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A B S T R A C T

Bone marrow (BM) has roles in health and disease, so systemically administered nanocarriers (NCs) targeting or 
avoiding BM are desirable. While the hydrodynamic diameter of NCs can be tuned to target or avoid various 
organs, the size dependence of extravasation from BM vessels is unknown. To clarify the size dependence of 
passive transvascular transport in the BM, we performed vessel permeability measurements in murine calvaria 
using confocal fluorescent microscopy with fluorescently labeled dextrans, albumin, and polymeric micelles as 
model probes. Unexpectedly, we found the permeability of BM vessels to macromolecules decreases with 
increasing hydrodynamic diameter between 4 nm and 32 nm. We modeled this permeability data with mathe
matical models to predict an effective pore size for sinusoids of 47 nm and non-sinusoids of 37 nm, with esti
mated maximum pore sizes of 61 nm and 53 nm, respectively. Finally, we tested these model predictions by 
demonstrating that the extravasation of 70 nm polymeric micelles, which are larger than the estimated maximum 
pore size, is hindered relative to 30 nm polymeric micelles. These results establish design criteria for controlling 
NC hydrodynamic diameter towards modulating delivery to BM.

1. Introduction

Bone marrow (BM) generates and stores progenitor cells that enter 
the circulation and control oxygen transport and immune functions 
including defense against wounds and pathogens [1]. Given the 
importance of this organ, researchers aim to develop nanocarriers (NCs) 
that either avoid delivering toxic anti-cancer drugs to the bone marrow 
[2,3] or target bone marrow cells by screening libraries of nanoparticles 
[4]. Regulating BM cells and their transport [5], as well as the delivery 
of NCs, are small blood vessels known as sinusoids, which lack a 
continuous basement membrane. They are located in the BM adjacent to 
non-dividing stem cells [6] and permit passage of BM cells into the 
circulation through transient fenestrations [7–9]. These holes in the 
basement membrane and endothelial cells enable transvascular trans
port of BM cells, but are also present in tumor vessels, which, unlike 

most normal blood vessels, are hyperpermeable to proteins, antibodies, 
and NCs with hydrodynamic diameters up to 100 nm and larger [10]. 
Nonetheless, whether BM sinusoids are hyperpermeable to nanoscale 
medicine is unclear.

Until recently, BM sinusoids were believed to have a physiologic 
upper pore limit of 5 nm to transvascular flow when not mediating 
cellular transport [11], even though ex vivo electron microscopy studies 
revealed that BM sinusoids had 20 nm gaps between endothelial cells 
and lacked tight, membrane-to-membrane intercellular junctions [12]. 
Such an assumption is based on several studies reporting that NCs larger 
than 5 nm in hydrodynamic diameter did not pass through the BM vessel 
wall except through endocytosis by endothelial cells [13–17]. Recently, 
researchers demonstrated BM sinusoids and non-sinusoids are hyper
permeable to macromolecules larger than 5 nm by measuring high 
transvascular transport rates (i.e., effective permeability) of bovine 
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serum albumin [18,19] (BSA, ~8 nm hydrodynamic diameter [20]) and 
70 kDa dextrans [5,21] (~13 nm hydrodynamic diameter [20]). Thus, 
there is a need to clarify the size dependence of NC hydrodynamic 
diameter on BM vessel permeability.

BM vessels are hyperpermeable to dextrans up to 13 nm in hydro
dynamic diameter, but to what extent this physicochemical parameter of 
the NC matters is unclear. Uncovering the size-dependence of bone 
marrow vessels to NC permeability could provide another design 
parameter of NCs to tune for pharmacokinetics. In this study, we use 
dextrans as a model NC to show that BM vessel permeability is depen
dent on size between 4 nm and 13 nm, as well as between 13 nm and 32 
nm. Also, BM vessel permeability depends on macromolecule stiffness. 
Using this intravital permeability data, we use mathematical models to 
estimate the functional vessel wall pore sizes of BM vessels and the 
theoretical maximum pore sizes. Finally, we confirm these model pre
dictions by comparing the extravasation of polymeric micelles on either 
side of the pore cutoff sizes. Thus, we found that the transport of mac
romolecules and nanoscale medicine from the vasculature into the bone 
marrow is sensitive to size.

2. Methods

2.1. Materials

N,N-Dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) 
were purchased from Wako Pure Chemical Co., Inc. (Osaka, Japan). 
α-Methoxy-ω-aminopoly(ethylene glycol) (CH3O-PEG-NH2; MW =

12,000) was obtained from NOF Co., Inc. (Tokyo, Japan). Fluorescently- 
labeled dextrans (RITC-70 kDa, FITC-10 kDA, FITC-500 kDa and FITC- 
2000 kDa), fluorescently labeled bovine serum albumin (FITC-BSA), and 
γ-Benzyl-L-glutamate and AgNO3 were purchased from Sigma Chemical 
Co., Inc. (St. Louis, MO). Bis(trichloromethyl) carbonate (triphosgene) 
was obtained from Tokyo Kasei Kogyo Co., Inc. (Tokyo, Japan). Dichloro 
(1,2-diaminocyclohexane)platinum(II) (DACHPtCl2) was purchased 
from Heraeus (Germany). Alexa 488- and Alexa 647-succinimidyl esters 
were purchased from Thermo Fisher (Waltham, Massachusetts, United 
States). The physical properties of the dextrans and BSA are contained in 
Supplementary Information Table S6.

2.2. Mouse models

Immunocompetent BALB/c mice (6-week-old, female) were used for 
all studies. All animal experiments were approved and performed in 
accordance with the Guidelines for the Care and Use of Laboratory 
Animals as stated by The University of Tokyo and the Innovation Center 
of NanoMedicine (Kawasaki, Japan).

2.3. Preparation of (1,2-diaminocyclohexane)platinum(II) (DACHPt)- 
loaded micelles with 30- and 70-nm

Fluorescent-labeled DACHPt-loaded micelles (DACHPt/m) with sizes 
of 30 nm and 70 nm were synthesized using our previously established 
method [22]. For making 30-nm DACHPt/m, we used Alexa488-labeled 
poly(ethylene glycol)-poly(glutamic acid) (PEG-P(Glu)) block co
polymers. For making 70-nm DACHPt/m, we used Alexa647-labeled 
PEG-P(Glu) block copolymers. The size distribution of DACHPt/m was 
confirmed by dynamic light scattering DLS measurement at 25 ◦C using 
a Zetasizer Nano ZS90 (Malvern Instruments). The physical properties of 
the micelles are contained in Supplementary Information Table S6.

2.4. In vivo confocal laser scanning microscopy (in vivo CLSM)

A solution of two imaging probes was prepared for each experiment 
by adjusting their concentrations using in vitro calibration to result in 
roughly equal photoluminescence intensity, as reported previously [23]. 
Before mixing the probes into a single solution, we calibrated them 

individually along with the microscope system. Specifically, a sample of 
each probe was diluted in PBS and collected in a separate capillary tube, 
which were mounted side-by-side to a microscope slide and imaged 
using the CLSM to ensure there was no signal bleeding through to the 
other channel. Additionally, the sensitivity of each channel’s photo
multiplier tube was adjusted to result in roughly equal signal in each 
channel and ensure that there was no saturation of the photomultiplier 
tube’s sensor. These relative dilutions and microscope settings were 
used for the imaging of the probe.

Surgical exposure of the calvarium (Fig. 1) was performed by making 
a midline vertical incision to expose the calvarium. Then, the periosteum 
was removed to expose the skull surface. A glass slide was placed over 
the calvarium and imaging was initiated to select a region of interest 
(ROI). Then, imaging was started (Supplementary Information Table S7) 
[5]. After collecting a background image, mice were intravenously co- 
injected in their tail-vein with BSA (FITC-BSA, Sigma-Aldrich), vari
ously sized dextran (RITC-70 kDa, FITC-10 kDA, FITC-500 kDa and 
FITC-2000 kDa, Sigma-Aldrich), and/or polymeric micelles (DACHPt/ 
m, 30 nm and 70 nm,) at concentrations between 2 mg/kg and 8 mg/kg 
(for the dextrans) and total injection volumes of 0.2 mL (see Supple
mentary Information Table S6 for the parameters of each individual 
experiment). Concentrations and microscope settings were selected to 
make the fluorescence signal of each channel equal. All image acquisi
tions were performed using a Nikon A1R confocal laser scanning mi
croscope system attached to an upright ECLIPSE FN1 (Nikon). For 
experiments measuring FITC labeled dextrans, a laser 488.5 nm wave
length was used to excite FITC dye and a filter cube 525 nm center 
wavelength with guaranteed minimum bandwidth of 50 nm for detec
tion of emission. For experiments measuring RITC labeled dextrans, a 
laser 561.8 nm wavelength was used to excite RITC dye and a filter cube 
595 nm center wavelength with guaranteed minimum bandwidth of 50 
nm for detection of emission. With the use of separate lasers for exci
tation and narrow bandpass filters for each channel, there was no 
observable overlap of detectable signal between FITC and RITC 
channels.

We quantified transvascular flux using the 2D vascular permeability 
method described in an experimental protocol previously [24,25]. This 
method relies on the assumption that the fluorescence intensity in a 
voxel is interchangeable for the concentration of the probe. The images 
analyzed for quantification were the collection of a time-series. Imaging 
was initiated immediately before simultaneous injection of the probes 
and continued for 10 min, with images being collected every 4.5 s. For 
qualitative observations, images were collected 80 min after adminis
tration, as noted in Supplementary Information Table S7. Images were 
analyzed using custom analysis software developed in MATLAB (The 
Mathworks). Vessels were segmented based on intensity and size 
thresholding. Regions of sinusoids were selected by hand based on vessel 
morphology. The normalized transvascular flux was calculated in cm/s 
as P = (1 − HT)V/S(1/(I0 − Ib)⋅dI/dt + 1/K), where HT is the tissue 
hematocrit estimated to be 0.46 in the systemic circulation [26], dI/dt is 
the derivative of the average fluorescence intensity of the entire region, 
I0 is the average fluorescence intensity immediately after filling of the 
vessels by the probe, Ib is the background fluorescence intensity, and K is 
the time constant of plasma clearance for the probe (BSA [24] and 
dextrans [27]). V/S is the ratio of tissue volume to the vascular surface 
area in the image corrected by a factor of 0.79 for light scattering [28]. 
The transvascular flux values were used in the mathematical models as 
described in the Supplementary Information.

2.5. Statistical analysis

Statistical tests were performed on sets of mice co-injected with a 
pair of probes. Transvascular fluxes for each probe size in each cohort of 
mice were compared using a Z-test. For each set of flux values in a 
mouse, one flux was subtracted from the other, and the set of differences 
in the cohort were compared to 0 using a Z-test. Error bars in graphs 
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represent standard error of the mean. The transvascular flux values were 
used in the mathematical models as described in the Supplementary 
Information.

3. Results

3.1. Imaging of bone marrow vessels in murine calvarium

To image the permeability of BM vessels to nanoscale medicine, we 
exposed the calvarium of mice to perform intravital confocal microscopy 
at the intersection of the coronal and sagittal sutures (Fig. 1A) to image 
the same vascularized part of the BM cavity consistently [18,21,29,30]. 

Fig. 1. Vessels in the murine calvarial bone marrow are permeable to dextrans up to 500 kDa molecular weight. (A) Schematic of region of interest (ROI, red) along 
the coronal suture and sagittal suture where intravital imaging occurred. (B–C) Representative confocal intravital microscopy images in the murine calvarium after 
administration of fluorescent dextrans. (B) While 2000 kDa dextran provided vascular contrast (left panel), 10 kDa dextran immediately extravasated from BM 
vessels as indicated by the diffuse signal four minutes post-injection (right panel). (C) A low magnification view of the ROI 1-min post-injection 70 kDa dextran (left 
panel) and a magnified heat map (right panel) indicate vascular contrast, while a heat map from the same region 80 min later displays extensive extravasation as 
indicated by the diffuse signal (right panel). In heat maps, blue color indicates region with low signal, green color indicates region with moderate signal and red 
indicates region with high signal. (D) Representative heat maps from confocal intravital microscopy images in the same region of the same murine calvarium after co- 
injection of 70 kDa and 500 kDa fluorescent dextrans. The white circle marks an area with extravasation. One-minute post-administration there is vascular contrast 
with some extravasation in the 70 kDa channel (top left panel) and limited extravasation in 500 kDa channel (top right panel). 80 min post-administration, there is 
extensive extravasation of the 70 kDa dextran (bottom left panel) with limited extravasation of the 500 kDa dextran (bottom right panel). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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While imaging in this BM cavity, we intravenously administered a so
lution of 2000 kDa dextran (Fig. 1B, left panel) for vascular contrast 
followed by a solution of 10 kDa dextran with a 4 nm hydrodynamic 
diameter [20]. As expected, the 10 kDa dextran rapidly extravasated 
from certain vessels, as indicated by the diffuse fluorescent signal 
(Fig. 1B, right panel).

We repeated the experiment using 70 kDa dextrans [20], which 
unlike 10 kDa dextrans are larger than the accepted pore cutoff size of 
BM sinusoids. These 70 kDa dextrans remained in the vasculature at 1- 
min post-injection (Fig. 1C, left and center panels), but after 80 min 
there was substantial signal outside of BM vessels (Fig. 1C, right panel). 
Because 70 kDa dextrans extravasated, we repeated the experiment 
while co-injecting dextrans with 70 kDa and 500 kDa with a hydrody
namic diameter of 32 nm [20] (Fig. 1D). As before, 70 kDa dextrans 
extravasated slightly at short times and extensively at longer times 
(Fig. 1D, left panels), whereas the extravasation of the 500 kDa dextran 
appeared lower than that of the 70 kDa dextran (Fig. 1D, right panels). 
Thus, these qualitative observations indicate dextrans up to at least 500 
kDa extravasate from BM vessels.

3.2. Imaging of sinusoids and non-sinusoids in murine calvarium

Given that previous studies showed that sinusoids and non-sinusoids 
in the BM have different permeabilities to 70 kDa dextrans [5], we next 
sought to distinguish vessel sub-populations and confirm their different 
permeabilities. Sinusoids were discriminated from non-sinusoids based 
on the following characteristics: honeycomb branching and high 
diameter-to-length ratios. Then, we injected 70 kDa dextran while im
aging in the calvarium (Fig. 2A), and manually segmented sinusoids 
(Fig. 2B) from non-sinusoids (Fig. 2C) based on the above criteria. The 
penetration rates were quantified as transvascular mass flux per vascular 
surface area and transvascular concentration difference during the first 
10 min post-injection [23–25]. This is often called effective permeability 
or transvascular flux [23]. We found that the transvascular flux of 70 
kDa dextrans indicated hyperpermeability. Moreover, the transvascular 

flux was 2-fold higher in sinusoids than in non-sinusoids (Fig. 2D), 
consistent with previous measurements (Supplementary Information 
Fig. S1).

3.3. 10 kDa dextrans extravasate faster from BM vessels than larger 70 
kDa dextrans

We next sought to compare the penetration rates of 70 kDa dextran 
with 10 kDa dextran, which has a hydrodynamic diameter of 4 nm [20], 
to test the permselectivity of BM vessels to differently sized macromol
ecules. We imaged continuously in a single region in the calvarium of 
mice before, during and after simultaneous injection with 10 kDa dex
trans and 70 kDa dextrans and observed regions of extravasation 
(Fig. 3). Qualitative observation indicated that certain vessels, that were 
not leaky to 70 kDa dextrans, were leaky to 10 kDa dextrans within 8 
min post-injection (Fig. 3A). Measuring the permeability, we found a 
trend that BM sinusoids were almost 2.1-fold more permeable to 10 kDa 

Fig. 2. Sinusoids are leakier to 70 kDa dextrans than non-sinusoids. (A-C) 
Representative confocal intravital microscopy images in the same region of the 
same murine calvarium show 70 kDa dextrans around sinusoids and non- 
sinusoids. (A) An image 10 s post-injection defines the vessels. (B) After 8 
min, sinusoids leaked dextran. (C) Dextran signal remains within non-sinusoids. 
(D) Sinusoids are leakier to 70 kDa (~13 nm) dextrans than non-sinusoids, as 
measured by effective permeability also known as transvascular flux. Sinusoids 
have 2-fold faster flux (P = 0.04, Z-test). Animal number, n = 19.

Fig. 3. BM non-sinusoids are permselective to dextrans with 10 kDa and 70 kDa 
molecular weights. (A) Representative heat maps from confocal intravital mi
croscopy images from two mice (top and bottom gray boxes) show the distri
bution of florescent 70 kDa dextrans (left panels) and 10 kDa dextrans (right 
panels) one minute (top rows) and eight minutes (bottom rows) post- 
administration. Blue color indicates region with low signal, green color in
dicates region with moderate signal and red indicates region with high signal. 
(B) Penetration rates (transvascular flux) for dextrans in BM. Sinusoids had a 
trend faster flux to 10 kDa compared to 70 kDa dextran by a factor of 2.1 (P =
0.07, Z-test). The 4-fold difference was significant in non-sinusoids (P = 0.04, Z- 
test). Animal number, n = 6. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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than 70 kDa dextrans and a statistically significant 3.4-fold difference 
between the dextrans in non-sinusoids (Fig. 3B). Although BM vessels 
are hyperpermeable to both dextrans, there is a higher permselectivity 
in BM vessels than tumor vessels, which have permeability that only 
varies 2-fold between 25 kDa and 160 kDa [31], although size depen
dence of NC penetration varies with tumor type [22,32].

3.4. 70 kDa dextrans extravasate faster from BM vessels than stiffer 
albumin

BM sinusoids are part of the reticuloendothelial system (RES) and, 
thus, have high levels of endocytosis. Because albumin is a transport 
protein with ligand binding sites and has high levels of cellular 
engagement, we hypothesized that albumin may pass into BM extra
vascular space quicker than a similarly sized dextran. Indeed, albumin- 
bound paclitaxel induces BM toxicity in patients (Supplementary In
formation Table S5). To test our hypothesis, we simultaneously injected 
fluorescently-labeled BSA and 70 kDa dextran. Although the hydrody
namic diameter of 70 kDa dextran is higher than that of BSA (13 nm vs. 
8 nm), dextran is more flexible, which is a property that facilitates 
extravasation and penetration [33,34]. However, if active transport of 
albumin facilitates transvascular transport in the period of observation, 
then BSA extravasation rates could be higher. Our results showed larger 
regions of extravasation of the 70 kDa probe compared to BSA in the 
same mice (Fig. 4A). Moreover, we found a trend, but no statistically 
significant difference, in the effective permeability rates of sinusoids to 
70 kDa dextran than BSA (Fig. 4B). In non-sinusoids, the effective 
permeability rates for 70 kDa dextran were 1.8-fold higher than that of 
BSA. These results suggest that rigidity or binding of the 

macromolecules may play a larger role in hindering the passive trans
port than the hydrodynamic diameter in this size range. Also, these 
observations support the notion that passive – not active – transport 
facilitates the flux of albumin and albumin-sized macromolecules at 
short times on the order of minutes. Typically, vessels in tumors are 
more permeable to BSA than normal vessels of the same organs by a 
factor of 5–10 [24,28,35,36] – even in the liver, which is full of leaky 
sinusoids [37]. This is true in the bone marrow as well [21]. Surpris
ingly, our results when compared with historical data [24], suggest that 
healthy BM sinusoids may be more permeable to BSA than vessels in 
various non-BM tumors, and the permeability of BM non-sinusoids to 
BSA could be comparable to that of tumor vessels.

3.5. 70 kDa dextrans extravasate faster from BM vessels than larger 500 
kDa dextrans

Next, we hypothesized that there is permselectivity above probe sizes 
of 13 nm. To test this, we simultaneously injected 70 kDa (~13 nm 
hydrodynamic diameter [20]) and 500 kDa dextrans (32 nm hydrody
namic diameter [20]) while imaging in the mouse calvarium (Fig. 5A). 
We found statistically significant differences in that 70 kDa dextran 
penetrated 2.2-fold faster from BM sinusoids and non-sinusoids than 
500 kDa dextran (Fig. 5B). Thus, BM sinusoids and non-sinusoids are 
permselective to probes sized up to 32 nm. Observing at more than an 
hour post-injection, we found that 70 kDa dextran substantially 
extravasated from certain vessels, while 500 kDa remained in the 
vessels.

3.6. Mathematical model predicts average and maximum vessel wall pore 
diameters

To gain insight into the mechanism of transport and the size of pores 
in BM vessels, we employed a mathematical model describing passive 
fluid and macromolecule transport (Supplementary Information Fig. S6) 
[23,38–41]. We formulated and solved a parameter estimation problem 
for the effective vessel wall pore size (i.e., diameter) associated with the 
model (Supplementary Information). We generated transient spatial 
average probe concentration profiles based on the experimentally ob
tained effective permeabilities. Then, we used these profiles to deter
mine an effective vessel pore size corresponding to the optimal fit of the 
model-predicted concentration profiles to the experimental data. We 
performed this analysis for the data obtained from each mouse at two 
probe sizes. The 4 nm probe predicted unrealistically large pore sizes 
that did not fit the data well (exhibiting bias in the fit), which suggests 
that the transport of the 4 nm probe is purely convective and not hin
dered sterically (Supplementary Figs. S3(a)-(b)). For the other probes 
sized up to 32 nm, the model’s predictions fit the data very well with no 
observable bias, suggesting that the transport was passive and occurred 
through a combination of diffusion and convection (Supplementary In
formation Figs. S3(c)-(d), S4, and S5). The average effective pore sizes 
were 47 nm and 37 nm for sinusoids and non-sinusoids, respectively 
(Fig. 6 A). We note that since the mathematical model assumes a fixed 
hydrodynamic diameter for macromolecules, predicted effective pore 
sizes could be larger for more flexible macromolecules that are sterically 
hindered and undergo conformation changes. This is not expected to be 
the case for the macromolecules considered in this study.

We then applied an alternative approach whereby only the mathe
matical model describing hindered passive transport of large molecules 
in liquid-filled pores [42] (Supplementary Information Transvascular 
Flux (Pore Theory) section) is considered to determine the maximum 
effective pore size. Using the data from the 32 nm dextran permeability 
experiments, we estimated the largest pores to be 61 nm and 53 nm for 
sinusoids and non-sinusoids, respectively (Fig. 6B and Supplementary 
Information Figs. S5 and S7). Thus, the model results are consistent with 
the notion that the probes passed the vessel wall passively since both the 
macroscopic solute transport model and the pore transport model fit the 

Fig. 4. 70 kDa dextrans extravasate faster from BM vessels than smaller, stiffer 
albumin. (A) Representative heat maps from confocal intravital microscopy 
images of calvarial bone marrow from a mouse with injected with florescent 
RITC labeled 70 kDa dextrans (left panels) and FITC labeled bovine serum al
bumin (BSA, right panels) one minute (top panels) and eight minutes (bottom 
panels) post-administration. Blue color indicates region with low signal, green 
color indicates region with moderate signal and red indicates region with high 
signal. Red arrows indicate regions with higher extravasation of 70 kDa dextran 
compared to BSA. (B) Transvascular flux of 70 kDa dextrans in non-sinusoids 
was higher than that of BSA (P < 10–4, Z-test). Animal number, n = 8. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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data well. Furthermore, the macroscopic solute transport model’s ability 
to effectively fit the transport data of all probes other than 4 nm suggest 
steric hindrance occurs and is significant for larger probes. Indeed, 
diffusive hindrance is highly sensitive to particle size when it is between 
20 and 40 % of the pore size [23] and the second smallest probe we 
assayed, BSA, is ~20 % of the maximum pore size of non-sinusoids.

To confirm the pore size predictions of our model, we co-injected 
polymeric micelles of varied sizes, each loaded with 1,2-dia
minocyclohexane‑platinum(II) (DACHPt), which is the parent complex 
of oxaliplatin, and observed their microdistribution in murine calvarial 
bone marrow in real time [22] (Fig. 6C). We found regions where 30 nm 
micelles extravasated greater than the 70 nm micelles. These trans
lational findings are consistent with our model and experimental data 
indicating that the physiological effective pore cutoff size available for 
transport in BM vessels – sinusoidal or not – is larger than 5 nm.

4. Discussion

Using intravital microscopy, we observed extravasation from BM 
vessels of all probes assessed (4 nm to 32 nm hydrodynamic diameters). 
We quantified the rate of the extravasation from sinusoids and non- 
sinusoids (Supplementary Information Fig. S8) and found them to be 
permselective at least up to 32 nm (Supplementary Information Fig. S7). 
Using a mathematical model, the effective pore sizes in the vessel wall of 
sinusoids and non-sinusoids were found to be 47 nm and 37 nm, 
respectively, while the theoretical maximum pore sizes were 61 nm and 
53 nm. The model suggests that all probes larger than the 4 nm dextran 
encountered steric hindrance. In comparing translational 
chemotherapy-loaded polymeric micelles of different sizes, we found 
that a 30 nm micelle, which is smaller than the model predicted pore 
sizes, extravasated readily while a 70 nm micelle, which is larger, did 
not. These results highlight the importance of size when designing NCs 
to target or avoid BM during passive circulation.

It should be noted that we measured permeability with images 
collected during and up to 10 min after injection, but the accumulation 
of NCs over several days ultimately accounts for therapeutic and/or 
adverse effects of NCs on cells in the BM. Nonetheless, accumulation also 
depends on circulation time and other factors, such as active transport 
by BM RES. Thus, accumulation studies cannot reveal information about 
pore size nor size-dependence of NCs on passive transport. Here, in 
contrast to previous reports that suggest that NC or macromolecule BM 
accumulation occurs because of active transport after long circulation 
[11], we found permeability rates similar to tumor vessels based on 

Fig. 5. BM sinusoids are permselective to dextrans with 70 kDa and 500 kDa 
molecular weights. (A) Representative heat maps from confocal intravital mi
croscopy images from two mice (top and bottom gray boxes) show the distri
bution of florescent 70 kDa dextrans (left panels) and 500 kDa dextrans (right 
panels) one minute (top rows) and eight minutes (bottom rows) post- 
administration. Blue color indicates region with low signal, green color in
dicates region with moderate signal and red indicates region with high signal. 
(B) Penetration rates (transvascular flux) for dextrans in BM. Both sinusoids and 
non-sinusoids have faster flux of 70 kDa compared to 500 kDa dextran by a 
factor of 2.2 (P < 0.0001, Z-test). Animal number, n = 5. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 6. Model results and penetration of drug-loaded polymeric micelles. (A) 
Average of predicted effective vessel pore sizes. Sinusoidal pores (black) were 
generally predicted to be larger than non-sinusoids (blue). (B) The maximum 
pore size predicted by a model based on the permeabilities of the 500 kDa (32 
nm) dextran. (C) Representative images from confocal intravital microscopy 
images of calvarial bone marrow from a mouse with injected with florescent 30 
nm polymeric micelles (left panels) and 70 nm polymeric micelles (BSA, right 
panels) one minute (top panels) and eight minutes (bottom panels) post- 
administration. Red arrow indicates region with higher extravasation of 30 
nm micelles. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
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intravital microscopy measurements. Our model assumes that the 
probes do not interact with each other. Additionally, while the intra
venous administration of dextrans might decrease permselectivity of 
healthy capillaries [43], we still could observe permselectivity in BM 
vessels. While an intravenous injection could increase plasma volume 
thereby promoting more plasma flow from vessels to extravascular 
space, this situation is identical to the physiological state after drug 
administration. Our findings should be confirmed with various classes of 
nanocarriers and host model systems. The results can be expected to 
vary based on the physicochemical properties of the nanocarriers and 
host species.

Rates of BM toxicities to NCs and macromolecule therapeutics are 
high in cancer, so these findings can have implications for radiation 
therapy [44] and immunotherapy [45]. Although NCs reduce the he
matological toxicity of small-molecule chemotherapies (Supplementary 
Information Table 5 – top two rows), NC-based chemotherapies like 
albumin-based nab-paclitaxel (~10 nm in circulation [23]) and lipo
somal irinotecan (~90 nm) induce hematological toxicity compared to 
no treatment (Supplementary Information Table S5 – bottom two rows). 
These studies are consistent with positron emission topography studies 
of labeled liposomes that demonstrate BM accumulation [46]. Addi
tionally, antibody-drug conjugates induce high levels of BM toxicities 
through unclear mechanisms [47]. In 2005 in the USA, chemotherapy- 
induced neutropenia – one type of hematological toxicity – was esti
mated to cause 4080 deaths and cost more than $800,000,000 in hos
pital visits per year [48], so if NCs could better avoid the BM, they could 
alleviate some of this burden. Based on these studies, we hypothesized 
that BM vessels might feature permselectivity thresholds and a pore 
cutoff size larger than 5 nm. Our findings offer valuable guidance for 
researchers aiming to design nanocarriers that selectively target or avoid 
the bone marrow with greater precision. For example, highly permeable 
formulations are likely to achieve greater bone marrow accumulation 
compared to less permeable ones, enhancing therapeutic efficacy for 
bone marrow-targeted treatments. However, this same accumulation 
could increase the risk of toxicity in the case of cytotoxic nanomedicines. 
These insights pave the way for developing more effective targeted 
therapies and safer clinical nanomedicines, particularly in cancer 
treatment, by enabling precise control over nanocarrier biodistribution. 
Future studies may investigate whether a NC size window exists to in
crease accumulation in tumors relative to BM.

5. Conclusions

Based on intravital microscopy observation, we found that the 
extravasation rates of various probes from bone marrow (BM) vessels 
were size-dependent, with smaller probes extravasating more readily 
than larger ones. Using mathematical models, we estimated effective 
pore sizes for sinusoids and non-sinusoids to be 47 nm and 37 nm, 
respectively, with maximum pore sizes of 61 nm and 53 nm. These 
predictions were validated by demonstrating that 70 nm polymeric 
micelles extravasated less readily than 30 nm micelles. Given the high 
rates of bone marrow toxicities associated with NC-based chemother
apies, optimizing NC size to avoid BM could potentially reduce adverse 
effects and enhance therapeutic outcomes. Future research should aim 
to identify an optimal NC size range that maximizes tumor accumulation 
while minimizing BM toxicity.
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Mathematical Models

A model developed by Baxter and Jain 1–4 is used to study the molecular transport in bone

marrow (BM) using a spherical spatial domain that is consistent with imaging practices.

We assume that the BM environment is homogeneous for consistent investigation into the

overall interstitial fluid transport. Figure S6 illustrates this model along with a simplified

model that is presented in the Maximum Pore Size Parameter Estimation section below. A

bolus injection is applied and a continuous distributed source of macromolecules within the

transvascular fluid from the vasculature is assigned to the entire spatial domain. All model

parameter values used in this study can be found in Tables S1 and S2.

Interstitial Fluid Pressure

In the interstitial space, we assume the fluid flow is axisymmetric and follows Darcy’s law:

u = −K∇p (1)

where u is the interstitial fluid flow velocity (cm/s), K is the hydraulic conductivity in the

interstitial space of BM (cm2/mm Hg-s), and p is the interstitial fluid pressure (IFP, mm

Hg). In this work, we estimate the hydraulic conductivity based on estimates made for

cortical bone by Keanini et al. 5 and matching BM IFP measurements reported by Iversen

et al. 6 The resulting value for K is the same order-of-magnitude reported5 and results in

IFP profiles consistent with Iversen et al. 6

We combine the continuity equation (∇ · u = φv) and Darcy’s law (1) to obtain the

steady-state fluid flow transport model:

−∇ ·K∇p = φv = Lp
S

V
(pv − p− σT (πv − π))

where Lp is the hydraulic conductivity of the vascular walls (cm/mm Hg-s), S is the vascular
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surface area (cm2) and V is the tissue volume (cm3), pv is the vascular pressure (mm Hg),

σT is the osmotic reflection coefficient, πv is the osmotic pressure of the vascular fluid (mm

Hg), and π is the osmotic pressure of the interstitial fluid (mm Hg). The osmotic pressure

term σT (πv − π) is small and can be neglected,7 which simplifies the model to:

∇2p =
Lpρv
K

(p− pss)

where pss is the steady-state IFP (mm Hg) which is equal to pv − σT (πv − π) where the net

efflux from the vessels is zero, and we have adopted the notation ρv = S/V for the vascular

surface-to-volume ratio (cm−1). We define r as the position (cm) from the center of the

BM domain based on spherical coordinates for consistency with the experimental imaging

procedures. At the center of the spherical domain, the fluid flow conforms to the no-flux

condition, ∇p|r=0 = 0, from axial symmetry. At the edge of the BM domain, we assume the

IFP is equal to the surrounding pressure p(r = R) = p∞.

In this work, we have directly calculated an average ρv from the experimental data.

This was done as follows. From the individual images, the vascular surface area S and

vascular volume Vv were estimated for both sinusoid and non-sinusoid vessels using an in-

house algorithm8,9 that skeletonizes the imaged vessels and measures the diameter dv,i and

length lv,i of each vessel i. Assuming a cylindrical shape, the vascular volume is calculated

as

Vv =
nv∑
i=1

πlv,id
2
v,i

4
,

where nv is the total number of vessels. Correspondingly, the surface area of a cylinder is

the derivative of its volume with respect to its radius dv,i/2. Thus, we get

S =
nv∑
i=1

4πlv,idv,i
4

=
nv∑
i=1

πlv,idv,i.

Nombela-Arrieta and Manz 10 reported that the blood in the BM of mice represents 15-30%
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of the total tissue volume. We assume for the purposes of this work, that the blood in the

BM is entirely contained in the vasculature (i.e., the volume of blood is equal to the vascular

volume measured). A vascular surface-to-volume ratio was calculated for each mouse by

taking the ratio of the total vascular surface area (both sinusoid and non-sinusoid), divided

by the total vascular volume (both sinusoid and non-sinusoid) and multiplied by the median

blood-to-tissue volume fraction10 of 0.225. The individual surface-to-volume ratios were

then averaged. The resulting experimentally measured average value was calculated to be

ρv =114.4 cm−1 with a standard error of 48.6 cm−1.

Interstitial Transport

Macromolecule transport in the BM interstitial space can be both convective and diffusive

as:

∂C

∂t
+∇ · (uC) = ∇ · (D∇C) + φs (2)

where C is the macromolecule concentration in the BM interstitium (g/ml),and D is the

diffusion coefficient (cm2/s). The interstitial macromolecule concentration conforms to the

no-flux condition at the center of the domain:

−D ∂C

∂r

∣∣∣∣
r=0

+ uC(r = 0) = 0

and to the continuous boundary condition across the domain periphery, which is equal to

C(r = R) = C∞. The source term φs is governed by the vascular system, and is discussed

in the next section.

Transvascular Flux (Pore Theory)

Based on the pore theory developed by Deen 17 and Bungay and Brenner 18 , the transvascular

hydraulic conductivity Lp, the vascular permeability P (cm/s), and the solute reflection
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Table S1: Physiological parameter values for the model used in this study are presented in
this table.

Parameter Definition Value Reference

K Interstitial hydraulic conductivity [cm2/mm Hg-s] 2e-6 This study
µ Bone marrow fluid viscosity [mm Hg-s] 1.25e-5 5,11
ρv Vascular surface-to-volume ratio [cm−1] 114.4 This study
pv Vascular pressure [mm Hg] 25 12
L Vessel wall thickness [cm] 5e-4 13
γ Pore area fraction of vessel wall [-] 1e-3 14

Table S2: Diffusion coefficients15 and macromolecule half-life circulation time16 are presented
in this table. Half-life circulation times are calculated from a linear regression of the data
reported by Kellaway et al. 16

Macromolecule Size [nm] 4 8 13 32

D [cm2/s] 1.509e-6 8.545e-7 1.969e-7 1.375e-7
kd [s] 1689 9100 2236 6152

coefficient σ are respectively given by

Lp =
γr2

0

8µL
(3)

P =
γHD0

L
(4)

σ = 1−W

where γ is the fraction of the vascular surface area occupied by pores, r0 is the effective pore

radius (cm), µ is the viscosity (mm Hg-s) of fluid in the pores assumed to be equivalent

to the BM plasma viscosity, L is the thickness of the vascular wall (cm), and D0 is the

diffusion coefficient of the macromolecule in free solution at 37◦C given by the Stokes-Einstein

relationship:

D0 =
kBT

6πµrp

where kB is Boltzmann’s constant, T is the absolute temperature, and rp is the radius of the

diffusing macromolecule. In this study, we estimate µ as the average of the values reported
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by Keanini et al. 5 (2e-3 kg m−1s−1) and that reported by Windberger et al. 11 (1.31e-3 kg

m−1s−1).

The diffusive hindrance factor H and the convective hindrance factor W are provided by

Bungay and Brenner 18 as:

H =
6πΦ

Kt

W =
Φ(2− Φ)Ks

2Kt

with the partition coefficient as Φ = (1 − λ)2 and λ = rp/r0 as the ratio of the diffusing

macromolecule radius to pore radius. The Kt and Ks factors are defined as:17,18

Kt =
9

4
π2
√

2(1− λ)−5/2

[
1 +

2∑
k=1

ak(1− λ)k

]
+

4∑
k=0

ak+3λ
k

Ks =
9

4
π2
√

2(1− λ)−5/2

[
1 +

2∑
k=1

bk(1− λ)k

]
+

4∑
k=0

bk+3λ
k

where the values of ak and bk are listed in Table S3.

Table S3: Hydrodynamic coefficients for the cylindrical pore model are presented in this
table.

k 1 2 3 4 5 6 7

ak -73/60 77293/50400 -22.5083 -5.6117 -0.3363 -1.216 1.647
bk 7/60 -2227/50400 4.0180 -3.9788 -1.9215 4.392 5.006

On the short time scale, the binding between the macromolecules and cells, the extracellu-

lar components, and cellular uptake can be assumed negligible.1 The continuous distributed
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source term φs (for the transport model (2)) is given by:

φs = Lpρv(pv − p)(1− σ)Cv + Pρv(Cv − C)
Pe

ePe − 1

= Lpρv(pv − p)(1− σ)
Cve

Pe − C
ePe − 1

,

where Cv is the concentration of the macromolecules in the blood vessels (g/ml), and we

have introduced the Péclet number

Pe = Lp(pv − p)(1− σ)/P, (5)

which is defined as the ratio of convective to diffusive flux terms for transvascular transport.

Based on the bolus injection model, the circulating macromolecule concentration follows a

time-dependent exponential decay, Cv = Coe
−t/kd . C0 is the initial macromolecule concen-

tration, and kd is the macromolecules’ circulation half-life.

Effective Pore Size Parameter Estimation

To quantify the effective pore size (diameter) from the experimental data, we formulated and

solved a parameter estimation problem that fits the model-predicted (simulated) transport

phenomena to the experimental data. We assumed the interstitial hydraulic conductivity K

was fixed and only considered estimating the vascular hydraulic conductivity Lp which is a

function of the vessel pore radius r0 as the only free variable (from (3) above). From (3), we

derived an expression for r0 as a function of Lp

r0 =

√
8LpµL

γ
(6)

and substituted this expression into every term in the pore theory model. All other physio-

logical parameters are considered constant with the values shown in Table S1 and Table S2.

7



As a result, the pore theory model equations were all explicit functions of Lp. The parameter

estimation problem utilizes the sum-of-squared errors (SSE) objective, and is formulated as:

min
x∈X

n∑
i=1

(
Cmodel

avg (ti, x)− Cdata
avg (ti)

)2
(7)

where x is the uncertain physiological parameter taken as the vascular hydraulic conductivity

Lp, and n is the total number of discrete time points considered for fitting the data.

To simulate the spatiotemporal concentration profiles C, we nondimensionalize the vari-

ables in the transport model with centered finite differencing and upwind differencing to

discretize the fluid transport model and the macromolecule transport model, respectively.

First, we solve the fluid transport model to obtain the IFP profile over the BM domain. The

velocity profile is derived from Darcy’s law (1). Then, within the optimization problem, a

variable stepsize 4th-order Runge-Kutta method is used to solve the transient convection-

diffusion macromolecule transport model (2) to obtain the interstitial macromolecule con-

centration profile C. We average the macromolecule concentration over the spatial domain

and take it as a model prediction Cmodel
avg for the parameter estimation problem.

The experimental average macromolecule concentration Cdata
avg , was derived by the same

methodology as the transport model using a spatial average macromolecule balance, written

as:
dCdata

avg

dt
= Peffρv(Cv − Cdata

avg ). (8)

The effective permeability Peff was quantified from the experimentally observed flux across

the vascular wall, which includes both convective and diffusive transvascular terms but may

overestimate the diffusive components.1

To solve the optimization problem (7), we deploy the interior-point solver within fmincon

in MATLAB (The Mathworks). To improve the solution estimates, a multistart approach

was used which automatically generates initial guesses for fmincon. Local optimal solutions

are returned, and the “best-found” solution is reported. This approach does not guarantee
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global optimality and so a final analysis comparing the model to the experimental data was

used to verify goodness of fit. From the optimal Lp values obtained, the corresponding vessel

pore radius r0 is calculated using (6). The local optimization results for pore sizes within

different experimental groups are contained in Table S4.

The experimental average macromolecule concentration Cdata
avg profiles are plotted with

standard error for each macromolecule against the best-fit model prediction in Figures S2-S4.

In each case, the model prediction falls within the standard error bounds for the experimen-

tal profiles and fits the data very well. For larger measured effective permeabilities (& 2e-6

cm/s), there is some structural mismatch observed in the form of bias in the model predic-

tion. This is most significantly pronounced in the 10 kDa (4 nm) dextran results (see Fig.

2(a)-2(b)). In this case, the effective permeability measurement significantly overestimates

the contribution of diffusion to the total mass flux. Thus, the experimental average macro-

molecule concentration profiles given by (8) are less accurate for smaller macromolecules.

Consequently, the parameter estimation results predict effective pore sizes that are much

larger than expected.

Table S4: Optimization results for the optimal vessel pore size (in diameter as 2r∗0 (nm)) are
summarized for each experiment group. The experimentally measured effective permeability
Peff (cm/s) values and their corresponding standard error (STE) (cm/s) are included.

6 Mouse Group
10 kDa (4 nm) dextran 70 kDa (13 nm) dextran

Peff STE Pore Size Peff STE Pore Size
Sinusoid 6.0435e-6 1.3650e-6 216.35 2.8685e-6 1.4913e-6 98.61

Non-sinusoid 4.2846e-6 1.8639e-6 135.04 1.2457e-6 2.6192e-7 48.45
5 Mouse Group

70 kDa (13 nm) dextran 500 kDa (32 nm) dextran
Peff STE Pore Size Peff STE Pore Size

Sinusoid 1.1343e-6 2.6317e-7 46.13 5.0977e-7 7.2433e-8 55.97
Non-sinusoid 7.0457e-7 1.9649e-7 36.81 3.2536e-7 9.9688e-8 50.49

8 Mouse Group
70 kDa (13 nm) dextran BSA (8 nm)
Peff STE Pore Size Peff STE Pore Size

Sinusoid 1.4217e-6 3.0583e-7 52.58 9.3025e-7 2.8044e-7 37.58
Non-sinusoid 7.4697e-7 8.3522e-8 35.75 4.2075e-7 9.3642e-8 24.57
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Maximum Pore Size Parameter Estimation

To estimate the maximum vessel pore size, we ignored interstitial transport and continuity,

and considered only the transvascular flux (pore theory) model using the assumption that

P/Peff ≤ 0.10 (i.e., the diffusive contribution to total flux is less than 10%) from Baxter

and Jain.1 By calculating the Péclet number for transvascular flux, we estimate the relative

contribution of convective to diffusive mass transport across the vascular wall. We formulated

the model-predicted effective permeability as

Pmodel
eff = P (1 + Pe) (9)

where P is given by (4) and Pe is given by (5). To estimate the vessel pore size, the following

parameter estimation problem was formulated and solved:

min
r0

χ2 =
1

n

n∑
i=1

(
P exp,i

eff − Pmodel
eff

)2
(10)

where P exp,i
eff represents the ith experimentally measured effective permeability for a given

macromolecule hydrodynamic diameter in an experimental group and n is the number of

measurements made for that experimental group. An illustration of this simplified model

for estimating the maximum pore size is provided in Figure S6.

In this study, we used the data from the 500 kDa dextran (32 nm) experiments and

varied the quantity 1 + Pe between 10 and 500, representing P/Peff values between 0.002

and 0.10. The results are plotted in Figure S5. As expected, systems with greater diffusive

transport contributions to total flux (smaller Pe) require larger effective pore sizes to yield

the experimentally measured Peff values. This is consistent with our previous results for the

4 nm dextran overestimating the diffusive mass transport contribution resulting in much

larger than expected effective pore sizes. To estimate the maximum pore size for each vessel

type, we used the smallest Pe values predicted by the optimally fit transport model (2);

Pe ≈ 91.6 for sinusoid and Pe ≈ 136.2 for non-sinusoid vessels. We then solved (10)
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to guaranteed global optimality using the EAGO solver19,20 version 0.3.1 via the JuMP

modeling language21 version 0.2.1 in the Julia programming language22 version 1.4.1 to

obtain maximum vessel pore sizes of 61 nm and 53 nm for sinusoid and non-sinusoid vessels,

respectively. An illustration is provided in Figure S7 of a vessel wall with a distribution

of pore cutoff sizes up to the estimated maximum that was determined by this simplified

model, depicting the effects on the transvascular flux of macromolecules.

Supplementary Figures

Figure S1: Effective permeability of bone marrow sinusoids and non-sinusoids to 70 kDa dex-
trans. Permeability of BM sinusoids and non-sinusoids to 70 kDa dextrans are comparable whether
identified by nestin23 (white bars) or morphology as in the current study (red bars).
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Figure S2: The experimental data and optimal model predictions from the parameter estimation
problem (7) are plotted for the 6-mouse group. Top row: 10 kDa (4 nm) dextran in (a) sinusoid
and (b) non-sinusoid vessels. Bottom row: 70kDa (13 nm) dextran in (c) sinusoid and (d) non-
sinusoid vessels. The solid lines are the average macromolecule concentration profiles Cmodel

avg as
predicted by the transport model with the optimal fit to the experimental average macromolecule
concentration profile data Cdata

avg (open circles). Dashed lines are the standard error bounds on the
experimental average macromolecule concentration profile as calculated from the standard error of
the experimentally measured effective permeabilities.
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Figure S3: The experimental data and optimal model predictions from the parameter estimation
problem (7) are plotted for the 5-mouse group. Top row: 70 kDa (13 nm) dextran in (a) sinusoid
and (b) non-sinusoid vessels. Bottom row: 500 kDa (32 nm) dextran in (c) sinusoid and (d) non-
sinusoid vessels. The solid lines are the average macromolecule concentration profiles Cmodel

avg as
predicted by the transport model with the optimal fit to the experimental average macromolecule
concentration profile data Cdata

avg (open circles). Dashed lines are the standard error bounds on the
experimental average macromolecule concentration profile as calculated from the standard error of
the experimentally measured effective permeabilities.
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Figure S4: The experimental data and optimal model predictions from the parameter estimation
problem (7) are plotted for the 8-mouse group. Top row: 70 kDa (13 nm) dextran in (a) sinusoid and
(b) non-sinusoid vessels. Bottom row: BSA (8 nm) in (c) sinusoid and (d) non-sinusoid vessels. The
solid lines are the average macromolecule concentration profiles Cmodel

avg as predicted by the transport
model with the optimal fit to the experimental average macromolecule concentration profile data
Cdata

avg (open circles). Dashed lines are the standard error bounds on the experimental average
macromolecule concentration profile as calculated from the standard error of the experimentally
measured effective permeabilities.

14



40 50 60 70 80 90 100 110 120 130
10

1

10
2

10
3

Figure S5: The estimated maximum vessel pore sizes (diameter in nm) versus the Péclet number
illustrates the sensitivity of the pore size as predicted by the pore theory model to the relative
contributions of diffusive and convective transport. These profiles pertain to the 500 kDa (32 nm)
dextran for both sinusoid and non-sinusoid vessels. The transport model-predicted Pe values are
plotted against the estimated maximum pore sizes (open circles) for each vessel type.
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Figure S6: A cross-section of the spherical bone marrow tissue volume is illustrated with
respect to the two mathematical models considered in this work. The arrows indicate the
direction and relative contribution of each mode of mass transport. (Left) The full model
used to estimate the effective pore sizes (Effective Pore Size Parameter Estimation section)
accounts for both convective and diffusive transvascular flux and interior/interstitial flux. In
the yellow region on the rim, interstitial and transvascular convective transport dominates
flux (perfused vessels and yellow arrows). In the interior light blue region, interstitial and
transvascular diffusive transport dominates flux (perfused vessels and light blue arrows). Due
to fluid pressure and concentration gradients, respectively, net convective transport goes out
radially (orange arrow), but it is less than net diffusive transport (longer dark blue arrow),
which goes in radially. (Right) The simplified model used to estimate the maximum pore
sizes (Maximum Pore Size Parameter Estimation section) ignores transport in the interior
of the bone marrow tissue and only considers transvascular flux; indicated by a lack of
background texture. In this model, we focus on higher Péclet numbers for transvascular flux
with diffusive flux contributing < 10% to the total flux depicted by relative arrow lengths.

16



Figure S7: The models depicted in Figure S6 were used to predict the effective and maximum
pore sizes of murine sinusoids and non-sinusoids in the bone marrow from measurements of
transvascular flux. On the left, the interior of a vessel is depicted, while the extravascular
space outside of the vessel wall is depicted on the right. On the wall, there is a distribution
of sizes of pores, from the 5 nm that was previously thought to be the pore cutoff size of bone
marrow vessels to 61nm, which we predict is the pore cutoff size of non-sinusoidal murine
bone marrow vessels. A range of particles with various hydrodynamic diameters are depicted
to represent the dextrans (4 nm, 13 nm, 32 nm, 54 nm) and bovine serum albumin (8 nm).
Notice that a greater fraction of smaller particles can extravasate from inside the vessel wall
after intravenous injection, while the 54 nm particle in particular is limited from crossing
due to its hydrodynamic diameter approaching the maximum pore cutoff size.
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Figure S8: A schematic of the image analysis process. Images of fluorescent signal (depicted
with a high low look up table) were collected continuously over a 10-minute period (top row)
from immediately before injection of probes (upper left panels). Immediately after injection,
the image collected was considered vascular contrast (bottom left panel) and a custom MAT-
LAB code segmented vessels automatically using fluorescent intensity- and size-thresholding
(bottom middle panel). After segmenting, a researcher manually selected regions of sinu-
soids (bottom right, light blue area) from regions of non-sinusoids (bottom right, green area)
based on vascular morphology.
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Supplementary Tables

Table S5: In pivotal clinical trials of approved nanocarriers, encapsulation of small molecules
reduces hematological toxicity compared to small-molecule chemotherapy administration,
but the loaded nanocarriers introduce hematological toxicity compared to no treatment.
The table contents were selected and updated from Chauhan et al. 24 and Martin et al. 25

a Drug delivery system (DDS).
b Control drug regimen of small molecules.
c Effect on hematological toxicity (Grade 3 or 4 neutropenia).

Nanocarrier
(regimen)

Cancer DDSa

Diameter
[nm]

Control Drugb Effectc

Liposomal
doxorubicin
(monotherapy)

Breast 8016 Doxorubicin Decreased
(from 4% to 1% of patients)26

Albumin-bound
paclitaxel
(monotherapy)

Breast 1014 Paclitaxel Decreased
(from ∼45% to ∼30% of patients)27

Albumin-bound
paclitaxel
(gemcitabine)

Pancreas 1014 Gemcitabine Increased
(from 27% to 38% of patients)28

Liposomal
irinotecan
(fluorouracil and
folinic acid)

Pancreas 90 Fluorouracil
and folinic acid

Increased
(from 1% to 27% of patients)29
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Table S6: The properties of each injected macromolecule are presented in this table. The
data is provided by the manufacturer unless otherwise noted.

Macromolecule
(Manufacturer)

Molecular Weight
[kDa]

Hydrodynamic
Diameter [nm]

Polydispersity
Index

Fluorescent
Dye

Labeling

Dextran
(Sigma-
Aldrich)

10 ∼430 0.331 FITC 0.003–0.002
mol FITC per
mol glucose

Dextran
(Sigma-
Aldrich)

70 ∼1330 0.1531 RITC 0.002–0.015
mol RITC per
mol glucose

Dextran
(Sigma-
Aldrich)

500 ∼3230 - FITC 0.01 mol/mol
FITC glucose

Dextran
(Sigma-
Aldrich)

2000 ∼5430 0.5531 FITC 0.003–0.020
mol FITC per
mol glucose

BSA (Sigma-
Aldrich)

66 830 - FITC ≥7 mol FITC
per mol albu-
min

Polymeric mi-
celle (lab made)

- 3032 0.1632 Alexa 488 -

Polymeric mi-
celle (lab made)

- 6932 0.1232 Alexa 647 -
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Table S7: The parameters for each experiment are tabulated.
a Phosphate buffered saline (PBS).

Experiment Figure Probe 1 Probe 2 Imaging Time

Qualitative extravasa-
tion of 10 kDa dextran

1B FITC 2,000 kDa
dextran (0.01 mg
dextran in 20 µl
PBSa)

FITC 10 kDa dex-
tran (100 µl of 2
mg/kg dextran)

2 min starting when
Probe 1 was adminis-
tered followed by 10
min of imaging follow-
ing administration of
Probe 2

Qualitative extravasa-
tion of 70 kDa dextran

1C RITC 70 kDa dex-
tran (100 µl of 8
mg/kg dextran)

No probe 10 min continuously
starting immediately
before co-injection,
with another image at
80 min

Qualitative extravasa-
tion of 70 kDa dextran

1D RITC 70 kDa dex-
tran (100 µl of 8
mg/kg dextran)

FITC 500 kDa
dextran (100 µl of
2 mg/kg dextran)

10 min continuously
starting immediately
before co-injection,
with another image at
80 min

Quantitative sinusoid
versus non-sinusoid

2 RITC 70 kDa dex-
tran (100 µl of 8
mg/kg dextran)

Various but not
presented (used
data from any
experiment with
70 kDa dextran)

10 min continuously
starting immediately
before co-injection

Quantitative 70 kDa
versus 10 kDa perme-
ability

3 RITC 70 kDa dex-
tran (100 µl of 8
mg/kg dextran)

FITC 10 kDa dex-
tran (100 µl of 2
mg/kg dextran)

10 min continuously
starting immediately
before co-injection

Quantitative 70 kDa
versus BSA permeabil-
ity

4 RITC 70 kDa dex-
tran (100 µl of 8
mg/kg dextran)

FITC BSA (100 µl
of 2 mg/kg dex-
tran)

10 min continuously
starting immediately
before co-injection

Quantitative 70 kDa
versus 500 kDa perme-
ability

5 RITC 70 kDa dex-
tran (100 µl of 8
mg/kg dextran)

FITC 500 kDa
dextran (100 µl of
2 mg/kg dextran)

10 min continuously
starting immediately
before co-injection

Qualitative extravasa-
tion of 30 nm micelle
versus 70 nm micelle

6 30 nm micelle (10
mg/kg)32

70 nm micelle (10
mg/kg)32

10 min continuously
starting immediately
before co-injection
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