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Introduction  

 

 

Ultrasound and Microbubbles 

 

1. Ultrasound and its applications with microbubbles 

 

1.1 Ultrasound and its medical use 

Ultrasounds (US) are high-frequency (over 20 kHz) sound waves capable of propagating 

through soft materials like skin and organs. They are typically generated with piezoelectric 

elements, converting an oscillating electric signal to ultrasound waves that can be curved in 

order to focus ultrasound in a focal spot. Ultrasound can be generated continuously or pulsed 

and is characterized by its acoustic pressure and frequency. In medicine, the intensity of 

ultrasound is often referred to as its mechanical index (MI), calculated as the ratio of the peak 

negative pressure and the square root of the frequency. When pulsed ultrasounds are used, 

they are also characterized by the pulse repetition frequency (PRF) and pulse duration, also 

referred to as duty cycle (DC) given by the product of the pulse duration and the PRF (Figure 

1.A). When focused ultrasound (FUS) is used, the shape and size of the focal spot, where the 

acoustic pressure is at its maximum, depends on the size and curvature of the FUS probe, and 

the ultrasound’s frequency [1]. In the medical field, it has first been used for therapeutic 

purposes, generally using focused ultrasound, as it allows a targeted application, limiting off-

target treatment [2]. In tissues, the acoustic energy can be absorbed, leading to a heating effect 

on the tissue. It also leads to the propagation of acoustic radiation forces that can create 

microstreaming in blood vessels. These principles have been used in therapeutic applications 

and proved to be effective for neurostimulation or thermal ablation showing therapeutic 

effects in neurodegenerative disorders [3]. It has also been widely used for histotripsy, where 

high-energy FUS is used, leading to thermal ablation and immunological recruitment from 

heating and mechanical activation [4]. This application showed efficient therapeutic effect, 

especially in the treatment of glioblastoma. Ultrasound was later used in imaging using the 
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different reflection properties and propagation speed to differentiate tissues, making of it an 

efficient non-invasive imaging modality. 

 

1.2 Ultrasound coupled to MB 

In ultrasound imaging, a difference of echogenicity between tissues is necessary to 

differentiate them. However, blood vessels show little difference in echogenicity from 

surrounding tissue, making them difficult to observe. As gas has the property of reflecting 

almost all ultrasound waves, microbubbles, gas-containing contrast agents, were developed 

in the 1990s to increase contrast in blood flow, allowing new applications such as tissue 

perfusion analysis. Microbubbles (MB) are micron-sized gaseous particles stabilized by a shell 

composed of lipids, proteins, or polymers [5]. Their gas core is mostly composed of heavy 

molecular weight gases such as perfluorocarbons (C3F8, C4F10) or sulfur hexafluoride (SF6), 

allowing better stability in the biological environment as these gases have a low solubility in 

blood compared to other gases like oxygen, avoiding their dissolution. In an ultrasound field, 

MB can also oscillate following the compression and rarefaction phases of US (Figure 1.B). This 

oscillation is called cavitation and is dependent on frequency and acoustic pressure [6]. It is 

typically divided into two subclasses, the stable and inertial cavitation [7]. Stable cavitation is 

associated with symmetrical oscillation of MB expansion and contraction correlated to the 

acoustic pressure used. On the opposite, inertial cavitation, which occurs at higher pressure, 

is associated with chaotic oscillation that can result in jetting or MB collapsing events. MB 

cavitation creates microstreaming and shear stress in the surrounding medium, allowing 

sonoporation of surrounding cells in vitro and in vivo [8]. In brain capillaries, this effect is 

combined with a push-pull effect, allowing transient blood-brain barrier (BBB) opening (BBBo) 

and passage of drug into the brain [9]. MB cavitation is related to MB properties and to the US 

parameters used and can be described using the resonance frequency of the MB, referring to 

the frequency at which the maximum cavitation occurs [10]. This resonance frequency is 

dependent on the MB size, shell surface tension and elasticity, gas core nature, and 

surrounding medium [10,11]. Initially, most therapeutic applications were performed using 

commercially available MB, FDA-approved at first for echographic contrast imaging, like 

Sonovue (Bracco, Milan, Italy), Definity (Lantheus Medical Imaging, North Billerica, MA, 

USA), Optison (GE Healthcare, Milwaukee, WI, USA), or Sonazoid (GE Healthcare, 
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Milwaukee, WI, USA) [12]. Many commercial MBs are currently available, mostly lipidic but 

with different sizes, concentrations, stability, or acoustic properties [13]. These MBs have the 

advantage of being well tolerated with no adverse effects, acoustically effective within 

circulation, and therefore easier to use in clinical trials [14].  

 

 

 

Figure 1: Ultrasound and cavitation principle. (A) Schematic representation of pulsed 

ultrasound. (B) Schematic representation of ultrasound-mediated MB stable and inertial 

cavitation 

 

2. Microbubble formulation 

 

2.1 Lipidic MB 

 Custom MBs have been developed in order to improve cavitation properties, stability, or 

to give specific functionalization. The most common MB formulations are lipidic, similarly to 

most commercially available ones, with the formation of liposomes followed by mechanical 
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activation with a perfluorocarbon gas. Changing the lipidic composition of MB or core gas 

leads to changes in MB concentration and size distribution, viscoelastic shell properties, and 

acoustic properties, but also immunogenicity [15,16]. Phospholipids are generally used for MB 

formation, with lipidic chains from 14 to 22 carbons and generally saturated. A phospholipid 

linked to a polyethylene glycol is generally used to enhance MB formation and stability both 

on the shelf and in vivo [17]. Although generally used at around 10% of total composition, 

using a lower proportion of pegylated phospholipid leads to increased in vivo stability and 

lower immunogenicity but lower MB concentration [18,19]. They can be functionalized either 

with the incorporation of molecules inside the lipidic layer or by interaction with a reactive 

group on the MB surface, creating either covalent bonds or electrostatic interactions. Lipidic 

MBs also have the advantage of having a wide range of commercially available lipids with 

different carbon chains and hydrophilic heads. This allows thorough optimization of custom 

MB and facilitates functionalization by changing a lipid with a different hydrophilic head to 

introduce a function. 

2.2 Protein-based MB 

Protein-shelled MB have also been developed, mostly using serum albumin, such as 

commercially available Optison, and have the advantage of being well tolerated, with low 

immunogenicity and high biocompatibility. Other proteins, like lysozyme or hemoglobin, 

have been used, modifying MB properties, biocompatibility, and possible functionalization 

[20,21]. Several protein properties play a role in MB formation, like protein structure or 

molecular weight [22,23]. It has been shown that disulfide bonds play an important role in MB 

formation through their destruction and formation induced during MB formation, stabilizing 

the MB [24,25]. MB with a protein shell can also be enhanced in terms of stability by the 

addition of active molecules during MB formulation, like crosslinking molecules or molecules 

inducing the formation of thiol groups for subsequent disulfide bond formation [24,26–28]. 

MB stability can also be enhanced with post-formation addition of carbohydrates, glycerol, or 

ethylene glycols, enhancing stability by electrostatic interaction between proteins [29–31]. 

They can also be functionalized through several processes, with the advantage of having 

multiple sites that can be used for functionalization. It can be done by covalent binding to the 

NH₂ or COOH groups [32,33], by encapsulation in the hydrophobic layer [34], or by 

electrostatic interactions with the positively and negatively charged groups in the proteins 
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[35]. By using some specific proteins, MB can also retain the protein's initial function, like with 

lysozyme MB that can retain antibiotic activity [21,36]. 

 

2.3 Polymer-based MB 

MB with a polymeric shell has also been synthesized, generally using FDA-approved 

polymers to ensure its biosafety. But a wide variety of polymers have been used for MB 

formulation, with very different physiochemical properties, leading to different shell 

thickness, stiffness, and subsequent acoustic response [37]. These specific properties of 

polymers can be taken advantage of to enhance MB formation and stability. Dasgupta et al. 

did it by taking advantage of the low glass transition temperature of poly(butyl cyanoacrylate) 

to synthesize non-spherical MB to enhance circulation time in vivo and BBB opening when 

associated with FUS [38]. Polymeric MB can also be functionalized, with the possibility to load 

drugs such as doxorubicin inside the shell [39,40] or by taking advantage of the polymer's 

function for surface binding. Though surface binding strongly depends on the type of polymer 

used.  

 

2.4 MB formulation 

The most common method for MB formation is mechanical agitation. Prior to mechanical 

activation, liposomes made of the shell core materials are generally formed by the thin film 

hydration method. It consists of first drying the shell materials in organic solution to form a 

lipid film, then rehydrating in aqueous solution and sonicating. The liposome solution is then 

sealed in a vial with the desired gas core, and the solution is agitated using a Vialmix® or 

equivalent [41]. This technique is efficient, low-cost, and requires minimal training but lacks 

control over the microbubble size and concentration obtained [42]. Even though size and 

concentration can be adjusted with the MB components, or the speed and the duration of 

agitation, it will always result in a polydisperse MB solution. The same limitation is present 

with most other MB formation methods, like the sonication method, where mechanical 

agitation is replaced by a low-frequency and high-power sonication [43]. Moreover, it is 

possible to form MB using the droplet vaporization phenomenon. With this method, 

microdroplets need to be formed with the desired shell materials and with a volatile liquid at 

their core, like perfluorocarbon. Microdroplets can be formed very similarly to MB, with the 
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same shell materials and with the same possibility to be functionalized, but with much higher 

loading capabilities in its core. Microdroplets will then be turned into MB by localized heating 

inducing the vaporization of the liquid core [44]. This can be performed either with a laser or 

with ultrasound, the latter has the advantage of being possible to be performed in vivo and 

therefore takes advantage of microdroplets assets in terms of loading capacity and stability, 

while also having the therapeutic and imaging properties of MB at the localized point of 

interest. 

 

2.5 Functionalized MB 

As previously mentioned, MB can be functionalized to incorporate additional 

applications (Figure 2). This can be performed through either incorporation of lipophilic 

molecules or nanoparticles within the MB shell or by binding to the MB surface [5]. 

Incorporating drugs or nanoparticles into the shell is generally performed during MB 

formation by simply adding the molecule into the buffer prior to MB formation. The use of 

such method for loading of drugs like doxorubicin allows increased targeted drug delivery 

following FUS application and enhance treatment efficiency [45]. This method has also been 

used to load magnetic nanoparticles, incorporating magnetic properties. However, it has been 

demonstrated to be less efficient than surface binding of magnetic nanoparticles, as it 

destabilizes the MB shell, leading to lower stability and lower magnetic properties [46]. Surface 

binding is generally realized with the addition of biotin moieties or click chemistry reactive 

groups to the MB surface [32,46,47]. Thus, it allows specific binding of either hydrophilic 

drugs, magnetic nanoparticles [46], antibodies, or ligands [48,49] through streptavidin-biotin 

interaction or formation of a covalent bond after click chemistry. Magnetic MB provides the 

possibility to accumulate them at a precise location using a magnetic field, enhancing both 

contrast ultrasound imaging and specific drug delivery [46,50,51]. MB functionalized with an 

antibody provides similar targeting properties, but using specific molecular targeting to 

accumulate MB also enhances contrast ultrasound imaging and drug delivery [52–54]. In 

addition, antibody-conjugated MBs have been demonstrated to increase cell and MB 

proximity, enhancing MB internalization into cells and drug delivery [55]. MB have also been 

functionalized to incorporate tracer agents such as fluorescent molecules or radio-labeled 

molecules for multimodal imaging [56–58]. 
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2.6 Cationic MB 

An additional method to functionalize MB is the use of electrostatic forces to charge 

molecules at its surface. This is generally performed with the formulation of cationic MB, using 

either a protein [59], polymer [27], or more frequently a lipid with cationic properties[60,61]. 

This cationic property allows loading of anionic molecules, such as nucleic acid in most cases. 

This complexation of nucleic acids onto the MB surface allows its protection from enzymes, 

which can degrade nucleic acids, especially RNA, within minutes [62,63]. This loading also 

increases gene delivery following FUS treatment compared to the use of neutral MB both in 

vitro and in vivo [64–66]. Fan et al. used cationic MB for gene therapy to the CNS, showing 

important gene expression and behavioral rescue from transgene expression [61]. However, 

this complexation can also destabilize the MB shell, affecting MB cavitation and potentially 

leading to MB collapse [67,68]. A possible solution to this would be to delocalize cationic 

properties, and therefore nucleic acids, from the MB surface. This can be performed by 

anchoring a cationic polymer linked to a lipid into the MB shell [69]. Such a strategy would 

potentially limit the nucleic acid loading effect on the shell properties and therefore on 

cavitation. Finally, cationic MB described here can also be further functionalized with either 

magnetic particles or antibodies as previously described. This additional functionalization 

further increases gene delivery into cells, both in vitro and in vivo [70–72]. In addition, such a 

strategy limits elimination from the liver after intravenous injection due to its targeted 

accumulation, further increasing gene delivery. 
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Figure 2: Overview of possible MB functionalization, with either encapsulation in a lipidic 

shell or at the MB surface. 

 

2.7 Microbubble size modulation 

Microbubble size has an important effect on its cavitation and the resulting BBB opening 

(BBBo). It has also been identified that it has an effect on inflammation caused by MB injection. 

While most MB formulations, both commercial and homemade, have a relatively high size 

polydispersity, formulation methods have been put in place to narrow the size dispersion and 

improve cavitation. The most used method for monodisperse MB formulation is the 

microfluidic method, where a microfluidic chip is used, focusing a gaseous stream with one 

or two continuous liquid channels with shell components [73]. The most important aspect of 

this method to control MB size is the flow speed and the pore size of the gaseous and liquid 

phases junction. The main drawback of this method is the size of the MB generated, generally 

relatively high at over several micrometers due to technical limitations in manufacturing a 
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microfluidic chip with the desired pore size [74,75]. Another similar technique is the 

membrane-based method, where the flow of shell materials solution and gaseous phase are 

separated by a porous membrane. A pressure is applied to the gaseous phase to force its 

passage through the pores, forming MB [76]. This method has similarities with the microfluidic 

system, such as the importance of optimizing pore size and flow speed and the limitation in 

MB size [77]. Such formation methods also have the advantage of being easy to scale up the 

production. But MB size modulation can also be achieved post-formation of MB. It can be 

achieved by using a filter, but such a method generally induces MB collapse due to the 

pressure applied when passing the pores [78]. The most widely used methods rather take 

advantage of the buoyancy differences between MB of different sizes. MB can be sorted 

regarding their gas volume by simply decanting the solution or by centrifugation, then 

monodisperse MB can be extracted at a specific height within the solution [79,80]. These 

methods are highly impacted by the MB concentration, as a high MB concentration will induce 

interference between MB and require the use of a stronger centrifugation force to separate 

small MB. Also, the separation is generally less efficient at producing monodisperse MB than 

microfluidic production since larger and smaller MB remain in the extracted phase. A last 

method to separate MB, the acoustophoresis, relies on their acoustic properties to separate 

them. To achieve that, the polydisperse MB solution is injected and focused on a microfluidic 

channel coupled to an ultrasound probe with at least 2 outputs. The US waves are applied at 

a specific frequency in a sonication chamber allowing the formation of a standing wave with 

one or several nodes (depending on the frequency used). Objects in flow will be moved 

towards the nodes depending on their acoustic properties. The MB with the specific size that 

has the best resonant behavior at this frequency will therefore be displaced in the channel to 

be extracted in the second output [81,82]. This will result in an extracted monodisperse MB 

solution with the best resonant properties to the frequency used. 

 

2.8 Nanobubbles 

MB sizes aimed for therapeutic applications are generally in the order of 1 to 10 µm, as 

such a size has the best oscillating properties for the frequency used in therapy (0.25 to 1.5 

MHz). Although, smaller MB has the advantage of having a better biodistribution in smaller 

vessels and have therefore a better penetration in tissues. Nano-sized bubbles get an increasing 
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interest in research due to this aspect. Nanobubbles (NB) have similar properties to MB, with 

a gas core and a shell composed of lipids, polymers, or proteins [83]. They can be 

manufactured with the same process as MB and are generally produced as a fraction of the 

polydispersed MB solution. They can be separated with the same methods as MB, but more 

generally with centrifugation. NB typically has a diameter ranging from about 50 to 500 nm, 

leading to an efficient perfusion within tissue and small blood vessels. But the main drawback 

of NB is their resonance frequency, ranging from 30 to 250 MHz for NB of diameters ranging 

from 200 to 800 nm according to Helfield et al. [84]. Such a frequency range is much higher 

than the frequencies used for ultrasound imaging or therapeutic application, forcing the use 

of NB at off-resonant frequencies. Despite that limitation, NB has been shown to be more 

efficient than MB for contrast ultrasound imaging, with higher penetration in small capillaries. 

Furthermore, NBs have the advantage of having a much higher surface area to volume ratio, 

allowing higher loading capacity. 

Gas vesicles, another type of acoustically active object, are also gaining interest. They are 

spindle- or cylindrical-shaped vesicles with a protein shell and a gas core with a size ranging 

from 100 to 2000 nm in length and 45 to 200 nm in width [85]. They are naturally bioproduced 

by some species of bacteria and can be extracted to be used as ultrasound imaging contrast 

agents similarly to NB. Although they have similar advantages to NB in terms of 

biodistribution in smaller vessels thanks to their size, they can have a very diverse acoustic 

behavior due to their membrane and shape. Interestingly, as they can be produced by a 

plasmid encoding for it after transfection in cells, they have been used as an acoustic reporter 

gene for gene delivery [86]. 

 

 

3. Microbubble characterization 

 3.1 Optical microscopy 

As previously stated, microbubble solutions are generally polydisperse solutions with a 

size range from 1 to 10 µm. In addition to MB, nanosized objects can also be present in solution, 

either liposomes or micelles with size ranging from 20 to 300 nm, or nanobubbles, with size 
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lower than 1 µm and as low as about 50 nm. It is therefore necessary to measure both size 

ranges to fully characterize the MB solution. Currently, there is no technique allowing to 

characterize objects with size ranging from 20 nm to 10 µm in a single analysis, and several 

techniques must be used to fully assess MB and nanobubble suspension. First, optical 

microscopy is the most common technique to characterize the size and concentration of 

micron-sized MB, as it is a technique that is cheap and easy to perform with relatively good 

reliability [87]. The precision of such techniques relies mainly on the resolution of the 

microscope and camera used and the quality of the informatic treatment, generally performed 

with the particle analysis software Fiji [88]. Although optical microscopy resolution remains 

exclusively limited to 0.4 µm, a physical limit determined by the wavelength of visible light 

used in this technique [89]. Optical microscopy can also be used to characterize MB 

functionalization if coupled to lasers or fluorescent light and filters. This way, a fluorescent 

probe can be attached to MB functionalization, which will be excited by lasers, and the 

fluorescent light emitted will be measured. This will allow one to confirm that the 

functionalization occurred and in which proportion of MB. When using a precise enough 

microscope like a confocal microscope, it can provide information on the localization of the 

functionalization onto the MB shell or inside and co-localize different functionalizations. 

 

 3.2 Electrical impedance-based particle counting 

Another technique largely used for MB size and concentration determination relies on 

electrical impedance like the Coulter counter (Figure 3.D) or Tunable Resistive Pulse Sensing 

(TRPS), where an electric field is measured and is perturbed by the passage of objects through 

a pore [90,91]. The measured electric modification with the passage of each object can be 

associated with a volume, and with the known flow a concentration can be estimated [92]. 

These techniques have the advantage of being able to measure both micro-sized objects and 

nano-sized objects, but not in the same measurement. Indeed, the apparatus pore allows to 

detect objects ranging from 20 to 80 % of the pore diameter without risking it to clog, thus 

forcing a change of the pore between the analysis of each population. Although it is generally 

required when using a small pore diameter to avoid having objects with bigger diameters in 

solution at the risk of clogging the apparatus. This is relatively difficult when analyzing a MB 

solution as both size range co-exist and purifying one part with centrifugation might provokes 
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MB and NB coalescence or collapse, changing the measured population. But clogging of the 

apparatus rarely happens with MB solution measures as the nano-sized objects are generally 

about 10-fold more concentrated, therefore limiting the amount of MB crossing the pore 

during analysis of smaller objects. Furthermore, as MB can easily shrink in a constricted 

environment, the risk of clogging is actually limited. Counter coulter and TRPS are still limited 

in their range of analysis, with a respective range of 0.2 to 1600 µm for Multisizer (Beckman) 

or 40 nm to 11 µm for Exoid (IZON), showing that although TRPS seems able to fully 

characterize MB solution, counter coulter does not yet allow measurement of the smallest 

population. Although these applications require the use of several pore sizes to cover the 

whole size distribution. TRPS technique also has the advantage of being able to measure zeta 

potential, allowing for the characterization of cationic functionalization.  

 

 3.3 Brownian movement-based particle analysis 

The measure of Brownian movement, which can be associated with the particle’s volume, 

is an alternative method to characterize MB solution. As the Brownian movement of MB is 

perturbed by their buoyancy, such analysis of micron-sized bubbles would not be precise [93]. 

Although the buoyancy effect on NB’s Brownian movement can be considered negligible. 

Therefore, techniques relying on it should exclusively be used for the calculation of nano-sized 

objects and can be a good complement to optical microscopy to measure the nanobubbles and 

liposomes in a MB solution. The most used technique for it would be the dynamic light 

scattering (DLS) (Figure 3.A), allowing measurement of size distribution, and with recent 

version of the Zetasizer Pro Red (Malvern) it also allows to estimate the concentration of 

tracked particles, but with low precision [94]. Like TRPS, it also has the advantage of being 

able to measure zeta potentials, providing information on cationic functionalization of the MB. 

It offers the advantage of being capable of measuring a wide range of objects, from 0.3 nm to 

10 µm, although as said before, the measure of MB is probably perturbed by their buoyancy. 

Furthermore, as MBs are about 10-fold less concentrated than nano-sized objects, they might 

not be detected during DLS measurements. Another limitation to this measure is the 

impossibility of separating liposomes from nanobubbles, which only gives us an overall 

measure of nano-sized objects. Techniques using Brownian movement measure based on 

interferometric light microscopy can also be used, like the nanoparticle tracking analysis 
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(NTA) [95]. In this system, the sample is placed under a microscope, and light is emitted at a 

certain angle of the sample, and the diffracted light is recorded over time [96]. The 

interferometric signal of particles is calculated, and the images are processed to measure the 

Brownian movement of the particles, leading to a measure of their size and concentration. The 

NTA system NanoSight Pro (Malvern) can measure objects ranging from 10 to 1000 nm and 

has been used for nanobubble measures in other studies.  

 

 3.4 Resonant mass measurement 

The resonant mass measurement (RMM) technique uses a resonating cantilever with a 

microfluidic channel embedded inside and has been shown to be able to separate NB or MB 

from non-buoyant particles (Figure 3.C). When a particle flows in the cantilever, its resonant 

frequency will shift, positively for particles with lower density than the liquid (buoyant 

particles) and negatively for particles with higher density than the liquid (non-buoyant 

particles) [97]. This frequency shift is correlated with the mass of the particle which can be then 

be used to calculate the particle size, and by recording it over time with a known flow rate it 

can calculates its concentration. RMM also has the advantage of being able to measure particles 

in a size range of 50 nm to 5 µm, but like TRPS, it requires different sensors to measure the 

whole range. 

 

 3.5 Flow cytometry 

Previously stated measurement methods lack the possibility to measure the entirety of a 

MB polydisperse solution, from NB to MB, in one measure [98,99]. However, flow cytometry 

does not have this limitation, with the possibility to characterize a wide range of particle sizes, 

ranging from about 40 nm to 10 µm for cytometers with high sensitivity like Cytoflex nano 

(Beckman). This technique relies on the flow focusing of particles in an analyzing chamber 

where the particle is illuminated by lasers and the scattered light is analyzed, providing 

information on particle size (Figure 3.E). With a known flow rate, it can also provide 

information on particle concentration. Yet, this technique does not allow precise measurement 

of size but only an estimation, and prior to analyses, the cytometer needs to be calibrated with 

monodispersed beads. Also, this method does not differentiate NB from non-buoyant particles 

and is difficult to operate when assessing very small objects, as impurities in the microfluidic 
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system will interfere in the measurement of nano-sized particles. Like fluorescent microscopy, 

flow cytometry has the advantage of giving information on MB functionalization if a 

fluorescent probe is attached to it, as the lasers are also used to excite fluorescent molecules 

and the emitted fluorescence is measured [100]. 

 

 

Figure 3: Microbubble characterization methods. (A) Dynamic light scattering (B) VideoDrop 

(C) Resonant mass measurement (D) Electrical impedance particle counting (E) Flow 

cytometry. Modified from D. Fernandes [42]. 

 

 3.6 Nanometric-scale techniques 

 

To better characterize MB shape and shell, the previously stated measurement methods 

will lack sensitivity. Electron microscopy provides very high-resolution images of MB, giving 

precise measurements of MB size and unique insight into MB shape, shell thickness, and 

functionalization distribution [101]. Although this technique is challenging to use with MB, as 

vacuum conditions are required and a very high-energy beam is used, which can lead to MB 

collapse or production of MB through heating. Several sample preparations are possible to 

overcome this difficulty, the most recurrent being the cryogenic electron microscopy 

(CryoTEM) where MB are trapped in solid water after rapid freezing of the sample. Atomic 

force microscopy is another technique providing highly sensitive information on MB, where a 

small cantilever is used to scan the particles by touching them. It provides three-dimensional 

images with a resolution of a fraction of a nanometer. It has been successfully used to 

characterize MB shape and shell thickness and composition [102–104].  
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 3.7 Ultrasound imaging 

Characterizing the size and concentration of MB is essential before using them in imaging 

or therapeutic applications, but it is not sufficient to fully describe MB. Acoustic 

characterization of MB, especially homemade, is necessary to confirm their potential for 

imaging and therapeutic application. Contrast enhancement properties for ultrasound 

imaging are the first aspect to consider as this is the primary application of MB and NB. 

Contrast enhancement can be measured first in vitro in an agarose phantom or simply in a 

solution to validate acoustic properties of MB and assess their stability over time in an acoustic 

field. But in vitro measurement remains limited, and in vivo contrast ultrasound imaging 

provides more relevant information. In addition to the contrast enhancement measure and the 

stability of MB in relevant condition it can provide information on a specific tissue perfusion 

with additional parameters like the time to peak, the homogeneity of contrast enhancement. 

This provides insight on the potential of MB for imaging but also for therapeutic applications, 

as the more stable MB are in the targeted tissue and the better its perfusion is, the better its 

therapeutic effect will be. Additionally, targeting properties of MB can also be assessed with 

ultrasound imaging using the differential targeted enhancement (DTE), calculated as the 

contrast enhancement difference after accumulation of MB in the tissue and after reperfusion 

following acoustic bursting of MB. 

 

 3.8 Oscillation analysis 

As previously established, under an ultrasound field, MB will enter into an oscillating 

regime called cavitation, either stable or inertial. In BBB opening applications, stable cavitation 

is generally associated with safe and reproducible BBBo, whereas inertial cavitation is 

generally associated with severe BBBo and can induce damage like edema or hemorrhages. 

The characterization of the cavitation is therefore paramount to predict MB effect and 

efficiency in BBBo and drug delivery. This can be done both in vivo and in vitro, preferably 

streaming through a phantom to mimic tissue, and a skull can also be used to mimic the 

attenuation and scattering on ultrasound observed in vivo. Although in vitro measures can 

provide various information on MB oscillation it will never totally mimic the response that can 
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be observed in vivo as the size of the channel used in vitro will always be much larger than 

blood vessels and the cavitation will be different depending on this and the concentration of 

MB, that can interact with each other and coalesces. MB cavitation is generally measured using 

a passive cavitation detector (PCD), allowing the recording of reflected ultrasound, including 

MB cavitation. A Fourier transform is applied to the signal allowing the visualization of MB 

cavitation spectrum. This spectrum allows us to quantify separately the stable cavitation dose 

(SCD) and the inertial cavitation dose (ICD). SCD is generally calculated using the harmonics 

f1 and f2, and ICD is generally calculated using the broadband between these harmonics and 

ultra-harmonics. The sub-harmonic ½ × f0 and ultra-harmonics f1.5 and f2.5 can also be used for 

ICD determination but are generally associated with a moderate inertial cavitation regime. 

 

  



28 
 

Gene therapy to the central nervous system 

 

1. Gene therapy strategies 

 

The European Medicines Agency (EMA) defines that gene therapy medicinal product 

follows two characteristics: “a) it contains an active substance which contains or consists of a 

recombinant nucleic acid used in or administered to human beings with a view to regulating, 

repairing, replacing, adding or deleting a genetic sequence; b) its therapeutic, prophylactic or 

diagnostic effect relates directly to the recombinant nucleic acid sequence it contains, or to the 

product of genetic expression of this sequence.” (Commission Directive 2009/120/EC, Annex 

Part IV, section 2.1, amending directive 2001/83/EC). This definition encompasses a wide range 

of treatments, and the recombinant nucleic acid mentioned can be divided into two main 

categories: viral and non-viral. 

1.1 Viral gene therapy 

The viral strategy relies on the use of a recombinant virus encoding the desired gene 

sequence. In this application, the recombinant virus is composed of a viral genome encoding 

exclusively the therapeutic sequence. It is protected by a capsid composed of viral proteins 

produced by separated plasmid DNA (pDNA) during viral vector production [105]. This 

separation of capsid proteins and viral genome avoids self-replication of the virus after 

transduction to the target organism, preventing infection. Recombinant virus efficiently 

bypasses cellular barriers, allowing high gene expression lasting for several months [106]. This 

makes of viral approach the privileged method for gene therapy, as confirmed by Shchaslyvyi 

et al. that showed that 85 % of FDA- or EMA-approved gene therapy products use a viral 

strategy [107]. However, viral vectors display pathogen-associated molecular patterns that are 

recognized by pattern-recognition receptors as non-self [108]. This initiates pro-inflammatory 

cytokine production and activation of the innate immunity response [109]. In clinical trials this 

reaction is the main adverse effect and can lead to severe complications [110]. The first method 

to mitigate this innate immune response relies on the variation of the viral vector used, and a 
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large range of recombinant viruses have been assessed, as reviewed by Lundstrom [111]. 

Adenoviruses were the first to be used for gene therapy and have the advantage of having a 

large packaging capacity of up to 37 kb [112,113]. But adenovirus is frequently found to be 

immunogenic in clinical trials, as shown by Sterman et al. in a clinical trial where 39 patients 

out of 40 encountered a mild immune response following adenovirus injection, detected with 

cytokine release [114]. This high immunogenicity led to a decrease in adenovirus use. 

Lentivirus and retrovirus are largely used recombinant virus with single-stranded RNA 

genetic material with a lower packaging capacity of 8 kb compared to adenovirus. Their main 

particularity is the reverse transcriptase encoded within their genome, allowing them to 

transcribe viral RNA into double-stranded DNA, subsequently randomly integrated into the 

genome [115]. Thus, it allows stable expression of the therapeutic gene, making it an efficient 

gene therapy vector. In addition, it induces less immunogenic reaction compared to 

adenovirus [116]. However, this integration can lead to serious adverse effects depending on 

the integration locus. It resulted in the development of leukemia in 4 patients out of 10 in a 

clinical trial for X-linked SCID using a retrovirus [117]. This integration does not typically 

happen with adenovirus nor adeno-associated virus, where transduction is transitory [118]. 

Adeno-associated viruses (AAV) are predominantly used in gene therapy for the CNS since 

they are the only ones that demonstrated the ability to transduce neurons after systemic 

injection [119]. It has the lowest packaging capacity of 4 to 6 kb [120] but also displays lower 

immunogenicity [121]. However, it still remains a limitation to its use, since Hinderer et al. 

demonstrated that it can still induce high toxicity at high doses [122]. Another limit to the use 

of viral vectors is the prevalence of immunity to it within the population [123–127]. The use of 

some specific serotypes, such as AAV10 or AAV8, has the advantage of having a lower 

prevalence of immunity in the population while remaining efficient for gene delivery [128]. 

However, following viral vector injection, adaptive immunity will take place, importantly 

reducing the efficiency of any additional treatment with increased immune response [129]. 

Another limitation to gene therapy with viral vectors is the cost of production, leading to 

therapeutic application with challenging cost-effectiveness [130]. Due to all these challenges, 

non-viral gene therapy remains a strategy with increasing interest. 

1.2 Non-viral gene therapy 
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Non-viral gene therapy regroups all genetic sequences that are not encapsulated in a viral 

capsid. It regroups a wide range of drugs that can be composed of single- or double-stranded 

DNA or RNA. Compared to viral gene therapy, this method has the advantage of being safer 

due to limited immune response and is also not limited in its packaging capacity, allowing 

expression of large genes [131]. However, non-viral gene therapy generally exhibits lower 

transfection efficiency and less stability, although it can last for several months [132]. The 

efficiency of non-viral gene delivery mostly relies on the delivery vector and delivery method 

used. These vectors encapsulate nucleic acid, protecting them from enzyme degradation and 

from macrophages, and allow them to overcome extracellular and intracellular barriers  [133]. 

The most frequent vehicles used in gene therapy are cationic polymers and lipids that can 

complex with anionic nucleic acid through electrostatic forces, leading to nanoparticle 

formation of a polyplex or lipoplex, respectively, or a lipopolyplex with both polymer and 

lipids [134,135]. The most frequently used polymer for gene delivery is the polyethyleneimine 

(PEI), poly-L-lisine or chitosan [63]. A large variety of modifications have been attempted, 

mostly to reduce cytotoxicity [136,137] or to improve endosomal escape [138,139], nucleic acid 

release [140] and cell targeting [141,142]. Liposomes are generally composed of cationic lipids 

for nucleic acid complexation, helper lipids for sustained stability, and pegylated lipids to 

escape the immune system [143]. The use of ionizable lipids in liposomes has been 

demonstrated to initiate a proton sponge effect in late endosomes, increasing nucleic acid 

release in the cytoplasm [144,145]. This effect is initiated by the ionization of ionizable lipids 

at low pH, a condition found in late endosomes, leading to endosomal osmotic swelling and 

provoking endosomal membrane rupture [146]. Lipid nanoparticle (LNP) is an emerging 

alternative to these vectors with similar composition to liposomes, the main difference being 

that nucleic acid is complexed during nanoparticle formation, forming ready-to-use stable 

particles. In contrast to liposomes, cationic lipids are not systematically used in LNPs, and 

ionizable lipids are used to complex nucleic acids with a low-pH buffer during particle 

formation, typically allowing over 90 % nucleic acid encapsulation [147]. LNPs are also 

constituted of cholesterol, increasing membrane rigidity, LNP stability in blood flow, and 

facilitating adhesion to cell membranes [148–150]. LNP has demonstrated efficient gene 

delivery to muscle, liver, lungs, or lymph nodes [151,152] and, more recently, to the brain using 

specific delivery routes [153–155]. In addition, several LNP products are FDA- and EMA-
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approved for COVID-19 vaccines with intramuscular injection, thus demonstrating the 

efficiency and safety of such a method [156–158]. 

1.3 Gene incrementation 

The delivered nucleic acid can have various functions, as summarized in figure 4. The 

most widely used in gene therapy is the gene incrementation, where the transgene is used to 

restore a protein expression silenced due to a disease. In non-viral strategies, this expression 

can be performed using either pDNA or messenger RNA (mRNA). The use of mRNA has the 

advantage of allowing higher transfection efficiency than pDNA since it does not need to reach 

the cell’s nucleus to be expressed [159]. However, mRNA has short expression kinetics, with a 

peak of expression from 7 to 24 hours after injection, depending on the expressing cell, as 

shown by Di et al. [151]. This kinetic expression is a safety advantage for vaccine application 

where prolonged expression is not required but is a disadvantage for genetic disorders where 

stable expression is frequently required. Plasmid DNA, on the other hand, allows longer 

expression that can last for months [160]. Compared to mRNA, and like viral vectors, it also 

has the advantage of expressing the transgene under the control of a promoter. Promoter 

optimization allows control of transgene expression, from its intensity to cell specificity. 

Strong and ubiquitous promoters are generally used, like the cytomegalovirus (CMV) 

promoter, which is the most frequently used [161]. An inducible promoter can also be 

employed, allowing stronger control over transgene expression [162]. Cell-specific promoters 

are also frequently used in gene therapy applications, since they allow deeper understanding 

of the transgene expression effect and generally induce stronger expression in the targeted 

cells [163–165]. 

1.4 Genome editing 

Gene incrementation generally relies on transitory transgene expression, and when stable 

expression is attempted with transgene integration into the genome it generally occurs at a 

random locus leading to potential severe side effects as previously mentioned. In order to 

induce life a lifelong therapeutic effect, genome editing can be performed. Initially, this would 

be achieved with nucleases like zinc finger nucleases (ZFNs) or transcription activator-like 

effector nucleases (TALENs) that are capable of generating double-strand breaks at a specific 
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locus of genomic DNA. However, this method relies on complex interactions between protein 

and DNA, limiting its efficiency [166]. In 2012, Jinek et al. uncovered the function of 

CRISPR/Cas9 in bacteria and its potential for gene therapy [167]. Initially a defense mechanism 

against viruses, the Cas9 is an endonuclease protein capable of binding to a specific single-

guide RNA (sgRNA). This sgRNA recognizes a specific sequence, allowing double-stranded 

genomic DNA cleavage at a specific locus. Following this, the cell will use its DNA repair 

mechanisms, mostly with non-homologous end joining (NHEJ) to bind each end together, and 

if co-injected, will insert the desired genetic material. This method can also be used to delete a 

sequence by using two sgRNAs surrounding the desired sequence [168]. Often used ex vivo or 

on gamete cells, it can also be used in vivo with viral or non-viral gene delivery with a specific 

promoter to modify the desired cells [169]. 

1.5 Expression regulation 

Finally, nucleic acid delivered can also be used to regulate the expression of a specific 

gene. This can be performed with various molecules, such as small interfering RNA (siRNA), 

short hairpin RNA (shRNA), or antisense oligonucleotides (ASOs) to silence a specific gene. 

siRNA and shRNA are both short RNA molecules of about 20 base pairs that are specific to an 

mRNA sequence [170–172]. These molecules are first processed by a dicer and then associate 

with proteins to form the RNA-Induced Silencing Complex. The complex then binds the 

specific mRNA and induces its cleavage. Unlike siRNA and ASOs that are generally directly 

delivered using a non-viral vector, shRNAs are expressed in an expression cassette, allowing 

to use them with viral vectors [172]. ASOs also bind specific RNA sequences, leading to their 

silencing, but generally through the blocking of their translation [173]. They have gained 

increasing interest recently, with FDA and EMA approval for spinal muscular atrophy 

(Spinraza, Nusinersen) [174]. Aptamers are another type of short DNA or RNA molecules that 

can bind to specific molecules or proteins with a high affinity due to their structural 

conformation [175]. They are capable of regulating protein function or molecule availability, 

making them a versatile tool in therapeutic application [176]. Finally, dead Cas9 (dCas9) can 

also be used to regulate gene expression. This protein is called “dead” due to the inactivation 

of its endonuclease function previously described. Therefore, its sole function becomes to 

target specific genes with its association with the sgRNA. The dCas9 is therefore further 
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modified to fuse it with transcription factors that will induce DNA demethylation [177] or 

histone demethylation [178], inducing increased gene expression. Similarly, it can be fused 

with inhibitors to silence a specific gene expression [179]. 

 

 

Figure 4: Overview of nucleic acid functions for gene therapy. 
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2. Physiological barriers to CNS gene therapy 

 

Nucleic acids need to reach the targeted cell cytoplasm or nucleus in order to achieve their 

therapeutic effect. The first barrier to this is the immune system, with endocytosis from 

macrophages leading to a reduced amount of nucleic acid reaching the desired cell. Viral 

vector has means to avoid the immune system through the inhibition of pro-inflammatory 

pathways [180,181], although it remains the main limitation to the use of viral vector due to its 

recognition by pattern-recognition receptors as previously mentioned. Non-viral vectors on 

the other hand, typically use PEG moieties to escape the immune system [182]. Another barrier 

is the degradation from enzymes like DNase or RNase that degrade free nucleic acids rapidly, 

especially RNA, which can be degraded within minutes [63]. This is a strong limitation to 

nucleic acids effect, but that is easily overcome by protecting nucleic acids either in a viral 

capsid or with encapsulation in a non-viral vector previously described. 

 

 2.1 Cellular barriers 

Once nucleic acids reach the targeted cell, they then need to reach their site of action, either 

the cytoplasm for RNA-based strategies or the nucleus for DNA-based strategies (Figure 5) 

[183]. The first barrier is the cell membrane, a lipidic bilayer negatively charged that nucleic 

acid does not cross on its own partially due to electrostatic forces. In most cases, the vector 

encapsulating the nucleic acid is endocytosed by the cell, enclosing it into an intracellular 

vesicle. In non-viral gene therapy, this endocytosis can occur through several pathways, the 

most frequent being the clathrin-dependent pathway [184,185]. The endocytosis is enhanced 

in viral vector with capsid proteins allowing specific cell entry, while with non-viral vectors it 

can be enhanced with the vector nature, size, cationic properties or with specific antibody 

binding [186,187]. Following this internalization, the intracellular vesicle, called an endosome, 

will progressively mature into a lysosome [188]. During this maturation, pH will decrease and 

nucleic acid will be progressively degraded. Several mechanisms can then be taken advantage 

of to induce endosomal escape and release nucleic acid. Membrane fusion can occur with lipid-

based vector, membrane disruption with polymers due to polymers-membrane interaction, 

and a proton sponge effect can also take place as previously described [144,189,190]. Following 
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release in the cytoplasm, nucleic acids can still be degraded by intracellular mechanisms like 

cyclic GMP-AMP synthase–stimulator of interferon genes (cGAS-STING) [191]. The last 

barrier to gene expression for DNA-based strategies is the passage of the nuclear membrane, 

regulated by nucleopores [192]. Upon passage of each barrier, an important amount of nucleic 

acid is lost, highlighting the importance of efficient carriers to improve gene delivery. 

 

 

Figure 5: Schematic representation of viral (A) and non-viral (B) gene delivery to cells and 

their passage of cellular barriers.  

 

 2.2 Blood-brain-barrier (BBB) 

The BBB is a barrier specific to the central nervous system (CNS) composed of several 

cell types assuring the homeostasis of the brain and its protection from harmful components 

or infections. Despite the development of innovative techniques to bypass the blood-brain 

barrier, this barrier remains the main obstacle for drug delivery to the brain. Several properties 
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give the BBB its impermeability, as resumed in figure 6, that can be dissociated into two main 

categories: the physical barrier and the biochemical barrier [193]. 

 

2.2.1 Physical Barrier 

The physical barrier is composed of endothelial cells, tightened together by several 

transmembrane junction proteins. This includes first tight junctions, composed of claudin, 

occludin, or JAM proteins, localized at the apical membrane [194–196]. Then adherent 

junctions, composed of VE-cadherin and PECAM-1, are localized at the basolateral membrane 

[197]. These proteins are tightly locked together, reducing paracellular space between 

endothelial cells and preventing the passage of any lipophilic molecules larger than 400 Da 

[198,199]. The integrity and stability of tight junctions are maintained and regulated by ZO 

proteins in endothelial cells, linking these junctions to the cytoskeleton [200]. Within tight and 

adherent junctions, gap junctions, composed of connexin proteins, form hemi-channels 

allowing bidirectional flow of ions and hydrophilic signaling molecules [201]. Behind 

endothelial cells, pericytes play a role in the regulation of endothelial function, angiogenesis, 

vasoconstriction, and maintenance of barrier properties. 

2.2.2 Biochemical Barrier 

The biochemical barrier is mainly composed of ATP-binding cassette (ABC) proteins, a 

family of transporters associated with endothelial cell membranes. They are mostly expressed 

on the luminal membrane, facing systemic circulation. ABC transporters have a critical role in 

maintaining homeostasis and exobiotic clearance by ATP-driven active efflux from endothelial 

cells to the brain [202]. Among their many substrates, they are typically responsible for the 

evacuation of phospholipids, aldosterone, and amyloid beta [203,204]. Various subtypes of 

ABC transporters are expressed in endothelial cells, the most frequently studied being the P-

glycoprotein, the multidrug resistance-associated protein, and the breast cancer resistance 

protein. These subtypes are particularly known due to their abundance and their role in 

various therapeutic drug resistance [205,206]. Typically, they have been identified as 

transporters of antibiotics, opioids, and chemotherapeutics [207]. ABC transporters work in 

consort with drug-metabolizing enzymes, such as cytochrome p-450, to help maintain brain 

homeostasis [208–210]. Inhibitors to this barrier have been developed in order to enhance drug 



37 
 

delivery to the brain. Thus, the use of ABC transporter inhibitors or cytochrome p-450 

inhibitors allowed increased specific drug penetration into the brain [211,212].  

 

2.2.3 BBB crossing 

 

Most BBB crossing occurs through solute carriers for glucose, ions, or other small polar 

molecules, and through specific receptor-mediated transcytolic transport, especially for large 

molecules like peptides or proteins [213]. Some small molecules can cross passively the BBB, 

such as lipophilic molecules under 400 Da through transcellular diffusion or small hydrophilic 

substances through paracellular transport, limited to the transient relaxation of TJ [214]. This 

can be used to deliver therapeutic compounds by increasing TJ relaxation using highly osmotic 

solutions. Cell-derived extracellular vesicles (EVs) are another way for molecules to cross the 

BBB, primarily used in normal conditions for brain cell crosstalk [215]. EVs can also be loaded 

with therapeutic molecules and are a promising delivery vector for the CNS [216].  

 

 

Figure 6: Schematic representation of the BBB adapted from Zhang et al. [193] with from left 

to right the molecules capable of natural crossing of the BBB at the blood-brain interface, the 
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physical barrier composed of tight junctions and adherent junctions, and the biochemical 

barrier composed of ABC transporters.  

3. Injection routes for gene delivery to the CNS 

In order to reach CNS cells, the most widely used technique for it is the use of injection 

routes allowing to bypass the BBB [217]. 

 

 3.1 Intracerebral injection 

Stereotaxic injection in the brain using a stereotaxic device and coordinates is the most 

widely used AAV injection route [217,218]. This technique provides an efficient transduction 

in a relatively precise brain region, although there is still some expression in surrounding 

tissues [219]. This technique has been used to deliver AAV specifically to the hippocampus, 

the striatum, the cortex, or the thalamus [219–221]. Such a technique requires the puncture of 

the skull and the insertion of a needle through brain tissue. Therefore, it will very often cause 

microhemorrhages and transduction in the needle path [222,223]. But it has the advantage of 

being less immunogenic than other injection routes [224–227]. Intracerebral injection with 

AAV has been used in clinical trials for several neurodegenerative diseases and for 

glioblastoma. Recent intertumoral combined AAV injection for cytotoxicity and immune 

stimulation showed to be efficient and well-tolerated, associated with a promising survival, 

higher than known overall survival [228]. In neurodegenerative disorders, intracerebral 

injection has shown its efficiency to restore patients function in several clinical trials  [225,229–

233]. The procedure was generally well-tolerated, with little immunogenicity induced from 

AAV delivery and very few severe adverse effects [224,225,231]. Although most clinical trials 

show hemorrhages on the needle path and recurrent mild adverse effects. As intracerebral 

injection allows reaching only a limited brain area, several injections are generally needed to 

transduce a sufficient brain region, increasing the risk of hemorrhages and adverse effects. 

This limits the use of intracerebral injection to gene therapy aimed at a single brain region. 
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 3.2 Intrathecal injection 

Intrathecal injection is an injection route that uses the cerebrospinal fluid (CSF) to reach 

the brain, allowing a broader transduction through the CNS, reaching both the spinal cord and 

the brain. Although, the transduction efficiency generally gets lower in deeper region of the 

brain such as the striatum or the hippocampus, where an intracerebral injection would get a 

higher efficiency [219]. This technique also has the advantage of being less invasive than 

intracerebral injection, as an injection in the lumbar or cisternal area doesn’t require a skull 

perforation or penetration of brain tissue. Intrathecal injection requires a higher AAV dose 

than intracerebral injection but a lower dose than intravenous injection, lowering the risk of 

adverse effects. Despite these advantages, intrathecal injection still provokes minimal adverse 

effects, mostly with hepatotoxicity induced by AAV injection, with higher adverse effect when 

a higher dose is used [234,235]. Intrathecal injection has recently been used in a clinical trial 

for giant axonal neuropathy, showing improved sensory-nerve action potential amplitude 

[236]. It has also recently been used for spinal muscular atrophy, using onasemnogene 

abeparvovec on children from 6 to 60 months, which is FDA-approved for intravenous 

injection on children under 6 months [237]. It showed improvement in the Hammersmith 

Functional Motor Scale expanded compared to historic controls in all children. This shows that 

intrathecal injection allows a better transduction to the CNS than intravenous injection in older 

children. Although both studies show mild adverse effects in all patients and few serious 

adverse effects related to the treatment. 

  

 3.3 Intranasal injection 

Intranasal injection (IN) is the least invasive way to inject molecules. Currently, it has been 

widely used for molecule delivery, with many successful clinical trials showing the 

advantages of this injection method in terms of safety and efficiency [238]. There are still few 

studies using IN for gene therapy to the CNS, but they also show the safety of this method, 

with no toxicity or serious adverse effects observed with AAV, RNA, or mesenchymal stem 

cell injection [239–241]. In terms of efficacy IN seems to transduce in majority the olfactory 

bulbs and the cortex regions of the brain, but also to the entire brain with enough efficiency to 

induced behavioral improvement in a mucopolysaccharidosis mice model [241,242]. Non-viral 



40 
 

methods using RNA and IN have been mostly used for antigen expression for vaccines, with 

some ongoing clinical trials [243,244]. But non-viral IN gene delivery has also been used for 

the CNS, showing still gene expression mostly in the olfactory bulbs and cortex [245]. It has 

also been used in association with FUS and MB-mediated BBB opening, showing highly 

improved gene delivery in the FUS-treated region. The study of Jung et al. also showed that 

IN was more efficient than intravenous injection for BBB opening gene delivery in the cortex 

[246,247]. 

 

 3.4 Intravenous Injection 

Unlike previously mentioned injection routes, intravenous injection does not allow 

bypassing the BBB. Thus, its efficiency relies on the ability of the vector used to cross the BBB. 

AAV9 was naturally discovered in human liver and has been shown to be able to cross the 

BBB to transduce the brain's neurons when injected intravenously [248]. But its transduction 

through the BBB is still sparse and doesn’t allow a homogeneous transduction of the brain but 

only of a few isolated cells [249]. AAV9 is also not specific to the CNS and robustly transduces 

most organs such as the liver, the heart, or the lung. AAV intravenous injection has been used 

in several clinical trials, with some FDA-approved treatments, such as onasemnogene 

abeparvovec (Zolgensma), which successfully transduces the CNS to restore motor neuron 

function in children affected by spinal muscular atrophy [250–252]. About half of patients 

treated with it underwent adverse effects related to the treatment, with some serious adverse 

effects and a case of fatal thrombotic microangiopathy [253,254]. Despite these adverse events, 

the risk-benefit ratio is still positive since over 95% of treated children survived over 12 months 

without ventilatory support, but it shows the need to reduce AAV dose for wider use in other 

pathologies [254]. In addition, due to its wide biodistribution following IV injection, this 

injection route is the modality requiring the highest AAV amount for gene therapy, while 

intracerebral injection requires the lowest amount due to its located delivery [218].  

Novel serotypes have been generated by Cre-recombination-based AAV targeted 

evolution, called AAV-PHP.B and AAV-PHP.eB [255,256]. Both shows highly increased 

transduction efficiency and lower expression in other organs. But the main drawback from 

these serotypes is their restriction to the animal model used for their development, C57BL/6 
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mice [257–259]. However, AAV-PHP.eB still showed its efficiency in rat brain over AAV-

PHP.B, although it was not more efficient than an AAV9 in B6C3 mice [259,260].  

 

4. FUS and MB-associated BBB opening for gene delivery 

 4.1 Blood-brain barrier opening 

Previously mentioned methods to reach CNS cells with gene therapy products are 

challenging to use in clinical trials either due to their high invasiveness or due to species-

specific vectors. The use of BBB opening (BBBo) however is an efficient alternative since it 

allows low-invasive IV injection of therapeutic products. As previously mentioned, 

intravenously injected MB associated with FUS is capable of oscillating, generating 

microstreaming and shear stress around MB, associated with a push-pull effect on capillary 

walls [8,261]. These forces generate a rupture of tight junctions, allowing transitory opening 

of the BBB and passage of molecules (Figure 7). This was first described in 2001 by Hynynen 

et al. in rabbits [9] and was later used for gene delivery in rodents with either viral [12] or non-

viral methods [262]. However, BBBo only affects the physical barrier of the BBB, while the 

biochemical barrier still functions and can prevent accumulation of specific molecules into the 

brain [263].  

If FUS is generally used to induce local BBBo for precise and controlled therapeutic 

protocols, protocols have been developed to induce wide BBBo. This has been performed 

either by using probe displacement in a raster scan [249] or by performing several treatments 

in different areas [264]. Both methods allow gene expression in the whole brain, with 

expression in neurons. The efficiency of this gene delivery and subsequent transgene 

expression is correlated with BBBo intensity, as well as BBB closure kinetics [265,266]. The 

main parameters influencing BBBo are first the mechanical index, which needs to surpass a 

threshold to induce BBBo, and the frequency, but that is generally selected regarding the 

model used due to differences in FUS transmission through the skull [267]. Then the PRF and 

DC also play an important role in BBBo, and while PRFs of 1 to 10 Hz are generally used, much 

faster pulses have been demonstrated as also inducing efficient BBBo [268–270]. Longer 

sonication duration also allows improved BBBo, though the low half-life of some MB can limit 
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the use of long sonication [271]. Finally, MB nature and doses strongly influence BBBo due to 

differences in cavitation properties regarding gas and shell composition and MB size [10,272]. 

In addition, for gene therapy purposes, the size of gene delivery vectors also strongly 

influences gene delivery, since extravasation efficiency is reduced with increased size [273]. 

 

 

Figure 7: Schematic representation of BBBo with MBs associated with FUS. 

 

4.2 Physiological effect of blood-brain barrier opening 

As previously mentioned, severe BBBo with inertial cavitation can produce damage in the 

brain, like edema or hemorrhages. However, BBBo still induces physiological effects in non-

harmful conditions. The first effect is pro-inflammatory, with activation of several pro-

inflammatory pathways and cytokine expression [274]. This inflammatory response is mostly 

described as microglia and astrocyte activation, inducing cytokine expression and increased 

phagocytosis [275,276], but also with limited infiltration of immune cells like macrophages and 

T cells [277,278]. Inflammation induced by BBBo has been demonstrated to be correlated with 



43 
 

BBBo intensity and MB cavitation dose, increasing with more severe procedures [247,279]. 

However, it always remains transitory, with inflammation returning to baseline in a matter of 

days. In addition to this inflammatory response, BBBo induced by FUS and MB has also been 

demonstrated to have an effect on the glymphatic system. It typically induces enhanced 

glymphatic transportation in the brain and promotes protein drainage [280,281]. Finally, BBBo 

has also been described as able to promote neurogenesis in the brain, with upregulation of 

neurotrophic factors such as GDNF and early growth response protein-1 [282,283]. 

Furthermore, unlike the inflammatory response and the effect on the glymphatic system that 

can be induced by FUS alone, this neurogenesis is triggered only with BBBo associated with 

FUS and MB (FUS-BBBo) [284]. These effects can be limitations to the use of FUS-BBBo, as they 

can be considered potentially harmful adverse effects, especially for the inflammatory 

response. However, it can also have therapeutic effects with the clearance of harmful proteins. 

In addition, clinical trials demonstrated that these effects are sufficiently moderate and 

transitory to demonstrate that FUS-BBBo is a safe procedure in controlled conditions [285,286]. 

 

4.3 Monitoring of BBBo 

In order to ensure efficient BBBo occurred and to quantify its intensity, several techniques 

have been used that all rely on the extravasation into the brain of a tracer molecule injected 

after BBBo (Figure 8). The most widely used method for BBBo monitoring is the use of 

magnetic resonance imaging (MRI) with injection of gadolinium and its detection through T1-

weighted sequence [287]. This modality has the advantage of allowing in vivo and non-

invasive 3D measurement of BBBo, with potential quantitative measurement of extravasated 

gadolinium. In addition, this imaging technique also allows visualization of edema or 

hemorrhages induced by BBBo with T2-weighted sequences. Apart from BBBo monitoring, 

this modality can also be used to measure physiological changes following FUS-BBBo, such as 

cerebral hemodynamics or functional connectivity [288,289]. Furthermore, MRI has also been 

used to guide FUS, using an MRI-compatible FUS probe and an ARFI sequence to localize the 

FUS focal spot on MRI images [290,291]. However, the main drawback of this modality is its 

high cost and need for highly trained operators. 
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Due to this limitation, the second most widely used method to monitor BBBo is the use of 

Evans blue as its extravasation can be visually assessed without the need for an imaging device 

[287,292]. However, this also means that this modality can only be used ex vivo, as it requires 

extracting the brain, and the resulting information is exclusively qualitative. Another 

frequently used imaging modality is the fluorescence imaging. This modality has the 

advantage of allowing in vivo and non-invasive monitoring of BBBo when near-infrared 

fluorescent molecules are used [56]. It can also be used ex vivo for enhanced precision, with the 

possibility to measure BBBo microscopically. A wide range of fluorophores can be used, the 

most frequent being Evans blue or fluorescently labeled dextran. In addition, as fluorescent 

labeling of molecules is generally available, it can be used to validate the passage of a specific 

molecule or to study the size of molecules that can cross the opened BBB [293]. Finally, positron 

emission tomography (PET) imaging is also an efficient modality for BBBo monitoring as it 

can quantitatively measure the extravasated molecule in 3D. In addition, molecules or vectors 

of interest, such as AAV, can be radiolabeled to assess specifically the extravasation of the 

molecule of interest [265,294]. However, similarly to MRI, its main drawbacks are its cost and 

the need for highly trained operators, but also its low resolution and the need to use an 

additional imaging modality such as micro-computed tomography (micro-CT) to visualize 

tissue and locate the opened region. 
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Figure 8: Imaging modalities for BBBo monitoring. (A) Reconstructed coronal (top) and 

transverse (bottom) T1 images, 1.5 h after 0.49 MI sonication using 1-2 µm MB; adapted from 

Vlachos et al. [295] (B) Representative sagittal, axial, and coronal plane (from left to right) 

PET/CT images of an example mouse at 21 h post injection of 64Cu-AAV9 after brain lateral 

FUS treatment (MI = 0.49), dotted green circle: radio-tagged AAV capsid accumulation; 

adapted from Ajenjo et al. [265]. (C) In vivo NIR-II fluorescence imaging at 10 minutes after i.v. 

injection of MBs-ICG under FUS irradiation (White arrow: BBB-opening region). Imaging 

conditions: Ex, 808 nm laser; long-pass filter, 1300 nm; exposure time, 200 ms; power density, 

60 mW/cm²; adapted from Liang et al. [56]. (D) Representative Evans blue images (red circle: 

BBB opened region). Left: whole brain; right: 1-mm-thick section; adapted from Liang et al. 

 

4.4 Cavitation monitoring of BBBo 

 As previously mentioned, FUS-BBBo is mediated by MB cavitation that can enter two 

modes of cavitation: the stable cavitation and the inertial cavitation. With stable cavitation 

being associated with safe and reproducible BBBo, while inertial cavitation is associated with 

chaotic and harmful BBBo. But this cavitation is not only influenced by controllable 

parameters; some parameters can change between animals or depending on the target region, 

like vascularization or skull thickness. Skull thickness can have a high influence on the 

ultrasound transmission and therefore on the acoustic pressure in situ, changing the cavitation 

and the BBB opening [249,296]. To overcome this difficulty, the analysis of cavitation rapidly 

became a major parameter for BBB opening that needed to be monitored. In order to achieve 

that, a passive cavitation detector (PCD) is generally used, allowing the recording of reflected 

ultrasound and the non-linear response of MB cavitation. A Fourier transform is applied to 

the signal allowing us to quantify separately the stable cavitation dose (SCD) and the inertial 

cavitation dose (ICD). SCD is generally calculated using the harmonics f1 and f2, and ICD is 

generally calculated using the broadband between these harmonics and ultra-harmonics. The 

sub-harmonic ½ × f0 and ultra-harmonics f1.5 and f2.5 can also be used for ICD determination 

but are generally associated with a moderate inertial cavitation regime. 

In order to ensure that no damage is generated during BBBo, acoustic monitoring in 

real-time has been developed, allowing feedback control of the acoustic pressure used. The 
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main difficulty of this technique is to calculate the Fourier transform fast enough to be able to 

adapt the pressure before any damage appears. In most cases it calculated between pulses 

during the time without FUS. There are several possibilities to monitor the BBB opening in this 

way. The first possibility is to use the cavitation to stop the sonication before the procedure 

gets too severe. A stable pressure would be applied, and the sonication is stopped whenever 

the amount of ICD gets over the threshold, as conceived by Huang et al. [297]. A second 

possibility relies on the use of cavitation to set the acoustic pressure. The sonication would 

start with a low pressure and be increased at each pulse until it reaches the desired cavitation 

regime. It can be used with either ICD, as described by O’Reilly et al. [298], or using SCD, as 

described by Bing et al. [299]. Such monitoring also showed its efficiency in monitoring BBB 

opening in treated patients with Alzheimer’s disease [300]. The main drawback from these 

techniques is that if an inertial event is recorded the feedback response only occurs after the 

pulse, possibly after the damage is done. To overcome this, cavitation monitoring intra-pulses 

have been developed, which showed that MB destabilization occurs suddenly within the 

pulse, at a random time within it, but stays at a high ICD for the rest of the pulse [301]. This 

led to another feedback control, where cavitation dose is calculated in a desired temporal 

window within the entirety of each pulse. The acoustic pressure can then be modified after 

each temporal window, avoiding an entire pulse of inertial cavitation, further reducing the 

risk of damage [302]. Although very promising this feedback control requires a very fast 

calculation of the Fourier transform; such a technical issue makes it difficult to access. 

 

5. Applications of FUS-BBBo and gene therapy to CNS disorders 

 5.1 Alzheimer’s disease 

Alzheimer’s disease (AD) is a neurodegenerative disease and the leading cause of 

dementia, mainly characterized by memory loss and impaired cognitive functions [303,304]. 

The leading causes of AD are the extracellular accumulation of amyloid beta (Aβ) plaques and 

intracellular accumulation of hyperphosphorylated tau protein [305–307]. Several treatments 

are currently available for AD, and many more are currently in clinical trials, although current 

therapy is still limited to symptomatic measures [308–310]. In this context, gene therapy is a 
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promising strategy, and a first clinical trial with stereotaxic injection of an AAV2 coding for 

the nerve growth factor showed that it was well tolerated, with specific long-term expression 

for years [311]. Though the expression showed to be too restricted spatially to have a beneficial 

effect on cognition [312]. A more recent clinical trial delivered the granulin gene via cisterna 

magna AAV9 injection. It also showed gene expression and generally good tolerance though 

30% moderate and one serious adverse event related to treatment were observed, and no clear 

effect on cognition [313]. Several other targets are being studied for gene therapy of AD with 

good efficiency in preclinical studies [314,315]. Although FUS-induced BBB opening has been 

used in very few studies, they show the possibility of using this technique for AD gene therapy 

[316,317]. Also, it has been demonstrated that FUS-induced BBB opening is capable of reducing 

amyloid plaques and phosphorylated tau concentration in AD models, with the activation of 

microglia and removal through lymphatic routes [280,318–323]. Several clinical trials using 

FUS-induced BBB opening are ongoing, showing its feasibility and efficiency for Aβ plaque 

reduction while promoting no adverse effect, though they also show the need to treat larger 

brain areas to improve therapeutic effect [285,324–326]. A study by Leinenga et al. showed the 

efficiency of combining BBB opening and an anti-Aβ antibody, suggesting that using FUS-

induced BBB opening for AD gene therapy would also allow to improve the effect of gene 

expression with those of FUS [327]. Making FUS-induced BBB opening a particularly 

promising technique for AD gene therapy.  

 

5.2 Parkinson’s disease 

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by loss of motor 

functions, tremor, and cognitive disorders. This disorder is primarily characterized by 

aggregated α-synuclein accumulation in the brain, leading to neuronal dysfunction and 

degeneration. In PD, FUS-BBBo gene therapy has been attempted in preclinical studies, 

successfully expressing GNDF or SIRT-3 transgenes, with therapeutic rescue on behavioral 

phenotypes [61,328]. It has also been used for gene silencing of α-synuclein using an shRNA, 

which significantly reduced α-synuclein expression [329]. These studies demonstrate the 

potential of this method for PD treatment and are supported by gene therapy studies using 

intracranial or intrathecal injections that demonstrate efficient rescue. Furthermore, ongoing 

clinical trials for gene therapy using intracranial injection of AAV2 demonstrate improvement 
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for up to 36 months after treatment [330]. In addition, clinical trials for FUS-BBBo alone or with 

tracer drug injection are ongoing and showing positive results, allowing facilitated translation 

of FUS-BBBo gene therapy to clinical trials [331,332]. 

 

These positive results indicate that FUS-BBBo-mediated gene therapy is a promising 

method for treatments of CNS disorders, with relatively easy translation to clinical trials due 

to its safety. It also raises interest in the treatment of other CNS disorders where gene therapy 

showed promising results. This could be attempted, for example, for Canavan disease [333], 

Leigh syndrome [334,335], Rett syndrome [336], or Fragile X syndrome [337,338]. 

 

6. Fragile X syndrome 

6.1 Disease profile 

Fragile X syndrome (FXS) is a neurodevelopmental monogenic disorder caused by a 

repetition of the CGG codons (>200) in the promoter region of the Fmr1 gene resulting in its 

hypermethylation and silencing of its expression [339]. FXS was described for the first time in 

1943 by Martin and Bell [340]. It is the leading hereditary cause of intellectual deficiency with 

a prevalence of 1 in 7 000 males and 1 in 11 000 females, according to Hunter et al. meta-

analysis. The prevalence of the premutation, with a limited CGG codon repetition (50 to 200) 

is found to be much higher, at 1 in 850 males and 1 in 300 females [341]. The asymmetry 

between male and female is due to the location of the Fmr1 gene on the X chromosome, 

allowing females to compensate with their second X chromosome (location Xq27.3). Thus, this 

leads to a lower prevalence of the full mutation but a higher prevalence of the premutation in 

females compared to males. This also leads to asymmetry in symptoms, and unfortunately, 

because of these differences, most research focuses on males, leaving gaps in the 

understanding of female specificities in FXS [342]. The diagnosis method for FXS is performed 

with a PCR-based analysis of the promoter area of Fmr1 when developmental delay or typical 

FXS symptoms are observed. Since this approach is not systematic due to the time and cost 

needed, the diagnosis is relatively late, at about 3 years old on average [343]. Intellectual 

deficiency (ID) is the most common symptom in children with FXS. This symptom is generally 
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associated with attention deficit and hyperactivity disorder (ADHD) and anxiety [344]. It can 

also be associated with physical features, such as an elongated face, prominent ears, and 

macroorchidism [345]. Furthermore, FXS is a significant genetic contributor to autism 

spectrum disorder (ASD) in approximately 30% of cases, characterized by symptoms such as 

difficulty with eye contact and social interactions. 

 

It is also worth mentioning that FXS patients exhibit a broad and extremely variable 

spectrum of symptoms. Less frequent but also disturbing symptoms include ophthalmic 

problems such as strabismus, risk of seizures, obesity, and sleep disorders like sleep apnea. 

FXS also increases the risk of occurrence of several diseases, like cardiac problems, diseases of 

the ear, nose, and throat area, and neurodegenerative disorders like Alzheimer's or 

Parkinson's disease [346]. 

People affected by the premutation of Fmr1 are often asymptomatic and are therefore not 

diagnosed and often pass on the mutation without knowing it. Similarly to the full mutation, 

children affected by the Fmr1 premutation may display a wide range of symptoms, like ID and 

ADHD. It also frequently induces neurodegeneration at later stages of adulthood, around 50 

years old, and is frequently called fragile X tremor/ataxia syndrome [347]. 

 

 

 6.2 Molecular aspect  

Under healthy conditions, the number of CGG repetitions in the promoter area of the Fmr1 

gene remains under 50. In the premutation of FXS, with 50 to 200 codon repetitions, promoter 

methylation is mild, and Fmr1 gene expression is not silenced but actually upregulated. Fmr1 

mRNA overexpressed in the premutation has been shown to have toxic effects leading to 

neurodegeneration [348,349]. Also, symptoms associated with premutation are dependent on 

both the number of CGG repetitions and the amount of methylation, making it important to 

characterize these aspects following FXS diagnosis. CGG repeats are normally interrupted by 

AGG codons, stabilizing the sequence. Although, in premutated alleles, these AGG 

interruptions are reduced, leading to instability and enhancing the risk of expansion of the 

CGG repetition during transmission. This effect leads to increased CGG repetition from 

generation to generation and leads to full mutation. Full FXS mutation is reached with more 
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than 200 CGG repetitions in the promoting area of the Fmr1 gene leading to a severe 

hypermethylation and the total silencing of the gene, with total absence of Fmr1 mRNA and 

of its coded protein, fragile X messenger ribonucleoprotein (FMRP, formerly fragile X mental 

retardation protein). FMRP is an RNA-binding protein constituted of three RNA-binding units 

arranged as two hnRNP-K-homology domains and an arginine–glycine–glycine box, allowing 

FMRP to bind to several specific RNA motifs [350–353]. While ubiquitously expressed, it is 

primarily found in the CNS and reproductive organs [354]. FMRP's main role relies on the 

regulation of RNA in terms of stability, translational control, and transport through the cell 

(Figure 9) [355]. FMRP plays a major role in maintaining the proteome in distant axons with 

the transport of mRNA and localized regulation of mRNA translation [355,356]. A growing 

body of research has identified a number of FMRP mRNA targets, with some shown to play a 

significant role in the FXS phenotype. This includes the regulation of glutamatergic signaling 

through the regulation of several protein expressions, such as mGluR1 or mGluR5, which are 

involved in various FXS features, including seizures and hyperactivity [357]. GABA receptors 

are another target largely studied in FXS, with a major role in electrophysiological 

abnormalities, and have also been linked to behavioral features including hyperactivity and 

seizures [358]. FMRP can also bind several proteins, like ion channels (monitoring their 

opening) or transcription factors, further regulating gene expression [359]. While primarily 

studied in neurons, FMRP function extends beyond neuronal cells. In oligodendrocytes, FMRP 

deficiency leads to delayed axonal myelination. Furthermore, in astrocytes and microglia, 

FMRP absence disrupts their interactions with neurons and compromises the maintenance of 

metabolic homeostasis (including glutamate metabolism), ultimately impairing neuronal 

function [360]. 
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Figure 9: Overview of FMRP functions. 

 

 

 6.3 Treatments and clinical trials 

Currently, treatments of FXS are exclusively symptomatic, and no effective therapy is 

available. A large part of FXS treatments focuses on educational intervention like speech and 

language therapy or behavior analysis [361,362]. Some drugs are currently available for FXS, 

allowing treatment of a part of the symptoms [363]. To treat ADHD symptoms, stimulants are 

generally used, either amphetamine derivatives or methylphenidate like Ritalin [364,365]. 

However, their use is often overlooked by parents as they are classified as a narcotic and need 

to be dosed with precaution to avoid language suppression. Antipsychotics like risperidone 

or aripiprazole can be used to treat aggressive behaviors, but their use needs to be monitored 

as it can induce weight gain in patients already susceptible to obesity [366,367]. Selective 

serotonin reuptake inhibitors are prescribed for the treatment of anxiety symptoms, like 

sertraline [368]. Several clinical trials have been initiated in human patients that followed 

successful preclinical studies, but few turned out to be efficient in patients once compared to 

placebo. Metabolic glutamate receptor (mGlur) modulators have been tested in clinical trials, 

like Mavoglurant or Basimglurant, an mGlur5 antagonist that first showed promising results 

in phase 1 but whose efficiency was disproved when compared to the placebo group. 
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Similarly, clinical trials using folic and folinic acids to restore metabolic activity showed no 

effect compared to placebo, and the same result was obtained with Donepezil, targeting 

cholinergic channels; minocycline, a neuroprotective agent; or sertraline, a selective serotonin 

re-uptake inhibitor. Despite these setbacks, some clinical trials managed to show their 

treatment efficiency in treating some aspects of FXS symptoms. Two treatments showed some 

efficiency in improving language and communication skills: a transdermal cannabidiol gel 

(ZYN002) and a phosphodiesterase-4D allosteric inhibitor (BPN14770). Two other treatments 

showed efficiency in reducing irritability in FXS children, though they showed no 

improvement in adolescents and adults: an analog of insulin-like growth factor 1 (Trofinetide) 

and a GABA-B agonist (Abraclofen). These findings collectively indicate that while the 

pharmacological approaches explored thus far have shown some promise in alleviating certain 

symptoms, they have not yet demonstrated complete efficacy. Consequently, there is a 

compelling need to pursue novel therapeutic strategies that directly target the underlying 

pathophysiology. 

 

 6.4 Preclinical studies 

Several models have been developed to study fragile X syndrome; first in vitro models have 

been developed where primary cell culture will be used, derived most of the time from 

newborn rodent brains, but occasionally they can come from human biopsies [369,370]. This 

model offers important insight into the molecular mechanisms implied in FXS, allowing 

studies on the FMRP absence effect on ionic canals or cell morphology. In vitro models using 

human cells also have the advantage of providing the opportunity to assess the efficiency of 

specific therapies that rely on the human genetic mutation in FXS. This includes CRISPR-Cas9 

therapy to remove the excess CGG repetition or epigenetic therapies to remove 

hypermethylation from the promoter area [371].  

Rodents, particularly mice and rats, serve as the most commonly utilized animal models 

in this context. Mouse models attempting to mimic FXS genetic mutation with excess CGG 

repetitions have been developed but show genetic instability and poorly silence FMRP 

expression [372]. Fmr1 knockout models on the other hand, proved to be more efficient at 

reproducing behavioral phenotypes. In mice, two models have been generated; in the first 

generation, the Fmr1 gene is truncated by a neomycin cassette, while in the second generation, 
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the start codon of the Fmr1 gene is deleted [373,374]. Second-generation mutation is generally 

preferred as a model of Fragile X Syndrome (FXS) because Fmr1 expression is completely 

abolished. In contrast, first-generation mutation often retains traces of truncated Fmr1 mRNA, 

which can retain some function and potentially influence the expression of the FXS phenotype. 

Fmr1 KO mice have been thoroughly studied, and their behavior compared to WT mice clearly 

shows their efficiency to reproduce several FXS phenotypes. The most frequently observed is 

the hyperactivity phenotype, thoroughly reproduced in most studies [337,375,376]. Social 

impairment associated with ASD-like behavior [377,378], emotional difficulties, and cognitive 

deficiencies such as memory defects and seizures were also described [337,338,377,378].  

These models have demonstrated their significance in recent years for advancing and 

developing both pharmacological and genetic therapeutic strategies. The modulation of 

metabotropic glutamate receptors was extensively studied with promising results, like with 

the modulation of mGlur4 and mGlur7 via the injection of its allosteric agonist [377,379]. 

In addition, a large panel of drugs are also being studied for FXS treatment, like diazepam, 

translational modulator ISRIB, or GABA modulators, that show partial rescue of FXS 

phenotype [380–382]. Currently, most of these drugs have failed to meet their primary 

endpoints in clinical trials.  

Gene therapy aimed at restoring FMRP expression within the CNS was explored, with 

promising preclinical results demonstrating its potential to ameliorate certain FXS 

phenotypes. Lee et al. performed non-viral gene delivery on 1- to 2 months-old Fmr1-KO mice 

using intracerebral injection of gold nanoparticles encapsulating CRISPR/Cas9 coding 

sequence targeting mGlur5 [383]. It demonstrated significant behavioral rescue of anxiety-

driven marbles burying and repetitive behavior, but with no effect on hyperactivity. Despite 

partial rescue, they still demonstrated the feasibility in vivo of the CRISPR/Cas9 strategy, a 

promising method for removal of excessive CGG repeats as previously mentioned [371]. Apart 

from this study, most gene therapy studies were performed at early development stages, using 

ICV [378,384], intra-cisterna magna [384], or intrathecal [338] AAV injections at PND 0 to 3. In 

all studies, significant rescue was observed, with effects on hyperactivity, social impairment, 

anxiety, repetitive behaviors, seizures, fear conditioning, and sleep impairment. Behavioral 

rescue varied between studies, but total rescue was never observed, suggesting the importance 

of FMRP during gestation. Performing this treatment at an early development stage should be 
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more efficient, as it would allow brain development in the presence of FMRP. However, it has 

also been performed by Chadman et al. in adult mice and also showed partial rescue of fear 

conditioning and learning phenotype, though it seems to show less efficient rescue compared 

to other studies [337]. As they all rely on an intracranial AAV injection or intravenous mice-

specific AAV.PhP.eB injection, their strategies are therefore difficult to translate to clinical 

trials since intracranial injections impose safety issues [385,386]. The use of a microbubble-

mediated BBB opening gene therapy protocol could be a way to translate these gene therapy 

studies to clinical trials but has not been attempted yet. 

 

The overall objective of this PhD is to develop a gene therapy protocol, based on 

microbubble-associated BBB opening, for CNS monogenic disorders such as FXS. To achieve 

this objective, the project is constructed on 4 main axes:  

At first, the development of innovative microbubbles to enhance gene delivery was 

explored. For this part we developed homemade microbubbles with various 

functionalizations. This includes first biotinylated or DBCO-MB capable of binding either an 

antibody or magnetic nanoparticles to incorporate targeting properties and two types of 

cationic MB capable of complexing with DNA. In addition, the cavitation properties of our 

different cationic MB were assessed in order to anticipate their response during BBBo 

treatments. 

The second objective was to establish protocols to open the BBB and to monitor it. This 

was performed with our unfunctionalized MB, and BBBo monitoring was mediated with 

Indocyanine Green (ICG) extravasation. We used fluorescence imaging both in vivo and ex vivo 

and photoacoustic imaging in vivo. These imaging modalities were compared with the gold 

standard, MRI, and with Evans blue to validate the use of our monitoring modalities as an 

alternative method. 

Thirdly, the optimization of a non-viral gene delivery protocol to the CNS was 

performed. We used it for our first generation of cationic MB and optimized the complexation 

conditions, mechanical index, and sonication duration. This was optimized in both wild-type 

mice and in the model of FXS, Fmr1-KO mice. The proof-of-concept of gene therapy for FXS 

with restored expression of Fmr1 was then performed. Finally, this method was compared 

with another non-viral method using lipid nanoparticles. 



55 
 

Finally, in a final part, we performed a viral gene therapy strategy with FUS-BBBo in the 

FXS mouse model, Frm1-KO mice. Gene expression was analyzed in both bioluminescence 

and Fmr1 expression to be able to compare it with our non-viral strategy. In the end, the ability 

of our gene therapy protocol to induce behavioral rescue was assessed and compared with the 

effect of FUS-BBBo alone. 
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RESULTATS 

 

Partie 1 : Formulation de microbulles fonctionnalisées pour la 

délivrance améliorée de gènes 

 

Résumé en français : 

Introduction : 

Les microbulles de gaz sont des agents de contraste pour l’imagerie échographique, augmentant 

l’échogénicité du sang. Elles sont également capables d’osciller sous ultrasons, créant des forces de 

cisaillement et des micro-flux, capables dans un capillaire cérébral d’ouvrir la barrière hémato-

encéphalique. Cette ouverture permet la délivrance de molécules thérapeutiques telles que des acides 

nucléiques, permettant l’utilisation dans le cerveau d’une méthode non invasive de thérapie génique. Les 

microbulles utilisées pour cette application peuvent être fonctionnalisées, permettant d’améliorer la 

délivrance de gènes. Cette fonctionnalisation peut se faire en utilisant les propriétés hydrophobes de la 

coque, permettant d’encapsuler des molécules ou des nanoparticules hydrophobes. Cela peut également 

être réalisé par liaison à la surface des microbulles de composés hydrophiles, en se servant de couplage 

streptavidine-biotine, de chimie clic ou d'interactions électrostatiques. La fonctionnalisation de 

microbulles peut permettre d’ajouter des agents de contraste pour réaliser de l’imagerie multimodale, 

d’ajouter des nanoparticules magnétiques ou des anticorps pour donner des propriétés de ciblage aux 

microbulles, ou d’utiliser des composants cationiques capables de lier des acides nucléiques, permettant 

d’en augmenter la délivrance. 

Résultats : 

Dans cette partie, plusieurs microbulles ont été formulées, incorporant diverses fonctionnalisations 

pour augmenter la délivrance d’acides nucléiques. Nous avons commencé par formuler des microbulles 

non fonctionnalisées, servant de référence pour la formulation de microbulles fonctionnalisées. Cette 

formulation démontre une importante concentration et une distribution de taille faiblement polydisperse 

et comprenant une large concentration de nanobulles. Par la suite, nous avons développé des microbulles 

comprenant une fonction biotine ou une fonction DBCO et avons validé leur couplage avec un anticorps. 

Les bulles biotines ont également été utilisées pour attacher des nanoparticules magnétiques. La capacité 

de ces microbulles de se déplacer avec un champ magnétique a été démontrée, ainsi que l’absence de 
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cytotoxicité de leur part ou de leurs composants. Nous avons ensuite développé un protocole de 

centrifugation permettant de sélectionner des microbulles d’une certaine taille. Puis, nous avons 

démontré la capacité des microbulles de taille proche d’1 µm à pénétrer plus facilement et de manière 

plus homogène dans une tumeur, augmentant le signal d’échographie de contraste. Un protocole de 

modulation de la taille et de la concentration des microbulles a également été développé, démontrant 

une diminution de la taille et une augmentation de la concentration corrélées avec l’augmentation du 

temps d’agitation mécanique lors de la formation des microbulles. 

Deux types de microbulles cationiques ont ensuite été développés, utilisant soit des lipides 

cationiques complexant l’ADN à la surface, ou utilisant un polymère cationique ancré dans la coque de 

la microbulle, délocalisant la complexation de l’ADN. Les deux types de microbulles cationiques ont 

démontré leur capacité à complexer un ADN plasmidique, ainsi qu’une stabilité suffisante pour être 

utilisés dans un protocole de transfert de gène assisté par ultrasons. Cependant, les microbulles avec un 

polymère ont démontré la capacité de complexer plus d’ADN et sont plus stables comparé à la première 

génération de microbulles cationiques. 

Pour finir, la cavitation sous ultrasons focalisés des deux types de microbulles cationiques a été 

analysée et comparée aux microbulles non fonctionnalisées. Les trois types de bulles ont démontré une 

cavitation stable et inertielle augmentant avec la pression acoustique, validant la possibilité de les utiliser 

dans un protocole de transfert de gène assisté par ultrasons. En revanche, les microbulles cationiques 

comprenant un polymère ont démontré une cavitation stable significativement plus forte que la première 

génération et proche du niveau de cavitation des microbulles fonctionnalisées. 

Pour conclure, nous avons développé dans cette partie un large panel de microbulles 

fonctionnalisées qui pourront permettre d’optimiser un protocole de transfert de gène. La caractérisation 

des deux types de microbulles cationiques présentés dans cette partie a fait l’objet d’une présentation de 

poster durant le congrès international ISTU 2023 à Lyon. La sélection de taille des microbulles par 

centrifugation et leur effet échogène dans une tumeur a fait l’objet d’une courte présentation orale durant 

le congrès SFNano 2022 à Strasbourg.  
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ABSTRACT 

Microbubble (MB) functionalization can be performed by incorporation of specific drugs, 

particles, ligands, or contrast agents in the hydrophobic shell or at the MB surface. Such 

functionalization can be used to improve imaging or drug delivery both in vitro and in vivo. In 

this study we developed several custom functionalized MBs taking advantage of biotin-

streptavidin binding, click chemistry, or electrostatic forces. We demonstrate successful 

surface binding to different molecules or particles such as magnetic nanoparticles and 

antibodies, providing magnetic or targeting properties. We also successfully developed two 

types of cationic MB, capable of complexing a plasmid DNA directly at the surface or in a 

polymer anchored in the MB shell. Acoustic analyses revealed efficient cavitation of 

unfunctionalized MB and both cationic MB, displaying their potential for gene delivery. It also 

demonstrated that the polymeric cationic MB had the best stability under focused ultrasound 

and displayed strong stable cavitation with lower inertial cavitation occurrences. 

 

Keywords: Ultrasound; Microbubble; Targeting; Magnetic; Cationic; Oscillation  
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1. INTRODUCTION 

 

Microbubbles (MB) were initially developed as an ultrasound imaging contrast agent, 

composed of a gas core, generally a perfluorocarbon, stabilized by a shell made of lipids, 

proteins, or polymers [1]. Apart from their contrast agent properties, MB’s oscillation in an 

ultrasound field can create a push-pull action, microstreaming, and shear forces capable of 

opening pores in surrounding cells and transiently opening the blood-brain barrier (BBB) 

when occurring in a brain capillary [2–4]. As the BBB acts as a major limitation to the delivery 

of therapeutic drugs to the central nervous system (CNS), preventing over 98 % of small 

molecules and anything larger than 400 Da from crossing it, this application is a major step 

forward for the treatment of several brain diseases [5–7]. It allowed the development of several 

innovative treatments, such as gene therapy for several monogenic brain disorders [8–11], and 

even showed a therapeutic effect from BBB opening alone in Alzheimer’s disease [12,13]. Many 

of these treatments already reached clinical trials and show promising results [14,15]. The 

oscillations allowing BBB opening can be divided into two cavitation regimes, the stable and 

inertial cavitation. The stable cavitation occurs at lower pressures and is characterized by 

linear expansion and contraction of MB volume depending on acoustic pressure. It is typically 

associated with a safe and predictable BBB opening [16–18]. Inertial cavitation on the other 

hand, occurs at higher pressure and is characterized by chaotic expansion and contraction of 

MB volume, leading to jetting events and bursts of MB. This cavitation regime is associated 

with strong BBB opening and potential brain damage like edema or hemorrhages [19–23]. MB 

cavitation can be monitored in vivo and processed post-treatment, providing information on 

the quality of the procedure and allowing us to anticipate potential damage or insufficient BBB 

opening. Or it can be processed in real time with the appropriate equipment, allowing the 

adaptation of acoustic pressure to the oscillations, ensuring sufficient BBB opening, and 

allowing the procedure to stop when inertial cavitation is detected, therefore preventing 

damages from occurring [21,24–27]. 

Commercially available MBs like SonoVue (Bracco, Milan, Italy) or Optison (GE 

Healthcare, Milwaukee, WI, USA) are generally used, as they are FDA-approved for human 

use making them easier to use in clinical trials and ensuring good biocompatibility, thus 

reducing the risk of adverse effects [15,28]. These MBs are generally not functionalized and are 
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used as BBB opening agents, co-injected with the therapeutic agents, but it is possible to add 

functionalization to MB to increase its efficiency. Numerous functionalizations are possible; 

they are generally drugs and particles added either within the hydrophobic shell or at the MB 

surface. Functionalized homemade MB can be used as contrast agents in other imaging 

modalities, like PET scans or fluorescence imaging, with the binding of a radioactive or 

fluorescent agent on the MB surface [29–31]. The addition of a specific antibody or ligand 

provides molecular targeting properties to MB that can improve ultrasound imaging or 

targeted gene delivery [32–35]. Magnetic properties can also be added by loading magnetic 

nanoparticles on MBs, making them responsive to a magnetic field. This allows them to 

accumulate in a precise location, improving ultrasound contrast imaging and gene delivery 

[36–38]. Finally, MB can be functionalized to load the therapeutic drug, either by charging the 

hydrophobic drug within the MB shell or binding it to the MB surface, using the drug’s affinity 

with an available group, like by using electrostatic forces to complex nucleic acids to a cationic 

MB [39–41]. In gene delivery, the use of cationic MB allows the protection of nucleic acid from 

enzymes and improves targeted delivery and gene expression [8,42]. In addition, these 

functionalizations are compatible and can be used in the same MB, further improving gene 

delivery [30,34]. In this study, we show the development and characterization of several 

custom functionalized MBs based on an efficient and well-known lipidic homemade MB, 

providing targeting and cationic properties for enhanced delivery of nucleic acid.  

 

 

2. MATERIALS AND METHODS 

 

2.1 Animals 

Adult male and female C57BL/6 aged above 8 weeks (Charles River, France) were used. 

All experiments were conducted in accordance with European ethical rules; the protocol was 

approved by the local ethical committees (protocol registered under numbers APAFIS#13749). 

Mice were housed under 12/12 light conditions in a controlled atmosphere (22 °C) and fed ad 

libitum. 
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2.2 Chemicals 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000), 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-

PEG2000-Biot), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[dibenzocyclooctyl(polyethylene glycol)-2000] (DSPE-PEG2000-DBCO), 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC), and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-

N-[methoxy(polyethylene glycol)-2000] (DMPE-PEG2000) were purchased from Avanti Polar 

Lipids (Alabaster, Alabama, USA). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-NHS 

ester (DSPE-NHS) was purchased from Broadpharm (San Diego, USA). The cationic lipid 

KLN27 (Figure S7.A) and the ionizable lipid MM30 (Figure S7.B) were synthesized by the 

Synanovect platform (Brest, France) and WuXiAppTech (China). Amine iron oxide 

nanoparticles were purchased from Bioparticles (Shirley, New York, USA). Perfluorobutane 

was obtained from F2 Chemicals (Preston, United Kingdom).  

 

2.3 MB formulations 

Unfunctionalized MB (uMB): Homemade lipidic microbubbles composed of DSPC and DSPE-

PEG2000 (22: 3 molar ratio) were prepared as previously described [43]. Briefly, lipids were 

mixed in ethanol at a final concentration of 5 mM in 1.5 mL glass vials, followed by the 

formation of liposomes and freeze-drying of the sample. The headspace of the vial was filled 

with perfluorobutane, and the liposomes were hydrated with an HEPES solution (10 mM, pH 

= 7.4). Microbubbles were activated by mechanical agitation at 4500 rpm for 45 s using a 

Vialmix (BMS, Princeton, New Jersey, USA). 

Biotinylated MB (bMB): Custom biotinylated MB were prepared as described above but were 

composed of DSPC, DSPE-PEG2000, and DSPE-PEG2000-Biot at a molar ratio of 88: 11.5: 0.5. 

For subsequent functionalization, bMB was first incubated for 10 minutes with 1 µg of 

streptavidin for 1 µL of bMB, followed by another 10 minutes of incubation with either 0.025 

to 0.5 µg of biotinylated antibody or 50 µg (ratio 1) to 250 µg (ratio 2) of biotinylated magnetic 

particles (50 or 100 nm). Amine iron oxide nanoparticles were modified into biotinylated 
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magnetic nanoparticles with an overnight incubation with an NHS-biotin (sigma) in DMSO, 

followed by two magnetic separation purifications, replacing DMSO with HEPES buffer (10 

mM, pH = 7.4).  

DBCO-MB (dMB): Custom DBCO-MB for click chemistry were prepared as described above 

but were composed of DSPC, DSPE-PEG2000, and DSPE-PEG2000-DBCO at a molar ratio of 

88: 11.5: 0.5. Before functionalization, the desired antibody was modified using the SiteClick™ 

Antibody Azido Modification Kit (Invitrogen, Waltham, Massachusetts, USA). This kit 

modifies the antibody’s carbohydrate domain to introduce the N3 group through the action of 

a transferase. Two strategies were evaluated to functionalize dMB. The first strategy consisted 

of incubating dMB after mechanical activation for 30 minutes with 0.05 µg of N3 antibody. The 

second strategy relies on the modification of the DSPE-PEG2000-DBCO prior to MB 

formulation. For this, DSPE-PEG2000-DBCO was incubated overnight at room temperature 

with an N3 antibody (molar ratio 44: 1), MB was then formulated as described above using the 

modified lipid. With this strategy, 0.05 µg of N3 antibody was used for 1 µL of dMB. 

Cationic MB (cMB) 1st generation: The first generation of custom cationic MB was prepared as 

described above but was made of DMPC, DMPE-PEG2000, KLN27, and MM30 at a molar ratio 

of 44.76: 2.9: 43.67: 8.67. 

Polymeric cationic MB (pMB): This second generation of cationic MB were prepared using a 

polyethyleneimine 25 000 Da (PEI) modified as follow: first, it would be incubated for over 6 

hours with DSPE-NHS (molar ratio 1: 1) in an EtOH: chloroform mix, with the addition of 

DIEA base. It is followed by an incubation with Boc-His(1-Boc)-Osu (molar ratio 1: 33) for over 

6 hours. Excess trifluoroacetic acid is then added to the mix to unprotect histidine from Boc 

protective groups, and the mix is incubated overnight. The product is then purified by ether 

precipitation, and the resulting final product is dried before resuspension in absolute ethanol 

for MB formulation and will be called DSPE-PEI-His. The polymeric cMB is then prepared as 

described above but is made of DSPC, DSPE-PEG2000, and DSPE-PEI-His at a molar ratio of 

87: 12: 1. 

Size selection protocol: In order to collect MB in the function of size, the activated MB vial was 

placed upside down in a custom holder and centrifuged at 100 g for 5 minutes. The vial was 

then gently removed, and a syringe was used to remove 150 µL of solution, with the needle 
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placed at the bottom limit with the sealed cap to collect the lower part of the solution. The 

solution was placed in a new sealed vial filled with perfluorobutane; this solution is then called 

fraction 1. This collection was repeated twice and placed each time in a new sealed vial; these 

fractions were called fraction 2 and 3 respectively. The rest of the MB solution was discarded. 

 

2.4 MB characterization 

Optical imaging: Following activation, MB concentration and size distribution were measured 

using an upright trinocular microscope (Leitz Laborlux D, obj ×25) connected to a camera (The 

Imaging Source, Germany) on a 0.2 mm Thoma slide, and images were analyzed using the 

particle analysis plugin of ImageJ software. 

Videodrop: Activated MB were dispersed in an HEPES buffer at a 1/100 dilution, and 7 µL of 

the diluted solution were deposited on the Videodrop (Myriade, France) slide for the measure. 

Myriade company provided custom analysis software that we used in this study but is not 

commercially available, thought to be capable of differentiating gas-filled particles like 

nanobubbles from liquid-filled particles like liposomes. Briefly, the particles are illuminated 

by a blue light, and the diffracted light is recorded. The interferometric signal of particles is 

then calculated, forming a white and dark doublet, and the images are processed to measure 

the Brownian movement of the particles. Theoretically, the white and dark doublet is inverted 

when the particle is filled with gas instead of water. 

 

2.5 Characterization of MB functionalization 

Optical imaging: Magnetic properties of MB functionalized with magnetic nanoparticles (MB-

MAG) were assessed in optical imaging. Briefly, following functionalization, MB-MAGs were 

dispersed in HEPES buffer and deposited on a 0.2 mm Thoma slide under an inverted 

microscope (Leitz Laborlux D, obj ×25). A 50×15×15 mm neodymium magnet was placed on 

the slide’s side, and the displacement of MB-MAGs was recorded with a camera (The Imaging 

Source, Germany) and analyzed using ImageJ software. 
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Flow cytometry: To study pDNA complexation on cMB, pDNA was first labeled using the Label 

IT® Nucleic Acid Labeling Kit Cy5 (Mirus, Madison, USA) following their protocol, then 2.5 

µL of cMB was diluted in 250 µL of HEPES buffer (10 mM, pH = 7.4) and were complexed with 

increasing Cy5-labeled pDNA, from 0.5 to 7.5 µg. cMB and Cy5-labeled pDNA were allowed 

to complex directly in the cytometer tube and fluorescence of cMB were assessed after 1, 2, 5, 

and 10 minutes of complexation. SSC was performed with the violet laser (λ = 450 nm) to 

improve sensibility with small objects, and fluorescence intensity was assessed with the red 

laser (λ = 633 nm) with a filter band-pass of 660/10 nm. Cytometer gating was calibrated using 

non-cationic MB, with the ratio 1 µL of MB for 1 µg of pDNA. 

Fluorescence imaging: To confirm streptavidin coupling, bMB was complexed with fluorescein-

labeled streptavidin for 10 minutes (1 µg for 1 µL of bMB) and was imaged with Vidéo 

Observer Z7 Apotome2 (Carl ZEISS, Jena, Germany). For antibody coupling, bMB was first 

complexed with streptavidin (1 µg for 1 µL of bMB), followed by 10 minutes of complexation 

with a biotinylated antibody. They were then labeled with an Alexa 594 secondary antibody 

for over 45 minutes before imaging using Vidéo Observer Z7 Apotome2 (Carl ZEISS, Jena, 

Germany). 

To confirm cMB complexation DNA, confocal microscopy was performed using LSM 980 

AiryScan 2 (Carl ZEISS, Jena, Germany) with 1 µL of MB complexed with 1 µg of Cy5-labeled 

pDNA for 1 minute before being deposited on the slide. 

Dynamic light scattering (DLS): Activated MB were dispersed in a 5 mM NaCl buffer at a 1/100 

dilution in a specific tank for zeta potential measures. DLS was performed with a Zetasizer 

Ultra Red (Malvern), and the zeta potential measures were the average of 3 successive 

measures. 

Gel shift assay: A 0.6% agarose gel was prepared with 1/10 000th SYBRSafe and was allowed to 

cool down and polymerize. 1 µg of pDNA was complexed with an increasing amount of MB 

solution (from 0.5 to 5 µL) for 2 minutes before the addition of the loading dye and deposition 

in the gel. Migration was performed with a 120 mV electric current for 20 minutes. Images 

were recorded under a UV light.  
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2.6 Characterization of acoustic properties 

Ultrasound imaging: For in vitro measure of echogenic properties of MB, and stability over time, 

using an ultrasound imaging system (VEVOLAZR, Visualsonics, Fujifilm, Canada), with 1×108 

MB diluted in 50 mL of PBS with 7.5% of BSA to mimic blood homeostasis and total protein 

concentration. The solution was deposited in a beaker with acoustic absorbents at the bottom, 

and the MS250 probe (22 MHz, VisualSonics, Fujifilm, Canada) was immersed in it. 

Echographic contrast power was measured for 30 minutes at a 1 Hz framerate under 150 rpm 

magnetic steering. 

For in vivo measurement of echogenic properties of MB, 100 µL of MB solution in 5 % sucrose 

was injected in the tail vein of mice under gaseous anesthesia (2 to 4 % isoflurane in air). The 

tissue of interest was imaged with an ultrasound imaging system (VEVOLAZR, Visualsonics, 

Fujifilm, Canada). 

Oscillation analysis: Cavitation was assessed using a 1 MHz focused bowl transducer with a 45 

mm diameter active element (DL-47 piezo material, radius of curvature 45 mm, Precision 

Acoustics, UK) pierced in the middle to insert a passive cavitation detector. It has an ellipsoid-

shaped focal spot of 6×1.5 mm and was controlled with a custom 3-axis motorized stage 

(IndustryLab, Orléans, France) with a laser beam used to guide the focal spot to the targeted 

region. The transducer was connected to a linear amplifier (E&I, 210L) connected to a 

waveform generator (Agilent 33210A) to deliver the ultrasound treatment. All systems were 

calibrated using a hydrophone (Onda HGL200, USA) in a separate tank in degassed water. A 

1.5 % agarose phantom was prepared with a linear canal formed by an 18G needle (OD: 1.27 

mm), removed once the gel was fully polymerized. Ultrasound coupling between the gel and 

the transducer was done with water (Figure 1.A). A 1×108 MB/mL solution was pushed into 

the canal at 0.5 mL/min using a syringe pump (Harvard Apparatus, Holliston, Massachusetts, 

USA), and 1 MHz pulsed ultrasound (1 Hz PRF, 5 % DC) was applied. A 10 MHz PCD placed 

at the center of the bowl transducer was used to detect non-linear cavitation signals. The signal 

was amplified by a 20 dB preamplifier (Precision Acoustics) and recorded by a picoscope 5244 

MSO and the picoscope 7 software (Pico Technology, UK). Stable and inertial cavitation were 

then calculated using Matlab software.  
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Figure 1: MB cavitation analysis set-up. (A) Schematic representation of the experimental set-up for 

cavitation analysis (B) Oscilloscope signal received from the passive cavitation detector (PCD) as 

observed in PicoScope 7 software. (C) Fourier transform spectrum of the signal from the PCD, with 

harmonics included in the analysis. 

 

 

2.7 Cell culture 

For subcutaneous tumor implantation, CT2A cells were first cultivated in vitro in DMEM 

supplemented with 5 % fetal bovine serum (FBS) and 1 % penicillin and streptomycin in a 

controlled atmosphere (37 °C, 5 % CO₂). Cells were harvested and pelleted before 

resuspension in PBS buffer. Prior to implantation, mice were anesthetized with gaseous 

anesthesia (isoflurane 1.5 to 3 % in air) and depilated at injection sites. 50 µL of CT2A 
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suspension containing 1×105 cells was injected subcutaneously in mice's flanks under gaseous 

anesthesia. 

For cytotoxicity assessment of magnetic MB, primary cells were obtained from juvenile 

mice brains. The meninges, olfactory bulbs, cerebellum, brain stem, and hippocampus were 

removed to obtain a more homogeneous cell batch. Cells of the remaining brain parts were 

isolated by mechanical cell dissociation. Cells were then incubated in culture flasks in DMEM 

enriched with 20 mM L-alanyl-L-glutamine, 5 % fetal bovine serum (FBS), and 1 % penicillin 

and streptomycin in a controlled atmosphere (37 °C, 5 % CO₂). They were cultured until 

sufficient confluency was reached, then they were placed in a 24-wells plate. XTT assays were 

then performed by adding 0.1 µL of magnetic MB or its isolated components for 24 h in the 

cell media. For isolated IONP, 25 µg were used, corresponding to the ratio with the highest 

IONP amount. 50 µL of XTT reagents were added to the wells and were incubated for 3 hours 

at 37 °C. Absorbance was measured at 490 and 690 nm and was assessed using a CLARIOstar 

Plus (BMG Labtech, Ortenberg, Germany). 

 

2.8 Statistics 

Nonparametric Mann-Whitney bilateral tests were performed using the R language 

(version 4.4.0, used with R Studio software). Non-linear fit and F-test were performed using 

GraphPad Prism v10. A p-value below 0.05 was considered significant. All data are expressed 

as mean +/- standard error of the mean (SEM). 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Characterization of unfunctionalized MB 

Our first homemade unfunctionalized MB is inspired by a well-known lipidic MB 

composition, with DSPC and DSPE-PEG, usually at a 9:1 molar ratio but optimized in our team 

at an 88:12 molar ratio (data not shown). We show with optical microscopy an expected 
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polydisperse distribution of MB size, with an average median size of 1.30 +/- 0.01 µm (Figure 

1.A), similar to equivalent MB in other studies or some commercially available MB like 

DEFINITY® [44]. We also display an important concentration, reaching 2.41×1010 +/- 2.11×109 

MB/mL. However, optical microscopy is physically limited to objects below 400 nm, hiding 

potential nanoscale objects in solution. VideoDrop measurements were performed to assess 

lower-sized objects and indicated a concentration of nanoscale particles over 10-fold higher 

than MB, as calculated with optical microscopy. The modified non-commercial software 

provided by the Myriade company turned out to be efficient at discerning liposomes from 

nanobubbles, as no nanobubbles can be detected before MB activation, whereas 1.6×1011 +/- 

1.7×1010 nanobubbles are detected after MB activation. In addition, we detected a significant 

30-fold drop in liposome concentration after activation, from 5.1×1011 +/- 6.3×1010 to 1.5×1010 +/- 

4.1×109, suggesting a gas incorporation to form NB and MB through mechanical activation. 

Although, to fully confirm the ability of the Videodrop to discern NB from liposomes, we still 

need to compare it with the resonant mass measurement (RMM) technique, whose ability to 

discern buoyant from non-buoyant particles has been demonstrated by Hernandez et al. [45]. 

It also showed a polydisperse NB size distribution with a low average median size of 229.3 +/- 

9.8 nm (Figure 1.C). Remaining liposomes display a wider size distribution, with an average 

median diameter of 339.9 +/- 19.7 nm. 31P RMN has also been used to measure and confirm 

molar ratios of particle constituents (Figure S1). Separated constituents can be successfully 

detected with a single signal, and their relative proportion can be assessed with integral 

determination. Though precision of calculated integration seemed too limited to calculate 

molar ratio with sufficient precision to detect small manipulation errors or constituents with a 

small proportion, like DMPE-PEG2000 in the first generation of cationic MB. 
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Figure 2: Unfunctionalized MB characterization. (A) Size distribution of unfunctionalized MB measured 

in optical microscopy. (B) Optical microscopy image of unfunctionalized MB. (C) Nanobubble and 

liposome concentration in unfunctionalized MB solution, before and after MB activation. (D) Size 

distribution diagram measured in VideoDrop® of nanobubbles in unfunctionalized MB solution and 

image of a typical nanobubble after image processing. (E) Size distribution diagram measured in 

VideoDrop® of liposomes in unfunctionalized MB solution and typical liposome object after image 

processing. Data expressed as mean +/- SEM. * = p-value < 0.05; ** = p-value < 0.01; Mann-Whitney 

bilateral test. 

 

 

3.2 Targeted MB 

In order to functionalize the MB surface, the most usual technique relies on the use of the 

biotin and streptavidin complex [32]. To use it, a biotinylated MB (bMB) formulation was 

developed prior to further functionalization and showed very similar characteristics to 

unfunctionalized MB, with an average concentration of 2.3×1010 +/- 2.3×109 MB/mL, an average 

median diameter of 1.33 +/- 0.01 µm, and a similar size distribution (Figure S2). First, the bMB-

streptavidin complex was confirmed with fluorescence microscopy using FITC-labeled 
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streptavidin (Figure 3.A). Almost all bMB were successfully linked to streptavidin with the 

ratio used. We then attempted to give our bMB targeting properties by linking a biotinylated 

antibody to the linked streptavidin. This was assessed first in flow cytometry, using a 

secondary antibody to fluorescently label bMB and to measure the minimum amount of 

antibody required to functionalize MB. This showed a clear correlation of labeled bMB with 

the amount of antibody from 0.025 to 0.375 µg (R² = 0.91), where a maximum of 17.2 +/- 1.5 % 

labeled bMB was reached in the conditions studied. This was confirmed in fluorescence 

microscopy, where we observed several fluorescent bMB (Figure 3.B). It is most likely possible 

to increase the amount of functionalized bMB higher, but this would probably require a largely 

higher amount of antibody since the linear correlation between functionalized bMB and 

antibody amount was lost starting from 0.5 µg. Furthermore, this amount of MB 

functionalization could be enough while avoiding MB destabilization from an excess of 

antibody on the MB surface. 

 

 

 

 

Figure 3: MB antibody functionalization with streptavidin-biotin complex. (A) Fluorescent microscopy 

of bMB after over 10 minutes of complexation with streptavidin-fluorescein; the white arrow indicates 

positive MB (left: fluorescein; middle: brightfield; right: merge) (B) Fluorescent microscopy of bMB 

after complexation with streptavidin and biotinylated antibody, followed by incubation with Alexa 594 

secondary antibody; the white arrow indicates positive MB and the red arrow indicates secondary 

antibody aggregates (left: Alexa 594; middle: brightfield; right: merge) (C) Percentage of fluorescent 

MB after complexation with streptavidin and increasing amounts of antibody, followed by incubation 



112 
 

with Alexa 594 secondary antibody. Data expressed as mean +/- SEM. * = p-value < 0.05; Mann-Whitney 

bilateral test for each antibody amount compared to the previous tested quantity. 

 

Another method used in this study to develop targeting functionalization relies on the use 

of click chemistry. Previous studies suggest that this could be an effective and reliable 

approach to functionalize MB since an unbreakable covalent bond is formed. DBCO-MB 

(dMB) was formulated for this purpose which also appeared to be very similar to 

unfunctionalized and biotinylated MB. It had a similar polydisperse size distribution, with an 

average median diameter of 1.33 +/- 0.05 µm and a concentration of 1.9×1010 +/- 1.9×109 MB/mL. 

We first assessed its ability to link with an N3 antibody in fluorescent microscopy like before, 

where we did not obtain any labeled dMB. However, when click chemistry was performed 

prior to dMB formulation and functionalization, we showed a significant population of labeled 

dMB with 6.2 +/- 0.6 % of positive MB. This proportion of functionalized dMB is relatively 

positive considering the low amount of antibody used compared to bMB and would probably 

get higher with increased antibody amount, similarly to bMB. dMB functionalization was 

further confirmed in fluorescent microscopy; we were able to detect labeled MB (Figure 4). We 

also confirmed the successful click chemistry with mass spectrometry, depicting an m/z 

weight peak shift from 147 839 +/- 114 Da to 155 346 +/- 1038 Da. This corresponds to about 2 DSPE-

PEG2000-DBCO (3075.88 Da) labeling and is confirmed by the wider peak due to the PEG size 

heterogeneity (Figure S3). It highlights the difficulties for the DBCO group to react with the 

antibody N3 group once on the dMB surface. Using HSA-DBCO MB, Liu et al. demonstrated 

that the DBCO-N3 reaction was fast, with a noteworthy portion of MB already functionalized 

after 1 minute, and most functionalization was done after 5 minutes of incubation [46]. Thus, 

this shows that our reaction time was more than sufficient. Goncin et al. also performed this 

click chemistry reaction using PE-PEG2000-DBCO, obtaining very similar MB than in our 

study, and demonstrated successful linkage with an N3-aptamer [35]. The notable difference 

with our study is their use of a purification step following MB formation. Thus, it is likely that 

in our study the remaining liposomes and free DSPE-PEG2000-DBCO reacted with the N3 

antibody before dMB, preventing their functionalization.  
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Altogether, we developed here two functionalized MBs capable of linking with an 

antibody to their surface. This will allow us in future studies to improve drug delivery both in 

vitro and in vivo as shown in previous studies [32,33,47,48].  

 

 

Figure 4: MB antibody functionalization with click chemistry (A) Fluorescent microscopy of dMB after 

complexation with streptavidin and biotinylated antibody, followed by incubation with Alexa 594 

secondary antibody; the white arrow indicates positive MB, and the red arrow indicates secondary 

antibody aggregates (left: Alexa 594; middle: brightfield; right: merge) (B) Percentage of fluorescent 

MB after click chemistry with N3 antibody before or after MB activation followed by incubation with 

Alexa 594 secondary antibody. Data expressed as mean +/- SEM. * = p-value < 0.05; ** = p-value < 0.01; 

Mann-Whitney bilateral test. 

 

 

3.3 Magnetic MB 

We formulated custom MB with magnetic functionalization inspired by the SurfMB 

described by Beguin et al., with iron oxide nanoparticles (IONP) attached to the bMB surface 

by streptavidin-biotin coupling [36]. These bMB were functionalized as described for antibody 

linking with either 50 nm (NP50) or 100 nm (NP100) IONP at two different ratios, and their 

displacement under a magnetic field showed a uniform movement toward the magnet. Their 

movement speed was assessed by manually tracking the MB and showed a displacement at 

an average speed of 12 µm/s with the first ratio and reached 25 µm/s with the second ratio, 

independently of IONP diameter. If magnetic MB are allowed to move upward with buoyant 

movement prior to applying a magnetic field, the friction forces at the interface with the slide 

become too strong and the MB don’t move with the application of a magnetic field. However, 
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these magnetic MBs will then get oriented according to the magnetic field, forming the typical 

shape of magnetic particles (Figure 5). The absence of cytotoxic effect of each component was 

assessed with MTT, which showed no significant difference between the control and magnetic 

MB or its components at any ratio used. This shows the possibility to use these MBs for drug 

delivery in vitro or in vivo. Moving forward, we will use these magnetic MB both in vitro and 

in vivo by applying a magnetic field to accumulate them in the desired area. It can be used 

either on cells for enhanced drug delivery or in the targeted area in vivo to enhance contrast 

imaging, BBB opening, and targeted drug delivery, as shown by previous studies [38,49–51]. 

 

 

Figure 5: Magnetic MB characterization. (A) Microscopic image of magnetic MB oriented with the 

magnetic field, as represented by the white dotted lines. (B) Cell viability measured in XTT, 24 h after 

incubation with components of magnetic MB. Data expressed as mean +/- SEM. * = p-value < 0.05; 

Kruskal-Wallis test. 

 

 

3.4 Size-specific MB 

Size-specific MB has the advantage of having a more homogenous response to ultrasound 

and often shows improved BBBo and contrast ultrasound imaging. Furthermore, Perera et al. 

showed the ability of NB to penetrate in tumors to improve ultrasound contrast imaging [52]. 

Based on these principles, we aimed to isolate the smaller-sized MB from our polydisperse MB 

solution by centrifugation. We used our biotinylated MB in order to be able to later 

functionalize them with an antibody to target tumor-specific biomarkers beyond tumor 

vasculature. Our centrifugation protocol allowed us to isolate 3 different fractions with 

narrower size distribution and significantly lower median size compared to uncentrifuged 
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MB, as assessed in optical microscopy. It reached an average median size of 0.90 +/- 0.01 µm 

for the first phase, significantly lower than phases 2 and 3 which showed no significant 

difference (1.10 +/- 0.01 and 1.18 +/- 0.03 µm, respectively). Even though the first phase was 

largely composed of NB, it did not show significant improvement in ultrasound contrast 

imaging of the CT2A tumor, reaching 4158 +/- 1959 A.U. compared to 1000 +/- 461 A.U. with 

uncentrifuged MB. However, the use of the second phase significantly improved peak contrast 

enhancement, achieving 12394 +/- 2091 A.U., demonstrating the ability of small MB to better 

penetrate tumor vasculature (Figure 6). This enhanced vasculature penetration was confirmed 

by a more homogeneous signal within the tumor (Figure 6.D). The third phase showed a 

similar signal to the second phase, with 12482 +/- 4693 A.U., further confirming the advantage 

of small and homogeneous MB for contrast imaging of tumor tissues. The low efficiency of NB 

compared to other studies could be due to the imaging probe used (MS250 probe at 22 MHz) 

that might not be adapted to sub-micron bubbles. Another possible explanation is the lower 

total gas volume, which could be addressed by increasing NB concentration.  

 

 

 

Figure 6: Size modification of microbubble and its effect on contrast enhancement. (A) Schematic 

representation of different fractions following centrifugation-based size exclusion. (B) Size distribution 

of the different fractions following size exclusion centrifugation. (C) Ultrasound imaging peak contrast 

power induced by different fractions following size exclusion centrifugation in CT2A subcutaneous 
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tumor. (D) Ultrasound imaging contrast power images induced by different fractions following size 

exclusion centrifugation in CT2A subcutaneous tumor. Data expressed as mean +/- SEM. * = p-value < 

0.05; Mann-Whitney bilateral test. 

 

We described a way to increase MB concentration with increased mechanical MB 

activation time with the Vialmix (Figure 7). It showed an increased concentration of MB with 

mechanical activation time for up to 180 seconds, where a maximum is reached, as assessed in 

optical microscopy. A linear regression was calculated from 45 to 180 seconds of activation, 

showing a clear correlation (R² = 0.99). It also indicated that the median size decreased with 

higher activation time, though the limit was not reached for up to 240 seconds, reaching 1.12 

µm. This suggests that bubble concentration might reach a maximum later than 180 seconds 

due to an increasing formation of objects below the optical microscopy range. VideoDrop 

measures will be required moving forward to assess this NB evolution with activation time 

that is probably increasing and potentially even after 180 seconds as the particles will probably 

remain within measure range (80 to 500 nm). This could also be a promising method to 

generate NB and small MB with a narrow size distribution. These NBs will also be used for in 

vivo drug delivery, since NB has been shown to improve drug and gene delivery in the brain 

[53]. NB also has the advantage of being able to penetrate smaller capillaries, therefore 

improving the procedure's efficiency [54]. 

 

 

Figure 7: MB size modulation with mechanical agitation time. (n = 1) (A) Evolution of MB concentration 

as a function of mechanical activation time. (B) Evolution of MB median diameter as a function of 

mechanical activation time. Data expressed as mean +/- SEM. Linear regression calculated with 

GraphPad. 
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3.5 Cationic MB 

3.5.1 Cationic MB first generation  

In order to improve non-viral gene delivery, cationic microbubbles (cMB) can be used. 

These bubbles are capable of complexing nucleic acids, thereby protecting them and enhancing 

their targeted delivery [41,55,56]. We formulated a first generation of novel cMB constituted 

of cationic and ionizable lipids, adapted from a known liposome formulation that previously 

proved its efficiency to deliver nucleic acid [57,58]. First, optical microscopy characterization 

of cMB showed a slightly lower concentration (9.9×109 +/- 5.0×108 MB/mL) compared to 

unfunctionalized MB, but with a similar size distribution and a comparable median diameter 

of 1.19 +/- 0.02 µm (Figure 8.A). We then confirmed with the Zetasizer the cationic properties 

of these MB, with a 19.1 +/- 0.5 mV zeta potential. VideoDrop was used to measure the 

proportion of free liposomes and nanobubbles in our solutions. This analysis showed a 

significantly lower NB concentration compared to unfunctionalized MB, of respectively 

8.1×1010 +/- 2.6×1010 and 1.6×1011 +/- 1.7×1010 NB/mL. Similarly, a significantly higher liposome 

concentration was measured in cMB compared to unfunctionalized MB, with 4.0×1011 +/- 

7.3×1010 and 1.5×1010 +/- 4.1×109 parts/mL, respectively. However, NB and liposomes show 

similar size distributions when compared to experiments made with unfunctionalized MB, 

suggesting that similar objects are formed, but with lower efficiency with this first generation 

of cMB (Figure 8.C, D). Their ability to complex with nucleic acids is demonstrated later in this 

study, alongside their application for BBBo and gene delivery. 
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Figure 8: Cationic MB first-generation characterization. (A) Size distribution of the custom cationic 

microbubbles (mean with SEM, n = 53), with an optical image used for size and concentration 

determination, optical microscope, magnification ×25. (B) Zeta potential of cationic MB first generation 

(C) Size distribution diagram of nanobubbles measured in VideoDrop® in cationic MB solution. (D) 

Size distribution diagram of liposomes measured in VideoDrop® in cationic MB solution. (E) 

Nanobubble and liposome concentration in cationic MB solution. Data expressed as mean +/- SEM. 

 

3.5.2 Polymeric cationic MB (pMB) 

Cationic MB surface binding of nucleic acid can lead to modification of the MB acoustic 

properties and eventually to MB collapse due to surface tension modifications. Delocalizing 

the cationic charge from the MB surface, and therefore loading of pDNA, can be a way to avoid 

MB destabilization. This can be done either by complexing pDNA in a liposome, later bound 

onto the MB surface like previously presented, or by incorporation of a cationic polymer in the 

MB [59,60]. Based on this principle, we developed another formulation of cationic MB inspired 

by Jin et al., with an MB shell similar to unfunctionalized MB and with a polyethyleneimine 
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(PEI) cationic polymer anchored in the MB shell [61]. We adapted them with DSPC anchoring 

to better fit in our MB formulations and modified the PEI with histidine to initiate the proton 

pump effect for endosomal escape as developed by Gonçalves et al. for polyplexes-mediated 

gene delivery [62]. These polymeric cationic MB (pMB) displays similar MB concentration and 

size distribution as the unfunctionalized MB, with 1.6×1010 +/- 1.6×109 MB/mL and an average 

median diameter of 1.24 +/- 0.04 µm. With VideoDrop analyses, we also see similar NB 

concentration and size distribution, with 1.0×1011 +/- 1.9×1010 NB/mL and an average median 

diameter of 241.3 +/- 7.2 nm. Similarly, it showed equivalent liposome concentration, but with 

a larger proportion of large particles, reaching 2.1×1010 +/- 1.3×109 part/mL with an average 

median diameter of 418 +/- 31.75 nm. Compared to uMB and the first cMB, they also display 

similar MB and NB size distributions (Figure 9). Furthermore, these data show significantly 

higher MB and NB concentrations than the first generation of cationic MB and lower liposome 

concentrations. They also showed significantly higher stability under ultrasound imaging in 

vitro, with a significantly higher contrast enhancement signal over time. This demonstrates the 

higher efficiency for MB and NB formation from this cationic pMB formulation, which might 

be due to the use of C18:0 phospholipids compared to the C14:0 phospholipids used in the first 

generation.  
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Figure 9: Polymeric cationic MB characterization. (A) Size distribution of the cationic microbubbles 

(mean with SEM), with an optical image used for size and concentration determination, optical 

microscope, magnification ×25. (B) 1st generation cationic MB and polymeric cationic MB ultrasound 

imaging contrast power over time in PBS with 7.5 % BSA of 1×108 MB, non-linear regression, and F-test 

performed with GraphPad Prism v10. (C) Size distribution diagram of nanobubbles measured in 

Videodrop® in polymeric cationic MB solution. (D) Size distribution diagram of liposomes measured 

in Videodrop® in polymeric cationic MB solution. (E) Nanobubble and liposome concentration in 

polymeric cationic MB solution. Data expressed as mean +/- SEM. *** = p-value < 0.001; F-test 

 

3.5.3 Polymeric cationic MB can complex with pDNA 

Similarly to the first generation of cMB, pMB's ability to complex with pDNA was 

validated first with a gel shift assay. It showed their ability to fully complex 1 µg of pDNA 

with only 1 µL of MB, 2-fold lower than the first cMB (Figure 10.A). This demonstrates a higher 

loading capacity compared to the previous cMB despite a similar zeta potential, as calculated 

with DLS. This was further confirmed with flow cytometry, which reached up to 93.9 +/- 1.8 
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% of Cy5-labeled pMB. However, unlike with the first generation of cMB, where the maximum 

of functionalized cMB was reached with the same amount needed to fully load cMB, with pMB 

only 3.9 +/- 0.6 % were labeled with 1 µg of DNA. A significant increase in labeled pMB occurs 

with higher pDNA amounts, reaching a plateau at 5 µg, with 86.6 +/- 7.4 % of labeled pMB. 

This is most likely be due to liposomes, polyplexes and free PEI complexing with pDNA before 

MB, and that are too small to be detected in flow cytometry. This limitation could be addressed 

with a purification step with centrifugation. This was performed prior to confocal microscopy 

of pMB complexed with Cy5-labeled pDNA. It confirmed MB loading with pDNA in most 

MB, despite the amount of pDNA used, showing the efficiency of this purification step to 

induce pDNA complexation on the pMB surface. However, like the first generation of cMB, 

we observe a strong MB loss due to flocculation, ranging from 45.8 +/- 9.9 % to 85.0 +/- 2.3 %, 

with a maximum reached using 2 µg of pDNA for 1 µL of pMB with 10 minutes of 

complexation. Since only one minute is also sufficient to complex with pDNA, it is likely that 

the flocculation can be addressed with a short complexation time with some pDNA amount. 

Unlike the first generation of cMB, we did not observe an overlay-labeled pMB population 

corresponding to MB flocculation, preventing us from assessing the flocculation at early 

complexation time. 

 

 

Figure 10: Cationic polymeric MB properties. (A) Gel shift assay of 1 µg of pDNA complexed with an 

increasing amount of MB solution, represented as a ratio of pDNA (µg) : MB (µL). (B) Flow cytometry 
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of 1 µL of cationic MB complexed with increasing Cy5-labeled pDNA (C) Percentage of loss of MB from 

flocculation assessed in optical microscopy after over 10 minutes of complexation with pDNA, with an 

increasing amount of pDNA (D) Confocal microscopy of cationic MB complexed with Cy5-labeled 

pDNA at a ratio of 1 µg for 1×107 MB with zoomed images below. Left: fluorescence image; right: 

brightfield. Data expressed as mean +/- SEM.  

 

3.6 MB shell composition influences oscillation 

As previously stated, MB can oscillate under ultrasound, inducing microstreaming and 

shear stress that can induce cell sonoporation and BBB opening. The model developed by 

Marmottant et al. demonstrates that this oscillation is dictated by the MB shell characteristics 

[63]. These characteristics depend on the MB composition, which in turn influences MB 

cavitation. Since BBB opening and gene delivery are closely linked to the intensity of 

cavitation, characterizing the cavitation behavior of each MB is essential for predicting their 

response in drug delivery applications [64–66]. To this end, we characterized both stable and 

inertial cavitation doses (SCD and ICD) in vitro for our formulations to better anticipate their 

behavior in vivo. Cavitation was measured using pulsed focused ultrasound (FUS) at 1 MHz 

with a pulse repetition frequency (PRF) of 1 Hz and a duty cycle of 5%, and the analysis was 

performed on either the entire 50 ms pulse or consecutive 5 ms fractions of it (Figure S4-6). 

Inertial cavitation events are typically considered to occur randomly, with a higher probability 

at higher mechanical indices. Since our analysis used the average value of several pulses, we 

did not directly assess the probability of these events. However, this probability is reflected in 

the ICD values, as more frequent occurrences result in higher ICD values. Our results show a 

clear pressure-dependent increase in both stable and inertial cavitation for all the custom MBs 

studied. At the lowest pressure of 100 kPa, we observed significant SCD but no inertial 

cavitation in any of the MBs (Figure 11).  

Using the entire pulse, unfunctionalized MBs show a significant increase in SCD from 100 

to 300 kPa, where a plateau is reached (Figure 11.A). ICD and precursor ICD are first detected 

starting at 150 kPa, followed by a rapid and significant increase until plateaus are reached at 

300 kPa and 400 kPa for precursor ICD and ICD, respectively (Figure 11.A, B). At higher 

pressures, a slight decrease in stable and inertial cavitation doses is observed, which may 

indicate MB collapse. Both cationic MBs show significantly lower SCD at 100 kPa compared to 
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unfunctionalized MBs, and inertial cavitation is detected only at 200 kPa. This highlights the 

need for stronger acoustic pressure with our cMBs to induce cavitation similar to that seen 

with uMBs. Moreover, the first generation of cMBs exhibits significantly lower stable and 

inertial cavitation doses than uMBs at any pressure. For these cMBs, a significant increase in 

SCD is observed from 100 to 300 kPa, where a plateau is reached (Figure 11.A). ICD shows a 

slight but significant increase from 200 to 450 kPa, followed by a decrease at higher pressures, 

aligning with the behavior of SCD. This demonstrates the lower acoustic properties and 

stability of these cMBs compared to uMBs, both in terms of stable and inertial cavitation. The 

polymeric cationic MBs display significantly higher stable and inertial cavitation doses, 

starting at 150 kPa and 250 kPa, respectively, compared to the first generation of cMBs. These 

MBs show a rapid increase in SCD from 100 to 200 kPa, reaching similar values to uMBs, 

followed by a slight but significant increase until 600 kPa. Precursor ICD increases steadily 

and significantly from 200 to 600 kPa, remaining significantly lower than uMBs between 300 

and 400 kPa but significantly higher than the first cMBs starting from 450 kPa. ICD shows 

different kinetics, with a low but significant increase from 200 to 400 kPa, followed by a strong 

and significant rise from 400 to 600 kPa. It also shows significantly higher inertial cavitation 

than the first cMBs starting from 250 kPa, but significantly lower than uMBs between 350 and 

500 kPa. Furthermore, no significant difference is observed compared to uMBs in SCD and 

ICD or precursor ICD at their respective maximum values. These results highlight the more 

stable acoustic properties of pMBs, which exhibit stable cavitation similar to uMBs, but with 

inertial cavitation occurring at higher pressures and with similar intensity. 

As demonstrated by Novell et al., the inertial cavitation regime occurs during FUS pulses 

and is characterized by random events between pulses, with a higher probability at higher 

mechanical index [21]. Since our analysis uses the average value across several pulses, we are 

unable to observe this cavitation regime appear within the pulse itself. However, by focusing 

on the first 5 µs of the pulse, we can observe MB cavitation before most of the onset of the 

inertial cavitation regime and MB collapse. The stable and inertial cavitation kinetics in the 

lower pressure range are similar across all MBs. Notably, uMBs show that SCD, as well as ICD 

and precursor ICD, continue to increase after reaching the previously observed plateau, 

confirming that uMB collapse occurs at these pressures. This also suggests that shorter pulses 

could be advantageous for FUS treatments at high pressures, as they would help avoid MB 
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collapse, as shown with RASTA sequences [67]. The first generation of cMBs exhibits the same 

kinetics as previously described but with significantly lower SCD and ICD at the same 

pressures. This suggests that cMB collapse begins relatively quickly within the pulse, 

occurring within the first 5 µs. The polymeric cationic MBs, on the other hand, show similar 

kinetics but with a smaller difference in SCD compared to uMBs and the first cMBs. SCD, as 

well as ICD and precursor ICD, were significantly lower than uMBs at all pressures, except at 

600 kPa for SCD.  

These data highlight that while the first cMBs exhibit lower cavitation and greater MB 

collapse at high pressures, pMBs can achieve similar stable cavitation with slightly higher 

acoustic pressure but with reduced MB collapse. Additionally, although all MBs show a 

limited pressure range where only stable cavitation is detected, pMBs demonstrate the ability 

to maintain stable cavitation over a wider pressure range, albeit with relatively weak ICD. This 

makes pMBs particularly promising for applications such as sonoporation, BBB opening, and 

gene delivery. However, since MB cavitation also depends on their concentration, which is 

much lower in brain capillaries, these results should be interpreted cautiously before being 

used to predict MB behavior in vivo during BBB opening [68]. 

  

 

Figure 11: Cavitation analysis from unfunctionalized and cationic microbubbles. (A) Stable cavitation 

dose (SCD) (B) Precursor inertial cavitation dose (ICD), and (C) inertial cavitation dose, calculated with 

the 50 µs pulse signal and as a function of pressure. (D) Stable cavitation dose (E) Precursor inertial 
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cavitation dose, and (F) inertial cavitation dose, calculated with the first 5 µs signal of the FUS pulse 

and as a function of pressure (PNP). Data expressed as mean +/- SEM.  

CONCLUSION 

In this study we successfully developed and characterized homemade MB with targeted, 

magnetic, or cationic MB. We demonstrated for it two possible strategies for surface binding, 

using either streptavidin-biotin coupling or DBCO-N3 click chemistry. In addition, we also 

demonstrated two protocols for MB size selection, allowing us to obtain a narrower size 

distribution with MB close to 1 µm. These smaller MBs demonstrated improved tumor 

penetration and higher ultrasound imaging contrast signal. Two cationic MBs were developed, 

both capable of complexing pDNA either directly on the surface or delocalized on a polymer. 

While both exhibited satisfying size, concentration, stability, and cavitation properties, the 

polymeric cationic MB demonstrated enhanced features. Indeed, compared to the first 

generation of cationic MB, they showed higher concentration, nucleic acid loading, stability 

under ultrasound imaging, and higher cavitation, reaching an SCD close to unfunctionalized 

MB but with lower ICD. 
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1. SUPPLEMENTARY DATA 

 

 

Figure S1: 31P nuclear magnetic resonance (NMR). (A) 31P NMR spectrum of isolated unfunctionalized 

MB components. (B) 31P NMR spectrum of unfunctionalized MB. (C) 31P NMR spectrum of isolated 

components from the first-generation cationic MB. (D) 31P NMR spectrum of first-generation cationic 

MB 
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Figure S2: bMB and dMB size distribution. (A) Size distribution of the biotinylated microbubbles (mean 

with SEM), with an optical image used for size and concentration determination, optical microscope, 

magnification ×25. (B) Size distribution of the DBCO-microbubbles (mean with SEM), with an optical 

image used for size and concentration determination, optical microscope, magnification ×25. Data 

expressed as mean +/- SEM.  

 

 

Figure S3: Mass spectrometry of antibody azide modification. (A) Mass spectrometry of N3antibody. 

(B) Mass spectrometry of N3-antibody following click chemistry with DSPE-NHS.  
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Figure S4: Cavitation evolution of unfunctionalized MB during pulse. (A) Stable cavitation dose (SCD) 

(B) Precursor inertial cavitation dose (ICD), and (C) inertial cavitation dose, calculated with each 

consecutive 5 µs in the pulse and at different pressures. Data expressed as mean +/- SEM. 

 

 

Figure S5: Cavitation evolution of the first generation of cationic MB during pulse. (A) Stable cavitation 

dose (SCD) (B) Precursor inertial cavitation dose (ICD), and (C) inertial cavitation dose, calculated with 

each consecutive 5 µs in the pulse and at different pressures. Data expressed as mean +/- SEM. 

 

 

Figure S6: Cavitation evolution of polymeric cationic MB during pulse. (A) Stable cavitation dose (SCD) 

(B) Precursor inertial cavitation dose (ICD), and (C) inertial cavitation dose, calculated with each 

consecutive 5 µs in the pulse and at different pressures. Data expressed as mean +/- SEM. 
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Figure S7: Lipid chemical structures (A) KLN27 chemical structure. (B) MM30 chemical structure. 
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Partie 2 : Suivi de l’ouverture par ultrasons de la barrière hémato-

encéphalique  

 

Résumé en français : 

Introduction : 

La barrière hémato-encéphalique (BHE) est une membrane sélectivement perméable assurant la 

protection du système nerveux central des pathogènes, mais empêchant également le passage de la 

majorité des molécules thérapeutiques. L’ouverture de cette barrière par ultrason focalisé associé à des 

microbulles est une technique non invasive permettant de délivrer des molécules thérapeutiques dans le 

cerveau. Afin de s’assurer que l’ouverture reste sûre, transitoire et reproductible, il est crucial de disposer 

d’un moyen de suivre cette ouverture. La méthode de référence pour cela est l’utilisation d’imagerie par 

résonance magnétique, avec injection d’un agent de contraste composé de gadolinium, extravasé dans le 

cerveau au niveau de l’ouverture. Cette technique permet de quantifier l’ouverture in vivo de manière 

non invasive, en 3D et avec une haute résolution, tout en permettant de mesurer des changements 

physiologiques, en particulier l’apparition d’œdèmes ou de saignements. Cependant, cette technique est 

également difficile d’accès dû à son coût et à sa nécessité d’être utilisée par des opérateurs hautement 

qualifiés. Par conséquent, nous nous sommes intéressés dans cette étude à l’utilisation d’imagerie de 

fluorescence et de photoacoustique, utilisant l’extravasation d’Indocyanine Green (ICG) comme agent de 

contraste bimodal pour suivre l’ouverture de la BHE. 

Méthodes : 

Pour cela, nous avons utilisé les microbulles non fonctionnalisées décrites dans la partie précédente. 

Nous avons tout d’abord testé deux doses d’ICG (0.5 et 0,25 mg) injectées directement après ultrasons et 

avons suivi l’ouverture in vivo par imagerie de fluorescence et photoacoustique à différents temps pour 

déterminer le meilleur protocole. Par la suite, la cinétique de fermeture de la BHE a été déterminée par 

imagerie de fluorescence in vivo et ex vivo, en injectant l’ICG immédiatement après ultrasons ou délayé 

de 30 à 120 minutes. L’effet de la dose de microbulles a ensuite été évalué avec cette modalité d’imagerie, 

en injectant 1×106 à 1×108 microbulles. Pour finir, nous avons comparé l’efficacité de l’imagerie de 

fluorescence ex vivo avec la méthode de référence, l’imagerie par résonance magnétique, pour mesurer la 

cinétique de fermeture de la BHE. 
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Résultats : 

Nos résultats montrent que les deux doses d’ICG permettent de voir l’ouverture par imagerie de 

photoacoustique jusqu’à 1 h après la procédure, et également par imagerie de fluorescence 24 h après la 

procédure. L’imagerie de fluorescence a montré qu’une diminution de la dose de microbulles d’un 

facteur 10 induit une diminution significative de l’ouverture, mesurable à la fois in vivo et ex vivo. 

Cependant, cela a aussi montré la meilleure sensibilité de la mesure ex vivo, permettant de mesurer de 

faibles ouvertures. Cette observation s’est confirmée avec la mesure de la cinétique de la fermeture de la 

BHE. Nous avons montré qu’avec nos protocoles, la BHE restait majoritairement ouverte à 30 minutes, 

mais était en partie refermée à 120 minutes après la procédure. Si cela était mesurable autant in vivo qu'ex 

vivo en imagerie de fluorescence, seule la mesure ex vivo a permis une mesure fiable de la demi-vie de 

fermeture. De plus, nous démontrons une forte corrélation entre la cinétique de fermeture mesurée en 

imagerie par résonance magnétique et avec l’imagerie de fluorescence ex vivo, validant l’efficacité de cette 

technique pour le suivi de l’ouverture de la BHE. 

Dans cette partie, nous avons donc démontré l’efficacité de notre protocole d’ouverture de la BHE 

de manière transitoire. Nous avons également validé l’utilisation de l’ICG comme agent de contraste 

bimodal de l’imagerie de fluorescence et photoacoustique ainsi que l’efficacité de ces techniques pour 

suivre l’ouverture de la BHE in vivo ou ex vivo, en tant qu’alternatives à l’imagerie par résonance 

magnétique. L’article présenté dans cette partie a été publié dans le journal Ultrasound in Medicine & 

Biology (DOI : 10.1016/j.ultrasmedbio.2025.02.016). Ces travaux ont également fait l’objet d’un poster 

présenté au congrès international ISTU 2023 à Lyon. 
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Abstract: 

Objective 

The blood-brain barrier (BBB) is a selectively permeable membrane that restricts drug delivery to the 

central nervous system (CNS). Focused ultrasound (FUS) combined with microbubbles (MB) is a 

promising technique to transiently open the BBB, enabling therapeutic delivery. However, real-time 

monitoring of BBB permeability changes remains challenging. This study investigates the use of 

indocyanine green (ICG) as a bimodal contrast agent for photoacoustic and fluorescence imaging to 

assess BBB opening and closure dynamics. 

Methods 

BALB/c mice underwent FUS-mediated BBB opening with different doses of MB and ICG 

administration. Photoacoustic and fluorescence imaging were performed at various time points post-

FUS to evaluate ICG extravasation dynamics. MRI with gadolinium contrast was used as the gold 

mailto:anthony.delalande@inserm.fr
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standard for BBB permeability assessment. The effect of MB dose and injection timing on BBB closure 

kinetics was analyzed. 

Results 

Photoacoustic imaging provided reliable BBB monitoring within the first hour post-FUS, whereas 

fluorescence imaging was more effective at detecting ICG extravasation at 24 hours. A strong correlation 

was observed between fluorescence intensity and MRI-based contrast enhancement, confirming BBB 

opening dynamics. BBB closure followed an exponential decay model, with a half-closure time of 

approximately 81 minutes. The degree of BBB opening was proportional to the MB dose administered. 

Conclusion 

ICG-based photoacoustic and fluorescence imaging provide a non-invasive and cost-effective 

alternative to MRI for monitoring FUS-induced BBB opening. These techniques offer complementary 

temporal windows for assessment, improving the precision of BBB permeability evaluation in 

preclinical and potentially clinical applications. 

Keywords: blood-brain barrier; ultrasound; microbubble; live imaging; photoacoustic 

imaging  
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1. Introduction 

The blood-brain barrier (BBB) is a selectively permeable membrane that protects the 

central nervous system (CNS) from pathogen entry. This barrier is impermeable due to several 

properties [1], including specific transporters [2], drug-metabolizing enzymes [3,4], or tight 

junction proteins, such as Claudin-5 or Occludin, expressed by endothelial cells [5–7]. Over 

98% of molecules under 400 Da [8,9] and about all larger molecules are unable to cross the BBB 

[10,11]. Its impermeability prevents most therapeutic molecules from entering the CNS. 

Developing innovative strategies to overcome this barrier is essential for treating CNS diseases 

[1], for example, using gene therapy or immunotherapy. 

However, the precise control of the BBB opening is still challenging. The use of focused 

ultrasound (FUS) combined with gaseous microbubbles (MB) is currently the technique 

offering the best potential for clinical use [12–15]. When exposed to ultrasound, MB can 

oscillate, either in a stable regime, provoking shear forces capable of forcing the transient 

rupture of endothelial tight junctions and thereby opening the BBB [16–18], or in an inertial 

regime, causing MB collapse and potential damage and hemorrhage [19,20]. This technique 

holds great potential for drug delivery in the CNS, with many therapeutic applications and 

several ongoing clinical trials for Parkinson's and Alzheimer's [21,22]. To ensure that this 

technique remains safe and reproducible, it is crucial to precisely monitor the BBB opening 

[23,24]. T1-weighted Magnetic Resonance Imaging (MRI) with contrast agents such as 

Dotarem® is the most common technique used for this purpose [12,25,26]. It allows a 

quantitative assessment in vivo of the BBB permeability with a great spatial resolution [23,27]. 

Moreover, it has the advantage of providing information on tissue damage and on 

physiological changes such as blood perfusion or oxygenation induced by the BBB opening 

[28]. MRI can also be used as a tool to guide the ultrasound beam to target specific brain 

structures [29]. Despite those advantages, the cost, availability, and time-consuming aspects 

of this monitoring and guiding technique are strong limitations to its widespread application, 

making it challenging to use when large cohorts of animals are required. Evans Blue dye 

extravasation is another widely used technique to assess BBB opening. This dye has 

fluorescence and photoacoustic properties, but this low-cost technique, mainly used ex vivo 
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[30,31], is problematic for monitoring BBB opening with in vivo imaging due to its long-term 

and static accumulation in tissues. 

Near-infrared probes are widely applied for in vivo fluorescence imaging since these 

wavelengths have a better transmission through tissues and a lower autofluorescence signal 

[32]. Indocyanine Green (ICG), an FDA-approved drug for imaging and fluorescence-guided 

surgery [33–35], is a commonly used dye. Liang et al. reported the use of homemade ICG-

loaded MBs to follow BBB opening in vivo. They recorded fluorescence accumulation caused 

by ICG extravasation following FUS treatment to detect the BBB-opened region in vivo [36]. 

The use of optical imaging techniques with such probes provides qualitative or quantitative 

measures of BBB opening faster and at a lower cost than MRI. Furthermore, ICG has also been 

described as a photoacoustic imaging contrast agent [37]. The photoacoustic effect refers to the 

emission of an ultrasonic wave after a laser excitation due to a thermo-elastic vibration that 

can be detected by echography. This modality has been used by Le Floc’h et al. to monitor BBB 

opening in vivo [38]; the authors successfully detected ICG extravasation through 

photoacoustic imaging using concentrations between 30 and 50 mg/kg. Like MRI, this 

technique enables in vivo measurements of physiologic parameters such as blood flow, blood 

vessel size, and blood oxygenation in real-time [39–43]. Photoacoustic imaging has been 

applied to various diseases including cancer [44], stroke [45], or neurodegenerative disorders 

[46]. This modality can achieve a spatial resolution of hundreds of micrometers in three 

dimensions when using a high-frequency custom ultrasound scanner, making it a cost-

effective alternative to MRI (43,47–49). 

MRI-based contrast agents are already largely characterized [47,48] and are the gold-

standard method for BBB opening monitoring in patients. Yet, ICG extravasation dynamics 

was not assessed by previous studies, and a non-quantitative MRI approach was used [38]. 

We propose to bridge this gap with quantitative evaluation of MRI-based contrast agents along 

with ICG contrast agent extravasation dynamics. For the first time, we compare optical 

imaging modalities for monitoring BBB opening, using ICG as a bimodal agent for both 

photoacoustic and fluorescence imaging, offering an alternative to MRI. 

We present the ability of ICG to monitor the BBB opening within the first hour post-FUS 

treatment using photoacoustic imaging and within the first 24 hours post-FUS treatment with 
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fluorescence imaging. Afterward, we measure the kinetics of BBB opening induced by FUS 

and MB treatments using a delayed injection of ICG. We also assess the influence of the 

amount of MB injected for the induction of the BBB opening. Finally, we compare our 

technique with MRI, which remains the gold standard for BBB opening monitoring. 

2. Materials and Methods 

2.1 Animals 

A total of 79 adult male and female BALB/c mice aged above 6 weeks (weight ranging 

from 18 to 35 g) were used in this study (Charles River, France). All experiments were 

conducted in accordance with European ethical rules; the protocol was approved by the local 

ethical committees CEEA-003 and CEEA-012, protocols are registered under numbers 

APAFIS#13749 and APAFIS#43777. Mice were housed under a 12h/12h light/dark cycle in a 

controlled atmosphere (22 °C) and fed ad libitum. 

2.2 Chemicals 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-

PEG2000) were purchased from Avanti Polar Lipids (Alabaster, Alabama, USA). 

Perfluorobutane was obtained from F2 Chemicals (Preston, United Kingdom). ICG was 

obtained from TCI (Portland, USA). Gadolinium contrast agent Gd-DOTA (DOTAREM®) 

was obtained from Guerbet (Villepinte, France). All chemicals, unless otherwise stated, were 

supplied by Sigma Merck. 

2.3 Microbubbles 

Homemade microbubbles composed of DSPC and DSPE-PEG2000 (22:3 molar ratio) were 

prepared by solubilizing lipids in ethanol in 1.5 mL glass vials at a concentration of lipids of 5 

mg/mL, followed by formation of liposomes and freeze-drying of the sample [49]. The 

headspace of the vial was filled with perfluorobutane. Microbubbles were activated by 

mechanical agitation at 4500 rpm for 45 s using a Vialmix (BMS, Princeton, New Jersey, USA). 

MB concentration and size distribution were measured by optical imaging on a 0.2 mm Thoma 

slide using an inverted microscope (Leitz, obj ×25). The MB solution was diluted, and 20 µL 
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were dropped on a Thoma slide. Images were taken 5 minutes after loading allowing all the 

microbubbles to reach the top of the slide. A minimum of 15 images were analyzed (1000 

events minimum) for microbubble size distribution and concentration analysis. Images were 

analyzed using the particle analysis plugin of ImageJ software. Our custom microbubble 

formulations were concentrated at 2.35×1010 ± 1.93×109 MB/mL, with a median diameter of 1.37 

± 0.2 µm. (Figure 1). 

 

Figure 1. MB characterization: (A) Size distribution of microbubbles used for BBB opening, obtained 

with optical imaging (mean with SEM, n = 13). (B) Optical image of microbubbles used to determine 

size and concentration, obtained with an inverted microscope, magnification ×25. 

2.4 Blood brain barrier opening using focused ultrasound and microbubbles 

The experiment was conducted on mice with at least 4 animals per group. Mice were 

anesthetized with 2% isoflurane in air. A catheter (26 G) was placed in the tail vein, and the 

skull was shaved using depilatory cream. Then the mice were placed on a dedicated 

contention system (Minerve, France) equipped with an isoflurane anesthesia mask. Degassed 

ultrasound gel was applied on the shaved skull. The transducer was put in the probe holder 

containing degassed water within a silicone membrane (0.2 mm) to conduct ultrasound 

signals through the gel. This transducer is a 1 MHz focused bowl transducer with a 45 mm 

diameter active element (DL-47 piezo material, radius of curvature 45 mm, Precision 

Acoustics, UK) with an ellipsoid-shaped focal spot of 6×1.5 mm (height × width) (Figure S1, 

C) [50]. The transducer was controlled by a custom 3-axis motorized stage (IndustryLab, 
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Orléans, France) and the position of the focal spot was located using a laser beam guide 

relative to the eyes and ear bar to approximately reach the interaural position +2.5 and lateral 

+1.5 or -1.5 depending on hair removal quality. Ultrasound probe focal spot locations relative 

to the laser beam were determined in a degassed water tank using a hydrophone (Onda 

HGL200, USA). A 100 µL bolus of MB (10 µL MB solution, ranging between 3×107 and 3×108 

MB, diluted in 90 µL of 10 mM HEPES buffer 5% sucrose) was injected in the tail vein via the 

catheter. Ultrasound was turned on 10 s after injection. Ultrasound pulses were set at 1 MHz, 

315 kPa peak negative pressure pulsed at 1 Hz with 5% duty cycle (DC) during 60 s. According 

to Gerstenmayer et al., in situ peak negative pressure was estimated at 305 kPa and a 

mechanical index of 0.305 [51]. FUS treatment was performed on a single spot located on 

either the left or the right hemisphere. The untreated hemisphere was considered as 

contralateral control. The ultrasound signal was generated using a waveform generator 

(Agilent 33210A or Rigol DG1032Z) and amplified with a linear amplifier (E&I, 210L or 2100, 

USA). All ultrasound systems were calibrated using a hydrophone (Onda HGL200, USA) in 

a degassed water tank. After the 60 s FUS treatment, 50 µL of freshly prepared ICG solution 

(0.25 or 0.5 mg of ICG) was injected through the catheter, undelayed (< 2 min) or with a delay 

of 30 or 120 minutes to analyze the kinetics of BBB closing. Mice were kept under anesthesia 

for the 5- and 30-minute timepoints, but for the 120-minute timepoint, mice were awakened 

in a dedicated cage before being put under anesthesia again for the injection. 

 

 

Figure 2. Schematic representation of the experimental timeline. With FUS: focused ultrasound; MB: 

microbubbles; PRF: pulse repetition frequency; ICG: Indocyanine Green. 
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2.5 In vivo imaging 

The experiments were conducted following the timeline shown in figure 2. 

2.5.1 Photoacoustic and ultrasound imaging 

We used in this study the VEVOLAZR device (VisualSonics, Fujifilm, Canada), a 

photoacoustic and ultrasound imaging system with the LZ400 probe (image width 15.36 mm 

and 20 mm depth, axial resolution 50 µm; full details of acquisition in supplementary method). 

Photoacoustic emission maxima of the ICG probe were determined in vitro. Each solution to 

be analyzed was injected into a channel of a six-channel microfluidic slide (Ibidi µ-slide VI 0.4, 

Clinisciences, France). The slide was immersed in water for ultrasound coupling. The LZ400 

ultrasound probe (Visual Sonics) was positioned at 10 mm from the microfluidic slide. The 

spectrum was measured from 680 to 970 nm. Each point of the spectrum was obtained at a 1 

nm step and is the result of an average of 3 images. 

Photoacoustic and ultrasound imaging were performed on animals under anesthesia 

(2% isoflurane in air). After FUS treatment, mice were placed on the 3D stage of the 

VEVOLAZR device (VisualSonics, Fujifilm, Canada), a photoacoustic and ultrasound imaging 

system. The LZ400 probe (30 MHz, VisualSonics, Fujifilm, Canada) was placed in contact with 

the skin coupled with degassed gel to position the mouse skin 10 mm from the probe. A 3D 

scan of the brain was performed by photoacoustic imaging at 800 nm every 15 min up to 1 h 

after FUS and undelayed ICG injection (Figure 2). The 3D scans (3D range 8.03 mm, step size 

0.102 mm) were used to localize the BBB-opened region and measure its volume with a 3D 

region of interest calculated with VevoLab software (VisualSonics, Fujifilm, Canada). After 

photoacoustic imaging, mice underwent fluorescence imaging up to 24 hours after FUS. 

Complete photoacoustic imaging acquisition parameters are presented in supplementary 

methods. 

2.5.2 Fluorescence imaging 

Imaging was performed on anesthetized mice (2% isoflurane in air) using the IVIS 

Lumina LT Series III (Perkin Elmer, Massachusetts, USA). For all studies, the parameters used 

were λex = 730-760 nm and λem = 810-875 nm, with an exposure time of 0.5 to 2 s, binning of 2 
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or 4, and f/stop of 2 or 4. Fluorescence imaging was performed in vivo on living animals and 

ex vivo on mice brains after euthanasia to assess the BBB opening using two ICG doses (0.25 or 

0.5 mg). We expressed all fluorescence measurements in this study as the total fluorescence 

measured in a circular 5.76 mm² region of interest (ROI), and its unit (p/s/cm²)/(µW/cm²) will 

be referred to as fluorescence intensity (F.I) for the rest of the paper. The circular ROI size was 

chosen to be slightly larger than the ultrasound probe focal spot, as we know that the BBB can 

be opened in a larger area than the focal spot (Figure S1). The signal of ICG injected directly 

after the FUS treatment was measured 1, 4, and 24 hours after FUS treatment (Figure 2). Mice 

were sacrificed following the 24h in vivo imaging to be imaged ex vivo. Fluorescence imaging 

was also used to determine BBB closure after FUS treatment with a delayed ICG injection, 

either 30 minutes or 2 h after FUS. For this purpose, fluorescence was measured in vivo and ex 

vivo 24 h after FUS. 

2.5.3 BBB opening monitoring by MRI 

To confirm the use of ICG for BBB opening monitoring, we compared our data to MRI, 

the gold standard of BBB permeabilization evaluation with a gadolinium T1 contrast agent. 

Due to limited access to an MRI scanner in our laboratory, we performed this experiment in 

the IRMaGe facility (Grenoble, France). In this section we detail the steps and devices used to 

make this comparative experiment. MRI was performed at 4.7T (BioSpec 47/40, Avance III, 

Bruker, Ettlingen, Germany); the scanner was equipped with a volume transmit coil and a 

single-element surface receive coil. The MRI protocol performed after the FUS treatment was: 

T2-weighted TurboRARE sequence (TR/TE = 2200/36 ms; 13 axial slices; FOV = 20×20 mm²; 

matrix 256×256; voxel size, 78×78×1000 µm3, RARE-factor, 8; Tacq = 3 min 31 s), T1 map RARE 

VTR sequence (TR, 3000 to 18 ms; TE =6.6 ms; FOV = 20×20 mm²; matrix 128×128; voxel size, 

156×156×1000 µm3, RARE-factor, 4; 2 slices, Tacq = 12 min 39 s) performed before and after the 

intravascular co-injection of a gadolinium chelate (Gd-DOTA; DOTAREM®, Guerbet, 

Villepinte, France) and 0.5 mg of ICG, T1-weighted RARE sequence (TR/TE = 800/7 ms; 13 

slices; FOV = 20×20 mm²; matrix 256×256; voxel size, 78×78×1000 µm3, RARE-factor, 4; axial 

and coronal orientations; Tacq = 1 min 16 s) to evaluate the BBB opening. To evaluate the 

dynamics of BBB permeabilization, the co-injection of ICG and Gd-DOTA was carried out at 

three time points after the FUS-induced BBB opening: 0 minutes, 30 minutes, and 120 minutes. 
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Mice were euthanized 24 h after FUS treatment, their brains were collected, and they were 

directly freeze-dried in liquid nitrogen. ICG fluorescence was then assessed ex vivo as 

described before. BBB was permeabilized with an MR-guided FUS device (Image Guided 

Therapy, Pessac, France) (Figure 2). Briefly, a 7-concentric-element transducer (Imasonic, 

Voray-sur-l’Ognon, France) is embedded on a 2-axis motorized system enabling planar 

displacement, all controlled by the Thermoguide® software (Image Guided Therapy, Pessac, 

France). For BBB permeabilization, 2.5 µL of activated MB were diluted in 97.5 µL of HEPES 

buffer supplemented with sucrose (5% final concentration). This dilution corresponds to an 

injection of about 108 MB. A bolus injection of the 100 µL diluted microbubbles was 

administered through the tail vein via a 26 G catheter 10 seconds before delivering sixty 1.5 

MHz pulses of 50 ms for a total FUS sequence duration of 1 minute. FUS was delivered in the 

left hemisphere with a peak negative pressure calculated in water at 330 kPa negative peak 

(considering a 90% transmission factor, corresponding to 300 kPa in situ according to 

Gerstenmayer et al. [51] and a mechanical index of 0.245). 

For MRI image processing, T1 maps were reconstructed using ParaVision software. 

Then, MRI data were processed and analyzed using MP3 software [52]. Gd-DOTA 

concentration C was derived from the T1 maps acquired before (T1, 0) and after (T1, t) the 

injection of Gd-DOTA using the following equation [53]: considering the longitudinal 

relaxivity 𝒓𝟏  =  𝟑. 𝟒 𝒎𝑴−𝟏  ×  𝒔−𝟏 [54]: 

𝑪  =  
𝟏

𝒓𝟏
(

𝟏

𝑻𝟏,𝒕
−

𝟏

𝑻𝟏,𝟎
)  (𝟏) 

Then, according to Marty et al., we normalized the concentration of Gd-DOTA 

extravasation by drawing regions of interest in the contralateral region and in the muscle as 

depicted in Figure 9. Apparent concentration 𝑪𝚫 was obtained considering the acoustic 

pressure (IPac) equal to 1, the concentration in the ipsilateral region 𝑪𝑹𝑶𝑰,𝒊𝒑𝒔𝒊 , the concentration 

in the contralateral region 𝑪𝑹𝑶𝑰,𝒄𝒐𝒏𝒕𝒓𝒂 and the concentration in the muscle 𝑪𝑹𝑶𝑰,𝒎𝒖𝒔𝒄𝒍𝒆 all 

calculated with equation (1) and using the following equation [55]: 

𝑪𝚫  =
𝑪𝑹𝑶𝑰,𝒊𝒑𝒔𝒊  −  𝑪𝑹𝑶𝑰,𝒄𝒐𝒏𝒕𝒓𝒂

𝑪𝑹𝑶𝑰,𝒎𝒖𝒔𝒄𝒍𝒆  ×  𝑰𝑷𝒂𝒄
 (𝟐) 
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IPac was not evaluated in our study and was set to 1. MRI and fluorescence kinetic data were 

normalized with the average signal obtained at 0   minutes to observe and compare the signal 

decay. 

2.6 Statistics 

Non-parametric Wilcoxon and Mann-Whitney bilateral tests were conducted using the R 

language (version 4.4.0, used with RStudio software). Nonlinear fit and F-test were performed 

using GraphPad Prism v10.4. The derived parameters were used to calculate the half closure 

time (T1/2) using the following equations: 

𝐘  =  (𝒀𝟎 − 𝑷𝒍𝒂𝒕𝒆𝒂𝒖) × 𝒆−𝑲𝒕 + 𝑷𝒍𝒂𝒕𝒆𝒂𝒖 (𝟑)  

𝑻𝟏/𝟐  =
𝒍𝒏(𝟐)

𝑲
 (𝟒)                  

With Y0 being the Y value when X (time) is zero, Plateau being the Y value at infinite 

times, and K being the rate constant, expressed in reciprocal of the X axis time units. A p-

value below 0.05 was considered significant; all data are represented as mean +/- standard 

error of the mean (SEM). 
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3. Results  

3.1 ICG dose response by photoacoustic imaging  

ICG photoacoustic spectra were analyzed in vitro to determine the maximum emission 

wavelength and concentration range suitable for in vivo imaging (Figure 3). A peak 

photoacoustic effect of 21.07 arbitrary units (A.U.) was obtained at 800 nm. A significant drop 

in photoacoustic signal was measured from 21.07 to 4.00 A.U. using ICG at 1 mg/mL and 0.1 

mg/mL, respectively, corresponding to a 6-fold decrease. 
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Figure 3. In vitro ICG photoacoustic spectrum at concentrations ranging from 1 µg/mL to 10 mg/mL in 

5% sucrose 10 mM HEPES buffer. 

 

Photoacoustic response of ICG at 800 nm was then evaluated in vivo (Figure 4). The 

photoacoustic signal was measured after FUS treatment in the ipsilateral treated hemisphere 

using the contralateral hemisphere as a control. The maximum signal was observed at 800 nm 

in vivo, as obtained in vitro. This signal was 1.5-fold stronger in the treated region (0.509 A.U., 

purple curve) compared to the contralateral (0.332 A.U., blue curve). However, an even 

stronger photoacoustic signal was measured in the skin with 3.2 A.U. (green curve). These 

signals in the skin and the contralateral region could be attributed to circulating ICG after the 

intravenous injection, with the signal decreasing after the skull and with tissue depth.  
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Figure 4. In vivo ICG photoacoustic spectrum after FUS treatment. Pink: signal in the ipsilateral BBB-

opened region. Blue: signal in the contralateral region. Green: signal in the skin. 

3.2 ICG extravasation allows detection of the BBB opening using photoacoustic imaging 

The signal-to-noise ratio was calculated for the treated (T) and contralateral untreated (C) 

ROIs for both doses (0.5 mg and 0.25 mg) every 15 min after FUS and during one hour (Figure 

5). Noise was measured in a region outside the skull (ROI called N on the figure). The 

photoacoustic signal-to-noise ratio in T was significantly higher than in region C from 30 to 60 

min after FUS when using 0.5 mg of ICG, whereas at a lower dose (0.25 mg) the signal-to-noise 

ratio in region T was found to be significantly increased regarding region C from 15 to 30 

minutes. From 30 to 45 minutes, we observed a significant drop with the 0.25 mg dose, with a 

signal-to-noise ratio decreasing from 3.42 to 2.32 A.U. (Figure 5B). However, we were still able 

to distinguish the BBB-opened region for up to 60 min (Figure 5A) for the two doses of ICG. A 

signal-to-noise ratio decay is observed after 30 min, and the values tend to go back to the 

baseline (reaching 1.85 and 2.10 A.U. at 1 h for 0.5 mg and 0.25 mg respectively), probably due 

to the low half-life of ICG [56]. No significant difference in either signal-to-noise ratio or BBB-

opened volume was observed between the two chosen doses (Figure S2). Regarding the 

control region, the signal-to-noise ratio measured was significantly higher 15 min after FUS 

(1.68 A.U. for 0.5 mg and 1.52 A.U. for 0.25 mg) compared to the one measured 30 to 60 min 
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after FUS (about 1.2 A.U. for both doses). This higher signal-to-noise ratio at 15 min for the 

control region could be attributed to the presence of ICG in the blood pool. 

 

 

Figure 5. In vivo photoacoustic kinetics from 15 to 60 minutes after FUS treatment. (A) In vivo B-mode 

ultrasound imaging (grey) and representative photoacoustic images (red) at 800 nm in the BBB-opened 

region T compared to the contralateral region C. Left: 0.5 mg ICG. Right: 0.25 mg ICG. (B) Graphical 

representation of the signal-to-noise ratio calculation made by dividing the signal in the T or C region 
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by the noise N. (n = 4 to 6). Data expressed as mean +/- SEM. #: p-value < 0.1; *: p-value < 0.05; **: p-value 

< 0.01; Wilcoxon bilateral test Treated vs Control. 

 

3.3 ICG extravasation allows detection of the BBB opening using fluorescence imaging 

Fluorescence imaging is another method to detect in vivo BBB opening after ICG injection. 

Fluorescence imaging was performed 1 h, 4 h, and 24 h after the FUS treatment (Figure 6). At 

1 h, no significant difference was observed between control (C) and treated (T) regions with 

both doses. With 0.5 mg, a 1.19-fold increase of fluorescence intensities (F.I) of T over C is 

observed, and a 1.34-fold increase with 0.25 mg. The same observation can be made at 4 h, 

with a 1.51-fold increase in T with 0.5 mg and a 1.37-fold increase for 0.25 mg. The similar 

responses observed at 1 to 4 h after FUS may be ascribed to the emission of ICG in the skin. 

Despite these high intensities in the control region, it is still possible to visually decipher the 

BBB-opened region in all cases using 0.5 mg and 0.25 mg ICG, but with some difficulties. At 

24 h, a significant difference was observed between the control and treated regions both at 0.5 

mg ICG (3.89-fold increase) and at 0.25 mg (3.52-fold increase). One can notice that the F.I 

obtained in T at 24 h with a 0.5 mg dose that became significantly lower than at 4 h, getting 

down from 6.63×109 to 2.59×109 F.I, while for 0.25 mg ICG, the difference is only significant 

between the 1 h and 24 h timepoints (from 4.91×109 to 1.58×109 F.I). In addition, there is a 

significant difference of F.I in the control region between the two doses at 4 h after FUS but 

not at 1 h or 24 h after FUS. These observations suggest a slightly faster clearance of ICG when 

used at 0.25 mg. Moreover, doubling the amount of ICG did not significantly modify the 

fluorescence at 24 h, which can be due to a saturation effect in the region. While the most 

optimal time to assess the BBB opening using photoacoustic imaging is within the first hour 

after sonoporation, the optimal time to assess the BBB opening using fluorescence imaging 

appears to be after 24 h. 
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Figure 6. In vivo fluorescence imaging kinetics 1 h, 4 h, and 24 h after FUS treatment. (A) Graphical 

representation of the fluorescence intensity measured in the BBB-opened zone (orange) vs the 

contralateral zone (grey). Left: 0.5 mg of ICG (n = 7 to 9). Right: 0.25 mg of ICG (n = 4 to 6). (B) In vivo 

fluorescence images of representative mice for each point (1 h, 4 h and 24 h) with treated T and control 

C regions. Left: 0.5 mg of ICG. Right: 0.25 mg of ICG. *: p-value < 0.05; **: p-value < 0.01; Wilcoxon 

bilateral test Treated vs Control or Mann-Whitney test. 

3.4 BBB closure kinetics can be assessed with fluorescence imaging 

To evaluate the kinetics of the BBB closure, 0.5 mg ICG was injected straight away (< 2 

min) or delayed by 30 or 120 min after the FUS treatment. Then, the fluorescent signal in the T 

and C regions was measured 24 h after FUS treatment (Figure 7). For ex vivo measurements 

with direct ICG injection, mice were treated with 1.5×108 MB to match the experiments shown 

in Figure 8 avoiding an excessive use of animals. BBB-opened region can be deciphered with 

up to 120 min delay both in vivo and ex vivo. For in vivo experiments, the difference between 

fluorescence intensities (F.I) of C and T regions was almost significant with a 120-min delay 

(5-fold increase in region T, p-value = 0.093) while for ex vivo experiments, it was significantly 

different with a 16.6-fold increase (Figure 7A). One can observe a slight decrease, albeit not 

significant, of the fluorescence signal in region T with the 30 min delay both in vivo and ex vivo 

(from 3.13×109 to 2.71×109 F.I in vivo, and from 7.44×109 to 5.32×109 F.I ex vivo). Then, there was 

a significant drop of F.I in the T region with the 2 h delay compared to the 5- or 30-min delay 

in both conditions. A mono-exponential decay function was adjusted to the data obtained ex 
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vivo and, thereby a half closure time of 81.41 minutes was calculated (Figure S5) (R² = 0.5678; 

Y = 1.2637×e-0.0085x – 0.2637). Note that half closure time could not be accurately calculated with 

data obtained in vivo. 

 

Figure 7. Assessment of BBB closure kinetics. 0.5 mg of ICG was injected either directly, 30 min or 2 h 

after FUS treatment. Fluorescence intensity was measured at 24 h to evaluate the amount of ICG taken 

at each time point. (A) in vivo (n = 6 to 14). (B) ex vivo (n = 6). Representative fluorescence images are 

presented below the in vivo and ex vivo graphs. Data are expressed as mean +/- SEM. #: p-value < 0.10; *: 

p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001. Wilcoxon bilateral test Treated vs Control or Mann-

Whitney bilateral test. 

3.5 ICG fluorescence intensity can be correlated with the number of MB injected 

It is well known that BBB opening is correlated with the number of MB injected into the 

animal [19,57]. With our MB formulation, we have also been able to demonstrate this effect 

both in vivo and ex vivo, using fluorescence imaging at 24 h with 0.5 mg of ICG injected 

immediately after ultrasound treatment (Figure 8). In vivo, we observed a significant difference 

between the T and C ROIs with 1.5×108 MB injected and a close significance with 1.5×107 MB 

injected (p-value = 0.093). We measured a 3.4-fold increase in the T region when 1.5×108 MB 

were injected and a 2.2-fold increase with 1.5×107 MB. There was an ~2-fold significant decrease 

in fluorescence by decreasing the MB amount by a factor of 10, from 1.5×108 to 1.5×107 MB 

doses. For lower MB doses (3x106 and 1.5x106 MB), the reduction of signal in the T region was 
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moderate and not significant compared to 1.5×107 MB. Moreover, the difference in fluorescence 

between the C and the T ROIs was not significant at lower MB doses, with a 1.89- and 0.97-

fold increase in the T region for 3x106 and 1.5×106 MB, respectively, injected in vivo. A similar 

observation can be made ex vivo with more than a 2-fold significant decrease in fluorescence 

signal of the region T between 1.5×108 and 1.5×107 MB injected, with 7.44×109 and 2.71×109 F.I 

respectively. A slight and non-significant decrease was observed with a 3×106 MB dose for the 

region T. Ex vivo, the reduction of MB dose by another factor of 10 (1.5×107 to 1.5×106 MB 

injected) induced an over 4-fold significant decrease of signal in the treated region with 

2.71×109 and 5.92×108 F.I respectively. Note that the difference of fluorescence ex vivo is 

significant between T and C regions with all MB amounts tested, except with 3×106 MB (p-

value = 0.095) with a 21.4-fold increase in T region F.I respectively. While the difference 

between the T and the C regions is not always significant, the BBB-opened region was clearly 

visible on all mice ex vivo and with all doses of MB used and up to the 3×106 MB dose in vivo 

(Figure 8). 

 

 

Figure 8. Assessment of the fluorescence intensity as a function of the number of MB injected. 1.5×106 to 

1.5×108 MB were injected for BBB opening followed by an injection of 0.5 mg ICG. Fluorescence intensity 

was measured 24 h after FUS treatment (n = 5 to 8). (A) In vivo. (B) Ex vivo. Representative fluorescence 

images are presented below graphs in vivo and ex vivo. Data expressed as mean +/- SEM. #: p-value < 

0.10; *: p-value < 0.05; **: p-value < 0.01; Wilcoxon bilateral test Treated vs Control or Mann-Whitney 

bilateral test. 
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3.6 BBB closure dynamics are similar using MRI or fluorescence imaging 

MRI with Gadolinium (DOTAREM®, Gd-DOTA) as a contrast agent is the standard 

technique to evaluate the BBB opening. Comparisons between MRI and fluorescence imaging 

were made on the same animals. BBB was successfully opened in the left hemisphere of 14 

mice (see paragraph methods 2.5.3). Gd-DOTA and ICG extravasations were evaluated in vivo 

with MRI and ex vivo by fluorescence (Figure 9). Like previous experiments, Gd-DOTA and 

ICG were injected in the same mice either immediately (<2 min) or delayed by 30 to 120 min 

after FUS. We observed that both the contrast enhancement of Gd-DOTA and the fluorescence 

of ICG follow an exponential decay, and we were able to perform a one-phase decay 

exponential fit on both datasets. For Gd-DOTA, the decay follows the equation y = 0.7995×e-

0.02110x + 0.2007 (R2 = 0.3980) while for ICG, it follows the equation y = 0.9716×e-0.02120x + 0.02859 

(R2 = 0.5070). Compared to undelayed control, we found that after 2 h, only 25% of Gd-DOTA 

and 10% of ICG could be detected. The calculated half closure time (T1/2) was 32.85 for Gd-

DOTA and 32.70 minutes for ICG. We also show that data from Gd-DOTA and ICG 

significantly follow the same distribution (F-test, p-value = 0.9357). 

 

 

Figure 9: MRI confirmation of BBB closure dynamics (A, B) T1 map and ex vivo ICG fluorescence of mice 

following FUS treatment and co-injection, at different delays, of Gd-DOTA and 0.5 mg of ICG, with ROI 

used for measurement. (C) Kinetics of ICG and Gd-DOTA extravasation decrease normalized with 

mean contrast signal at t0, measured with in vivo MRI and fluorescence imaging ex vivo respectively (n 
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= 4 to 5). Contrast agents were co-injected directly after the FUS procedure or with a delay of 30 to 120 

minutes. Ex vivo fluorescence was performed on frozen brains collected 24 h after FUS. Data are 

expressed as mean +/- SEM. One-phase decay exponential fit and half closure time calculation (t1/2). 

4. Discussion 

Opening the BBB is mandatory to treat numerous brain diseases, and focused ultrasound 

associated with MB is a well-known tool for this purpose [26]. Two main techniques are 

currently used to evaluate the BBB opening: MRI, mostly used in vivo, and Evans blue 

extravasation which requires euthanasia to evaluate the opening. Other techniques are being 

developed to monitor BBB opening to overcome these disadvantages, such as photoacoustic 

imaging [38], cavitation monitoring [24], and passive acoustic mapping [58]. The great 

advantage of photoacoustic imaging is to give, in addition to ICG extravasation, in vivo 

anatomic imaging and mapping of the oxygen blood saturation [38,41,43]. Fluorescence 

imaging also allows monitoring of the BBB opening in vivo, with the advantage of being 

cheaper and more accessible than MRI [36]. ICG has the advantage of being a contrast agent 

for both photoacoustic and fluorescence imaging, making it a bimodal agent. In this study, we 

demonstrated its effectiveness in monitoring BBB opening with both techniques, 

photoacoustic and fluorescence imaging, and compared it to the MRI gold standard. 

We show in this study that ICG is an efficient tool to detect the BBB-opened region as the 

signal was improved at 800 nm after FUS treatment and ICG injection. We successfully 

monitored BBB opening using this wavelength in photoacoustic imaging from 15 to 60 minutes 

at both ICG doses (0.25 and 0.5 mg). Measured signal-to-noise ratios and BBB opening volumes 

were similar using both ICG doses (Figure 4 and S2). Taken together, these results suggest that 

the 0.25 mg dose was sufficient for the photoacoustic effect. Although, according to the 

manufacturer, laser penetration depth is limited to 1 cm, this penetration is decreased by the 

head’s skull and skin as we were able to detect opened volumes only in dorsal structures of 

the brain. This limitation could be eliminated by removing the scalp or the skull but would 

make it much more invasive. As shown in Figure 5, the 0.25 mg dose seems more efficient to 

detect the BBB opening in the first minutes. The difference with the control area is significant 

for up to 30 minutes before the signal starts decreasing strongly. However, the opened area is 

still clearly visible for up to 60 minutes even though there is no longer a significant difference 
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with the control region. The same observation can be made for the 0.5 mg dose at 15 minutes, 

although the signal in the blood flow makes it harder to decipher the BBB-opened region. 

These results reveal that we were able to measure BBB opening in vivo with ICG for up to 60 

minutes, without interference from the signal in the skin, which is about 10-fold higher than 

in the brain. Floc’h et al. previously used ICG or fluorescent nanoparticles as a contrast agent 

for BBB opening monitoring in photoacoustic imaging after FUS treatment [38]. They 

monitored BBB opening 2 h after FUS following ICG injection at 50 mg/kg (approximately over 

2 times our highest dose) and managed to detect BBB opening but with difficulty for outlining 

the BBB-opened region. However, they had no difficulty after skin and skull removal or ex 

vivo. They did not manage to monitor BBB opening in vivo with their lowest dose at 10 mg/kg, 

similar to our lowest dose, which might be due to their 2 h delay before ICG injection and 

monitoring, most likely allowing partial closure of the BBB. Their results are consistent with 

ours, as we also show limits to outline the BBB-opened region in vivo, though we were able to 

detect BBB opening with lower concentration due to the absence of delay. It has to be noted 

that comparisons with previous studies are difficult due to ultrasound setup, BBB opening 

protocol, and imaging setup discrepancies. 

The use of Evans blue allowed us to observe similar photoacoustic imaging monitoring of 

the BBB opening (Figure S3), with a significantly increased photoacoustic signal in the treated 

region over control from 15 to 45 minutes after FUS treatment and a similar measured BBB-

opened region (Figure S2). Even though Evans blue was successfully detected, we measured 

a high background signal making BBB opening evaluation difficult. We also observed 

significant toxicity following Evans blue injection with 3 mice out of 4 mice dying within hours 

after the procedure. Evans blue toxicity is known at higher doses, as a 25 mg/kg and higher 

injection can cause mice death in months following injection [59–61]. Even lower doses can 

provoke toxic effects on cerebral endothelial or ependymal cells [62]. However, the observed 

toxicity was not expected with our dose, approximately 15 mg/mL, as it has been used in 

previous studies without reported toxicity. This could be explained by the BBB opening, which 

might increase Evans blue toxicity with its extravasation. Such adverse effects could be limited 

by reducing the injected dose, which has been shown to be possible without losing ex vivo 

fluorescence labeling of the BBB-opened region [63]. But it might reduce photoacoustic 

properties, with the risk of losing its ability to monitor BBB opening in vivo. 
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The ICG signal in the skin showed an important interference with in vivo fluorescence 

measurement, as seen in Figure 6. Like in photoacoustic imaging, this interference from the 

skin could be avoided with scalp removal, but this would not match the objectives of this 

article to develop a non-invasive live monitoring technique. Furthermore, no normalization 

was made with control or noise due to a halo effect from the treated region, distorting control 

or noise measurement. The BBB-opened region signal can be significantly deciphered from the 

control region one only 24 hours after FUS treatment and ICG injection regardless of the doses. 

The strong reduction of ICG signal over the first 24 h in the skin is probably due to the 

clearance of the ICG probe in the skin faster than in the brain once the BBB is closed. Even 

though the difference between control and treated regions is not significant before 24 hours, 

we can still see that the opened region has a slightly higher signal at 1 and 4 hours and can be 

visually deciphered in most cases, but with more difficulty using 0.5 mg of ICG. A previous 

study by Liang et al., using ICG as a fluorescent probe for in vivo BBB opening monitoring also 

manifests difficulty in seeing the BBB-opened region in the first 2 hours post-FUS when using 

a similar imaging system [36]. However, they also show that this issue can be overcome using 

a detection method with long-pass infrared filters (>1000 nm), even though they seem to 

observe a faster clearance of the fluorescence signal than us, which can be explained by their 

much lower ICG quantity injected (approximately 10-fold lower). 

 

Moreover, our results indicate that compared to Evans blue, ICG is a better fluorescent 

marker. Indeed, even though Evans blue has fluorescent properties and BBB opening was 

observable ex vivo, this could not be detected in vivo by fluorescent imaging (Figure S4). This 

could be explained by the fact that the whole skin of the animal is colored making the opened 

region challenging to decipher unlike with ICG. Indeed, it might be due to a lower clearance 

of Evans Blue compared to ICG [63]. Unfortunately, mouse death in the hours following Evans 

blue injection prevented us from measuring fluorescence intensity at 24 h. 

 

The impact of MB amount on BBB opening was previously demonstrated using SonoVue® 

MB [64]. The authors showed an increase of Evans Blue uptake ex vivo by increasing the MB 

dose injected. We observed the same correlation using ICG both in vivo and ex vivo with our 

homemade MB at a higher dose but similar gas volume range (2-200 nL gas volume injected). 
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We noticed that our results exhibit high variability which might be due to MB concentration 

fluctuations. Indeed, we observed in some vials inconsistencies in the decline in MB 

concentration over time after vial activation (data not shown) which can lead to differences in 

the BBB opening, as discussed before. Few variations in MB average size were observed, 

suggesting that MBs were not modified over time but simply burst over time. Therefore, 

freshly activated MB were used in most cases (≈60%) in this study. Efforts are currently 

underway to standardize and scale up the MB production process to mitigate variability. An 

alternative approach would be to characterize MB concentration before each injection. It is 

important to note that while optical microscopy is a commonly used technique to measure MB 

concentration, it primarily detects only micron-sized bubbles larger than 400 nm. 

The MB dose-response experiment also reveals the limits of ICG fluorescence monitoring 

of BBB opening. At higher MB amounts, 1.5×108 and 1.5×107 MB, a similar 2-fold reduction of 

fluorescence in vivo and ex vivo of the treated area versus the control area is obtained. However, 

at low concentrations, fluorescence reduction is becoming complex to measure in vivo, which 

is not the case ex vivo with significant differences between the two regions. Those observations 

indicate that ex vivo monitoring of BBB opening using ICG’s fluorescence is sensitive enough 

to measure the intensity of opening and material extravasation. Furthermore, although 

fluorescence monitoring in vivo of BBB opening is capable of precisely monitoring BBB 

opening, it lacks precision with small amounts of extravasated ICG, probably due to 

circulating ICG and tissues auto-fluorescence. 

Regarding BBB closure kinetics, our results, both in vivo and ex vivo, show that the BBB 

was still open 30 minutes after FUS treatment. A partial closure was observed 120 minutes 

after FUS, but with 80 to 90% signal loss for ICG compared to t0 control with an 81.41 minutes 

half-closure time. Also, it was impossible to process in vivo measures with a one-phase decay, 

indicating the lack of sensibility of in vivo measurement with weak fluorescence as seen before. 

Nevertheless, we were able to decipher the reduction of fluorescence with delayed injections. 

Using MRI with an MRI-compatible FUS probe and an adapted protocol (protocol presented 

in Figure S1), our results reveal a colocalization of the opened region with ex vivo fluorescence. 

However, it is difficult to measure precisely the opened area with fluorescence imaging, as the 

light is dispersed in all possible directions, making the limits of the treated region difficult to 
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decipher. This indicates that MRI has a better spatial resolution. We also revealed in this 

experiment that the contrast decay acquired with MRI and ex vivo fluorescence imaging 

significantly follows the same exponential model with the same half closure time. It means 

that monitoring ICG fluorescence ex vivo for BBB closure kinetics is as precise as MRI. This also 

indicates that the differences in size between these two compounds are sufficiently close (560 

Da for Gd-DOTA versus 775 Da for ICG) to avoid a difference in extravasation as their size 

greatly influences their extravasation and the measured closure kinetics [55]. A different 

closure kinetics was measured using our two different FUS set-ups (81.41 minutes for the set-

up 1, 32.8 minutes for the MRI compatible set-up 2). This difference can be explained by the 

lower number of MB used and the higher FUS probe frequency with setup 2  (Figure S1). For 

example, Samiotaki et al. showed that increasing the MI from 0.245 to 0.49 also increased BBB 

closure time [65]. Compared to other studies, our kinetics are short, as the half closure time 

has been calculated in previous studies to be between 2 and 6 h [55,66], and BBB closure has 

been shown to vary from 2 to 72 h depending on acoustic parameters used [67–70]. Our 

kinetics can be explained by the lower acoustic pressure applied and the use of our homemade 

MB, which likely might be oscillating differently compared to DefinityTM or SonoVue®. 

A low-field MRI costs about $500 000 USD alone, which does not include mandatory 

additional costs such as shielding or maintenance. It requires highly trained operators and a 

significant space and is restricted to a specific animal size, making it difficult to access. 

Photoacoustic imaging systems have a comparable cost and still require highly trained 

operators but require lower maintenance and less space and can be used in both small and 

larger animals [71]. Fluorescence imaging allows fewer additional applications compared to 

MRI and photoacoustic imaging but has about a 5-fold lower cost, with little maintenance 

required, and can be operated with minimal training but is restricted to a specific animal size. 

5. Conclusion 

Overall, our data show that ICG is an efficient bimodal near-infrared probe for evaluating 

BBB opening and closure using photoacoustic and fluorescence imaging as an alternative to 

MRI. Our procedure proved to be efficient for BBB opening with a short closure kinetic, 

limiting potential side effects. Monitoring the BBB opening and closing is crucial for safely 
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controlling drug delivery to the brain. Achieving effective brain drug delivery would 

significantly improve treatments for brain tumors and neurodegenerative diseases. 

 

The data that support the findings presented in this study are available from the 

corresponding author upon request.   
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Supplementary Method 

1. Photoacoustic acquisition parameters 

Experiments were performed with VEVOLAZR device (VisualSonics, Fujifilm, Canada), a 

photoacoustic imaging (PA) and ultrasound imaging system with the LZ400 probe. 

- Operating frequency range: 13 to 24 MHz 

- Broadband frequency range: 18 to 38 MHz 

- Transmitted transducer frequency: 30 MHz 

- 2D power: 100 % 

- PA power: 100 % 

- Wavelength range: 680-970 nm; Used 800 nm (ICG) and 684 nm (Evans Blue) 

- PA gain: 39 to 44 dB 

- 2D gain: 20 dB 

- Image width: 15.36 mm, depth: 20 mm 

- Axial resolution: 50 µm 

- Sensitivity: high 

- Persistence: OFF 

- Correct energy: ON 

- Display map: PA1 

- PA brightness: 55 

- PA contrast: 80 

- Threshold: 20 %  

 

3D scan parameters: 

- 3D range: 8.03 mm 

- Step size: 0.102 mm 

2. Evans Blue imaging 

Experiments have been done as described previously, the only difference being the timing of 

the Evans Blue injection and its concentration and the wavelengths of acquisition for both 

photoacoustic and fluorescence imaging. Briefly, 50 µL of a 2% solution of Evans Blue was 

injected (corresponding to about 30 mg/kg) directly after the catheter was placed (before MB 

injection and FUS treatment). Photoacoustic imaging was performed at 684 nm while 

fluorescence imaging was measured with λem = 625-655 nm and λem = 695-770 nm. 

3. Acoustic field modelling 
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The modeling of the focal spot was realized with the k-wave toolbox on GraphPad (according 

to Treeby et al). Parameters used are the same as those used for BBB opening. With set-up 1: 1 

MHz frequency, 45 mm probe diameter, and 35 mm radius. With set-up2: 1.5 MHz frequency, 

25 mm probe diameter, and 20 mm radius. 

References:  

 B. E. Treeby, J. Budisky, E. S. Wise, J. Jaros, and B. T. Cox, "Rapid calculation of acoustic 

fields from arbitrary continuous-wave sources," J. Acoust. Soc. Am., vol. 143, no. 1, pp. 529-

537, 2018 
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Supplementary Results 

 

 

Figure S1. Focused ultrasound set-ups. (A) Focal spot guiding of the setup 1 (left: top view, right: side 

view). (B) Picture of set-up 1 and acoustic pressure modeling with k-Wave (1 MHz, 315 kPa PNP). (C) 
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Oscilloscope measure of the parameters used with the set-up 1, indicating pulse repetition frequency 

(PRP) and duty cycle (DC). (D) Picture of MRI compatible set-up 2 and acoustic pressure modeling with 

k-Wave (1.5 MHz, 380 kPa PNP). (E) Oscilloscope scheme of the parameters used with the MRI 

compatible set-up, indicating pulse repetition frequency (PRP) and duty cycle (DC).  
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Figure S2. BBB opened volume detected in vivo with photoacoustic 30 minutes after FUS procedure and 

injection of 0.5 to 0.25 mg of ICG or 1 mg of Evans blue (n = 4 to 6). Data expressed as mean +/- SEM. #: 

p-value < 0.1; *: p-value < 0.05. Mann-Whitney bilateral test. 

 

 

Figure S3. In vivo photoacoustic kinetics from 15 to 60 minutes after FUS treatment and a 50 µL injection 

of 2% Evans blue. (A) In vivo B-mode ultrasound imaging (grey) and representative photoacoustic 

images (red) at 684 nm in the ipsilateral BBB opened, treated region T compared to the contralateral 

control region C. (B) Graphical representation of the signal-to-noise ratio calculation made by dividing 

the signal in the T or C region by the noise N. (n = 4). Data expressed as mean +/- SEM. #: p-value < 0.1; 

*: p-value < 0.05; **: p-value < 0.01; Wilcoxon bilateral test region T vs region C. 
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Figure S4. Fluorescence imaging of mice treated with FUS and MB after Evans Blue injection, λem = 625-

655 nm and λem = 695-770 nm. (A) in vivo and (B) ex vivo. Images were taken 1 h after FUS treatment. 

 

 

Figure S5. Kinetics of ICG extravasation decrease normalized with mean contrast signal at t0, measured 

with ex vivo fluorescence measures as generated for Figure 7 (n = 6). Contrast agents were co-injected 

directly after the FUS procedure or with a delay of 30 to 120 minutes. Ex vivo fluorescence was 

performed on brains collected 24 h after FUS. Data are expressed as mean +/- SEM. One-phase decay 

exponential fit. 



178 
 

Partie 3 : Délivrance de gènes dans le cerveau assistée par ultrason 
et microbulles cationiques pour la thérapie du syndrome de l’X 
fragile 

 

Résumé en français : 

Introduction :  

La thérapie génique est une technique prometteuse pour traiter de nombreuses maladies, en 

induisant l’expression d’un transgène ou en modulant l’expression d’un gène. Cependant, son utilisation 

dans le cerveau est difficile à cause de la barrière hémato-encéphalique (BHE) qui bloque le passage de 

plus de 98 % des molécules, y compris les vecteurs de thérapies géniques. L’utilisation de microbulles de 

gaz couplées à des ultrasons est une méthode efficace pour ouvrir la BHE. Cette ouverture permet la 

délivrance de molécules thérapeutiques telles que des acides nucléiques. Cela permet l’utilisation dans le 

cerveau d’une méthode non invasive de thérapie génique, ouvrant des possibilités thérapeutiques pour 

de nombreuses maladies du système nerveux central, telles que le syndrome de l’X fragile, qui manquent 

de traitements efficaces. Les microbulles utilisées pour cette application peuvent être fonctionnalisées, 

permettant d’améliorer la délivrance de gènes. L’utilisation de microbulles cationiques permet de fixer 

les acides nucléiques à leur surface, améliorant la délivrance ciblée du transgène. 

L’objectif de cette partie est d’optimiser un protocole de délivrance non virale d’ADN plasmidique 

dans le cerveau utilisant des ultrasons focalisés couplés aux microbulles et de démontrer la preuve de 

concept de l’utilisation de ce protocole pour traiter le syndrome de l’X fragile. 

Méthodes : 

Pour cela, les microbulles cationiques de première génération précédemment présentées seront 

utilisées (Résultats partie 1). L’interaction de ces microbulles cationiques avec l’ADN plasmidique a été 

d’abord caractérisée en cytométrie en flux et en microscopie confocale. Puis, l’effet de cette interaction sur 

la stabilité et la cavitation sous ultrasons des microbulles a été étudié. Nous avons ensuite optimisé un 

protocole de transfert de gène utilisant un gène rapporteur codant pour la luciférase dans le cerveau de 

souris wild-type (WT) et de souris modèles du syndrome de l’X fragile (Fmr1-KO) en fonction de la 

pression acoustique utilisée et du temps de sonication. L’analyse de l’expression a été réalisée par 

imagerie de bioluminescence de l’expression de luciférase. Par la suite, l'efficacité de ce protocole pour 
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exprimer le transgène Fmr1 dans les souris Fmr1-KO a été étudiée. Pour finir, un protocole de transfert 

de gènes dans le cerveau entier a été mis en place avec le déplacement de la sonde.  

Cette étude est présentée sous la forme d’un article qui sera prochainement publié après révision 

des co-auteurs. Dans des expériences additionnelles à la suite de cet article, l’effet du protocole de 

transfert de gène sur des biomarqueurs de l’inflammation a été étudié par RT-qPCR. Des nanoparticules 

lipidiques ont ensuite été développées et ont été utilisées comme méthode alternative de transfert de gène 

non virale, en les associant avec nos microbulles non fonctionnalisées, biotinylé pour les lier aux 

nanoparticules, ou cationiques. Ces protocoles ont été utilisés avec la détection de cavitation passive. 

Résultats : 

Nous démontrons dans cette partie que la totalité de nos microbulles cationiques sont capables de 

complexer l’ADN plasmidique. Un ratio de complexation de 3 µg d’ADN pour 1 µL de microbulles 

pendant une minute a été optimisé, permettant d’éviter l’éclatement des microbulles. À ce ratio, nous 

montrons que l’ADN plasmidique réduit la stabilité des microbulles et délaye leur seuil de cavitation, 

mais garde des propriétés acoustiques satisfaisantes pour l’ouverture de la BHE. L’optimisation du 

protocole de délivrance dans le cerveau a révélé une corrélation entre l’ouverture de la BHE et le transfert 

de gène. Cela a révélé que la meilleure condition pour le transfert de gène s’opère à 410 kPa pour 5 

minutes sur les souris WT et à 460 kPa pour une minute sur les Fmr1-KO, révélant la nécessité d’adapter 

le protocole en fonction du modèle utilisé. Malgré une forte expression, nos résultats montrent une 

cinétique d’expression relativement courte, durant sept jours. Ce protocole a également permis de 

restaurer l’expression de Fmr1 dans le cerveau de souris Fmr1-KO, montrant le potentiel de cette stratégie. 

Nous avons montré que ce protocole induit des micro-saignements dans le cerveau et une inflammation 

transitoire, plus forte à des pressions plus élevées. L’utilisation de nanoparticules lipidiques a montré une 

efficacité de transfert de gène comparable aux microbulles cationiques, mais sans amélioration avec 

l’utilisation de microbulles fonctionnalisées. Cela a également révélé une forte corrélation entre la 

cavitation stable induite par les microbulles et le transfert de gène. 

Pour conclure, nous avons développé dans cette partie un protocole de transfert de gène non viral 

dans le cerveau de souris, utilisant des microbulles cationiques complexant l’ADN ou des nanoparticules 

lipidiques associées à des microbulles. Ce protocole peut être utilisé pour restaurer l’expression de Fmr1, 

démontrant la preuve de principe de l’utilisation de cette méthode pour la thérapie génique du syndrome 

de l’X fragile.  
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ABSTRACT 

Fragile X syndrome (FXS) is the most common cause of hereditary intellectual disability (ID) 

and is caused by a mutation in the Fmr1 gene leading to the absence of its coded protein FMRP. 

Gene therapy is a promising method; however, its use in the brain is very challenging due to 

the inability of gene therapy vectors to cross the blood-brain barrier (BBB). In this study we 

produced and characterized novel cationic microbubbles (MB) capable of binding to DNA and 

oscillating under focused ultrasound. We showed that complexation with pDNA impacted 

MB cavitation, with delayed stable and inertial cavitation related to acoustic pressure. They 

were used to deliver a luciferase-coding plasmid in mice, and we demonstrated a correlation 

between BBB opening and gene expression. We optimized the transfection condition as a 410 

kPa 5-minute sonication in Balb/c mice and a 460 kPa 1-minute sonication in Fmr1-KO mice 

after injection of 108 MB complexed with 30 µg of DNA. We demonstrated the ability of our 

protocol to restore Fmr1 expression in Fmr1-KO mice as a proof of concept for FXS gene 
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therapy. Finally, we managed to use these cationic MBs with a whole-brain FUS protocol that 

successfully induced wide blood-brain barrier opening and gene expression. 

 

Keywords: Ultrasound; Microbubble; Blood-brain barrier; Gene delivery; Fmr1 gene 
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1. INTRODUCTION 

 

Gene therapy shows growing interest for the treatment of monogenic disorders. Its ability 

to restore a specific gene expression proved to be particularly efficient with successful clinical 

trials and an FDA approval for onasemnogene abeparvovec (Zolgensma®) in 2019. This 

treatment for spinal muscular atrophy consists of a single intravenous injection of an AAV9 

for children under 2 years old, reaching over 95 % survival after 12 months [1]. Despite its 

efficiency to transduce even motor neurons, this treatment is an exception as AAV are 

generally not capable to transduce efficiently the brain tissue. This is due to the blood-brain 

barrier (BBB) that blocks the passage of any large molecules and over 98% of molecules larger 

than 400 Da into the brain, including AAV or nucleic acid. This poses a significant challenge 

for CNS gene therapy [2–5]. The BBB is a specialized protective structure for the brain. Its 

impermeability arises from several properties such as active transporter or tight junction 

proteins expressed by endothelial cells [6–10]. Few techniques allow crossing of the BBB for 

gene therapy. The use of a specific serotype such as the AAV.PHP.B is an efficient method to 

transduce the CNS, but such serotypes are species-dependent and therefore impossible to use 

in clinical trials [11–14]. Intracerebral and intrathecal injection of AAV are widely used gene 

therapy methods in preclinical studies; however, these procedures are highly invasive and 

therefore challenging to implement in clinical trials. To address this limitation, the use of 

microbubble (MB) oscillation with focused ultrasound (FUS) for BBB opening (BBBo) shows 

increasing interest. This approach opens transiently the BBB in a non-invasive manner 

enabling the delivery of molecules or genes to the brain. This technique has been used for gene 

therapy and shows promising efficiency for the treatment of monogenic CNS disorders such 

as Alzheimer’s disease or neurodevelopmental disorders such as Rett syndrome or fragile X 

syndrome. 

 Fragile X syndrome (FXS) is a monogenic X-linked pathology and the leading hereditary 

cause of intellectual deficiency and autism spectrum disorder [15]. It’s caused by a repetition 

of a CGG codon in 5’UTR of the Fmr1 gene, leading to its hypermethylation and the silencing 

of its expression [16–18]. This leads to the absence of the coded protein, FMRP, mostly 

expressed in the neuronal and glial cells of the CNS. FMRP has a paramount role in mRNA 
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regulation, from transport to translation, but also in the regulation of several protein functions 

[19,20]. Therefore, its absence results in a cascade of dysregulation leading to neuronal and 

glial impairments [21,22]. Clinical trials and commonly employed pharmacological strategies 

attempting to attend to these dysregulations mostly fail to induce significant improvement or 

manage to improve only partially FXS symptoms [23–27]. CNS gene therapy could be a 

promising treatment as shown by preclinical studies by restoring FMRP expression [11,28–30]. 

However, these previous studies are using viral vectors that have certain limitations in their 

applications. 

 In most cases, gene therapy using FUS-associated BBB opening (FUS-BBBo) would use 

standard lipidic microbubbles, generally commercially available, and co-inject a viral vector 

for cell transduction, allowing the expression of a transgene [31–33]. While effectively 

achieving high transduction and transgene expression, viral vector strategies are limited in 

clinical trials due to safety issues, as their injection, especially intravenous, can cause strong 

immune reactions. Another main limitation to viral vector gene therapy is the natural 

immunity to some serotypes within the population. Similarly, after one viral vector therapy, 

there is a risk that the patient may develop antibodies targeted to the serotype used, 

preventing additional treatment with the same viral vector. Viral strategies are also limited by 

their genome packaging capacity (about 4.7 kbp) limiting their application possibilities. In 

addition, AAV production is expensive, making gene therapy difficult to extend widely its 

use.   

In order to improve gene delivery efficiency, custom MBs have been developed with 

functionalization improving gene delivery. Cationic MB (cMB) is a promising strategy as it is 

capable of complexing with nucleic acids, which can protect it from enzymes in the blood, and 

has been shown to enhance its ultrasound-targeted delivery to cells [34,35]. Fan et al. were the 

first to use cMB in the brain, composed of the cationic lipid DSTAP, for GDNF gene delivery 

in a Parkinson's mouse model. This technique allowed sufficient gene expression to restore 

mice behavior after a single treatment [36]. Studies using cationic microbubbles in the brain 

still show relatively low transgene expression and stability. Improving cMB formulation could 

be a way to improve these limitations. As with all MBs, stability and cavitation properties are 

paramount to optimize the BBBo, but in the case of cMB, their composition also needs to 

optimize complexation and delivery of the nucleic acid. The complexation strongly depends 
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on the cationic lipid used. Some cationic lipids showed strong gene transfer efficiency when 

used in liposomes, such as KLN25 (Figure S1.A), a lipophosphoramidate previously used in 

our team [37]. Ionizable lipids can also play an important role in transgene expression as they 

can provide intracellular endosomal escape. This is due to the hydrophilic group that gets 

protonated at low pH, a condition found in late endosomes leading to osmotic swelling and 

liposome membrane rupture. This proton-sponge effect leads to increased nucleic acid 

delivery and routing to the nucleus [38,39]. The ionizable lipid MM27 (Figure S1.B) used in 

our team previously, it showed its effectiveness for gene transfer using liposomes, suggesting 

that this is a suitable candidate to be used in cMB [37,40].  

 In this study we developed custom cationic MB using cationic and ionizable lipids 

based on lipophosphoramidates lipids (KLN25 and MM27) with modified fatty carbon chains 

allowing their use for MB formulations. We show their ability to open the BBB and efficiently 

deliver plasmid DNA to the mice brain, both in a targeted manner and to the whole brain, 

making it a potential strategy for FXS gene therapy. 

 

 

 

2. MATERIAL AND METHODS 

2.1 Animals 

For the initial gene expression analysis, 57 adult female balb/c mice aged above 8 weeks 

(Charles River, France) were used. Then, to test the proof of concept of Fmr1 brain gene 

delivery, 47 adult male Fmr1-KO mice under the C57BL/6JR strain [41] aged from 8 to 12 weeks 

(TAAM, France) and 6 adult male C57BL/6JRj mice aged from 8 to 12 weeks (Janvier Labs, 

France) were also used. All experiments were conducted in accordance with European ethical 

rules; the protocol was approved by the local ethical committees (protocols registered under 

numbers APAFIS#13749, APAFIS#41896, and APAFIS#43771). Mice were housed under 12/12 

light conditions in a controlled atmosphere (22 °C) and fed ad libitum. 
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2.2 Chemicals 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-

3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DMPE-

PEG2000) were purchased from Avanti Polar Lipids (Alabaster, Alabama, USA). The cationic 

lipid KLN27 and the ionizable lipid MM30 were synthesized by WuxiAppTec (China). 

Perfluorobutane was obtained from F2 Chemicals (Preston, United Kingdom). Indocyanine 

Green was obtained from TCI (Portland, USA). Gadolinium contrast agent Gd-DOTA 

(DOTAREM®) was obtained from Guerbet (Villepinte, France). 

All chemicals, unless otherwise stated, were supplied by Sigma Merck. 

 

2.3 Microbubble formulation and characterization 

Custom cationic MB were prepared by mixing DMPC, DMPE-PEG2000, KLN27 and 

MM30 in ethanol at a final concentration of 5.6 mM and at a molar ratio of 44.76 : 2.9 : 43.67 : 

8.67 respectively. This was followed by the formation of liposomes and freeze-drying in 1.5 

mL vials. Vials were sealed, and the headspace was filled with perfluorobutane. MBs were 

activated after solubilization of the liposomes in 500 µL of HEPES buffer (10 mM, pH = 7.4) by 

mechanical agitation at 4500 rpm for 45 s using a Vialmix (BMS, Princeton, New Jersey, USA). 

Activated MB were appropriately diluted and deposited on a 0.2 mm Thoma slide before being 

characterized with optical microscopy for size and concentration under an inverted 

microscope (Leitz, objective ×25). 8 images minimum were done in order to analyze at least 

1000 events using the particle analysis plugin of ImageJ software. MB concentrations were 

determined 5 minutes, 6 hours, or 24 hours after activation but they were used in the first 

hours after activation for all other experiments.  

 

2.4 Characterization of MB cationic properties 

For all in vitro characterization of cMB we used the luciferase-coding plasmid. MB cationic 

properties were first assessed with a gel shift assay. A 0.6% agarose gel was prepared with 

1/10 000th SYBR Safe (Invitrogen) and was allowed to cool down and polymerize. 1 µg of 
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luciferase-coding plasmid DNA (pDNA) was complexed with an increasing amount of MB 

solution (from 0.5 to 5 µL) for 2 minutes before the addition of the loading dye and deposition 

in the gel. Migration was performed with a 120 mV electric current for 20 minutes. Images 

were recorded under a UV light using a gel imaging system. Zeta potential was calculated 

with Malvern Zetasizer Ultra Red using either the liposomes before the freeze-drying step, 

diluted 100-fold in 10 mM NaCl, or using activated MB, diluted 50-fold in 10 mM NaCl. 

Confocal microscopy was performed using Confocal LSM980 AiryScan2 (Carl ZEISS SAS) 

with 1 µL of MB complexed with 1 µg of Cy5-labeled pDNA for 1 minute before being 

deposited on the slide. Luciferase coding pDNA was labeled using the Label IT® Nucleic Acid 

Labeling Kit Cy5 (Mirus, Madison, USA) following their protocol. The same DNA were used 

for flow cytometry where 2.5 µL of cMB were diluted in 250 µL of HEPES buffer (10mM, pH 

= 7.4) and were complexed with increasing Cy5-labeled pDNA, from 0.5 to 7.5 µg. cMB and 

Cy5-labeled pDNA were allowed to complex directly in the cytometer tube and fluorescence 

of cMB were assessed after 1, 2, 5, and 10 minutes of complexation. SSC was performed with 

the violet laser (λ = 450 nm) to improve sensibility with small objects, and fluorescence 

intensity was assessed with the red laser (λ = 633 nm) with a filter band-pass of 660/10 nm. 

Cytometer gating was calibrated using non-cationic MB, with the ratio 1 µL of MB for 1 µg of 

pDNA. 

In order to assess the effect of pDNA loading on cMB stability and acoustic properties, 

1×108 MB with or without 1-minute complexation of 30 µg of pDNA were first dispersed in 50 

mL of PBS with 7.5% of BSA to mimic blood homeostasis and total protein concentration. The 

solution was deposited in a beaker with acoustic absorbents at the bottom, and echogenic 

properties over time were determined using an ultrasound imaging system (VEVOLAZR, 

VisualSonics, Fujifilm, Canada), with the MS250 probe (22 MHz, VisualSonics, Fujifilm, 

Canada) immersed in the solution. Echographic contrast power was measured for 10 minutes 

at a 1 Hz framerate under 150 rpm magnetic steering. Then, cavitation was assessed using a 1 

MHz focused bowl transducer with a 45 mm diameter active element (DL-47 piezo material, 

radius of curvature 45 mm, Precision Acoustics, UK) pierced in the middle to insert a passive 

cavitation detector. It has an ellipsoid-shaped focal spot of 6×1.5 mm and was controlled with 

a custom 3-axis motorized stage (IndustryLab, Orléans, France) with a laser beam used to 

guide the focal spot to the targeted region. The transducer was connected to a linear amplifier 
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(E&I, 210L) connected to a waveform generator (Agilent 33210A) to deliver the ultrasound 

treatment. All systems were calibrated using a hydrophone (Onda HGL200, USA) in a separate 

tank in degassed water. A 1.5 % agarose phantom was prepared with a linear canal formed by 

an 18G needle (OD: 1.27 mm), removed once the gel was fully polymerized. Ultrasound 

coupling between the gel and the transducer was done with water. A 1×108 MB/mL solution 

with or without 30 µg/mL pDNA complexation (for 1 minute before measurement) was 

pushed into the canal at 0.5 mL/min using a syringe pump (Harvard material…) and 1 MHz 

pulsed ultrasound (1 Hz PRF, 5 % DC) was applied. Reflected non-linear signal from MB 

cavitation was detected by a 10 MHz PCD placed at the center of the bowl transducer. Signal 

was amplified by a 20 dB preamplifier (Precision Acoustics) and recorded by a picoscope 5244 

MSO and the picoscope 7 software (Pico Technology, UK). Stable and inertial cavitation doses 

(SCD and ICD) were then calculated using Matlab software. 

 

2.5 FUS-BBBo gene transfer procedure 

Mice were first anesthetized with 2% isoflurane in air, and a catheter (26G) was then 

inserted in the tail vein. The skull was shaved using depilatory cream. Mice were placed on a 

contention system composed of ear bars and an isoflurane anesthesia mask (Minerve, France). 

A transducer was placed in a probe holder with degassed water within a silicone membrane 

(0.2 mm) for optimal ultrasound conduction. It was then placed on top of the mouse skull with 

gel for ultrasound coupling. The transducer used is a 1 MHz focused bowl transducer with a 

45 mm diameter active element (DL-47 piezo material, radius of curvature 45 mm, Precision 

Acoustics, UK) with an ellipsoid-shaped focal spot of 6×1.5 mm. The transducer was controlled 

with a custom 3-axis motorized stage (IndustryLab, Orléans, France) with a laser beam used 

to guide the focal spot to the targeted region. The transducer was connected to a linear 

amplifier (E&I, 210L or 2100, USA) connected to a waveform generator (Agilent 33210A or 

Rigol DG1032Z) to deliver the ultrasound treatment. All systems were calibrated using a 

hydrophone (Onda HGL200, USA) in a separate tank in degassed water. 30 µg of pDNA 

diluted in 100 µL of 5% sucrose HEPES (10 mM, pH = 7.4) were complexed with 1×108 MBs 

also diluted in 100 µL of 5% sucrose HEPES for 1 minute before being injected as a bolus in the 

mice through the catheter. 10 seconds later, pulsed FUS treatment was applied for 1 to 5 
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minutes at 310 to 460 kPa, with a pulse repetition frequency of 1 Hz and a duty cycle of 5 %. 

After the FUS treatment, 50 µL of freshly prepared Indocyanine Green (ICG) solution (2.5 

mg/mL in 5% sucrose) was injected through the catheter to analyze BBB opening. Mice were 

awakened in a dedicated cage and were scored once fully vigilant regarding its weight, aspect, 

or mobility. We used in-house plasmids coding for either luciferase or FRM1-eGFP, derived 

from p-EGFP-C1-Flag-mFmr1 (Addgene plasmid #87929), under a CMV promoter and 

modified with a 3NF enhancer sequence. 

For whole-brain experiments, BBB was permeabilized with an MR-guided FUS device 

described in a previous study [42] (Image Guided Therapy, Pessac, France). Briefly, a 7-

concentric-element transducer (Imasonic, Voray-sur-l’Ognon, France) is embedded on a 2-axis 

motorized system enabling planar displacement, all controlled by the Thermoguide® software 

(Image Guided Therapy, Pessac, France). Injection of MB complexed with luciferase-coding 

pDNA was performed as described above. The probe followed a pathway at 10 mm/s, 

allowing a treatment of the entire brain. It delivered continuous FUS treatment at 1 MHz, 500 

kPa PNP during 348 seconds in raster scan (corresponding to 30 scans of the brain). 

 

2.6 In vivo imaging 

In order to monitor BBB opening, fluorescence imaging of extravasated ICG was 

performed on anesthetized mice with 2% isoflurane using the IVIS Lumina LT Series III 

(Perkin Elmer, Massachusetts, USA). The parameters used were λex = 730-760 nm and λem = 

810-875 nm, with an exposure time of 0.5 to 2 s, a binning of 2 to 4, and an f/stop of 2 to 4. 

Fluorescence imaging in vivo was performed on animals 24 hours after the FUS procedure as 

previously optimized. Fluorescence measurements are expressed as the total fluorescence 

intensity in a circular region of interest (ROI) of 5.76 mm². 

Gene expression was determined in vivo whenever the luciferase pDNA was used with 

its bioluminescence. For this, 200 µL of luciferin solution (30 mg/mL) in PBS was injected 

intraperitoneally. Mice were then anesthetized with 2% isoflurane in air and then were placed 

in the IVIS Lumina LT Series III (Perkin Elmer, Massachusetts, USA). Images were acquired 

10 minutes after luciferin injection. The parameters used were an emission filter open, an 
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excitation filter blocked, an exposure time of 60 to 300 seconds, and a binning of 8. 

Fluorescence imaging was performed at the same time as bioluminescence imaging. 

Bioluminescence imaging in vivo was performed on animals 24 hours to 7 days after the FUS 

procedure. Bioluminescence measurements are expressed as the total radiance in a circular 

ROI of 5.76 mm², consistent with the ROI used for fluorescence imaging. 

 

 

2.7 RT-qPCR 

 

24 hours after the procedure, brains were harvested and sliced using a brain slicer to isolate 

the region with BBBo (2 to 3 mm thick). Brain parts were then frozen immediately in liquid 

nitrogen and stored at −80 °C. Frozen brain parts were crushed using a Precellys Evolution 

Touch at 5500 rpm, 4 °C for 15 seconds. Sample RNA extractions were performed using an 

RNA II NucleoSpin® mini kit (Machery-Nagel EURL, Hoerdt, France) which includes a 

DNAse treatment. RNA quantification was performed using a NanoDrop spectrophotometer 

(Thermo Fischer). The RNA integrity was checked using a BioAnalyzer 2100 (Agilent 

Technologies UK Limited, Wokingham, Berkshire, UK) and was acceptable when the RNA 

integrity number exceeded 7. For all experiments, 500 ng to 1 µg of RNA was used for reverse 

transcription using 200 units of M-MuLV Reverse Transcriptase (New England Biolabs) for 1 

h at 37 °C. The Fmr1 gene expression was evaluated from 100 ng of cDNA by qPCR using a 

Light Cycler II 480 (Roche Applied Science, Meylan, France) with 0.1 µM of Fmr1-specific 

primers (forward: 5′-AGAAAAGTGTCCCACAAGAA-3′, reverse: 5′-

AAGTGCATGTCAATCAACAT-3′) and compared to GAPDH housekeeping gene expression. 

2.8 Immunological staining 

Twenty-four hours after FUS, mice were anesthetized by an intraperitoneal injection of 

500 µL of ketamine-xylazine. This was followed by surgery for an intracardiac injection of 25 

mL of ice-cold PBS using a peristaltic pump at 2.5 mL/min followed by 25 mL injection of ice-

cold 4% PFA solution at 2.5 mL/min. The brains were extracted, and a post-fixation was done 

in 4% PFA at 4 °C for 48 h, followed by 7 days in 30% sucrose. Brains were then embedded in 
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tissue-freezing medium and frozen with isopentane on dry ice. Brain slices of 14 µm thickness 

were done using a cryotome (Cryostar NX50, Epredia) and stored at -20 °C until hematoxylin 

and eosin (H&E) staining. For H&E staining, slides were incubated for 1 minute in absolute 

ethanol, followed by 1 minute in hematoxylin solution. Slides were rinsed with water for 15 

seconds, then chloride for 15 seconds, followed by 1 minute in eosin. Slides were then 

dehydrated rapidly through a series of ethanol baths of increasing concentration, from 70 to 

100%, and finally in 3 baths of xylene. Finally, slides were covered with a protective film, 

images were performed with a slide scanner (DP200, Roche).  

2.9 MRI 

MRI was performed at 4.7T (BioSpec 47/40, Avance III, Bruker, Ettlingen, Germany) at 

the IRMaGe facility (Grenoble, France). The scanner was equipped with a volume transmit coil 

and a single-element surface receive coil. The MRI protocol performed after the FUS treatment 

was as described before: T2-weighted TurboRARE sequence (TR/TE = 2200/36 ms; 13 axial 

slices; FOV = 20×20 mm²; matrix 256×256; voxel size, 78×78×1000 µm3, RARE-factor, 8; Tacq = 

3 min 31s), T1 map RARE VTR sequence (TR, 3000 to 18 ms; TE =6.6 ms; FOV = 20×20 mm²; 

matrix 128×128; voxel size, 156×156×1000 µm3, RARE-factor, 4; 2 slices, Tacq = 12 min 39s) 

performed before and after the intravascular injection of a gadolinium chelate (Gd-DOTA; 

DOTAREM®, Guerbet, Villepinte, France), T1-weighted RARE sequence (TR/TE = 800/7 ms; 

13 slices; FOV = 20×20 mm²; matrix 256×256; voxel size, 78×78×1000 µm3, RARE-factor, 4; axial 

and coronal orientations; Tacq = 1 min 16 s) to evaluate the BBB opening. Then, MRI data were 

processed and analyzed using MP3 software [43]. Gadolinium contrast agent Gd-DOTA was 

obtained from Guerbet (Villepinte, France). 

 

2.10 Statistics 

Nonparametric Mann-Whitney bilateral tests were performed using the R language 

(version 4.4.0, used with R Studio software). Non-linear fit and F-test were performed using 

GraphPad Prism v10. A p-value below 0.05 was considered significant. 
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3. RESULTS 

3.1 Development of cationic MB   

First, optical microscopy characterization of cMB showed that we reached a concentration 

of 9.9×109 +/- 5.0×108 MB/mL in the vials, with a median size of 1.19 +/- 0.02 µm. The size 

distribution of cMB in figure 1 shows a polydisperse but relatively narrow size distribution. 

We then confirmed with the Zetasizer the cationic properties of these MB, with a 19.1 +/- 0.5 

mV zeta potential.    

 

 

Figure 1: Cationic MB characterization. (A) Size distribution of the custom cationic microbubbles (mean 

with SEM, n = 53), with an optical image used for size and concentration determination, optical 

microscope, magnification ×25. (B) Zeta potential of cationic MB. Data expressed as mean +/- SEM. 

Then the cationic properties of cMB and their ability to complex pDNA were assessed in 

vitro. Gel shift assay with increasing cMB amount showed increasing pDNA retained in the 

wells and lowering pDNA shifting in the gel, confirming its complexation. It also indicated 

that 2 µL of cMB were needed to complex 1 µg of pDNA, a ratio at which no shifted DNA 

remained (Figure 2.A). Increasing further the amount of MB reduced the amount of pDNA 

retained in the well due to the buoyancy of cMB, extracting the complexed pDNA from the 

well. This result was confirmed with flow cytometry of cMB complexed for 1 minute with Cy5-

labeled pDNA, where the amount of fluorescent cMB increased significantly with DNA, 

ranging from 69.9 +/- 3.0 % to 97.6 +/- 0.6 % of fluorescent cMB using from 0.2 to 0.5 µg of Cy5-

labeled pDNA, respectively, for 1 µL of cMB, where it reached its maximum (Figure 2.B). As 
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expected, this amount of nucleic acid corresponds to the ratio at which total complexation of 

pDNA was obtained in the gel shift assay. No significant difference in fluorescent cMB was 

observed by increasing pDNA amount further. In addition, flow cytometry following 10-

minute complexation with Cy5-labeled pDNA did not show any significant difference from 

results obtained after a 1-minute complexation. Confocal microscopy also confirmed that 

pDNA complexed on the MB surface, where most MB were positively complexed with Cy5-

labeled pDNA (Figure 2.D). It also showed several fluorescent events too small to be observed 

with the brightfield image, probably due to NB and liposomes complexing with Cy5-labeled 

pDNA. These data demonstrate that all cMB formed were able to complex with nucleic acid 

on their surface and that 1 minute of complexation was enough to load pDNA on the cMB 

surface.  

 

 

 

Figure 2: MB cationic properties. (A) Gel shift assay of 1 µg of pDNA complexed with an increasing 

amount of MB solution, represented as a ratio of pDNA (µg) : MB (µL). (B) Flow cytometry of 1 µL of 

cationic MB complexed for 1 minute with increasing Cy5-labeled pDNA (C) Flow cytometry of 1 µL of 

cationic MB complexed for 10 minutes with increasing Cy5-labeled pDNA (D) Confocal microscopy of 

cationic MB complexed with Cy5-labeled pDNA at a ratio of 1 µg for 1×107 MB with zoomed images 

below. White arrows indicate Cy5-labeled cMB. Left: fluorescence image; right: brightfield. Data 

expressed as mean +/- SEM. 
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3.2 pDNA loading lead to flocculation and cMB loss 

Characterization of cMB complexation also demonstrated that cMB flocculates when 

complexed with pDNA, characterized by MB aggregation leading to their collapse. In optical 

microscopy, MB loss due to flocculation reaches a maximum of 70.1 +/- 0.4 % with 0.5 µg of 

pDNA for 1 µL of MB after over 10 minutes of complexation. This MB loss can be mitigated 

by either lowering or increasing pDNA amount. We observed in flow cytometry an over-

complexed cMB population that evolved with the same dynamic as MB loss from flocculation 

(Figure 3). This population was therefore associated with the apparition of flocculated events. 

We assessed its evolution after one minute of complexation, time sufficient for cMB loading. 

It demonstrated a maximum of flocculation with 0.5 µg of pDNA for 1 µL of cMB reaching 

62.2 +/- 9.1 %, and a significant decrease with higher or lower pDNA amounts, getting as low 

as 3.2 +/- 1.8 % and 2.5 +/- 1.3 % with 0.2 and 3 µg of pDNA, respectively (Figure 2.C). Such 

flocculation was important to address since it can produce MB aggregates larger than 10 µm 

that can be harmful for mice in intravenous injection and can lead to MB collapse. For further 

experiments, the use of 3 µg of pDNA for 1 µL of cMB was favored to avoid excessive MB 

injection in mice. 

 

Figure 3: MB flocculation. (A) Percentage of loss of MB from flocculation assessed in optical microscopy 

after over 10 minutes of complexation with pDNA, using an increasing amount of pDNA, with an image 

of a typical MB flocculation. (B) Flow cytometry of cMB complexed with an increasing amount of pDNA 

(µg) using 1 µL of cMB for 10 minutes. Events were considered positive with a fluorescence superior to 

the first population of fluorescent events, as detailed in figure S2. (C) Flow cytometry of cMB complexed 
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with an increasing amount of pDNA (µg) using 1 µL of cMB for 1 minute. Events were considered 

positive with a fluorescence superior to the first population of fluorescent events, as detailed in figure 

S2. Data expressed as mean +/- SEM. 

 

3.3 Loading of pDNA on cMB surface changes their acoustic properties 

 

Plasmid DNA loading on MB surfaces can lead to the destabilization of the MB and the 

modification of their acoustic properties. We first assessed its effects with ultrasound contrast 

imaging in vitro, in a PBS buffer with blood-like BSA concentration to mimic in vivo 

homeostasis. Contrast enhancement was successfully detected with or without pDNA, with a 

calculated half-life longer than the usual FUS pulse, of 166.7 or 206.9 seconds with or without 

pDNA complexed. However, it showed significantly lower contrast enhancement over time 

with pDNA complexation. 

Then cavitation of cMB showed a clear pressure-related increase of stable and inertial 

cavitation dose both with and without pDNA. SCD was successfully detected from 100 kPa, 

which shows a significant 0.95- to 0.91-fold lower SCD from 100 to 300 kPa with pDNA. Bare 

cMB shows a significant 1.19-fold SCD increase from 100 to 300 kPa, where a plateau is 

reached, followed by a significant 0.94-fold decrease from 450 to 600 kPa. Complexed cMB on 

the other hand, shows a significant 1.29-fold SCD increase from 100 to 600 kPa and reaches an 

SCD significantly higher than bare cMB at 600 kPa. This result indicates a delayed SCD with 

pDNA loading compared to bare cMB. Which is sustained by the fact that no significant 

difference in SCD is found between bare cMB and pDNA-loaded cMB at their respective 

maximums of 450 and 600 kPa. Similar observations can be made with ICD and precursor ICD, 

where precursor ICD is detected starting from 200 and 400 kPa for bare and loaded cMB, and 

ICD from 150 and 300 kPa respectively. Both ICD and precursor ICD with bare cMB display a 

significant increase, reaching their maximum at 450 kPa. Like with SCD, they also show a 

significant decrease from 450 to 600 kPa. Loaded cMB also showed significant ICD and 

precursor ICD increases up to 600 kPa. Significantly lower precursor ICD from 200 to 400 kPa 

was observed compared to bare cMB, and significantly lower ICD was detected from 200 to 

300 kPa. Like SCD, we observe a significantly higher ICD and precursor ICD at 600 kPa with 
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pDNA loading, though there is no significant difference between ICD and precursor ICD using 

their respective maximums. 

 

 

Figure 4: Cavitation analysis from the first generation of cationic microbubbles with or without pDNA. 

(A) MB ultrasound imaging contrast power over time in PBS with 7.5 % BSA of 1×108 MB with or without 

30 µg of pDNA, non-linear regression, and F-test performed with GraphPad Prism v10. (B) Stable 

cavitation dose (C) Precursor inertial cavitation dose, and (D) inertial cavitation dose, calculated with 

the 50 µs pulse signal and as a function of pressure. Data expressed as mean +/- SEM. * = p-value < 0.05; 

** = p-value < 0.01; *** = p-value < 0.001; F-test. 

 

3.4 FUS-BBBo with Cationic MB allows targeted gene transfer to the brain 

 

Used for BBBo and luciferase brain gene delivery, we first show that bioluminescence 

was detected in vivo by using an acoustic pressure superior to 310 kPa for 1 minute, with a 

radiance of 1.06×103 p/s at 310 kPa, identical to background level, and 6.5×104 p/s at 360 kPa. 

This bioluminescence was not significantly increased at 410 kPa, reaching 7.8×104 p/s, but was 

significantly increased at 460 kPa, compared to both 360 and 410 kPa, reaching 1.6×105 p/s. 

Increasing the sonication time from 1 to 5 minutes at 410 kPa also increased bioluminescence, 
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reaching 1.4×105 p/s. Although this increase was not significant, it reached a bioluminescence 

significantly higher than with 360 kPa for 1 minute and not significantly different from 460 

kPa for 1 minute (Figure 5.A). This 5-minute sonication at 460 kPa induces a bioluminescence 

with a fast decline, with a significant decrease of bioluminescence at 3 days after the procedure, 

reaching 1.1×104 p/s. This decline continued with another significant decrease of 

bioluminescence at 7 days after treatment compared to 3 days, reaching 2.3×103 p/s on average, 

close to background value (Figure 5.B). The fluorescence of ICG assessed at 24 h shows a 

correlation with the bioluminescence 24 h after treatment (non-linear regression, R² = 0.52) 

with 1-minute sonication at 360, 410, and 460 kPa, with no significant difference between the 

curves, showing that they follow the same regression fit (Figure 5.C). 

 

 

Figure 5: Brain gene transfer in balb/c mice assessed with luciferase bioluminescence. (A) In vivo 

bioluminescence intensity 24 h after FUS depending on acoustic pressure with a 1-minute sonication 

and effect of a 5-minute sonication at 410 kPa. (B) Bioluminescence in vivo as a function of time after a 

5-minute sonication at 410 kPa. (C) Non-linear regression of in vivo bioluminescence as a function of in 

vivo ICG fluorescence intensity 24 h after FUS with a 1-minute sonication at different acoustic pressures 

(n = 29). Data expressed as mean +/- SEM. * = p-value < 0.05; Mann-Whitney bilateral test. 

 

 

3.5 In vivo gene transfer procedure restores Fmr1 expression in Fmr1-KO mice 
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The FUS-BBBo gene transfer protocol showed a significantly lower bioluminescence in 

Fmr1-KO mice compared to Balb/c mice using either a 5-minute sonication at 410 kPa or a 1-

minute sonication at 460 kPa, reaching 1.7×104 +/- 5.5×103 p/s and 7.4×104 +/- 1.6×104 p/s, 

respectively. In Fmr1-KO mice, unlike with Balb/c, a significantly higher bioluminescence was 

induced by the 1-minute sonication at 460 kPa. Increasing the sonication time to 5 minutes at 

460 kPa induced a small and non-significant increase of bioluminescence to 9.0×104 +/- 1.7×104 

p/s. The sonications at 460 kPa for 1 or 5 minutes were considered the best conditions in Fmr1-

KO mice as they are not significantly different from the 5-minute sonication at 410 kPa in balb/c 

mice. These sonications were used for Fmr1 gene delivery with the Fmr1-coding pDNA; it 

induced a significant expression detected in RT-qPCR. Similarly to bioluminescence, the Fmr1 

expression induced by the 1- or 5-minute sonication at 460 kPa was not significantly different, 

reaching 2.9 % or 3.7 % compared to WT expression. Residual expression of Fmr1 mRNA was 

detected in Fmr1-KO mice, of 0.4 % compared to WT expression on average. The procedure 

safety was assessed in Fmr1-KO mice with the lower 1-minute FUS length in H&E staining. In 

all 4 mice observed with H&E staining, microhemorrhages on the FUS path were detected. 

These microhemorrhages can be observed on the entirety of the brain’s depth, with no visible 

effect of tissue thickness on the FUS effect. 

 

 

Figure 6: Brain gene transfer in Fmr1-KO mice. (A) In vivo bioluminescence intensity 24h after FUS with 

different acoustic pressure or sonication time. (B) Ex vivo Fmr1 expression quantified in RT-qPCR 24 h 

after FUS using an Fmr1-eGFP pDNA, normalized with average WT expression. (C) H&E staining of 

Fmr1-KO mice treated with cMB and Fmr1-coding pDNA, with a 460 kPa 1-minute FUS; white arrows 

indicate microhemorrhages. Data expressed as mean +/- SEM. * = p-value < 0.05; ** = p-value < 0.01; 

Mann-Whitney bilateral test. 
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3.6 Cationic MB can be used for in vivo whole brain gene delivery  

Finally, we used our gene transfer FUS-BBBo protocol in C57/BL6JRj WT mice with an 

MRI-compatible FUS probe mounted on a motor for the treatment of the whole brain. We show 

efficient BBB opening in all mice with 60.6 +/- 4.9 % of the brain opened on average with a 1.18 

+/- 0.03 T1 contrast enhancement ratio after injection of Gd-DOTA, assessed in MRI. MRI T2 

images following the procedure showed no sign of edema or microhemorrhages in all mice. 

Bioluminescence one day after the procedure shows 1.6×104 +/- 7.9×103 p/s/cm²/sr average 

radiance in the whole brain, with a homogeneous signal on the head suggesting gene 

expression in the whole brain. It also shows significantly lower expression with the whole 

brain protocol than the targeted 1-minute sonication at 460 kPa in Fmr1-KO mice. 
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Figure 7: Whole-brain FUS-BBBo gene delivery in C57BL/6 WT mice. (A) Schematic representation of 

the FUS probe pathway; the blue circle indicates the starting point. (B) T1 enhanced contrast image after 

FUS and gadolinium injection, green ROI: BBB opened region, blue ROI: total brain region (C) T2 

pondered images of mice brain after FUS. (D) Graphical representation of BBB opened volume 

calculated with MRI T1 enhanced contrast images. (E) Graphical representation of T1 contrast ratio 

calculated with MRI T1 enhanced contrast images. (F) Average bioluminescence in vivo 24h after FUS 

in the whole brain. Data expressed as mean +/- SEM.  

 

4. DISCUSSION 

 

Our study details the successful development of MB with cationic properties using custom 

cationic and ionizable lipids. These cMB show a size and concentration similar to our 

previously published homemade MB, though slightly lower [42]. The rapid decay of these 

cMB, with a 50% loss of MB within 6 hours, required their immediate use after activation 

(Figure S2). Cationic properties of cMB were confirmed by both gel shift assay, fluorescence 

microscopy, and flow cytometry with Cy5-labeled pDNA. Although the gel shift assay did not 

allow us to specify which object complexed with DNA, fluorescence microscopy indicates that 

pDNA was complexed on both cMB and a smaller object, smaller than the limitation size of 

optical microscopy (> 400 nm). These objects could be either remaining liposomes or 

nanobubbles that can be formed during the mechanical activation. 

Our flow cytometry method, limited by its 500 nm detection threshold, could only assess 

MB and larger NB.  This analysis revealed no significant differences in cMB labeling (amount 

or intensity) across different sized populations, suggesting uniform cationic lipid distribution 

and pDNA complexation, regardless of size. This method also showed that close to 100 % of 

cMB were labeled using over 0.5 µg of pDNA for 1 µL of cMB, further confirming that all MB 

formed contain cationic lipid. In addition, it demonstrated that a 1-minute complexation was 

sufficient, as no significant difference was observed between 1- and 10-minute complexation 

with all pDNA amount used. However, we showed that flocculation occurred when cMB was 

complexed to pDNA. Almost total flocculation occurs at the ratio with 1 µg of pDNA and 2 

µL of cMB, as assessed in optical microscopy, showing that almost no MB remains formed and 
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outside of flocculation clusters. This makes the use of cMB impossible at such a ratio, as the 

loss of cMB will prevail BBBo, and the MB in clusters should not be injected, as they can reach 

a size too high for safe intravenous injection (> 10 µm), inducing the risk of blood clots [44]. 

Flocculation can be reduced by increasing or decreasing the amount of cMB per µg of pDNA, 

making it potentially usable. With optical microscopy it was difficult to assess flocculation 

over time, and it was only assessed after over 10 minutes of complexation and showed at least 

30 % of MB loss. However, flow cytometry showed a population with excessive pDNA 

complexation that shows, after 10 minutes of complexation, similar evolution with pDNA 

amount than MB loss in optical microscopy. This allowed us to assess MB flocculation over 

time and showed that we can reach negligible flocculation with a 1-minute complexation, 

using either 0.2 or 3 µg for 1 µL of pDNA. As BBBo is directly influenced by MB dose, it must 

be reduced as much as possible to avoid severe BBBo and damages from occurring [45]. In 

addition, we need a sufficient pDNA amount to induce clinically relevant gene expression, 

which was set to 30 µg in this study. Therefore, we prioritized the use of a lower MB amount 

for in vivo experiments, where flocculation is negligible, of 1 µL of cMB for 3 µg of pDNA. As 

the pDNA complexed on cMB is the most biologically efficient, we normalized the amount of 

cMB injected in mice to 1×108 cMB, corresponding to around 10 µL of cMB solution, complexed 

with 30 µg of pDNA. 

We then assessed the effect of pDNA complexation on cMB acoustic properties with this 

cMB: pDNA ratio to ensure their ability to open the BBBo through MB cavitation. Ultrasound 

imaging in PBS 7.5 % BSA was used to mimic blood osmolarity and protein concentration. It 

indicated that cMB remains formed and echogenic even with pDNA. Their stability was 

significantly lower, with a slightly reduced half-time, but that remained sufficiently long for 

the classical FUS procedure. However, we show the use of long FUS duration; their efficiency 

will most likely be lower at the end of the FUS procedure due to MB loss. The cavitation 

properties of complexed cMB, on the other hand, show interesting features for BBBo. Indeed, 

we demonstrated a delayed stable and inertial cavitation compared to bare MB, with no 

collapse of MB detected with the pressure studied. This suggests a higher stability during 

cavitation of complexed cMB compared to bare cMB probably due to a stiffer shell from pDNA 

[46,47]. Cavitation analyses highlight that the only acoustic pressure where only stable 

cavitation occurs with no inertial cavitation is at 200 kPa, a pressure much lower than any 
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pressure used in BBBo studies [36,45,48,49]. This suggests that at least some inertial cavitation 

will be required for BBBo and gene delivery. Although MB cavitation is influenced by its 

concentration, which was higher in our in vitro experiments than it will be in brain capillaries 

in vivo, preventing us from drawing direct conclusions between these measures and BBBo 

experiments [50]. However, 300 kPa appears as another interesting pressure, where mostly 

stable cavitation was detected, with no precursor ICD and few ICD. Starting from 400 kPa, 

inertial cavitation is clearly detected, though still significantly lower than with bare cMB 

considering the precursor ICD. In addition, at this pressure, no significant difference is found 

in SCD compared to bare cMB. It shows that this can be an interesting pressure to use in vivo 

to assess the efficiency of gene delivery and BBBo from stable cavitation associated with 

limited inertial cavitation. As previously stated, MB cavitation in vivo will probably be lower 

due to a lower MB concentration and skull FUS reflection; therefore, increasing the acoustic 

pressure higher could be needed to induce sufficient MB cavitation. 

In vivo, we first used these cationic MBs with a previously used pulsed sonication of 1 

minute, with a PRF of 1 Hz, 5% DC, and 310 kPa (about 300 kPa in situ according to 

Gerstenmayer et al. [51]), which matches a pressure where few inertial cavitation was detected, 

as previously stated. We were unable to detect in vivo the BBB opening with ICG fluorescence 

or bioluminescence from luciferase expression while this pulse allowed detectable BBB 

opening in our previous study with neutral MB. Increasing the acoustic pressure to 360 kPa 

allowed BBB opening detectable in vivo in all mice, associated with bioluminescence of 

luciferase strong enough to be also detected in vivo. In itself, this indicates that we already 

reached potentially stronger gene expression than the study from Fan et al. that needed to 

assess bioluminescence of luciferase ex vivo, as gene expression was not strong enough [36]. 

Increasing further the acoustic pressure increased bioluminescence, with a maximum reached 

at 460 kPa, where the scoring of mice started to show signs of damage in some mice, with mild 

impaired mobility associated with weight loss (< 20 %) one day post-treatment. This 

observation confirmed the previous statement, reinforcing the idea that inertial cavitation 

occurs at this pressure. Due to this effect, acoustic pressure was not increased further. We then 

assessed the effect of sonication time with 410 kPa, the strongest acoustic pressure where 

scoring did not show impaired mobility, and few inertial cavitations were measured. 

Increasing this sonication time to 5 minutes also increased the bioluminescence, although not 
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significantly compared to 1 minute at the same pressure. However, it reached a 

bioluminescence with no significant difference from the 1-minute sonication at 460 kPa. Mice 

scoring also showed signs of damage with this 5-minute sonication, but with fewer 

occurrences than with the 1-minute sonication at 460 kPa (36 % versus 46 % respectively). The 

damage observed one day post-treatment resolved within seven days in all scored mice, 

indicating rapid resorption. 

As the 5-minute sonication at 410 kPa showed one of the highest bioluminescence with less 

damage it was used to study the kinetics of luciferase expression with the bioluminescence 

over time, although all sonication shows similar kinetics (data not shown). We observed peak 

gene expression one day post-treatment, followed by a rapid decline, unlike Fan et al., who 

showed maximum bioluminescence at 54 h after treatment [36]. Bioluminescence in vivo 

reached values close to background at 7 days after treatment but was undetectable in some 

mice. Our protocol supports gene expression for at least 7 days post-treatment, albeit with a 

rapid decline. While the absence of an in vivo signal does not necessarily indicate the absence 

of gene expression, it may reflect levels below the detection limit. 

BBBo was assessed in vivo with ICG fluorescence at 24 h after treatment. As already 

demonstrated with viral vectors, we show for the first time with a non-viral strategy that in 

vivo gene expression following non-viral gene delivery is correlated with BBBo [33]. This was 

demonstrated by the correlation between extravasated ICG fluorescence and bioluminescence 

from transgene expression, both assessed at 24h. Although the fit was relatively poor (R² = 

0.52) with several unstable parameters calculated by GraphPad Prism software. In addition, 

all 1-minute sonications significantly follow the same fit, confirming this correlation. The 5-

minute sonication also significantly follows the same distribution as the rest of the conditions 

(p-value = 0.95), but the resulting fit has a lower quality (R² = 0.37). This suggests that increasing 

sonication time increased gene delivery mostly by increasing BBBo. 

The sonication of 5 minutes at 410 kPa was estimated as the best option to induce strong 

gene transfer with lower damage and was used in Fmr1-KO mice. We must note that 

bioluminescence was significantly lower in Fmr1-KO mice compared to Balb/c (Figure S5). The 

second-best condition (1 minute at 460 kPa) yielded significantly lower bioluminescence than 

in Balb/c mice but significantly higher bioluminescence than the 5-minute sonication at 410 
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kPa. This suggests that acoustic pressure in male Fmr1-KO mice needs to be increased 

compared to the female Balb/c mice. This difference likely relates to ultrasound transmission, 

which is affected by skull and tissue thickness which can vary across mouse strains. We still 

decided to avoid increasing the acoustic pressure further as scoring of mice as described above 

started to show signs of damage in some mice (22 %). To enhance gene transfer, we increased 

the sonication time to 5 minutes at 460 kPa, which showed a slight and non-significant increase 

of bioluminescence. As it did not increase the occurrence of signs of damage from the mice’s 

scoring (10%), both conditions were used to restore Fmr1 expression in mice. qPCR analysis 

demonstrated partial Fmr1 restoration in the brain of treated mice, validating our gene 

therapy. However, expression remained significantly lower than wild-type levels. Both 

sonications showed similar effects. This confirmed the result assessed in bioluminescence that 

increasing the sonication time at this pressure and had few effects on gene delivery. This may 

be due to the rapid MB decline observed in ultrasound imaging, preventing full utilization of 

longer sonication times. The assessment of the procedure's safety with H&E staining 

demonstrated the presence of microhemorrhages using the 1-minute 460 kPa FUS treatment. 

This further indicates that inertial cavitation at this pressure is too frequent, leading to 

transient brain damage. We will therefore need to use lower acoustic pressures that still 

demonstrated strong gene expression in vivo and increase gene expression another way. 

Compared to other studies using cMB in the brain like Fan et al., they induced sufficient gene 

expression for efficient protein restoration and behavioral effect, despite a low gene expression 

assessed in bioluminescence as previously stated [36]. Further experiments must be performed 

to increase Fmr1 transgene expression for an efficient therapy.  

For future gene therapy treatment of FXS, wide gene expression through the CNS will be 

required to ensure the best therapeutic effect. As a proof of concept, we used our cMB with an 

adapted FUS protocol associated with the probe displacement, as shown by Felix et al., that 

allows BBBo in the whole brain. We confirmed using MRI the ability of our whole-brain FUS 

protocol to open the BBB in 60 % of the brain while remaining safe. We also demonstrated for 

the first time using a non-viral strategy wide gene expression in the brain, as assessed with 

bioluminescence imaging. Although gene expression was found to be lower than when using 

a focused FUS protocol at similar pressure. This is due to the long sonication time needed for 

this procedure, as with probe displacement and this focal spot of 1 mm in diameter, 348 
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seconds are needed to treat the whole brain with the equivalent FUS time of a focused 1-minute 

sonication. This duration is 2-fold longer than the half-time of MB stability previously assessed 

in vitro, indicating that a much larger part of cMB is lost over the FUS procedure compared to 

the focused procedure. 

Overall, our study demonstrated the development of novel cationic MB partially 

composed of ionizable lipids and their ability to complex pDNA, cavitate under FUS, opening 

the BBB and delivering pDNA, allowing restoration of Fmr1 gene expression. This is the first 

proof-of-concept to use of FUS-mediated non-viral gene delivery for FXS gene therapy. 

Recently, using mice-specific AAV.PHP.B in adult Fmr1-KO mice, Chadman et al. showed a 

whole-brain restoration of Fmr1 gene expression leads to a therapeutic effect on several 

behavioral phenotypes [11]. This effect was obtained with a restoration of Fmr1 expression 

close to WT, suggesting the need to improve gene expression with our protocol. However, 

unlike with AAV.PHP.B strategy, the use of FUS-mediated non-viral gene delivery can be 

easily translated to clinical trials, as several clinical trials already demonstrated the safety of 

FUS and BBBo in the brain [52–54]. Several strategies should be considered to further enhance 

gene delivery. One such strategy involves extending the sonication time at low acoustic 

pressure to improve BBB opening and subsequent gene delivery while simultaneously 

enhancing the safety of the procedure by mitigating the risk of inertial cavitation. Even though 

this would be limited by the cMB stability, a perfusion of cMB could be used to avoid this 

limitation. The same perfusion can also be used during the whole-brain FUS protocol, 

probably increasing BBBo and gene delivery. Another strategy with delocalization of the 

cationic charge from the MB surface could be attempted, as it can induce lower destabilization. 

This can be achieved by incorporating a cationic polymer into the MB shell or by complexing 

pDNA in liposomes or polymers that can be later attached to the MB surface [55–58].   

In conclusion, our study successfully developed novel cationic microbubbles (cMB) 

incorporating custom cationic and ionizable lipids, demonstrating their ability to complex 

pDNA, cavitate under focused ultrasound (FUS), and facilitate blood-brain barrier (BBB) 

opening for non-viral gene delivery. While cMB characterization revealed promising acoustic 

properties, in vivo experiments highlighted the challenges of achieving robust gene expression, 

particularly in Fmr1-KO mice. Despite these challenges, the study provides the first proof-of-
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concept for FUS-mediated non-viral gene delivery for FXS gene therapy. Future work should 

focus on strategies to enhance gene delivery and expression stability to achieve clinically 

relevant levels of gene expression for effective FXS treatment.  

 

5. Bibliography 

 

1.  Fernandes, B.D.; Krug, B.C.; Rodrigues, F.D.A.; Cirilo, H.N.C.; Borges, S.S.; Schwartz, I.V.D.; 

Probst, L.F.; Zimmermann, I. Efficacy and Safety of Onasemnogene Abeparvovec for the 

Treatment of Patients with Spinal Muscular Atrophy Type 1: A Systematic Review with Meta-

Analysis. PLoS One 2024, 19, doi:10.1371/journal.pone.0302860. 

2.  Pardridge, W.M. Drug Transport across the Blood-Brain Barrier. Journal of Cerebral Blood 

Flow and Metabolism 2012, 32, 1959–1972. 

3.  Pardridge, W.M. The Blood-Brain Barrier: Bottleneck in Brain Drug Development. The 

American Society for Experimental NeuroTherapeutics 2005, 2, 3–14. 

4.  Fischer, H.; Gottschlich, R.; Seelig, A. Blood-Brain Barrier Permeation: Molecular Parameters 

Governing Passive Diffusion. J. Membrane Biol. 1998, 165, 201–211. 

5.  Ghose, A.K.; Viswanadhan, V.N.; Wendoloski, J.J. A Knowledge-Based Approach in Designing 

Combinatorial or Medicinal Chemistry Libraries for Drug Discovery. 1. A Qualitative and 

Quantitative Characterization of Known Drug Databases. J Comb Chem 1999, 1, 55–68, 

doi:10.1021/cc9800071. 

6.  Zhang, S.; Gan, L.; Cao, F.; Wang, H.; Gong, P.; Ma, C.; Ren, L.; Lin, Y.; Lin, X. The Barrier and 

Interface Mechanisms of the Brain Barrier, and Brain Drug Delivery. Brain Res Bull 2022, 190, 

69–83, doi:10.1016/j.brainresbull.2022.09.017. 

7.  Eng, M.E.; Imperio, G.E.; Bloise, E.; Matthews, S.G. ATP-Binding Cassette (ABC) Drug 

Transporters in the Developing Blood–Brain Barrier: Role in Fetal Brain Protection. Cellular 

and Molecular Life Sciences 2022, 79. 

8.  Farquhar, M.G.; Palade, G.E. Junctional Complexes in Various Epithelia. J Cell Biol 1963, 375–

412. 



206 
 

9.  Heinemann, U.; Schuetz, A. Structural Features of Tight-Junction Proteins. Int J Mol Sci 2019, 

20. 

10.  Sugiyama, S.; Sasaki, T.; Tanaka, H.; Yan, H.; Ikegami, T.; Kanki, H.; Nishiyama, K.; Beck, G.; 

Gon, Y.; Okazaki, S.; et al. The Tight Junction Protein Occludin Modulates Blood–Brain Barrier 

Integrity and Neurological Function after Ischemic Stroke in Mice. Sci Rep 2023, 13, 

doi:10.1038/s41598-023-29894-1. 

11.  Chadman, K.K.; Adayev, T.; Udayan, A.; Ahmed, R.; Dai, C.L.; Goodman, J.H.; Meeker, H.; 

Dolzhanskaya, N.; Velinov, M. Efficient Delivery of FMR1 across the Blood Brain Barrier Using 

AAVphp Construct in Adult FMR1 KO Mice Suggests the Feasibility of Gene Therapy for 

Fragile X Syndrome. Genes (Basel) 2023, 14, doi:10.3390/genes14020505. 

12.  Chan, K.Y.; Jang, M.J.; Yoo, B.B.; Greenbaum, A.; Ravi, N.; Wu, W.L.; Sánchez-Guardado, L.; 

Lois, C.; Mazmanian, S.K.; Deverman, B.E.; et al. Engineered AAVs for Efficient Noninvasive 

Gene Delivery to the Central and Peripheral Nervous Systems. Nat Neurosci 2017, 20, 1172–

1179, doi:10.1038/nn.4593. 

13.  Deverman, B.E.; Pravdo, P.L.; Simpson, B.P.; Kumar, S.R.; Chan, K.Y.; Banerjee, A.; Wu, W.L.; 

Yang, B.; Huber, N.; Pasca, S.P.; et al. Cre-Dependent Selection Yields AAV Variants for 

Widespread Gene Transfer to the Adult Brain. Nat Biotechnol 2016, 34, 204–209, 

doi:10.1038/nbt.3440. 

14.  Hordeaux, J.; Wang, Q.; Katz, N.; Buza, E.L.; Bell, P.; Wilson, J.M. The Neurotropic Properties 

of AAV-PHP.B Are Limited to C57BL/6J Mice. Molecular Therapy 2018, 26, 664–668. 

15.  Crawford, D.C.; Acuña, J.M.; Sherman, S.L. FMR1 and the Fragile X Syndrome: Human 

Genome Epidemiology Review. Genetics in Medicine 2001, 3, 359–371. 

16.  Brasa, S.; Mueller, A.; Jacquemont, S.; Hahne, F.; Rozenberg, I.; Peters, T.; He, Y.; McCormack, 

C.; Gasparini, F.; Chibout, S.D.; et al. Reciprocal Changes in DNA Methylation and 

Hydroxymethylation and a Broad Repressive Epigenetic Switch Characterize FMR1 

Transcriptional Silencing in Fragile X Syndrome. Clin Epigenetics 2016, 8, doi:10.1186/s13148-

016-0181-x. 

17.  Tassone, F.; Hagerman, P.J. Expression of the FMR1 Gene. Cytogenet Genome Res 2003, 100, 

124–128, doi:10.1159/000072846. 



207 
 

18.  Ludwig, A.L.; Espinal, G.M.; Pretto, D.I.; Jamal, A.L.; Arque, G.; Tassone, F.; Berman, R.F.; 

Hagerman, P.J. CNS Expression of Murine Fragile X Protein (FMRP) as a Function of CGG-

Repeat Size. Hum Mol Genet 2014, 23, 3228–3238, doi:10.1093/hmg/ddu032. 

19.  Bülow, P.; Zlatic, S.A.; Wenner, P.A.; Bassell, G.J.; Faundez, V. FMRP Attenuates Activity 

Dependent Modifications in the Mitochondrial Proteome. Mol Brain 2021, 14, 

doi:10.1186/s13041-021-00783-w. 

20.  Ascano, M.; Mukherjee, N.; Bandaru, P.; Miller, J.B.; Nusbaum, J.D.; Corcoran, D.L.; Langlois, 

C.; Munschauer, M.; Dewell, S.; Hafner, M.; et al. FMRP Targets Distinct MRNA Sequence 

Elements to Regulate Protein Expression. Nature 2012, 492, 382–386, doi:10.1038/nature11737. 

21.  Doll, C.A.; Scott, K.; Appel, B. Fmrp Regulates Oligodendrocyte Lineage Cell Specification and 

Differentiation. Glia 2021, 69, 2349–2361, doi:10.1002/glia.24041. 

22.  Wang, X.; Zorio, D.A.R.; Schecterson, L.; Lu, Y.; Wang, Y. Postsynaptic FMRP Regulates 

Synaptogenesis in Vivo in the Developing Cochlear Nucleus. Journal of Neuroscience 2018, 38, 

6445–6460, doi:10.1523/JNEUROSCI.0665-18.2018. 

23.  Berry-Kravis, E.; Hagerman, R.; Visootsak, J.; Budimirovic, D.; Kaufmann, W.E.; Cherubini, M.; 

Zarevics, P.; Walton-Bowen, K.; Wang, P.; Bear, M.F.; et al. Arbaclofen in Fragile X Syndrome: 

Results of Phase 3 Trials. J Neurodev Disord 2017, 9, doi:10.1186/s11689-016-9181-6. 

24.  Potter, L.A.; Scholze, D.A.; Biag, H.M.B.; Schneider, A.; Chen, Y.; Nguyen, D. V.; Rajaratnam, 

A.; Rivera, S.M.; Dwyer, P.S.; Tassone, F.; et al. A Randomized Controlled Trial of Sertraline in 

Young Children With Autism Spectrum Disorder. Front Psychiatry 2019, 10, 

doi:10.3389/fpsyt.2019.00810. 

25.  Watkins, L. V.; Moon, S.; Burrows, L.; Tromans, S.; Barwell, J.; Shankar, R. Pharmacological 

Management of Fragile X Syndrome: A Systematic Review and Narrative Summary of the 

Current Evidence. Expert Opin Pharmacother 2024, 25, 301–313. 

26.  Berry-Kravis, E.M.; Harnett, M.D.; Reines, S.A.; Reese, M.A.; Ethridge, L.E.; Outterson, A.H.; 

Michalak, C.; Furman, J.; Gurney, M.E. Inhibition of Phosphodiesterase-4D in Adults with 

Fragile X Syndrome: A Randomized, Placebo-Controlled, Phase 2 Clinical Trial. Nat Med 2021, 

27, 862–870, doi:10.1038/s41591-021-01321-w. 

27.  Berry-Kravis, E.; Horrigan, J.P.; Tartaglia, N.; Hagerman, R.; Kolevzon, A.; Erickson, C.A.; 

Hatti, S.; Snape, M.; Yaroshinsky, A.; Stoms, G.; et al. A Double-Blind, Randomized, Placebo-



208 
 

Controlled Clinical Study of Trofinetide in the Treatment of Fragile X Syndrome. Pediatr 

Neurol 2020, 110, 30–41, doi:10.1016/j.pediatrneurol.2020.04.019. 

28.  Jiang, Y.; Han, L.; Meng, J.; Wang, Z.; Zhou, Y.; Yuan, H.; Xu, H.; Zhang, X.; Zhao, Y.; Lu, J.; et 

al. Gene Therapy Using Human FMRP Isoforms Driven by the Human FMR1 Promoter 

Rescues Fragile X Syndrome Mouse Deficits. Mol Ther Methods Clin Dev 2022, 27, 246–258, 

doi:10.1016/j.omtm.2022.10.002. 

29.  Hooper, A.W.M.; Wong, H.; Niibori, Y.; Abdoli, R.; Karumuthil-Melethil, S.; Qiao, C.; Danos, 

O.; Bruder, J.T.; Hampson, D.R. Gene Therapy Using an Ortholog of Human Fragile X Mental 

Retardation Protein Partially Rescues Behavioral Abnormalities and EEG Activity. Mol Ther 

Methods Clin Dev 2021, 22, 196–209, doi:10.1016/j.omtm.2021.06.013. 

30.  Wong, H.; Hooper, A.W.M.; Kang, H.R.; Lee, S.J.; Zhao, J.; Sadhu, C.; Rawat, S.; Gray, S.J.; 

Hampson, D.R. CNS-Dominant Human FMRP Isoform Rescues Seizures, Fear, and Sleep 

Abnormalities in Fmr1-KO Mice. 2023, doi:10.1172/jci. 

31.  Thévenot, E.; Jordão, J.F.; O’Reilly, M.A.; Markham, K.; Weng, Y.Q.; Foust, K.D.; Kaspar, B.K.; 

Hynynen, K.; Aubert, I. Targeted Delivery of Self-Complementary Adeno-Associated Virus 

Serotype 9 to the Brain, Using Magnetic Resonance Imaging-Guided Focused Ultrasound. 

Hum Gene Ther 2012, 23, 1144–1155, doi:10.1089/hum.2012.013. 

32.  Weber-Adrian, D.; Kofoed, R.H.; Silburt, J.; Noroozian, Z.; Shah, K.; Burgess, A.; Rideout, S.; 

Kügler, S.; Hynynen, K.; Aubert, I. Systemic AAV6-Synapsin-GFP Administration Results in 

Lower Liver Biodistribution, Compared to AAV1&2 and AAV9, with Neuronal Expression 

Following Ultrasound-Mediated Brain Delivery. Sci Rep 2021, 11, doi:10.1038/s41598-021-

81046-5. 

33.  Ajenjo, J.; Seo, J.W.; Foiret, J.; Wu, B.; Raie, M.N.; Wang, J.; Fite, B.Z.; Zhang, N.; Malek, R.; 

Beinat, C.; et al. PET Imaging of Focused-Ultrasound Enhanced Delivery of AAVs into the 

Murine Brain. Theranostics 2023, 13, 5151–5169, doi:10.7150/thno.85549. 

34.  Wu, M.X.; Zhou, Y.; Zhou, X.Y.; Xu, Y. Ultrasound-Targeted Cationic Microbubble-Mediated 

Gene Transfection and Inhibition of Retinal Neovascularization. Int J Ophthalmol 2022, 15, 

876–885, doi:10.18240/ijo.2022.06.04. 

35.  Vannan, M.; McCreery, T.; Li, P.; Han, Z.; Unger, E.; Kuersten, B.; Nabel, E.; Rajagopalan, S. 

Ultrasound-Mediated Transfection of Canine Myocardium by Intravenous Administration of 



209 
 

Cationic Microbubble-Linked Plasmid DNA. Journal of the American Society of 

Echocardiography 2002, 15, 214–218, doi:10.1067/mje.2002.119913. 

36.  Fan, C.H.; Ting, C.Y.; Lin, C.Y.; Chan, H.L.; Chang, Y.C.; Chen, Y.Y.; Liu, H.L.; Yeh, C.K. 

Noninvasive, Targeted, and Non-Viral Ultrasound-Mediated GDNF-Plasmid Delivery for 

Treatment of Parkinson’s Disease. Sci Rep 2016, 6, doi:10.1038/srep19579. 

37.  Gonçalves, C.; Akhter, S.; Pichon, C.; Midoux, P. Intracellular Availability of PDNA and 

MRNA after Transfection: A Comparative Study among Polyplexes, Lipoplexes, and 

Lipopolyplexes. Mol Pharm 2016, 13, 3153–3163, doi:10.1021/acs.molpharmaceut.6b00376. 

38.  Van De Wetering, P.; Moret, E.E.; Schuurmans-Nieuwenbroek, N.M.E.; Van Steenbergen, M.J.; 

Hennink, W.E. Structure-Activity Relationships of Water-Soluble Cationic 

Methacrylate/Methacrylamide Polymers for Nonviral Gene Delivery. Bioconjug Chem 1999, 10, 

589–597, doi:10.1021/bc980148w. 

39.  Yang, S.; May, S. Release of Cationic Polymer-DNA Complexes from the Endosome: A 

Theoretical Investigation of the Proton Sponge Hypothesis. Journal of Chemical Physics 2008, 

129, doi:10.1063/1.3009263. 

40.  Chatin, B.; Mével, M.; Devallière, J.; Dallet, L.; Haudebourg, T.; Peuziat, P.; Colombani, T.; 

Berchel, M.; Lambert, O.; Edelman, A.; et al. Liposome-Based Formulation for Intracellular 

Delivery of Functional Proteins. Mol Ther Nucleic Acids 2015, 4, e244, 

doi:10.1038/mtna.2015.17. 

41.  Cathy E. Bakker; Coleta Verheij; Rob Willemsen; Robert van der Heim; Frank Oerlemans; 

Marcel Vermey; Anne Bygrave; André T. Hoogeveen; Ben A. Oostra Fmrl Knockout Mice: A 

Model to Study Fragile X Mental Retardation. Cell 1994, 78, 23–33. 

42.  Rigollet, S.; Rome, C.; Ador, T.; Dumont, E.; Pichon, C.; Delalande, A.; Barbier, E.L.; Stupar, V. 

FUS-Mediated BBB Opening Leads to Transient Perfusion Decrease and Inflammation without 

Acute or Chronic Brain Lesion. Theranostics 2024, 14, 4147–4160, doi:10.7150/thno.96721. 

43.  Brossard, C.; Montigon, O.; Boux, F.; Delphin, A.; Christen, T.; Barbier, E.L.; Lemasson, B. MP3: 

Medical Software for Processing Multi-Parametric Images Pipelines. Front Neuroinform 2020, 

14, doi:10.3389/fninf.2020.594799. 

44.  Steinman, J.; Koletar, M.M.; Stefanovic, B.; Sled, J.G. 3D Morphological Analysis of the Mouse 

Cerebral Vasculature: Comparison of in Vivo and Ex Vivo Methods. PLoS One 2017, 12, 

doi:10.1371/journal.pone.0186676. 



210 
 

45.  Hsu, Y.H.; Lee, W.C.; Chu, S.S.; Chao, M.E.; Wu, K.S.; Liu, R.S.; Wong, T.T. Influence of 

Acoustic Parameters and Sonication Schemes on Transcranial Blood–Brain Barrier Disruption 

Induced by Pulsed Weakly Focused Ultrasound. Pharmaceutics 2022, 14, 

doi:10.3390/pharmaceutics14061207. 

46.  Marmottant, P.; van der Meer, S.; Emmer, M.; Versluis, M.; de Jong, N.; Hilgenfeldt, S.; Lohse, 

D. A Model for Large Amplitude Oscillations of Coated Bubbles Accounting for Buckling and 

Rupture. J Acoust Soc Am 2005, 118, 3499–3505, doi:10.1121/1.2109427. 

47.  van der Meer, S.M.; Dollet, B.; Voormolen, M.M.; Chin, C.T.; Bouakaz, A.; de Jong, N.; Versluis, 

M.; Lohse, D. Microbubble Spectroscopy of Ultrasound Contrast Agents. J Acoust Soc Am 

2007, 121, 648–656, doi:10.1121/1.2390673. 

48.  Chen, H.; Konofagou, E.E. The Size of Blood-Brain Barrier Opening Induced by Focused 

Ultrasound Is Dictated by the Acoustic Pressure. Journal of Cerebral Blood Flow and 

Metabolism 2014, 34, 1197–1204, doi:10.1038/jcbfm.2014.71. 

49.  Samiotaki, G.; Konofagou, E.E. Dependence of the Reversibility of Focused-Ultrasound-

Induced Blood-Brain Barrier Opening on Pressure and Pulse Length in Vivo. IEEE Trans 

Ultrason Ferroelectr Freq Control 2013, 60, 2257–2265, doi:10.1109/TUFFC.2013.6644731. 

50.  Haghi, H.; Yaali, M.; Exner, A.A.; Kolios, M.C. Experimental Investigation on the Effect of 

Concentration on the Resonance Frequency of Lipid Coated Ultrasonically Excited 

Microbubbles. Ultrason Sonochem 2025, 112, doi:10.1016/j.ultsonch.2024.107170. 

51.  Gerstenmayer, M.; Fellah, B.; Magnin, R.; Selingue, E.; Larrat, B.; Acoustic, B.L. Acoustic 

Transmission Factor through the Rat Skull as a Function of Body Mass, Frequency and 

Position. Ultrasound Med Biol 2018, 44, doi:10.1016/j.ultrasmedbio.2018.06.005ï. 

52.  Mehta, R.I.; Carpenter, J.S.; Mehta, R.I.; Haut, M.W.; Wang, P.; Ranjan, M.; Najib, U.; D’Haese, 

P.F.; Rezai, A.R. Ultrasound-Mediated Blood–Brain Barrier Opening Uncovers an Intracerebral 

Perivenous Fluid Network in Persons with Alzheimer’s Disease. Fluids Barriers CNS 2023, 20, 

doi:10.1186/s12987-023-00447-y. 

53.  Rezai, A.R.; Ranjan, M.; Haut, M.W.; Carpenter, J.; D’Haese, P.F.; Mehta, R.I.; Najib, U.; Wang, 

P.; Claassen, D.O.; Chazen, J.L.; et al. Focused Ultrasound–Mediated Blood-Brain Barrier 

Opening in Alzheimer’s Disease: Long-Term Safety, Imaging, and Cognitive Outcomes. J 

Neurosurg 2023, 139, 275–283, doi:10.3171/2022.9.JNS221565. 



211 
 

54.  Gandhi, K.; Barzegar-Fallah, A.; Banstola, A.; Rizwan, S.B.; Reynolds, J.N.J. Ultrasound-

Mediated Blood–Brain Barrier Disruption for Drug Delivery: A Systematic Review of Protocols, 

Efficacy, and Safety Outcomes from Preclinical and Clinical Studies. Pharmaceutics 2022, 14, 

doi:10.3390/pharmaceutics14040833. 

55.  Jin, Q.; Wang, Z.; Yan, F.; Deng, Z.; Ni, F.; Wu, J.; Shandas, R.; Liu, X.; Zheng, H. A Novel 

Cationic Microbubble Coated with Stearic Acid-Modified Polyethylenimine to Enhance DNA 

Loading and Gene Delivery by Ultrasound. PLoS One 2013, 8, 

doi:10.1371/journal.pone.0076544. 

56.  Ji, J.; Ji, J.; He Xia Preparation of Ultrasound Microbubbles Crosslinked to Albumin 

Nanoparticles Packaged with Tissue-Type Plasminogen Activator Gene Plasmid and Method 

of in Vivo Transfection. J Exp Pharmacol 2011, 35, doi:10.2147/jep.s17178. 

57.  Lentacker, I.; De Geest, B.G.; Vandenbroucke, R.E.; Peeters, L.; Demeester, J.; De Smedt, S.C.; 

Sanders, N.N. Ultrasound-Responsive Polymer-Coated Microbubbles That Bind and Protect 

DNA. Langmuir 2006, 22, 7273–7278, doi:10.1021/la0603828. 

58.  Kwak, G.; Grewal, A.; Slika, H.; Mess, G.; Li, H.; Kwatra, M.; Poulopoulos, A.; Woodworth, 

G.F.; Eberhart, C.G.; Ko, H.S.; et al. Brain Nucleic Acid Delivery and Genome Editing via 

Focused Ultrasound-Mediated Blood-Brain Barrier Opening and Long-Circulating 

Nanoparticles. ACS Nano 2024, 18, 24139–24153, doi:10.1021/acsnano.4c05270. 

59.  Di, J.; Du, Z.; Wu, K.; Jin, S.; Wang, X.; Li, T.; Xu, Y. Biodistribution and Non-Linear Gene 

Expression of MRNA LNPs Affected by Delivery Route and Particle Size. Pharm Res 2021, 

doi:10.1007/s11095-022-03166-5/Published. 

60.  Liu, B.; Sajiki, Y.; Sridharan, A.; Stuart, W.; Cui, X.; Siefert, M.; Araki, K.; Ziady, A.; Shi, D.; 

Whitsett, J.A.; et al. PBAE-PEG Based Lipid Nanoparticles for Lung Cell-Specific Gene Delivery 

2024. 

61.  Tuma, J.; Chen, Y.J.; Collins, M.G.; Paul, A.; Li, J.; Han, H.; Sharma, R.; Murthy, N.; Lee, H.Y. 

Lipid Nanoparticles Deliver MRNA to the Brain after an Intracerebral Injection. Biochemistry 

2023, 62, 3533–3547, doi:10.1021/acs.biochem.3c00371. 

62.  Khare, P.; Edgecomb, S.X.; Hamadani, C.M.; Tanner, E.E.L.; S Manickam, D. Lipid 

Nanoparticle-Mediated Drug Delivery to the Brain. Adv Drug Deliv Rev 2023, 197. 

63.  Ogawa, K.; Kato, N.; Yoshida, M.; Hiu, T.; Matsuo, T.; Mizukami, S.; Omata, D.; Suzuki, R.; 

Maruyama, K.; Mukai, H.; et al. Focused Ultrasound/Microbubbles-Assisted BBB Opening 



212 
 

Enhances LNP-Mediated MRNA Delivery to Brain. Journal of Controlled Release 2022, 348, 34–

41, doi:10.1016/J.JCONREL.2022.05.042. 

64.  Oda, Y.; Kumagai, Y.; Kanai, M.; Iwama, Y.; Okura, I.; Minamida, T.; Yagi, Y.; Kurosawa, T.; 

Greener, B.; Zhang, Y.; et al. Immunogenicity and Safety of a Booster Dose of a Self-Amplifying 

RNA COVID-19 Vaccine (ARCT-154) versus BNT162b2 MRNA COVID-19 Vaccine: A Double-

Blind, Multicentre, Randomised, Controlled, Phase 3, Non-Inferiority Trial. Lancet Infect Dis 

2024, 24, 351–360, doi:10.1016/S1473-3099(23)00650-3. 

65.  Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, 

S.A.; Rouphael, N.; Creech, C.B.; et al. Efficacy and Safety of the MRNA-1273 SARS-CoV-2 

Vaccine. New England Journal of Medicine 2021, 384, 403–416, doi:10.1056/nejmoa2035389. 

66.  Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez 

Marc, G.; Moreira, E.D.; Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 MRNA Covid-19 

Vaccine. New England Journal of Medicine 2020, 383, 2603–2615, doi:10.1056/nejmoa2034577. 

67.  Leung, A.K.K.; Tam, Y.Y.C.; Chen, S.; Hafez, I.M.; Cullis, P.R. Microfluidic Mixing: A General 

Method for Encapsulating Macromolecules in Lipid Nanoparticle Systems. Journal of Physical 

Chemistry B 2015, 119, 8698–8706, doi:10.1021/acs.jpcb.5b02891. 

68.  Ji, R.; Karakatsani, M.E.; Burgess, M.; Smith, M.; Murillo, M.F.; Konofagou, E.E. Cavitation-

Modulated Inflammatory Response Following Focused Ultrasound Blood-Brain Barrier 

Opening. Journal of Controlled Release 2021, 337, 458–471, doi:10.1016/j.jconrel.2021.07.042. 

69.  Marty, B.; Larrat, B.; Van Landeghem, M.; Robic, C.; Robert, P.; Port, M.; Le Bihan, D.; Pernot, 

M.; Tanter, M.; Lethimonnier, F.; et al. Dynamic Study of Blood-Brain Barrier Closure after Its 

Disruption Using Ultrasound: A Quantitative Analysis. Journal of Cerebral Blood Flow and 

Metabolism 2012, 32, 1948–1958, doi:10.1038/jcbfm.2012.100. 

70.  Hoffmann, M.; Hersch, N.; Gerlach, S.; Dreissen, G.; Springer, R.; Merkel, R.; Csiszár, A.; 

Hoffmann, B. Complex Size and Surface Charge Determine Nucleic Acid Transfer by 

Fusogenic Liposomes. Int J Mol Sci 2020, 21, doi:10.3390/ijms21062244. 

71.  Kheirolomoom, A.; Dayton, P.A.; Lum, A.F.H.; Little, E.; Paoli, E.E.; Zheng, H.; Ferrara, K.W. 

Acoustically-Active Microbubbles Conjugated to Liposomes: Characterization of a Proposed 

Drug Delivery Vehicle. Journal of Controlled Release 2007, 118, 275–284, 

doi:10.1016/j.jconrel.2006.12.015. 



213 
 

72.  De Cock, I.; Lajoinie, G.; Versluis, M.; De Smedt, S.C.; Lentacker, I. Sonoprinting and the 

Importance of Microbubble Loading for the Ultrasound Mediated Cellular Delivery of 

Nanoparticles. Biomaterials 2016, 83, 294–307, doi:10.1016/j.biomaterials.2016.01.022. 

  

 

Funding: This research was funded by ANR FUSBRAIN (Grant ANR -21-CE18-0019), C-Valo 

funding. FEDER and CPER funding for VEVOLAZR. 

Acknowledgments 

The authors are thankful to David GOSSET from the platform MO2VING and to Sebastien 

RIGOLLET and Vasile STUPAR from the platform IRMaGe for their precious help. 

 

 

6. Supplementary results 

 

 

 

Figure S1: Lipid chemical structures (A) KLN27 chemical structure. (B) MM30 chemical structure. 
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Figure S2: MB concentration decay in the vial over time after activation. Data expressed as mean +/- 

SEM.  

 

 

 

Figure S3: Cytometry fluorescence gating. (A) Cationic MB before addition of Cy5-labeled pDNA. (B) 

Cationic MB 10 minutes after complexation with 1 µg of Cy5-labeled pDNA, displaying the complexed 

and flocculated population. 
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Figure S4: In vivo imaging. (A) In vivo fluorescence image of ICG 24 h after FUS procedure. (B) In vivo 

bioluminescence image of ICG 24 h after FUS procedure. Both images are done on the same animal who 

underwent the procedure with a 5-minute sonication at 410 kPa. 

 

 

Figure S5: Gene expression in balb/c mice versus Fmr1-KO mice. (A) Bioluminescence of mice 24 hours 

after the 410 kPa for 5 minutes FUS procedure. (B) Bioluminescence of mice 24 hours after the 1-minute 

460 kPa FUS procedure. Data expressed as mean +/- SEM. * = p-value < 0.05; ** = p-value < 0.01; *** = p-

value < 0.001; Mann-Whitney bilateral test. 
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Figure S6: Plasmid DNA maps made on Ape software of the (A) luciferase-coding plasmid and of the 

(B) eGFP-Fmr1-coding plasmid 
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ADDITIONAL EXPERIMENTS 

 

The previous chapter indicated the need to improve gene delivery and expression stability 

in order to achieve the best therapeutic effect. Lipid nanoparticles (LNPs) are non-viral vectors 

for gene delivery with growing interest in gene therapy. They are commonly used to deliver 

nucleic acids to the muscle, liver, or lungs, displaying high transfection efficiency [59,60]. They 

have also shown their efficiency for gene delivery to the brain using intracerebral injection 

[61,62]. However, such an injection route is invasive and challenging to use in clinical trials, 

highlighting the potential of FUS-mediated BBBo to deliver LNP. This has been previously 

demonstrated by Ogawa et al., validating such a strategy [63]. In addition, several LNPs 

delivering mRNA for COVID-19 vaccines have been recently FDA- and EMA-approved [64–

66]. Compared to cationic MB complexing pDNA, LNPs have the advantage of allowing close 

to total nucleic acid complexation without the risk of injecting a large amount of MB [67]. 

In this additional section, we first further analyzed the effect of cationic MB-mediated 

gene delivery on inflammation markers. Then, we aimed to optimize gene delivery to the brain 

with homemade LNP in association with MB and FUS. This was performed with 

unfunctionalized MB (uMB), or by binding LNP to biotinylated MB (bMB), or with co-injection 

of cationic MB (cMB). 

 

  

1. ADDITIONAL METHODS 

1.1 Animals 

 

Adult female balb/c mice aged above 8 weeks (Charles River, France) were used in this 

study. All experiments were conducted in accordance with European ethical rules; the 

protocol was approved by the local ethical committees (protocols registered under numbers 

APAFIS#13749). Mice were housed under 12/12 light conditions in a controlled atmosphere 

(22 °C) and fed ad libitum. 

 

1.2 Chemicals 
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1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000), 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-

PEG2000-Biot), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[dibenzocyclooctyl(polyethylene glycol)-2000] (DSPE-PEG2000-DBCO), 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC), and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-

N-[methoxy(polyethylene glycol)-2000] (DMPE-PEG2000), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), and cholesterol were purchased from Avanti Polar lipids 

(Alabaster, Alabama, USA). MM30 was synthesized by the Synanovect platform (Brest, 

France). 

 

1.3 RT-qPCR 

 

Brains were harvested and treated as previously explained until RNA recovery and the 

subsequent cDNA transcription. Gene expression was evaluated from 100 ng of cDNA by 

qPCR using a Light Cycler II 480 (Roche Applied Science, Meylan, France) with 0.1 µM of 

specific primers. 

 

1.4 Lipid nanoparticles formulation 

 

For the custom lipid nanoparticle (LNP) formulation, lipids were first solubilized in 

absolute ethanol at a final concentration of 4 mg/mL. Previously described in-house luciferase-

coding plasmid DNA or mRNA (OZ Biosciences, Marseille, France) was dispersed in citrate 

buffer (50 mM, pH 4) at a final concentration of 62 µg/mL. Liposomes were formed using the 

Nanoassemblr Ignite (Cytiva, Marlborough, Massachusetts, USA) by mixing both solutions in 

a microfluidic chip at 4 mL/min, with a mixing ratio of 3:1 (organic : aqueous), to achieve LNPs 

with a final N/P ratio of 6/1. The liposomes were then rapidly diluted with 1.44 times their 

volume of PBS, and the ethanol solvent was removed by purification using Amicon® 

centrifugal filter units (Millipore, Burlington, Massachusetts, USA), with a 40-minute 4000 g 

centrifugation. Two types of LNPs were prepared, with lipid molar ratios listed in Table 1. 

One formulation was modified to introduce a biotin function on the LNP surface for 
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subsequent streptavidin-biotin binding with bMBs. Following formation and purification, 

LNPs were characterized with dynamic light scattering. Briefly, 1 µL of LNP suspension was 

dispersed in 600 µL of PBS in a suitable tank. DLS measurements were then performed on an 

SZ-100 nanoparticle analyzer (Horiba Scientific); each data is the average of 3 measures. Both 

LNP formulations showed a similar size of 74.7 +/- 1.5 nm on average. 

 

 

DOPE Cholesterol 
DMG-

PEG2000 
MM27 

DSPE-

PEG2000-

biot 

LNP 10 % 39 % 1 % 50 % 0 % 

Biotinylated-LNP 10 % 39 % 0.95 % 50 % 0.05 % 

Table 1: Lipid molar ratio used for LNP and biotinylated-LNP formulation. 

 

1.5 FUS-BBBo gene transfer procedure 

 

The focused ultrasound-mediated BBB opening (FUS-BBBo) procedure was performed as 

previously described. Briefly, mice were anesthetized with 2% isoflurane in air, and a 26G 

catheter was inserted into the tail vein. The skull was then shaved and depilated. A 1 MHz 

focused bowl transducer with a 45 mm diameter active element (DL-47 piezo material, 45 mm 

radius of curvature, Precision Acoustics, UK) was used, with a passive cavitation detector 

(PCD) positioned in the center. The transducer was mounted in a probe holder with degassed 

water contained in a silicone membrane (0.2 mm), which was placed on top of the mouse skull 

with gel for ultrasound coupling. This transducer has an ellipsoid-shaped focal spot (6×1.5 

mm), similar to the previous transducer used. The transducer was controlled by a custom 3-

axis motorized stage (IndustryLab, Orléans, France), with a laser beam to guide the focal spot 

to the targeted region. It was connected to a linear amplifier (E&I, 210L, USA), which in turn 

was linked to a waveform generator (Agilent 33210A) to deliver the ultrasound treatment. The 

10 MHz PCD placed at the center of the bowl transducer was connected to a 20 dB preamplifier 

(Precision Acoustics) for signal amplification. Signal was then recorded by a picoscope 5244 

MSO and the picoscope 7 software (Pico Technology, UK), and the resulting data was 

processed with Matlab software to calculate the spectrum from the Fourier transform. All 



220 
 

systems were calibrated using a hydrophone (Onda HGL200, USA) in a separate tank filled 

with degassed water. 

Stable cavitation dose (SCD) was calculated by averaging the values of all 60 pulses, using 

the area of the 3f0, 4f0, and 5f0 harmonics. Precursor inertial cavitation dose (ICD) was 

calculated using the area of the 2.5f0, 3.5f0, and 4.5f0 ultra-harmonics. Inertial cavitation dose 

was calculated using the broadband area between harmonics and ultra-harmonics. To assess 

the probability of inertial events, FUS sequences were performed in each animal before MB 

injection to measure the baseline signal. A limit for inertial cavitation was set at four times the 

standard deviation calculated from the baseline signal. Any pulse during the FUS-BBBo 

procedure that indicated an ICD or precursor ICD greater than this limit was considered to be 

within the inertial cavitation regime. 

Using unfunctionalized MB (uMB), 0.5 µL of uMB was diluted in 50 µL of 5% sucrose 

HEPES (10 mM, pH = 7.4) and mixed with 100 µL of PBS solution containing either 10 µg of 

pDNA, or LNP containing 10 to 20 µg of pDNA, or 10 µg of mRNA. 

For biotinylated MB (bMB), 0.5 µg of streptavidin was first bound to 0.5 µL of bMB for 10 

minutes in 50 µL of HEPES buffer, followed by the addition of biotinylated LNP containing 10 

µg of pDNA. In the control group without binding, bMB and LNP were used in the same 

proportions and incubated for the same duration, but without the addition of streptavidin. 

For cationic MB (cMB), 10 µL of cMB were diluted in 50 µL of 5% sucrose HEPES (10 mM, 

pH = 7.4) and then complexed for 1 minute with 10 µg of pDNA in 100 µL of HEPES buffer or 

with LNP containing 10 µg of pDNA diluted in 100 µL of PBS. 

The resulting mixtures were injected through the catheter, and 1 minute of pulsed FUS 

treatment was applied at 310 kPa, with a pulse repetition frequency of 1 Hz and a duty cycle 

of 5%. Following this, 50 µL of freshly prepared Indocyanine Green (ICG) solution (2.5 mg/mL 

in 5% sucrose) was injected through the catheter. Mice were then allowed to recover in a 

dedicated cage and were scored once fully alert, based on weight, appearance, and mobility. 

Subsequent in vivo imaging was performed as previously described, at 6, 24, and 48 hours after 

the procedure for mRNA and at 24 and 72 hours after the procedure for pDNA. 

 

1.6 Statistics 
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Nonparametric Mann-Whitney bilateral tests were performed using the R language 

(version 4.4.0, used with R Studio software). Non-linear fit and F-test were performed using 

GraphPad Prism v10. A p-value below 0.05 was considered significant. 

 

2. ADDITIONAL RESULTS AND DISCUSSION 

 

2.1 Cationic microbubble-associated gene delivery induces transitory brain 

inflammation 

 

 Following cMB-mediated gene delivery in WT balb/c mice, we characterized the 

procedure's pro-inflammatory effect. We assessed it using endothelial- and leukocyte-

associated inflammation markers (ICAM-1) and pro-inflammatory cytokine expression linked 

to monocytes (CCL2) and macrophages (IL-1α). We can observe a strong expression increase 

starting at 360 kPa of 265-fold on CCL2, 16-fold on ICAM-1, and 3-fold on IL-1α (Figure 1.A-

C). This expression further increased with acoustic pressure and sonication time, reaching a 

maximum at the condition of 5-minute 410 kPa sonication, with a non-significant 3-fold 

increase in CCL2 and 7-fold increase in ICAM-1, compared to 360 kPa. IL-1α, on the other hand, 

reached a maximum of expression with the 1-minute 410 kPa sonication, with a 4-fold increase, 

and did not further increase with pressure or sonication time used. This inflammation proved 

to be transitory as a strong decrease in CCL2 and ICAM-1 expression was observed at 7 days 

post-treatment, with 34-fold and 8-fold decreases respectively (Figure 1.D-E). However, some 

inflammation appears to be remaining, since this expression did not reach untreated levels, 

and IL-1α showed only a slight 1.4-fold decrease of expression (Figure 1-F). In this experiment, 

no significant changes were observed due to the low number of replicates and the high 

variability. This highlights the need to confirm our results with more thorough analyses 

including additional biomarkers such as Iba-1 and GFAP, to assess the inflammation of 

microglia and astrocytes. However, we still observe transitory pressure-related inflammation, 

as previously described by Ji et al., which demonstrated overexpression of several markers of 

inflammation, including CCL2 [68]. 
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Figure 1: Short-term inflammation assessment following FUS-BBBo with pDNA-loaded cMB. (A-C) 

Relative expression of CCL2 (A), ICAM-1 (B), or IL-1α (C) 24 hours following FUS-BBBo with the 

different FUS sequences. (D-E) Relative expression of CCL2 (A), ICAM-1 (B), or IL-1α (C) 1 to 7 days 

following the 5-minute 410 kPa FUS. 
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2.2 FUS-BBBo allows LNP-mediated brain gene delivery 

 

We first used unfunctionalized MB to deliver nucleic acid, using a BBBo protocol 

optimized previously, where we showed that 1.5×107 MB (corresponding to approximately 0.5 

µL) was the lowest MB dose allowing significant BBBo assessed in vivo (Results part II). It 

showed successful gene delivery with all conditions tested, except when LNPs were injected 

after BBBo, where almost no bioluminescence was detected (data not shown). This led us to 

always co-inject LNP with MB. Using a 2-fold higher LNP dose encapsulating pDNA did not 

show any increase of bioluminescence, suggesting a saturation effect (Figure 2.A). The use of 

mRNA-loaded LNP showed similar gene expression, but with an expectedly lower expression 

kinetics, with a maximum reached 6 hours after treatment and a significant decrease at 24 and 

48 hours (3.9×104 +/- 9.3×103, 1.2×104 +/- 2.8×103, and 3.5×103 +/- 1.4×103 p/s respectively, figure 

2.E) 

Surprisingly, we observed no significant differences between free pDNA and LNP, 

though a higher signal was detected with LNP, reaching 1.9×104 +/- 9.4×103 and 4.5×104 +/- 

1.0×104 p/s, respectively (Figure 2.A). It suggests that pDNA encapsulation in LNP had few 

effects on gene delivery. Considering that our LNP size was relatively large compared to 

habitual nanoparticles delivered [48,69] and that it did not induce gene expression when 

injected after BBBo, they might be too large to cross the opened BBB. Gene delivery occurring 

with LNP co-injected might therefore be the result of LNP destruction during MB cavitation. 

This hypothesis is reinforced by the fact that the use of LNP bound to bMB surface through 

streptavidin-biotin did not enhance bioluminescence compared to co-injection of bMB and 

LNP (2.1×104 +/- 7.1×103 and 1.6×104 +/- 5.9×103 p/s respectively, figure 2.B). In addition, the 

same observation is made using cMB complexed to pDNA or with co-injection of LNP (4.8×104 

+/- 2.5×103 and 5.4×104 +/- 9.9×103 p/s respectively, figure 2.C). Furthermore, using LNP-bound 

bMB or cMB with LNP did not enhance gene delivery compared to unfunctionalized MB 

(Figure 2.D). This is contradictory to the literature, which suggests that size optimization of 

LNP might enhance gene delivery [70–72].  
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Figure 2: Brain gene transfer in balb/c mice assessed with luciferase bioluminescence. (A) In vivo 

bioluminescence of mice 24 hours after FUS associated with unfunctionalized MB (uMB) and injection 

of free pDNA of LNP and effect of pDNA amount. (B) In vivo bioluminescence of mice 24 hours after 

FUS associated with biotinylated MB (bMB) bound to LNP or with free LNP. (C) In vivo bioluminescence 

of mice 24 hours after FUS associated with cationic MB (cMB) and LNP or complexed pDNA. (D) 

Comparison of in vivo bioluminescence of mice 24 hours after FUS associated with uMB, bMB, or cMB 

and LNP injection. (E) In vivo bioluminescence of mice from 6 to 48 hours after FUS associated with 

uMB and injection of mRNA-LNP. 

 

Finally, the analysis of SCD during FUS-BBBo demonstrated a strong correlation with the 

bioluminescence induced after treatment with uMB and LNP (R² = 0.84, figure 3.A). This was 

expected since BBBo is correlated with SCD, and we previously demonstrated that BBBo was 

also correlated with gene expression assessed in bioluminescence. Comparing this non-linear 

regression using an F test with uMB injected with bare pDNA demonstrated a significant 

difference (Figure 3.B). Thus, this indicates that LNP actually induced higher bioluminescence 

than bare pDNA when relativized according to the SCD generated. Comparing the different 

groups with LNP injection also showed significant differences, suggesting that the type of MB 

used slightly influenced gene delivery. Comparing the use of cMB with LNP or pDNA showed 

a strong difference in SCD induced, despite similar bioluminescence induced. This is further 

observed with the inertial cavitation, where we observe more occurrences of precursor inertial 

cavitation events (16.7 +/- 4.2 % and 37.2 +/- 8.4 %, respectively, p = 0.09) and inertial cavitation 

events (6.3 +/- 3.0 % and 25.0 +/- 6.3 %, respectively, p = 0.07). This effect of pDNA complexation 

on MB cavitation was previously described but is opposite to the effect observed here, where 

higher cavitation dose occurs with pDNA complexation, whereas in vitro, pDNA induced 

lower cavitation at the same pressure. This might be due to the difference in complexation 

ratio used here, of 1 µg of pDNA for 1 µL of cMB, which was used to keep the amount of cMB 
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previously used to ensure efficient BBBo, while using the same pDNA amount as encapsulated 

in LNP. Thus, this highlights the importance of the complexation ratio used in the previous 

article, as a higher inertial cavitation would have probably resulted in higher damage 

occurrences. No significant differences were observed between in all other conditions on both 

precursor inertial cavitation events (ranging from 1.7 to 16.7 % on average) and inertial 

cavitation events occurrences (ranging from 0 to 6.3 % on average). This shows that gene 

delivery using LNP under these conditions allowed safe BBBo, as few inertial cavitation events 

were observed. 

 

 

 

Figure 3: In vivo analysis of MB cavitation during FUS-BBBo. (A) In vivo bioluminescence of mice 24 

hours after FUS associated with unfunctionalized MB (uMB) as a function of stable cavitation dose 

(SCD). (B) In vivo bioluminescence of mice 24 hours after FUS-BBBo as a function of SCD. (C) Occurrence 

probability of precursor inertial cavitation dose in vivo during FUS-BBBo. (D) Occurrence probability 

of inertial cavitation dose in vivo during FUS-BBBo. 
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Partie 4 : Évaluation des effets comportementaux d’une thérapie 
génique du syndrome de l’X fragile par ultrasons focalisés et 
ouverture de la BHE 

 

Résumé en français : 

Introduction : 

Le syndrome de l’X fragile est une maladie neurodéveloppementale causée par l’absence 

d’expression du gène Fmr1. Cette maladie est la première cause héréditaire de déficience intellectuelle et 

de trouble du spectre de l’autisme. Il n’existe actuellement aucun traitement efficace et seuls des 

traitements symptomatiques sont actuellement disponibles. La thérapie génique montre des résultats 

prometteurs dans des études précliniques, mais les méthodes utilisées sont difficiles à transférer en essai 

clinique. La délivrance de gènes par ouverture de la barrière hémato-encéphalique (BHE) assistée par 

microbulles est une méthode prometteuse, non invasive et sûre qui pourrait permettre un transfert plus 

facile en essai clinique. 

L’objectif de cette partie est d’évaluer l’efficacité d’un protocole viral de transfert de gène par 

ultrasons associé à des microbulles pour la thérapie du syndrome de l’X fragile, et d’étudier les effets 

thérapeutiques sur le comportement de souris modèles. 

Méthode : 

Pour cela, nos microbulles non fonctionnalisées ont été utilisées et co-injecté avec un AAV2/9 codant 

pour la luciférase pour l’analyse de l’expression ou codant pour Fmr1-eGFP pour évaluer la thérapie 

génique. Les ultrasons focalisés ont été délivrés dans le cerveau entier grâce au déplacement de la sonde 

et le suivi de l’ouverture a été réalisé en imagerie par résonance magnétique avec injection d’un agent de 

contraste de gadolinium. L’effet de la procédure sur les souris Fmr1-KO traitées a été évalué en étude 

comportementale et comparé à des souris wild-type (WT) et Fmr1-KO non traitées ainsi qu’à des souris 

Fmr1-KO ayant reçu la procédure ultrasonore associée à des microbulles sans injection d’AAV. Les 

phénotypes d’hyperactivité, de troubles sociaux et de l’anxiété ont été évalués. À la fin des études 

comportementales, l’expression du transgène et les effets à long terme de la procédure ont été évalués en 

RT-qPCR et en histologie.  
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Les résultats de cette partie sont présentés sous forme d’article qui sera publié prochainement après 

relecture des co-auteurs. Une analyse comportementale supplémentaire est présentée en tant 

qu’expériences additionnelles après cet article.  

Principaux résultats : 

Notre étude montre tout d’abord une large ouverture du cerveau des souris, couvrant plus de 60 % 

du cerveau. Aucun dommage n’a été observé en imagerie par résonance magnétique immédiatement 

après la procédure, et aucun dommage ni marqueurs d’inflammation ne sont observés trois semaines 

après la procédure. L’expression du transgène a atteint en moyenne 15 % de l’expression des souris WT 

et a été détecté principalement dans les neurones du cortex préfrontal, de l’hypothalamus et dans une 

moindre mesure de l’hippocampe. Cette expression de Fmr1 a démontré un effet thérapeutique sur les 

phénotypes d’hyperactivité et de trouble de l’anxiété. Curieusement, l’ouverture de la BHE seule a 

également montré un effet thérapeutique sur le phénotype de troubles sociaux et a participé aux effets 

de l’expression de Fmr1 sur les phénotypes d’hyperactivité et de trouble de l’anxiété. 

Cette étude démontre l’intérêt et la preuve de concept de l’utilisation de notre méthode de thérapie 

génique pour le syndrome de l’X fragile. Elle apporte aussi un nouvel axe de recherche pour la thérapie 

du syndrome de l’X fragile, combinant des effets thérapeutiques de la thérapie génique et de l’ouverture 

de la BHE. 
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ABSTRACT 

Fragile X syndrome is the leading inherited cause of intellectual disability and currently lacks 

effective treatments. This neurodevelopmental disorder is caused by a CGG repeat across the 

5′-non-coding region of the fragile X messenger ribonucleoprotein 1 (Fmr1) gene, silencing its 

expression. Gene therapy designed for monogenic neurodisorders is a promising strategy but 

requires an efficient method to bypass the blood-brain barrier (BBB). In this study, using Fmr1-

KO mice, a whole-brain BBB opening protocol was performed using focused ultrasound 

associated with microbubbles (FUS-BBBo) to deliver an AAV vector. At first, using the AAV-

luciferase vector, we showed over 60 % successful BBB opening on average and widespread 

expression of the luciferase transgene, assessed with bioluminescence. Using the AAV-Fmr1 
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vector, our data showed a more variable and efficient rescue of Fmr1 expression. Thus, our 

analysis by RT-qPCR demonstrated an Fmr1 expression level of approximately 15% in the 

brains of treated Fmr1 KO mice, relative to those of WT. Furthermore, immunohistochemical 

analysis indicated that FMRP expression coded by the transgene was also limited and was 

predominantly localized to neuronal populations in treated Fmr1 KO mice. In order to assess 

the therapeutic effectiveness of our approach, we conducted a behavioral analysis 3 weeks 

after treatment. Re-expression of Fmr1, although limited, appeared to rescue hyperactivity and 

anxiety-like behaviors. Interestingly, in this experimental condition, whole-brain BBB opening 

itself appeared to rescue social impairment and contributed to behavioral rescue promoted by 

transgene expression. These data provide proof-of-concept for the efficacy of FUS-BBBo 

combined with AAV as a potential therapy for FXS-related behaviors, though further research 

is warranted. 

 

Keywords: Gene therapy; Ultrasound; Microbubble; Adeno-associated Virus; Blood-brain 

barrier; Fmr1 gene 
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1. INTRODUCTION 

 

Fragile X syndrome (FXS) is a neurodevelopmental disorder and the leading cause of 

hereditary intellectual disability and autism spectrum disorder, with a prevalence of about 1 

in 4000 males and 1 in 8000 females [1]. FXS results from a genetic alteration in the promoter 

region of the fragile X messenger ribonucleoprotein 1 (Fmr1) gene, where the CGG codon gets 

over-repeated beyond the typical 5 to 55 units, reaching over 200 iterations in the full mutation. 

This repetition leads to the hypermethylation of this locus, resulting in the silencing of Fmr1 

expression and, consequently, the absence of the encoded FMRP (fragile X messenger 

ribonucleoprotein) [2–5]. 

The Fmr1 knockout (KO) mouse model recapitulates the behavioral symptoms observed 

in FXS patients including hyperactivity (one of the most commonly reported), anxiety, and 

social and cognitive impairments [6]. Currently, despite numerous clinical trials exploring 

various pharmacological agents, this neurodevelopmental disorder remains without an 

effective treatment [7–13]. Thus, although various treatment strategies effective for other 

central nervous system (CNS) disorders such as Alzheimer’s disease have been explored in 

FXS, including acetylcholinesterase inhibitors (Donepezil), neuroprotective agents 

(Minocycline), or metabotropic glutamate receptor (Mavoglurant), these efforts have not 

yielded significant results [14–17]. Accordingly, available treatments for FXS are only 

symptomatic, and even the ongoing most promising clinical trials have only shown partial 

improvement [18,19]. Effective treatments currently in clinical trials include methylphenidate 

with effects on attention deficit and social skills (FDA-approved as Ritalin), melatonin for 

improving sleep time and quality, and cannabidiol for communication improvement [20–22]. 

Innovative approaches, particularly gene therapy, offer promising potential by aiming to 

restore FMRP expression. Like other neuropathologies, gene therapy dedicated to the brain 

remains very challenging due to the highly selective blood-brain barrier (BBB), which restricts 

the passage of all molecules larger than 400 Da and of 98% of smaller molecules [23–26]. This 

barrier impermeability is caused by several properties [27], such as active transporters and 

tight junction proteins sealing the endothelial cells together to prevent passive passage of 

molecules [28–31]. Previous attempts at gene therapy for FXS have demonstrated the 
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therapeutic efficiency of an Fmr1 re-expression strategy. However, the methods used to bypass 

the BBB were invasive, such as intracerebral or intrathecal injections, or specific to mouse 

strains such as using AAV.PHP.B serotype. All these strategies are currently challenging to 

use in clinical trials [32–35]. 

While few safe methods exist to open the BBB and enable molecule passage, focused 

ultrasound (FUS) combined with microbubbles has emerged as a leading non-invasive 

technique for this purpose currently explored in clinical trials [36–39]. Microbubbles, initially 

developed as ultrasound contrast agents, are composed of a gas core stabilized by a lipid, 

protein, or polymer shell [40–42]. When subjected to an ultrasound field, microbubbles 

oscillate, generating mechanical forces that transiently disrupt tight junctions through push-

pull actions or microstreaming and shear forces [43–45]. The FUS-mediated BBB transient 

opening (FUS-BBBo) method has recently gained significant interest with ongoing clinical 

trials for the treatment of Alzheimer’s or Parkinson’s disease [46–48]. Several preclinical 

studies have also shown the potential of FUS-BBBo for gene therapy with a co-injection of 

nucleic acids or an AAV9, allowing transgene expression either locally [49] or across the entire 

brain [50]. Such preclinical studies report promising transgene expression and transduction 

rates in rodents and larger animals including primates [51]. Localized FUS-BBBo gene delivery 

has already demonstrated its efficiency to induce behavioral rescue in Parkinson’s disease [52]. 

This method holds promise for treating monogenic neurodisorders and is relatively scalable 

for clinical trials, as demonstrated by existing clinical studies.  

The current study investigates the efficacy of a viral gene therapy approach, using an FUS-

BBBo method, to restore Fmr1 gene expression and to rescue the behavioral phenotypes of 

Fmr1 KO mice. Bioluminescence imaging, RT-qPCR, and immunohistochemistry were 

performed to evaluate the spatiotemporal success of transgene delivery. Subsequently, the 

therapeutic effects were evaluated on behavioral deficits of Fmr1 KO mice, including 

hyperactivity, anxiety, and social impairments. 

 

2. MATERIAL AND METHODS 

2.1 Animals 
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This study was conducted in two steps. The first step was intended for the kinetic analysis of 

gene delivery efficiency based on luciferase expression, and the second step for Fmr1 re-

expression and behavior analysis. Firstly, for luciferase expression analysis with 

bioluminescence imaging, wild-type males (C57BL/6J strain) aged between 8 and 12 weeks 

were used (Janvier Labs, France). Secondly, for Fmr1 re-expression and behavioral analysis, 

male Fmr1-KO2 mice (Fmr1-/y) and Fmr1+/y control mice (Fmr1+/y) aged over 8 weeks. These mice 

were kindly gifted from the Netherlands Institute for Neuroscience (Ben Oostra) [6] and bred 

in the TAAM laboratory (UAR44 - CNRS, Orléans, France). Mice Fmr1 genotypes were 

assessed as previously described by PCR on tail biopsy [6]. All experiments were conducted 

in accordance with European ethical rules; the protocol was approved by the local ethical 

committees (protocols registered under numbers APAFIS#47771, APAFIS#47394, and 

APAFIS#43777). Mice were housed under a reverse 12h/12h light/dark cycle in a controlled 

atmosphere (22 °C) and fed ad libitum.  

2.2 Chemicals 

1,2-distearistoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearistoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-

PEG2000) were purchased from Avanti Polar Lipids (Alabaster, Alabama, USA). 

Perfluorobutane was obtained from F2 Chemicals (Preston, United Kingdom).  

 

2.3 Microbubble formulation 

Homemade lipidic microbubbles composed of DSPC and DSPE-PEG2000 (22:3 molar 

ratio) were prepared as previously described [53]. Briefly, lipids were mixed in ethanol at a 

final concentration of 5 mg/mL in 1.5 mL glass vials, followed by the formation of liposomes 

and freeze-drying of the sample. The headspace of the vial was filled with perfluorobutane. 

Microbubbles were activated by mechanical agitation at 4500 rpm for 45 s using a Vialmix 

(BMS, Princeton, New Jersey, USA). MB concentration and size distribution were measured 

by optical imaging on a 0.2 mm Thoma slide using an upright trinocular microscope (Leitz 

Laborlux D, obj ×25) connected to a camera (The Imaging Source, Germany). Images were 

analyzed using the particle analysis plugin of ImageJ software. Our custom microbubble 
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formulations were concentrated at 2.35×1010 ± 1.93×109 MB/mL, with a median diameter of 1.37 

± 0.2 µm. 

 

2.4 Whole-brain FUS-BBBo procedure 

Mice were initially anesthetized with 2% isoflurane in an air/O2 mix (80/20). A catheter 

was placed on the tail vein, and the mice’s skulls were shaved using depilatory cream. A dose 

of 50 µL containing 1×1011 viral genomes (vg) of AAV was injected through the catheter under 

a laminar flow hood. Subsequently, mice were then placed in a custom contention system 

under the FUS probe, as previously described [53]. Two types of AAV were used: 

AAV2/9.CMV.Luciferase (AAV-Luc) to monitor gene expression over time and 

AAV2/9.CMV.Fmr1-eGFP (AAV-Fmr1) to induce FMRP re-expression. AAV2.9 viral vectors 

were obtained from the CAPACITES platform (Nantes, France). The Fmr1 gene was cloned 

from the plasmid p-EGFP-C1-Flag-mFmr1(wt) [54]. p-EGFP-C1-Flag-mFmr1(wt) was a gift 

from Stephanie Ceman (Addgene plasmid # 87929).  

The experimental setup consisted of a 7-concentric-element transducer (Imasonic, 

Voray-sur-l’Ognon, France) embedded on a 2-axis motorized system enabling planar 

displacement. The system was controlled by the Thermoguide® software (Image Guided 

Therapy, Pessac, France). MB were then injected through the catheter, directly followed by a 

continuous 1.5 MHz FUS treatment at 456 kPa (PNP in water) for 92 s. The displacement speed 

of the probe during the treatment was set at 10 mm/s, following a raster scan allowing the 

treatment of the whole brain as described previously by Felix et al [50]. Mice were then placed 

in the MRI for evaluation of the BBB opening.  
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Figure 1: Timeline of FUS-BBBo procedure and following experiments. 

 

2.5 MRI 

MRI was performed at 4.7T (BioSpec 47/40, Avance III, Bruker, Ettlingen, Germany) at 

the IRMaGe facility (Grenoble, France). The scanner was equipped with a volume transmit coil 

and a single-element surface receive coil. The MRI protocol performed after the FUS treatment 

was as described before: T2-weighted TurboRARE sequence (TR/TE = 2200/36 ms; 13 axial 

slices; FOV = 20×20 mm²; matrix 256×256; voxel size, 78×78×1000 µm3, RARE-factor, 8; Tacq = 

3 min 31s), T1 map RARE VTR sequence (TR, 3000 to 18 ms; TE =6.6 ms; FOV = 20×20 mm²; 

matrix 128×128; voxel size, 156×156×1000 µm3, RARE-factor, 4; 2 slices, Tacq = 12 min 39s) 

performed before and after the intravascular injection of a gadolinium chelate (Gd-DOTA; 

DOTAREM®, Guerbet, Villepinte, France), T1-weighted RARE sequence (TR/TE = 800/7 ms; 

13 slices; FOV = 20×20 mm²; matrix 256×256; voxel size, 78×78×1000 µm3, RARE-factor, 4; axial 

and coronal orientations; Tacq = 1 min 16 s) to evaluate the BBB opening. Gadolinium contrast 

agent Gd-DOTA was obtained from Guerbet (Villepinte, France) MRI data were processed and 

analyzed using MP3 software [55].  

 

2.6 Bioluminescence imaging 

Bioluminescence imaging of mice was performed at the small animal imaging platform 

OPTIMAL (Grenoble, France). Briefly, mice were injected intraperitoneally with 200 µl of a 

solution of luciferin (30 mg/mL, Promega) in PBS. Mice were then anesthetized with 2% 
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isoflurane in air and imaged using an IVIS Lumina LT series III (Perkin Elmer, Massachusetts, 

USA) 10 minutes after injection. Two groups of mice underwent bioluminescence imaging. 

The first group was treated with FUS-BBBo and injection of AAV2/9-CMV-Luciferase as 

described in section 2.4 and underwent bioluminescence imaging once a week from day 14 to 

53 post-treatment. In order to control AAV expression in tissues without BBB opening, a 

second group was treated only with 1×1011 vg AAV2/9-CMV-Luciferase injection in the tail 

vein and underwent bioluminescence imaging once 21 days after treatment. 

For ex vivo bioluminescence, tissues of interest were rapidly excised, placed into 24-

well tissue culture plates with 300 μg/mL D-luciferin in DPBS, and imaged in IVIS Lumina LT 

series III. Ex vivo bioluminescence was performed at the end of in vivo kinetic experiment 53 

days after treatment for the first group and 21 days after treatment for the second group. 

 

2.7 RT-qPCR 

Treated mice that underwent behavioral experiments were harvested 7 to 8 weeks after 

treatment. An additional Fmr1+/y mice group treated with the AAV-Fmr1 injection and FUS-

BBBo was harvested at 3 weeks post-treatment to further analyze treatment effects at the 

beginning of AAV expression. Brains were harvested and sliced using a brain slicer to separate 

the optic bulbs and cerebellum from the rest of the brain. Brain hemispheres were separated 

and sliced axially (2 to 3 mm thick). All brain parts were then frozen immediately in liquid 

nitrogen and stored at −80 °C. Frozen brain parts were crushed using a Precellys Evolution 

Touch (Bertin Technologies, France) at 5500 rpm, 4 °C for 15 seconds. Sample RNA extractions 

were performed using an RNA II NucleoSpin® mini kit (Machery-Nagel EURL, Hoerdt, 

France) which includes a DNAse treatment. RNA quantification was performed using a 

NanoDropOne spectrophotometer (Thermo Fischer). The RNA integrity was checked using a 

BioAnalyzer 2100 (Agilent Technologies UK Limited, Wokingham, Berkshire, UK) and was 

acceptable when the RNA integrity number exceeded 7. For all experiments, 500 ng to 1 µg of 

RNA was used for reverse transcription using 200 units of M-MuLV Reverse Transcriptase 

(New England Biolabs) for 1 h at 37 °C. The gene expression was evaluated from 100 ng of 

cDNA by qPCR using a Light Cycler II 480 (Roche Applied Science, Meylan, France) with 0.1 

μM of specific primers (Frm1: forward: 5′-AGAAAAGTGTCCCACAAGAA-3′, reverse: 5′- 
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AAGTGCATGTCAATCAACAT-3′) and compared to GAPDH housekeeping gene expression 

(using Mm_Gapdh_3_SG QuantiTect Primer Assay, Qiagen). 

 

2.8 Immunological staining 

At the end of behavioral experiments, 3 mice of each group that underwent behavioral 

experiments were euthanized. Briefly, after a subcutaneous carprofen injection (5 mg/kg), mice 

were anesthetized with a lethal intraperitoneal injection of pentobarbital (150 mg/kg). Once 

the mice were totally unconscious, they underwent an intracardiac injection of 25 mL of cold 

PBS-EDTA (5 mL/min) followed by an injection of 25 mL of 4% PFA (5 mL/min). Brains were 

then harvested and were post-fixated in 4% PFA for 48 to 72 hours at 4 °C; they were then put 

in a 30% sucrose solution for 2 to 3 weeks at 4 °C. Brains were then rapidly frozen in tissue-

freezing medium in an isopentane bath kept at -80 °C with dry ice. Brains were stored at -80 °C 

until slicing with a cryostat (CryoStar NX50, Epredia). Brains were sliced in the sagittal axis 

with a 7 µm thickness and deposited on adhesive slides (TOMO, Matsunami Glass, Osaka, 

JAPAN), and then kept at -20 °C. 

For Hematoxylin and Eosin (H&E) staining, slides underwent an absolute ethanol bath 

followed by a 1-minute bath in Hematoxylin solution, were rinsed for 15 seconds in water, 

then incubated 15 seconds in chloride, 15 seconds in a 1 % Phloxine bath, and rinsed 15 seconds 

in water. Then, slides were sequentially dehydrated in increasing concentrations of ethanol 

(70% to 100%) and finally rinsed in 3 baths of xylene. Slides were then covered with a 

protective film, and images were taken with a slide scanner (DP200, Roche). 

For immunological staining, slides were first deprotected in a citrate buffer at 90 °C 

and rinsed in 3× 5-minute TBS baths. Brains slices were incubated for 2 hours in a saturation 

solution (1 % BSA, 10 % FBS, 0.2 % Triton in TBS buffer) and then co-incubated with a primary 

antibody in the same solution for 40 hours. Antibodies used were FMRP-phosphorylated-ser 

(Invitrogen, reference PA5-35385, dilution 1: 200) and NeuN (Millipore, reference MAB377, 

dilution 1: 500). The slides were washed in 3x 5-minutes TBS baths and incubated with the 

appropriate secondary antibody in a saturation solution (1% BSA, 10% FBS in TBS buffer). 

Secondary antibodies used were Alexa 488 anti-mouse (reference A-11029, dilution 1: 1000) 
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and Alexa 594 anti-rabbit (reference A-11029, dilution 1: 1000). After 3 washings in TBS baths 

(5 minutes each) and a quick bath in deionized water, slides were mounted in paramount 

medium under a glass coverslip. Mosaic images were performed with a fluorescence inverted 

microscope (Video Observer Z7 Apotome2, Zeiss), and close-up images were taken using a 

confocal microscope (LSM 980 Airyscan2, Zeiss). 

 

2.9 Behavioral experiments 

Behavioral experiments were conducted concurrently for all groups within a 4-hour 

window to minimize the influence of circadian rhythms.  Mice were acclimated to the red-light 

conditions in the experimental room for 30 minutes before testing.  

First, a direct interaction test was performed 3 weeks after treatment. Mice were first 

put in the experimental cage with fresh litter and were given 30 minutes of habituation, and 

the mice's movements were tracked. A stimulus mouse was then added, and the active social 

interaction of the test mice was manually assessed for 10 minutes. For the analysis, the 

parameters estimated relevant for the locomotion Z-score were the total distance travelled by 

the mice and time immobile during the first 5 minutes of the habituation. For the social 

interaction assessment, all sniffing of the stimulus mice by the tested mice was timed and was 

decomposed depending on the sniffed body area (head, body, and urogenital). The parameters 

estimated relevant for social Z-score were time sniffing the whole body, the head, and the 

urogenital areas during the first 10 minutes and the time sniffing the whole body, the head, 

and the urogenital areas during the last 5 minutes. 

The next day, open field tests were performed, and mice movement was tracked and 

analyzed for 5 minutes. For the locomotion Z-score, total distance traveled and time spent 

immobile were analyzed.  For the anxiety Z-score, the following parameters were included: 

time spent in the center and periphery, the ratio of time spent in the periphery to the center, 

distance traveled in the center and periphery, and the ratio of distance traveled in the 

periphery to the center. 

In the same week, the elevated plus maze (EPM) test was performed, where mice were 

put in a closed arm of the EPM and their movement was tracked for 5 minutes.  
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Finally, from 7 to 8 weeks after treatment, marble-burying tests were performed. Mice 

were placed in a clean cage with fresh bedding (4-5 cm deep) and allowed to acclimate for 30 

minutes. Then the mice were removed, the litter level was evened, and 20 glass marbles were 

dispersed in a grid pattern. The mice were put back in the experimental cages and were 

allowed to bury the marbles for 30 minutes. Mice were then removed, and the number of 

marbles buried by over 75% were manually assessed. The number of marbles buried was 

manually counted every 5 minutes from video recordings of the test. 

At the end of each test and before the first test of the day, the apparatus was thoroughly 

cleaned using a detergent. 

 

2.10 Statistics 

Nonparametric Mann-Whitney bilateral tests were performed using the R language 

(version 4.4.0, used with R Studio software). Z-scores were calculated as described by Guilloux 

et al., where several relevant parameters of the same test were averaged by first dividing each 

value by the average value of control untreated Fmr1+/y [56]. A p-value below 0.05 was 

considered significant. 

 

3. RESULTS 

3.1 FUS-BBBo induced strong and stable transgene expression 

MRI scans conducted after the FUS-BBBo procedure demonstrated a significant uptake 

of Gd-DOTA in all treated mice (n = 41). The T1 contrast ratio following Gd/DOTA injection 

increased to an average of 1.342 +/- 0.029. Image analysis quantified that approximately 64.4 

+/- 1.2% of total brain volume showed enhanced T1 signal, indicating a broad and successful 

opening of the blood-brain barrier (Figure 2). No significant differences in contrast ratio or 

BBBo volume were observed between groups treated with FUS-BBBo.  
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Figure 2: Whole brain BBBo (A) FUS probe pathway for whole brain FUS-BBBo procedure, blue circle: 

starting point. (B) T1 contrast enhancement map of FUS-BBBo mouse recorded with MRI and Gd-DOTA 

uptake, with ROI used for BBBo volume assessment and contrast enhancement measure. 

In vivo bioluminescence of Fmr1+/y mice treated with FUS-BBBo and AAV-Luc injection 

revealed a significantly stronger signal in the brain 21 days after the procedure than mice with 

AAV-Luc injection only, with an over 20-fold increase (4.2×106 +/- 5.2×105 vs. 3.6×105 +/- 7.3×104 

p/s/cm²/sr). Over time, bioluminescence following FUS-BBBo exhibited a significant signal 

increase between days 14 and 21 and reached its peak at 28 days post-treatment, rising from 

1.9×106 +/- 4.2×105 to 6.2×106 +/- 2.1×105 p/s/cm²/sr. No significant difference was observed 

between the peak and the final timepoint at 53 days, where the signal stabilized at 5.8×106 +/- 

1.3×105 p/s/cm²/sr, indicating sustained bioluminescence over time. 

At the end of this expression kinetics (day 53), organs were harvested for ex vivo 

bioluminescence measurements. Organs from control mice (no FUS-BBBo treatment) were 

harvested at 21 days.  No expression kinetics were assessed for this group. Similarly to in vivo 

measures, significantly stronger bioluminescence was observed in the FUS-BBBo group, 

showing over a 200-fold increase (Figure 3C). In other organs, bioluminescence was similar or 

lower with FUS-BBBo compared to AAV-Luc injection alone, indicating that total viral load 

was comparable. A near-significant reduction was observed in the liver (p = 0.052), with 

bioluminescence levels of 7.8×106 +/- 1.9×106 vs. 1.9×107 +/- 3.4×106 p/s/cm²/sr for treated and 

untreated mice respectively. Similar trends were seen in the heart, and significant reductions 

were detected in the pancreas, kidney, and spleen. Comparable bioluminescence levels 

between the two groups were observed only in the lungs and intestines (Figure S1). 
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Figure 3: Transgene expression analysis of C57BL/6 Fmr1+/y mice following AAV2/9.CMV.Luciferase 

injection. (A) In vivo bioluminescence of mice 21 days after AAV-Luc injection with or without FUS-

BBBo. (B) In vivo bioluminescence from 14 to 53 days after AAV-Luc injection and FUS-BBBo. (C) Ex 

vivo bioluminescence of mice’s brains and livers at the end of respective expression kinetics, 21 days 

after AAV-Luc injection only or 53 days after AAV-Luc injection and FUS-BBBo. Data expressed as 

mean +/- SEM. * = p-value < 0.05; ** = p-value < 0.01; Mann-Whitney bilateral test. 

 

3.2 FUS-BBBo induces FMRP expression without long-term damage 

Mice brains treated with FUS-BBBo and AAV-Fmr1 injection were further analyzed at 

the end of behavioral experiments. Additional treated Fmr1+/y mice were analyzed 21 days after 

treatment to investigate the biological effects of the procedure at the beginning of the 

behavioral experiments. H&E staining showed no visible hemorrhages or local immune cell 

recruitments in treated Fmr1-/y mice or Fmr1+/y mice (Figure 4 A). T2-weighted images 

confirmed the absence of edema or hemorrhages in all FUS-BBBo-treated mice (Figure 4.B). In 

addition, RT-qPCR analysis showed no significant difference in the expression of CCL2, GFAP, 

or Iba1 biomarkers between treated and control groups (Figure 4 C-E) suggesting an absence 

of a neuroinflammatory effect of the FUS-BBBo method. 
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Figure 4: Long-term safety assessment of FUS-BBBo procedure. (A) H&E staining of Fmr1-/y mice 8 

weeks after the FUS-BBBo procedure and zoom in on the hippocampus and prefrontal cortex area. (B) 

T2-weighted image of the same FUS-BBBo mouse showing no edema or hemorrhages. (C) Relative 

expression of CCL2 in control untreated mice and mice treated with FUS-BBBo and AAV-Fmr1 injection, 

assessed in RT-qPCR 3 or 8 weeks after treatment. (D) Relative expression of GFAP in control untreated 

mice and mice treated with FUS-BBBo and AAV-Fmr1 injection, assessed in RT-qPCR 3 or 8 weeks after 

treatment (E) Relative expression of Iba1 in control untreated mice and mice treated with FUS-BBBo and 

AAV-Fmr1 injection, assessed in RT-qPCR 3 or 8 weeks after treatment. Data expressed as mean +/- 

SEM. ns = p-value > 0.05; Mann-Whitney bilateral test. 

 

Immunohistochemistry analysis in Fmr1-/y mice revealed widespread restoration of 

FMRP expression throughout the brain, with variations observed depending on region and on 

treated mouse. FMRP-expressing cells can be observed in several brain regions, including the 

cortex and hypothalamus in all examined mice, and more episodically in the hippocampus 
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(one out of three mice). FMRP-expressing cells appeared in clusters across brain slices but were 

not uniformly distributed (Figure 5). Most of these cells colocalized with NeuN, indicating 

predominant restored expression in neurons. High-magnification analysis revealed a 

predominantly perinuclear, punctate staining pattern, except in the hypothalamus, where 

cytoplasmic localization predominated. Additionally, some endothelial-like cells expressing 

FMRP were observed, as suggested by their shape, distributed more homogeneously 

throughout the brain (data not shown).  

RT-qPCR analysis showed Fmr1 expression in Fmr1-/y treated mice of 15.2 +/- 7.6 % compared 

to Fmr1+/y expression (Figure 5.C). These data also revealed substantial inter-individual 

variability in rescued Fmr1 expression, ranging from 2.8 to 50.5% of Fmr1+/y levels. In addition, 

due to the low efficiency of the FUS-BBBo method, the treatment did not allow the detection 

of an Fmr1 overexpression linked to transgene expression in the Fmr1+/y group. 
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Figure 5: Fmr1 transgene expression analyses. (A) Immunohistochemistry of FMRP protein on a sagittal 

cut of treated Fmr1-/y mice. (green: NeuN; red: FMRP; blue: DAPI; white arrow: FMRP+ and NeuN+ cell; 

red arrow: FRMP+ and NeuN- cell) (B) Immunohistochemistry of FMRP protein on a sagittal cut of 

treated Fmr1-/y mice 8 weeks after FUS-BBBo and AAV injection. (green: NeuN; red: FMRP; blue: DAPI) 

(C) Fmr1 mRNA expression normalized on control untreated Fmr1+/y mice of mice treated with FUS-

BBBo and AAV-Fmr1 injection. Data expressed as mean +/- SEM. * = p-value < 0.05; Mann-Whitney 

bilateral test. 

 

3.3 FUS-BBBo and FMRP expression rescues several phenotypes in Fmr1-KO 

mice 
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Mice behavior following FUS-BBBo and AAV-Fmr1 injection was evaluated and 

compared to untreated Fmr1-/y mice, Fmr1-/y mice treated with FUS-BBBo only, and untreated 

Fmr1+/y mice as controls. At first, the locomotion was assessed using the distance travelled in 

an open field for 5 minutes. Untreated Fmr1-/y mice travelled significantly greater distances 

than untreated Fmr1+/y mice, reaching 27.1 +/- 1.4 and 22.1 +/- 1.29 m, respectively. Both 

treatment groups exhibited a significant decrease in distance travelled to levels comparable to 

Fmr1+/y mice, with values of 22.7 +/- 1.9 for the FUS-BBBo-only group and 21.0 +/- 1.1 m for 

FUS-BBBo combined with AAV injection (Figure 6.A). Using the Z-score of this locomotion 

parameter, a significant reduction to Fmr1+/y values in both treated groups in the open field 

was observed, but it was not significant with the FUS-BBBo treatment alone (Figure 6.B).  

  

Figure 6: Fmr1-/y mice hyperactivity phenotype over Fmr1+/y mice and partial rescue of FUS-BBBo and 

FMRP expression. (A) Total distance travelled in the open field in 5 minutes. (B) Z-scores of locomotion 

parameters in the open field. Data expressed as mean +/- SEM. * = p-value < 0.05; ** = p-value < 0.01; *** 

= p-value < 0.001; Mann-Whitney bilateral test. 

 

Then, the marble-burying test was used to analyze the anxiety state of mice. First, data 

showed a significantly lower number of marbles buried over time in untreated Fmr1-/y mice 

compared to untreated Fmr1+/y mice, with a calculated area under the curve of 302.7 +/- 24.93 

and 373.5 +/- 16.29 A.U., respectively. FUS-BBBo treatment increased the number of marbles 

buried, though not significantly, with an area under the curve of 341.1 +/- 25.64 A.U. Only the 

treatment with AAV injection demonstrated a significant increase in marbles buried over time, 
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reaching Fmr1+/y value with an area under the curve of 374.8 +/- 21.24 A.U. (Figure 7A). 

Similarly, in the elevated plus maze, we can observe an almost significant increase in the 

percentage of time spent in open arms of untreated Fmr1-/y mice compared to untreated Fmr1+/y 

mice, reaching 23.5 +/- 3.3 and 15.7 +/- 2.4 % respectively. Both treated groups show an almost 

significant decrease to Fmr1+/y values, getting down to 15.6 +/- 2.8 and 15.8 +/- 2.4 % without or 

with AAV (Figure 7B). 

 

 

Figure 7: Fmr1-/y anxiolysis phenotype over Fmr1+/y mice and partial rescue of FUS-BBBo and FMRP 

expression. (A) Number of marbles buried every 5 minutes in the marbles burying test. (B) Percentage 

of entries in the novel arm over 5 minutes in the elevated plus maze. Data expressed as mean +/- SEM. 

* = p-value < 0.05; ** = p-value < 0.01; Mann-Whitney bilateral test. 

 

The social behavior of mice was assessed using the direct interaction test. Compared to 

untreated Fmr1+/y, untreated Fmr1-/y mice showed a significantly higher time spent in social 

interaction, reaching 69.7 +/- 12.09 and 116.8 +/- 14.12 seconds, respectively. This time is 

decreased, with a close significance, with both treatments, getting down to 74.9 +/- 13.8 and 

81.0 +/- 14.7 seconds without or with AAV (Figure 8A). The Z score including additional social 

parameters, confirmed these results, with a significant difference in the Z-score values from 

untreated Fmr1-/y mice compared to untreated Fmr1+/y mice. Both treatments resulted in Z-

scores approaching significance compared to Fmr1+/y values.  
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Figure 8: Fmr1-/y social impairment phenotype and partial rescue after FUS-BBBo treatment and FMRP 

expression. (A) Total time spent in active social interaction of mice with a stimulus mouse during the 

direct interaction test. (B) Z-score of social parameters in the direst interaction test. Data expressed as 

mean +/- SEM. * = p-value < 0.05; ** = p-value < 0.01; Mann-Whitney bilateral test. 

 

4. DISCUSSION 

Focused ultrasound drug delivery in the brain is gaining increasing interest due to its 

ability to precisely target specific tissue without damaging the surrounding area. Its 

application in gene therapy represents a promising approach for treating monogenic CNS 

disorders such as FXS by enabling their restoration of the missing gene expression. Such 

disease needs to be treated in the whole CNS to ensure optimal therapeutic effect, but 

developing an effective delivery method remains a major challenge. As a proof of concept, we 

performed whole-brain BBBo with FUS and MB combined with the injection of Fmr1-coding 

AAV. We then analyzed the transgene expression and the procedure’s effect on behavior in 

the FXS mouse model. 

For this purpose, we applied a displacement of the FUS probe during a FUS-BBBo protocol, 

as previously described by Felix et al., achieving BBBo in approximately 60 % of the brain in 

our experimental process [50]. This protocol resulted in a strong luciferase transgene 
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expression, significantly higher than the expression with AAV-Luc injection alone, both in vivo 

and ex vivo. Surprisingly, while the expression in vivo from AAV-Luc alone seemed much 

stronger than background values, the expression ex vivo was extremely low and close to 

background values. This suggests a detection in vivo of other organs with high expression, like 

the liver or the heart in the AAV-Luc only group (Figure S1). Conversely, the in vivo 

bioluminescence signal detected following FUS-BBBo and AAV-Luc injection was confirmed 

with a strong signal ex vivo, significantly as strong as the signal in the liver, an organ that 

naturally gets highly transduced by AAV due to its clearance role. The bioluminescence signal 

over time was relatively stable, but in vivo measurement was challenging at some timepoints 

due to fur regrowth and melanin pigmentation leading to slight variations of signal [57]. 

However, we show no significant variations of bioluminescence from 21 to 53 days after the 

procedure, confirming the stable transgene expression. On another part, for the AAV-only 

group, organs were harvested at 21 days due to the lack of expression and to avoid 

unnecessary intervention on mice. Therefore, ex vivo bioluminescence comparisons between 

the two groups are challenging, as organs from the FUS-BBBo group were harvested at the 

end of the expression kinetic study, 53 days post-procedure. Although bioluminescence 

appears lower in most untargeted organs in the FUS-BBBo group, which is unexpected since 

brain expression remains stable from 21 to 53 days in vivo. There are two possible explanations 

for this: either untargeted organs follow a different expression kinetic than the brain after FUS-

BBBo, or fewer viral vectors reached untargeted organs due to viral vectors entering the brain. 

This would mean that in addition to allowing gene expression in the brain, FUS-BBBo also 

reduces off-target transgene expression.  

In order to be able to transfer our therapeutic strategy to clinical applications, we first need 

to control its safety. Short-term safety was addressed with T2 MRI and daily clinical scoring. 

Even though no damage was observed in MRI on any mice, 16% of mice showed signs of slight 

discomfort at 24 h post-treatment, and we observed unexpected mortality in the hours 

following the FUS-BBBo procedure in 19 % of mice. This mortality is equally distributed 

between groups treated with FUS-BBBo, suggesting that this was not an effect of the genotype 

nor the AAV injection. This was not expected as it is not observed in other studies even when 

damages are visible with MRI. Knowing that no edema nor hemorrhages were detectable with 

T2-weighted images is it unlikely that this mortality occurred due to brain damage. It is more 
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likely that severe brain inflammation following BBB opening or seizure induction contributed 

to this mortality, as BBB opening can promote seizures in some conditions [58–60]. However, 

Mathon et al. showed that FUS-BBBo does not promote seizures with their parameters [61]. We 

hypothesized that changing our FUS-BBBo parameters could mitigate this reaction. On 

another part, a slight weight loss was observed 24 h post-treatment in Fmr1-/y mice treated with 

FUS-BBBo/AAV-Fmr1 compared to those treated with FUS-BBBo alone. This weight loss was 

recovered at 48 h post-treatment, suggesting a transient neuroinflammation response 

potentially induced by AAV injection (Figure S2). 

Due to the need to allow time for the transgene to be expressed, the long-term safety was 

assessed at two distinct time points, at 3 weeks post-procedure and at the end of behavioral 

experiments (8 weeks post-procedure). Thus, it allows us to assess the effect of FUS-BBBo with 

AAV-Fmr1 injection on neuroinflammation and brain damage in the same range of days post-

procedure as behavioral experiments. H&E staining confirmed the absence of 

microhemorrhages observed with T2-weighted MRI images in all mice studied, both 3 weeks 

and 8 weeks post-procedure. This shows that transitory brain damage (if it occurred) that 

could have been generated during the initial procedure was limited enough and transitory 

enough to not be detected in MRI and was resorbed in less than 3 weeks. Similarly, RT-qPCR 

assays demonstrated an absence of a permanent neuroinflammatory state based on the 

expression of our studied biomarkers. In fact, CCL2 expression was not disrupted 3 or 8 weeks 

after the procedure, whereas it was described as overexpressed in a manner dependent on the 

FUS-BBBo procedure’s intensity [62]. Furthermore, no evidence of persistent glial reactivity 

was demonstrated, as indicated by the absence of significant changes in GFAP expression, a 

marker for astrocytes, and Iba-1 expression, a marker for microglia. Long-term safety was 

further supported by the monitoring of the mice's well-being. Daily scoring from 24 hours to 

3 weeks post-procedure revealed no signs of discomfort, with no adverse effects observed at 7 

weeks. 

Immunohistology and RT-qPCR further confirmed transgene expression with the AAV-

Fmr1 vector, therefore validating the proof of concept of our method to re-express FMRP in 

the CNS. Expression levels of the transgene may require further optimization to achieve 

optimal therapeutic efficacy, as initially indicated by RT-qPCR showing a significantly lower 

rescued expression compared to Fmr1+/y, with a substantial variability, ranging from 4 to 50 % 
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of Fmr1+/y expression. Similarly, immunohistochemistry shows scarce expression through the 

brain, with clusters in some brain regions. In these areas, FMRP expression was primarily 

observed in neurons, as indicated by co-localization with NeuN. The other FMRP-positive cells 

likely represent glial cell populations. FMRP expression appears to be mostly perinuclear, 

except in the hippocampus, where FMRP+ cells show cytoplasmic FMRP expression. The 

localization patterns of FMRP suggest that its subcellular distribution is influenced by the cell 

type transduced. This finding indicates that the transgene-encoded FMRP may exhibit 

differential biological activities. FMRP expression was also observed in endothelial-like cells 

throughout the brain, suggesting efficient AAV transduction of these cells following FUS-

BBBo stimulation, as expected given the sonoporative effects of FUS-BBBo. Although 

immunohistochemistry revealed a relatively low transgene expression rate, it is likely that a 

significant number of FMRP-positive cells with low levels of transgene expression were 

undetected due to the limitations of the method's sensitivity. This hypothesis is supported by 

the observed variability in transgene Fmr1 expression levels measured by RT-qPCR, which 

was 50- to 2-fold lower than that in Fmr1 +/y mice. This suggests that FMRP re-expression 

should be in a larger population of cells potentially varying across individual mice and brain 

regions. Further experiments employing in situ hybridization, a more sensitive technique, are 

warranted to refine these hypotheses.  

Finally, we studied the effect of the FUS-BBBo procedure associated with the AAV vector 

on Fmr1-KO mice behavior in order to assess the therapeutic potential of our procedure. 

Firstly, we focused on the robust hyperactivity phenotype of Fmr1-/y mice usually assessed by 

exposition to a novel environment such as an open field [34,63,64]. This phenotype was 

minimally affected by the FUS-BBBo procedure alone. However, significant behavioral rescue 

was observed following AAV-Fmr1 administration using the FUS-BBBo method. These 

findings suggest that even modest levels of transgene Fmr1 expression in the brain can exert 

beneficial effects. This is particularly promising given the significant impact of this phenotype 

on a range of other deficits, including emotional and cognitive impairments [65]. 

The anxiety-related behaviors were also successfully observed using the marble-burying 

test and elevated plus maze. Fmr1-/y mice exhibited reduced anxiety, illustrated by a lower 

anxiety-driven marble burying over time and higher exploration of open arms [33,66]. The 

marble-burying test also shows a significant effect of AAV-Fmr1 expression on anxiety as only 
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the treatment with AAV-Fmr1 shows a significant rescue to Fmr1+/y values. However, we must 

note that the FUS-BBBo itself showed a slight rescue with no significant difference with AAV-

Fmr1 treatment. These observations suggest that the impact of FMRP re-expression on the 

emotional part of the Fmr1 phenotype may be limited. The beneficial effects observed could 

be primarily attributed to the FUS-BBBo procedure itself. This hypothesis was supported by 

elevated plus maze tests, which also demonstrated a partial rescue of the phenotype following 

FUS-BBBo treatment alone. Thereafter, the direct social interaction test was performed. Even 

though the social impairment phenotype of Fmr1-/y mice is generally described as a reduction 

of social affiliation of Fmr1-/y mice [33,67], we show here instead a significant increase of social 

interaction. A similar observation has been previously reported [63]. Indeed, the investigation 

of social behaviors is known to often be complicated by their inherent complexity and their 

dependence on the environmental context, such as housing conditions. Nevertheless, a clear 

disturbance in social behavior was observed in Fmr1-/y mice, and this impairment was rescued 

to Fmr1+/y levels in both treated groups. We observed that FUS-BBBo treatment was sufficient 

to significantly improve the social defects related to emotional behavior. This rescue, partially 

observed in all studied behavior after FUS-BBBo treatment, may be related to its demonstrated 

beneficial effects in Alzheimer's disease [68–70]. Indeed, when used as a treatment for this 

disease, FUS-BBBo induces a clearance of amyloid beta in the brains of rodent models [71–74]. 

This therapeutic strategy is currently used in clinical trials for Alzheimer’s disease showing 

promising effects [75–77]. Importantly, amyloid-beta and phosphorylated tau are also 

overexpressed in FXS, and silencing APP, the amyloid-beta precursor, has demonstrated 

therapeutic effects on anxiety behavior [78]. Based on these findings, we hypothesized that the 

observed anxiety-reducing effects of the FUS-BBBo procedure might be mediated, at least in 

part, by enhanced amyloid clearance. However, it is important to note that effective 

Alzheimer's disease therapies often require repeated treatments [71–73], unlike our single 

FUS-BBBo application. Remarkably, we observed a rescue of anxiety and social behavior after 

a single FUS-BBBo exposure, with therapeutic effects persisting for at least 8 weeks. Further 

investigation is warranted to assess amyloid-beta clearance and other relevant biomarkers 

following our protocol to elucidate the precise mechanisms underlying FUS-BBBo's beneficial 

effects. 
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Compared to other FXS gene therapy strategies, we show a lower transduction rate and 

transgene expression [32,34,35]. A recent study by Chadman et al. showed a similar strategy 

of whole-brain gene therapy in the adult mouse brain, but using a mouse-specific AAV.PHP.B 

vector able to efficiently transfect brains without BBB opening [34]. They induced a much 

stronger expression of FMRP compared to our study, reaching Fmr1+/y level or higher, and 

showed a significant effect of transgene Fmr1 expression on motor learning and fear 

conditioning. Our data suggest that achieving a substantial increase in FMRP expression 

within our experimental model could lead to significant therapeutic effects across a range of 

behavioral deficits, encompassing social, cognitive, and emotional domains. 

Our limited FMRP expression could be assessed by improving BBBo, with a higher 

acoustic pressure, MB dose, or with further optimized acoustic pulses [79,80]. In addition, the 

AAV dose should be higher to increase transduction rate and transgene expression. As 

compared to other FUS-BBBo studies, we used a relatively low amount of AAV, which has 

been used in the range of 1×1011 to 5.5×1011 vg [50,81–86]. Indeed, Nouraein et al. showed their 

ability to reach up to 60 % widespread transduction rate through the brain with a lower 

mechanical index (0.21) and over twice as much AAV as in this study [85]. We can also use a 

different capsid, like an AAV specific to BBBo, as developed by Li et al., that can also greatly 

improve transduction rate and transgene expression [84,87,88]. Another possible 

improvement would be the use of non-viral strategies, like cationic microbubbles, that could 

be used several times to improve transgene expression [52,89,90]. Furthermore, while our 

procedure was performed on adult mice, earlier intervention in juveniles might yield even 

greater therapeutic benefits, as suggested by previous studies [32,35,91]. In addition, to 

improve safety, we could also use cavitation-feedback monitoring, allowing us to avoid 

excessive inertial cavitation and severe BBBo [92,93]. All of these parameters clearly impact 

therapeutic efficacy, and further experiments are necessary to improve the effectiveness, 

stability, and reproducibility of our therapeutic strategy. 

Compared to other studies employing gene therapy in rodent models of FXS, which often 

utilized more invasive methods such as intracranial injections, only partial behavioral rescue 

was also obtained despite higher FMRP expression [32–35]. Our study marks a significant 

breakthrough by demonstrating the positive impact of the FUS-BBBo method itself on the 

behavior of Fmr1-KO mice. This innovative approach, combined with AAV gene therapy, 
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offers a promising avenue for future therapeutic development, although further technological 

refinements are necessary.   
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6. SUPPLEMENTARY RESULTS 

 

 

Figure 1S: Transgene expression analysis of Fmr1+/y mice following AAV2/9.CMV.Luciferase injection. 

(A) In vivo bioluminescence pictures of mice 21 days after AAV-Luc injection with or without FUS-BBBo; 

red circles: ROI used for measures (B) Ex vivo bioluminescence pictures of mice’s brains 21 days after 

AAV-Luc injection or 53 days after AAV-Luc injection and FUS-BBBo. (C) Ex vivo bioluminescence 

pictures of mice’s livers 21 days after AAV-Luc injection or 53 days after AAV-Luc injection and FUS-

BBBo. (D) Ex vivo bioluminescence of mice’s organs at the end of respective expression kinetics, 21 days 

after AAV-Luc injection only or 53 days after AAV-Luc injection and FUS-BBBo. Data expressed as 

mean +/- SEM. * = p-value < 0.05; ** = p-value < 0.01; Mann-Whitney bilateral test. 
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Figure 2S: Weight variations in percentage of initial weight following FUS-BBBo procedure. 
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ADDITIONAL EXPERIMENTS 

 

Previous chapter only discussed behavioral experiments that successfully depicted the 

knock-out (KO) phenotype compared to Wild-Type (WT) mice. This analysis was also mostly 

limited to the main behavioral information usually studied with each test. However, each 

behavioral test can bring additional information on other behavior by performing a thinner 

analysis, and especially when using Z-scores with parameters specific to certain behaviors [56]. 

This analysis will be performed in this additional section along with behavioral tests that did 

not show a significant Fmr1-KO phenotype. 

 

 

1. Additional methods 

 

 

The following behavioral tests were conducted in the same general condition as those 

described in the previous section. 

Social open fields were performed 3 weeks after treatment. Mice were first put in the 

empty open field like the previous day, and their movements were tracked for 5 minutes. Mice 

were then removed from the open field, and an empty cage was placed in a corner of the 

apparatus. Mice were put back in the open field, and their movements were tracked for 5 

minutes. Mice were then removed again from the open field, and a stimulus mouse, different 

from the mouse used during the direct interaction test, was placed in the open field’s cage. 

Mice were put back in the open field, and their movements were tracked again for 5 minutes. 

The apparatus was not cleaned between these stages but only at the end of the entire test. The 

parameters estimated relevant for the social Z-score were the number of entries, time spent, 

average duration of visit in the social target area during the stage with the stimulus mice, and 

the ratio of time spent in the social target zone during the stage with the stimulus mice over 

the stage with an empty cage. For locomotion and anxiety Z-scores, the same parameters were 

estimated relevant as those used in the open field. 
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In EPM, the parameters estimated relevant for the anxiety Z-score were the number of 

entries and time spent in the open arms, the percentage of entries and time spent in the open 

arms, and the number of entries and time spent in unprotected head dipping. The parameters 

estimated relevant for the locomotion Z-score were the distance travelled, the time spent 

immobile, the number of entries in the closed arms, and the total number of entries in the 

different areas. 

Then, from 5 to 6 weeks after treatment, the novel object recognition test (NOR) was 

carried out. For this test we performed 5 habituation stages, once a day, with the novel object 

stage on the fifth day. For the habituation stages, the mice were placed in the open field with 

two identical objects, and their movements were tracked for 5 minutes. The novel object stage 

was performed directly after the fifth habituation stage. The mice were removed from the open 

field, and one object was changed with an object with a different size, shape, and color. The 

mice were then put back in the open field, and their movements were tracked for 5 minutes. 

A discrimination ratio was calculated with values of the last stage as "time with novel object - 

time with old object" / "time with novel object + time with old object". Parameters estimated 

relevant for the cognition Z-score were the discrimination ratio, the number of entries, and 

time spent in the novel object area during the trial with the novel object. 

Finally, from 7 to 8 weeks after treatment, Y-maze were performed, where the mice 

were placed in a random arm of the maze, with another arm closed, and its exploration were 

tracked for 5 minutes. The mice were then removed, and the third arm opened. The entire 

apparatus was cleaned to avoid recognition from scent. Mice were then placed back in the Y-

maze, in the same arm as the previous stage, and their exploration was tracked for 5 minutes. 

The parameters estimated relevant for the cognition Z-score were the number of entries, 

average duration of visit, time spent in the novel arm for 5 minutes, and a discrimination ratio 

calculated as "time in new arm" / "total time in the 3 arms".  

 

 

2. Additional results and discussion 
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In addition to the open field, locomotion parameters can also be assessed across other 

tests, providing insight on the hyperactivity phenotype in other contexts. A locomotion Z-

score was calculated in several tests and showed significantly higher values in untreated Fmr1-

/y mice compared to untreated Fmr1+/y mice in all tests except with the elevated plus maze 

(Figure 1). This absence of phenotype can probably be explained by the high-anxiety 

environment created by this test. No difference was observed from the treatments in all tests 

apart from the open field, except with the social open field where the FUS-BBBo with AAV 

injection showed a significantly higher value than untreated Fmr1-/y. Although the open field 

is the main test to characterize this phenotype, the information brought by other tests 

validating the phenotypes shows no effect from both treatments. This suggests that although 

the hyperactivity phenotype is strongly expressed by Fmr1-/y mice, both FUS-BBBo treatments, 

with or without AAV-Fmr1 injection, rescue only partially the hyperactivity phenotype. This 

absence of rescue seems to emerge in context with lower anxiety, like in the habituation phase 

which takes place in a new cage with fresh litter, a context known from the mouse, or in the 

Y-maze, where the light intensity is lower due to the protected arms. And this absence of 

rescue also appears in a social context as shown by the social open field. 
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Figure 1: Fmr1-/y mice hyperactivity phenotype over Fmr1+/y mice and partial rescue of FUS-BBBo and 

FMRP expression. (A) Z-scores of locomotion parameters in the social open field. (B) Z-scores of 

locomotion parameters in the Y-maze. (C) Z-scores of locomotion parameters in the novel cage during 

the first 5 minutes of the habituation for the direct interaction test. (D) Z-scores of locomotion 

parameters in the elevated plus maze. Data expressed as mean +/- SEM. * = p-value < 0.05; ** = p-value 

< 0.01; *** = p-value < 0.001; Mann-Whitney bilateral test. 

 

In conjunction with the results obtained with the marble-burying test and EPM, the Z-

score of anxiety assessed in the social open field and elevated plus maze also shows significant, 

or close to significant, increased values from untreated Fmr1-/y mice compared to untreated 

Fmr1+/y mice (Figure 2). Thus, further confirming the strong anxiety phenotype of Fmr1-KO 

mice. And both Z-scores show decreased values with both treatments, but not significantly. 

Anxiety Z-score assessed in an open field shows a slight and non-significant increase in values 

from untreated Fmr1-/y mice compared to untreated Fmr1+/y and shows a significant decrease 

with both treatments. This suggests a strong effect of FUS-BBBo on rescuing anxiety 
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phenotype, as seen on all relevant tests, though it remains partial as seen with some tests that 

do not show a significant rescue. 

 

Figure 2: Fmr1-/y anxiolysis phenotype over Fmr1+/y mice and partial rescue of FUS-BBBo and FMRP 

expression. (A) Z-scores of anxiety parameters in the open field. (B) Z-scores of anxiety parameters in 

the social open field. (C) Z-scores of anxiety parameters in the elevated plus maze. Data expressed as 

mean +/- SEM. * = p-value < 0.05; ** = p-value < 0.01; Mann-Whitney bilateral test. 

 

Besides the direct interaction test, a social open field was performed to assess social 

behavior that showed no difference in the preference ratio to the social target from untreated 

Fmr1-/y mice compared to untreated Fmr1+/y mice, reaching 2.02 and 1.87 A.U., respectively. It 

showed a non-significant decrease from both treatments, getting down to 1.03 and 1.26 A.U. 

without or with AAV, respectively (Figure 3). And in the social open field the Z-scores confirm 

the absence of significant differences in this test between untreated Fmr1-/y and untreated 

Fmr1+/y mice. It also confirms the absence of significant differences from treated groups 

compared to untreated Fmr1-/y mice in this test, but with no tendencies to a diminution of social 

behaviors. These results indicate that the social open field test did not successfully describe 

the social impairment of Fmr1-/y mice. Although this test generally shows similar results to a 

3-chamber test that described a phenotype in previous studies, in this study we manipulated 

the mice a lot between the different stages; that might explain the lack of phenotype observed. 

This test would have provided information on social behavior in a protected context, in 

contrast to the unprotected context from the direct interaction test. 
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Figure 3: Social behavior of mice assessed with social open field. (A) Social preference ratio of time spent 

around social target over empty cage. (B) Z-score of social parameters in the social open field. Data 

expressed as mean +/- SEM. * = p-value < 0.05; Mann-Whitney bilateral test. 

 

Finally, the cognitive behavior was assessed, first with the novel object recognition test. 

It showed a high recognition of the novel object in all groups, with a 3- to 4-fold higher time 

spent with the novel object during the test trial. Yet no significative difference could be 

observed between groups in the ability to recognize the object, with a discrimination ratio for 

the novel object of 0.53, 0.56, 0.57, 0.55 A.U. for the untreated Fmr1-/y, Fmr1+/y, FUS-BBBo only 

treatment, and FUS-BBBo with AAV treatment respectively (Figure 4.B.). Similarly, the Y-

maze shows a recognition of the novel arm in all groups, but with no significant difference in 

all groups. The percentage of time spent in the novel arm reached 40.7, 40.3, 38.0, and 38.37 % 

for the untreated Fmr1-/y, Fmr1+/y, FUS-BBBo only treatment, and FUS-BBBo with AAV 

treatment respectively showing higher interest for the novel arm than the known arms, but 

with no difference between groups (Figure 4.C.). Z-scores confirm the absence of significant 

differences between untreated Fmr1-/y and untreated Fmr1+/y mice in cognitive-related 

parameters in both the NOR and Y-test. They also show no significant difference in the treated 

groups values compared to untreated Fmr1-/y, although they show a tendency to modified 

behaviors from both treated groups with a close significance in the Y-maze for the group with 

AAV injection. The cognitive impairment is also a well-described phenotype in Fmr1-KO mice 

that was expected to be observed in the novel object recognition test and the Y-maze. But in 

our study, although we show a strong recognition of the novel object during the NOR, as seen 
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with the time spent around objects, we observe no difference between the different groups. 

This could be due to the objects that some mice managed to climb onto, therefore using them 

for a purpose different from exploring the environment and therefore invalidating the test 

despite the apparent recognition of the object. In the Y-maze though, no specificities were 

observed that could invalidate the test, and mice showed the ability to recognize the novel 

arm, as shown by the higher time spent in the novel arm compared to the known arms, 

therefore validating the test. Despite that, the different groups show no difference in 

recognition of the novel arm. This suggests that our mice did not express a cognitive 

impairment phenotype in this test. We therefore have no information on the cognitive sphere 

in this study to analyze the therapeutic effect of our treatment on this sphere.    

 

Figure 4: Fmr1-/y cognitive impairment phenotype over Fmr1+/y mice was not detected in our tests. (A) 

Total time spent around known or novel objects during the test stage of the novel object recognition 

test. (B) Time ratio spent around novel object out of the total time spent around objects during the test 

stage of the novel object recognition test. (C) Percentage of time spent in the novel arm during the first 

2 minutes of the Y-maze test. (D) Z-score of cognition parameters in the novel object recognition test. 



272 
 

(E) Z-score of cognition parameters in the Y-maze test. Data expressed as mean +/- SEM. * = p-value < 

0.05; Mann-Whitney bilateral test. 

 



273 
 

GENERAL DISCUSSION 

 

In this PhD, I evaluated various gene delivery modalities to the brain using focused 

ultrasound-mediated blood-brain barrier opening (FUS-BBBo) and demonstrated their 

potential for gene therapy in fragile X syndrome. This was initially achieved by developing 

several custom microbubbles (MB) with magnetic, targeting, or cationic properties (Results 

part I). The cationic MBs were based on either cationic lipids, which allowed direct binding of 

nucleic acids to the MB surface, or cationic polymers anchored to the MB shell, which 

delocalized the nucleic acids from the surface. These cationic MBs were the first to incorporate 

ionizable components capable of enhancing endosomal escape, such as ionizable lipids or 

histidine groups attached to the polymer. 

Before using these custom MBs, a FUS-BBBo protocol and its monitoring system were 

developed. I successfully opened the blood-brain barrier (BBB) and confirmed it in vivo using 

both fluorescence and photoacoustic imaging with Indocyanine Green (ICG) as a bimodal 

agent. We validated this monitoring approach against the gold standard, magnetic resonance 

imaging (MRI), demonstrating comparable precision using ex vivo fluorescence imaging 

(Results part II). I further used fluorescence imaging all along this PhD, validating its efficiency 

as an alternative to MRI and Evans blue for the monitoring of BBB opening (BBBo). 

The first modality where brain gene delivery in vivo was achieved was using lipidic 

cationic MB, demonstrating high gene transfer into mice brains with an optimized protocol 

and correlated with BBBo (Results part III). It also showed the ability to enable gene expression 

throughout the entire brain with a specific protocol. Next, lipid nanoparticles (LNPs) were 

used, achieving similar gene transfer compared to the first modality with either plasmid DNA 

or messenger RNA. The use of LNPs also revealed a clear correlation with stable cavitation, 

underscoring the importance of cavitation monitoring. Finally, gene transfer was achieved 

throughout the entire brain using a viral vector, which resulted in significantly higher gene 

expression compared to the previous non-viral strategies, with stable expression observed 

from 21 to 53 days post-treatment (Results part IV). 

The use of these strategies for fragile X syndrome gene therapy was ultimately assessed. 

Both non-viral and viral approaches demonstrated the ability to restore Fmr1 expression in the 
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Fmr1-KO model, although still lower than wild-type (WT). The viral approach restored Fmr1 

expression in several brain regions, particularly in the prefrontal cortex and hypothalamus, 

with expression mainly observed in neurons. Behavioral studies on Fmr1-KO mice following 

whole-brain FUS-BBBo and viral injection showed a therapeutic effect of FUS-BBBo only on 

hyperactivity, anxiety, and social impairment phenotypes. This effect was enhanced with the 

restored FMRP expression on the hyperactivity and anxiety impairment (Results part IV). 

 

 

I. Fluorescence and photoacoustic imaging interest for the monitoring of BBB opening 

 

Throughout this PhD, in order to monitor BBBo, I used fluorescence imaging and 

photoacoustic imaging with ICG extravasation as a bimodal agent, but also Evans blue dye 

extravasation and MRI with gadolinium extravasation. As demonstrated by Gandhi et al. in a 

systematic review, Evans blue extravasation and MRI are the most frequent modalities used 

for the monitoring of BBBo [1]. 

 

Evans blue extravasation allows qualitative monitoring 

The use of Evans blue extravasation in this PhD demonstrated its inaptitude to monitor 

BBBo with in vivo fluorescence imaging. Though it was still able to monitor it ex vivo either 

with fluorescence imaging or with direct visualization of the blue dye. In photoacoustic 

imaging, it allowed us to significantly decipher the opened region in vivo. However, the 

toxicity of Evans blue was also demonstrated in our study in the concentration used, with 75 % 

of mortality following FUS-BBBo [2]. Due to this toxicity, its use for in vivo and non-invasive 

monitoring of BBBo is challenging, but its properties allowing it to assess BBBo visually with 

Evans blue extravasation make it an interesting low-cost method for qualitative monitoring of 

the BBBo. 
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MRI demonstrates the best sensibility for BBB opening monitoring  

On the opposite, MRI is a non-invasive method for in vivo monitoring of BBBo, but with a 

very high cost, and it requires highly trained operators. In this PhD, MRI monitoring of BBBo 

was used exclusively in vivo with gadolinium and first allowed us to calculate a half-closure 

time of 32.85 minutes after FUS-BBBo in the parameters used. This is a much faster closure 

kinetic compared to other studies that generally show half closure time ranging from 2 to 6 h 

[3,4]. MRI monitoring also demonstrated precise measurement of the opened region, allowing 

us to confirm that we were able to open over 60 % of the brain with our whole-brain FUS-BBBo 

protocol. Furthermore, the detected open region is displayed with a mapping of brain 

structures, allowing the identification of the brain regions where the procedure was efficient. 

This is particularly important, as the therapeutic effect of any therapeutic strategy will depend 

on the treated brain region. Using T2 images, MRI also allowed us to confirm that we did not 

produce any edema or hemorrhages in mice brains after FUS-BBBo, using both focused and 

whole-brain protocols. In addition to these advantages, MRI is also an efficient tool to assess 

physiological changes following FUS-BBBo treatment using specific sequences that measured 

a drop of cerebral blood flow and blood volume fraction following FUS-BBBo [5]. This can also 

be performed using resting-state functional MRI, as realized by Todd et al. showing a 

significant reduction of functional connectivity [6]. Furthermore, MRI can also be used to 

guide FUS to a precise location, using the heating generated by FUS to localize the beam [7]. 

Thus, it makes of MRI an efficient and precise modality to assess qualitatively or quantitatively 

BBBo and the biological effects it generates. 

 

Photoacoustic and fluorescence imaging as monitoring alternatives 

With photoacoustic imaging and fluorescence imaging, ICG is generally used in much 

higher amounts in photoacoustic imaging compared to fluorescence imaging. We therefore 

tested two doses ranging between approximately 10-fold higher and 3-fold lower compared 

to Liang et al. and Floc’h et al., who used ICG extravasation to monitor BBBo in vivo in 

fluorescence imaging or photoacoustic imaging respectively [8,9]. Both doses tested 

demonstrated significant detection of the opened region using both modalities. It also 

indicated that the best timepoint to assess BBBo was under 1 hour after FUS-BBBo and ICG 
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injection using photoacoustic imaging and at 24 hours using fluorescence imaging. We 

therefore developed a ready-to-use protocol for BBBo monitoring for both photoacoustic 

imaging and fluorescence imaging. 

The use of fluorescence imaging was preferred to assess BBBo going further as it is a 

cheaper and less time-consuming modality. It allowed us to confirm the effect of MB dose on 

BBBo intensity using our homemade MB [10]. It also allowed us to assess the BBB closure 

kinetics following FUS-BBBo at our parameters. However, these experiments also highlighted 

the limits of fluorescence imaging to measure BBBo in vivo, as it showed that minimal BBBo 

was not significantly deciphered in vivo, unlike in ex vivo measurements. Using in vivo 

fluorescence imaging, it indicated that a minimal amount of 1.5×107 MB was required for BBBo, 

while ex vivo fluorescence imaging demonstrated that we still induce BBBo with 1.5×106 MB. 

In addition, the measure of closure kinetics in vivo did not allow the calculation of a half-

closure time due to its low sensibility using a 2-hour delayed ICG injection. On the opposite, 

ex vivo fluorescence imaging allowed calculating a half closure time of 81.41 minutes using the 

first FUS-BBBo protocol and of 32.70 minutes using a second FUS-BBBo protocol. This 

demonstrated the effect of MB dose and mechanical index reduction on the diminution of 

closure kinetics, which also indicates that this kinetic is correlated with BBBo intensity [11]. 

Furthermore, as no significant difference was found with the closure kinetics assessed with 

MRI, it further validates the sensitivity of ex vivo fluorescence for BBBo monitoring. However, 

fluorescence imaging was still used in vivo in the subsequent experiments, as high sensitivity 

was not required to confirm BBBo after gene delivery. It still showed enough precision to be 

used as a qualitative marker of BBBo but also to demonstrate the correlation between gene 

delivery and BBBo. Thus, we demonstrated that fluorescence imaging of ICG extravasation is 

a pertinent technology for the community as a non-invasive, time-efficient, and low-cost in 

vivo BBBo monitoring method, which is now used routinely in our team. 

 

Overall, by comparing these modalities, we highlight the different usage of each technique 

(Figure 1). Evans blue remains the most cost-effective way to decipher BBBo ex vivo, while MRI 

is the best method for in vivo quantitative monitoring of BBBo and physiological changes. 

Fluorescence imaging with ICG extravasation is demonstrated here as a cost-effective 
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alternative to these techniques to qualitatively and quantitatively monitor BBBo in vivo or ex 

vivo for higher sensibility. Though we showed the efficiency of photoacoustic imaging to 

monitor BBBo in vivo, its use remains undervalued in this study. Moving forward, reproducing 

the assessment previously observed in MRI or fluorescence imaging will need to be performed 

to evaluate the technique's efficiency to assess BBBo intensity or precise opened volume. This 

should be performed with either non-invasive photoacoustic imaging, like what was 

performed in this study, or with removal of the skull, which should allow better precision and 

evaluation of BBBo in deeper tissues as demonstrated by Floc’h et al [8]. More importantly, as 

photoacoustic imaging can be used to measure physiological parameters, its potential to assess 

physiological changes following FUS-BBBo should be investigated. It would allow us to 

confirm the results shown in a collaborative study with Rigollet et al. on cerebral blood flow 

and blood volume fraction changes following FUS-BBBo [5]. In addition, photoacoustic 

imaging can achieve these measures with multiple hemodynamic parameters, like saturated 

oxygenation or vessel diameter [12]. Furthermore, it can also be used to monitor therapeutic 

effects in neurodegenerative disorders such as Alzheimer’s disease, as demonstrated by Tang 

et al. using scanning ultrasound treatment [13]. Confirmation of these application of 

photoacoustic imaging in FUS-BBBo would make of it an efficient modality for BBBo 

monitoring and assessment of biological changes induced, making of it an alternative to MRI. 
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Figure 1: Comparisons of different modalities for the monitoring of BBB opening.  

 

II. FUS-BBBo allows efficient transgene expression through both viral and non-viral 

modalities 

 

Several methods for gene delivery associated with FUS-BBBo were assessed through this 

PhD. This included first the use of cationic MB with plasmid DNA (pDNA) complexed at its 

surface, then with lipid nanoparticles encapsulating pDNA, and finally using an adeno-

associated vector (AAV). In addition, several custom MBs were developed as a way to improve 

gene delivery. 

 

MB properties for BBBo and gene delivery 

In order to use them in the different gene delivery strategies, we first needed to assess the 

properties of the MB used (Figure 2). The first generation of cationic MBs were used for both 

cationic MB-mediated and LNP-mediated gene delivery. Unfunctionalized MB was used with 
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co-injection of LNP or AAV, and biotinylated MB was also used for LNP-mediated gene 

delivery. Unfunctionalized and biotinylated MB showed similar size distribution and 

concentrations of both MB and nanobubbles (NB), due to their close components and 

formation methods. On the other hand, the first generation of cationic MB demonstrated a 

significantly lower concentration of both MB and NB, probably due to the different lipidic 

chain length used. Using in vitro cavitation characterization of MB, this difference was further 

highlighted since the first generation of cationic MB demonstrated lower stable and inertial 

cavitation compared to unfunctionalized MB. For unfunctionalized MB, it highlighted the 

efficiency of the 300 kPa pressure to induce strong stable cavitation with limited inertial 

cavitation. Cationic MB, on the other hand, demonstrated much lower stable cavitation at 300 

kPa, highlighting the potential need to further increase acoustic pressure with this MB 

formulation. In addition, cationic MB demonstrated their ability to complex with pDNA, as 

confirmed by gel shift assay, confocal microscopy, and flow cytometry. Although, it also 

revealed a major inconvenience of cationic MB, as they showed flocculation depending on the 

amount of pDNA per µL of MB. We still managed to identify that 3 µg of pDNA complexed 

with 1 µL of MB induced negligible flocculation. As suggested by Lin et al. with doxorubicin, 

drug loading on MB induces a modification of their cavitation by the modification of their shell 

properties [14]. We confirmed this assertion with in vitro characterization of acoustic 

properties following pDNA complexation. It demonstrated slightly lower acoustic 

echogenicity and stability in ultrasound imaging. More importantly, it demonstrated lower 

MB collapse and a delayed cavitation and highlighted the potential of a 400 kPa pressure that 

induces strong stable cavitation and limited inertial cavitation using cationic MB.  



280 
 

 

Figure 2: Overview of homemade functionalized MB 

 

Cationic MB for non-viral gene delivery 

Based on these results, we first confirmed using cationic MB the need to increase acoustic 

pressure higher than 300 kPa, where no gene expression was detected with in vivo fluorescence. 

A threshold of 350 kPa was then detected, where significant bioluminescence was detected 

demonstrating efficient gene expression. The correlation between BBBo and viral gene 

delivery was previously demonstrated using PET imaging [15]. We confirmed that this 

correlation still exists with non-viral strategy, as increased acoustic pressure leads to increased 

bioluminescence, and fluorescence imaging induced by BBBo correlates with gene delivery. 

This led to showing that a maximum of bioluminescence was reached at 460 kPa, pressure 

where inertial cavitation was clearly detected in vitro and that induced transitory damages as 

assessed by mice clinical scoring at 24 hours post-treatment. In addition to gene delivery and 

BBBo, we also demonstrated that increased acoustic pressure induced increased inflammation, 

as assessed in RT-qPCR of ICAM-1, CCL2, and IL-1α markers. They all showed pressure-

related increases and strong reductions after 7 days, demonstrating its transitory characteristic. 

This link between FUS-BBBo intensity and inflammation was previously described by Ji et al., 

who demonstrated overexpression of several inflammatory markers, confirmed in our study 

with CCL2 [16]. Then, we confirmed the influence of sonication duration on gene delivery with 



281 
 

a 5-minute sonication at 410 kPa that allowed us to increase gene delivery to a similar intensity 

as the 1-minute sonication at 460 kPa. This confirmed the advantage of the 400 kPa acoustic 

pressure, where strong stable cavitation but limited inertial cavitation was detected, and that 

induced strong gene delivery with limited damage.  However, the limited stability of cationic 

MB suggests that this effect of sonication time could be enhanced with more stable MB or with 

perfusion of MB solution instead of a bolus injection. Indeed, assessed in vitro in ultrasound 

imaging, they demonstrated a half-life of 166.7 seconds in addition to MB collapse due to FUS 

treatment, demonstrating that a limited amount of MB remains at the end of a 5-minute pulse. 

We still concluded that the 410 kPa 5-minute pulse was demonstrated to be the most efficient 

gene delivery protocol in our study. It showed strong gene expression compared to previous 

studies like Fan et al. (35) that did not induce gene expression strong enough to assess 

bioluminescence in vivo. In addition, bioluminescence assessed over time demonstrated longer 

gene expression kinetics, lasting for 7 days compared to 72 hours in this previous study. 

However, this kinetic remains limited compared to viral strategies that can last for over 6 

months and was further confirmed with our viral strategy [17].  

 

LNP interest and limitation 

Using unfunctionalized MB, we first confirmed their ability to induce BBBo at 310 kPa, as 

assessed in fluorescence microscopy, using 10 µL of MB solution. Although, in order to induce 

a BBBo as safe as possible for gene delivery, we preferred using the lowest MB amount 

allowing significant BBBo, as assessed by in vivo fluorescence imaging, of 1.5×107 MB 

(corresponding to approximately 0.5 µL). This protocol was used for LNP-mediated gene 

delivery and demonstrated strong gene expression detectable with in vivo bioluminescence. It 

also allowed us to confirm that gene delivery is strongly correlated with stable cavitation dose. 

We did not show any increase in gene delivery using a 2-fold higher amount of LNP, 

suggesting a saturation of pDNA delivered. Compared to co-injection of bare pDNA, it only 

showed a slight non-significant increase of bioluminescence, though a significant difference 

was found in contrast to the stable cavitation dose measured. This suggests, surprisingly, that 

LNP had a limited effect on gene transfer. However, LNP injected directly after FUS-BBBo 

instead of co-injected with MB did not induce gene expression sufficient to be detected in vivo. 
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This suggests LNP destruction during FUS-BBBo, liberating pDNA and allowing gene transfer. 

This is further suggested by Marty et al. and Chen et al. that demonstrated a limited drug 

delivery with objects of 7 nm size or higher, much lower than our LNP (74.7 nm average modal 

diameter), though they used a FUS-BBBo protocol inducing longer closure kinetics, suggesting 

a more severe opening [3,18]. This explains the limited effect of LNPs, which primarily protect 

nucleic acids from enzymes. It still allowed efficient mRNA delivery that would be degraded 

too fast without complexation, as RNase has a much faster kinetic than DNase. Cavitation 

analysis in vivo also allowed us to validate the measures made in vitro, as a strong stable 

cavitation was detected with few pulses entering the inertial cavitation regime. Increasing 

acoustic pressure would most likely induce more inertial cavitation and therefore more 

damage in the brain. Thus, further optimization of this strategy should rely on MB 

functionalization or LNP optimization rather than on acoustic parameters.  

As cell membranes are negatively charged, the use of a cationic vector increases gene 

delivery by enhancing the vector fusion with the cell’s membrane [19]. As nucleic acids are 

complexed in our LNP with ionizable lipids, it forms neutral particles at neutral pH, and their 

transfection into cells could be enhanced with the addition of a cationic vector. For this 

purpose, we used our cationic MB previously described for LNP-mediated gene delivery to 

assess these cationic properties effect on in vivo transfection. It did not allow for inducing 

stronger gene delivery compared to the use of unfunctionalized MB, which is not surprising 

considering that if LNP destruction occurs, then it might not transfect cells through the usual 

pathways. Compared to a similar amount of bare pDNA complexed on cationic MB, it did not 

show different gene expression. However, it showed much lower stable cavitation with LNP 

and significantly less inertial regime occurrence, further demonstrating the pDNA 

complexation effect on MB cavitation. Similarly, the binding of LNP on MB surface with biotin-

streptavidin coupling, did not enhance gene delivery compared to unfunctionalized MB nor 

compared to bare pDNA. As previously stated, this is probably due to LNP destruction 

following FUS-BBBo [20]. However, De Cock et al. demonstrated that this strategy allowed 

enhanced mRNA delivery into cells in vitro, suggesting that nanoparticle destruction can be 

avoided or is not total [21]. 
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Model transition challenges 

Changing our rodent model from female Balb/c to male Fmr1-KO mice (C57BL/6J strain) 

highlighted the need for adjustments in the acoustic pressure used to reach similar BBBo and 

gene delivery. This increase, from 410 to 460 kPa, can be easily explained by the difference in 

the skull thickness related to the mice's weight. In addition to body weight, this skull thickness 

can be different regarding genotype and reduce FUS transmission, as demonstrated by 

Gerstenmayer et al. [22–24]. This was further confirmed by Felix et al. that showed in young 

C57BL/6 mice exponential transmission loss as a function of body mass, getting up to 30 % [25]. 

However, this effect is limited in our study by the 1 MHz frequency used, which shows less 

transmission loss with tissue and skull compared to 1.5 MHz. These differences of 

transmission between animals still induce important heterogeneity between animals and are 

a barrier to the transposition of the technique to different models. However, as we showed 

that this can be addressed with variation of acoustic pressure and that gene delivery is 

correlated with stable cavitation induced, the use of a cavitation monitoring protocol should 

be used to address these difficulties. Indeed, MB cavitation can be monitored in real time, with 

pressure incrementation until the desired cavitation is reached [26]. This would allow us to 

reduce the heterogeneity in BBBo and gene delivery protocol. In addition, it would assure the 

absence of inertial cavitation and the induction of damages as previously stated. 

 

Viral gene delivery for enhanced and lasting transgene expression 

Similarly to the LNP strategy, viral gene delivery was used in co-injection with 

unfunctionalized MB, but with a whole brain protocol with a slightly higher mechanical index 

and MB dose to compensate for the delay during probe displacement. It efficiently induced 

gene expression in the whole brain, with about 10-fold higher bioluminescence compared to 

our non-viral strategies, and was stable over at least 21 to 53 days after the procedure. 

According to Stavarache et al., gene expression can remain stable over 6 months after the FUS-

BBBo procedure [17]. Although they used a different AAV, this suggests that we might have 

induced an expression stable over several months. In addition, they also demonstrated that 

they reached over 50 % of neurons transduced in the opened region, a statement confirmed by 

Nouraein et al. in a whole-brain protocol with an AAV9 vector [27]. These statements suggest 
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that FMRP-eGFP expression might actually be expressed more widely through the brain than 

what we detected due to the low sensibility of FMRP immunohistochemistry, resulting in the 

detection of the protein only in clusters. 

Overall, we showed here that the viral gene delivery modality associated with FUS-BBBo 

was the most efficient in terms of gene expression and stability over time. The main possible 

optimizations of this method rely on the use of a higher AAV amount or on the use of FUS-

BBBo-specific AAV, as developed by Li et al. [28]. However, the use of AAV is limited in 

clinical trials due to the possibility of inducing a strong immune response and the natural 

prevalence of immunity to AAV within the population [29–31]. In addition, this immunity will 

be obtained by a treated patient following the procedure, preventing additional treatments. 

Non-viral strategies are not concerned by these limitations, making them an important 

alternative to the viral strategy. In addition, as repeated treatments are possible with non-viral 

strategies, weekly treatments could allow persistent gene expression, since we demonstrated 

that it lasted for 7 days after treatment. McDannold et al. confirmed on macaques that repeated 

treatment did not show an impact on its safety, with no increase in hemorrhages or behavioral 

effects [32]. Both LNP- and cationic MB-mediated gene delivery displayed similar gene 

expression, though the MB used displayed different efficiencies. Indeed, unfunctionalized MB 

displayed higher stable cavitation as previously discussed, and its higher stability in vivo 

allows a more efficient whole-brain BBBo. However, we demonstrated the need to better 

optimize LNP to improve gene delivery efficiency. More specifically, the optimization of a 

smaller LNP reaching a size small enough to cross an open BBB should be investigated. 

Belliveau et al. developed LNP with a similar microfluidic to what was used in this PhD, 

reaching a size as low as 22.4 nm assessed in Cryo-TEM [33]. Evidence suggests that such LNP 

would be able to cross an opened BBB, potentially increasing gene delivery. Cationic MB-

mediated gene delivery's main limitations are the lower cavitation induced by the first 

generation of cationic MB and the low amount of pDNA complexed at its surface in the 

condition preventing flocculation. Optimization of this modality therefore relies mostly on 

cationic MB formulation. 
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Enhanced non-viral gene delivery strategy to the CNS 

The functionalized MB developed in our study is a promising perspective to improve this 

gene delivery. Firstly, the polymeric cationic MB developed demonstrated much higher stable 

cavitation than the first generation of cationic MB, with better stability under ultrasound. It 

remains to be further studied which MB-to-pDNA ratio should be used to avoid flocculation 

and how it would affect MB cavitation. However, as the cationic charge is delocalized from 

the MB surface, it should limit the nucleic acid complexation effect on MB shell properties, 

therefore limiting differences in cavitation. The modification of unfunctionalized MB with 

biotin or DBCO function did not show an effect on concentration and size. In addition, as the 

lipidic constitution of polymeric cationic MB is close to unfunctionalized MB, it is likely that 

the addition of biotin or DBCO would not affect these cationic MB either. Moving forward, the 

use of these polymeric cationic MBs should therefore be investigated, with the addition of the 

functionalization developed in this PhD, like magnetic or targeting properties. Prior to their 

use, in vitro characterization of the effect of pDNA complexation and binding of antibody or 

magnetic particle needs to be assessed. This will confirm that these MBs retain sufficient 

stability and acoustic properties for cavitation-induced BBBo and sonoporation. 

Magnetic functionalization associated with cationic MB should enhance gene delivery, 

both in vitro and in vivo, with magnetic accumulation of MB. This effect was demonstrated in 

vitro by Stride et al. that showed similar magnetic properties as we did, with homogeneous 

displacement of MB. They indicated that such magnetic MBs were able to get in contact with 

cells at the bottom of the sample thanks to the magnetic field [34]. In vivo drug delivery 

enhancement to the brain was demonstrated by Fan et al. using doxorubicin, with tumor-

targeted accumulation of MB with the magnetic field. They also show another advantage of 

magnetic MB, their contrast properties in MRI from the iron oxide nanoparticles used in their 

formulation [35]. However, the use of magnetic MB for gene delivery to the brain remains 

limited to tumor treatments, as their accumulation is targeted at a precise region. This makes 

their use challenging for the treatment of genetic brain diseases like FXS, where whole-brain 

treatments ensure an optimal effect. However, we can still use such a strategy by focusing both 

magnetic targeting and FUS on a relevant brain region like the hippocampus, allowing 

enhanced gene delivery and restored expression in the area. 
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Similarly, targeting functionalization associated with cationic MB allows enhanced gene 

delivery, both in vitro and in vivo, also by MB accumulation and spatial rapprochement to cells. 

Beekers et al. demonstrated in vitro that targeted MB increased by approaching MB on cells 

and by increasing MB internalization [36]. Therefore, this shows the particular advantages 

targeted functionalization brings to loaded MB, like cationic MB, to deliver its cargo. However, 

their use in the brain in vivo needs to target brain vasculature to accumulate them in the brain 

for enhanced BBBo, as demonstrated by Li et al. using the binding peptide for apolipoprotein 

E receptor bound to the MB surface [37]. This strategy strongly enhanced ICG delivery into 

the brain but does not take advantage of the enhanced internalization. The streptavidin-to-

antibody ratio only uses about 9 % of available streptavidin binding sites, suggesting that we 

could probably bind an additional antibody to the MB surface. Using a neuron-specific 

antibody like NCAM (neural cell adhesion molecule) in addition to the brain vasculature 

binding peptide it would allow enhanced BBBo followed by enhanced cationic MB 

internalization into neurons, improving pDNA delivery [38]. Another strategy combining 

magnetic targeting to a specific brain region for MB accumulation, enhancing BBBo, and 

neuron-specific targeting with an antibody for enhanced cell internalization for gene delivery 

can also be attempted. This would avoid MB internalization into endothelial cells promoted 

by molecular targeting of brain vasculature as previously described. Such strategies will 

therefore be attempted with our polymeric cationic MB further functionalized with biotin 

function for additional binding.  

 

 

III. FUS-BBBo gene therapy for the fragile X syndrome 

 

 

Proof of concept of fragile X syndrome gene therapy was demonstrated in our work using 

both non-viral and viral gene delivery associated with FUS-BBBo, restoring 3.7 and 15.2 % of 

WT expression respectively. The difference of restored expression further highlights the 

difference of gene delivery efficiency of both strategies. Alongside the gene expression kinetics, 

lasting 1 and over 5 weeks respectively, it encouraged us to focus on the viral strategy to study 

the therapeutic potential of this gene therapy. Thus, we still have to confirm FMRP expression 



287 
 

in neurons and if a similar behavioral effect would be induced by the non-viral strategy with 

repeated treatments to compensate for the expression kinetics. We previously established 

several strategies to enhance non-viral gene expression; therefore, an optimized strategy 

should be used to enhance potential therapeutic effect. 

 

 

BBB opening therapeutic effect 

The behavioral study we performed following whole-brain FUS-BBBo and viral gene 

delivery demonstrated a partial rescue from BBBo itself on hyperactivity, anxiety, and social 

impairments. This effect of BBBo was not expected and should be extensively analyzed 

moving forward. The most likely explanation from this effect is the know ability of FUS-BBBo 

to activate microglia, neuroinflammation, and protein clearance. This was first described by 

Jordão et al. in a mouse model of Alzheimer's disease. They demonstrated that astrocyte and 

microglia activation and endogenous antibody extravasation occurred after FUS-BBBo and 

that it reduced Aβ plaque number and surface area through microglia-associated clearance 

[39]. This finding was later corroborated and completed by several studies [40], notably with 

the identification of tau clearance following BBBo [41] and the demonstration by Leinenga and 

Götz of the efficiency of FUS-BBBo to improve memory in model mice [42]. These studies led 

to clinical trials for the treatment of Alzheimer’s disease and demonstrate the therapeutic 

potential of FUS-BBBo [43]. 

Interestingly, the amyloid β precursor protein (APP) expression is downregulated by 

FMRP, leading to its upregulation in FXS and the accumulation of Aβ in the brain [44]. 

Westmark et al. demonstrated the therapeutic effect from Aβ downregulation by silencing one 

allele of the APP gene, thus generating Fmr1-/y mice with heterozygous APP expression (APP-

/+), and therefore reduced Aβ [45]. These mice demonstrated total rescue of anxiety phenotype, 

assessed in the marble burying test and open field, and a partial rescue of seizures, mGluR-

mediated long-term depression, and dendritic spine abnormalities. In addition, Zhao et al. 

demonstrated in Fmr1-/y mice that the reduction of tau protein led to partial rescue of repetitive 

behaviors and aggressivity [46]. This highlights the therapeutic potential of Aβ and tau 

clearance triggered by FUS-BBBo. However, the marbles burying test was one of the last tests 

performed in our study, at 8 weeks after the procedure, compared to 3 weeks for the elevated 
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plus maze, open field, or social open field where the FUS-BBBo effect was clearly detected. 

This suggests that the therapeutic effect of FUS-BBBo faded over time. Considering that all 

studies on Alzheimer's use weekly treatments to ensure a therapeutic effect, it is likely that the 

same kind of protocol would be required here. 

We also demonstrated that the rescue generated by FUS-BBBo was enhanced on the 

hyperactivity and anxiety phenotype by the Fmr1 expression, highlighting the potential of our 

strategy as a combinational strategy associated with gene therapy and FUS-BBBo for the 

treatment of FXS. 

 

Fmr1 transgene expression induces partial behavioral rescue 

Hyperactivity and anxiety impairment phenotypes could be detected in several tests in 

addition to the ones usually used to describe these behaviors: the open field or marbles 

burying test and the elevated plus maze respectively [47,48]. It demonstrates the robust 

phenotype expressed by Fmr1-KO mice in different contexts. It also demonstrates that the 

rescue induced by BBBo and Fmr1 expression remains partial as their effect could not be 

detected depending on context. This highlights the limited effect of restored Fmr1 expression 

over behavior despite over 15 % of WT expression on average and expression in neurons of 

several brain regions. However, Graef et al. demonstrated in vitro that partial expression of 

FMRP allowed the restoration of neuronal activity, with a significant effect from FMRP 

expression in 20 % of neurons and no improvement from higher expression [49]. It suggests 

that our gene expression might be sufficient and that limited improvement would be achieved 

with stronger Fmr1 expression. This is supported by the study from Chadman et al. that used 

a PHP.eB AAV in adult Fmr1-KO mice to transfect neurons without the need of opening the 

BBB. They reached FMRP expression similar to 2-fold higher compared to WT. However, 

without Fmr1 expression analysis, comparison with our study is challenging. They still 

observed only partial rescue on fear conditioning and motor learning with no effect on 

hyperactivity [50]. This suggests that restored FMRP expression to WT levels is not sufficient 

to fully rescue FXS phenotypes and that other parameters need to be considered. In the 

Chadman et al. study, FMRP expression was only restored in neurons with the use of a neuron-

specific promoter [50]. As astrocytes and other cell types also play an important role in the 
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disease, we can hypothesize that the use of a ubiquitous promoter might improve therapy’s 

efficiency [51]. This is the reason that led us to use a CMV promoter in our study; thus, 

although gene expression in astrocytes and microglia still needs to be confirmed, we should 

not be concerned by this limitation. 

 

Fmr1 transgene expression during development increases behavioral rescue 

The age of animals, on the other hand, might be an important limitation to our study. We 

demonstrated that restored Frm1 expression leads to partial phenotype rescue, but it might be 

enhanced with Fmr1 expression during brain development, considering that FXS is a 

neurodevelopmental disorder. Several studies assessed this gene therapy strategy using an 

intracranial AAV injection in young mice. First, Hooper et al. showed that combined 

intracerebroventricular (ICV) and intra-cisterna magna AAV-Fmr1 injection in rats on post-

natal day (PND) 2 or 3 allowed widespread FMRP expression up to PND 70. They 

demonstrated a rescue of social impairment associated with partial improvement of sleep 

quality and partial rescue of hyperactivity from Fmr1 expression, but showed no effect on 

repetitive behavior and fear conditioning [52]. Jiang et al. used ICV injection of AAV-Fmr1 in 

mice on PND 0, allowing widespread FMRP expression close to WT level. They demonstrated 

a rescue over anxiety, social recognition, and repetitive behavior phenotypes associated with 

alleviated dendritic spine abnormality [48]. More recently, Wong et al. treated Fmr1-KO mice 

with intrathecal injection of AAV-Fmr1, also allowing widespread expression of FMRP 

through the brain. They demonstrated significant rescue over seizures, fear conditioning, and 

sleep impairment, but with limited effect on hyperactivity [53]. Overall, despite discrepancies 

between studies over the rescue of repetitive behavior or sleep impairment, they show that a 

stronger rescue is achieved from restored FRMP expression at a young age compared to adult 

mice, as depicted by Chadman et al. studies. This highlights the potential of a treatment at a 

young age. In addition, all these gene therapy studies still demonstrated a partial rescue of the 

Fmr1-KO behavioral phenotype, probably due to Fmr1-/- maternal care as demonstrated by 

Zupan and Toth [54]. More specifically, no studies showed a significant effect of treatment on 

hyperactivity phenotype, unlike in our study, where significant rescue to WT value was 
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observed. This further highlight the advantage of FUS-BBBo and Fmr1 gene expression as a 

combinational therapy for the treatment of FXS.  

Alternative gene therapy strategy 

Previously mentioned gene therapy studies for FXS highlight that even with widespread 

Fmr1 expression with levels close to WT, total behavioral rescue is never observed. This 

highlights the difficulty of restoring such gene expression that is very precisely regulated in 

cells throughout development. In addition, despite a transgene expression lower than WT, we 

still demonstrated a relatively strong expression as assessed in bioluminescence. Comparing 

it to previous studies, like Fan et al., that did not induce sufficient bioluminescence to detect it 

in vivo, unlike in this PhD, suggests that we induced a stronger gene expression [55]. In their 

model, they still induced gene expression close to WT level, suggesting that with FXS, a much 

stronger gene expression is required to restore Fmr1 expression to WT level. Their study used 

glial cell line-derived neurotrophic factor (GDNF) expression in a chemically-induced 

Parkinson's model that only reduced GDNF expression. This explains their reduced need for 

strong gene expression and highlights the potential of our strategy to restore gene expression 

less impacted than Fmr1. Indeed, by restoring a relevant gene expression with a lower WT-to-

KO difference, we could potentially restore its expression to WT level, even with our non-viral 

strategy. We would not use GDNF, as it is not differently expressed in KO mice [56], but the 

expression of cAMP or IGF-1 would be an interesting candidate. Indeed, cAMP is 

downregulated in FXS, and its upregulation through phosphodiesterase-4D inhibition 

induced positive results in a phase 2 clinical trial [57]. IGF-1 is also downregulated in FXS, and 

Robert et al. demonstrated that the administration of an analog of IGF-1 (NNZ-2566) induced 

behavioral therapeutic effects over cognitive, hyperactivity, and social phenotypes [58]. 

However, its use in clinical trials showed poor effect. [59]. Restoring IGF-1 expression could 

therefore be an interesting alternative to this analog. 

In addition, the use of an epigenetic strategy should also be looked at, as we have the 

possibility to reduce gene expression with siRNA or miRNA injection instead of pDNA or by 

expressing an shRNA with an AAV, silencing a specific gene expression. Many targets for this 

strategy can be studied in FXS, where several thousands of genes are dysregulated, and many 

are overexpressed [60]. It could be used to reduce phosphodiesterase-4D expression, whose 

inhibition has demonstrated efficiency in clinical trials as previously stated. It could also be 
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used over mGlur5 expression as an alternative to mGlur5 antagonists that are well studied in 

preclinical trials and showed important effects but that proved inefficient in clinical trials 

[61,62]. 
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Thomas ADOR 

Délivrance de gènes par sonoporation pour la thérapie du syndrome 
de l'X fragile 

Comme de nombreuses maladies monogéniques du système nerveux central, le syndrome de l’X fragile manque de traitement 
efficace. Si la thérapie génique offre un grand potentiel thérapeutique, la barrière hémato-encéphalique (BHE) reste une limite majeure 
à son efficacité. L’utilisation de microbulles de gaz associée à des ultrasons focalisés est une méthode prometteuse pour ouvrir cette 
barrière, de façon non invasive et transitoire, afin de délivrer des molécules thérapeutiques. L’objectif de cette thèse a été de 
développer une méthode de thérapie génique basée sur ce principe utilisant le modèle murin du syndrome de l’X fragile, les souris 
Fmr1-KO. Dans une première partie, des microbulles innovantes ont été développées avec succès, possédant des propriétés 
magnétiques, de ciblage, ou cationiques. Nous avons démontré l’efficacité de nos microbulles cationiques pour complexer et délivrer 
de l’ADN plasmidique, tout en gardant les propriétés acoustiques permettant l’ouverture de la BHE. 
Dans une seconde partie, un protocole d’ouverture focalisé de la BHE a été mis en place avec succès. Un suivi in vivo de l’ouverture 
de cette barrière a été développé par imagerie photoacoustique ainsi que par imagerie de fluorescence, utilisant l’Indocyanine Green 
comme agent de contraste bimodal. Une comparaison avec l’IRM a été réalisée, démontrant l’efficacité de l’imagerie de fluorescence, 
en particulier ex vivo, pour le suivi de l’ouverture. Dans une troisième partie, un protocole de transfert de gène focalisé dans le cerveau 
a été optimisé, utilisant les microbulles cationiques complexées avec de l’ADN. Cette méthode a été utilisée pour la première fois sur 
le modèle Fmr1-KO, démontrant la capacité de cette méthode à réexprimer le gène Fmr1. 
Enfin, nous avons comparé notre précédente méthode de transfert de gène non virale, avec une méthode virale utilisant un AAV2/9, 
co-injecté avec des microbulles non fonctionnalisées, pour l’ouverture de la BHE dans le cerveau entier des souris Fmr1-KO. Nos 
résultats montrent que la méthode virale permet une expression plus forte et stable sur plusieurs semaines en comparaison à la 
méthode non virale. Par la suite, une étude comportementale a été réalisée révélant, pour la première fois, un effet thérapeutique de 
l’ouverture seule de la BHE dans le cerveau entier, effet renforcé par l’expression du transgène Fmr1. Cette thèse contribue à de 
nouvelles perspectives pour la thérapie génique du système nerveux central en utilisant des microbulles associées à des ultrasons 
focalisés. Elle apporte également une nouvelle approche thérapeutique associant l’ouverture de la BHE avec une thérapie génique 
réexprimant Fmr1. 

Mots clés : Sonoporation, Transfert de gène, Syndrome de l’X fragile, Microbulles cationiques, Déficience intellectuelle, comportement 

Gene delivery by sonoporation for Fragile X syndrome therapy 

Like many monogenic diseases of the central nervous system, Fragile X syndrome lacks effective treatment. While gene therapy holds 
great therapeutic potential, the blood-brain barrier (BBB) remains a major limitation to its effectiveness. The use of microbubbles 
combined with focused ultrasound is a promising method to open this barrier, in a non-invasive and transient manner, in order to 
deliver therapeutic molecules. The objective of this thesis was to develop a gene therapy method based on this principle using the 
mouse model of fragile X syndrome, Fmr1-KO mice. In a first part, innovative microbubbles have been successfully developed, with 
magnetic, targeting or cationic properties. We demonstrated the effectiveness of our cationic microbubbles to complex and deliver 
plasmid DNA, while maintaining acoustic properties allowing the opening of the BBB. 
In a second part, a focused protocol for BBB opening was successfully developed. An in vivo monitoring of the BBB opening was also 
developed by photoacoustic and fluorescence imaging, using Indocyanine Green as a bimodal contrast agent. A comparison with MRI 
was performed demonstrating the efficacy of fluorescence imaging, especially ex vivo, to monitor BBB closure kinetics. 
In a third part, a focused gene transfer protocol in the brain was optimized, using cationic microbubbles complexed with DNA. This 
method was used for the first time on the Fmr1-KO model, demonstrating the ability of this method to re-express the Fmr1 gene. 
Finally, we compared our previous non-viral gene transfer method with a viral method using AAV2/9 co-injected with non-functionalized 
microbubbles for the opening of the BBB in the whole brain of the Fmr1-KO model. Our results show that the viral method allows a 
stronger and more stable expression over several weeks compared to the non-viral method. Subsequently, a behavioral study was 
conducted, revealing for the first time a therapeutic effect of the BBB opening alone in the whole brain, effect reinforced in some 
aspects by the expression of the Fmr1 transgene. This thesis contributes to new perspectives for central nervous system gene therapy, 
using microbubbles associated with focused ultrasound. It also provides a new therapeutic approach combining the opening of the 
BBB with gene therapy restoring Fmr1 expression. 

Keywords : Sonoporation, gene delivery, Fragile X syndrome, Cationic microbubbles, Intellectual defiency, Behavior 
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