vein (MsV) in the head (1) and Intersomitic vessel (ISV) in the caudal plexus (2) at 24 hpi. C) 
Quantification of MsV (upper) and ISV (lower) length showed no difference between the NPs and 
Dox_NPs injected groups at 24 hpi (Unpaired t test, 3 experiment, 8 embryos for NPs, 10 for 
Dox_NPs). D) Description of the experimental setup: 48 hours post-fertilization (hpf), Tg(mpeg-
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ntr:mCherry) zebrafish embryos (macrophages in red) are injected intravascularly via the duct of 
Cuvier with both NPs and DOX-containing NPs (Dox_NPs) surface-modified with HSA-FITC. 
Embryos are imaged in the head (1) and caudal plexus area (2) at 24 hpi. E) Representative 
images of macrophages in the head (1) and caudal plexus area (2) at 24 hpi. F) Quantification of 
the number of macrophages at 24 hpi showed no difference between the NPs and Dox_NPs 
groups in both the head (upper) and trunk (lower) areas (Unpaired t test, 3 independent 
experiments, 16 embryos per treatment in total for the head, 27 embryos per treatment in total for 
the trunk). Scale bar is 50 µm.

HSA NPs reduce tumor growth in vivo but affect survival.
The zebrafish model, with its high similarity in genome with humans81–83 (around 70%), easy 
manipulation and amenability for high-throughput screens has been utilized as an effective 
xenotransplantation model without risk of rejection for almost the past two decades24,26,30,84. 
Several embryonic zebrafish xenograft studies have used doxorubicin as a loaded drug in 
different nanoparticle formulations and have shown reduction in tumor burden51,73,85,86. Albeit the 
promising results, there are still limitations in their clinical translation partly due to their anatomical 
differences from mammals and due to the lack of adaptive immune system at this developmental 
stage. With this in mind, we envisioned to test the HSA NPs in a zebrafish embryo model that 
used syngeneic zebrafish melanoma (Zmel) cells for transplantation. This cell line forms mets 
within 3 days after their injection in zebrafish embryos. We next tested whether HSA NPs could 
successfully impair metastatic outgrowth in this syngeneic experimental metastasis model. First, 
zebrafish wildtype embryos were intravascularly injected with fluorescently-labeled zebrafish 
melanoma cancer cells (Zmel_tdT) at 36 hpf. This injection was followed by injections of 
fluorescent HSA-FITC NPs (with and without DOX) at 48 hpf (Figure 5.A). Injected embryos were 
longitudinally imaged and assessed at 3, 24 and 96 hpi to document metastatic outgrowth (Figure 
5.B). Both, NPs and Dox_NPs reduced metastatic outgrowth of Zmel cells (50% and 31%, 
respectively) (Figure 5.B,C) in comparison to the control PBS group. Unexpectedly, we observed 
a significant mortality of embryos 4 days post-injection, which reached 47 and 80 % for NPs and 
Dox_NPs, respectively (Figure 5.D). Thus, despite showing remarkable anti-metastatic potency, 
yet independently of DOX loading, HSA NPs displayed an unexpected mortality that warrants 
further investigation. As for any kind of chemotherapeutic, the NP dose, their unwanted 
interactions with other organs and tissues, and their removal pathways need to be fully screened 
and optimized.

Noteworthy, the in vitro NP experiments with Zmel melanoma cells had already underlined 
the fact that HSA NPs, with and without the drug, display strong unspecific interactions with the 
cell membrane, resulting in NP aggregates. Indeed, for the HSA NPs, 10-20% colocalization 
between tumor cells and NPs was obtained at all evaluated time points (Figure S4.B), confirming 
potential cell-nanomaterial interactions also in vivo. Herein, we assume that these non-specific 
interactions could be behind the underlying mechanisms that inhibit or perturb cell-cell 
communication, a sine qua non condition for tumor volume progression in this metastatic model. 
As it has been reported in multicellular tumor spheroids, the presence of NPs during the process 
of spheroid formation can alter spheroid morphology, resulting in the generation of smaller or less 
compact multicellular masses87 
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Figure 5. Reduction of tumor growth upon HSA NP injection. A) Description of the 
experimental setup: 36 hours post-fertilization (hpf), wildtype zebrafish embryos are injected 
intravascularly via the duct of Cuvier with zebrafish melanoma cells (Zmel_tdT, in red). At 48 hpf, 
embryos with grafted Zmel_tdT cells were divided into three groups and injected with PBS, NPs 
and DOX-containing NPs (Dox_NPs), respectively. The NPs (in green) are surface-modified with 
HSA-FITC. The caudal plexus regions were imaged at 3h, 24h and 96h post NP injection (hpi) to 
follow tumor growth. B) Representative images of the caudal plexus area from engrafted embryos 
at 3h, 24h and 96h post PBS, NPs and Dox_NPs injection. Scale bar is 50 µm. C) Quantification 
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of tumor volume using Imaris showed a substantial tumor volume reduction with NPs and 
Dox_NPs at 96 hpi when compared to the PBS injected group. Data are normalized according to 
the initial volume at 3 hpi for each embryo (Two-way Anova followed by the two-stage linear step-
up procedure of Benjamini, Krieger and Yekutieli post-test, with PBS/NPs p=0.0083, 
PBS/Dox_NPs p=0.081, NPs/Dox_NPs p=0.2, 1 experiment, 3 embryos/group). D) Survival 
analysis of tumor grafted embryos after intravascular injections of PBS, NPs and Dox_NPs 
showed significant embryo mortality, indicating that NPs are harmful to tumor-grafted embryos 
after day 3 post-injection (Log-rank (Mantel-Cox) test with Bonferroni post-test correction; 
PBS/NPs p=0,0003, PBS/Dox_NPs p=0,0003, NPs/Dox_NPs p=0.0069, 3 independent 
experiments, 27, 28 and 29 embryos in total for PBS, NPs and Dox_NPs, respectively).

High HSA-NPs further reduce metastatic outgrowth and improve survival in vivo.
HSA is a protein that was reported to reduce the opsonization of several types of NPs in cancer 
models, thereby increasing their circulation time88,89, and to mediate the internalization of drug 
payloads into tumors via its interaction with several receptors overexpressed in tumor cells90,91. 
With this in mind, we explored the effect of increasing the HSA NP surface coverage on their anti-
metastatic potential. We increased HSA immobilized on the NP surface by adding an additional 
HSA coating step with a 10 times more concentrated HSA protein solution as compared to the 
first step. This increased HSA surface concentration from 96 (previous HSA coating) to 428 µg 
HSA.mg-1 of NP (High HSA NP coating), resulting in 4 times more immobilized HSA at the surface 
of the NPs (Figure 6.A).This effect was attributed to the IBAM grafts at the STMS surface which 
allow to tighly immobilize HSA with increasing immobilized amounts as a function of the initial 
HSA concentrations, as previously shown by Bizeau et al.56. We further assessed colloidal 
stability in different buffers: RPMI, PBS and HEPES by DLS (Figure 6.B-E, and Figure S5.A,B). 
The hydrodynamic diameter in RPMI cell culture medium of the High HSA NPs with or without 
DOX remained similar (and even slightly better) to the corresponding HSA NPs, suggesting 
overall a good colloidal stability (187 ± 8 nm for High HSA NPs versus 170 ± 7 nm for High HSA-
DOX NPs) but a micron size aggregation state in PBS or HEPES.

These High HSA NPs were administered to embryos as done for the HSA NPs. High HSA 
NPs showed similar bio-distribution in vivo as HSA NPs and had no impact on the overall 
physiology of zebrafish embryos. When subjected to experimental metastasis, we again 
documented a significant reduction of metastatic outgrowth at 96 hpi for both NP types, with 69% 
and 53% tumor volume reduction for NPs and Dox_NPs, respectively (Figure 6.F-H), when 
compared to PBS-injected embryos. Interestingly, higher HSA coating onto the NP surface 
increased anti-metastatic effects up to 26% and 49% for NPs and Dox_NPs, respectively, when 
compared to HSA NPs. In a recent work with bovine serum albumine (BSA) nanoparticles (without 
a hard, inorganic core, as here employed), Cakan-Akdogan et al. showed that these BSA-NPs 
delivered intravenously to the zebrafish larvae were able to target circulating tumor cells (CTCs) 
in a zebrafish xenograft model92. In addition, the presence of DOX encapsulated inside these 
BSA-NPs was related to CTC cell death. These observations are in agreement with the 
colocalization found in this study between Zmel cells and HSA NPs (Figure S4.B) and also with 
the dampening in tumor progression upon treatment with the NPs. As HSA is known to activate 
the innate immune system through Toll-like receptor 4 (TLR4) and induce inflammation93–97, and 
also as observed in Figure S3.C, where approximately 35% of the NPs were internalized by 
macrophages at 24 hpi, we speculate that HSA-coated NPs may activate a prompt immune 
response that leads to effective NP internalization and removal from circulation. 

Noteworthy, these High HSA NPs enabled a significant gain in survival at 4 dpi in the 
tumor-grafted zebrafish (with and without DOX, Figure 6.I), that puts them close to the control 
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injected with PBS. In comparison with Doxil, the only FDA-approved nanoparticle formulation 
containing doxorubicin, our Dox_NPs exhibit improved safety in zebrafish. Doxil has been 
reported to induce 50% mortality of zebrafish at 72 hpi after exposure to 0.2 mg.mL-1 of Doxil 
directly suspended in the zebrafish medium, whereas our High-HSA Dox_NPs or NPs produce 
only a minor reduction in survival following direct intravenous injection at 0.5 mg.mL-1 at 96 hpi. 

Altogether, these results suggest that i) HSA NPs impair metastatic outgrowth 
independently of the presence of encapsulated DOX and that ii) increasing HSA coverage of NPs 
improves both, the reduction in tumor volume and the overal survival of embryos. Here, the size 
and the mere presence of the NPs in circulation, their aggregation at short times in biological 
media, their strong interactions with the endothelium in vivo, and with the Zmel cells in vitro and 
also in vivo, might altogether contribute to the anti-tumoral effects observed. Nevertheless, the 
specific biological pathways and mechanisms behind the here-observed reduction in tumor 
outgrowth remain to be elucidated. 
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Figure 6. Main physicochemical features of the core-shell NPs surface-modified with High 
HSA and their beneficial effects onto tumor reduction and reduced mortality. A) Schematic 
view of the HSA adsorption onto DOX-loaded NPs for High HSA NPs. As for the previous HSA 
NPs, the protein is immobilized on the surface after DOX loading on the mesoporous silica shell. 
For High HSA NPs, protein surface coverage is increased 4-fold. Right: Dynamic Light Scattering 
of the High HSA NPs in RPMI (B,C) and PBS (D,E). DLS measurements were done in triplicate 
in each medium, as indicated in the DLS graphs. The average hydrodynamic diameter of the NP 
distribution is indicated as inset. F) Description of the experimental setup: 36 hours post-
fertilization (hpf), wildtype zebrafish embryos are injected intravascularly via the duct of Cuvier 
with zebrafish melanoma cells (Zmel_tdT, in red). At 48 hpf, embryos with grafted Zmel_tdT cells 
were divided into three groups and injected with PBS, High HSA NPs and High HSA-Dox NPs. 
The NPs (in green) are surface-modified with High HSA-FITC. The caudal plexus regions were 
imaged at 3h, 24h and 96h post NP injection (hpi) to follow tumor growth. G) Representative 
images of the caudal plexus area from engrafted embryos at 3h, 24h and 96h post PBS, High 
HSA NPs and High HSA-Dox NPs injection. H) Quantification of tumor volume using Imaris 
showed a significant reduction of tumor volume with High HSA NPs and High HSA-Dox NPs at 
96 hpi when compared to the PBS injected group. Data are normalized according to the initial 
volume at 3 hpi for each embryo (Two-way Anova followed by the two-stage linear step-up 
procedure of Benjamini, Krieger and Yekutieli post-test, with PBS/NPs p= 0.0004, PBS/Dox_NPs 
p= 0.0013, NPs/Dox_NPs p=0.115, 1 experiment, 3 embryos/group). I) Survival analysis of tumor 
grafted embryos after intravascular injection of PBS, High HSA NPs and High HSA-Dox NPs 
showed improved survival efficacy compared to previous HSA NPs (Log-rank (Mantel-Cox) test 
with with Bonferroni post-test correction, PBS/NPs p=0.003, PBS/ Dox_NPs p=0.125, 
NPs/Dox_NPs p=0.324, p= 3 independent experiments, 31, 30 and 32 embryos in total for PBS, 
NPs and Dox_NPs, respectively).

Conclusion

Altogether, these results confirm the suitability and biosafety of the HSA-coated IO STMS core-
shell NPs as well as their therapeutic efficacy in a syngeneic zebrafish melanoma model. The 
outgrowth of the tumor mets was markedly halted when the HSA-coated NPs were intravascularly 
injected in the zebrafish embryos pre-inoculated with melanoma cells (13.9 ng of NPs and 1.57 
ng of DOX injected). This anti-metastatic effect was evidenced regardless of the encapsulated 
drug. By increasing the amount of HSA immobilized on the NPs, a significant improvement was 
observed in the anti-tumoral effect and also in the overall survival of the xenografted animals. The 
core-shell nanoparticles surface-modified with High HSA appear therefore as promising 
nanovehicles for drug encapsulation, fertile interactions with tumoral cells, tumor targetting and 
localized magnetic/NIR hyperthermia treatments.
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