
Nature Nanotechnology | Volume 18 | June 2023 | 657–666 657

nature nanotechnology

https://doi.org/10.1038/s41565-023-01323-4Article

Machine-learning-assisted single-vessel 
analysis of nanoparticle permeability in 
tumour vasculatures

Mingsheng Zhu1,7, Jie Zhuang2,7, Zhe Li3,4, Qiqi Liu1, Rongping Zhao2, 
Zhanxia Gao2, Adam C. Midgley    1, Tianyi Qi1, Jingwei Tian1, Zhixuan Zhang1, 
Deling Kong    1, Jie Tian    4  , Xiyun Yan    5,6   & Xinglu Huang1 

The central dogma that nanoparticle delivery to tumours requires 
enhanced leakiness of vasculatures is a topic of debate. To address this, we 
propose a single-vessel quantitative analysis method by taking advantage 
of protein-based nanoprobes and image-segmentation-based machine 
learning (nano-ISML). Using nano-ISML, >67,000 individual blood vessels 
from 32 tumour models were quantified, revealing highly heterogenous 
vascular permeability of protein-based nanoparticles. There was a >13-fold 
difference in the percentage of high-permeability vessels in different 
tumours and >100-fold penetration ability in vessels with the highest 
permeability compared with vessels with the lowest permeability. Our 
data suggest passive extravasation and transendothelial transport were 
the dominant mechanisms for high- and low-permeability tumour vessels, 
respectively. To exemplify the nano-ISML-assisted rational design of 
nanomedicines, genetically tailored protein nanoparticles with improved 
transendothelial transport in low-permeability tumours were developed. 
Our study delineates the heterogeneity of tumour vascular permeability 
and defines a direction for the rational design of next-generation anticancer 
nanomedicines.

Transport across endothelial cells is an essential process for boosting 
the delivery efficiency of anticancer agents1–3. The endothelial cells 
of tumour blood vessels contain gaps between endothelial cells (for 
example, interendothelial gaps) and transcellular fenestrae (for exam-
ple, vesiculo-vacuolar organelles (VVOs))4–6. On the basis of this vessel 
leakiness, an enhanced penetration and retention mechanism was 
proposed in 1986 (ref. 7), and has been considered a central principle 
for the development of tumour-targeting nanocarriers. A recent study 

demonstrated that up to 97% of nanoparticles enter tumours through an 
active transendothelial transport mechanism as opposed to via passive 
extravasation8. This conclusion was controversial in the community, but 
did provide a ‘wake-up call’ to shift research towards delineating the het-
erogeneity of the mechanisms of vascular permeability. However, the 
current lack of available quantitative strategies has hampered progress 
in understanding the vascular permeability of nanoparticles. Quantita-
tive analysis of individual blood vessels makes it possible to determine 
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postadministration (Supplementary Fig. 1b). Deep learning has been 
widely utilized in automatic image segmentation15–17. To quantitatively 
analyse the vascular permeability of the images obtained from tumour 
tissue, we next developed an ML-based model (Fig. 1b); the detailed  
procedures are described in the Methods. Using this model, the  
boundaries of blood vessel profiles and FTn coverage areas were  
automatically segmented from the input images, followed by the 
extraction of parameters derived from vessels and FTn penetration.  
We provide example images, including the original microscopy 
image (confocal), manual annotation (that is, gold-standard labels), 
and machine segmentation images (prediction) (Supplementary  
Fig. 2a). Following the above workflow, the models were trained  
using the input images randomly extracted from different tumour 
model types. The established two models (that is, vessel and FTn  
penetration) showed ~90 and ~80% accuracy in blood vessel and FTn 
penetration across 32 tumour models, respectively (Supplementary 
Fig. 2b). By inter-annotation analysis18, the accuracies of manual anno
tations were comparable with that of the predicted segmentation  
(Supplementary Table 1).

Next, we sought to evaluate the permeability of individual vessels 
in various tumour models using nano-ISML. The images collected from 
various tumour types were obtained 30 min after administration of 
Cy5-labelled FTn (Supplementary Fig. 2c). Based on automatic machine 
segmentation of the images, we extracted the total FTn coverage area 
for each vessel (Amagenta), the coverage area of each vessel (Agreen), the 
total Cy5 fluorescence intensity for each vessel (Fmagenta) and the Cy5 
fluorescence intensity in each vessel lumen (Imagenta) (Supplementary 
Fig. 2d). Based on the above four features, we defined a series of indices 
for single-vessel quantitative analysis to include three aspects: blood 

the extent of vascular permeability, but is a time-consuming, laborious 
and resource-intensive task. Machine learning (ML) can be employed to 
rapidly analyse big data, and identify trends and patterns not obvious 
to human operators9–12. Inspired by the advantages of ML, we sought 
to fill the knowledge gap in high-throughput quantification of vascu-
lar permeability by devising a single-vessel analysis approach on the 
basis of protein-based nanoprobes and image-segmentation-based ML 
technology (nano-ISML). Using nano-ISML, we aimed to answer three 
key questions on nanoparticle delivery to tumours: (1) Is the vascular 
permeability in different tumours and blood vessels heterogeneous, 
and if so, how can differential tumour permeability be quantifiably 
classified? (2) What is the potential mechanism of permeability in dif-
ferent vessels? (3) Does our approach make it possible to modulate the 
changes in vascular permeability, thereby guiding the development of 
personalized delivery strategies?

Single-vessel analysis of vascular permeability
To perform quantitative analysis of vascular permeability, we origi-
nated a single-vessel analysis approach by combining the vascu-
lar permeability of fluorescent-dye-labelled protein nanoprobes  
with the advantages gained from ML in image segmentation. The 
workflow is shown in Fig. 1a. Genetically recombinant human ferritin  
nanocages (FTn) were chosen as model nanoparticles because  
they possess reproducible and homogeneous size (that is, 12 nm)  
and structure13,14, and can be visualized after dye labelling (Sup-
plementary Fig. 1a). To understand the in vivo dynamic behaviours  
of FTn, we first administered Cy5.5-labelled FTn to tumour-bearing 
mice for in vivo imaging. A burst accumulation of FTn was observed 
in tumours, and reached a maximum accumulation at 30 min 

a

b

Normalized image

Step 1

Raw image

Protein
nanoprobes

Vessel channel

Imaging tumour
tissue

FTn channel 

Manual annotation

Manual annotation

Step 2

Training of deep 
networks

U-net

U-net

Machine automatic 
segmentation

Segmentation

Step 3

Single-vessel quantitative 
analysis

Imagenta

Fmagenta

Amagenta

Output

Agreen

Fig. 1 | ML-based single-vessel analysis method. a, This approach includes 
multiple steps. First, the images containing spatial distribution of vessel and 
protein nanoprobes were acquired following systemic administration via the 
tail vein of tumour-bearing mice. Next, manually annotated images were trained 
using a deep neural network. The collected images from various tumour tissues 
were automatically segmented using the trained models. Finally, the features of 
input images were automatically segmented and quantitatively analysed. b, A 
detailed workflow for ML-based automatic image segmentation and quantitative 

analysis. During step 1, the images of tumour tissues were preprocessed. During 
step 2, two-channel images including vessel channel and nanoprobe channel 
were separated and their boundaries were manually annotated. The ML-based 
models were established by training of manually annotated images using 
the U-net convolutional neural network. During step 3, using the established 
image segmentation models, a large number of collected images were input 
for machine automatic segmentation. The quantification information was also 
automatically output in terms of manually setting indices.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology | Volume 18 | June 2023 | 657–666 659

Article https://doi.org/10.1038/s41565-023-01323-4

vessels, FTn penetration, and the correlation between vessels and FTn 
penetration (vessel-FTn) (Supplementary Table 2). To determine the 
hidden features of the images, we collected and analysed sufficiently 

large numbers of vessels, with at least 1,000 vessels per tumour and a 
total of 67,530 vessels analysed in 32 tumours (Supplementary Fig. 3a). 
Nine important indices were preferentially and individually analysed 
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Fig. 2 | Quantitative analysis of heterogeneous vascular permeability using 
the nano-ISML method. a, Heatmap showing the penetration patterns of blood 
vessels for 32 tumour models with rows corresponding to tumour models and 
columns corresponding to vessels and FTn penetration (n = 4–5 tumours for 
each tumour type). The colour scale shows the normalized values by normalizing 
the maximum value for each parameter as 100. b, Representative vessels of FTn 
away from vessels for 32 tumour models. For each tumour model, the mean PR 
of each single vessel was extracted. Upper: confocal image for vessel (green) 
and FTn penetration (magenta); lower: the overlay outline of vessel and FTn 
penetration based on the predicted image from the ML-based model. Scale bar, 

20 μm. c, Mean PR for each vessel in various tumour models. Tumours were 
manually divided into HP tumours and LP tumours based on a PR cut-off value 
of 4, as indicated by the dashed line. d, Violin plot analysis of the heterogeneous 
distribution of VP for each vessel in 32 tumour models. Each dot represents 
the VP value of a single vessel, and at least 1,000 vessels were analysed for each 
tumour model. e, All vessels for each tumour model were manually divided into 
three permeability types according to their VP values: HP (>0.6, ≤1), MP (≥0.3, 
≤0.6) and LP (<0.3). The percentages of the three permeability types in all vessels 
were calculated based on these cut-off values.
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for each vessel assessed, including vessel area (VA), FTn penetration 
area (PA), FTn penetration amount (FA), FTn penetration area ratio 
(PR) and vascular permeability (VP). We first compared the feature 
analysis extracted from manual annotation and machine segmenta-
tion, and the results revealed that the segmented images obtained  
from machine models were highly similar to those of manual annota-
tions (Supplementary Fig. 3b). Subsequently, the nine indices were 
normalized and displayed as heatmap images, and the results of  
vessel, FTn and vessel-FTn indices demonstrated that blood ves-
sel permeability across different tumour model types was highly  
heterogeneous (Fig. 2a). The detailed quantitative analysis is listed in 
the Supplementary Fig. 4 and Supplementary Table 3.

To better understand the heterogeneity in vascular permeability, 
PR and VP were chosen as indices for further data mining. We used 
nano-ISML to quantify the mean PR of blood vessels in various tumours. 
The representative individual vessels and their corresponding FTn 
penetrations are shown in terms of the length-scale-dependent geo-
metric segmentation area (Fig. 2b). For example, at a length scale of 
20 μm, the blood vessels in HT29 and HepG2 tumours showed a large 
area of permeability, whereas poor penetration was observed in 3LL 
and SKBR3 tumours. Quantitative analysis of all vessels in 32 tumours 
demonstrated that the mean PR ranged from 1.70 to 9.52 (Fig. 2c) and 
the highest vessel PR was >100-fold greater than the lowest vessel PR 
(Supplementary Fig. 4c). We thus divided tumours into two categories 
by scoring tumour permeability, using a cut-off PR value of 4, thereby 
grouping tumours into high-permeability (HP) and low-permeability 
(LP) categories. The results indicated that DAN-G, Hep3B, HepG2, 
HT29, MCF-7, MX-1, PC3, SMMC-7721 and SW-1990 were HP tumours, 
whereas other tumours showed low permeability. To further elucidate 
the penetration ability of individual vessels, violin plot analyses were 
performed to visualize the distribution of the VP values. As shown in 
Fig. 2d, a highly heterogeneous distribution of VP was observed for the 
blood vessels of each tumour, indicating that vascular permeability 
was highly heterogeneous for different vessels within the same tumour 
type. Moreover, the distribution of the dominant vessel population 
varied greatly among different tumour model types. Based on the violin 
plot analyses of VP distribution, we classified blood vessels of each 
tumour into three permeability types, according to their VP values: 
LP vessels (<0.3), medium- permeability (MP) vessels (0.3–0.6) and 
HP vessels (>0.6). The percentage distributions of the three kinds of 
vessels in each tumour are displayed in Fig. 2e. The HP vessels of HT29 
account for 65.3% of all vessels but comprised only 12.0% of LP vessels. 
In contrast, there were 4.9 and 8.7% HP vessels observed in SKBR3  
and 3LL, respectively. These quantitative analyses revealed that the  
VP was dependent on tumour type and was a result of heterogeneous 
susceptibility to penetration exhibited by different vessels. Addition-
ally, sequential tissue sectioning of three permeable tumours revealed 
that the VP values of tumours was not significantly affected by different 
tissue layers with defined tissue section thickness (Supplementary 
Fig. 5).

Heterogeneous penetration mechanism of 
tumour vessels
To explore the penetration mechanism of tumour vessels, we used a 
Zombie model8 to assess the penetration of FTn, allowing us to esti-
mate the extent of the contribution of passive extravasation and active 
transendothelial transport. Using nano-ISML, HT29 and 3LL tumours 
(HP and LP tumours, respectively) were chosen to analyse FTn penetra-
tion in Zombie models and control tumour-bearing mice. Confocal 
images and violin plot analyses revealed that the vascular permeability 
of FTn in control HT29 tumours was consistent with Zombie HT29 
tumours (Fig. 3a). However, compared with control 3LL tumours, a 
significant reduction in permeability was observed in Zombie 3LL 
tumours. The results implied that the FTn penetration in HP tumours 
and HP vessels was mainly dependent on passive extravasation mecha-
nisms, whereas active transendothelial transport played a leading role 
in LP tumours.

To further explore permeability mechanisms, we generated iron 
oxide nanoparticles (IO) in the hollow cavity of FTn (FTn-IO) via a bio-
mimetic synthesis approach19 (Supplementary Fig. 6a). Transmission 
emission microscopy (TEM) images of tumour tissues at 30 min showed 
that the individual FTn-IO were directly visualized in the vessel lumens, 
endothelial lining and extravascular space (Supplementary Fig. 6b). We 
next evaluated how FTn-IO was transported from the vascular lumen to 
the extravascular space. Two mechanisms were identified in this pro-
cess: passive extravasation and active transendothelial transport. From 
TEM observations of 73 blood vessels, we observed two passive extrava-
sation mechanisms that participated in direct diffusion of FTn-IO from 
the lumen to the extravascular space, mainly via interendothelial gaps 
(Supplementary Fig. 6c) and VVOs (Supplementary Fig. 6d). The sizes 
of the interendothelial gaps were not uniform, and reached a maxi-
mum size of >600 nm in our observations. VVOs, which are grape-like 
clusters of interconnected vesicles, are pathways of direct connection 
between the lumen and the extravascular space and are often found 
in tumour microvasculature20,21. Additionally, tight junctions with 
small gaps (~10 nm) were typically found between endothelial cell–
endothelial cell junctions, but we did not observe extravasated FTn-IO 
(Supplementary Fig. 6e). To further determine the active transport 
processes involved, we first explored active capture–uptake mecha-
nisms in 3LL tumours. Three main capture–uptake mechanisms were 
observed by TEM: pinocytosis, phagocytosis and receptor-mediated 
endocytosis (Fig. 3b). We determined that pinocytosis was the princi-
pal capture–uptake mechanism for FTn-IO by counting the number 
of FTn-IO. In typical endothelial cells, pinocytosis, phagocytosis and 
receptor-mediated endocytosis of FTn-IO accounted for 82.9 ± 2.6%, 
14.8 ± 2.2% and 2.3 ± 0.5%, respectively (Fig. 3c). To verify the role of 
pinocytosis, 3LL tumours were pretreated with a pinocytosis inhibi-
tor, 5-(N-ethyl-N-isopropyl) amiloride (EIPA), followed by FTn admin-
istration. Confocal images and single-vessel quantitative analysis 
demonstrated that the permeability of the vessels was decreased after 
treatment with EIPA (Fig. 3d,e), implying that pinocytosis played a 

Fig. 3 | Heterogeneity of vascular permeability mechanism. a, Zombie 
model with HT29 and 3LL demonstrates active or passive pathways for FTn 
penetration. Left: representative confocal images for vascular penetration 
in control and Zombie mice. Scale bar, 50 μm. Right: violin plot analysis of VP 
distribution using the nano-ISML approach. b, TEM images of active capture 
mechanisms of endothelial cells. Representative images of the entire vessel (left; 
scale bar, 1 μm) and enlarged images (right; scale bar, 100 nm) of three typical 
capture mechanisms (that is, pinocytosis, phagocytosis and endocytosis). L 
and R represent lumen of endothelial cell and red blood cell, respectively. Black 
triangles indicate the FTn-IO in the enlarged images. c, Quantitative analysis of 
the contribution of three capture mechanisms for the active pathway by counting 
FTn-IO numbers observed in tumour blood vessels. Each dot represents single 
vessel, and total 32 vessels were analysed. d, Single-vessel analysis of 3LL tumours 
with or without the pinocytosis inhibitor EIPA (3LL-EIPA). Representation 

confocal images of tissue sections from 3LL and 3LL-EIPA are shown (left). Blue, 
nucleus; green, vessel; magenta, FTn. Scale bar, 50 μm. Violin plot analysis of 
the distribution of VP for each vessel is listed (right). e, Quantitative analysis of 
the percentage of HP, MP and LP vessels, obtained from d. f, Typical features of 
formed vesicles (black star) in active vessels and inactive vessels. Representative 
TEM images of formed large vesicles for active vessel (top left) and small vesicles 
for inactive vessel (bottom left). Scale bar, 100 nm. Quantitative analysis of 
the distribution of vesicle diameters in active vessels (top right, n = 4,850) 
and inactive vessels (bottom right, n = 1,560). g, Diagram illustrating the 
dominant vascular penetration mechanism in HP tumours and LP tumours. 
HP tumours are primarily dependent on the passive extravasation mechanism 
via interendothelial gap and VVO pathways, whereas active transendothelial 
transport mechanism following pinocytosis is the dominant manner for LP 
tumours. Data are presented as mean ± s.e.m.
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critical role in vascular penetration of nanoparticles. After capture by 
endothelial cells, the protruded ‘arms’ of the endothelial lining con-
nect to form vesicles that are translocated into extravascular space via 

exocytosis. From TEM observations, we determined that the diameter 
of the formed vesicles was highly heterogeneous in different vessels 
(Supplementary Fig. 6f,g). The vesicles reached microscale in size 
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for the active vessels but were <100 nm in inactive vessels (Fig. 3f, 
left). Quantitative analysis found that the vesicles >100 nm in active 
and inactive vessels accounted for approximately 35 and 3%, respec-
tively (Fig. 3f, right). Active transport processes, including capture, 
vesicle formation, transport and exocytosis, were clearly observable 
(Supplementary Fig. 6h,i). Based on these results, we proposed het-
erogeneous potential mechanisms of nanoparticle transport across 
tumour blood vessels (Fig. 3g). For HP tumours, passive extravasation 
via interendothelial gaps and VVOs was the predominant penetration 
mechanism. In addition to a small number of high-permeability vessels, 
nanoparticle transport to the extravascular space by the vessels in LP 
tumours was predominantly dependent on active transendothelial 
transport mechanisms following active capture of nanoparticles, 
mainly by pinocytosis by active vessel endothelial cells.

Preparation and characterization of FTn variants
Modulating the vascular permeability of nanoparticles offers an effec-
tive approach to facilitating the enhanced efficacy of drug delivery. We 
thus sought to explore how to improve the vascular permeability of FTn 
in LP tumours. We found that FTn localized in lysosomes, and subse-
quently remained trapped in lysosomes following uptake by human 
umbilical vein endothelial cells (HUVECs) (Supplementary Fig. 7a). 
Lysosomes are important organelles for inducing intracellular degrada-
tion of exogenous particles22,23. Thus, we hypothesized that reducing 
lysosome trapping to improve transport efficacy of endothelial cells 
would be an efficient strategy for boosting the vascular permeability 
of FTn. Following this line of thought, we developed three FTn variants 
based on genetic engineering strategies: (H2E)9-fused FTn (H2E-FTn), 

human serum albumin (HSA)-bound FTn (HSA-FTn) and HSA-bound 
H2E-FTn (HSA/H2E-FTn). The endosomolytic (H2E)n peptide is capable 
of proton buffering to aid endosomolysis24 and HSA is preferentially 
trafficked to the Golgi apparatus25–27 followed by secretion of exocytic 
vesicles and exocytosis. Details of the FTn variants are described in the 
Methods. TEM images showed the structure of FTn and its variants after 
negative staining (Fig. 4a). Size-exclusion chromatography analysis 
indicated that the FTn variants were of larger molecular sizes than FTn 
(Fig. 4b), and this was further confirmed by dynamic light scattering 
(DLS) analysis (Supplementary Fig. 7b). Importantly, the expected 
nanostructures with genetic incorporation and/or HSA binding were 
confirmed by SDS–polyacrylamide gel electrophoresis (SDS–PAGE) 
characterization (Fig. 4c). The zeta potential changes of H2E and HSA/
H2E-FTn between pH 7.0 and pH 5.0 demonstrated the protonation 
effect of H2E in mediating the switching of FTn-based nanoparticles 
to positive charge in acidic microenvironments (Fig. 4d). Further DLS 
analysis revealed that the protein particles remained stable at pH 5.0 
(Supplementary Fig. 7c). Cell viability assays confirmed that FTn and 
its various nanocarriers did not induce significant cytotoxicity (Sup-
plementary Fig. 7d).

Improved vascular permeability in LP tumours
Next, we sought to explore whether the tailored FTn variants improved 
the transport efficacy of endothelial cells. First, we studied the intra
cellular fate of FTn and its variants, including cell uptake, intracellular 
trafficking and exocytosis. Confocal images showed efficient cell 
uptake of FTn and its variants after incubation with HUVECs (Fig. 5a).  
Unlike the exclusive distribution of FTn in lysosomes, the FTn variants 
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into a single particle, which was further bound with HSA. Scale bar, 20 nm. b, Size-
exclusion chromatography analysis of the sizes of FTn and its variants in a protein 
purification equipment. A280, absorbance at 280 nm; mAU, milli absorbance unit. 
c, SDS–PAGE analysis of the resulting FTn and its variants. d, Zeta potential of FTn 
and its variants at pH 7.0 and pH 5.0. n = 3 independent experiments. Data are 
presented as mean ± s.e.m.
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partly localized into lysosomes after uptake. Furthermore, we found 
that H2E-FTn, HSA-FTn and HSA/H2E-FTn co-localized with the Golgi, 
whereas the distribution of FTn was negligible in the Golgi (Fig. 5b). 
By culturing for another 6 h after uptake, exocytosis of FTn variants 
was clearly higher than that of FTn (Fig. 5c). Quantitative analysis 
further verified the enhanced transport efficacy of FTn variants 

(Supplementary Fig. 7e). Based on the role of the Golgi in exocyto-
sis28,29 and the above results, the potential intracellular fate of FTn 
and its variants was summarized and is shown in Fig. 5d. We further 
investigated whether FTn variants improve translocation of FTn from 
endothelial cells to tumour cells, as a result of the enhanced exocytosis 
by the Golgi. Flow cytometry analysis revealed the synergistic role of 
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H2E and HSA in the transcytosis of FTn (Fig. 5e). Using nano-ISML, we 
next quantitatively evaluated the vascular permeability of FTn and 
its variants in HP and LP tumours. The results demonstrated that the 
mean PR of HSA/H2E-FTn for 3LL, U87 and SKBR3 were increased by 37, 
21 and 32%, respectively, compared with that of FTn alone (Fig. 5f and 
Supplementary Fig. 8). In contrast, the mean PR for the vessels of HP 
tumours (that is, HT29, HepG2) showed no clear changes. Violin plot 
analysis confirmed the improved permeability of FTn variants in LP 
tumours (that is, 3LL, SKBR3, U87) compared with that of FTn (Fig. 5g). 
However, the changes in nanoparticle vascular permeability resulting 
from H2E/HSA incorporation was limited in HP tumours due to the 
masking by the VP distribution population in HP vessels. Quantita-
tive analysis revealed that FTn variants converted LP vessels into the 
indices that defined MP vessels in LP tumours (Fig. 5h). We also found 
that HSA/H2E-FTn showed a greater conversion efficacy than H2E-FTn 
and HSA-FTn, implying their synergistic effect on improving active 
transendothelial transport.

Enhancing vascular permeabiltiy boosts 
therapeutic outcomes
We next studied whether FTn variants could improve therapeutic  
outcomes by enhancing vascular permeability. In vivo behaviours  
were first compared following intravenous administration of FTn and 
its variants. We found that H2E and/or HSA incorporation did not signifi-
cantly affect the in vivo blood circulation time of FTn (Supplementary 
Fig. 9a). In vivo tumour accumulation and biodistribution of FTn and  
its variants was further investigated by imaging and monitoring of  
both LP and HP tumours. To do this, SKBR3 and HT29 were simultane-
ously inoculated into the left and right shoulders of the same mice, 
respectively (Fig. 6a). We observed obvious tumour accumulation of 
FTn and its variants in both LP and HP tumours, and greater accumu-
lation was found in HP tumours compared with that in LP tumours. 
Quantitative analysis of the LP/HP ratio demonstrated that FTn vari-
ants resulted in an improved LP:HP ratio at 12 h compared with that of  
FTn. The elevated LP:HP ratio at 12 h was higher than the ratio observed 
at 1 h, especially for HSA/H2E-FTn. These results suggested that  
the contribution of active transendothelial transport was in effect.  
Ex vivo imaging and quantitative analysis revealed that the biodistribu-
tion of FTn was comparable to its variants at 24 h after administration 
(Supplementary Fig. 9b). We next sought to evaluate whether FTn vari-
ants could result in improved in vivo antitumour efficacy. A chemother-
apeutic drug, doxorubicin (Dox), was loaded into FTn and its variants 
(Supplementary Fig. 9c), following a previously described methodol-
ogy30. Through measurements of total protein and Dox concentra-
tions, the number of Dox molecules loaded into each FTn, H2E-FTn, 
HSA-FTn and HSA/H2E-FTn was determined to be 67.4 ± 5.6, 66.2 ± 3.7, 
65.9 ± 4.3 and 59.8 ± 5.9, respectively. Confocal images revealed  
that the Dox-loaded FTn and FTn variants were successfully released 
after uptake and delivered to the nuclei of tumour cells (Supplemen-
tary Fig. 9d). Subsequently, Dox-loaded FTn (FTn-Dox), Dox-loaded 

H2E-FTn (H2E-FTn-Dox), Dox-loaded HSA-FTn (HSA-FTn-Dox) and 
Dox-loaded HSA/H2E-FTn (HSA/H2E-FTn-Dox) were intravenously 
injected into mice xenografted with LP tumours (that is, 3LL, SKBR3) 
and HP tumours (that is, HT29) every 3 days. As expected, systemically 
administered Dox-loaded FTn and FTn variants significantly delayed 
tumour growth, regardless of whether the tumours were LP or HP  
(Fig. 6b). Compared to H2E-FTn-Dox and HSA-FTn-Dox, HSA/H2E-FTn-Dox 
showed a synergistic therapeutic action in LP tumours, but this action 
was not observed in HP tumours. Survival was also effectively improved  
for LP-tumour-xenografted mice treated with HSA/H2E-FTn-Dox, 
compared with H2E-FTn-Dox and HSA-FTn-Dox. In contrast, 
HSA/H2E-FTn-Dox did not significantly delay the survival of 
HP-tumour-bearing mice compared with FTn-Dox, H2E-FTn-Dox and 
HSA-FTn-Dox (Fig. 6c). These results revealed that improving the vas-
cular permeability properties of nanoparticles in LP tumours positively 
correlated with therapeutic outcomes, but had no significant effect 
on HP tumour penetration due to these tumours already possessing a 
high level of passive extravasation.

Conclusions
In this study, we created a ML-based single-vessel quantitative analysis 
method that was capable of high-throughput assessment of individual 
blood vessel features. By collecting thousands of vessel sections, this 
approach enabled correct quantitative characterization of intratu-
moural heterogeneity associated with the vascular permeability of 
nanoparticles. Based on the quantitative data, we manually classified 
permeable tumours into two categories (HP and LP) and permeable 
vessels into three categories (HP, MP and LP). This classification of 
permeability will undoubtedly provide valuable information for devel-
oping personalized therapeutic strategies for tumours. For exam-
ple, our data demonstrated that improving active transendothelial 
transport was not a necessity for HP tumours, but was essential for 
efficient delivery in LP tumours. Additionally, we demonstrated that 
the approach facilitated understanding heterogeneous permeability 
mechanisms of blood vessels to accelerate the development of strate-
gies to modulate vascular permeability. Future studies are also needed 
to explore the link between animal tumour models and clinical cases, 
using the single-vessel analysis method. Going forward, we anticipate 
that the single-vessel analysis method will be particularly useful for 
the development of highly permeable anticancer nanomedicines, and 
of value in the screening of inducers/inhibitors to modulate vascular 
permeability.

Our results demonstrated that vascular permeability was highly 
heterogeneous among different tumour types and different blood 
vessels. These data revealed that blood vessel features were essential 
determinants of nanoparticle permeability through the endothelium. 
However, our studies also support the view that the vascular perme-
ability of nanoparticles can be modulated by rational design, especially 
for achieving active transendothelial permeability in LP tumours. In this 
regard, we developed a transcytosis-enhanced strategy by boosting 

Fig. 5 | Enhancement of active transendothelial transport. a–c, Confocal 
images of HUVECs demonstrating co-localization (white) of FTn and FTn variants 
(magenta) with lysosomes (a, green), Golgi (b, green) and membrane (c, green). 
Scale bar, 5 μm. d, Schematic illustration showing a transcytosis-enhanced 
strategy of endothelial cells by boosting the Golgi-dependent exocytosis 
pathway. After uptake, FTn are easily trapped into lysosomes and are further 
degraded. For H2E incorporation, the particles are capable of escaping from 
lysosomes, followed by exocytosis via a Golgi-dependent pathway. The HSA-
binding particles directly travel into the Golgi for exocytosis. The exocytosis of 
HSA/H2E-FTn is dependent on the two routes above. e, Flow cytometry analysis 
of the transcytosis mechanism by coincubation of HUVECs and tumour cells. The 
HUVECs seeded onto coverslip slides (green) were pretreated with FITC-labelled 
FTn and Cy5-labelled FTn variants (FTn-V) and the untreated tumour cells were 

seeded onto another coverslip slide (blue). The tumour cells with fluorescence 
signal (FITC and Cy5) were collected for quantitative analysis using flow 
cytometry. The gate was set to ‘viable’ cells in the FSC/SSC plot. n = 3 independent 
experiments. f, Mean PR of each blood vessel in various tumours after treatment 
with FTn and its variants for 30 min. 3LL, SKBR3, U87, n > 900 vessels each group; 
HT29, n > 100 vessels each group; HepG2, n > 200 vessels each group. g, Violin 
plot analysis of the distribution of VP for each vessel in different tumour models 
using the nano-ISML approach following administration of FTn and its variants 
for 30 min. h, Quantitative analysis of the percentage of HP, MP and LP vessels in 
different tumour-bearing mice treated with FTn and its variants, obtained from 
g. Data are presented as mean ± s.e.m. and statistical analysis was performed by 
one-way ANOVA with Tukey’s post hoc test for comparison.
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the Golgi-dependent exocytosis pathway. Protein nanoparticles were 
designed with integrated lysosome-escaping motifs with HSA-binding 
motifs, with the aim of achieving a synergistic effect to reduce lysosome 
degradation by accelerating Golgi exocytosis. The evidence revealed 
that elevated exocytosis of nanoparticles from endothelial cells would 
be an ideal design principle for improving transendothelial transport, 
and this was especially important in achieving tumour penetration 
and drug delivery to LP tumours. Based on our mechanistic studies, 
several potential aspects are recommended to boost the vascular 
permeability of nanoparticles in LP tumours: (1) improve the blood 
circulation time of nanoparticles to increase the chance of capture and 
uptake by endothelial cells (that is, pinocytosis); (2) actively strengthen 
nanoparticle–endothelial cell interactions (for example, non-specific 
adsorption, receptor–ligand functionalization) to amplify cell uptake; 
(3) accelerate transcytosis of nanoparticles in endothelial cells (for 
example, boost exocytosis, minimize nanoparticle degradation); and 
(4) selectively improve the passive penetration capabilities of tumour 
blood vessels (for example, vasodilation).
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Fig. 6 | In vivo anticancer ability of different FTn formulations. a, In vivo 
fluorescent imaging and quantitative analysis of the distribution of FTn and its 
variants in mice bearing both LP tumours and HP tumours following  
intravenous injection for 1 and 12 h. The quantitative analysis was performed  
by determining the signal intensity of the LP tumour/HP tumour ratio in the  
same mouse. n = 3 mice per group. Tumours are indicated by black dashed 
circles. b, Tumour growth curves of different groups of various tumour-bearing 

mice after administration of the indicated treatments. n = 12 mice per group.  
c, Kaplan–Meier survival curve of the different tumour-bearing mice following 
different treatments. n = 12 mice per group. Data are presented as mean ± s.e.m. 
and statistical analysis was performed by one-way ANOVA with Tukey’s post hoc 
test for comparison. The differences in the survival were analysed using the  
log-rank test.
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Methods
FTn and its variants
FTn were prepared and purified according to our previously reported 
procedures31,32. H2E-FTn and ABD-FTn were obtained by genetically 
incorporating an H2E repeat (HHEHHEHHEHHEHHEHHEHHEHHE-
HHE) and ABD (albumin-binding domain, LAEAKVLANR ELDKYG-
VSDFYKRLINKAKTVEGVEALKLHILAALP) into the human ferritin 
heavy-chain 1 (FTH1) gene, respectively. For H2E-FTn, the inserted 
H2E-repeat gene was directly ligated to pET-21a(+) plasmid into which 
the ferritin heavy-chain gene had been inserted. To incorporate ABD 
into FTn, FTH1 and ABD-FTH1 genes were inserted into the double cis–
trans pCDFDuet-1 plasmid. For ABD/H2E-FTn, H2E-FTH1 and ABD-FTH1 
genes were ligated to double cis–trans pCDFDuet-1 plasmid, which 
self-assembled into H2E-ABD-FTn in the subsequent expression because 
FTn is composed of 24 subunits. The obtained plasmids were trans-
fected into BL21 Escherichia coli. The expression and purification of 
H2E-FTn, ABD-FTn and H2E-ABD-FTn followed the procedures used of 
FTn, as described above. For HSA binding, 10 molar equivalents of HSA 
(MB1866, Sigma) were reacted with ABD-FTn or ABD/H2E-FTn at 4 °C 
overnight. The resulting mixture was susequently further purified with 
a Superose 6 increase 10/300 GL column to obtain HSA-FTn and HSA/
H2E-FTn, respectively. The concentration of FTn and FTn variants was 
measured with a bicinchoninic acid protein assay kit (PC0020-500, 
Solarbio). The morphology of FTn and FTn variants was characterized 
by TEM (H7600, Hitachi) following negative staining with 1% uranyl 
acetate or 2% phosphotungstic acid. The molecular weights and sizes 
of protein nanocages were determined by SDS–PAGE and size-exclusion 
chromatography. The zeta potentials and hydrodynamic diameters of 
FTn and FTn variants were measured using a Zetasizer Nano ZE (Malvern 
Instruments). FTn protein structure analysis was performed using 
PyMOL v.2.3.2 based on PDB ID 3AJO. The sequences encoding FTn, 
H2E-FTn and ABD-FTn are available in Supplementary Table 4.

Labelling and Dox loading of FTn and its variants
For labelling of fluorescence dyes, FTn and FTn variants were reacted 
with 30 molar equivalents of Cy5-NHS ester or Cy5.5-NHS ester (Lumi-
probe) at 4 °C for 12 h in PBS solution (pH 8.0), and then the mixture 
was purified with a PD-10 desalting column (GE Healthcare).

FTn possess a natural drug entry channel that exists on the shell, 
which facilitates the direct loading of small molecular drugs into the 
core. Dox (23214-92-8, Meryer) was loaded into FTn and its variants 
according to a previously reported method30. Briefly, 8 mg FTn or FTn 
variants were reacted with 3 mg Dox at 60 °C for 4 h in 20 mM Tris–HCl 
buffer (pH 8.0), and then centrifuged at 8,050 g for 10 min to separate 
the supernatant; the mixture was then purified with a PD-10 desalting 
column (GE Healthcare) to remove free Dox. The loaded Dox in each 
nanocage was calculated following a previous method30.

Tumour models
All animals were handled in accordance with the policies and guide-
lines of the Animal Ethics Committee of Nankai University. A total of 
32 tumour models were successfully constructed by grafting various 
tumour cells into different mouse species. The established tumour 
models were classified into three types: subcutaneous tumours 
(named by the cell lines), orthotopic tumours (that is, cell line-O) and 
mouse-tumour-cell-bearing nude mice (that is, cell line-N). The subcu-
taneous tumours were obtained by subcutaneously grafting tumour 
cells into the right shoulder of the mice. Mouse-derived tumour cells 
were allografted into C57BL/6 or BALB/c mice, and human-derived 
tumour cells were xenografted into Balb/c-nude mice. For the ortho-
topic breast cancer model, 4T1 cells were inoculated into the right 
inguinal fifth mammary fat pad of BALB/c mice. The orthotopic pancre-
atic tumour model was established by inoculation of Panc02 cells into 
the pancreas of C57BL/6 mice. The tumour growth was monitored every 
day, and tumour volume was calculated as (tumour length) × (tumour 

width)2/2. Detailed information on cell lines, cell culture conditions, 
mouse and tumour models are listed in Supplementary Table 5.

Tumour tissue images
Mice bearing subcutaneous tumours were administered Cy5-labelled 
FTn (30 mg per kg (body weight)) by tail vein injection when tumours 
had grown to 300–400 mm3 unless otherwise specified. For the 
orthotopic tumour model, tumour-bearing mice were intravenously 
injected with Cy5-labelled FTn (30 mg per kg (body weight)) 10 days 
after implanting tumour cells. Thirty minutes after administering the 
FTn, the mice were killed, and the tumours were harvested and embed-
ded into optimal cutting temperature compound (OCT 4583, Sakura). 
Next, cryosections of tumour tissues were prepared (7 μm thickness) 
and immunostained with PE-anti-CD31 antibody (102508, BioLegend). 
To minimize the effect of spatial distribution on vascular permeability, 
the resulting cryosections of each tumour type contained the anterior, 
middle and posterior segments from three or four tumours. Following 
staining with 4,6-diamidino-2-phenylindole (DAPI; 0100-20, South-
ern Biotech), the slices were imaged by confocal microscopy (Zeiss 
LM710) with excitation/emission wavelengths of 405/461 nm (DAPI 
for nucleus), 565/578 nm (CD31 for blood vessel) and 633/670 nm 
(Cy5-labelled FTn), respectively. The image acquisition parameters 
for confocal microscopy were kept constant in different cryosections 
of various tumours, which is especially important for acquiring the 
signal from Cy5-labelled FTn. Because of the three-dimensional pat-
tern of blood vessels in tumour tissue, at least 1,000 blood vessels were 
acquired and analysed for each tumour type to minimize the poten-
tial random information yielded by two-dimensional images. For the 
sequential sections, different tumour tissues (3LL, K180, HT29) were 
prepared for cryosection. A series of cryosections (7 μm thickness) 
were obtained. Immunostaining and image acquisition were performed 
following the above procedures.

For the Zombie model study, the Zombie mice were prepared as 
described elsewhere with some modifications8. Briefly, a flat-bottomed 
needle was inserted into the left ventricle and 20 ml of PBS solution 
containing 10 U ml−1 heparin sodium was perfused at a constant flow 
rate of 5 ml min−1 using a peristaltic pump. Next, 30 ml of 4% paraform-
aldehyde solution was perfused at the same flow rate and incubated for 
30 min to fix the vascular system of the whole mouse. After removing 
the fixative, the solution containing Cy5-labelled FTn was added and 
circulated for 30 min. The tumours were subsequently harvested from 
the Zombie mice and the images containing blood vessels and FTn 
penetration were acquired as described above.

Image segmentation and single-vessel analysis
The source code can be accessed at https://github.com/balabilibili24/
Confocal_images_analysis.git. All code is evaluated under Python 3.10.4 
(https://www.python.org), unless otherwise stated.

Preprocessing. The raw images acquired from confocal microscopy 
were first preprocessed using Zen 3.1 software. The fluorescence inten-
sities of blood vessels and FTn were adjusted to guarantee the image 
was clearly visible and all images from various tumour types were 
obtained at constant setting modes. Next, noise and artifacts were 
removed from the images by Gaussian smoothing processing with the 
fixed parameters. Finally, the images were exported for further analysis 
following adjustment of the image size to 1,024 × 1,024 pixels (physical 
dimension, 708.49 µm × 708.49 µm), which was utilized in the follow-
ing procedures including training, annotation and feature extraction.

Model training. The classic U-net model has an end-to-end 
deep-learning network, which is typically used in biomedical image 
segmentation33. Using U-net as a basic framework, we developed two 
models, one to segment blood vessels and the other to segment FTn 
penetration. The two models are capable of independently segmenting 
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images from two channels (that is, vessel and FTn penetration) but each 
vessel and its corresponding penetration were kept interconnected. 
For model training, 102 representative images were extracted from 
32 tumour types; these comprised 70 images for model training and 
validation, and 32 images for model testing of each tumour type. The 
boundary of each vessel or the corresponding FTn penetration in the 
images were then manually annotated. To better quantify the vascular 
permeability, two kinds of images were excluded from the annotation: 
images containing the vessel signal but without that of the correspond-
ing FTn; and similarly, where FTn penetration was observed but there 
were no corresponding vessels. A total of 70 annotated images were 
randomly divided into an 80% training dataset and a 20% validating 
dataset. A separate testing set with 32 additional images was used to 
monitor the segmentation performances of the model in terms of the 
Dice similarity coefficient. Next, the segmentation models are trained 
using backpropagation, and the hyperparameters of the model were 
selected by hyperparameter optimization. During the training process, 
Adam optimization with a batch size of 4 and an initial learning rate of 
0.05 was adopted. Additionally, the maximum epoch number was set 
to 100. Data augmentation was performed to extend our samples and 
reduce the overfitting by flip, rotation and transpose, etc. All processes 
of segmentation model building and evaluation were implemented 
using the Pytorch v.1.5 deep-learning library on a machine with an 
NVIDIA RTX3090 graphics processing unit.

Interannotator experiment for segmentation. To reduce bias, three 
independent researchers annotated the images to determine the 
employed gold-standard labels. Before doing so, a general rule was 
followed for image annotation. Briefly, the outer contour of each ves-
sel was manually annotated as the vessel channel, and the FTn pen-
etration boundaries were annotated to determine FTn penetration 
regions. After annotation, the channel masks with only one of either 
FTn penetration or blood vessels were removed. Subsequently, the 
gold-standard labels were determined. The first researcher who imaged 
the data was responsible for randomly selecting 102 representative 
images from 1,802 confocal images obtained from 32 tumours. Two dif-
ferent researchers annotated the images independently and assessed 
the accuracy among different annotations using the Dice similarity 
coefficient. For all annotated images, the Dice scores among different 
annotations (that is, gold-standard labels) were defined as at least 0.85 
(for an FTn penetration channel) or 0.95 (for a vessel channel), other-
wise they were reannotated by the first researcher. Next, we performed 
an interannotator analysis to compare the nano-ISML segmentation 
with human-level annotations. The testing set (that is, 32 images) 
was manually annotated again by a fourth researcher. Afterwards, 
the accuracy between the annotations of the fourth researcher and 
the gold-standard labels was compared; the scores are listed in Sup-
plementary Table 1.

Feature quantitative analysis. All confocal images obtained from 
various tumours were automatically segmented using the two U-net 
segmentation models established above. Subsequently, four basic 
features were extracted, including the total FTn coverage area for each 
vessel (Amagenta), the coverage area of each vessel (Agreen), the total Cy5 
fluorescence intensity for each vessel (Fmagenta) and the Cy5 fluores-
cence intensity in each vessel and its lumen (Imagenta). Based on the four 
indices, nine important parameters of the images, including blood 
vessels, FTn penetration and the interface between vessel and FTn 
penetration (vessel-FTn), were automatically extracted for quantita-
tive analysis by the models. Specifically, the extracted features of 
blood vessels contained vessel density (VD, vessel number per mm2 
tumour tissue), vessel area (VA = Agreen, coverage area for each vessel) 
and total VA% (the percentage of total VA in total tumour tissue area for 
each image). The FTn penetration features included penetration area 
(PA = Amagenta, coverage area of FTn penetration for each vessel), total 

PA% (the percentage of total PA in total tumour tissue area for each 
image) and FTn penetration amount (FA, penetration amount of FTn 
for each vessel, FA = PA × Fmagenta − VA × Imagenta). For quantitative analysis 
of the penetration ability of individual vessels, the interface between 
the vessel and the corresponding FTn penetration consisted of the 
relative penetration area (RA, relative FTn penetration area for each 
vessel, RA = Amagenta − Agreen), penetration area ratio (PR, FTn penetration 
area ratio for each vessel, PR = Amagenta/Agreen) and vascular permeability 
(VP, FTn penetration ability for each vessel, VP = FA/(Amagenta × Fmagenta)). 
The manual setting parameters and their formulae are listed in Supple-
mentary Table 2. Afterwards, the above nine indices were quantitatively 
analysed to determine the features of vessel, penetration and perme-
ability. Details of the extracted indices are shown in Supplementary 
Table 3. Finally, we compared the correlation between the nano-ISML 
extracted features and our manual gold-standard labels.

Vascular penetration mechanism
To visualize FTn penetration across tumour blood vessels with TEM, 
iron oxide nanoparticles were in situ incorporated into the FTn cavity. 
FTn-IO were prepared using our previously reported method19. FTn-IO 
(equivalent FTn, 250 mg per kg (body weight)) was administered via tail 
vein to 3LL tumour-bearing mice and to HT29 tumour-bearing mice. 
After 30 min, the tumour tissues were harvested, fixed and processed 
according to standard procedures for the preparation of biospecimens 
for TEM. The resulting samples were observed by TEM and the vascular 
penetration mechanisms were evaluated according to the distribution 
of observed FTn-IO. To explore the capture–uptake mechanisms, 32 
typical vessels from 3LL tumours were observed and quantified by 
counting FTn-IO numbers under TEM. To determine vesicle sizes, the 
active or inactive vessels with typical features in 3LL tumours were 
analysed. To further verify the mechanism of FTn penetration through 
tumour vessels, we injected 200 μl of 50 mM EIPA (HY-101840, MCE), an 
inhibitor of pinocytosis, intratumorally into 3LL tumours. After 30 min, 
Cy5-labelled FTn was injected intravenously into tumour-bearing mice, 
and the vascular penetration was further analysed by nano-ISML.

In vivo near-infrared tumour imaging
To understand the in vivo dynamic behaviours of FTn, tumour-bearing 
BALB/c-Nude mice were intravenously injected with Cy5.5-labelled FTn 
(30 mg per kg (body weight)). Subsequently, tumour accumulation 
profiles were monitored on the front flank tumours of three mice using 
a Maestro all-optical imaging system at predetermined time points (10, 
30, 60 and 180 min). Near-infrared fluorescence images of tumours 
were quantified by measuring near-infrared fluorescence intensity at 
the region of interest using the Maestro all-optical imaging system and 
accompanying software.

To compare tumour accumulation of LP tumours and HP tumours, 
Cy5.5-labelled FTn and its variants (equal Cy5.5 for different parti-
cles) were administered into SKBR3-bearing mice (left shoulder) and 
HT29-bearing mice (right shoulder) via the tail vein. At specific time 
points postinjection (1 and 12 h), the mice (n = 3 per group) were imaged 
by an IVIS Spectrum imaging system (IVIS Lumina II Xenogen, Caliper 
Life Sciences). The accumulation of FTn in tumours was semiquanti-
tatively analysed with Living Image 2.50 software.

Subcellular localization
HUVECs were seeded on sterile coverslips and cultured overnight. The 
medium was replaced with fresh medium and Cy5-labelled FTn or FTn 
variants (20 μgml) were added to incubate for 2 h. For co-localization 
with lysosomes, the HUVECs were washed with PBS buffer and con-
tinued to incubate for additional time points in fresh medium (2, 
4, 6 and 8 h). The cells were stained with LysoTracker Red (100 nM, 
Thermo Fisher Scientific) and Hoechst 33342 (20 nM, Thermo Fisher 
Scientific) at 37 °C for 15 min for co-localization with lysosomes. For 
co-localization with Golgi, the HUVECs treated with Cy5-labelled FTn 
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or FTn variants were washed with PBS buffer and incubation continued 
for 4 h. The HUVECs were immunostained using anti-GALNT2 anti-
body (ab262868, Abcam) following a standard procedure. To study 
exocytosis of HUVECs, the co-localization of FTn and FTn variants 
with cell membrane was observed. Typically, the HUVECs treated with 
Cy5-labelled FTn or FTn variants were washed with PBS buffer and 
culture continued for an additional 6 h. The cells were stained with 
DiI (10 μM, Thermo Fisher Scientific) and Hoechst 33342 at 37 °C for 
15 min. After the above staining, the subcellular localization (that is, 
lysosome, Golgi and cell membrane) of FTn and FTn variants were 
observed by Zeiss LM710 confocal microscopy excitation/emission 
wavelengths of 405/461 nm for nucleus, 565/578 nm for lysosome, 
Golgi or cell membrane, and 633/670 nm for FTn and FTn variants. The 
co-localization of FTn and FTn variants with subcellular organelles was 
quantitatively evaluated by determining the Pearson’s coefficients. A 
Pearson correlation coefficient (P) between magenta signals and green 
signals was calculated according to the following formula:

P =
∑(Mi −M) × (Gi − G)

√∑(Mi −M)
2
×∑(Gi − G)

2

where M and G are the pixel-averaged intensities of the magenta  
signals and green signals, and Mi and Gi are the intensities of the 
magenta and green signals of pixel i in the images, respectively.

Transcytosis
To study the transcytosis of FTn and FTn variants, the HUVECs were 
first plated on sterile coverslips in cell culture dishes. FITC-labelled FTn 
and Cy5-labelled FTn variants (50 μg ml−1) were simultaneously added 
to the HUVECs for 4 h incubation. The HUVECs were washed with PBS 
buffer at least three times before subsequent co-culture with coverslips 
plated with untreated tumour cells. The two cell-seeded coverslips were 
placed in an adjacent configuration within a culture dish containing 
fresh medium and incubated for an additional 12 h. Finally, the cells 
on the different coverslips were harvested and separately analysed by 
flow cytometry. The FITC signal from tumour cells was used as a control 
group to determine the assay with similar conditions. The effect of FTn 
and its variants on transcytosis were determined by the Cy5 signal of 
the tumour cells.

Plasma pharmacokinetics of FTn and FTn variants
Cy5-labelled FTn and FTn variants were injected into C57BL/6 mice 
via the tail vein at a dose of approximately 30 mg per kg (body weight) 
(equivalent Cy5 for FTn and FTn variants). The blood samples were 
collected at specific time points (3, 6, 10, 20, 30, 60, 120, 240, 480, 
720 and 1,240 min), and were then centrifuged at 1,800 g for 10 min to 
separate the plasma. The concentrations of the FTn and FTn variants in 
the plasma were determined by measuring the fluorescence intensity 
at 640/670 nm.

Cell viability of FTn and FTn variants
Cytotoxicity was measured by a standard methyl thiazolyl tetrazolium 
(MTT) assay. Briefly, the cells were seeded into 96-well plates (4 × 103 
cells per well). After 24 h, FTn and FTn variants (0, 2.5, 5, 10, 20 μg ml−1) 
were added to the cells. After another 48 h incubation, the viability was 
assessed using a standard MTT method, and the relative cell viability 
was determined.

Cellular uptake of Dox-loading FTn and FTn variants
SKBR3 tumour cells were plated on glass-bottomed dishes (MatTek) 
at a density of 5 × 103 cells cm−2 and were cultured for 24 h prior to use. 
The cells were incubated with FTn-Dox, H2E-FTn-Dox, HSA-FTn-Dox 
or HSA/H2E-FTn-Dox (at 10 μM Dox concentration) for 4 or 12 h).  
After washing with PBS, the cells were fixed with 4% paraformaldehyde 

for 15 min, followed by 1.5 μg ml−1 DAPI staining at room tempera-
ture. The images of cells were acquired with a Zeiss LM710 confocal 
microscope.

In vivo antitumour activity
For mouse-derived LP tumour models, female C57BL/6 mice were 
subcutaneously inoculated with 3LL cells (5 × 105 cells per mouse) 
into the right flank. After 1 week, the mice were randomly divided into 
four groups (n = 12 per group) and intravenously administered with 
PBS, FTn-Dox, H2E-FTn-Dox, HSA-FTn-Dox and HSA/H2E-FTn-Dox at 
5 mg per kg (body weight) Dox-equivalent doses every 3 days. For the 
human-derived LP tumour model, female BALB/c-Nude mice were 
subcutaneously injected with SKBR3 cells (5 × 106 cells per mouse) 
in the right flank. After 2 weeks, the mice were randomly divided  
into four groups (n = 12 per group). The mice for each group were  
intravenously administered PBS, FTn-Dox, H2E-FTn-Dox, HSA-FTn-Dox 
and HSA/H2E-FTn-Dox at 5 mg per kg (body weight) Dox equivalent 
every 3 days. For the human-derived HP tumour model, female 
BALB/c-Nude mice were subcutaneously injected with HT29 cells 
(1 × 106 cells per mouse) in the right flank. After 2 weeks, the mice 
were randomly divided into four groups (n = 12 per group) and given 
multiple doses of PBS, FTn-Dox, H2E-FTn-Dox, HSA-FTn-Dox and HSA/
H2E-FTn-Dox at 5 mg per kg (body weight) Dox-equivalent doses every 
3 days by tail vein injection. For all the mice, the tumour size and body 
weight were measured every day. In parallel, survival of animals was 
monitored daily.

Statistical analysis
Statistical analysis was done using Python and GraphPad Prism 8.0. 
The statistical differences between two groups and among multiple 
groups were analysed using Student’s t-test and one-way/two-way 
ANOVA, respectively. The differences in survival were analysed using 
the log-rank test. All the results are expressed as mean ± s.e.m.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The authors declare that data supporting the findings of this  
study are available within the article and its Supplementary Infor-
mation. All relevant data can be made available upon reasonable  
request to the corresponding authors. Source data are provided with 
this paper.

Code availability
The source code of machine learning-based model can be accessed 
at https://github.com/balabilibili24/Confocal_images_analysis.git.
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Blinding Most of the time, data collection and analysis were not performed blind to the conditions of the experiments. But for tumour penetration 

analysis, the investigators were blinded to the tumour types.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used 1.PE-anti-CD31 antibody (BioLegend, AB_314331) 

2.anti-GALNT2 antibody (Abcam, ab262868)

Validation All antibodies were verified by the supplier and each lot has been quality tested. All validation statements are available on the 
antibody websites, respectively.  
1.PE-anti-CD31 antibody: https://www.biolegend.com/en-us/products/pe-anti-human-cd31-antibody-882?GroupID=BLG5721 
2.anti-GALNT2 antibody: https://www.abcam.cn/galnt2-antibody-ab262868.html.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 3LL, 4T1, A375, B16, CT26, DAN-G, Hep3B, HepG2, HT29, HT1080, HUVEC, MC38, MCF-7, MDA-MB-231, Miapaca-2, Panc02, 
PC3, SKBR3, SW-1990, U87 were purchased from the American Type Culture Collection (Manassas, USA). BGC-823, MX-1, 
SMMC-7721 were purchased from Qingqi Biotechnology Development CO., LTD.  K180, MB49 were kindly given by Dr. 
Hongkai Zhang (Naikai University Tianjin 300071, China).

Authentication Cell lines were not authenticated.

Mycoplasma contamination The cell lines regularly tested for mycoplasma contamination, and no mycoplasma contamination was found.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines are used in this study.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Female BALB/c mice (4-5 weeks old), female C57BL/6 mice (4-5 weeks old), female BALB/c-Nude mice (4-5 weeks old) were 
purchased from SPF Biotechnology (Beijing, China).

Wild animals The study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex. 
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall 
numbers in this Reporting Summary. Please state if this information has not been collected.  Report sex-based analyses where 
performed, justify reasons for lack of sex-based analysis.

Field-collected samples No field collected samples were involved in this study.

Ethics oversight All animals were handled in accordance with the policies and guidelines of the Animal Ethics Committee of Nankai University. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were trypsinized, harvested and washed with PBS and then analysed with flow cytometer.

Instrument The data were acquired using FACSCalibur™(Becton Dickinson, San Jose, USA)

Software FlowJo software package (Flowjo V10.6.2)

Cell population abundance Each experiment involved only one type of cell lines and no sorting was performed.

Gating strategy For cellular uptake measurement, the gate was set to "viable" cells in FSC/SSC plot, and from those populations of live cells 
were gated. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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