
Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

Kucharz, et al. are investigating the fate of targeted nanoparticles for delivery of therapeutic cargo 

to the brain parenchyma. Using two photon microscopy, they show that liposomes functionalized 

with an anti-transferrin receptor antibody bind primarily to capillaries and venules in the brain. 

Over time, they find particles bound to the veins/venules can pass through to the abluminal side of 

the vessels. Interestingly, they find in venules, internalized nanoparticles traffic to perinuclear 

areas. 

The tracking of single nanoparticles over time is impressive and some of the differences across 

vessel segments (from arteries through to veins) are quite striking. As transferrin receptor 

mediated BBB crossing is a leading possibility for therapeutics, an understanding of how this is 

being mediated is important. However, there are a few important issues arising in the manuscript. 

Major points 

1. Mechanism of BBB-crossing is unexplored 

Starting in the abstract the authors claim that transit across the endothelium takes place in 

venules because of greater perivascular space. However, the experimental evidence they present 

for this hypothesis is sorely limited. For delivery of a molecule through the transcellular pathway 

from the blood to the brain parenchyma, the molecule must (a) endocytose at the luminal 

membrane of the endothelial cell, (b) exocytose at the abluminal membrane, and (c) transit 

further into the parenchyma. The authors do show convincing images of nanoparticles effectively 

getting out into the parenchyma around venules while not around capillaries (figure 6) – this is 

good evidence for part (c) of this pathway. However, the spatial resolution of the experiment does 

not allow for convincing evidence that there is no transcytosis. 

To this end, the subcellular distribution of nanoparticles presented in figure 5 is notable. Although 

the authors claim in the discussion that this perinuclear distribution corresponds to late 

endosomes, this is by no means the only possibility. Indeed, the common endosome (recycling 

endosome) is specifically thought to transit through this perinuclear space for transcytosis (see, for 

instance, Apodaca et al1)! This would suggest a meaningful intracellular trafficking difference 

between cECs and vECs, not necessarily having anything to do with perivascular space. 

 

The laser extravasation results in figure 6 point to some kind of difference between capillaries and 

veins in regards to efficacy of nanoparticle drug carriers. But by no means do these results prove 

that the difference in perivascular space is the reason. 

 

The distinction between access to the parenchyma and transcytosis is an important one. It would 

be best to stick with the verbiage of the heading on page 9 – namely “impedes nanoparticle brain 

entry,” as that is what the results show. 

2. The authors present this as an important avenue for therapeutics, but their results point to this 

being an ineffective mechanism. 

Most approaches for delivering therapeutic molecules across the BBB tend to target the capillaries. 

This is because capillaries are by far the most abundant vascular segment. By contrast, 

veins/venules are the least abundant. Their data also suggests that few particles accumulate 

further into the parenchyma and are instead stuck in the perivascular space even after several 

days. How does that affect therapeutic potential? Could this persistent accumulation lead to 

adverse effects, even? The authors only show data claiming no adverse effects during a two hour 

imaging window (figure S1). But in some of their previous work with the same 

nanoparticle/antibody preparation they actually found significant adverse effects2. 

Given that therapeutic benefit would likely come from repeated or extended exposures, time points 

beyond 2 hours should be explored to address this idea of a lack of adverse effects. Furthermore, 

in line with this, it is becoming increasingly clear that post-capillary venules and the perivascular 

spaces are immunologically active under homeostatic conditions. Thus, it would therefore be 

warranted to ensure that nanoparticle delivery across this vascular segments and accumulation 

into these spaces does not disrupt homeostatic immune cell transmigration, which could potentially 

yield devastating side effects. 

3. Claims based on two photon imaging would benefit from validation by histology 

The authors rightly point out that tissue processing for histology can affect measurements of 

luminal bound nanoparticles. However, perfusion with fixative should effectively preserve any 
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particles that are truly endocytosed and have no effect on their distribution (nor on the distribution 

of particles that have transited across the BBB completely). The live imaging is very important for 

this paper, but follow up by histology would provide the following: 

a) Superior spatial resolution. This would allow for more rigorous discrimination between particles 

that are truly inside versus outside endothelial cells. 

b) Greater understanding of molecular differences. For instance, transitions between capillaries 

and veins are not clearly identifiable by morphology and these areas could be potentially 

interesting. Indeed, a panel of carefully identified markers used in combination would likely be 

necessary to rigorously identify specific vascular segments, a strategy used in this study. 

c) Broader sampling throughout other areas of the brain, including various clinically interesting 

areas not in the somatosensory cortex. Specifically, if nanoparticle delivery is primarily effective 

around only a subset of vessel segments it would be interesting to understand how those are 

distributed in the brain. 

This would also alleviate any concerns that imaging in an area where there was just surgery 

performed may affect the distribution of nanoparticles. 

Minor points 

• Flow through different vessel segments varies significantly (velocity, turbulence, etc). It would 

be interesting to include some discussion how flow might play into the distribution of binding they 

observe 

• Is the MSD analysis presented in figure 5 from all vessel segments observed or specifically from 

veins? 

• At what time point from nanoparticle delivery is the subcellular distribution in 5j from? 

• Numbers of mice and numbers of individual vessels should be indicated more clearly (in addition 

to numbers of particles). For instance, it is not clear how many mice were used for the experiment 

in figure 6. 

 

 

1. Apodaca, G., Katz, L. A. & Mostov, K. E. Receptor-mediated transcytosis of IgA in MDCK cells is 

via apical recycling endosomes. J. Cell Biol. 125, 67–86 (1994). 

2. Johnsen, K. B. et al. Modulating the antibody density changes the uptake and transport at the 

blood-brain barrier of both transferrin receptor-targeted gold nanoparticles and liposomal cargo. J. 

Control. Release 295, 237–249 (2019). 

 

 

 

Reviewer #2: 

Remarks to the Author: 

I find the work from Kucharz et al. exceptionally well executed and with findings that can have a 

potential impact on several communities, including vasculature biology, blood-brain barrier 

physiology, nanomedicine, and neurology. The quality of the in vivo imaging is supreme and 

equally matched by elegant and thorough data analysis. Such efforts alone make the work suitable 

for publication in ANY journal including Nature Communications. 

However, before I can recommend the work to be published, I feel the authors should address two 

critical aspects: 

 

 

1) Imaging depth: 

 

I don’t have a clear sense of where most of the imaging is executed and perhaps a detailed 

explanation either in the form of more information in the method or by making the scheme in 

figure 1b larger indicating in which part of the brain where most of the imagining takes place. 

It appears the most blood vessels are part of the pia mater and hence while technically considered 

part of the brain vasculature, their location within the meninges make them potentially 

phenotypically different from the brain parenchyma vasculature. They are characterised by less 

belong to an anatomical area which is lower pericyte density, served by a functioning lymphatic 

system and is connected to the peripheral nervous system via extrinsic innervations. All of these 

are the characteristics of a non-cerebral vasculature. While I can see why the author focussed on 

more accessible pial vessels, I wonder how much information is accessible from parenchymal 

vasculature and their implication in the whole blood-brain barrier. 



 

2) Tf affinity/avidity 

I’m not sure why the authors chose to use a high-affinity antibody against TfR, which is even more 

augmented by the liposome multivalency. It is now well established that ligands with high affinity 

(ref 33 in the manuscript) or high avidity ( Ref 27, Niewoehner et al. Neuron. 2014; 81: 49-60) for 

the transferrin receptor (TfR) cannot cross the BBB but instead redirect receptors to lysosomes for 

degradation. Villaseñor et al. (10.1016/j.celrep.2017.11.055) showed that such an effect is 

regulated at the endosomes sorting level. More recently, we established a similar impact of avidity 

to LRP1 receptors in modulating transcytosis (10.1126/sciadv.abc4397) as well as showing two 

distinct pathways of intracellular transport, one associated with the F-bar protein syndapin-2 that 

leads to fast transcytosis with no endosomal sorting, and one that leads to endothelial 

internalisation and associated with endosomes and lysosomes. 

The liposomes chosen here belong to the high avidity class. The data show very eloquently their 

ability to enter endothelial cells and guide the TfRs toward lysosomes in agreement with the 

existing literature. All the discussion about deficient transcytosis and its relation with the 

venules/capillary etc. becomes redundant. While I would love to see a similar analysis repeated 

with nanoparticles whose avidity is adequately optimised for transcytosis, I can see that such a 

request involves a considerable amount of work. On the other hand, I repeat myself, and I think 

the methodology here presented is very relevant and warrants publication. Perhaps a rewriting of 

the discussion with consequent moderation of the current conclusions to include the current state-

of-the-art on transcytosis might be still sufficient to justify the presented work keeping it 

compelling. One example is the role of perivascular space, and the recent conclusion is supported 

only if the TfR targeting liposomes were able to go via transcytosis. 

 

 

Minor comment: 

 

General: I find the manuscript quite challenging to read, perhaps too segmented, with little flow 

between one section to the other. The figure captions are not useful and too hermetic. 

 

 

Page 3, Line 5: what’s the difference between low molecular weight hydrophobic compounds and 

lipophilic drugs? Are the latter part of the former? Perhaps this sentence needs some clarification. 

 

Page 6, line 13, how do the authors ensure that the overlapping signal is not an aggregation or an 

exchange between the two liposome formulations? Let’s reminds ourselves that the components 

that make liposomes have a CMC>0 and thus exchange via assembly disassembly processes. 

 

Page 8, line 6: Can the authors explain the omission with more details? 

 

Page 9, line 8-11. Is it possible that this is due to the advection within the perivascular space (see 

the work from Nedergaard and Iliff on the glymphatic system) 

 

 

Prof Giuseppe Battaglia 

Catalan Institution for Research and Advanced Studies 

Institute for Bioengineering of Catalonia - Barcelona Institute of Science and Technology  

Department of Chemistry and Institute for the Physics of Living Systems -University 

College London  

 

 

 

Reviewer #3: 

Remarks to the Author: 

 

The blood brain barrier (BBB) is critical for maintaining the helth of the brain, but is a major 

impediment to delivering drugs and other substances in a targeted manner. In order to get the 

substance of interest across the BBB, nanoparticles with surface moieties that make use of the 

endogenous transport machinery (usually transferrin) have been developed. However, where in 



the vasculature this transport is taking place was not known, as most of the studies had looked 

histologically, or with low resolution techniques like MRI. In this manuscript, the authors use in 

vivo two-photon microscopy to visualize where in the vascular network transport takes place. They 

find while a large number of particles are taken up in the capillary bed, the transport of the 

particles stall within the endothelial cells of capillaries and thus do not make it into the brain. They 

find that most of the trans-vascular transport takes place in the venules, which they hypothesize 

to be due the larger perivascular space around venules. I think this is a very nice manuscript. In 

general, the data is very clear and convincing. The analyses are well done and there is a great deal 

of attention paid to the limitations of the optical resolution in resolving the nano particle positions. 

Although the paper is largely observational, I think it is an important advance to the field and will 

guide the development of more effective BBB-crossing drug delivery systems. 

 

I have only minor comments, listed below. 

 

The cited reference for transferrin expression in the capillaries is nearly four decades old, and the 

technology to assay single-cell level expression differences has greatly improved since then. What 

do more recent measurements of single-cell gene expression (such as those from the Betsholtz lab 

and others) show with regards to the expression patterns of transferrin (and other proteins 

involved in transcytosis) in the cerebral vasculature? 

 

Why do capillaries have the machinery for uptake but not complete transcytosis? This is odd. Is 

this a consequence of the size of the particles, and smaller particles might be transcytoses at a 

higher rate? 

 

The larger perivascular space around venules seems to be a plausible explanation for the observed 

results, but in fairness, the authors do not conclusively rule out other hypotheses. Laser 

extravasation may produce different opening magnitudes and flows of fluid out of venules and 

capillaries, so this experiment is suggestive, but not conclusive. I think in light of this, the 

conclusion that the perivascular space difference could be toned down a bit. 



 

REVIEWER #1 

 

Reviewer Comments: 

Reviewer #1: Kucharz, et al. are investigating the fate of targeted nanoparticles for delivery of 
therapeutic cargo to the brain parenchyma. Using two photon microscopy, they show that liposomes 
functionalized with an anti-transferrin receptor antibody bind primarily to capillaries and venules in the 
brain. Over time, they find particles bound to the veins/venules can pass through to the abluminal side 
of the vessels. Interestingly, they find in venules, internalized nanoparticles traffic to perinuclear 
areas. The tracking of single nanoparticles over time is impressive and some of the differences across 
vessel segments (from arteries through to veins) are quite striking. As transferrin receptor mediated 
BBB crossing is a leading possibility for therapeutics, an understanding of how this is being mediated 
is important. However, there are a few important issues arising in the manuscript.  

 

We thank Reviewer #1 for his/her appreciation of our work and insightful comments. 

 

Major points 

Rev1_Comment #1a. Mechanism of BBB-crossing is unexplored. Starting in the abstract the authors 
claim that transit across the endothelium takes place in venules because of greater perivascular space. 
However, the experimental evidence they present for this hypothesis is sorely limited. For delivery of a 
molecule through the transcellular pathway from the blood to the brain parenchyma, the molecule must 
(a) endocytose at the luminal membrane of the endothelial cell, (b) exocytose at the abluminal 
membrane, and (c) transit further into the parenchyma.  

We agree with Reviewer #1 that transcytosis is a multiple-step process, and the distinction between 
transcytosis across endothelium (with successful exocytosis) and transcytosis followed by progression 
to the parenchyma is an important one. Here, we used the term transcytosis when referring to 
successful nanoparticle entry into the brain, which also indicated that the transcytosis was complete, 
i.e., the event of exocytosis from endothelium must have occurred.  

We thank Reviewer #1 for this comment, and to clarify, we have now revised the text using the term 
“transcytosis” to relate to the steps (a)+(b); and “transcytosis-mediated brain entry/delivery/transit” to 
relate to the steps (a)+(b)+(c).  

 

Rev1_Comment #1b. The authors do show convincing images of nanoparticles effectively getting out 
into the parenchyma around venules while not around capillaries (figure 6) – this is good evidence for 
part (c) of this pathway. However, the spatial resolution of the experiment does not allow for convincing 
evidence that there is no transcytosis. 

We agree with Reviewer #1 concerning the limitations of the imaging resolution but would like to point 
out that we don’t exclude the possibility of nanoparticle transcytosis in capillaries. However, our data 
generally suggest that the incidence of nanoparticle transcytosis at capillaries had to be low compared 
to post-capillary venules. In particular, despite the highest binding of nanoparticles to capillaries 
(Manuscript Fig. 3c), and high retention of nanoparticles in the brain, as observed at post-capillary 
venules (Manuscript Fig. 6g, h, j), there was no significant nanoparticle presence at the capillary walls 
at 24 and 48 hours post-injection (Manuscript Fig. 6g, j). Had the transcytosis occurred to a similar 
degree as in post-capillary venules, we would expect at least an equal amount of nanoparticle signal to 
be present at the capillary walls, regardless of whether we would be able to distinguish between the 
cellular or extracellular side of the endothelial cell.  

We have now revised the Discussion and added the abovementioned argument to support the claim on 
the negligible contribution of capillaries to the total transport of nanoparticles to the brain [Page 13, Line 
22]. 



  

 
Rev1_Comment #2a. To this end, the subcellular distribution of nanoparticles presented in figure 5 is 
notable. Although the authors claim in the Discussion that this perinuclear distribution corresponds to 
late endosomes, this is by no means the only possibility. Indeed, the common endosome (recycling 
endosome) is specifically thought to transit through this perinuclear space for transcytosis (see, for 
instance (Apodaca et al., 1994)!  

Intracellular transport vesicles exhibit a characteristic pattern of distribution within brain endothelial cells 
observed at their flat projections (Toth et al., 2020; Toth et al., 2018). We wrote: “(…) Notably, in contrast 
to capillaries, post-capillary and pial venules exhibited the preferential distribution of nanoparticles to 
perinuclear areas, which corresponds to the position of late endosomes that contain components 
directed for degradation in the transcytotic pathway. (…)”. This is in agreement with the perinuclear 
location of both late endosomes (Huotari and Helenius, 2011; Toth et al., 2019; Toth et al., 2018) and 
lysosomes downstream in the trafficking route (Toth et al., 2019; Toth et al., 2018). The perinuclear 
distribution of nanoparticles suggested that endocytosed nanoparticles converge with the lysosomal 
degradation pathway, similarly to previously observed distribution for high-affinity antibodies targeting 
TfR (Bien-Ly et al., 2014; Johnsen and Moos, 2016). However, as Reviewer #1 noted, it does not 
exclude the occurrence of nanoparticles in other compartments of intracellular transport, e.g., the 
contribution of recycling endosomal pathway. Noteworthy, the latter is typically distributed in proximity 
to the microtubule organizing center, localized at one spot close to the nucleus membrane (Toth et al., 
2020; Toth et al., 2018).    

We thank Reviewer #1 for the reference, which we have read with great interest. To relate our findings 
to Apodaca et al., or others, one must consider the potential impact of the fundamental functional and 
morphological differences between brain endothelium and epithelial cells (Abbott et al., 2010), such as 
the kidney cell line used in the referred work (Apodaca et al., 1994). The brain endothelial cells are thin, 
i.e., up to ~0.4 µm at processes, and ~2 µm where the cell volume is occupied mainly by the nucleus; 
compared to the much taller and larger intestinal (~7.5 µm) or kidney (~17 µm) epithelial cells (Hellinger 
et al., 2012). Given the minimal diameter of vesicles in the endo-lysosomal system ranging between 
0.2 to 0.25 µm (Toth et al., 2020), the thinness of brain endothelial cells may effectively limit apical-to-
basal polarity seen in other tissues. Moreover, compared to other cell types, under normophysiological 
conditions the transcytosis in the BECs is strongly suppressed (Armulik et al., 2010; Daneman and Prat, 
2015), which further sets them apart from peripheral barriers.  

Overall, we agree that the perinuclear distribution is not an indication of sorting only into late 
endosomes, and we have now clarified this in the manuscript [Page 15, Line 1]. However, we would 
like to stress that general assumptions from polarized epithelial cells in peripheral organs should be 
treated with caution when applying to functionally and morphologically distinct brain endothelium. 

 

Rev1_Comment #2b. This would suggest a meaningful intracellular trafficking difference between 
cECs and vECs, not necessarily having anything to do with perivascular space. The laser extravasation 
results in figure 6 point to some kind of difference between capillaries and veins in regards to efficacy 
of nanoparticle drug carriers. But by no means do these results prove that the difference in perivascular 
space is the reason. The distinction between access to the parenchyma and transcytosis is an important 
one. It would be best to stick with the verbiage of the heading on page 9 – namely “impedes nanoparticle 
brain entry,” as that is what the results show.  

We agree with Reviewer #1 that the distinct intracellular distribution of nanoparticles between venules 
and capillaries likely reflects the difference in intracellular sorting, and we don’t consider that it is a result 
of the presence/absence of the perivascular space. As Reviewer #1 pointed out in Rev1_Comment 
#1a, these observations concern two separate aspects of the nanoparticle transfer to the brain. 

Concerning transcytosis: until recently, the understanding of mechanisms of endothelial transport came 
primarily from in vitro BBB culture models, which do not preserve vascular segment heterogeneity and 
do not reflect well the molecular landscape of the endothelium in vivo (Sabbagh and Nathans, 2020). It 
is only recently when the possibility of vascular zonation was explored at the level of receptor proteins 
(Yang et al., 2020), transcriptome (Kalucka et al., 2020; Sabbagh et al., 2018; Vanlandewijck et al., 
2018), and transport modulation (Janiurek et al., 2019). The difference in trafficking between capillary 
and venular endothelial cells observed herein may be closely associated with normal vessel function. It 



is well established that transendothelial transport of endogenous protein receptor ligands (or antibody-
based medicines) occurs at the capillary level (Abbott et al., 2010; De Bock et al., 2016). Conversely, 
post-capillary venules mediate transendothelial transport of immune cells surveilling the brain 
(Engelhardt et al., 2017). One can speculate that venular endothelial cells may contain intracellular 
machinery that can better handle large entities, like the nanoparticles used in our study. While we 
cannot ascertain whether TfRs on venules elicit similar cellular responses as adhesion molecules for 
immune cells, it is an exciting subject to explore in future studies.  

Concerning perivascular space: in turn, after successful transcytosis, the lack of perivascular space 
may be a limiting factor for further brain entry of nanoparticles. Our laser-extravasation data 
demonstrates that the nanoparticles in the perivascular space at venules can move relatively freely, as 
opposed to the brain parenchyma at capillaries. A similar movement in perivascular spaces was also 
observed after the infusion of nanoparticles into the brain, suggesting that this is the route of the least 
resistance (Mestre et al., 2018), which facilitates the distribution of therapeutics in the brain (Hadaczek 
et al., 2006). This might make it easier for the nanoparticles to leave the basement membrane in post-
capillary venules. In contrast, capillaries are not surrounded by perivascular space, thereby creating a 
higher resistance environment, which may restrict brain entry of the nanoparticles (Engelhardt et al., 
2017; Owens et al., 2008). This is consistent with previous ex-vivo findings of nanoparticles being 
restricted from progressing further into the brain at capillary segments of the brain vascular network 
(Cabezon et al., 2015; Muldoon et al., 1999). 

These two mechanisms are not mutually exclusive, and we concluded that both intracellular sorting and 
perivascular space presence independently influence nanoparticle delivery to the brain.  

We have now revised the Discussion with the information above [Page 13, Line 22; Page 14, Line 11]. 
In addition, we have now corrected the verbiage to reflect the essence of the subheadings more clearly. 

 

Rev1_Comment #3a. The authors present this as an important avenue for therapeutics, but their 
results point to this being an ineffective mechanism.  

The transcytosis and subsequent brain entry of nanoparticles may occur to a less degree than free 
antibodies, but this is compensated by a large amount and various types of drugs that can be 
encapsulated in a liposome nanoparticle (Huwyler et al., 1996), and liposomes mono-targeted with 
antibodies to TfR outperform other receptor-mediated delivery targets in the brain in vivo (van Rooy et 
al., 2011).  We do not claim that this is good in all its aspects, and in fact, we point at its previously 
unknown shortcomings.  

There is little doubt that this type of transport is needed to improve upon, e.g., after many disappointing 
phase III trials of antibody-based medicines against Alzheimer’s disease (listed in (Johnsen et al., 
2019b)). Therefore, the TfR-mediated nanoparticle transport pathway remains an important avenue for 
therapeutics, as illustrated by a large number of preclinical evaluations and ongoing clinical trials 
(reviewed in (Johnsen et al., 2019b)) 

All in all, it is worthwhile to explore this avenue for therapeutics, especially with respect to understanding 
the transport directly, and not only on the level of tissue homogenates or downstream therapeutic 
efficacy. One striking example is an ongoing debate on the fundamental aspect of nanoparticle drug 
delivery, i.e., whether nanoparticle transcytosis is actually possible at all [see, e.g. (Freskgard and Urich, 
2017)]. 

We have now highlighted this notion in the Discussion [Page 16, Line 9] 

 

Rev1_Comment #3b. Most approaches for delivering therapeutic molecules across the BBB tend to 
target the capillaries. This is because capillaries are by far the most abundant vascular segment. By 
contrast, veins/venules are the least abundant.  

Capillaries are the most abundant vascular segment, and we do not disagree with this fundamental 
feature of brain anatomy. The nanoparticles used in our study target both capillaries and venules, 
consistent with the expression pattern of the TfR (Kalucka et al., 2020; Sabbagh et al., 2018; 
Vanlandewijck et al., 2018). However, we indicate that the abundance of capillaries in the brain, further 
augmented by the highest binding of nanoparticles to this vessel segment, does not translate to an 



efficient route of nanoparticle delivery to the brain. Conversely, a less abundant vessel segment, i.e., 
post-capillary venules, mediates nanoparticle brain delivery better than capillaries.   

This may call for a reconsideration of using liposome nanoparticles as optimal drug vehicles via 
capillaries and instead target venules more specifically. 

 

Rev1_Comment #4.  Their data also suggests that few particles accumulate further into the 
parenchyma and are instead stuck in the perivascular space even after several days. How does that 
affect therapeutic potential? 

It can be speculated that high retention in perivascular spaces may affect the pharmacokinetics of drug 
delivery or even cause adverse effects, but conversely, depending on the therapeutic cargo, it may be 
used for advantage in drug delivery as well. By retention in perivascular spaces and prolonged release 
of the therapeutics in proximity to mural cells, the nanoparticle-based therapies may be more efficient 
in the treatment of brain pathologies linked with the dysfunction of the neurovascular unit. These 
aspects would have to be assessed in a separate series of screening studies in various disease models 
with measurable functional readout and with distinct types of therapeutic cargo.  

Further studies could also address 
the pharmacokinetics of payload 
release from nanoparticles by 
distinctively labeling the nanoparticle 
lipid membrane and the hydrophilic 
cargo within the aqueous 
nanoparticle core. This would allow 
to simultaneously monitor the fate of 
the carrier and the cargo in real-time 
in the brain in vivo. Of note, we are 
currently developing an imaging 
approach that is focused precisely on 
this aspect of nanoparticle drug delivery (Response Fig.1).  

Regardless, our current data provide very important information for drug nanocarrier design because, 
in contrast to the therapeutic payload in the brain, the fate of the nanoparticle carrier (clearance, 
location, etc.) is seldom addressed.  

   

Rev1_Comment #5a.  Could this persistent accumulation lead to adverse effects, even? The authors 
only show data claiming no adverse effects during a two hour imaging window (figure S1). But in some 
of their previous work with the same nanoparticle/antibody preparation they actually found significant 
adverse effects(Johnsen et al., 2019a).  

First, we would like to underline that there are fundamental differences between the liposomal 
formulations used in our previous study referred to by Reviewer #1  (Johnsen et al., 2019a) and in the 
current paper. Most relevant is the fact that in our previous study, the antibodies were attached to the 
liposome nanoparticle surface using the post-insertion technique (Moreira et al., 2002), whereas here, 
we utilized the post-functionalization approach (Bak et al., 2016; Kristensen et al., 2019).  

The post-insertion technique is a flexible method for adding different amounts of targeting ligands to the 
liposome surface, but it comes with the issue that lipid-conjugated antibodies that are not integrated 
into the liposomes may elicit immune responses in the circulation. In our previous study, when the 
liposomes with post-inserted RI7 antibodies were administered (Johnsen et al., 2019a), the animals’ 
reaction mirrored the reaction of animals receiving free antibodies (Couch et al., 2013; Weber et al., 
2018). These side effects could be attributed to the retained effector function of the antibody Fc domain 
(Couch et al., 2013).  

Notably, this was not observed for the liposomes used herein, where the antibodies were post-
functionalized to the liposome surface. This is consistent with our previous reports, showing a lack of 
observed adverse effects when gold nanoparticles (Johnsen et al., 2018) or liposomes (Johnsen et al., 
2017) were formulated with the approach used in the current manuscript. 
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We have now added this information in Supplementary Discussion. 

 

Rev1_Comment #5b.   Given that therapeutic benefit would likely come from repeated or extended 
exposures, time points beyond 2 hours should be explored to address this idea of a lack of adverse 
effects. 

Reviewer #1 concludes that two hours is too short for the evaluation of side effects. We agree with the 
essence of this notion, but it is not true that adverse effects were only explored during two hours. The 
brain and systemic physiological parameters recorded during the acute imaging sessions were 
recorded over the course of two hours (Supplementary Fig.1e), but the animals were monitored for days 
after administration of the nanoparticles in chronic imaging experiments.  

It is important to note that TfR-mediated adverse effects as those observed in our previous study for 
liposomes or by Genentech and Roche for free antibodies started no later than five minutes post-
injection (Couch et al., 2013; Johnsen et al., 2019a; Weber et al., 2018). The animals appeared 
lethargic, with limb spasticity, or death, which was not observed here. In our awake chronic imaging 
experiments the animals exhibited normal behavior (e.g., running, exploring, appetite) during and in 
between imaging sessions, with no observable differences before (24 h prior) and after (30 min, 24h, 
48h) administration of nanoparticles. In addition, no adverse effects were observed in animals treated 
with liposomes with encapsulated cisplatin in experiments from Manuscript Fig. 1d. 

This was mentioned in the Methods section, and we have now detailed it with the information in 
Supplementary Discussion. 

Overall, Reviewer #1 is correct that all of the factors above are relevant when aiming to progress drug 
delivery into clinical trials and to obtain a lasting therapeutic effect, with an extended treatment regimen 
of weekly or monthly dosing. However, the assessment of the functional outcomes and therapeutic 
benefits vs. adverse effects were outside of the scope of this study, which is focused on the spatio-
temporal aspects of nanoparticle transport across the BBB in vivo. 

 

Rev1_Comment #5c. Furthermore, in line with this, it is becoming increasingly clear that post-capillary 
venules and the perivascular spaces are immunologically active under homeostatic conditions. Thus, it 
would therefore be warranted to ensure that nanoparticle delivery across this vascular segments and 
accumulation into these spaces does not disrupt homeostatic immune cell transmigration, which could 
potentially yield devastating side effects. 

We agree that the venules are the important site for immune cell entry (Engelhardt and Ransohoff, 
2012; Engelhardt et al., 2017) and should not be compromised by nanoparticle administration. In acute 
settings, it was clear that nanoparticle administration did not abolish the ability of immune cells to 
undergo the multistep process of transmigration, i.e., rolling, adhesion, and spreading (Supplementary 
Fig. 1; Supplementary Movie 2), which is the normal, expected behavior for blood-borne immune cells 
at post-capillary venules (Engelhardt and Ransohoff, 2012; Engelhardt et al., 2017). Furthermore, there 
were no signs that nanoparticles impaired diapedesis, as immune cells that contained nanoparticles 
could traverse across the BBB into perivascular spaces (Supplementary Movie 10). Regardless of acute 
or chronic imaging, we observed neither stalling nor accumulation of nanoparticle-rich immune cells 
getting arrested in perivascular spaces.  

With regard to other aspects of nanoparticle-immune system interactions, earlier studies using a similar 
system of TfR-targeted immunoliposomes reported no side effects, e.g., neuroinflammation, during 
chronic weekly administrations (Zhang et al., 2003). Here, the nanoparticles were coated with 
poly(ethylene glycol; PEG) to reduce nanoparticle recognition by the immune system (Dobrovolskaia 
and McNeil, 2007; Moghimi, 2002). This may result in increased nanoparticle clearance due to the 
production of PEG-specific antibodies over subsequent injections, which was suggested to potentially 

change the pharmacokinetic profile, but without compromising immune system function  (Dobrovolskaia 

and McNeil, 2007). In addition, we designed the nanoparticles to have near-neutral zeta potential (-10 
to -7 mV)(Supplementary Table 1). This is of advantage, as a high negative or positive charge of 
nanoparticles may promote the formation of protein corona that interferes with nanoparticle targeting 
(Lundqvist et al., 2008); and increase nanoparticle exposure to the immune system, facilitating their 
uptake by phagocytes (Nakanishi et al., 1999; Xiao et al., 2011). Lastly, nanoparticle formulations used 



herein do not also alter the TEER values in vitro, indicating a retained function of the paracellular barrier, 
as shown in our previous study (Johnsen et al., 2017). 

This information has now been added to Supplementary Discussion. 

We agree that when attempting the clinical translation of new drug delivery strategies, it is crucial to 
explore the long-term effects of transporting the nanoparticles into the brain. However, this study was 
not designed to assess the immune cell interactions, which would require the generation of multiple 
fluorescent reporter transgenic mice compatible with nanoparticle imaging to ascertain possible 
changes in the spatio-temporal pattern of immune cell entry to the brain.  

Although we do not wish to argue that our data is an ultimate proof for the total absence of effects on 
immune cell entry, weighing in all available information, we respectfully disagree that there is a strong 
indicator regarding the nanoparticle transport process that warrants immune cell assessment to support 
our findings. 

 

Rev1_Comment #6a. Claims based on two photon imaging would benefit from validation by histology 
The authors rightly point out that tissue processing for histology can affect measurements of luminal 
bound nanoparticles. However, perfusion with fixative should effectively preserve any particles that are 
truly endocytosed and have no effect on their distribution (nor on the distribution of particles that have 
transited across the BBB completely). The live imaging is very important for this paper, but follow up by 
histology would provide the following: 

a) Superior spatial resolution. This would allow for more rigorous discrimination between 
particles that are truly inside versus outside endothelial cells. 

We agree that the histological assessment in theory could improve nanoparticle localization estimates 
in the vicinity of the endothelium. In practice, however, perivascular spaces are nearly lost upon brain 
fixation. Recent work from Prof. Nedergaard’s in Nat. Commun. (Mestre et al., 2018) demonstrated that 
the perivascular spaces undergo a 
10-fold (!) decrease in volume 
upon fixation (see Response Fig. 
2). This shrinkage leads to the 
displacement of perivascular 
space-resident nanoparticles and 
small fluorescent traces, forcing 
them back into vessel structure, 
including the basal lamina (Mestre 
et al., 2020). In addition, the loss of 
perivascular spaces leads to the 
efflux of macromolecules towards 
the pial surface of the brain (Mestre 
et al., 2020; Mestre et al., 2018). For these reasons, we did not expect brain fixation followed by 
immunohistochemistry to allow for good discrimination between particles inside and outside the 
endothelial cells. 

However, for the Reviewer’s interest, we performed series of immunostaining assessments in mouse 
brains at 4 h and 24 h after nanoparticle administration. Following paraformaldehyde (PFA, 4%) 
perfusion-fixation, we observed a collapse of perivascular spaces with nanoparticles being relocated 
towards endothelial cell membranes. Moreover, although BECs retained their general morphology, the 
nanoparticle structure was compromised, likely due to perfusion-fixation combined with membrane 
permeabilization (perforation of lipid membranes) to enable antibody penetration for 
immunohistochemistry (See Response Fig. 3).    
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Post-fixation artifacts effectively rendered further super-resolution imaging of nanoparticle location 
unreliable and exemplified the necessity of studying nanoparticle dynamics and distribution at the BBB 
interface in an intact living brain.  

We have now added this information to the Results section [Page 7, Line 16] and [Page 11, Line 1], 
and the Response Fig. 3 panels were incorporated into Supplementary Fig. 3  

 

Rev1_Comment #6b.  

b) Greater understanding of molecular differences. For instance, transitions between capillaries 
and veins are not clearly identifiable by morphology and these areas could be potentially 
interesting. Indeed, a panel of carefully identified markers used in combination would likely be 
necessary to rigorously identify specific vascular segments, a strategy used in this study. 

We agree that immunohistochemistry (IHC) might provide a more straightforward vessel classification; 
however, there are no established clear-cut molecular markers of transition from capillaries to post-
capillary venules. For instance, leukocyte adhesion molecules are expressed in both capillaries and 
post-capillary venules and are suitable to distinguish only large venules from the capillary segment 
(Owens et al., 2008). Defining the proper molecular markers is further complicated by different 
transcriptome cluster classification criteria used in single-cell mRNA analyses of the brain endothelium, 
where the post-capillary segment is either not defined (Sabbagh et al., 2018; Vanlandewijck et al., 2018) 
or a practical term of, e.g., “capillary-venous” segment is coined, but without an anatomical foothold 
(Kalucka et al., 2020). 

Here, similarly to most two-photon imaging assessments tracing vessel connectivity, we relied on vessel 
diameter and branching classification criteria. These criteria were based on the following:   

1) Two-photon imaging in vivo in mice reveals that capillary lumen diameters range on 
average from 10 to 5 µm (Cai et al., 2018; Hartmann et al., 2021; Khennouf et al., 2018; 

Response Fig. 3. Perfusion-fixation leads to relocation and destruction of nanoparticles. a Perfusion-fixation preserves 

the general in vivo morphology of endothelium for both, arterioles and venules. b-c However, it leads to collapse of perivascular 

space, and destruction of liposome nanoparticles (demonstrated by the presence of diffuse signal). c vessel orthographic 

projecton along the dashed line. Round image insets denote the imaging plane in relation to a vessel perimeter. ‘zs’ insets 

indicate Z-stack maximum intensity projections. 



Kutuzov et al., 2018). Importantly, this range reflects a gradual decrease in diameter along 
the cortical microvascular path, from the ~10 µm capillaries that stem from precapillary 
arterioles to terminal (~6th) branching orders of capillaries which do not exceed 5 µm 
diameter (Hartmann et al., 2021).  

2) Following that, microvessels converge. Studies reconstructing brain vascular topology from 
mouse brain classify coalesced vessels with a diameter ~6-7 µm as the post-capillary 
venules (Cruz Hernandez et al., 2019; Smith et al., 2019). This division is based on the 
presence of loops in the capillary network, which are absent in post-capillary venules (Cruz 
Hernandez et al., 2019). This threshold is also used in functional assessments of the brain 
microvasculature, e.g., vascular oxygen partial pressure (PO2) mapping in vivo, where ~7 
µm microvessels are not considered to be a part of the capillary segment, but post-capillary 
venules (Sakadzic et al., 2014).  

3) The distinct morphology of mural cells supports vessel diameter-based division criteria. 
Capillaries at the venular end are covered by pericytes with a large cell body and numerous 
branches, whereas functionally and morphologically distinct ‘mesh-like’ (a.k.a. ‘stellate’ or 
‘post-capillary’) pericytes reside at post-capillary venules (Hartmann et al., 2015; Uemura 
et al., 2020). The mesh-like pericytes occupy vessels with diameters no smaller than ~6-7 
µm (Berthiaume et al., 2018; Hartmann et al., 2015), which is consistent with the chosen 
vessel diameter threshold for post-capillary venules. 

4) In addition to diameter and mural cells morphological differences, the lack of perivascular 
space at capillaries further distinguishes them from post-capillary venules. It is 
acknowledged that perivascular space is absent for vessels with a diameter of 6 µm or less, 
in contrast to the presence of perivascular space in post-capillary venules, which 
characterizes vessels with a diameter larger than 6 µm (Owens et al., 2008).  
 

Overall, the data above converge on the definition of post-capillary venules as microvessels with a 
diameter larger than 6 µm and coalescing from two parent vessels located upstream of the blood flow.  

We have now added this information to the Supplementary Discussion. 

 

Rev1_Comment #6c.  

c) Broader sampling throughout other areas of the brain, including various clinically interesting 
areas not in the somatosensory cortex. Specifically, if nanoparticle delivery is primarily effective 
around only a subset of vessel segments it would be interesting to understand how those are 
distributed in the brain. 

Two-photon laser scanning microscopy allows the assessment of naïve brain structure, but like every 
imaging approach, it has limitations. The most relevant one is the imaging depth, which allowed us to 
sample brain cortex up to ~250 µm below pia surface with a satisfactory resolution, but not deeper brain 
regions due to photon absorbance and scattering. In vivo imaging of, e.g., the hippocampus can be 
achieved by partial removal of the cortex and insertion of micro-optics lenses (Barretto et al., 2011; 
Jung et al., 2004; Levene et al., 2004), but the implantation is very invasive. Consequently, damaged 
brain microvasculature would create a massive number of extravasation spots obscuring the results.  

However, we have performed a series of ex vivo immunohistochemistry experiments on tissue sections 
spanning the entire brain. Our data show that nanoparticles associated to vessels with the brain vessels 
in all regions of the brain (Response Fig. 4). However, due to the impact imposed by PFA fixation on 
perivascular space and on the nanoparticles (as shown in Response Fig. 3) it was impossible to 
distinguish whether a given nanoparticle was transcytosed or not, or assess nanoparticle distribution in 
perivascular spaces.  

We have now commented now on this in the manuscript results [Page 11, Line 1], and added additional 
information to Supplementary Fig. 3. 

 

 

 



 

 

 

 

Response Fig. 4. Broad immunohistochemistry sampling throughout brain areas at 4 h and 24 h after nanoparticle 

injection into the bloodstream. a Robust presence of nanoparticles in vicinity to venules and capillaries is observed in all brain 

regions, with traces of diffuse signal in the brain parenchyma. b-c No nanoparticle presence at arterioles. Vessels were classified 

as venules or arterioles based on BEC morphological features (see Response Fig 3). 



Rev1_Comment #6d. This would also alleviate any concerns that imaging in an area where there was 
just surgery performed may affect the distribution of nanoparticles.  

Although the preparation of craniotomy and imaging procedures may potentially compromise the 
function of the microvasculature, we rigorously implement internal controls in our imaging experiments.  

a) In acutely imaged mice, we did not observe a loss of BBB integrity which would result in 
unspecific extravasation of nanoparticles from the bloodstream to the brain, even during 
prolonged sessions (~2h) of continuous imaging (e.g., Manuscript Fig. 1f).  

b) A significant number of our experiments were performed with nanoparticles co-injected with 
blood-circulating soluble fluorescent tracers to delineate the vasculature (FITC-dextran or 
TRITC-dextran). There was no leakage of tracers into the brain parenchyma, which 
indicated a non-compromised BBB.  

c) Prior to chronic imaging experiments, we tested our protocol using stealth (non-targeted) 
nanoparticles (Sth-L-A550) injected into the bloodstream. Chronic window preparation and 
imaging caused no extravasation or unspecific transport of nanoparticles to the brain 
parenchyma, even after recurring imaging sessions (see Response Fig. 5).  

 
d) Our recent two-photon experiments in vivo showed that imaging procedures applied here 

do not disturb the BBB. In healthy operated mice, the blood-circulating fluorescent albumin 
is not present in perivascular macrophages that reside in perivascular areas, in contrast to 
pathological conditions when transcytosis is altered (disinhibited) (Janiurek et al., 2019).  

e) Lastly, across many previous works, we demonstrated that the cranial window 
microsurgery applied here preserves neuronal, astrocyte, pericyte, and smooth muscle 
morphology and intracellular Ca2+ signaling (both spontaneous and evoked calcium 
signals)(Fordsmann et al., 2019; Grubb et al., 2020; Khennouf et al., 2018; Kucharz and 
Lauritzen, 2018; Lind et al., 2013). Functionally, we observed no detrimental effects on 
neurovascular coupling, which indicates a non-disrupted neurovascular unit (Cai et al., 
2018; Fordsmann et al., 2019; Hall et al., 2014; Kucharz and Lauritzen, 2018; Kucharz et 
al., 2016). These assessments were performed using a combination of two-photon imaging 
with various techniques: brain electrophysiological recordings (generation of local field 
potentials, vessel contractility, propagation of vascular responses, and cerebral metabolic 
rate of oxygen consumption), intrinsic optical imaging, and laser speckle imaging. 

 

We have now added Response Fig. 5 to the manuscript as Supplementary Fig. 4. 

 

 

 

 

Response Fig. 5. No extravasation of stealth nanoparticles (Sth-L-Atto550) into the brain parenchyma 

indicates preserved BBB integrity during chronic imaging. Images are maximum intensity projected Z-stacks. 

Time is relative to the time of Sth-L-A550 injection. All images are represented in the same fluorescence 

intensity scale. 



Minor points 

Rev1_Comment #7. Flow through different vessel segments varies significantly (velocity, turbulence, 
etc). It would be interesting to include some discussion how flow might play into the distribution of 
binding they observe. 

We thank the Reviewer for this very interesting remark. In the healthy brain, the blood flow is generally 

assumed to be laminar (Fullstone et al., 2015), with a small percentage (~0.4%) of capillaries exhibiting 

transiently interrupted blood flow (Cruz Hernandez et al., 2019). Here, we observed no preferential 

association of nanoparticles at branching points or at vessels with high tortuosity, and no increase in 

binding of nanoparticles when blood-borne cells were temporarily obstructing the nanoparticles flow 

(Response Fig. 6).  

 

Given that brain vasculature hemodynamics differs between arterioles, capillaries, and venules 

(Response Fig. 7), it is plausible that the slowest blood velocity in capillaries may increase the time of 

interaction of nanoparticles with TfR, thus increasing the probability of nanoparticle binding. Yet, even 

in the vessels of similar capillary diameter, we have observed striking differences in nanoparticle 

association density (Manuscript Fig. 4d). 

 

  
 
We conclude that although blood pressure, flow, and velocity might influence binding, they may not play 
a decisive role in nanoparticle distribution, which follows more closely the vascular gradient of TfR 
expression (Kalucka et al., 2020; Sabbagh et al., 2018; Vanlandewijck et al., 2018).  
 
This comment has now been added to the manuscript Discussion [Page 13, Line 1]. 

 

Rev1_Comment #8. Is the MSD analysis presented in figure 5 
from all vessel segments observed or specifically from veins? 

This MSD data represented nanoparticles from all vessels. We 
have now re-analyzed the data, linking each nanoparticle trace 
with its respective vessel location (Response Fig. 8). The 
updated results show that the MSDV(t) of the nanoparticles 
exhibited significant deviation from linearity regardless of the 
vessel type (p<0.0001 Wald-Wolfowitz runs test; ncap=380; 
npcV=200; npV=90 nanoparticles; in 5 mice total). This indicated 
that the nanoparticle movement was inconsistent with diffusion 
in all vessel types. The directional component was present in 
capillaries and post-capillary venules, where the MSDv(t) 
exceeded values predicted by normal diffusion (linear fit) but was not apparent in pial vessels that 

Brain vasculature hemodynamics gradients 
Parameter Gradient Source 

Pressure arterioles >> capillaries > venules (Sweeney et al. 2018)(Sweeney et al., 2018) 

Flow  venules > arterioles >> capillaries (Sweeney et al. 2018)(Sweeney et al., 2018) 

Velocity arterioles > venules >> capillaries 
(Santisakultarm et al. 2012)(Santisakultarm et al., 2012); 
(Sweeney et al. 2018)(Sweeney et al., 2018) 

Response Fig. 6. Transient stalling of nanoparticle flow (RI7-L-A550, red arrow, at 1-3 min) caused by a white cell does not 

lead to preferential nanoparticle binding to endothelium. The plasma flow (green arrow, FITC-dx) remained continuous.   

Response Fig. 7. Vascular hemodynamics with respect to distinct vessel types in the brain. Compiled overview.   

Response Fig. 8. MSD analysis with regard to 

distinct vessel types. Straight lines are linear fit.   



exhibited anomalous average MSDv(t) trace. Although the MSD analysis does not disclose the 
underlying biological background, it suggested that the internalized nanoparticles do not move randomly 
but via coordinated intracellular trafficking in capillaries and post-capillary venules.  

The Manuscript Fig. 5f and results section have now been updated [Page 9, Line 18]. 

 

Rev1_Comment #9. At what time point from nanoparticle delivery is the subcellular distribution in 5j 
from? 

The subcellular distribution data has been collected 3 h after injection of nanoparticles into the 
bloodstream. This is now clarified in Results section [Page 9, Line 31], and in the Fig. 5 legend. 

 

Rev1_Comment #10. Numbers of mice and numbers of individual vessels should be indicated more 
clearly (in addition to numbers of particles). For instance, it is not clear how many mice were used for 
the experiment in figure 6. 
 

The information was present in the results text, but we have now included it in all figures as well. 

 

REVIEWER #2 

 

(Remarks to the Author):  
 
I find the work from Kucharz et al. exceptionally well executed and with findings that can have a potential 
impact on several communities, including vasculature biology, blood-brain barrier physiology, 
nanomedicine, and neurology.  

The quality of the in vivo imaging is supreme and equally matched by elegant and thorough data 
analysis. Such efforts alone make the work suitable for publication in ANY journal  
including Nature Communications.  

We would like to thank Reviewer #2 for his insightful comments and recognition of our study. 

 

Rev2_Comment #1a. However, before I can recommend the work to be published, I feel the authors 
should address two critical aspects. Imaging depth: I don’t have a clear sense of where most of the 
imaging is executed and perhaps a detailed explanation either in the form of more information in the 
method or by making the scheme in figure 1b larger indicating in which part of the brain where most of 
the imagining takes place. 

The imaging has been performed in the brain cortex via a cranial window at coordinates 3 mm lateral, 

0.5 mm posterior to bregma, which corresponds to the location of somatosensory cortex in mice [see, 

e.g., functional map in Supplementary. Fig. 1b;  (Kucharz and Lauritzen, 2018)].The information on the 

location (somatosensory cortex) was present in the methods section but has now also been added to 

manuscript results [e.g., Page 4, Line 22 (acute); Page 11, Line 8 (chronic)] and throughout figures 

legends. We could reliably access the fluorescence signal from distinct nanoparticles up to 300 µm 

below pia surface. 

In addition, we have also improved Manuscript Fig. 1b to indicate better the location of the craniotomy. 

 

 

 

 



Rev2_Comment #1b. It appears the most blood vessels are part of the pia mater (...) 

We would like to point out that the pial vessels represented 
only a small fraction of the imaged vasculature. The imaging 
has been performed in 3D, i.e., in Z-stack or Z-stack over 
time (hyperstack) mode, (Response Fig. 9). The data from 
Z-stacks underwent dimensionality reduction, i.e., Z-stacks 
were presented as maximum intensity projections.  

For the Reviewer’s convenience, we attach the depth-coded 
projection of the microvasculature from a Z-stack example 
(Response Fig. 10), which illustrates that most of the imaged 
vasculature was at least >25 µm beneath the pia surface and embedded in the brain tissue.  

In addition, we have now marked all projected Z-stacks in the manuscript figures with a ‘Z-stack’ image 
inset.  

 

Rev2_Comment #1c. (…) and hence while technically considered part of the brain vasculature, their 
location within the meninges make them potentially phenotypically different from the brain parenchyma 
vasculature. They are characterised by less belong to an anatomical area which is lower pericyte 
density, served by a functioning lymphatic system and is connected to the peripheral nervous system 
via extrinsic innervations. All of these are the characteristics of a non-cerebral vasculature. While I can 
see why the author focussed on more accessible pial vessels, I wonder how much information is 
accessible from parenchymal vasculature and their implication in the whole blood-brain barrier. 

We fully agree with Prof. Battaglia and do not consider leptomeningeal (pial) arterioles and venules as 
part of the canonical BBB. In fact, their non-cerebral phenotype was the reason why in our datasets, 
we kept them separate from other vessel segments. In contrast, diving segments of arterioles, 
precapillary arterioles, post-capillary venules, and ascending venules, despite being surrounded by 
perivascular space, are well embedded in the brain parenchyma. Therefore, together with capillaries, 
we considered these segments as an integral part of the cerebral microvasculature. 

 

Rev2_Comment #2. Tf affinity/avidity. I’m not sure why the authors chose to use a high-affinity antibody 
against TfR, which is even more augmented by the liposome multivalency. It is now well established 
that ligands with high affinity (Yu et al., 2011) or high avidity(Niewoehner et al., 2014) for the transferrin 
receptor (TfR) cannot cross the BBB but instead redirect receptors to lysosomes for degradation. 
Villaseñor et al. showed that such an effect is regulated at the endosomes sorting level (Villasenor et 
al., 2017). More recently, we established a similar impact of avidity to LRP1 receptors in modulating 
transcytosis(Tian et al., 2020), as well as showing two distinct pathways of intracellular transport, one 
associated with the F-bar protein syndapin-2 that leads to fast transcytosis with no endosomal sorting, 
and one that leads to endothelial internalisation and associated with endosomes and lysosomes. The 
liposomes chosen here belong to the high avidity class. The data show very eloquently their ability to 

Response Fig. 10. Three-dimensional reconstruction of the brain cortical microvasculature in vivo. a) perspective view; 

b) orthogonal side view projection; c) Z-stack maximum intensity projection; d) Z-stack depth color-coded projection. The 

imaging depth scale is relative to the pia surface. 

Response Fig. 9. The principle of hyperstack 

imaging.   



enter endothelial cells and guide the TfRs toward lysosomes in agreement with the existing literature. 
All the Discussion about deficient transcytosis and its relation with the venules/capillary etc. becomes 
redundant.  

While I would love to see a similar analysis repeated with nanoparticles whose avidity is adequately 
optimized for transcytosis, I can see that such a request involves a considerable amount of work. On 
the other hand, I repeat myself, and I think the methodology here presented is very relevant and 
warrants publication. Perhaps a rewriting of the Discussion with consequent moderation of the current 
conclusions to include the current state-of-the-art on transcytosis might be still sufficient to justify the 
presented work keeping it compelling. One example is the role of perivascular space, and the recent 
conclusion is supported only if the TfR targeting liposomes were able to go via transcytosis.  

We agree with Prof. Battaglia that standard formulation of the nanoparticles used in our study may be 
suboptimal for drug delivery, but given the large variety of nanoparticle types and targeting moieties 
used by different groups, we chose to adhere to a canonical nanoparticle formulation. By choosing this 
model nanoparticle system, we could better relate our findings to the broad spectrum of existing work, 
reaching as far as to the 1990s, where analyses of TfR-targeted nanoparticle transcytosis and 
intracellular sorting were initially attempted (Huwyler et al., 1996).  

We fully support the view that avidity and affinity of targeting moiety is a significant factor in receptor-
mediated drug delivery to the brain (Johnsen et al., 2018; Wiley et al., 2013), and have previously shown 
using Genentech antibodies that reduced avidity promotes transport of gold nanoparticles across the 
BBB (Johnsen et al., 2018). Here, our choice of antibody number per liposome corresponded to 
previous work on modifying the avidity of TfR-targeted liposomes, e.g., the original findings from Prof. 
Pardridge’s lab (Huwyler et al., 1996), which exemplified the pattern of uptake as a function of avidity, 
similar to conclusions from Prof. Battaglia’s LRP1-targeting study (Tian et al., 2020). With regard to 
affinity, low-affinity antibodies may reduce the uptake of the nanoparticle by endothelium but increase 
the chances of nanoparticle exocytosis (Freskgard and Urich, 2017; Yu et al., 2011). However, as we 
discussed in our 2019 review, there are counterarguments from researchers working with high-affinity 
antibodies that should be considered in a balanced discussion (Johnsen et al., 2019b).  

However, we respectfully disagree that the discussion regarding the vascular zonation of the 
nanoparticle transport in capillaries versus venules is redundant because the nanoparticle formulation 
(affinity/avidity) was not optimized to transport more.  

In the revised manuscript, we have now commented on the arguments above and the current state-of-
the-art of TfR-based brain drug delivery [Page 16, Line 2], underscoring how findings on free antibodies 
may be applicable to nanoparticles (a thorough discussion of this aspect can also be found in 
(Freskgard and Urich, 2017)), including the impact of the recent work from Prof. Battaglia’s group (Tian 
et al., 2020). 

 

Minor comment: 

Rev2_Comment #3. General: I find the manuscript quite challenging to read, perhaps too segmented, 
with little flow between one section to the other. The figure captions are not useful and too hermetic. 

We aimed to sequentially describe the fate of an intravenously injected nanoparticle in vivo, from the 
moment of injection to the bloodstream, association, followed by uptake to vascular endothelium, 
intracellular trafficking dynamics, and subcellular distribution, to exocytosis with progression in the brain 
parenchyma, within minutes, and then, over days.  

We have now made the changes throughout the manuscript to improve the flow between these sub-
chapters, and we have revised all figure legends to be more descriptive. 

 
Rev2_Comment #4 (Page 3, Line 5): what’s the difference between low molecular weight hydrophobic 
compounds and lipophilic drugs? Are the latter part of the former? Perhaps this sentence needs some 
clarification. 

We thank the Reviewer for pointing this out. We have now clarified the text by rephrasing:  



“(…) Transcellular diffusion across BEC is possible, but restricted to low-molecular weight 
hydrophobic compounds, and most lipophilic drugs show negligible brain uptake because of (…)”  

to  

“(…) Diffusion of molecules across BECs is possible but restricted to low-molecular weight 
hydrophobic compounds. Most of them, however, including therapeutics, show negligible brain uptake 
due to rapid outward transport by efflux pumps to the bloodstream” [Page 3, Line 6] 

 
Rev2_Comment #5 (Page 6, line 13): how do the authors ensure that the overlapping signal is not an 
aggregation or an exchange between the two liposome formulations? Let’s reminds ourselves that the 
components that make liposomes have a CMC>0 and thus exchange via assembly disassembly 
processes.  

We agree with Prof. Battaglia that lipids may exchange between individual liposome nanoparticles, or 
between liposome and endogenous lipid nanoparticles in the blood. In fact, we have previously studied 
this phenomenon for a range of different lipid-anchored fluorophores (Munter et al., 2018)(Kristensen 
et al., 2019). This work demonstrated that DPPE-anchored Atto dyes have a fairly low dissociation rate 
from liposome nanoparticles in plasma. At the same time, the dyes have high quantum yield and are 
photostable, making them a good choice for tracking the liposome nanoparticles in our present study.  

This information has now been added to the Methods section. 

These observations are further reinforced by our imaging data, providing more information as to whether 
two different fluorophores with the same lipid anchor exchange between liposomes after injection. 
Following the extravasation of nanoparticles that circulated in the bloodstream for 3 hours, we detected 
no presence of nanoparticles that exhibited both Atto 550 and Atto 488 fluorescence (Manuscript Fig 
1i). This supports the notion that no events of fusion or aggregation occurred, as this would result in the 
exchange of membrane-bound fluorophores and fluorescence signal from both, Atto488 and Atto550. 
The nanoparticles might transiently appear as merged, but only when neighboring in distances less 
than the imaging resolution of the microscope (Manuscript Fig. 2h). Lastly, our collateral experiments 
show that even pressure-injection of the mix of Atto 550- and Atto 488-tagged nanoparticles did not 
lead to the fusion of liposomes, and only distinctively labeled nanoparticles were present in the brain 
parenchyma (See, also Rev2_Comment #7). 

 

Rev2_Comment #6 (Page 8, line 6): Can the authors explain the omission with more details? 

Here, we analyzed vessels aligned with the (x, y) 
focal plane, i.e., oriented perpendicular to the 
imaging axis (z) (vessel ‘a', Response Fig. 11). 
Tracing nanoparticles from penetrating vessels 
that traversed the imaging plane under a steep 
angle, e.g., ascending venules (vessel 'b', 
Response Fig. 11), would result in an 
underestimation of the movement measured along 
v axis.  

Furthermore, the nanoparticles would only briefly 
appear in the imaging plane. In order to obtain 
longer time recordings, the imaging would have to 
be limited to nanoparticles that exhibited only 
small degree of displacement (i.e., end-position) 
to remain in the focal plane.  

 

Rev2_Comment #7 (Page 9, line 8-11). Is it possible that this is due to the advection within the 
perivascular space (see the work from Nedergaard and Iliff on the glymphatic system). 

This is a very interesting remark, and we cannot rule out this possibility. To determine whether the 
movement is consistent with diffusion or advection requires the imaging of the distribution of diffuse 

Response Fig. 11. Nanoparticles that exhibit the same 

movement at identical model vessels a and b.  Right panels 

represent top view. The movement measured along long 

symmetry axis v (red arrow=projection) is underestimated at 

vessel b because of the vessel orientation towards the imaging 

plane (x, y). 



signal over time from small molecular traces, e.g., as in our previous work (Kutuzov et al., 2018) and 
by Iliff and colleagues (Iliff et al., 2012); or concurrent tracing of the movement of a large population of 
nanoparticles, similarly to more recent work from Prof. Nedergaard's lab (Mestre et al., 2018). In 
contrast, here, because of the scarcity of transcytosis-mediated delivery, we were able to image only 
single instances of nanoparticle movement, which is insufficient to establish whether nanoparticle 
motion satisfies diffusion or advection movement criteria. 

Nonetheless, the comparisons between our and Prof. Nedergaard's work should be made with caution 
because of key differences between our approach and Prof. Nedergaard's. Here we observed a natural 
progression of a nanoparticle to the brain following transcytosis (Manuscript Fig. 6b-c), compared to 
infusion of large amounts of tracers or particles into the CNS (Iliff et al., 2012; Mestre et al., 2018). 
Infusion of fluids may potentially create an intracranial pressure gradient that may drive the bulk flow of 
solutes or macromolecules. Second, Mestre and colleagues used a different type of particle (i.e., 
polystyrene microspheres)(Mestre et al., 2018), which may move differently in the perivascular space. 
Lastly, their imaging was focused on arterioles while we investigated nanoparticles entering the 
perivascular space in venules. Although both vessel types exhibit pulsatile movement (Mestre et al., 
2018; Santisakultarm et al., 2012), their potential to mediate bulk flow may significantly differ.  

Of note, for the Reviewer’s interest, the only instance when we observed a clear presence of convective 
flow was when the liposome nanoparticles were pressure-injected into the brain parenchyma via a glass 
micropipette/microelectrode (see Response Fig. 12).  

 

Prof Giuseppe Battaglia  
Catalan Institution for Research and Advanced Studies  
Institute for Bioengineering of Catalonia - Barcelona Institute of Science and Technology  
Department of Chemistry and Institute for the Physics of Living Systems -University College London  

 

 

REVIEWER #3 

 
The blood brain barrier (BBB) is critical for maintaining the health of the brain, but is a major impediment 
to delivering drugs and other substances in a targeted manner. In order to get the substance of interest 
across the BBB, nanoparticles with surface moieties that make use of the endogenous transport 
machinery (usually transferrin) have been developed. However, where in the vasculature this transport 
is taking place was not known, as most of the studies had looked histologically, or with low resolution 
techniques like MRI. In this manuscript, the authors use in vivo two-photon microscopy to visualize 
where in the vascular network transport takes place. They find while a large number of particles are 

Response Fig. 12. The directional movement of RI7-L-A550 and RI7-L-A488 nanoparticles that were pressure-injected into 

the brain parenchyma. Circles outline randomly selected nanoparticles. The time is relative to the start of the recording, i.e. ~5 

minutes after pressure-injection (Kucharz K.; unpublished). 



taken up in the capillary bed, the transport of the particles stall within the endothelial cells of capillaries 
and thus do not make it into the brain. They find that most of the trans-vascular transport takes place in 
the venules, which they hypothesize to be due the larger perivascular space around venules.  

I think this is a very nice manuscript. In general, the data is very clear and convincing. The analyses 
are well done and there is a great deal of attention paid to the limitations of the optical resolution in 
resolving the nano particle positions. Although the paper is largely observational, I think it is an important 
advance to the field and will guide the development of more effective BBB-crossing drug delivery 
systems.  
 

We thank Reviewer #3 for his/her insightful comments and appreciation of our work. 

 

I have only minor comments, listed below.  
 
Rev3_Comment #1. The cited reference for transferrin expression in the capillaries is nearly four 
decades old, and the technology to assay single-cell level expression differences has greatly improved 
since then. What do more recent measurements of single-cell gene expression (such as those from the 
Betsholtz lab and others) show with regards to the expression patterns of transferrin (and other proteins 
involved in transcytosis) in the cerebral vasculature? 

We referred to the seminal article authored by Jefferies (Jefferies et al., 1984), because it provided the 
first evidence of TfR expression in the brain endothelium compared to other peripheral endothelial cells. 
This was subsequently confirmed by others, including one of our earlier studies (Moos et al., 1998) and 
by complementary data to single-cell transcriptomics (Vanlandewijck et al., 2018). Noteworthy, these 
reports illustrate TfR presence on the level of receptor protein, not mRNA transcript.  

Recent single-cell transcriptome data analyses provided valuable insight showing the non-uniform TfR 
mRNA presence (TFRC transcript) along the microvascular tree (we compiled expression data in 
Response Fig. 13). These studies outlined the presence of TFRC transcript along the vascular tree, 
being highest in capillaries, then venules, with only a moderate presence in arterioles (Kalucka et al., 
2020; Sabbagh et al., 2018; Vanlandewijck et al., 2018). 

 

Noteworthy, recent data from Prof. Wyss-Coray's lab, although not focused on TfR expression profile, 
exemplified that RMT transcytosis-related genes are in general expressed highly in venules, moderately 
in capillaries, and with low expression in arterioles(Yang et al., 2020). This suggests that overall, 
venules and capillaries be more predisposed to mediate RMT than arterioles.  

In relation to our study, we observed no binding of TfR-targeted nanoparticles to the arteriolar branch 
of the brain microvasculature (Manuscript Fig. 2). Intriguingly, closer inspection of mRNA expression 
profile and immunohistochemistry data from Prof. Betsholtz's lab reveals the presence of TFRC 
transcript in arterioles, but its product, i.e., the TfR receptor protein, appears to be absent in arterioles 
on the immunostaining images (Extended Figure 3 in (Vanlandewijck et al., 2018)). This is consistent 
with the absence of nanoparticle binding to arterioles presented herein. Another interesting possibility 
is that if the TFRC transcript is present in arterioles and is translated to the receptor protein, this pool 
of TfR receptors may be functionally excluded from the uptake of nanoparticles from the bloodstream. 

Vascular zonation of TFRC expression in the brain 
Arterioles Capillaries Venules Literature sources with links to corresponding online databases 

+ ++++ +++ 
(Vanlandewijck et al. 
2018)(Vanlandewijck 
et al., 2018) 

https://betsholtzlab.org/VascularSingleCells/databa
se.html 

+ ++ + 
(Sabbagh et al. 
2018)(Sabbagh et 
al., 2018) 

https://markfsabbagh.shinyapps.io/vectrdb/ 

-/+ + 
+++ 

‘capillary 
venous’ 

+  
'large 

venules' 

(Kalucka et al. 
2020)(Kalucka et al., 
2020) 

https://endotheliomics.shinyapps.io/ec_atlas 

Response Fig. 13. Vascular zonation of TFRC expression in the brain endothelium (compiled information).  



 

Of note, our two-photon 
imaging data from unrelated 
work on free antibody RMT 
shows a similar pattern of 
uptake. We observed that 
TfR antibodies (RI7217 and 
8D3) do not bind to 
endothelium in arterioles, in 
contrast to robust binding in 
capillaries and venules 
(Response Fig. 14).  

 

The updated references, along with the short commentary, have now been added to the manuscript 
Discussion section [Page 12, Line 16]. 

 

Rev3_Comment #2a. Why do capillaries have the machinery for uptake but not complete transcytosis? 
This is odd. 

We agree with Reviewer #3 and do not concede that capillaries are devoid of transcytosis machinery. 
There is no doubt that biologically, receptor-mediated transcytosis is present in all vessel types, with 
capillaries being the most-studied vascular segment of the blood-to-brain transport.  

However, a critical distinction needs to be made between receptor-mediated transcytosis of 
endogenous ligands and transcytosis of nanoparticles, which may not follow the same intracellular 
route. Given the fundamental differences between native ligands and nanoparticles, it is conceivable 
that nanoparticle transcytosis may exhibit different extravasation profiles than endogenous ligands. 
While most of the research effort in the field is focused on understanding the trafficking of native 
(endogenous) ligands, where knowledge is sparse, the mechanisms of nanoparticle transcytosis in the 
brain endothelium are practically unknown. This is well-reflected in the recent review by the group of 
Ludovic Collin at Roche (Villasenor et al., 2019); and in a 2014 review by the group of Joan Abbott, 
where mechanisms on transcytosis at the BBB are referenced from studies that did not investigate the 
brain (Preston et al., 2014). A more recent review provided a more thorough summary of all existing 
evidence on the various steps of transcytosis in the brain endothelium, underscoring how little is 
established, especially for exocytosis (Toth et al., 2020).  

In addition, it is important to stress that claims on the TfR ability to transcytose transferrin (its natural 
ligand) could be regarded as controversial by researchers studying iron uptake into the brain (Duck et 
al., 2017). The results from state-of-the-art models for this process are consistent with the dissociation 
of the iron atom during endosomal sorting and acidification from transferrin with subsequent iron efflux 
into the brain parenchyma via different transporters, including ferroportin, rather than transcytosis 
(Burkhart et al., 2016; Duck et al., 2017; Skjorringe et al., 2015). 

 

Rev3_Comment #2b. Is this a consequence of the size of the particles, and smaller particles might be 
transcytoses at a higher rate? 

Liposome nanoparticle formulations tested for drug delivery range between 50-275 nm (Zylberberg and 
Matosevic, 2016). Here, we decided to adhere to the general standard of nanoparticle formulation tested 
in preclinical and clinical trials (Barenholz, 2012). The size is known to affect, e.g., the nanoparticle 
uptake in a tissue-dependent manner (Hatakeyama et al., 2004), and it is likely that it may affect 
intracellular sorting during transcytosis, and subsequent migration and distribution in the brain 
parenchyma. However, the sheer size may not be the sole determinant of the efficacy of nanoparticle 
delivery, as other parameters that go along with the changes in size may be of importance, e.g., 
nanoparticle receptor-targeting avidity (Johnsen et al., 2018), or, e.g., nanoparticle rigidity which is 
related to its lipid composition (e.g., saturated vs. non-saturated lipids ratio)(Hu et al., 2017).  

These comments have now been added to the manuscript Discussion section [Page 15, Line 10]. 

awq5829
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Noteworthy, our methodological approach developed here may be an excellent platform to fine-tune 
liposome nanoparticle formulations, including size, for increased efficacy of drug delivery. We envisage 
that analogically to the approach presented in Manuscript Fig. 2g, the follow-up screening studies could 
focus on a head-to-head comparison between the distinctively labeled liposomes of different sizes and 
lipid compositions, or smaller lipid-based nanoparticles, e.g., micelles; or even distinct targeting 
moieties within the same brain in vivo.  

 

Rev3_Comment #3. The larger perivascular space around venules seems to be a plausible explanation 
for the observed results, but in fairness, the authors do not conclusively rule out other hypotheses. 
Laser extravasation may produce different opening magnitudes and flows of fluid out of venules and 
capillaries, so this experiment is suggestive, but not conclusive. I think in light of this, the conclusion 
that the perivascular space difference could be toned down a bit. 

The presence of perivascular space represents a plausible explanation of the contrasting extravasation 
profiles between venules and capillaries, consistent with the preferred route for nanoparticle 
progression in the brain observed by others (Mestre et al., 2018). However, we revised the Discussion 
to consider other factors that could potentially underlie the vascular zonation of nanoparticle entry to 
the brain.  

These considerations have now been added to the Discussion section [Page 13, Line 17]. 
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Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

In this revision, Kucharz et al. do a good job clarifying the issues previously raised by the 

reviewers. Specifically the following points: 

• The authors do a good job in this revision’s discussion going over the possible alternative 

interpretations of their data 

• Inclusion of IHC data is important to show that the observed associations are not just a product 

of imaging near the surface of the brain at the site of a craniotomy 

• The revisions to the text (particularly discussion) do a good job clarifying semantic ambiguities, 

including definitions of vascular segments and discussion of trafficking routes across vessels 

• The clarification regarding post-insertion versus post-functionalization modification of 

nanoparticles is also helpful 

Only a couple of minor points: 

• Figure 5 explicitly quantifies the subcellular distribution of nanoparticles in venous endothelial 

cells (vECs). It is stated that the perinuclear distribution observed in vECs is not observed in 

capillary endothelial cells (cECs). Although example images are provided in the figure, no 

quantification is provided. It would be helpful to present that data for cECs (same as fig 5j,k) to 

get a sense for how different the distributions really are. 

• On line 453 the authors state they do not observe association of nanoparticles with neurons, 

which might be expected due to the presence of transferrin receptor on neurons. It is not clear if 

they are making this claim solely from their live imaging studies, but if they are, there are 

relatively few neuronal somata in layer 1 of cortex, which is where they are imaging. Therefore it 

is difficult to state a lack of association with neurons as a certainty. 

 

 

 

Reviewer #2: 

Remarks to the Author: 

I’m very pleased with the changes and the manuscript has considerably improved. All my 

questions have been addressed and I’m more than happy to recommend the manuscript 

publication. 

 

 

 

Reviewer #3: 

Remarks to the Author: 

All my comments have been addressed, it is a very nice result. 

 



2nd Revision 

 

REVIEWER #1 (Remarks to the Author) 

 

Reviewer’s Comments:  

In this revision, Kucharz et al. do a good job clarifying the issues previously raised by the reviewers. 
Specifically, the following points:  
• The authors do a good job in this revision’s discussion going over the possible alternative 
interpretations of their data  
• Inclusion of IHC data is important to show that the observed associations are not just a product of 
imaging near the surface of the brain at the site of a craniotomy  
• The revisions to the text (particularly discussion) do a good job clarifying semantic ambiguities, 
including definitions of vascular segments and discussion of trafficking routes across vessels 
• The clarification regarding post-insertion versus post-functionalization modification of nanoparticles 
is also helpful 

We thank Reviewer #1 for the insightful comments, constructive criticism, and suggestions on text 
clarifications and control experiments, which helped improve the manuscript. 

 

Only a couple of minor points:  

 
Rev1_Comment #1. Figure 5 explicitly quantifies the subcellular distribution of nanoparticles in 
venous endothelial cells (vECs). It is stated that the perinuclear distribution observed in vECs is not 
observed in capillary endothelial cells (cECs). Although example images are provided in the figure, no 
quantification is provided. It would be helpful to present that data for cECs (same as fig 5j,k) to get a 
sense for how different the distributions really are. 

We agree that a direct comparison of cECs and vECs would be informative. However, the 
quantifications from capillaries, when performed in the same manner as for larger venules, would not 
be reliable. This is due to the limited two-photon imaging resolution in z (=depth) dimension, small 
capillary diameter, and complex three-dimensional organization of cECs.  

In order to compare cECs to vECs by measuring Euclidean distances of nanoparticles from the 
nucleus boundary, first, an assumption would need to be made that a capillary represents a straight 
cylindrical structure. This is not observed in vivo, and adjusting the structure geometry in image post-
processing (e.g., by straightening) would alter the spatial properties of cell morphology and influence 
the local coordinate system (Response Fig. 15a; blue squares). Second, even if the perfectly 
cylindrical capillary were found, the endothelial cell that wraps around the vessel lumen would need to 
be transformed into a planar surface (Response Fig. 15b). However, due to the limitation of two-
photon microscopy resolution, with Z point spread function reaching ~3-5 µm, this was not feasible, as 
the fine details of endothelial cell boundaries are obscured along Z-axis (Response Fig. 15c).  

 



 

Response Fig. 15. a. Straightening of a capillary vessel along its long axis results in changes in the local coordinate system 
(blue squares). b. 3D transformation of hypothetical endothelial cell (green) into a planar structure. c. brain capillary 
microvessel in (x,y) imaging plane with a respective projection in the z (=depth) dimension along a demarked line. d. 
measurements of nanoparticle distances from nucleus boundary at cECs without 3D transformation (d4), may result in 
significant distance underestimation compared to an actual distribution (d1 vs d4). 

To demonstrate the importance of this limitation, one can model a theoretical cEC with a 
homogeneous nanoparticle distribution (Response Fig. 15d, d1). If the planar projections of cECs 
were avoided, the quantifications would need to rely on non-planar representations of cECs 
(Response Fig. 15d; d4). This would lead to heterogeneous underestimation of the measured 
distances between the nanoparticles and the nuclear boundary (Response Fig. 15 d; red vs. yellow 
bars). Consequently, such analysis would not provide the actual nanoparticle distribution in the cell 
(Response Fig. 15 d1 vs. d4). Lastly, it is rare for the nucleus to be oriented in the middle of the 
vessel projection, as illustrated in Response Fig. 15b,d. In the vast majority of capillaries, the nucleus 
resides on the border of a capillary vessel (Response Fig. 15c), which could further increase the 
nucleus-nanoparticle measurement error. 

The alternative approach might require serial sectioning and subsequent transmission electron 
microscopy (TEM), or serial block face/focused ion beam milling scanning electron microscopy (SBF-
SEM and FIB-SEM, respectively) for 3D reconstruction, which could potentially work for cECs; 
however, the lipid nanoparticles are obliterated during the sample preparation process for EM. 
Furthermore, in contrast to capillaries, sample processing for EM is known to significantly alter the 
morphology of large arterioles and venules (by tissue shrinkage and non-uniform distortion of the 
endothelium in proximity to tissue-devoid areas, i.e., vessel lumen). Thus, comparisons between 
vECs and cECs would be very sensitive to fixation artifacts. 

Taking all into account, we rephrased our notion: 

From: 

“(…) The nanoparticles localized over time to the perinuclear region of BECs in venules 
(Fig. 5g), but not in capillaries (Fig. 5h). We quantified the spatial distribution of 
nanoparticles 3 h post-injection in venules by measuring their distances from the geometric 
center of the nucleus (Fig. 5i).” 

To: 

“(…) The nanoparticles localized over time to the perinuclear region of BECs in venules 
(Fig. 5g), but this was not observed in capillaries (Fig. 5h). We quantified the spatial 
distribution of nanoparticles in venules 3 h post-injection by measuring their Euclidean 
distances from the geometric center of the nucleus (Fig. 5i). We refrained from 
measurements in capillaries because of systematic underestimation of nanoparticle 
distances from the nucleus due to high vessel curvature. (…)” 



Rev1_Comment #2. On line 453 the authors state they do not observe association of nanoparticles 
with neurons, which might be expected due to the presence of transferrin receptor on neurons. It is 
not clear if they are making this claim solely from their live imaging studies, but if they are, there are 
relatively few neuronal somata in layer 1 of cortex, which is where they are imaging. Therefore it is 
difficult to state a lack of association with neurons as a certainty.  
 
The presence of neuronal somata in layer 1 is sparse compared to deeper cortical layers, but some 
neuronal cell bodies can be observed at depths ~200 µm below the pia surface using two-photon 
microscopy [e.g., as in Figure 1 and Supplementary Fig. 4a in (Kucharz and Lauritzen, 2018)].  Our 
comment was based on visual inspections of Z-stacks from imaging experiments, where we detected 
no clustering of nanoparticles, suggestive of no binding to neuronal somata. However, we agree with 
Reviewer #1, that this observation does not prove the lack of nanoparticle interactions/binding to 
neurons. 

We have now removed the following sentence from the Discussion section: 

(…) In the murine brain, neurons are located on average within short (~15 µm) distances 
from brain capillaries, and although TfR may potentially act as an intraparenchymal target 
for neurons (Farias et al., 2015), we observed no cellular association patterns of the 
nanoparticles suggestive of binding to TfRs, which are enriched at the neuronal somata 
(Farias et al., 2015). 

 

 

REVIEWER #2 (Remarks to the Author) 

 
Reviewer’s Comments:  

I’m very pleased with the changes and the manuscript has considerably improved. All my questions 
have been addressed and I’m more than happy to recommend the manuscript publication. 
 
We thank Reviewer #2 for the insightful comments and suggestions concerning data analysis, 
presentation, and discussion, which helped improve the quality of the manuscript. 

 

REVIEWER #3 (Remarks to the Author) 

 
Reviewer’s Comments:  

All my comments have been addressed, it is a very nice result. 

We thank Reviewer #3 for the insightful comments that helped improve the manuscript, and intriguing 
questions that call for exciting follow-up studies. 
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