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Abstract  1 

Drug nanocarriers (NCs) capable of crossing the vascular endothelium and to deeply 2 

penetrate into dense tissues of the CNS could potentially transform the management of 3 

neurological diseases. In the present study, we investigated the interaction of bottle-brush 4 

(BB) polymers with different biological barriers in vitro and in vivo and compared it to 5 

nanospheres of similar composition.  In vitro internalization and permeability assays 6 

revealed that BB polymers are not internalized by brain-associated cell lines and 7 

translocate much faster across a blood-brain barrier model compared to nanospheres of 8 

similar hydrodynamic diameter. These observations performed under static, no-flow 9 

conditions, were complemented by dynamic assays performed in microvessels arrays on 10 

chip and confirmed that BB polymers can escape the vasculature compartment via a 11 

paracellular route. BB polymers injected in mice and zebrafish larvae exhibit higher 12 

penetration in brain tissues, and faster extravasation of microvessels located in the brain 13 

compared to nanospheres of similar sizes. The superior diffusivity of BBs in extracellular 14 

matrix-like gels combined to their ability to efficiently cross endothelial barriers via a 15 

paracellular route position them as promising drug carriers to translocate across the blood-16 

brain barrier and penetrate dense tissue such as the brain, two unmet challenges and 17 

ultimate frontiers in nanomedicine. 18 

Keywords 19 

bottle-brush polymer; blood-brain barrier; vessel-on-a-chip; zebrafish; mouse 20 

 21 
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Introduction 1 

The field of nanomedicine has thrived on the foundations of very few paradigms. One 2 

essential paradigm is the concept of “magic bullet”, the capacity of nanomedicines to 3 

modify, if not control at will, drug biodistribution. Such control should allow concentrating 4 

a drug where it is most needed in order to treat affected tissues without damaging the 5 

healthy surrounding cells. Control of biodistribution also impacts the drug’s residence time 6 

in the blood stream and, therefore, its therapeutic index and efficacy.  After several decades 7 

of development and hundreds of clinical trials, nanomedicines have struggled to reach the 8 

market, questioning the very foundations of their design principles. 1-3 Recent reports have 9 

shattered the paradigm of drug targeting used by many ligand-decorated nanocarriers 10 

(NCs) by suggesting that only a small fraction of drug accumulates in targeted tissues, 11 

which most of the time equals the accumulated amount obtained in untargeted systems. 2, 12 

4-6 This debate urges scientist to rethink their methodological approach to design drug 13 

delivery systems, starting not necessarily from the drug itself but rather from the NC and 14 

optimizing its capacity to better navigate inside living organisms. 7 NCs capable of deep 15 

penetration into tissues are scarce or even inexistent. Spherical nanoparticle-based systems 16 

for example cannot diffuse freely across biological barriers such as the blood-brain barrier 17 

and in dense tissues (muscle fibers or brain tissue). This could be problematic when the 18 

objective of the formulation is to reach deep regions of the body but could be advantageous 19 

to create a localized depot that would release slowly its payload. Particles free-diffusion in 20 

dense tissues can only be achieved with particles smaller than 50 nm, which is smaller than 21 

most particle-based drug delivery systems. 8, 9 There is therefore a very strong 22 

technological need to design NCs that could replace nanoparticles and achieve deep tissue 23 
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penetration without being hindered by diffusion or cell capture. In very recent years, 1 

molecular brushes, also known as bottlebrush polymers (BB polymers), 10, 11 have emerged 2 

as a different class of drug delivery system. BB polymers have been tested in multiple 3 

biomedical applications, from drug delivery systems 12, 13 to functional coatings, 14 and 4 

lubricants for joints. 15 5 

BB polymers have been shown to control the pharmacokinetic (PK) of their cargo in a 6 

similar way to other drug delivery systems 16 to penetrate deeply into tumor spheroids in 7 

vitro. 17-20 It had been shown with cylindrical polymer brushes of different lengths (varying 8 

from 34 to 119 nm), that longer brushes displayed higher cellular uptake, lower tissue 9 

permeability, shorter blood circulation time, lower tumor accumulation and faster 10 

clearance than their shorter counterparts. 21 The extent and depth of tumor spheroid 11 

penetration of rigid Tobacco virus-like particles decreased with increasing the aspect ratio 12 

(AR) of the viral particles. 17, 22 Similar results were obtained with rod-like micelles (12 13 

nm in width and 80 to 200 nm in length). 20 The effect of the AR was also demonstrated 14 

with poly(2-ethyl-2-oxazoline) (PEtOx)-based BBs. Increasing either the backbone or side-15 

chain length of PEtOx BBs decreased cell uptake in vitro and induced an increase of 16 

circulation time in mouse blood stream. 23 Stiffer BB polymers were found to be eliminated 17 

faster from the blood stream compared to more flexible BB polymers. 16, 19, 24 Regarding 18 

organs biodistribution, increasing AR of BB polymers lead to higher uptake in organs such 19 

as liver and spleen. 16,25, 26 While the vast majority of studies involving BB polymer 20 

scrutinized their penetration capacity in tumor, this work was aimed at evaluating the 21 

capacity of these materials to penetrate dense tissues such as the brain and to translocate 22 

across the blood-brain barrier (BBB), an unmet challenge in nanomedicine. 23 
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Results and discussion 1 

Nanoparticles and Bootle-brush polymers characterizations 2 

The chemical structures of the BB polymers as well as the diblock copolymer used to 3 

produce the spherical NPs and their morphology are shown in Figure 1. Physical chemical 4 

properties such as size, zeta potential, grafting densities are summarized in Table 1. NPs 5 

were prepared by nanoprecipitation using PEG-g-PLA diblock polymers obtained by ring 6 

opening polymerization from mPEG 2kD and mPEG 5kD chain macro-initiators. 27 NPs 7 

are core-shell spheres with a hydrophobic PLA core and a shell of PEG chains at their 8 

surfaces (Figure 1A, C). TEM images obtained by negative staining at room temperature 9 

clearly showed smooth hard spheres (Figure 1C). Moreover, the glass transition 10 

temperatures of the diblock polymers are all above 40º C which is higher than in vitro and 11 

in vivo experiment temperature supporting the fact that these NPs have a hard rather than 12 

soft core. 28 13 

On the other hand, AFM imaging of the BB polymers (Figure 1D-F) confirmed the worm-14 

like shape of the BB polymers on a mica surfaces. This worm-like morphology is the result 15 

of the BB polymer backbone and side-chains spreading on mica surfaces (Figure 1D-F) 16 

which is most perceptible with the Long BB polymer (Fig 1F). All the BB polymers have 17 

the same grafting density of side chains (n+m)/(n+m+p)  of approximately 50%, (see table 18 

1) and degree of polymerization (DP = 53-57). At such low grafting density and small side 19 

chain length, the BB macromolecules are able to coil and behave as flexible worm-like) 20 

chains rather than rigid rods. 29, 30   21 
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Distributions of BB polymers contour length obtained from AFM are available in SI 1 

(Figure S2). 28, 31  2 

BB polymer cross-section was obtained from AFM images and was found to vary between 3 

24.5 and 27.8 nm (Table 1). These values are in good agreement with theoretical 4 

calculation based on the DP of side chain (DP = 52-57) with a repeat unit size of 0.25 nm. 5 

The aspect ratio (AR), of the different polymers was found to vary between 2.9 to 6.7 6 

(Table 1). The size range of the NPs and BB polymers is representative of most nanoscale 7 

drug delivery carriers, with size in the 50 to 150 nm bracket. 8 

To enable tracking and quantification, NPs and the BB polymers were tagged with a Cy5 9 

fluorescent probe. The amount of fluorescent probe on each object was quantified as the 10 

amount of fluorescence intensity by mass of material. NPs as well as Short and Long BB 11 

polymers have similar level of fluorescence per mass of material, only Medium BB 12 

polymers exhibited significantly less amount (Figure S3). 13 

 14 
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 1 

Figure 1. Nanoparticles and Bottle-brush polymers chemical structure and 2 

morphology. (A) Schematic representation of a NP and chemical structure of the diblock 3 

polymer (and fluorescent polymer) used to produce it (x=275; y=45 or 114); (B) Schematic 4 

representation of a BB polymer chain with its chemical structure (see Table 1 for n, m, p 5 

and q values); (C) TEM image of NPs (scale bar: 50 nm); AFM topographic images 6 

acquired in air of (D) Short, (E) Medium, and (F) Long BB polymers.  7 
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Table 1. Nanoparticles and Bottle-brush polymers physical properties. 1 

2 

  
Diameter 

(DDM) 
Zeta 

potential 
Cross-section 

length * 
BB Contour 

length * Aspect ratio 

BB 
Backbone 

size  

Side chains 
per BB 

molecule 
PEG grafting density PEG 

  
  

nm mV  nm nm    NP BB  DP 

Z-avg Đ   SD  T SD L SD    n+m+p n+m q chain/nm2 chain/nm  

Small NPs 61.5 0.04 -5.1 8.1 NA NA 1 NA NA NA 0.33 NA 114 

Large NPs 93.1 0.12 -6.2 9.1 NA NA 1 NA NA NA 0.2 NA 45 

Short BB 88.0 0.34 -4.2 5.8 25.9 4.8 76 16 2.9 209 115 53  NA 1.51 NA 

Medium BB 124.7 0.33 -1.7 6.2 27.3 4.4 101 25 3.7 487 275  54 NA 2.72 NA 

Long BB  164.3 0.31  -4.2  5.1 24.3 3.6 163 39 6.7 829 459  57 NA 2.82 NA 

Abbreviations 

 SD  Standard deviation    

 
Đ  Dispersity  

 
 

 DP  Degree of polymerization    

 q  Number of monomer units in side chains    

 n  Number of side chains per BB polymer molecule carrying a Cy5 moiety  

 m  Number of side chains per BB polymer molecule not carrying a Cy5 moiety 

 p  Number of spacer monomer in the backbone 

 *  Determined from AFM images    
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Cytotoxicity & Endocytosis assays 1 

Cytotoxicity of NPs and BB polymers was evaluated on three different murine cells lines, 2 

i.e. bEnd.3, a vascular endothelial cell from mouse brain; 32 N2a, a neuronal 3 

(neuroblastoma) cell line; 33 and N11, a brain microglia cell line. 34 No effect on the cell 4 

proliferation (Resazurin test) and membrane damage (LDH release test) were observed at 5 

the maximal concentration used in all cell culture assays (Figure S4).   6 

7 
Figure 2. Bottlebrush polymers exhibit slower internalization rates compared to 8 

nanoparticles. FACS analysis of the internalisation signal from endothelial (A), neuronal 9 

(B) and microglia (C) cell lines after 24-hour exposure to three different doses of NPs or 10 

BB polymers. ** p<0.01, * p<0.05, # Not significantly different from control 11 

 12 

The internalization of BB polymers obtained by flow cytometry in all the cell lines at either 13 

4-h (Figure S5) or 24-h (Figure 2A & 2B) was far smaller than NPs, irrespective of their 14 

size. On the other hand, NPs uptake was clearly detected and increased significantly 15 

between 4-h (Figure S5) and 24-h of incubation (Figure 2A). These measurements were 16 

performed after several rounds of PBS washing to ensure that the measured fluorescence 17 

intensity correspond to the intracellular nanomaterials. Moreover, examination of cells by 18 

fluorescence microscopy did not reveal any fluorescent signal associated to the cellular 19 

membrane, confirming that the detected signal in flow cytometry was from the internalized 20 

nanomaterials only.  21 
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Calculations of the different doses expressed as the number of particles or macromolecules 1 

show that BB polymer lowest concentration (6µg/well) was still five times higher than the 2 

highest NPs concentration tested (24µg/well). Still, no evidence of internalisation of the 3 

BB polymer were observed either by flow cytometry (no significant difference between 4 

BB polymer internalisation and cell control, Figure 2 and Figure S5) or by confocal 5 

microscopy (Figure 3C). 6 

As in the case of N11 cell line, BB polymers uptake was insignificant compared to non-7 

exposed cell control at 4 hours (Figure S5). However, at 24 hours, a slight increase in 8 

fluorescence signal was recorded for Short and Long BBs (Figure 2C). The lower signal 9 

observed for the Medium BBs was likely due to its lower intrinsic fluorescence (Figure 10 

S3). Therefore, N11 cells, considered as brain resident macrophages, have the ability to 11 

capture BB polymers more efficiently, most probably via phagocytosis. 34  PEGylated NPs 12 

are mainly internalized by macropinocytosis in bEnd.3 cells, a rather non-specific 13 

internalisation process. 27 Regarding the BB polymer, considering the low level (or near 14 

absence) of internalisation such a study was not deemed possible to conduct. 15 

In summary, except for macrophage-like cells, BB polymers are not significantly 16 

endocytosed by cells found in the brain microenvironment. On the other hand, NPs with 17 

comparable hydrodynamic diameters showed higher internalization in all cell lines. Similar 18 

observations have been reported for PEGylated nanofibers exhibiting a crystalline core, 35 19 

for short rod-like micelles 18 and for a PEGylated tobacco mosaic virus. 17, 22 These results, 20 

along with our observations, tend to suggest that particle AR plays an important role in the 21 

uptake mechanism of these nano-objects and confirm that elongated nanoparticles can 22 

evade capture by cells more efficiently than spherical ones. 23 
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In vitro cell barrier translocation assays 1 

 2 

 3 

4 
Figure 3. Bottlebrush polymers translocation is faster than nanoparticles (A) 5 
Apparent permeability, Papp, of NPs vs BB polymers using insert filters of different pore 6 
size (1µm vs 0.4µm) after 24-hour incubation; (B) Comparison of Papp values between 7 

Apical to Basal and Basal to Apical transport directions (1µm pore transwell); (C) 8 
Confocal images of the cell monolayer integrity (bEnd.3 cells) after transcytosis 9 
experiments (24-hour incubation). Staining: Blue (Hoe 33342): cell nucleus, Red: NPs or 10 
BB polymer; Green: tight junctions (Claudin-5 immunodetection). Scale bar: 20µm. 11 

 12 

NPs and BB polymers translocation across cell monolayers mimicking the BBB was 13 

quantified in a transwell assay. Apparent permeability (Papp) and cell imaging were 14 

performed to compare both types of materials. Papp of the Short BB polymer was eight to 15 

ten times higher compared to PEGylated NPs of comparable hydrodynamic size (Figure 16 

3A). 17 
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The pore size of the insert membrane used for the assay (1 µm vs 0.4 µm) had a significant 1 

impact on the values of Papp indistinctly of the nature of the material tested. The values of 2 

Papp decreased systematically by a factor of two when reducing the pore size by almost the 3 

same factor, suggesting a diffusion-limited translocation mechanism rather than active 4 

translocation (Figure 3A). 5 

The measured values of Papp of the BB polymers at 24 and 48 hours did not present any 6 

clear dependence on the polymer size, although the values at 48h were significantly smaller 7 

compared to 24h, suggesting that equilibration was nearly achieved (data not shown).  8 

Papp values were also found identical in apical-to-basal and basal-to-apical transport 9 

directions (Figure 3B). This observation is an indirect confirmation that no convective or 10 

active transport was involved in BB polymers and NPs translocation through the cell 11 

monolayer. Post-assay imaging of the bEnd.3 cell monolayer on the inserts’ membrane 12 

showed intact tight junctions for both BB polymers and NPs treatments. Imaging of the 13 

cell monolayer after the translocation assay did not reveal the presence of BBs 14 

macromolecules inside or associated to the cells’ membrane, while NPs were clearly seen 15 

in vesicular organelles inside the cells (Figure 3C). This is consistent with the uptake 16 

experiments conducted on non-porous substrate showing low levels of internalization in 17 

bEnd.3 cells for the BB polymers compared to NPs (Figure 2A).  18 

The collection of evidence described so far suggests that BB polymers, unlike NPs, 19 

translocate through cell monolayers via the paracellular route. On the other hand, imaging 20 

of the cell monolayer did not show any signs of alteration of the tight junctions after 21 



14 
 

incubation with either BB polymers or NPs, which confirmed that exposure to the BB 1 

polymers or the NPs did not create any induced porosity in the cellular monolayer.  2 

In addition, we noticed that lowering the incubation temperature to 4⁰C decreased the 3 

translocation of BB polymers by a factor of 2.20-2.34 (Figure S6). If the translocation of 4 

the BB polymers was controlled by the diffusion of the polymers through the cells, the 5 

value of Papp should be dominated by the diffusion coefficient of the polymer in the cell 6 

compartment. Diffusion coefficient is proportional to thermal energy (KT) and depends on 7 

the medium viscosity η as described in the Stokes-Einstein equation (Eq. 2). Considering 8 

the viscosity of water at 4 and 37oC, the ratio of the diffusion coefficients at 37oC and 4oC, 9 

is 2.5. Therefore, the decrease in Papp induced by lowering the temperature correlates 10 

directly with the decrease in diffusion coefficient (Figure S6). This observation suggests 11 

that BB polymers translocation through the cell monolayer is not controlled by diffusion 12 

through the cells (transcellular route) but rather by diffusion in between cells (paracellular 13 

route). Indeed, in the paracellular route, diffusive transport is controlled by the dimensions 14 

of the constrictions in between cells and the diffusion coefficient. Conversely, translocation 15 

route of PEGylated NPs is transcellular rather than paracellular, and is strongly size-16 

dependent as previously shown. 27 BB polymers and NPs translocation mechanisms appear 17 

to be quite different even at comparable hydrodynamic size. In the case of BB polymers, 18 

hydrodynamic size has little to no impact on the value of Papp and therefore translocation 19 

capacity, which is consistent with a mechanism involving BB crawling in between cell 20 

walls to achieve translocation.  21 

According to AFM images (Figure 1), BB polymers demonstrate the ability to bend and 22 

curve, suggesting a high flexibility. Ribovski et al. recently reported that hard nanogels 23 
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experienced higher cellular uptake compared to soft nanogels while higher rates of 1 

transcytosis were observed for soft nanogels. 36 The authors suggested that differences in 2 

stiffness are directly linked to differences in endocytosis/uptake pathways and can lead to 3 

an enhancement of intracellular trafficking toward exocytosis of soft nanomaterials (from 4 

the opposite face of the cell monolayer).  However, in the context of the present study, 5 

intracellular transport of BB polymers is discarded since endocytosis results and confocal 6 

imaging led to the conclusion of a paracellular translocation route. Therefore, it seems that 7 

particle shape rather than flexibility is at the origin of the differences in translocation 8 

routes.  9 

Escape of NPs and BB polymers from the vasculature 10 

  11 
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 1 
Figure 4. Bottlebrush polymers extravasate from microvessels faster than 2 
nanoparticles. (A) Image of the diamond-shape microchamber used to grow the perfusable 3 
microvessel network. (B) Time lapse imaging of Small NPs (panel B, top) and Short BB 4 

polymers (panel B, bottom) extravasation from the microvessels to the ECM. Arrow 5 
indicates the flow direction. Time evolution of the normalized frequency count of the grey 6 

values in the brightfield images of the diffusion time-lapse (panel B) are shown in panel 7 
(C) for Small NPs and (D) for Short BB polymers. (E) Uptake kinetics of NPs (Large NPs: 8 

Blue; Small NPs: Black) and BB polymer s (Short BBs: Green; Long BBs: red) in 9 
endothelial cells (HUVECs), n = 3 per time point. Time lapse of Small NPs (F) and Short 10 
BB polymers (G) diffusion from the ECM into the microvessels. 11 

 12 

To further demonstrate the ability of BB polymers to rapidly translocate through biological 13 

barriers such as the endothelium of blood vessels, we assessed the capacity of NPs and BB 14 

polymers to diffuse inside-out and outside-in a vascular network grown in a microfluidic 15 

device (Figure 4A). Fabrication and cell seeding of the microvessel-on-a-chip device are 16 
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thoroughly described in the Supporting Information file (Figure S7-S12). The vascular 1 

network was grown in a fibrin gel until maturity which was attained when a complex, yet 2 

clearly visible, interconnected network of cell-lined capillaries were formed. Using the 3 

format of a microchip to create such network of vessels allows to infuse NPs or BB 4 

polymers in a controlled manner and to image simultaneously their transport and 5 

distribution throughout the chip. When infused inside the capillaries (t = 0 min), the NPs 6 

remained confined in the vessels for several hours (Figure 4B, top), whereas the BB 7 

polymers quickly extravasated and invaded the ECM within a few minutes Figure 4B, 8 

bottom). These observations were confirmed by analyzing the intensity frequency count in 9 

the region of interest. The distribution frequency count of grey values of NP-infused 10 

vessels shifted slightly towards higher values after 40 minutes of infusion, indicating that 11 

the NPs were slowly escaping the vessels and invading the extracellular matrix space. For 12 

the BB polymers, the situation was significantly different. The frequency count distribution 13 

was displaced towards high grey values within minutes post-infusion, demonstrating the 14 

broad diffusion of the polymers throughout the whole region of interest (Figure 4 C &D).  15 

In a second assay, we confirmed that BB polymers were able to diffuse back into the vessels 16 

when infused in the extracellular space. In this test, BB polymers or NPs were slowly 17 

infused in the ECM, and their distribution was monitored over time. For this assay, the 18 

microvessels were not connected to the chip infusion channels. The image analysis 19 

confirmed that, as opposed to BB polymers, the NPs were not able to intravasate in the 20 

vessels and to occupy the vessels inner space (Figure 4F & G).  21 

The rapid extravasation of the BB polymers compared to NPs supports a different transport 22 

mechanism between the two materials. However, to verify that the BB polymers were not 23 
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taken up by the endothelial cells forming the vessels, a kinetic study comparing NPs and 1 

BB polymers uptake was performed over a 24-hour period (Figure 4E). The experiment 2 

results confirmed that BB polymers internalization levels were much lower than those of 3 

the NPs (ratio of about 1:100). These results support the notion that rapid diffusion of BBs 4 

out of the vessels is related to their ability to escape capture and endocytosis by vascular 5 

endothelial cells (VECs) and to their rapid diffusion in the ECM. These observations are 6 

in line with the results obtained in the Transwell assays and confirm that BB polymers are 7 

more likely to extravasate via a paracellular route while NPs of similar size mostly stay 8 

trapped in the microvessel network. 9 

Diffusion of NPs and BB polymers in extracellular matrix emulating hydrogels 10 

The results obtained from vessels-on-a-chip experiments support the idea that BB polymers 11 

can on one side extravasate rapidly from blood vessels through nanopores between cells, 12 

and on the other side diffuse much faster in dense tissues without being taken up. To better 13 

understand these significant properties, experiments aiming to characterize the diffusion 14 

ability of BB polymers were performed. BB polymers and NPs of similar size were placed 15 

in a fibrin hydrogel emulating the ECM and their dynamics was characterized using 16 

Differential Dynamic Microscopy (DDM) (Figure 5A).  17 

The intermediate scattering functions (Figure 5B) obtained by DDM showed that diffusion 18 

was slower in the gel for all particles, compared to diffusion in water. To compare the 19 

dynamics of BB polymers and NPs, the ratio of the diffusion coefficients in the gel and in 20 

water, Dgel/Dwater, was calculated for both the NPs and the BB polymers. The BB polymers 21 

presented higher ratios than the NPs of similar hydrodynamic size (Figure 5C), showing 22 

that their diffusion was faster in the gel. Between the two BB polymers, the shorter one 23 
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was found to diffuse better in the gel, even if BB polymer cross-section were the same for 1 

all of them (Figure 5C). 2 

Our results correlate well the observations reported in the literature, where faster diffusion 3 

of elongated nano-objects was demonstrated in gels, for both rigid and soft particles. This 4 

also echoes reports of flexible filamentous viruses demonstrating their capacity to diffuse 5 

in polymer solution over an order of magnitude faster than spheres of similar sizes. 37 6 

Furthermore, when comparing objects with similar cross sections but different lengths, a 7 

mathematical model for diffusion in a spheroid system demonstrated similar results as ours, 8 

i.e., that the lower AR diffused more efficiently. 17 9 

 Differences in diffusion mechanism may account for the difference in biodistribution 10 

between BB polymer and spherical hard polymer NPs. In a hydrogel such as the ECM, 11 

spherical NPs are expected to be trapped in the porous network when their size nears the 12 

matrix pore size, a phenomenon well described by several theoretical models.38 BB 13 

polymers are able to diffuse through much smaller pores and adopt a diffusion mechanism 14 

described by the well-established Zimm and Rouse theories.39, 40 15 

An early mechanistic study suggested flexible and long macromolecules use reptation to 16 

achieve fast diffusion in agarose gels, whereas rigid and/or spherical macromolecules 17 

remain trapped in gel pores. 41 Rotational diffusion combined with conformational 18 

adjustment were invoked to explain the superior capacity of flexible rodlike particles to 19 

diffuse, as they can bend and conform to the pores of the gel. 42 Overall, multiple diffusion 20 

modes have been suggested for elongated and/or flexible objects in confined environments: 21 

reptation 41, 43, jiggling and flying across gel pore, 42 and hopping diffusion. 44, 45 All these 22 
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modes facilitate faster diffusion of elongated nano-objects compared to spherical ones in 1 

porous matrices or crowded environments.  2 

 3 

   Figure 5. Measure of NPs and BBs diffusion in ECM-like gel. (A) Experimental set-up 4 

of DDM measurements; (B) Intermediate scattering function (ISF) of nanomaterials in 5 

water (■, solid symbols) and gel (□, open symbols); (C) Ratio of diffusion coefficients 6 

between gel and water (Dgel/Dwater) for the Large NPs, Short and Medium BB polymers. 7 

 8 

Nanoparticles and bottle-brush polymers biodistribution in Zebrafish larvae 9 

Zebrafish larval model has been proposed for preclinical screening of nanomedicine 10 

toxicity 46 and to study their systemic circulation. 47 Moreover, zebrafish larvae could be a 11 

predictive model for nanomedicine circulation time in mammals 48 and organ 12 
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biodistribution. In this regard, zebrafish larvae could be considered as an in vivo 1 

microfluidic model able to give insights on the ability of nano-objects to remain in 2 

circulation, interact with the vascular endothelium, and eventually extravasate from the 3 

blood compartment. 4 

To assess the biodistribution of NPs and BB polymers in the zebrafish, 48-hour post-5 

fertilisation (hpf) zebrafish larvae were injected in the duct of Cuvier with either NPs or 6 

BB polymers. In order to evaluate the interaction of these nano-objects with the vascular 7 

endothelium and to detect any signs of extravasation, a zebrafish strain carrying the GFP-8 

tag on endothelial cells (Tg (flk1:EGFP)) and a wild type (TL) strain were used. 9 

Additionally, the Tg (vglu2a:RFP) strain, which exhibits vesicular glutamatergic receptor 10 

tagged with Red Fluorescent Protein, were used to provide finer insights into NPs and BBs 11 

biodistribution inside the brain. 49 12 

In a first series of experiments, an identical weighted dose of NPs and BBs was injected in 13 

Tg (flk1:EGFP) zebrafish larvae by tuning the injection volumes (2-5nL/injection). At 1-14 

hour post-injection (hpi), Large NPs remained confined in the vascular compartment 15 

(Figure 6A &D), while Long BBs quickly left the vascular compartment (Figure 6B). BB 16 

polymers were found in tissues such as the caudal venous plexus (CVP), caudal, dorsal, 17 

and ventral fins. Strikingly, BB polymers could also be found in brain ventricles, mainly 18 

in the hindbrain ventricle (IV ventricle), but in midbrain and forebrain ventricles as well 19 

(Figure 6B). The shape of the ventricles as well as the midbrain-hindbrain restriction could 20 

be clearly delineated thanks to the fluorescence signal from the BB polymers present in 21 

this organ (Figure 6B, Brain). However, the entry route of BB polymers inside cerebral 22 

ventricles is still unknown. One hypothesis could involve a passage from the blood 23 
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circulation through the choroid plexus, 50 or by diffusion across tissues and ependymal 1 

lining. BB polymers were also found around blood vessels of the otic capsule, the eyes, 2 

and the lens (Figure 6D, Brain). Some residual fluorescence was still found associated with 3 

the blood compartment: in brain microvessels (Figure 6B & D, Brain), in intersegmental 4 

trunk vessels (Figure 6D, Trunk), and in the common vein (duct of Cuvier). Fluorescence 5 

emanating from BB polymers was found only at the periphery of the fibrous notochord but 6 

not inside (Figure 6B). Above the yolk sack, an intense fluorescence signal was associated 7 

with either the pronephros or the intestinal track (Figure 6B).    8 

Control injection of PBS revealed no background Cy5 signal in wild type (TL) larvae 9 

(Figure S13A). Control injection of pure Cy5 (free dye) lead to minor labeling of 10 

gastrointestinal track cell lining as well as skin cells (Figure S13B), demonstrating that 11 

fluorescence distribution observed upon NPs or BBs injections was unequivocally 12 

emanating from these objects and not from free dye molecules. 13 

At 24 hpi, NPs remained largely in circulation in the vascular compartment thanks to their 14 

colloidal stability in biological medium and their inability to significantly cross vascular 15 

endothelium over this time interval. On the other hand, the biodistribution of BB polymers 16 

was very different and evolved quickly with time (Figure S14). At 24 hpi, BB polymers 17 

appeared as “sucked-out” from the whole organism and concentrated in the yolk sack. 18 

Short and Medium BB polymers biodistribution at 1 hpi and 24 hpi is very similar to the 19 

Long BB polymer biodistribution presented above (Figure S15-16) suggesting a minor role 20 

of BB length in the range tested. 21 
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This pattern of biodistribution was also observed in exquisite fine details in wild type (TL) 1 

larvae (Figure S17 & Movies of confocal imagse of larvae Head, M1 and trunk, M2 in 2 

Supporting Information). Since the BB polymers extravasate faster than NPs, we compared 3 

biodistribution patterns of BB and NPs to fluorescently labeled Dextran as control. Low 4 

molecular weight Dextran is well known to extravasate via diffusion through small pores 5 

present in blood vessels, while high molecular weight Dextran is expected to circulate in 6 

the blood stream for an extended period of time. 51 The distribution of calibrated size 7 

dextrans (10kD, 150kD, and 2MD) injected in wild type (TL) zebrafish larvae was assessed 8 

following the same protocol (Figure S18). Small 10kD Dextran at 1 hpi displayed a 9 

prominent location in fins, cerebral ventricles, around otic capsule and eyes. This 10 

distribution pattern was not altered at 24 hpi. Medium size 150kD Dextran was found at 1 11 

hpi in the arterial and venous system in the caudal region (Figure S18). At 24 hpi however, 12 

Dextran was observed in the fins and to some extend in cerebral ventricles (IV). Large 13 

2MD dextrans displayed a strong fluorescent signal in the vascular compartment but no 14 

signal could be found in fins, cerebral ventricles, and yolk sack (Figure S18) as previously 15 

demonstrated. 51 16 

These observations confirm that NPs exhibit a biodistribution pattern similar to large 17 

2MDa fluorescent dextran and remain largely in the blood compartment. On the other hand, 18 

BB polymers have a biodistribution pattern very similar to small 10kD Dextran at short 19 

incubation time (1 hpi) which suggests that they escape the blood stream via blood vessels 20 

small pores. At 24 hpi, unlike 10 or 150kD dextrans, BBs appeared to be washed away 21 

from the larvae body and concentrated in the yolk sack (Figure S18). Therefore, at 24 hpi 22 

no correlation could be drawn between low molecular weight dextrans and BBs 23 
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biodistribution patterns. The reason behind the tropism towards the yolk sack is unclear, 1 

but it does not seem to depend on molecular weight nor hydrodynamic size.  2 

 3 

4 
Figure 6.  Bottlebrush polymers rapidly escape the blood stream and distribute 5 

broadly into tissues in the Tg (flk1:EGFP) zebrafish larvae. (A) Biodistribution of 6 

Large NPs, 1 hour post injection in the Duct of Cuvier; (B) Long BB polymers 7 

biodistribution 1 hour post injection in the Duct of Cuvier; (C) Brain, Trunk and Caudal 8 

Venous plexus confocal images (X20 enlargement) of Large NPs distribution; (D) Brain, 9 

Trunk and Caudal Venous plexus confocal images (X20 enlargement) of Long BB 10 

polymers distribution. Yellow-White channel: NPs or BB polymers; Green channel: EGFP 11 

expressed in vascular endothelial cells. Abbr. HV: Hindbrain ventricle; MV: Midbrain 12 

ventricle; FV: forebrain ventricle; E: Eyes; H: Heart; *DC: Duct of Cuvier, injection site;  13 
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 1 

The capacity of BB polymers to escape rapidly the vascular compartment is quite unusual 2 

and was observed in all the veno-arterial system and even in the brain microvasculature. 3 

Interestingly, the escape of BB polymers from the brain vasculature and diffusion into the 4 

cerebral tissue did not translate into the colocalization of the polymers with glutamatergic 5 

neurons. When zebrafish Tg (vglu2a:RFP) larvae were used (Figure S19) no significant 6 

colocalization signal of NPs or BB polymers with glutamatergic neurons in the brain 7 

(Figure S20) could be quantified. This observation is in line with previous in vitro 8 

experiments showing minimal BB polymers uptake from mouse neuronal cells (Figure 2 9 

and S5). These experiments suggest that, in the case of BB polymers, extravasation from 10 

the blood compartment does not necessarily translate into a higher uptake by cerebral tissue 11 

cells but rather into a broad distribution. 12 

When analyzing the colocalization signal between GFP from the VEC and Cy5 from NPs 13 

or BB polymers, a significant fraction of NPs appeared to be endocytosed (or strongly 14 

associated) with VECs in the brain, trunk, and CVP as early as 1 hpi (Figure 7A, D & G). 15 

At 24 hpi, NPs signal in the CVP was divided between blood-circulating NPs (white signal 16 

in the lumen of main vessels), NPs colocalized with VECs (red signal), and immobile NPs, 17 

that were either taken up by macrophages or adhering to the vascular endothelium (white 18 

signal in Figure 7H). On the other hand, BB polymers’ colocalization signal showed very 19 

weak association to VECs even at 24 hpi in the head and trunk area (Figure 7A & D). In 20 

the CVP however, BBs had almost completely disappeared from the blood circulation and 21 

fins, but the remaining BB polymers were strongly colocalized with VECs (Figure 7G & 22 

I). The residual quantity (non-colocalized) is associated with resident macrophages or 23 
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simply adhering to the surface of the vessels, as seen in colocalization images (Figure 7I). 1 

These results correlated well with in vitro endocytosis and transcytosis assays where a poor 2 

uptake of BB polymers was observed. These results also suggest that BB polymers 3 

extravasation does not involve a transcellular pathway in vivo, as was determined from in 4 

vitro experiments. It can be concluded that BB polymers have the ability to extravasate 5 

vessels by crossing intercellular junctions as observed in vitro. Moreover, the comparison 6 

with molecular weight markers shows that the biodistribution pattern (spatially and 7 

temporally) it is not strictly an effect based on size.8 
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Figure 7. Bottlebrush polymers are not captured by vascular endothelial cells. Colocalization analysis of NPs and BB polymers 1 
with EGFP expressed in endothelial cells’ cytosol.  Green channel: EGFP expressed in the cytoplasm of vascular endothelial cells; White 2 

channel: NPs or BB polymers; Red channel: Colocalization of green and white voxels as determined with Imaris® 9.2. (A to C) 3 
Colocalization of NPs or BB polymers and endothelial cells voxels in the brain vasculature at 1 and 24h post-injection; (D to F) 4 
Colocalization of NPs or BB polymers and endothelial cells voxels in the trunk vasculature at 1 and 24h post-injection; and (G to I) 5 
Colocalization of NPs or BB polymers and endothelial cells voxels in the caudal venous plexus vasculature at 1 and 24h post-injection. 6 

(n=2 to 5)7 
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 1 

Distribution in mouse cerebral tissue 2 

Direct injection of therapeutic agents into the cerebrospinal fluid (CSF) has been 3 

considered as a promising administration route to avoid crossing the BBB and to reach the 4 

cerebral tissue. It had been argued that therapeutics can diffuse from the CSF through the 5 

ependymal cell lining to reach the brain parenchyma 52 or alternatively, to penetrate along 6 

the arterial blood vessels perivascular space. 53 However, both therapeutic routes are highly 7 

disputed. The diffusion of large entities from the CSF into the brain parenchyma has been 8 

questioned, 54 while the extent of glymphatic/perivascular flow is still unclear. 55 9 

To test the viability of such administration route with nanometric transporters such as NPs 10 

and BB polymers, two types of intracerebral administration by-passing the BBB were 11 

tested: an intracerebral ventricle injection (ICV) to investigate the ability of NPs and BB 12 

polymers to diffuse into the brain from the CSF; and an intra-hippocampal injection (IHI) 13 

to assess the diffusivity of NPs and BB polymers in the brain parenchyma (Figure S21). 14 

ICV injection of NPs resulted in a large and stable deposit on the ependymal cell layer 15 

adjacent to the injection site, with a limited penetration into surrounding brain tissues along 16 

the ventricular walls (Figure S22). On the other hand, the absence of fluorescence signal at 17 

the site of injection indicated that the BB polymer was rapidly washed out and immediately 18 

diluted in the CSF and/or surrounding tissues (Figure S22). Re-entry from meningeal 19 

vessels perivascular space along penetrating arteries was not observed. Even though NPs 20 

and BB polymers exhibited very different behavior when administrated via ICV, the lack 21 
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of penetration into the cerebral tissue suggests that this route of administration does not 1 

allow to reach deep regions of the brain. 2 

Therefore, in a second set of experiments, NPs or BB polymers were directly injected into 3 

the hippocampus (CA1 area, Figure S21). The hippocampus is a cerebral area involved in 4 

learning and memory. 56-58 Therefore, this area could be a therapeutic target to treat 5 

neurodegenerative diseases and dementia such as Alzheimer’s disease. 59-64  6 

 7 

8 
Figure 8. BB polymers diffuse deeply into the cerebral tissue after intra-hippocampal 9 

injection. (A) Two brain slices showing the distribution of NPs and BB polymers post 10 

intra-hippocampal injection. Blue channel: Nucleus staining; Red channel: NPs or BB 11 

polymers; Abbreviation: Lateral ventricles (LV), Dorsal 3rd ventricles (3V), hippocampus 12 

(HIP), CA1: field of the hippocampus targeted by the injection. Confocal image of the 13 

region of interest depicted in (A) after injection of Small NPs (B) and Short BB polymers 14 

(C); (D) Comparison of the cross-section profiles of the NPs and BB polymers depot at the 15 

injection site. Analysis performed with ImageJ software.  16 

  17 

After injection, NPs concentrated at the site of injection forming a stable depot (Figure 8B 18 

& C), and their distribution appeared to be driven by fluid convection force from the 19 

injection itself. No differences were observed between Small and Large NPs (not shown). 20 

BB polymers on the other hand, still form a visible depot at the injection site but also appear 21 

to diffuse deeply into the brain tissues, displaying a more diffuse pattern (Figure 8C & D). 22 
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The BB polymers distribute broadly throughout the cerebral tissue as shown from 1 

fluorescence imaging of brain slices and seem to reach tissue regions that are located far 2 

away from the injection site. This difference in distribution of NPs and BBs after injection 3 

could be related to the superior ability of BBs to diffuse in brain dense ECM 65 or 4 

alternatively to use the glymphatic/paravascular pathway. 66 5 

Conclusions 6 

 7 

The shape and mechanical properties of drug carriers are increasingly considered to impact 8 

biodistribution and tissue penetration. 42, 67-70 BB polymers, an emerging class of elongated 9 

drug carriers, with lengths ranging from 70 to 160 nm were compared in vitro and in vivo 10 

to spherical NPs of similar hydrodynamic sizes. Overall, BB polymers were found to 11 

diffuse faster in the ECM compared to NPs but were not captured by surrounding cells, 12 

which facilitated their penetration in dense tissues. Due to their much smaller cross-13 

sectional area compared to NPs, BB polymers could infiltrate porous media with small 14 

pore size or escape blood vessels by navigating in between endothelial cells. These results 15 

were consistently observed both in vitro and in vivo in different experimental settings and 16 

animal species underlying their importance and broad relevance. The AR appears to 17 

correlate with the diffusion coefficient of the BB polymers in the gel (Figure 5), while the 18 

cell uptake and the overall biodistribution were not correlated to the AR. This is in contrast 19 

with results obtained from tobacco mosaic virus showing strong correlation between AR 20 

and biodistribution.The differences could originate from the smaller range of AR explored 21 

in the present study (2.9 to 6.7) compared to 3.5 to 16.5.22  22 
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The specific set of attributes found for the set of BB polymers presented here suggest 1 

multiple applications as drug delivery systems. As drug carriers, their capacity to broadly 2 

distribute in the body allows to significantly increase the distribution volume of drugs, a 3 

property that is not achievable with current nanoparticulate systems. The Cy5 fluorescent 4 

dye attached to the BB polymer (12 to 14 dye per BB polymer) can mimic a small 5 

therapeutic drug. As such the wide distribution of BB polymers showed that these carriers 6 

would be good candidates as carriers for middle-sized hydrophobic therapeutic 7 

compounds. 8 

In addition, we have seen that the BB polymers can escape efficiently the microvasculature 9 

of the brain via passive, intercellular diffusion. This unseen before property makes them 10 

excellent candidate for drug delivery systems to the central nervous system which is 11 

currently one of the most difficult challenge faced by nanomedicine. Finally, BB polymers’ 12 

ability to extravasate so efficiently compared to NPs suggest that they have the ability to 13 

cross other type of biological barriers such as skin, the gastrointestinal mucosal epithelium 14 

or even the eye epithelium. Further studies will confirm if the spectrum of administration 15 

routes of BB polymers can be broadened, and which class of drug (small vs large) can 16 

benefit most from their attributes as transporters. 17 

Experimental Section 18 

 19 

Bottle-brush polymers synthesis 20 

Methyl methacrylate (MMA, purity = 99%, Sigma-Aldrich, USA), 2-21 

(trimethylsilyloxy)ethyl methacrylate (HEMA-TMS, purity > 96%, Scientific Polymer 22 

Products Inc., USA) and triethylene glycol methyl ether methacrylate (MEO3MA, purity 23 
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= 93%, Sigma Aldrich, USA) were passed through a column filled with basic alumina prior 1 

to use.  2 

Tetrahydrofuran (THF) was used after it was purified by tapping off from a solvent 3 

purification column. Ethyl α-bromoisobutyrate (EBiB, purity ≥ 98%, Sigma-Aldrich, 4 

USA), copper(II) bromide (CuIBr, purity ≥ 99.995% trace metals basis, Sigma-Aldrich, 5 

USA), copper(II) chloride (CuIICl2, purity ≥ 99.995% trace metals basis, anhydrous, 6 

Sigma-Aldrich, USA), tris(2-pyridylmethyl)amine (TPMA, 98%, Sigma-Aldrich), tris[2-7 

(dimethylamino)ethyl]amine (Me6TREN, 99%, abcr GmbH), tris(3-8 

hydroxypropyltriazolylmethyl)amine (THPTA, 95%, Sigma Aldrich, USA), potassium 9 

fluoride (KF, purity ≥ 99%, spray-dried, Sigma-Aldrich, USA), tetrabutylammonium 10 

fluoride (TBAF, 1M solution in THF, Sigma-Aldrich, USA),  11 

Cyanine5 alkyne (Cy5-Alkyne, 95%, Lumiprobe) and α-bromoisobutyryl bromide (purity 12 

= 98%, Sigma-Aldrich, USA were used without any additional purification. Milli-Q quality 13 

water was obtained from a Millipore Gradient A10 S10 purification system (resistance = 14 

18.2 MΩ.cm, TOC ≤ 4 ppb). Solvents were purchased from Aldrich and used as received 15 

without further purification.  16 

Step 1. Synthesis of poly(HEMA-TMS)-co-PMMA.  17 

In a typical procedure, a dry 25 mL Schlenk flask was charged with ethyl α-18 

bromoisobutyrate (EBiB, 12 mg, 0.062 mmol), CuIICl2 (1.22 mg, 0.012 mmol), TPMA (10 19 

mg, 0.025 mmol), HEMA-TMS (5.0 g, 5.4 mL, 25 mmol), MMA (2 g, 2.2 mL, 20 mmol) 20 

and DMF (1 mL). The solution was degassed by three freeze-pump-thaw cycles. The flask 21 

was sealed, evacuated and backfilled with nitrogen five times, and then placed under UV 22 
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light. Reaction was stopped when the monomer conversion reached 27.8%. The monomer 1 

consumption was calculated by the integration of MMA and HEMA-TMS vinyl groups 2 

signal (CHH=C-CH3, 6.11 ppm or 5.56 ppm) against the internal standard (anisole, o,p-3 

Ar-H, 6.91 ppm). The A block was purified by three precipitations from hexane, dried 4 

under vacuum for 16 h at room temperature. 5 

Step 2. Synthesis of polyBiBEM-co-PMMA.  6 

The polymer from step 1 (0.84 g, containing 4.15 mmol of HEMA-TMS units), potassium 7 

fluoride (0.289 g, 4.98 mmol) and 2,6-di-tert-butylphenol (86 mg, 0.690 mmol) were 8 

placed in a 50 ml round bottom flask. The flask was sealed, flushed with nitrogen, and dry 9 

THF (30 mL) was added. The mixture was cooled in an ice bath to 0 °C, 10 

tetrabutylammonium fluoride solution in THF (1M, 0.042 mL, 0.04 mmol) was injected to 11 

the flask, followed by the drop-wise addition of 2-bromoisobutyryl bromide (0.616 mL, 12 

5.0 mmol) to form the macroinitiator. After the addition the reaction mixture was allowed 13 

to reach room temperature and stirring was continued for 24 h. The solids were filtered off, 14 

and the solution was precipitated into methanol:water (70:30, v/v%). The precipitated 15 

macroinitiator was re-dissolved in chloroform and passed through a short column filled 16 

with basic alumina. The filtrate was re-precipitated three times from chloroform into 17 

hexanes and dried under vacuum overnight at room temperature. 18 

Step 3. Synthesis of poly[(BiBEM-g-MEO3MA)-stat-MMA] (bottlebrush polymer).   19 

A dry 5 mL Schlenk flask was charged with macroinitiator (14.1 mg, 1.8 μmol of BiBEM), 20 

triethylene glycol methyl ether methacrylate (2 g, 8.62 mmol), TPMA (0.9 mg, 0.003 21 

mmol), CuIIBr2 (as a stock solution, 0.2 mg, 0.002 mmol), DMF (0.3 mL) and DMSO (8.0 22 
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mL). The solution was degassed by three freeze-pump-thaw cycles. The flask was sealed, 1 

evacuated and backfilled with nitrogen five times, and then placed under UV light. The 2 

reaction was stopped by exposing the solution to air. The bottlebrush polymer was purified 3 

by dialysis against MeOH for 48 h using tubes with a pore size molar mass cut off 10,000 4 

kD. 71 5 

Step 4. Synthesis of poly[(BiBEM-g-MEO3MA)-stat-MMA]-Azide.   6 

A Schlenk flask was charged with poly[(BiBEM-g-MEO3MA)-stat-MMA] (1.0 g, 0.088 7 

× 10-3 mmol), sodium azide (0.023 g, 0.35 mmol), and 10 mL DMF. The reaction mixture 8 

was stirred at room temperature for 48 h. The solution was dialyzed against four changes 9 

of DMF for 3 days to remove excess sodium azide, and then the DMF solvent in dialysis 10 

was replaced with THF. The solution was evaporated and dried under vacuum at room 11 

temperature for 24 h. 12 

Step 5. Attachment of Cy5-Alkyne to poly[(BiBEM-g-MEO3MA)-stat-MMA]-Azide 13 

A dry 1.5 mL microcentrifuge vial was charged with poly[(BiBEM-g-MEO3MA)-stat-14 

MMA]-Azide (20 mg, 6.7 nmol) and Cy5-Alkyne (0.09 μmol). The solution was mixed 15 

thoroughly and degassed. A degassed solution of CuSO4 (2 mg, 4.67 μmol) and was added. 16 

After that, a degassed solution of ascorbic acid (0.8 mg, 4.67 μmol) was added to initiate 17 

the reaction and was allowed to run for 12 hours at room temperature with gentle shaking. 18 

The product was purified with a 30 kD molecular weight cut-off filter (Millipore). 72 19 

Bottle-Brush polymers characterization  20 

Proton nuclear magnetic resonance (1H NMR) spectroscopy was performed using Bruker 21 

300 MHz spectrometer. In all cases deuterated chloroform (CDCl3) was used as a solvent, 22 
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except for bottle-brush polymer which was analyzed using deuterated methanol (CD3OD). 1 

1H chemical shifts are reported in parts per million (ppm) downfield from tetramethylsilane 2 

(TMS). Apparent molecular weights and molecular weight distributions measurements of 3 

polymers except bottle-brush polymer were measured by size exclusion chromatography 4 

(SEC) using Polymer Standards Services (PSS) columns (guard, 105, 103, and 500 Å), 5 

with THF or DMF as eluent at 35°C at a constant flow rate of 1.00 mL/min, and differential 6 

refractive index (RI) detector (Waters). The apparent number-average molecular weights 7 

(Mn) and molecular weight distributions (Mw/Mn) were determined with a calibration 8 

based on linear poly(methyl methacrylate) (PMMA) standards and toluene as an internal 9 

standard. 10 

Atomic Force Microscopy (Bottle-brush polymers only): 50 μL of diluted polymer solution 11 

in pure water were deposited on freshly cleaved mica surface.  After drying, imaging was 12 

performed  on  a  Multimode  Dimension  3100  AFM  equipped with nanoscope 13 

VIIIcontroller (Digital instruments) in the peak force QNM mode. Scanasyst-air silicon 14 

tips were used for imaging. Individual BBs contour sizes were measured using ImageJ 15 

software. 73 16 

Diblock polymer synthesis and nanoparticle preparation 17 

PLA-b-PEG diblocks synthesis was described elsewhere 27. Briefly Poly(ethylene glycol) 18 

monomethyl ether (mPEG) 2kD or mPEG 5kD with a single terminal OH group were used 19 

as macroinitiator for 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) catalyzed Ring-Opening 20 

Polymerization of 3,6-Dimethyl-1,4-dioxane-2,5-dione to Poly(lactic acid) (PLA). After 21 

purification by repeated precipitation in cold methanol, diblock polymers were 22 

characterized by GPC and 1H NMR. Nanoparticle preparation was performed by 23 
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nanoprecipitation as previously described. 28, 74 Briefly, an organic solution (acetone with 1 

the diblock polymer mixed with PLA functionalized with fluorophore Cy5) and pure water 2 

were introduced separately in an impinging jet mixer at identical flow rates. After 3 

nanosuspension recovery and solvent removal by dialysis, the obtained NPs were 4 

characterized for size by Differential Dynamic Microscopy and TEM as described below. 5 

BB polymer and NP size measurement 6 

Zeta potential (NPs) 7 

Zeta potential (ζ) of NPs and BB polymers were measured in NaCl 5 mM using disposable 8 

folded capillary cells on a Zetasizer Nano-ZS (Malvern Instruments, Worchester, UK), 9 

using the Smoluchowski approach. 10 

TEM (NPs only) 11 

Transmission Electron Microscopy (TEM) imaging was made at INRS Centre Armand-12 

Frappier Characterization platform for nanovehicles (Laval, Qc Canada) on a Hitachi H-13 

7100 (Hitachi, Japan) at x 10 000 and x 50 000 magnifications. NPs suspended in MilliQ 14 

water were deposited on a copper grid and air-dried. The grids were treated with one drop 15 

of 3% (w/v) phosphotungstic acid. After air-drying, grids were loaded in the instrument 16 

and imaged.   17 

Differential Dynamic Microscopy (NPs and BBs) 18 

Differential Dynamic Microscopy (DDM) size measurements were performed on 19 

borosilicate capillaries (VitroCom, USA) filled with freshly filtrated aqueous suspensions 20 

of NPs or BBs (0.45 µm nylon filter, Millex, Millipore USA) and sealed using petroleum 21 

jelly. Videos were acquired on an upright microscope (Olympus BX81, Japan) equipped 22 
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with a high acquisition speed camera (Hamamatsu Orca-Flash 4.0 V3, Japan). Phase-1 

contrast imaging and x20 magnification were used. Videos were recorded at a framerate of 2 

100 fps, with an image binning of 1x1 within a region of interest of 512 x 512 pixels. For 3 

each sample, five different videos were recorded at different positions in the capillary.  4 

Videos analysis was performed as previously described. 38 Briefly, the power spectra of the 5 

differences between pairs of images separated by a delay time τ were computed and 6 

averaged to obtain the differential image correlation function g(q,τ), with q the spatial 7 

frequency. Under appropriate imaging conditions, g(q,τ) is related to the intermediate 8 

scattering function (ISF) f(q,τ) as: 9 

Eq. 1.   𝑔(𝑞, 𝜏) = 𝐴(𝑞) [1 − 𝑓(𝑞, 𝜏)] + 𝐵(𝑞) 10 

with A(q) the signal amplitude and B(q) the instrumental noise. To assess particles 11 

dynamics, g(q,τ) can then be fitted with adequate models for the ISF. For size 12 

measurements, we used the cumulants method. 75, 76 The diffusion coefficients D were 13 

extracted and allowed to estimate the hydrodynamic diameters using the Stokes-Einstein 14 

equation: 15 

Eq. 2.    𝐷 =  𝑘𝐵𝑇 6𝜂𝑟𝐻⁄ . 16 

Endocytosis: flow cytometry experiment 17 

Endocytosis experiments were carried-out as previously described 77 in bEnd.3 cells 18 

(murine brain vascular endothelial cell line), N2a (murine neuronal cell line), N11 (murine 19 

microglia cell line) and Huvec (Human Umbilical vascular endothelial cells). Detailed 20 

experimental procedures can be found in Supporting Information file. 21 



39 
 

In vitro cell barrier translocation experiments 1 

Establishment of the in vitro Transwell BBB transcytosis/translocation model was 2 

described previously. 77 Detailed procedures regarding brain vascular endothelial cell 3 

monolayer permeability assessment, immunodetection of tight junction proteins and 4 

confocal imaging of vascular endothelial cell monolayer can be found in Supporting 5 

Information file. 6 

The transcytosis experiments were carried out in a complete medium (with 10% FBS) 7 

devoid of phenol red. Identical doses of NPs or BBs (24µg in 350µl in the apical 8 

compartment) were incubated for 24 and 48 hours. After 24 or 48 h media were collected 9 

and transferred in a 96-well black clear bottom plates and fluorescence of Cy5 (λexc. 10 

640/λem. 670nm) was read SpectraMax M5 fluorescence plate reader (Molecular Devices, 11 

USA). NPs and BB polymers translocation was quantified by the mean fluorescence 12 

intensity of the apical and basal compartment media and normalized to the intensity at t = 13 

0. Quantification of passage (µg) was calculated from an external calibration curve 14 

performed in complete cell culture medium and converted into apparent permeability 15 

coefficients (Papp) according to Eq. 3 for direct comparison. 16 

The apparent permeability (Papp) of monolayer bEnd.3 cells on Transwell was calculated 17 

from the following equation:  18 

Eq. 3     𝑃𝑎𝑝𝑝 =
𝑉𝑅 ∆𝐶𝑅

∆𝑡 𝑆𝑖𝑛𝑠𝐶𝐷
 19 

With Papp apparent permeability (cm.s-1); VR, volume of receiving compartment (cm3), 20 

ΔCR, change in concentration in the receiving compartment (µg/mL); Δt, time in seconds 21 
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(s); Sins: surface of the insert (cm2) and CD: concentration in the donor compartment 1 

(µg/mL). 2 

On-chip vascular permeability assay 3 

Microfluidic device design 4 

The microfluidic device was designed following the protocols available in the literature. 78, 5 

79 Briefly, the device consists of three diamond-shaped (1 mm × 2 mm × 0.1-0.12 mm) 6 

tissue chambers that are interconnected in the longitudinal direction. Two microfluidic 7 

lines (0.1 mm × 0.1-0.12 mm) are connected to the tissue chambers on either side via a 8 

connecting pore (50 𝜇m), as shown in Figure S7A. The connecting pore is designed with a 9 

curved opening that stimulates a flat gel boundary close enough to the straight microfluidic 10 

channel to enhance the anastomosis of the vascular network in the tissue chambers. The 11 

side fluidic lines accommodate the culture medium flow during the tissue growth and, 12 

nanoparticles flow during the nanomedicine diffusion analysis. To stimulate the flow, a 13 

large reservoir is attached on top of each inlet and outlet of the microfluidic lines, 14 

furnishing 5-mm H2O hydrostatic and 5-mm H2O interstitial pressure across the 15 

microfluidic channels and tissue chambers, respectively. Therefore, the culture media 16 

flowed in opposite directions in the two microfluidic channels. 17 

A pressure regulator is designed between the cell seeding port and tissue chambers to 18 

ensure a robust loading of the cell-hydrogel mixture inside the tissue chambers while 19 

preventing its entry into the side microfluidic channels. As shown in Figure S7B & C, the 20 

widths of pressure releasing safety microvalves (60 𝜇m) are larger than the widths of 21 

connecting pores between the tissue chambers and microfluidic lines (50 𝜇m). This design 22 

criterium ensures that, in the presence of excessive pressure during cell loading, the safety 23 
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microvalves will burst before the connecting pores, confining the cell-gel mixture to the 1 

tissue chambers. 78, 79  2 

Microfluidic chip fabrication 3 

Standard soft-lithographic techniques were used to fabricate the microfluidic devices. 4 

Detailed microfabrication procedures, sterilization and testing can be found in Supporting 5 

Information file.  6 

Cell culture, seeding the device and maintaining the vascular-on-a-chip model 7 

Human umbilical vein endothelial cell (HUVEC) and normal human lung fibroblast 8 

(NHLF) were purchased from Lonza, cultured in EGM-2 (Lonza) and FGM-2 (Lonza) and 9 

used at passage 4 and 6, respectively. Fibrinogen solution was prepared by dissolving 75% 10 

clottable bovine fibrinogen (Sigma-Aldrich) in 1× Dulbecco’s Phosphate Buffered Saline 11 

with Ca2+/Mg2+ (Sigma-Aldrich) at 37℃ to a final concentration of 10 mg/mL. HUVECs 12 

and NHLFs were harvested and mixed each at a concentration of 5 × 106 cells/mL. The 13 

culture medium was aspirated, and the cell mixture was resuspended in the fibrinogen 14 

solution.  15 

The final cell-matrix suspension was mixed with human plasma thrombin (50 U/mL, 16 

Millipore Canada Ltd.) to a final concentration of 3 U/mL. 10 𝜇l of the final cell-matrix 17 

pregel solution was quickly seeded into the microtissue chambers and allowed to 18 

polymerize in a 37°C incubator for 30 minutes. Next, laminin (1 mg/mL from Engelbreth-19 

Holm-Swarm lathrytic mouse tumor, Corning Incorporated) was loaded into the 20 

microfluidic channels through the medium inlets and incubated at 37 °C for another 15 21 

minutes to stimulate HUVEC anastomosis with the microfluidic channels. 500 𝜇l of culture 22 

medium (EGM-2, Lonza) was introduced into the microfluidic channels and subsequently 23 
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medium reservoirs. The culture medium with complete growth factors was replaced with 1 

the culture medium without VEGF and hFGF growth factors 24 hours after initial seeding. 2 

The culture media were changed and leveled every other day to maintain interstitial flow 3 

and the direction of the flows were reversed every 3 days, to ensure a symmetrical cellular 4 

outgrowth in the side microfluidic channels.  5 

Nanoparticle and bottle-brushes diffusion in vascular-on-chip model 6 

To study NPs and BBs diffusion, medium is replaced by DPBS with similar hydrostatic 7 

pressure profile (i.e., 500 𝜇l of DPBS), and the device is positioned onto a microscope 8 

stage. In one microfluidic side channel, NPs or BBs suspension was introduced to the 9 

reservoir with highest hydrostatic pressure to achieve a final concentration of 50 𝜇g/mL, 10 

and time-lapse images of the nanocarrier diffusion across the tissue chamber were acquired. 11 

The image analysis was performed using ImageJ. 73 12 

Diffusion of NPs and BBs in extracellular matrix emulating hydrogels 13 

Preparation of gels 14 

Fibrin hydrogels were prepared with final concentrations of 10 mg/mL fibrinogen, 3 U/mL 15 

thrombin, and 0.4 mg/mL brushes (small or medium) or 1 mg/mL NPs (NP PEG2000). 16 

Suspensions of brushes and NPs were freshly filtered on 0.45µm nylon filter prior to 17 

hydrogel preparation. PBS 1X without Ca2+/Mg2+ was used as the medium. After mixing, 18 

the pregel solution was quickly injected in a capillary, left to gel during 30 min in a 19 

humidified incubator at 37°C, and then sealed using petroleum jelly. Preliminary data 20 

obtained for different incubation times ensured that the gel was stabilized after 30 min. 21 
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Prior to any measurement, the gel was stabilized at room temperature during another 30 1 

min, as temperature greatly impacts the diffusion process. 2 

DDM procedures & analyses 3 

DDM measurements were performed at five different positions in the gel to take into 4 

account a possible heterogeneity. Videos were acquired with the same parameters as for 5 

size measurements, except an image binning of 2x2 was used to increase the signal 6 

amplitude. Data analysis was also performed in a similar way, except we chose the 7 

generalized exponential form of the ISF to fit the data: 8 

Eq. 4 9 

𝑓(𝑞, 𝜏) =  𝑒
−(

𝜏
𝜏𝑅

)𝛽

 10 

with β the stretch exponent and τR the relaxation time, from which the effective isotropic 11 

diffusion coefficient D can be extracted through: 12 

Eq. 5 13 

𝜏𝑅 =
1

𝑞2𝐷
 14 

In vivo Zebrafish experiments 15 

All zebrafish (Danio Rerio) experimental procedures were conducted in concordance with 16 

the Canadian Council on Animal Care (CCAC) guidelines. Tupfel long-in (TL, i.e. wild 17 

type), Tg (vglut2a:RFP) 49 and Tg (flk1:EGFP) transgenic strains 80 were used for in vivo 18 

distribution experiments. Adult zebrafishes were maintained at 28.5°C and kept under a 19 

12/12 h light/dark cycles at the animal facility of the Laboratoire National de Biologie 20 
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Experimentale (LNBE), Laval, Canada. They were bred according to standard procedures 1 

and staged as previously described. 81 Eggs were collected and transferred to Petri dishes 2 

filled with Fish water and methylene blue. 1-Phenyl-2-thiourea (PTU) was added at 24 3 

hours post-fertilization (hpi) to prevent pigmentation. Petri dishes were placed in an 4 

incubator set at 28°C.  5 

Intravenous injections were performed on 48 hpf larvae in the duct of Cuvier as previously 6 

described. 27, 77 Confocal imaging was performed on a LSM780 confocal microscope (Zeiss 7 

Canada Ltd, ON). Only larvae maintaining heartbeat and robust circulation throughout the 8 

imaging period were reported. Images were processed with Zeiss Black (Zeiss, Germany) 9 

and Imaris 9.2 software (Oxford Instruments, Bitplane Inc. Concord, MA USA). 10 

Assessment of NPs and BB polymers diffusion in mice brain  11 

The experimental procedures were approved by Institutional Animal Care and Use Ethics 12 

Committee (IACUC) of INRS in accordance with the Canadian Council on Animal Care 13 

(CCAC) guidelines (Protocol number #1803-01). Female mice with a C57BL/6 (WT) 14 

background were from a colony (Protocol # 1409-04). Animals were housed at 24 ± 1°C 15 

in a 12h light / 12h dark cycle with free access to water and feed with “Teklad global 18% 16 

protein rodent diet” (Product reference # 2018; Envigo, Montréal, Canada). 17 

Two to four months-old female mice were anesthetized with an intraperitoneal injection of 18 

ketamin/xylazin mixture (respectively 100mg/kg and 10mg/kg). Briefly, mice were placed 19 

into a stereotaxic table and fluorescent NPs and BB polymers were injected unilaterally 20 

into the lateral ventricle (LV) or in CA1 field of the hippocampus (HI) with a Hamilton 21 

syringe (Model 1701 N, Hamilton, NV, USA).  22 
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The injections into the LV were performed with the stereotaxic coordinates defined as 0.3 1 

mm posterior from the bregma, 1.0 mm lateral to the sagittal suture, and 2.5 mm below the 2 

skull surface. 82 For the injections in the CA1, the stereotaxic coordinates were: 2.00 mm 3 

posterior from the bregma, 1.8 mm lateral to the sagittal suture and 1.5 mm below the skull 4 

surface. 83, 84  5 

3 μl of fluorescent BBs (2 mg/mL) or 2 µl of fluorescent PEGylated NPs (3 mg/mL) for 6 

equivalent quantity of material in weight were injected at a rate of 0.2 μl/min. After 7 

injection the needle remained in position for 5 min and then was slowly removed. 8 

Brain extraction, fixation, and slices preparation 9 

Mice were maintained under sedation with ketamine/xylazine during 1 hour after 10 

completion of the brain injection. They were then transcardially perfused with  20 ml of 11 

0.9 % NaCl for 10 minutes, followed by a perfusion of PFA 4% diluted in PBS. The brains 12 

were removed and kept in an ice-cold 4% PFA/PBS and kept at 4oC for 24 hours then 13 

transferred in 15 mL of 15% sucrose/PBS at 4oC until brain sink to the bottom of the tube. 14 

This step was repeated with 30% sucrose/PBS. Before snap frozen, the brains were quickly 15 

dried with paper, immersed in cold isopentane for few seconds, and stored at -80°C prior 16 

to use. 17 

Frozen brains were equilibrated at -20oC and embedded in Tissue Freezing Medium 18 

(Triangle Biomedial Sciences, Durham, NC USA) and 20 µm thin sections were cut with 19 

a rotary microtome (Microtome Cryostat HM525, Microm International GmbH, Germany) 20 

and gently deposited on glass slides (Glass slide Superfrost Plus, Fisherbrand, USA). Brain 21 

slices were fixed again with PFA 4% in PBS for 15 minutes. After three washings in 0.1% 22 
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Tween 20 in PBS with Ca2+/Mg2+, brain slices were stained with Hoechst 33342 1 

(ThermoFisher Scientific, Canada) to reveals cell nucleus, and next washed again three 2 

times with PBS.  3 

Complete coronal sections were imaged on a Cytation5 (BioTek, Canada). For confocal 4 

imaging brain slices were mounted with cover glass using Prolong® Antifade mounting 5 

medium (ThermoFisher scientific, Canada). Confocal images were acquired on a LSM780 6 

confocal microscope (Zeiss Canada Ltd, ON).  7 

Statistical analysis 8 

Endocytosis data were tested for significance using SigmaPlot® 12.0 (Systat Software). 9 

Comparison of multiple groups was performed by One-way Anova using the Holm Sidak 10 

test (p<0.05). Number of replicate are indicated in figure legends. 11 
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