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Materials & Methods

1. The vascularity characterization of tissues
The tissue immunohistochemical (IHC) staining was performed with an anti-CD31
antibody (Abcam, UK) according to the instructions of the IHC kit (ZSGB-BIO, China).

IHC results were determined based on staining intensity and proportion of positive cells.

2. Experiments of NPs diffusion in collagen hydrogels

2.1 Collagen hydrogels with different concentrations

Considering that NPs traditionally used for tumor treatment have a typical size range from
30 nm to 100 nm, we investigated the diffusion of mesoporous silica NPs (Qiyue
Biotechnology Co., Ltd, China) with size of approximately 50 nm in collagen hydrogels.
The morphology of the NPs was revealed in TEM images (Fig. S3a). The NPs were

covalently labeled with rhodamine isothiocyanate (RITC).

NP penetration in collagen hydrogel was performed in p-slide channels (ibidi, Cat#80606)
as previously reported [1]. Rat tail collagen I was added to a centrifuge tube placed in an
ice bath, followed by the addition of deionized water. Then the mixture was added to 0.2
mol/L NaOH solution and mixed immediately. Then the 10x PBS was added and fully
mixed to form the final mixture with a final collagen I concentration of 0.7 mg/mL, 1.0
mg/mL and 1.5 mg/mL, respectively. p-slide channels were pre-cooled on ice and 30 pL of
the above mixture was pipetted into each channel through one reservoir. Then the p-slide

was placed in a 37 °C incubator for 50 min for collagen assembly.

To track the penetration of fluorescent NPs, 30 uL of the RITC-labeled NPs was added into
one of the reservoirs for each channel while the reservoir on the other side was added with

30 uL of 1x PBS. Then the p-slide was placed in the 37 °C incubator for 2 h for NP diffusion

into the collagen hydrogel with different concentrations. Confocal fluorescent imaging was
performed at 20x magnification by scanning a 1024x1024 pixel (636.4x636.4 um) ROI of
the center line of channel at the edge of the reservoir. Confocal reflectance mode was also

used to characterize the collagen morphology and density simultaneously.



Confocal fluorescent images were analyzed using ImagelJ to assess the NP diffusion in
collagen I hydrogels. To develop the intensity-penetration depth profile for each collagen
concentration, mean fluorescence intensity of the brightest area (a 180x10 pixel ROI at the
direction of high NP concentration) of each image was regarded as the reference intensity.
Mean fluorescence intensity of three 20%20 pixel ROIs was measured and averaged at each
fixed penetration depth and normalized to the reference intensity. Diffusion coefficients (D)
were calculated by fitting intensity-penetration depth profile to standard 1-D analyte

diffusion equation (1).

C(x,t)= Aerfc(

X
2@) 1)

2.2 Collagen hydrogels with different stiffness

To form glycated stiffer collagen, collagen stock solution was mixed with ribose in 0.02M
acetic acid to containing a final concentration of 0 or 100 mM ribose and incubated at 4<C
for 5 days. Then collagen was neutralized and gelled to obtain a final concentration of 3

mg/mL as described above.

2.3 Collagen hydrogels with different structures

For NP diffusion in collagen network and aligned collagen, collagen I mixtures were
prepared firstly on ice with a final concentration of 3.0 mg/mL. Then the final mixture was
injected into a home-made rectangular mold with a length of 1.5 cm, a width of 0.8 cm and
a depth of 500 pm. And ~15 iron oxide particles with diameter of ~100 pm were embedded
in both ends of the collagen solution mixture in the mold, followed by gelation in a 37 °C
incubator for 1 h. After gelation, collagen hydrogels encapsulating iron oxide particles
were gently detached from the mold and transferred to a petri dish. The collagen hydrogel
structure obtained was original with randomly distributed fibers. Then a small amount of
Ix PBS was added into the petri dish until the collagen hydrogel was submerged. To
prepare aligned collagen, two magnets were placed under both ends of the obtained
collagen to stretch the collagen until the length of the collagen reached 1.7 cm. After 24 h,

magnets and excess liquid were removed and the aligned collagen was obtained. Finally, a
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volume of 30 uLL RITC labeled mesoporous silica NPs was injected into the two kinds of
collagen hydrogels carefully. Collagen hydrogels with NPs were placed in the 37 °C
incubator for 6 h for NP diffusion. Fluorescence distribution was observed using CLSM
and images were captured at the edge of injected sites. Confocal reflectance mode was also

used to characterize the collagen morphology.
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Fig. S1. The vascularity characterization of the tumor and normal tissues from IHC
staining. a, Normal and tumor tissues with disparate vascularity. b, Normal and tumor

tissues with similar vascularity. Vessels are marked with red arrows in all subgraphs.



Fig. S2. Characterization of polystyrene (PS) NPs. a, TEM images show the morphology
of the NPs with a diameter of approximately 80 nm. b, TEM images show the morphology

of the NPs with a diameter of approximately 200 nm.
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Fig. S3. Effect of collagen density on the diffusion of NPs with a size of 50 nm in
collagen hydrogels. a, Representative TEM image of mesoporous silica NPs with a size
of approximately 50 nm. Statistical analysis reveals the average diameter (N=20). b,
Representative confocal images of channels with increasing collagen density. Reflectance
images in the right panel show the morphology of the collagen hydrogels. (Scale bars, 100
um) ¢, Penetration depth profile of NPs at t = 2 h in collagen hydrogels with increasing
density. d, Effect of collagen density on the diffusion coefficient of NPs inside collagen

hydrogels.
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Fig. S4. The persistence length of polymer chains with increasing spring constants in
the simulations.
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Fig. S5. Effect of collagen stiffness on the diffusion of NPs in collagen hydrogels. a,
Increased stiffness of collagen by ribose glycation. b, Representative confocal images of
NPs in collagen hydrogels with increased stiffness. (Scale bar, 50 um) ¢, Penetration depth
profile of NPs at t = 10 h in collagen hydrogels with increased stiffness. d, Effect of
collagen hydrogel stiffness on the diffusion coefficient of NPs.
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Fig. S6. The change of the contact number (a) and contact time (b) with the increase

of the spring constant.
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Aligned collagen Collagen network
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Fig. S7. Effect of collagen alignment on the diffusion of NPs in collagen hydrogels. a,
Representative confocal reflectance images show the morphology of crosslinked collagen
network and aligned collagen structure. b, Representative confocal fluorescence images of
NPs in collagen hydrogels with original network and aligned structure. (Scale bar, 50 um)
c, Penetration depth profile of NPs at t = 6 h in collagen hydrogels with original network

and aligned structure. d, Effect of collagen alignment on the diffusion coefficient of NPs.
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Workflow of Data Analysis Based on ImageJ
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Fig. S8. Workflow of data analysis in ImageJ for Figure 2b and Figure 2c.
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Tables

Table S1. Comparison of the size ratio in experiment and MD simulation and the

calculated D, (Diffusion coefficient in network), D, (Diffusion coefficient in water)

and D, (Relative diffusion coefficient, D./D,,)

Experiment
NP size Collagen pore size (Sl\ilzpe};gtrieo) D, (um?/s) | D, (um?/s) D,
0.5 mg/mL ~4 um 1/20 0.9240.18 0.4340.08
200 nm 1.0 mg/mL ~2.8 um 1/14 0.5940.13 ~2.15 0.2740.06
2.0 mg/mL ~2 um 1/10 0.35#0.08 0.1640.04
MD simulation
i i D D
NP size Network pore size (SI\IITD(E}I;gtrIeSJ) (X10'2:52/1:) ()40_2”;%) D,
500 1/20 0.4240.05 0.6540.08
250 366 1/14.4 0.2040.03 ~0.65 0.3140.05
246 1/9.6 0.1240.03 0.1840.05
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Table S2. Comparison of the crosslinked and aligned network model.

Chain numbers

Distance between adjacent chains

Density
Crosslinked Aligned Crosslinked Aligned
40 972 961 40 2.40
60 432 441 60 3.60
8o 243 256 8o 4.80

15



Table S3. The ECM characterization values from references [2-4].

Cancer Types Breast Cancer Gastric Cancer
Cancer Progression Cancer Subtypes Cancer Progression
Classification
Normal | DCIS | IDC | Luminal A | Luminal B | Her2+ | TNBC | Normal | Cancer
Density 4 13 26 30 33 45 55 7 28
Stiffness 1 4-10 folds 3.1 3.7 6 5.8 221 1041
Alignment ~0.1-~0.35 (Anisotropic region proportion) 0.2 0.267
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Table S4. Interaction parameters for different bead types.

Typel Type2 Interaction k,(e/0?) (o)
NP NP 200 0.47
Harmonic spring

Polymer Polymer 23 1.0
Typel Type2 Interaction &;(€) b(o) r.(o)
NP NP 0.01 0.5 2.0
NP Polymer LJ Potential 0.1 1.0 5.0
Polymer Polymer 0.1 0.5 2.0
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Movie captions

Movie S1. NP diffusion in crosslinked network with mesh size of 46 and spring constant
of 100.

Movie S2. NP diffusion in crosslinked network with mesh size of 14c and spring constant
of 100.

Movie S3. NP diffusion in crosslinked network with mesh size of 46 and spring constant
of 10,000.

Movie S4. NP diffusion in aligned network with mesh size of 8¢ and spring constant of
100.
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