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Introduction: Glioblastoma (GBM) remains the most aggressive primary brain tumor, characterized by a high recurrence rate and 
a poor prognosis, particularly due to the blood-brain/tumor barrier, which severely limits the intracerebral drug delivery. This study 
evaluates a novel strategy combining a nanomedicine-based drug delivery approach with focused ultrasound-mediated blood–brain 
barrier disruption (FUS-BBBD) to achieve localized therapeutic drug concentrations to the tumor.
Methods: Paclitaxel and docetaxel were encapsulated in perfluorooctyl bromide nanodroplets, stabilized with fluorinated surfactants. 
The formulation was optimized and characterized in terms of drug loading, encapsulation efficiency, size, size distribution and 
stability. In vivo pharmacokinetics (PK) and safety were assessed in C57BL/6 mice. Therapeutic efficacy was evaluated using an 
orthotopic syngeneic GL261 glioma model combined with hemispheric 1.5 MHz FUS-BBBD.
Results: Docetaxel-loaded nanodroplets (DTX-NDs) emerge as the most promising candidates. Optimized DTX-NDs exhibited a mean 
diameter of 62 ± 4 nm with an encapsulation efficiency exceeding 90%, a good stability achieved by freeze-drying, and a sustained release 
profile. PK analysis demonstrated a 28-fold reduction in systemic clearance and a significantly prolonged terminal half-life compared to 
free docetaxel. Quantitative LC-MS confirmed that FUS-BBBD enhanced docetaxel accumulation 9-fold in healthy brain tissue (p < 0.05) 
and 6-fold in GL261 glioma-bearing mice (p < 0.05) when using the nanodroplet formulation. An optimized treatment plan with DTX-NDs 
(20 mg kg−1 every 72 hours) successfully balanced efficacy and safety, extending median survival to 36 days versus 20 days for free DTX 
(p < 0.05), while achieving a 33% long-term survival rate. Toxicity was limited to transient and reversible hepatotoxicity.
Conclusion: This study demonstrates that the repeated combination of DTX-NDs and FUS-BBBD is a biocompatible and effective 
strategy for enhancing brain drug delivery while minimizing peripheral toxicity, thereby offering a promising translational approach 
for the treatment of GBM.
Keywords: brain tumor, nanoemulsions, drug delivery, focused ultrasound-mediated blood–brain barrier disruption

Introduction
Among gliomas, glioblastoma (GBM) is the most common and aggressive primary malignant brain tumor, accounting for 
approximately 48% of all primary malignant brain and central nervous system tumors in adults with an average annual 
incidence of 3 per 100 000 people in developed countries.1 GBM is highly infiltrative and is characterized by high recurrence 
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and very poor prognosis. Despite important advances in its understanding and many therapeutic innovations over the last few 
decades, GBM remains incurable and one of the deadliest cancers, with a 5-year survival rate following diagnosis below 
10%.2,3 Although the standard of care (combining maximal surgical resection and adjuvant radio-chemotherapy) increases the 
median survival from less than 4 months to 15 months in patients receiving treatment,4 recurrence is still observed in 75% to 
90% of patients within six months after treatment.5 Multiple constraints make therapeutic innovation complex in GBM. Among 
them, the blood–brain barrier (BBB) represents a major issue to deliver anticancer drugs at effective concentration in the brain 
tumor tissue. As the tumor progresses, its vasculature becomes increasingly heterogeneous and the cerebral vessels display 
a tortuous architecture with a partially disrupted BBB, so-called the blood-tumor barrier (BTB). Although the integrity of the 
BBB is partially compromised in the presence of GBM, the BTB exhibits markedly heterogeneous permeability. Furthermore, 
tumoral regions with an intact BBB composed of many efflux transporters persist, which (i) are not visible on contrast- 
enhanced magnetic resonance imaging (MRI), (ii) have been identified as the preferential anatomical sites of recurrence, and 
(iii) prevent the delivery of anticancer agents.6–8 Thus, there is a clear need for therapeutic and/or technical innovations capable 
of achieving sufficient and homogenous delivery of anticancer therapies at the brain tumor site to improve patient outcomes.

Many invasive or non-invasive strategies have been developed to overcome the BBB issues and enhance intracerebral 
drug delivery.9–11 Among non-invasive approaches, biocompatible nanoparticles have been developed as drug carriers 
(eg, nanocarriers (NCs)) to exploit the advantages of nanoplatforms. These include improving the solubility of the drug, 
protecting it from degradation, prolonging its circulatory half-life and enabling passive targeting of tumors through the 
“enhanced permeability and retention” effect and active targeting through functionalization.12 NCs can also reduce 
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toxicity in healthy tissue and enable controlled release. Although they have the potential to improve drug delivery into 
the brain, the limited number of translational successes impose combining the NC approach with an additional precise 
intracerebral delivery strategy to achieve an efficient drug concentration into the tumor.9

Among them, the use of transcranial pulsed ultrasound combined with gas-filled microbubbles (MBs) provides 
a physical method for non-invasive, local, and reversible BBB disruption. This technique, called focused ultra
sound-mediated BBB disruption (FUS-BBBD), has been shown to be safe in both small and large animal 
models,13 even with repeated BBB disruption.14,15 Improvement of therapeutic outcomes has been achieved in 
several preclinical studies combining FUS-BBBD with a range of anticancer drugs or various drug formulations 
(drug-loaded MBs or drug-loaded NCs) in different preclinical glioma models.16–18 Also, multiple clinical trials 
have been initiated within the last decade in patients with newly diagnosed or recurrent GBM.18

In our previous work, we have developed a novel formulation consisting of perfluorooctyl bromide (PFOB) 
nanodroplets (NDs) stabilized with fluorinated surfactants (called F-TACs) as safe NCs for the delivery of 
hydrophobic drugs into the brain after FUS-BBBD.19 These nanoemulsions exhibit several properties that are 
fundamental to their use in GBM treatment including optimal nano-size for crossing the disrupted BBB, the ability 
to encapsulate hydrophobic drugs, stability during freeze-drying process for long-term storage. They are also 
internalized in cells through a rapid, time-dependent and non-saturable uptake, localizing mainly in the cytoplasm 
without nuclear penetration. GBM cells also exhibit faster and more extensive internalization than non-cancerous 
cells. In vivo, they have shown biocompatibility and tolerability following intravenous (i.v.) injection, long 
circulation time with no apparent toxicity in healthy mice, and safe brain delivery after FUS-BBBD.

For the present study, paclitaxel (PTX) and docetaxel (DTX) were chosen to be encapsulated into the droplet 
core. PTX and DTX are hydrophobic chemotherapeutic agents belonging to the taxanes class. They are clinically 
effective against a wide range of cancers but they do not penetrate the BBB. Among them, DTX appeared to be 
the best candidate for encapsulation in our NDs due to its higher solubility in their inner oily core. Various DTX- 
loaded nanoplatforms have already demonstrated an enhanced therapeutic efficacy in preclinical glioma models 
compared to branded formulations of DTX (ie, Taxotere®).20–22 However, to our knowledge, no study evaluating 
DTX-loaded NCs combined with FUS-BBBD in GBM has been reported.

Herein, DTX-loaded NDs (DTX-NDs) have been assessed as a suitable effective formulation in combination with FUS- 
BBBD for the treatment of GBM. First, we studied the pharmacokinetic (PK) behavior of our formulation, and its preclinical 
safety compared to a branded formulation of DTX (Docetaxel Accord® 20 mg mL−1). Then, the enhanced DTX accumula
tion in brain was investigated in healthy and glioma-bearing mice after a single or repeated administration of DTX-NDs 
combined with the FUS-BBBD procedure, in comparison to free DTX. Finally, improvement in therapeutic outcomes was 
evaluated in glioma-bearing mice while determining the optimal treatment plan with the best efficacy/tolerability ratio.

Materials and Methods
For Materials, see Supplementary data, section 1 in Materials and methods.

Preparation and Characterization of Drug-Loaded Nanodroplets
Oil Preparation
In a 2 mL vial, PTX was added in excess to each Capryol® 90 (C-90) and tributyl O-acetyl citrate (ATBC) oil, then the 
resulting suspension was stirred with a magnetic stirrer for at least 48 hours at room temperature. The vial was 
centrifuged at 5,580 g for 10 minutes, and the supernatant was titrated by high performance liquid chromatography 
(HPLC) after 400-fold dilution of the sample with acetonitrile (ACN). The oil was kept at 4 °C until further use. The 
same procedure was applied for DTX in C-90 and ATBC, but the suspension stirring time was limited to 3 hours as no 
significant improvement in drug solubilization was observed beyond this time.

Emulsion Preparation
A 50 mL centrifuge tube was filled with an oil solution (ATBC or C-90) loaded with either PTX or DTX followed by 
addition of PFOB. Then, 2 mL of surfactant solution (variable amounts of F8TAC13 in 2 mL of water) were added. The 
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general composition of the different emulsion types (E1 to E5), containing either PTX or DTX dissolved in ATBC or 
C-90 oil, is described in Table 1. The mixture was cooled to 0 °C with an ice bath and insonified in pulsed mode (PM) 
(duty cycle (DC) 11.97%, pulse width of 8 s) with a sonicator (VibraCell. TM. 75043, 750 W, Bioblock Scientific, USA), 
using a 13 mm sonotrode, situated at the bottom of the centrifuge tube, at 60% amplitude. The total sonication duration 
was 2 minutes. The emulsion was centrifuged at 5,580 g for 5 minutes, the supernatant was then filtered through 
a 0.22 µm CA filter before size measurement by Dynamic Light Scattering (DLS) and titration of the drug content by 
HPLC. Six 300 µL aliquots of the emulsion were prepared and subsequently freeze-dried; drug titration and size 
measurement were re-evaluated after rehydration of one aliquot from each prepared batch (Table 1).

Freeze-Drying Process
Three hundred microliters of emulsion were introduced in a 2 mL vial and completed with 90 μL of an aqueous solution 
of trehalose ([trehalose] = 357 mg mL−1) giving rise to a final trehalose concentration of 10.7% w/v after rehydration. 
Each vial was vortexed for 10 seconds. After being frozen at −20 °C for at least 2 hours, the vials were freeze-dried for 
16 hours. Vials were stored at 4 °C until use. Before use, each vial was reconstituted by adding the lost water (240 µL).

Drug Loading and Encapsulation Efficiency Quantification by HPLC
HPLC analyses were conducted on an Alliance Waters system (e2695) equipped with a 2998 photodiode array detector 
(Saint-Quentin, France). Titration was carried out using a Sunfire C18 column from Waters (4.6 × 150 mm, 3.5 μm). 
A linear gradient of water and ACN ranging from 10% to 80% over 20 minutes was applied. The detection wavelength 
for the titration of PTX and DTX was 227 nm. The drug loading (DL) of the whole emulsion ([Drug]whole) was 
determined by HPLC following a twofold dilution with water. To assess the encapsulation efficiency (EE), each emulsion 
sample was centrifuged at 25,830 g for 45 minutes. The drug content in the supernatant ([Drug]sup), ie, free drug or drug 
encapsulated in micelles, was titrated by HPLC. EE was determined as follows: EE in % = (([Drug]whole-[Drug]sup) / 
[Drug]whole) × 100.

Determination of Nanodroplet Size
The nanodroplet size and size distribution were measured using a DLS apparatus (Zeta Sizer Nano-S, Malvern 
Instruments, Orsay, France) as previously described.19 Hydrodynamic diameter (DH) and polydispersity index (Pdi) 
are averages of 6 measurements and reported as an intensity-based distribution using the cumulant method (Z-average).

Transmission Electron Microscopy Images
Transmission Electron Microscopy (TEM) observations were conducted using a TEM Hitachi 7800–120 kV instrument 
as previously described.19

Determination of Docetaxel Release Profile
Previously prepared and freeze-dried emulsions were reconstituted in a 2 mL vial by adding 240 µL of water to each 
powder aliquot (to give a final volume of 300 µL) and then diluted with 1.7 mL of Phosphate Buffer Saline (PBS) 
solution. Given that one batch of emulsion provides at least six powder aliquots, one aliquot from the same batch was 

Table 1 General Composition of the Different Emulsion Types

Emulsion E1 E2 E3 E4 E5

Fva) 4.7% 16.7% 26.0% 16.7% 16.9%
PFOB 95 µL 380 µL 665 µL 380 µL 380 µL

Oilb) 5 µL 20 µL 35 µL 20 µL 27 µL

F8TAC13 50 mg 200 mg 266 mg 155 mg 155 mg
Water 2 mL 2 mL 2 mL 2 mL 2 mL

Surc) 25.0 mg mL−1 100.0 mg mL−1 133.0 mg mL−1 77.5 mg mL−1 77.5 mg mL-1−1

Notes: a)Fv= Volume fraction of the dispersed phase; b)Drug-loaded oil solution; c)Sur= Concentration of surfactant 
F8TAC13 expressed in mg mL−1 of water. The dispersed phase is made of 95% of PFOB and 5% of oil for samples E1 to 
E4 and of 93% of PFOB and 7% of oil for sample E5.

https://doi.org/10.2147/IJN.S571560                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 4

Bérard et al                                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



used for each time point in each separate experiment. Reconstituted samples were kept at 37 °C under magnetic stirring 
for either 0, 1, 2, 4 or 8 hours. At each time point, the sample was centrifuged at 4 °C for 1 hour at 25,830 g to allow the 
droplets to settle. Then, the supernatant was collected (800 µL) and titrated by HPLC. The DTX concentration in the 
supernatant ([DTX]sup) at T0 was subtracted from the titration of the other time points and then plotted as percentage of 
cumulative release. The 100% was defined as the titration of the [DTX] of the whole emulsion ([DTX]whole) at 
T0 minus the [DTX]sup at T0. Experiments were performed in triplicate.

In vitro Evaluation of Anticancer Activity of ATBC/Docetaxel and C-90/Docetaxel Oil 
Phases
Human GBM cell line (U87-MG) was obtained from American Type Culture Collection (ATCC) and was cultured as 
previously described.19 To evaluate the anticancer activity of the ATBC/DTX and C-90/DTX oil phases, U87-MG cells 
were seeded on 96-well plates (12,500 cells cm−2) and allowed to grow for 24 hours prior to treatment. Then, cells were 
treated for 72 hours with a range of DTX concentrations (0.1, 1, 2.5, 5, 10, 50 nmol L−1) dissolved in DMSO, ATBC or 
C-90, and dispersed in culture medium. Cell viability was assessed by using a colorimetric assay with 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as previously described.23 Viability was calculated 
as measurement of absorbance from a sample, normalized to the absorbance from control cells.

In vivo Studies Using the Animal Model
All in vivo experiments were performed using 6-week-old (16–18 g) female C57BL/6 mice (Envigo, Indianapolis, USA) 
after a seven-day acclimatization period to the laboratory conditions. All animal procedures were carried out in 
conformity with the guidelines of the French Government and the Regional Committee for Ethics on Animals 
Experiments for the care and use of laboratory animals (CE71, Aix Marseille Université, project reference: 
APAFIS#26725-2020052816206649, laboratory accreditation number: A1305532). For each in vivo experiment requir
ing anesthesia, mice were anesthetized with an intraperitoneal injection of ketamine/xylazine (100 mg kg−1 and 10 mg 
kg−1, respectively, 0.1 mL per 10 g of weight). Free DTX or DTX-NDs or NaCl 0.9% or SonoVue® (Bracco Imaging, 
Italy) was administered by retro-orbital i.v. injection using an 8 mm 30-gauge needle attached to a 0.5 mL insulin syringe 
(BD Micro-FineTM, Becton, Dickinson and Co., Franklin Lakes, NJ, USA). Euthanasia was performed at the end of the 
procedure or when the animal showed signs of suffering (eg, suffocation, a prone posture, bristly fur, weight loss 
exceeding 20% of maximum weight). For all procedures requiring blood sampling, animals were anesthetized prior to 
blood collection by intracardiac puncture and sacrificed. All mice were sacrificed by cervical dislocation.

Determination of Pharmacokinetic Parameters Using in vivo Model
Ninety healthy mice were divided into two experimental groups and received a single equivalent dose of 20 mg kg−1 of 
free DTX or DTX-NDs. In each group, mice were divided into 9 subgroups (5 mice per subgroup) corresponding to 9 
sampling time-points (5, 10, 30, 60 minutes and 2, 4, 16, 24 and 48 hours). At pre-determined time points, mice were 
anesthetized and sacrificed for blood collection. The whole blood was collected into heparin coated tubes by intracardiac 
puncture. Blood samples were stored at −80 °C until samples extraction for determination of DTX content by Liquid 
Chromatography-Mass Spectrometry (LC-MS). The DTX concentration–time profile curves were obtained by averaging 
the dosage values of 5 mice per sampling time. Naïve-pooled concentration–time data (ie, assuming that the data were 
obtained from a single mouse) were evaluated using a non-compartmental analysis approach. The PK parameters as well 
as systemic exposure measures, including observed concentration at the 5th minute after the end of i.v. injection (Cmax), 
area under the plasma concentration–time curve (AUC), terminal half-life (t1/2), total clearance (Cl), and volume of 
distribution (Vd) were estimated using PKanalix software, version 2021R1 (Antony, France: Lixoft SAS).

In vivo Toxicity Studies Using Determination of Biochemical Parameters
Thirty healthy mice were divided into two experimental groups (15 mice per group) and a single equivalent dose of 
20 mg kg−1 of free DTX or DTX-NDs was intravenously administered. In each group, mice were divided into 3 
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subgroups (5 mice per subgroup) corresponding to 3 selected time points for blood sampling (1, 7 and 14 days). At pre- 
determined time points, mice were anesthetized and sacrificed for blood collection. The whole blood was collected into 
heparin coated tubes by cardiac puncture and centrifuged at 400 g for 10 minutes. The plasma was collected and stored 
at –80 °C until determination of biochemical parameters of liver function (Alanine aminotransferase (ALAT), Aspartate 
aminotransferase (ASAT)), kidney function (creatinine) and an inflammatory marker (interleukin-6, IL-6). The metabolic 
exploration was performed by Phenomin-ICS (Institut Clinique de la Souris, Illkirch, France). Mice body weight and 
behavior were monitored after DTX or DTX-ND administration to explore the presence of toxic effects.

Focused Ultrasound-Mediated Hemispheric Blood-Brain Barrier Disruption Procedure
Hemispheric BBB permeabilization (6 mm × 3.6 mm × 5 mm) was achieved using a focused transducer mounted on a 3D 
motor allowing continuous raster scan at 10 mm/s (central frequency at 1.5 MHz, active diameter 25 mm, focal depth 
20 mm, width of focal spot at −6 dB 1 mm, length of focal spot at −6 dB 5 mm, Imasonic, France) connected to a single- 
channel programmable generator (Image Guided Therapy, Pessac, France). A bolus (60 µL) of commercially available 
MBs (SonoVue®) was administered immediately before starting transcranial sonication (FUS) above the right hemi
sphere in anesthetized animals. The experimental FUS-BBBD procedure was the same as previously described.19,24

Quantitative Analysis of Docetaxel Accumulation in Healthy Mice Brain Following 
Focused Ultrasound Exposure
Eight healthy mice were divided into 2 treatment groups and intravenously administered free DTX (n = 4) or DTX-NDs 
(n = 4) at an equivalent dose of 20 mg kg−1 of DTX, ten minutes before FUS-BBBD hemispheric procedure. The left 
hemisphere was not sonicated and was used as control. Mice were sacrificed 1 hour post BBB permeabilization and 
perfused with saline through the left ventricle. Brains were collected immediately, and the sonicated hemisphere was 
separated from the contralateral non-sonicated hemisphere. Half brain samples were stored at −80 °C until samples 
extraction for determination of DTX content by LC-MS as described in Determination of Docetaxel in Blood and Brain 
Tissue Using LC-MS Analysis.

GL261 Glioma Tumor Model
To quantify the accumulation of DTX or DTX-NDs in brain tumor and to evaluate their therapeutic efficacy, GL261 glioma- 
bearing C57BL/6 mice, an orthotopic syngeneic murine glioma model, were prepared. Mice were anesthetized and placed 
on a stereotactic frame (Kopf instruments, CA, USA). A skin incision was made on the scalp and a burr hole was drilled into 
the skull of the right hemisphere. Mice received a 2 µL injection of Dulbecco’s Phosphate-Buffered Saline (DPBS) 
containing 50,000 GL261 cells (from DSMZ, Germany, cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 
10% fetal calf serum (FCS) and 1% (v/v) of penicillin/streptomycin) into the right striatum (2 mm lateral and 1 mm anterior 
from the bregma and 3 mm depth from bone). After positioning of the needle (Hamilton 702 N) with the stereotactic frame, 
injection was performed using a syringe pump (Kd Scientific, Legato® 130 Syringe Pump, MA, USA) at a rate of 0.5 
µL min−1 over 4 minutes. The needle was kept in place for 5 minutes before its retraction at a rate of 0.5 mm min−1. The 
wound was then closed with tissue adhesive glue (3M Vetbond®, Cergy-Pontoise, France) or a suture. These glioma-bearing 
mice were raised under standard conditions for one week before being used for subsequent experiments.

Experimental Design and Treatment Plans of the in vivo Efficacy Studies
A total of 61 glioma-bearing C57BL/6 mice were used to evaluate therapeutic efficacy. Mice were divided into 4 
experimental groups.

In all experimental groups, the FUS-BBBD hemispheric procedure was performed on the hemisphere bearing the 
tumor ten minutes after each i.v. administration of NaCl 0.9%, free DTX, or DTX-NDs.

In the first experimental group, the amount of DTX delivered to the brain tumor by FUS-BBBD was investigated. 
Five glioma-bearing mice received free DTX (n = 2) or DTX-NDs (n = 3) at an equivalent DTX dose of 20 mg kg−1 on 
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days 7, 9 and 11 after tumor graft. Brain hemispheres were collected 11 days post-graft as described above and stored at – 
80 °C until samples extraction and determination of DTX content by LC-MS.

In the second experimental group, 24 mice were divided into 3 subgroups in order to evaluate the efficacy of a first 
therapeutic protocol: the control subgroup (treated with NaCl 0.9%, n = 10), the group treated with free DTX (n = 6), and the 
group treated with DTX-NDs (n = 8). A total of four treatments were administered on days 7, 9, 14 and 16 after tumor graft 
(2 sessions of 2 administrations 48 hours apart, of NaCl 0.9%, DTX or DTX-NDs, equivalent DTX dose of 20 mg kg−1).

The third and fourth experimental groups aimed at optimizing the therapeutic plan (ie, improve the efficacy/ 
tolerability ratio).

The third experimental group divided 18 mice into 2 subgroups: treatment with free DTX (n = 9) or DTX-NDs (n = 9). 
A total of four treatments were administered on days 7, 10, 13 and 16 after the tumor cell graft (4 administrations of DTX or 
DTX-NDs, with an initial dose equivalent to 20 mg kg−1 of DTX and subsequent doses equivalent to 10 mg kg−1 of DTX, at 
72-hour intervals).

The fourth experimental group divided 14 mice into 2 subgroups: treatment with free DTX (n = 8) or DTX-NDs (n = 6). 
A total of four treatments were administered on days 7, 10, 13 and 16 after the tumor cell graft (4 administrations of DTX or 
DTX-NDs, with an equivalent DTX dose of 20 mg kg−1, at 72-hour intervals).

For the experimental groups 2, 3 and 4, therapeutic outcomes were investigated through monitoring the survival time 
and weight of each mouse. Mice were sacrificed if they experienced a weight loss exceeding 20% of their maximum 
weight or presented any signs of distress (eg, suffocation, a prone posture, bristly fur).

Determination of Docetaxel in Blood and Brain Tissue Using LC-MS Analysis
PTX was added as an internal standard (IS) and mixed briefly with each blood and brain halves tissue samples (300 ng for 
PK studies, 20 ng for the brain delivery of DTX-NDs after FUS-BBBD in healthy mice study or 30 ng for the brain delivery 
of DTX-NDs after repeated FUS-BBBD in glioma-bearing mice study). Brain halves samples were then homogenized in 
DPBS (300 µL) using a T25 Ultra-Turrax® (IKA, Staufen, Germany). Tissue homogenizer was rinsed twice with 300 µL of 
DPBS and fractions were pooled. Blood or brain samples were extracted 3 or 4 times, respectively, with methyl tert-butyl 
ether (MTBE) (500 µL) and vortexed. Supernatants were separated after centrifuging at 21,500 g for 5 min, collected in 
Eppendorf tubes and evaporated in 60 °C water bath for 2 hours. Dried extracts were stored at −80 °C until further analysis.

Blood sample preparation protocol prior LC-MS injection: each dry sample was reconstituted with 1 mL of a solution 
consisting of a 60:40 mixture of ACN and water, the sample was then vortexed and homogenized with the help of an ultrasound 
bath for 15 minutes. Ten µL of this solution were diluted with 990 µL of the previous solvent mixture and subsequently filtered 
over 0.22 µm PTFE, then diluted 20 times directly in HPLC vial (20 µL diluted with 380 µL of solvent mixture).

Brain samples preparation protocol prior LC-MS injection: each dry sample was reconstituted with 100 µL of diethyl 
ether (Et2O) and vortexed, then 200 µL of methanol was added and Et2O was evaporated at 40 °C for 30 minutes. The 
samples were then centrifuged for 5 minutes at 25,830 g and the supernatants were evaporated using miVac duo 
centrifugal concentrator (Genevac®, SP Scientific Products, UK) for 2 hours. Finally, 200 µL of methanol were added 
and filtered over 0.22 µm PTFE centrifuge filter.

Standard curves were established by spiking DTX in respective matrices (blood or brain tissue) to yield final amounts 
of DTX between 0.0192 and 300 µg for PK studies, DTX-NDs between 0.2 and 100 ng for the brain delivery of DTX- 
NDs after FUS-BBBD in healthy mice study, and between 0.41 and 33.33 ng for the brain delivery of DTX-NDs after 
repeated FUS-BBBD in glioma-bearing mice study, then they were processed in the same way as the samples.

DTX quantification was performed with an Acquity I-Class UPLC system (Waters, Milford, MA, USA) hyphenated 
to a mass spectrometer Xevo TQ-XS (Waters, Milford, MA, USA) equipped with an electrospray ionization source. The 
MS was operated in Multiple Reaction Monitoring mode (for details, see Supplementary data, section 2 in Materials and 
methods). The expected retention times for DTX and IS were 2.77 and 2.85 minutes, respectively. No significant 
interferences from endogenous substances were observed at the retention times of the analyte and IS. Also, studies 
showed that there were no endogenous interferences in blank tissues. Peak ratios of DTX to PTX were plotted against 
nominal concentration of DTX to generate a calibration curve from blood and brain tissue.
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Magnetic Resonance Imaging
MRI was used to confirm the presence of brain tumors before the therapeutic protocol. Briefly, T1-weighted contrast- 
enhanced MRI images were acquired with a 7T/90mm bore hole MRI scanner (Pharmascan scanner, Bruker, Germany). 
A Gadolinium-based contrast agent (Dotarem®, Guerbet, France) was intravenously injected (100 μL by animal) via 
a catheter. T1-weighted images were then acquired (MSME sequence, TE/TR = 8/340 ms, 10 averages, matrix = 256 × 
256 × 64, resolution = 0.15 × 0.15 × 0.60 mm3, 10 averages, acquisition time = 6 min).

Statistical Analysis
All the data were presented as mean ± standard deviation. Statistical analysis was performed with GraphPad Prism 10.4.2 
(La Jolla, CA, USA). The comparison of DTX brain delivery after FUS-BBBD in healthy mice or glioma-bearing mice 
between free DTX and DTX-NDs groups used unpaired Student’s t-test. The survival time of the different treatment 
groups was recorded from the day of tumor graft until death. The Kaplan–Meier method was used to plot animal survival 
curves. The median survival time, maximal survival time and the increase in median survival time (ISTmedian) were 
compared. Significance was assessed by using the Mantel-Cox Log Rank test. A p-value less than 0.05 was considered 
statistically significant.

Results
Preparation and Characterization of Drug-Loaded Nanoemulsions
In a previous publication, NDs with a mean diameter around 50 nm, capable to deliver hydrophobic compounds to the 
brain after FUS-BBBD were developed.19 The surface of these NDs was stabilized by an in-house surfactant called F8 

TAC13, while their core was made of PFOB and a biocompatible oil (ATBC or C-90), the latter oily phase enabling 
a drug or a dye to be encapsulated into the droplets. Various [oil/dispersed phase] ratios were studied in order to balance 
the droplet size, size distribution (as small and monodisperse as possible) and oil volume (for improved drug encapsula
tion). The best trade-off was achieved using 5% ATBC and 10% C-90, giving rise to droplets of 47 and 51 nm diameter, 
respectively. In both cases, the volume fraction (Fv) of NDs in the resulting emulsions, corresponding to the volume of 
the dispersed phase (Φdispersed=PFOB + oil) within the whole emulsion, was 4.7%. These emulsions were freeze-dried in 
300 µL aliquots which could be resuspended in smaller (ie, concentrated), equal or larger (ie, diluted) volumes of water 
without altering the droplet size.

These previous results were used as starting conditions for the preparation of drug-loaded NDs in the current study. 
Optimization experiments were first carried out on PTX before being transposed to DTX.

Preparation of a Paclitaxel-Saturated Dispersed Phase
In order to achieve a drug dose of 20 mg kg−1 for in vivo assays, equivalent to 0.32–0.36 mg per mouse of approximately 
16–18 g body weight, the intended optimal drug concentration (PTX) for emulsions is 1.07–1.2 mg mL−1, for aliquots of 
300 µL before freeze-drying. To achieve this dose, two oil solutions (ATBC and C-90) saturated with PTX were 
prepared. Their drug concentrations, determined by HPLC, were 18 mg mL−1 and 49 mg mL−1 for ATBC and C-90, 
respectively (Figure 1a). The most concentrated solution, ie, the C-90/PTX oily phase, was then used to optimize the DL 
of the emulsion.

Optimization of Drug Loading and Encapsulation Efficiency for Paclitaxel-Loaded Nanodroplets
DL and EE were considered along with droplet size to optimize the encapsulation of PTX. DL represents the amount of 
drug in the total emulsion (referred as [Drug]whole), while EE is the percentage of drug encapsulated in NDs as 
previously expressed (see Drug Loading and Encapsulation Efficiency Quantification by HPLC in Materials and 
Methods). It appeared that in order to preserve the same range of ND size, the [oil/dispersed phase] ratio had to be 
adjusted when a drug was dissolved into the oily phase. For the C-90/PTX oily phase, this ratio fell to 5% against 10% 
for the pure C-90 oil (at 10% C-90/PTX, the ND size was above 500 nm) (data not shown).
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Based on these data, an emulsion (E1, Table 1) with a Fv of 4.7% was first prepared, consisting of 95% of PFOB and 
5% of C-90/PTX. The DL and EE were found to be 0.146 ± 0.015 mg mL−1 and 75 ± 7%, respectively, which was far 
from the intended concentration of 1.2 mg mL−1 for in vivo testing (Figure 1b).

Our strategy to achieve this desired DL was to increase the Fv of emulsions. To this end, two higher Fv were tested, 
namely 16.7% and 26.0% (E2 and E3, Table 1). As shown in Figure 1b, the DL reached a plateau at 16.7% of Fv and 
above, while EE evolved inversely to the Fv from 75 ± 7% for a Fv of 4.7% to 44 ± 11% for a Fv value of 26.0%. This 
could be due to the rise of surfactant concentration (Sur) in the aqueous solution, from 25.0 mg mL−1 to 133.0 mg mL−1 

for Fv values of 4.7% to 26.0%, resulting in an increase of PTX solubility in the water phase surrounding NDs (probably 
encapsulated in surfactant micelles). Moreover, at the higher Fv value (26%), the droplet size and Pdi increased 
(Figure 1c). Therefore, in order to maintain the maximum DL obtained for a Fv of 16.7%, while improving the EE, 
the surfactant concentration in the aqueous phase was reduced from 100.0 mg mL−1 (E2, Table 1) to 77.5 mg mL−1 (E4, 
Table 1). This resulted in an increase in EE from 61 ± 8% for E2 to 91 ± 3% for E4 (Figure 1b), with a ND diameter of 
62 ± 4 nm and a narrow Pdi of 0.193 (Figure 1c). Despite this optimization in terms of EE, the DL value of 0.370 ± 
0.058 mg mL−1 (Figure 1d) remained too low to consider in vivo testing of paclitaxel-loaded NDs (PTX-NDs), which led 
us to formulate another drug following the same approach.

Preparation of a Docetaxel-Saturated Dispersed Phase
DTX, which also belongs to the taxanes class of chemotherapeutics, was considered as an alternative to PTX. With 
a slightly higher LogP value than PTX (4.26 for DTX instead of 4 for PTX), DTX is reported to have a better solubility 
in C-90 than PTX.25

As was done for PTX, the solubility of DTX was screened into the two previously selected oils, ATBC and C-90, 
before the preparation of emulsions using both DTX-saturated oil solutions C-90/DTX and ATBC/DTX.

The DTX solubility was found to be 119 ± 7 mg mL−1 and 117 ± 16 mg mL−1 in ATBC and C-90, respectively 
(Figure 1a). Compared to the solubility of PTX in these two oils, it was more than 6-fold higher for ATBC and 2-fold 
higher for C-90. Although the solubility of DTX was similar in both oils, we observed that the C-90/DTX solution began 

Figure 1 Characterization of drug-loaded nanoemulsions. (a) Concentration of PTX and DTX in ATBC and C-90 oils. (b) Drug loading (DL) and encapsulation efficiency 
(EE) of PTX-NDs emulsions (E1 to E4) of various volume fractions and surfactant concentrations (see Table 1). (c) Hydrodynamic diameter (DH) and polydispersity index 
(Pdi) of NDs for emulsion samples E1 to E4. (d) DL and EE of PTX-NDs and DTX-NDs (emulsions E4 and E5) with C-90 or ATBC oil. (e) DLS spectrum of DTX-NDs 
(sample E5) after rehydration (cumulant analysis). (f) TEM image of DTX-NDs (sample E5) after rehydration.
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to precipitate after 24 hours, requiring the oil phase to be prepared just before the ND preparation. In contrast, the ATBC/ 
DTX solution remained stable and could be stored at 4 °C for several days before use.

In vitro Anti-Glioma Activity of ATBC/Docetaxel and C-90/Docetaxel Oil Phase
To ensure that DTX retains its pharmacological activity when dissolved in ATBC or C-90 oil, survival of human GBM 
cell line (U87-MG) was measured and compared with that of DTX dissolved in DMSO. The IC50 (concentration at 
which cell survival is inhibited by 50%) of DTX remains identical whatever the vehicle: 3.3 ± 0.3 nmol L−1 in DMSO, 
2.2 ± 0.2 nmol L−1 in ATBC and 4.3 ± 0.3 nmol L−1 in C-90 (Figure S1). The pharmacological activity of DTX is thus 
preserved in vitro. Both DTX-loaded oily phases were tested for the preparation of DTX-ND emulsions applying the 
same method as previously described for PTX-ND emulsions.

Optimization of Drug Loading and Encapsulation Efficiency for Docetaxel-Loaded Nanodroplets
The best condition obtained for PTX, ie, condition E4 of Table 1, was considered here for comparison purpose. As 
expected, the DL of C-90/DTX emulsions was twice that of C-90/PTX emulsions (0.83 ± 0.04 mg mL−1 for DTX vs. 
0.37 ± 0.06 mg mL−1 for PTX). It was even better for DTX in ATBC oil, reaching a DL value of 0.95 ± 0.10 mg mL−1 

(Figure 1d). For these formulations of DTX-NDs, EE were 83 ± 8% and 77 ± 15% for C-90/DTX and ATBC/DTX, 
respectively (Figure 1d). Based on these results and to the greater stability of the ATBC/DTX solution, we focused on 
DTX-NDs with ATBC oil for further optimization.

Although the DL was acceptable, the EE still needed improvement to maximize the concentration of DTX 
encapsulated into the core of NDs for future in vivo experiments (the intended optimal drug concentration is also 
1.07–1.20 mg mL−1 for DTX emulsions, ie, 20 mg kg−1). This was achieved by increasing the volume of the ATBC/DTX 
oily phase from 20 µL (E4, Table 1) to 27 µL (E5, Table 1), while keeping the volume of PFOB constant (380 µL). This 
resulted in a slight increase in the Fv of the emulsion to 16.9%. The surfactant concentration in the aqueous phase was 
maintained at the level previously optimized for PTX (ie, 77.5 mg mL−1). This emulsion E5 exhibited a DL value of 1.27 
± 0.02 mg mL−1 and an EE value of 93 ± 2.5% (Figure 1d), for very small and monodisperse DTX-NDs (size (DH) = 55 
± 2 nm; Pdi = 0.12 ± 0.02, Figure 1e). Overall, these results were in good agreement with the targeted DL (1.07–1.20 mg 
mL−1) and ND size for BBB crossing in association with FUS-BBBD, as demonstrated in our previous work.19 

Therefore, we selected the DTX formulation E5 for in vivo experiments.

Freeze-Drying
To prevent an increase in the droplet size due to Ostwald ripening, a previously established freeze-drying process was 
applied.19 The latter freeze-drying method, optimized for drug-free emulsions with an Fv of 4.7%, involved the use of 
trehalose as a cryoprotectant at a concentration of 5% (w/v). As shown in Table S1, this 5% trehalose concentration was 
not sufficient for DTX-loaded emulsions, resulting in a Sf/Si ratio of 1.36 (final size after rehydration of the freeze-dried 
emulsion (Sf)/initial size of the parent emulsion before freeze-drying (Si)). In order to improve this ratio, two other 
trehalose concentrations (10% and 15%) were tested. The best result was obtained with 10% of trehalose, yielding a Sf/Si 
ratio of 1.13. Therefore, this concentration of trehalose was chosen for the freeze-drying of all emulsion samples.

Nanodroplet Size and Dispersity Limits for in vivo Testing
To ensure reproducibility, acceptance of size and polydispersity for in vivo administration across batches, a series of emulsion 
batches was prepared for in vivo experiments. Each batch produced six freeze-dried aliquots, one of which was used for size 
and polydispersity control and DTX concentration ([DTX]) measurements. The other five were kept for in vivo experiments. 
After emulsion rehydration, the acceptable ND diameter threshold was set at 65 nm with a Pdi inferior to 0.2. A total of 57 
emulsion batches were prepared (following conditions E5, Table 1) in order to perform all the biological assays. After 
rehydration of each control aliquot for the entire series, the resulting average diameter of NDs was 62 ± 4 nm, with an average 
Pdi of 0.17 ± 0.03, in good agreement with the fixed threshold for in vivo experiments. The ND size was also confirmed by 
TEM (Figure 1f) using ImageJ software. The average diameter was of 68 ± 26 nm. The smallest droplets had a diameter of 30 
nm, whereas the largest had a diameter of 162 nm. A size distribution graph revealed that 92% of the droplets were less than 96 
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nm in diameter (Figure S2). Regardless of the method employed, the sizes fall within the same range: 62 nm by DLS and 68 
nm by TEM. The average [DTX] was 1.13 ± 0.08 mg mL−1 of emulsion.

Emulsion Stability and Passive Release Follow-Up
The DTX release profile was assessed at 37 °C in a volume equivalent to the average blood volume of a mouse 
(approximately 2 mL). The release was monitored by HPLC for 8 hours, which is longer than the BBB half closure time 
for droplets around 60 nm in size after FUS-BBBD, according to the model by Marty et al26,27 After 8 hours, 
approximately 40.2 ± 6.3% of the drug has been released from NDs, compared to 15.2 ± 5.7% after 1 hour. This 
suggests a sustained-release effect of DTX but no burst effect (Figure 2).

Thus, a stable formulation of DTX-NDs was developed. This emulsion meets the necessary criteria for ND size, 
dispersity, DL, EE and stability, making it suitable candidate for in vivo testing against GBM.

Pharmacokinetics and Toxicity Studies in Animal Model
To investigate the effects of DTX encapsulation on DTX PK, mice were injected with free DTX or DTX-NDs. The 
median DTX concentration–time curves in free DTX (Docetaxel Accord®) and DTX-NDs groups are shown in Figure 3a. 
The median concentration of DTX after 5 minutes (Cmax) was significantly higher in the DTX-NDs group, reaching 
a Cmax of 145.5 µg mL−1, compared to 12.3 µg mL−1 for the free DTX group (p < 0.01). The blood concentrations of 
DTX were detected up to 2 hours for the commercial formulation, whereas drug levels remained detectable up to 4 hours 
for DTX-NDs, suggesting that DTX encapsulated in NDs would remain in the circulation for a longer time than free 
DTX. A non-compartmental analysis (a naive pooled data approach) was performed to extract PK parameters for both 
formulations, as reported in Table 2. A comparison of area under the curve AUC0-∞ showed that the ND formulation 
produced higher exposure levels (7,342 min µg mL−1 vs. 256 min µg mL−1). Accordingly, total clearance of DTX-NDs 
was 28 times lower than that of free DTX (0.05 mL min−1 vs. 1.40 mL min−1). DTX elimination half-life was prolonged 
from 21.5 minutes in free DTX group to 72.4 minutes in DTX-NDs group. The distribution of DTX was also 
significantly affected, with a volume of distribution (Vd) of 2.1 mL for DTX-NDs vs. 34.5 mL for free DTX. These 
results showed that the systemic exposure to DTX was significantly enhanced by the ND formulation through improve
ment in its PK properties. Therefore, it could be suggested that the surfactant shell of the NDs protects the drug and is 
responsible for the sustained-release effect of DTX.

To detect any potential signs of toxicity induced by DTX-NDs, healthy mice received a single dose either of free DTX 
(Docetaxel Accord®) or DTX-NDs at 20 mg kg−1 of DTX. All animals appeared healthy and exhibited normal activity, 
and no significant difference in body weights was noted up to 14 days after administration. Figure 3b–d, and e show the 
blood levels of biochemical parameters of liver function (ALAT, ASAT), kidney function (creatinine) and an inflamma
tory marker (IL-6), explored 1, 7 and 14 days after i.v. administration. One day after DTX-NDs injection, the median 
ALAT and ASAT levels were increased, approximately 5-fold (159 U L−1) and 8-fold (410 U L−1) above the upper limit 

Figure 2 DTX release from NDs at 37 °C over time. The values are reported as mean ± SD (n = 3).
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Figure 3 In vivo pharmacokinetics and safety comparison of free docetaxel (DTX) and docetaxel-loaded nanodroplets (DTX-NDs) in healthy mice. (a) Concentration-time 
profile of DTX in the bloodstream following a single intravenous administration of free DTX or DTX-NDs (intravenous injection, equivalent dose of 20 mg kg−1 of DTX). 
Data are expressed as median ± interquartile range (n = 5). Safety profiles of liver function (b and c), kidney function (d) and inflammation (e) 1, 7 and 14 days following 
a single intravenous dose of free DTX or DTX-NDs. Data are expressed as median (day 1: n = 5, day 7: n = 4, day 14: n = 4 for DTX group and n = 5 for DTX-NDs group). 
*p < 0.05, **p < 0.01, Student’s t-test.
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of normal (ULN), respectively, compared with those of the free DTX group which remained within normal values.28 For 
DTX-NDs group, 7 days post-administration, the median ALAT and ASAT levels were only 1.5 and 2 times above the 
ULN, respectively.28 Fourteen days post-administration, no elevated levels of serum transaminases were found, indicat
ing transient signs of hepatotoxicity with the DTX-NDs formulation. Regardless of the administered formulation, 
creatinine levels remained within the normal range and IL-6 levels were undetectable on days 1, 7 and 14 post- 
administration, suggesting an absence of signs of renal toxicity or inflammatory syndrome.

Brain Delivery of Docetaxel-Loaded Nanodroplets After Focused 
Ultrasound-Mediated Blood-Brain Barrier Disruption in Healthy Mice
In our previous work,19 we showed that i.v. injection of NDs in combination with FUS-BBBD using SonoVue® MBs has 
the potential to achieve non-invasive, safe, and localized drug delivery into the brain. We therefore assessed whether the 
DTX-NDs formulation combined with hemispheric FUS-BBBD increased DTX penetration into the brain (see treatment 
plan in Quantitative Analysis of Docetaxel Accumulation in Healthy Mice Brain Following Focused Ultrasound 
Exposure in Materials and Methods). Figure 4a shows the DTX concentrations per unit mass in sonicated and 
contralateral non-sonicated brain tissues from free DTX- and DTX-NDs-treated healthy mice. The concentration of 
DTX in the DTX-NDs group was 2.6 and 9 times higher than that in the free DTX group (p < 0.05, n = 4 for each group), 
in the non-sonicated and sonicated brains, respectively. Furthermore, the mean ratio of DTX concentration (sonicated 
relative to non-sonicated brain tissue, Figure 4c) was 4.2 ± 2.6 for DTX-NDs-treated mice and 1.2 ± 0.6 for free DTX- 
treated mice demonstrating improved brain accumulation of DTX by FUS-BBBD only with the vectorized DTX 
formulation (p < 0.05, n = 4 for each group). These findings suggested that i) NDs vectorization of DTX could improve 
DTX brain availability, and ii) FUS-BBBD could improve DTX brain availability with DTX-NDs formulation only.

Brain Delivery of Docetaxel-Loaded Nanodroplets After Repeated Treatment in 
Glioma-Bearing Mice
We then investigated whether repeated administration of the DTX-NDs formulation combined with hemispheric FUS- 
BBBD enhanced DTX accumulation within the brain tumor (see Experimental Design and Treatment Plans of the in vivo 
Efficacy Studies in Materials and Methods, experimental group 1). Figure 4b illustrates the DTX concentrations per unit 
mass in sonicated brain tumor tissue and in contralateral healthy brain tissue from free DTX- and DTX-NDs-treated 
GL261 glioma-bearing mice. The DTX-NDs-treated mice (n = 3) displayed a significantly higher concentration of DTX 
(6-fold higher, p < 0.05) than the free DTX-treated mice (n = 2), but only in the sonicated tumor sites. The DTX 
concentration ratio of tumor/contralateral brain is also higher in DTX-NDs-treated mice than in free DTX-treated mice 
(6.3 ± 5.7 vs. 1.6 ± 0.1, respectively), although not significantly (p = 0.14) (Figure 4c). These results suggest that 
combining the DTX-NDs emulsion with FUS-BBBD and repeating this treatment could increase the cerebral availability 
of DTX at the tumor site and thus improve its therapeutic efficacy in glioma-bearing mice.

Table 2 Pharmacokinetic Parameters of Docetaxel (DTX), Using a Non- 
Compartmental Analysis, Following Intravenous Administration of a Single 
Dose of Free DTX or DTX-NDs (Equivalent Dose of 20 mg kg−1 of DTX)

Pharmacokinetic Parameters Free DTX DTX-NDs

t1/2 (blood terminal half-life) 21.5 min 72.4 min

Cmax (median maximum concentration) 12.3 µg mL−1 145.5 µg mL−1

Vd (volume of distribution) 34.5 mL 2.1 mL

Cl (clearance) 1.4 mL min−1 0.05 mL min−1

AUC0-∞ (area under the curve) 256 min µg mL−1 7,342 min µg mL−1
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Figure 4 Docetaxel brain accumulation after treatment with free docetaxel (DTX) or docetaxel-loaded nanodroplets formulation (DTX-NDs) in combination with 
hemispheric FUS-BBBD: (a) in healthy mice after a single treatment (free DTX, n = 4 or DTX-NDs, n = 4) or (b) in glioma-bearing mice after repeated treatment (free DTX, 
n = 2 or DTX-NDs, n = 3). (c) Docetaxel concentration ratio of sonicated to non-sonicated brain tissue after treatment. FUS-BBBD procedure was performed on the right 
hemisphere for healthy mice or the hemisphere bearing the tumor for glioma-bearing mice. FUS-BBBD + indicates conditions with hemispheric FUS-BBBD, whereas FUS- 
BBBD - indicates conditions without hemispheric FUS-BBBD. *p < 0.05, ns: not significant, Student’s t-test.
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Therapeutic Efficacy of Docetaxel-Loaded Nanodroplets Delivered by Focused 
Ultrasound-Mediated Blood-Brain Barrier Disruption in Glioma-Bearing Mice
The GL261 glioma-bearing mice were randomly divided in three groups: control (NaCl 0.9%), free DTX (Docetaxel 
Accord®) and DTX-NDs. The experimental scheme of treatment over time is shown in Figure 5a and detailed in 
Experimental Design and Treatment Plans of the in vivo Efficacy Studies in Materials and Methods, experimental group 
2 (briefly, 4 administrations combined to FUS-BBBD, equivalent DTX dose of 20 mg kg−1). Animal survival and weight 
were monitored. Figure 5b shows the Kaplan–Meier survival curves of the three groups and the survival analysis results 
are summarized in Table 3. The median survival time of mice treated with DTX-NDs (33 days) was significantly 
prolonged compared to the control group (27 days, p < 0.01), representing a 22% ISTmedian. The median survival time of 
DTX-NDs-treated mice was also longer than that of mice treated with free DTX (20 days), but the difference was not 
significant. The mean body weight change (% of previous maximum weight) was −4.6 ± 3.3% and −5.4 ± 2.4% (p = 
0.61) after treatments 1 and 2 (D12), and −12.8 ± 4.6% and −21.1 ± 3.2% (p < 0.01) after all four treatments (D20) for 
the DTX-NDs and free DTX groups, respectively (Figure 5c). These results suggest that repeated administration of DTX- 
NDs combined with FUS-BBBD is effective in improving survival of glioma-bearing mice. However, the treatment plan 
is associated with a non-negligible toxicity, even if it is less toxic than free DTX treatment.

Figure 5 In vivo therapeutic efficacy of DTX-NDs delivered by FUS-BBBD in glioma-bearing mice after adjusted treatment plan. (a, d and g) In vivo treatment plan of NaCl 
or free DTX or DTX-NDs combined to FUS-BBBD in glioma-bearing mice according to experimental group 2 (NaCl 0.9%, n = 10, free DTX, n = 6, DTX-NDs, n = 8, 
equivalent DTX dose of 20 mg kg−1), experimental group 3 (free DTX, n = 9, DTX-NDs = 9, equivalent DTX dose of 20 mg kg−1 once, followed by 10 mg kg−1) and 
experimental group 4 (free DTX, n = 8, DTX-NDs = 6, equivalent DTX dose of 20 mg kg−1). Kaplan-Meier survival curves (b, e and h) and bodyweight curves (c, f and i) of 
glioma-bearing mice in the three experimental groups.
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Improvement of Therapeutic Outcomes with Adjusted Treatment Plan
To improve therapeutic outcomes and reduce toxicity (ie, improve the efficacy/tolerability ratio), treatment plan had to be 
adjusted (Figure 5d and Experimental Design and Treatment Plans of the in vivo Efficacy Studies in Materials and 
Methods, experimental group 3). The treatment plan was adapted by reducing the dose (eq. 20 mg kg−1 of DTX once, 
followed by eq. 10 mg kg−1 for a total of 4 treatments) and extending the interval between administrations to every 
72 hours. The median survival time for the DTX-NDs group was similar to that of the free DTX group (31 days) and was 
shorter than that with the initial treatment plan (Figure 5e and Table 3). No significant difference in mean body weight 
change was observed after all four treatments (D20) between DTX-NDs and free DTX groups (p = 0.14) (Figure 5f). 
These results may be attributed to a sub-optimal dose of DTX, which was less toxic but not sufficient to achieve 
a maximal anti-tumor effect.

Therefore, a third treatment plan was tested, that maintained the interval between injections of the second plan 
(72 hours) but with a maximum dose equivalent to 20 mg kg−1 of DTX. Using this protocol (Figure 5g and Experimental 
Design and Treatment Plans of the in vivo Efficacy Studies in Materials and Methods, experimental group 4), the median 
survival time of the DTX-NDs group (36 days) was significantly prolonged compared to the free DTX group (20 days, 
p < 0.05), and also to the first treatment plan with DTX-NDs (33 days) (Figure 5b, h and Table 3). Additionally, 2 out of 
6 mice treated with DTX-NDs + FUS-BBBD demonstrated long-term survival (> 60 days), whereas none of the mice in 
the free DTX group survived beyond 27 days (Figure 5h). MRI scans performed during the protocol confirmed that mice 
with long-term survival in the DTX-NDs group had a tumor (data not shown). Four days after receiving the full treatment 
plan (D20), the mean weight change was −12.6 ± 6.8% and −26.2 ± 5.5% (p < 0.01) for DTX-NDs group and free DTX 
group, respectively, requiring over 80% of free DTX-treated mice to be sacrificed at 20 days post-graft of tumor 
(Figure 5i). Furthermore, we observed an increase in mouse body weight starting 3 days after the last treatment in the 
DTX-NDs group. Consequently, at equivalent dose of DTX, DTX-NDs emulsion appears to be better tolerated than the 
branded DTX formulation in combination with FUS-BBBD, while improving glioma-bearing mice survival. Finally, with 
an optimized treatment plan, the efficacy/tolerability ratio was enhanced solely for the DTX-NDs group.

Discussion
In our previous work, we demonstrated that the F-TAC-stabilized PFOB nanoemulsion exhibits excellent biocompat
ibility and promising PK behavior. Furthermore, when combined with FUS-BBBD, the intracerebral accumulation of 
tagged-droplets was significantly and safely enhanced. Taken together, these results highlight the potential of this 
innovative PFOB nanoemulsion as an effective NC for the cerebral delivery of hydrophobic agents via FUS-BBBD.19 

In the present study, we successfully developed and optimized DTX-NDs for brain tumor delivery, particularly when 
combined with FUS-BBBD.

DTX, a taxane chemotherapeutic agent, is already approved for the treatment of several solid cancers. DTX can 
induce glioma cell apoptosis and displays significant inhibitory effects.29 However, due to its poor water solubility, 
inability to cross the BBB, and low bioavailability, DTX demonstrates limited brain tumor-targeting efficiency. Various 

Table 3 Survival Analysis According to Various Treatment Plans

Treatment Group Maximum 
Survival 
[Days]

Median 
Survival 
[Days]

ISTmedian vs. 
Control [%]

P-value ISTmedian vs.  
Free DTX [%]

P-value

Experimental group 2 NaCl (control) (n = 10) 30 27 - -

Free DTX (n = 6) 38 20 −26% 0.089 - -

DTX-NDs (n = 8) 37 33 +22% 0.008 (**) +65% 0.834

Experimental group 3 Free DTX (n = 9) 34 31 - -

DTX-NDs (n = 9) 34 31 0% 0.878

Experimental group 4 Free DTX (n = 8) 27 20 - -

DTX-NDs (n = 6) 62 36 +80% 0.029 (*)

Notes: ISTmedian: Increase in median survival time. * p < 0.05, ** p < 0.01 Mantel-Cox Log Rank test.
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drug delivery systems have been investigated to improve the tolerability and therapeutic potential of DTX.30–33 To date, 
only one micelle-based formulation of DTX has been found in the literature in combination with ultrasound-targeted MB 
destruction,34 but none in combination with FUS-BBBD. Here, we propose this approach as a unique opportunity to 
repurpose a potent anticancer drug for targeted delivery in GBM.

Our DTX-NDs formulation demonstrated properties suitable for systemic delivery, including uniform morphology, 
controlled size and dispersity (≈ 50–60 nm with Pdi < 0.2), as well as satisfactory DL and EE (> 90%), similar to those of 
other anticancer drugs-loaded NCs.17,34,35 Particle size is a critical factor for NC extravasation into the brain parenchyma. 
The optimal size must be small enough to cross the disrupted tight junctions caused by FUS-BBBD, yet large enough to 
avoid rapid renal excretion. It is generally accepted that particles should ideally be smaller than 100 nm to ensure brain 
delivery,26 with the most efficient delivery achieved using NCs around 50 nm in size.17 Our NDs are smaller than most 
drug-loaded NCs previously used with FUS-BBBD (typically around 100 nm or more),18 except for some inorganic36,37 

and DNA-based nanoparticles.38 However, organic NCs offer advantages such as biocompatibility, biodegradability, and 
high DL capacity. In addition, our NDs enable a slow release of DTX (without burst effect), promoting effective drug 
accumulation in tumor tissue and reducing peripheral toxicity, which is comparable with the cumulative-release profile of 
DTX-loaded micelles reported by Mao et al34 Additionally, while reproducibility challenges are often encountered with 
organic nanoparticles (liposomes and polymers are the main nanomaterials for brain delivery reported in the literature),11,12 

we report a new, reproducible, and freeze-drying-stable DTX-loaded formulation suitable for long-term storage.
In terms of preclinical studies, the PK and the safety profiles of new nanotherapeutics are essential for defining 

appropriate dosing regimens and ensuring successful clinical translation.10 Protecting the drug from degradation and 
prolonging its circulation half-life are key to increasing its accumulation in the brain when the BBB is disrupted. Firstly, 
the PK profile of our DTX-NDs (reduced blood clearance, reduced tissue distribution, prolonged elimination half-life…) 
improves the likelihood of BBB crossing (when BBB is disrupted) compared to the commercial formulation. Indeed, our 
formulation offers sustained DTX release, enhancing drug exposure. Notably, the maximum BBB permeability achieved 
with our protocol reaches approximately 65 nm,26,27 which is consistent with the size of our DTX-NDs. Secondly, no 
major irreversible organ toxicity was observed with our formulation. Transient hepatotoxicity was in line with our 
previous observations,19 which showed a temporary liver accumulation of PFOB, reduced by half within 48 hours and 
completely resolved by 72 hours. Besides that, there were no signs of renal suffering or inflammation. Overall, the PK 
and safety profiles of DTX-NDs (complete excretion in 8.4 hours (ie, 7 t1/2), transient hepatic accumulation) support the 
feasibility and safety of repeated administration. This is particularly important since repeated FUS-BBBD sessions are 
likely required for effective GBM treatment. Although this study provides a detailed, time-resolved PK profile based on 
dense sampling (nine time points, n = 5 per time point), formal population pharmacokinetic modeling was not feasible 
due to the inability to perform repeated blood sampling in the same mice. Future studies could address population-based 
analyses using appropriate animal models to improve translational relevance.

In addition to demonstrating reduced peripheral toxicity, our results show that DTX-NDs enhance brain availability of 
DTX, and that FUS-BBBD can further improve DTX availability in the brain and tumor when formulated into droplets. 
DTX is a substrate of P-glycoprotein (P-gp),39 a major efflux transporter at the BBB. While sonication can locally reduce 
P-gp expression and potentially enhance the intracerebral substrate accumulation,40,41 Goutal et al found that such 
modulation may be insufficient alone.42,43 This could explain the weak enhancement of DTX concentration in the brain 
and the lack of therapeutic benefit observed with free DTX when combined with FUS-BBBD. In addition, the surfactants 
constituting the shell of DTX-NDs may inhibit P-gp activity,44 which could partially account for the improved DTX 
intracerebral retention observed with the NDs formulation even without FUS-BBBD. Literature reports an average 
6.2-fold increase in drug accumulation in brain tumors after FUS-BBBD with nanoparticle-based drug conjugates, which 
is consistent with our results (4.2 ± 2.6 in healthy mice and 6.3 ± 5.7 in tumor-bearing mice).17

Furthermore, although DTX-NDs significantly enhance DTX brain accumulation by 2.6-fold without FUS-BBBD, the 
relatively low accumulation levels likely preclude therapeutic efficacy. Moreover, our previous findings confirmed limited 
passive diffusion of our dye-loaded NDs, as no fluorescence was detected in the intact BBB hemisphere.19 Therefore, only the 
combination of DTX-NDs and FUS-BBBD was tested, and compared to the combination of free DTX and FUS-BBBD. 
Evaluating the benefits of drug vectorization by comparing vectorized drug to free drug remains crucial, yet is poorly studied 
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in most preclinical studies investigating drug-loaded NCs in association with FUS-BBBD.18 We demonstrated that repeated 
administration of DTX-NDs formulation combined with FUS-BBBD improved animal survival, with adaptation of the 
protocol, without inducing significant toxicity in mice. The treatment plan was optimized to balance efficacy and tolerability. 
The initial protocol (20 mg kg−1 of DTX, 2 sessions of 2 administrations 48 hours apart) was selected on the basis of PK and 
safety results. This dose of 20 mg kg−1 of DTX (the highest dose found in the literature) provides superior therapeutic efficacy 
compared to doses of 5 or 10 mg kg−1 using a DTX-loaded nanoemulsion in a murine brain tumor model.29 In our study, this 
protocol significantly increased the survival of mice treated with DTX-NDs emulsion by 22% as compared to the control 
group (median survival 33 vs. 27 days, p < 0.05) and an improvement by 65% as compared to free DTX-treated mice, though 
this was not significant. Higher toxicity with free DTX was expected, as it led to significantly greater body weight loss than 
vectorized DTX in several murine models.22,29,45 The toxicity observed in mice treated with free DTX likely explains their 
poor median survival (20 days). Reducing the dose to 10 mg kg−1, except for the first administration kept at 20 mg kg−1, and 
extending the dosing interval to 72 hours improved the tolerability in free DTX-treated mice, but eliminated the difference in 
efficacy between the DTX-NDs and the free DTX groups, probably due to the loss of efficacy in DTX-NDs-treated group. The 
optimal treatment plan was then determined (20 mg kg−1 of DTX, every 72 hours, total of 4 sessions). This resulted in an 
improved efficacy/tolerability ratio for the DTX-NDs formulation, with an ISTmedian of 80%, a significantly enhanced 
tolerability compared to free DTX, and two long-surviving animals (33% of animals).

In this study, we developed a new formulation of DTX that, when combined with FUS-BBBD, improves survival in 
GBM-bearing mice. One limitation of our work could be the absence of a clear link between in vitro and in vivo efficacy 
and the lack of a dose–response assessment for DTX. Since our NDs are biocompatible19 and DTX activity is preserved, 
no in vitro differences were expected in 2D cultures. Moreover, 3D spheroids are not suitable, as the oil phase promoted 
adherent cell proliferation (data not shown).

This work also paves the way for several perspectives. First, the therapeutic regimen strongly influences the 
benefit-risk balance. Pilot studies and Pharmacokinetic/Pharmacodynamic modeling could optimize protocols and 
enhance cerebral accumulation.46 Second, as maximal safe resection remains standard for GBM, DTX-NDs should 
be tested in models including surgery to assess their ability to prevent recurrence.47,48 Finally, multimodal 
strategies may further improve brain or tumor penetration, such as combining active targeting or a “Trojan 
horse” approach with FUS-BBBD.11 Controlled release from NDs during the BBB permeability window could 
also increase DTX accumulation. The integration of targeting with on-demand release may provide synergistic 
therapeutic efficacy.

Conclusion
In summary, we developed a novel strategy combining DTX-loaded perfluorocarbon NDs with FUS-BBBD for the 
treatment of GBM. This biocompatible delivery system is suitable for repeated administrations, and offers enhanced 
brain drug delivery while minimizing peripheral toxicity, thereby improving therapeutic efficacy. Future studies will 
focus on optimizing therapeutic regimens through Pharmacokinetic/Pharmacodynamic modeling, evaluating efficacy in 
clinically relevant models including post-surgical settings, and exploring multimodal strategies such as targeted delivery 
and controlled release to further improve brain and tumor penetration. Together, these perspectives highlight the 
translational potential of this approach for improving prognosis of GBM patients.
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