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ADDITIONAL MATERIALS AND METHODS  

Molecular Weight of CNTs and Their Derivatives. According to TEM images (Figure S2.a), 

the CNTs had an average diameter of 1.2 nm and a length of 1,000 nm. Therefore, it was calculated 

that 40 carbon atoms ((1.55 nm/0.245 nm) × (3.1414) × (2 carbon atoms)) are around the 

circumference. For every 0.283 nm length, there are 124 carbon atoms (4 x 40 carbons), namely, 

6,790,106 amu ((1000nm/0.283nm) × (160) × (12.01)). So the calculated molecular weight of CNT 

is 6.79 × 106 Da. Fluorescent CNTs bearing, on average, 1-3 atomic % of FITC, which is 1246 Da 

(0.02 x 160 x 389.38 per tube) heavier than original CNTs as purchased (Figure S2.b). To 

determine how many antibodies are there on targeted CNT (CNT-TGFβ1-FITC), TEM images 

were captured and analyzed statistically and it was found 2~3 antibodies on each CNT in average, 
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which agreed with theoretical number 2.97 ± 0.32 (3.80 × 10-20 g, TGFβ1 MW 23000 Da × 1.66 × 

10−24 g). As a result, the theoretical molecular weight of CNT-TGFβ1-FITC is 6.87 × 106 Da. The 

actual molecular weight was verified by TEM images and determined to be 6.84 × 106 Da due to 

loss during reaction (Figure S2.c). 

ADDITIONAL DATA: 

Available Biodistribution Data of CNT. CNTs have been realized as promising drug delivery and 

imaging vehicles because of their optical and electronic properties associated with quantum confinement. 

2-11 However, numerous studies indicate that drug molecules have limited penetration into the 

interstitial space of a solid as reported for small-molecule chemotherapeutics 12-15 such as 

doxorubicin 16-20 and paclitaxel21-24. These drugs tend to be localized in regions surrounding blood 

vessels but do not further penetrate the internal part of the solid tumor, which represents a 

significant barrier to their efficacy 12. In fact, the same barrier can be found for nanoparticles (NP) 

applied to drug delivery. Physical properties that control the penetration of molecules and particles 

into tissue include size, mass, charge, shape, and possibly others 25.  

Considering these basic factors determining drug transport in tissues, NPs such as CNTs 

larger than 5–8 nm experience hindered diffusion compared to small molecules26. As a general 

rule, particles’ diffusion rates decrease as particle size increases as a direct consequence of the 

fundamental laws of diffusion27, which is not as ideal as small size-changing agents28, 29. However, 

CNTs are elongated particles with certain aspect ratios that can also affect diffusion rates30 so that 

nanotubes were found to penetrate tumors more efficiently than spherical nanoparticles of the same 

effective hydrodynamic size31. This effect was attributed to nanotubes’ alignment with the 

direction of interstitial fluid flow, which is expected to strongly increase the probability of passage 

through the interstitial gaps between the cells32.  
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Additionally, the surface charge of penetrating species play a complex role in diffusion of 

drugs in tissues33. It is also strongly coupled with the circulation times and other pharmacokinetic 

parameters. Generally, neutral charge is better for interstitial transport in tumors34 and long 

circulation times35. At the same time, the cationic charge optimizes trans-vascular transport in 

tumors 36. Given these competing factors, the quantitative effect of charge on permeation of CNTs 

with functionalized group is incompletely understood and is likely to present unexpected 

dependencies. For instance, ligands modified CNTs could have distinguish properties on surface 

which lead the nanotubes interact with cells in tissue environment and therefore result in changed 

diffusion rate over the whole transportation. 

 

 

Figure S1. Hepatocellular carcinoma is one of most common solid tumors found in the 

human body and grows in human liver along branches of the hepatic vein. 



4 
 

 

 

 

 

Figure S2. TEM images of CNT (a), CNT-FITC (b), and CNT-TGFβ1-FITC (c). 

Figure S3. Confocal images of live/dead cell viability assay (LIVE/DEAD Viability/Cytotoxicity Kit, 

Invitrogen, US) of HepG2 cells in spheroids cultured for 3 days in medium containing (a, control) 0, (b), 0.5, 

(c) 1, and (d) 2 mg/mL CNTs (P-3, Carbon Solution, Inc.) in the culture medium (Eagle’s Minimum Essential 

Medium (EMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin–Streptomycin 

(ATCC)). (e) WST-1 assay for HepG2 spheroids cultured with 0.5 mg/mL of CNTs as-prepared (SI) for 2 

hours. Absorbance values obtained with non-treated groups maintained under identical conditions were taken 

as 100%. *P < 0.01 compared to control. 
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Fluorescence Data of Control CNTs. To investigate the possibility of TGFβ1 physically adhered 

to CNTs nonspecifically. The control experiment was carried out as following. TGFβ1 (5µg, 

25kDa) was tagged with TexasRed (Excitation/Emission: 540/620 nm). Tagged TGFβ1 was 

incubated with 2ml of fluorescent CNTs (CNTs-FITC, 0.5mg/ml) (Excitation/Emission: 460/528 

nm) overnight and washed by centrifugal filters (Cutoff Size: 50kDa). Fluorescent intensity of 

TexasRed and FITC is shown in the charts below. The results show slight passive adsorption of 

TGFβ1. However, it shall have very limited influence on the results of apparent diffusion 

coefficients obtained. 

TexasRed (Excitation/Emission: 540/620) Fluorescent Intensity 

Blank 23.7±0.5 

Washing Buffer 36.3±0.5 

TGFβ1(100µg/ml) 16712.0±462.0 

CNTs 28.3±1.7 

CNTs-FITC 99.7±1.7 

CNTs-FITC+TGFβ1 before Washing 289.0±0.5 

CNTs-FITC+TGFβ1 after Washing 185.0±1.4 

 

FITC (Excitation/Emission: 460/528) Fluorescent Intensity 

Blank 29.3±0.5 

Washing Buffer 37.0±0 

CNTs 31.3±1.7 

CNTs-FITC 12128.3±198.2 

CNTs-FITC+TGFβ1 before Washing 27865.0±456.6 

CNTs-FITC+TGFβ1 after Washing 11545.7±191.2 
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Biocompatibility of CNTs.  Unless contaminated, CNTs are typically considered to be fairly 

biocompatible.37  Because toxicity data for 2D vs 3D assays can be substantially different,38 we 

decided to initially carry out two standard live/dead cell viability assays which consisted of calcein 

AM and ethidium homodimer (EthD-1) (Figure S3.a-d) addressing plasma membrane integrity 

and esterase activity, respectively (Supplementary Information). Both assays showed that the 

HepG2 cells in spheroids proliferate normally in contact with medium containing as much as 1 

mg/mL CNTs.  At 2 mg/mL CNT, the viability starts to decrease, which is higher than similar 

toxicity thresholds reported for CNTs in 2D cultures.37 Considering these data, we chose the 

concentration of CNTs of 0.5 mg/mL for permeation studies. Additional test WST-1 assay (Figure 

S3.e) at this concentration was used to quantify cellular proliferation, viability, and cytotoxicity, 

based on the reduction of tetrazolium salt to formazan by electron transport across the plasma 

membrane of dividing cells. It indicated that the viability of CNT-treated cells is identical within 

the experimental error to HepG2 spheroids in CNT-free media (control). 

Confocal Microscopy. Stained with live/dead assay, live cells are green, while dead cells show 

red. In live/dead assay test, contracted HepG2 spheroids in ICC scaffolds were treated with 0.5 

mg/mL, 1mg/mL, and 2 mg/mL CNTs in culture medium for 2 h, with non-treated spheroids used 

as the control. To be observed by Confocal Microscopy during penetration, HepG2 cells in 

spheroids grown in scaffolds were pre-labeled by Orange CMTMR (Invitrogen, CA); And CNTs 

labeled with FITC were added onto scaffolds under the microscope. After 20 min, observation of 

the penetration process was started through a confocal microscope and 36 images were taken of 

the whole spheroid by z-stack every 20 min. The process of FITC and Rhodamin B (RhB) 

molecules penetration into spheroids was observed in the same way as the CNTs. 
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Quantitative Analysis of Experimental/Effective Diffusion Coefficients based on Confocal 

Images. Z-stack confocal images including the central panel of spheroids were captured at time 

points of 20, 40, 60, 80, 100, and 120 min. Here we employed Fick’s Second Law39-43 (1) of 

diffusion, which relates the flux to the concentration gradients: 

                                         
𝝏𝑪

𝝏𝒕
= 𝑫𝒂 ∙

𝟏

𝒓𝟐

𝝏

𝝏𝒓
∙ (𝒓𝟐 ∙

𝝏𝑪

𝝏𝒓
)                                    Eq.S1,                              

where C = concentration, t = time, r = distance/radius, 𝑫𝒂 = diffusion coefficient. We assumed 

that the diffusing substance moves into the center of the spheroid and the boundary at r = 0 is the 

surface of the spheroid:  

(i) C(0, t) =C0, t ≥ 0 (L is the mean diameter of 3D tumor tissue model);  

(ii) C(R, t) = 0, t = 0; 

(iii) At r = d, ∂2C/∂t2 = 0 (d is the measure of penetration depth at a certain time point). 

Then we obtained the equation regarding the depth d and time t from  

 

                                    d2=6π𝑫𝒂∙t                                               Eq.S2 

In our model of diffusion, the tumor tissue-like spheroid is considered as a sphere of radius 

L. Under the boundary conditions of the experiments performed, this depth of highest 

concentration in the diffusion front was the measure of penetration depth d. Firstly, according to 

the z-stack and cross-section images, depth d in equation (2) represents how far fluorescence 

reached inside the spheroid, where the fluorescence represents FITC, RhB, and CNTs or their 

derivatives. These data of depth d and time t abstracted from images will be substituted into 

equation (2) and certain values of 𝑫𝒆𝒙 will be fit to find the best value of D that minimizes the 

error by statistically analysis of Mathematica 8.0. (Example of z-stack images Figure S4-9 and 

corresponding Mathematica code is shown below)  
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Figure S4.  Z-stack confocal images of CNT-TGFβ1-FITC permeation at 20 min. 
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Figure S5.  Z-stack confocal images of CNT-TGFβ1-FITC permeation at 40 min. 
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Figure S6.  Z-stack confocal images of CNT-TGFβ1-FITC permeation at 60 min. 
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Figure S7.  Z-stack confocal images of CNT-TGFβ1-FITC permeation at 80 min. 
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Figure S8. Z-stack confocal images of CNT-TGFβ1-FITC permeation at 100 min. 
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Figure S9. Z-stack confocal images of CNT-TGFβ1-FITC permeation at 120 min. 
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Mathematica Code for Data Processing (Example: one set of data from images in main text) 
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Calculation of Theoretical Diffusion Coefficients of CNTs, FITC, TGFβ1, and RhB. 

Theoretical diffusion coefficient D0 for spherical particle related to the temperature T and the 

friction coefficient 𝒇𝟎 can be calculated using the Stokes equation: 

𝑫𝟎 =  
𝒌𝒃 𝑻

𝒇𝟎
                                         Eq.S3 

𝒇𝟎 = 𝟔𝝅𝜼𝑳𝟎                                    Eq.S4 

where kb = 1.38 × 10-20  m2·g/(s2·K), T = 293 K, η = viscosity of the solute, L0 = radius of a spherical 

particle or molecule with a volume equal to the volume of a rod-like particle or molecule. Frictional 

coefficient is determined by the viscosity of the media and diameter of the spherical particle.  

The frictional coefficient fn of a non-spherical particle (rod or tube) is usually larger than 

that of a spherical one of the same volume because there is a larger surface area in contact with 

the solvent. Therefore, assuming Dn is the theoretical diffusion coefficient for non-spherical 

particles, when the particle is non-spherical such as a CNT, we could suppose a CNT as a rod-like 

particle which has a length a = 1000 nm/2 and radius b = 1.55nm/2 (Carbon Solution, Inc. Data 

sheet.). Its volume is given by the formula: 

            𝑽𝒓𝒐𝒅 = 𝟐𝝅𝒂𝒃𝟐                                        Eq.S5 

The aspect ratio P can be defined as: P = a/b = 645.2. The frictional coefficient of a rod-like 

particle can be calculated as (6) 

           𝒇𝒏 = 𝒇𝟎   

(
𝟐

𝟑
)𝟏/𝟑𝑷𝟐/𝟑

𝒍𝒏(𝟐𝑷)−𝟎.𝟑
                                    Eq.S6 

Relative diameter Ln of rod-like particle is determined to be 7.67 nm by equation (7) 44  

              𝑳𝒏 = √𝟑𝒂𝒃𝟐

𝟐

𝟑

                                             Eq.S7 
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f0 is calculated to be 7.52 × 10-4 g/s in tumor tissue (η = 5.2 ± 2.5 Pa·s).45   

𝒇𝟎 = 𝟔𝝅𝜼𝑹𝟎 = 6 × 𝝅 × 5.2 × 103 g/(s·m) × 7.67 m × 10-9 = 7.52 × 10-4 g/s 

D0 = (1.38 × 10-16 g·cm2/s2 × 293 K)/7.52 × 10-4 = 5.4 × 10-15 m2/s 

 

Thus fn equals 9.91 × 10-5 g/s for tumor tissue according to equation (4). Theoretical Dn 

value of rod-shaped CNTs in tumor tissue is determined to be 5.7 × 10-16 m2/s. 

To calculate the theoretical diffusion coefficients of TGFβ1, FITC, and RhB, it was 

assumed that these molecules were rod-shaped, where the longest distance in the molecular 

structure is represented by a and the shortest by b. The molecular structure and distance of TGFβ1 

between atoms were reported in a previous study1 (Figure S10.a). Moreover, a and b of FITC and 

Rhodamin were analyzed and measured using software Spartan 10 (Figures S10. b and c). P will 

be calculated based on values of a and b for each type of molecule. Thereafter, theoretical diffusion 

coefficients were calculated using the same theory as described above.  

1. TGFβ1 

𝑳𝟎 = √
𝟑𝒂𝒃𝟐

𝟐

𝟑

 =   √
𝟑 × 𝟏. 𝟔𝟎𝟕 × 𝟏. 𝟏𝟓𝟐𝟐

𝟐

𝟑

 =   6.027 𝑛𝑚                                            

𝒇𝟎 = 𝟔𝝅𝜼𝑳𝟎 = 𝟔 × 𝝅 × 5.2 × 103 g/(s·m) × 6.027 × 10-9 m = 5.9 × 10-4 g/s 

𝑫𝟎 =  
𝒌𝒃 𝑻

𝒇𝟎
 = 1.38 × 10-16 g∙cm2/s2 × 293 K /5.9 × 10-4g/s = 6.9 × 10-15 m2/s 

𝒇𝒏 = 𝒇𝟎   

(
𝟐

𝟑
)𝟏/𝟑𝑷𝟐/𝟑

𝒍𝒏(𝟐𝑷)−𝟎.𝟑
= 5.9 × 10-4 g/s × 

(
𝟐

𝟑
)𝟏/𝟑2.724𝟐/𝟑

𝒍𝒏(𝟐×2.724)−𝟎.𝟑
  = 7.1 × 10-4 g/s  

http://en.wikipedia.org/wiki/Kilogram
http://en.wikipedia.org/wiki/Second
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Kilogram
http://en.wikipedia.org/wiki/Second
http://en.wikipedia.org/wiki/Metre


19 
 

𝑫𝒏 =  
𝒌𝒃 𝑻

𝒇𝒏
 = 1.38 × 10-16 g∙cm2/s2 × 293 K /7.1 × 10-4 g/s = 5.7 × 10-15 m2/s 

2. FITC  

𝑳𝟎 = √
𝟑𝒂𝒃𝟐

𝟐

𝟑

 =   √
3 × 0.945 × 0.46342

2

𝟑

 =  0.673 nm                                            

𝒇𝟎 = 𝟔𝝅𝜼𝑳𝟎 = 6 × 𝝅 × 5.2 × 103 g/(s·m) × 0.673 × 10-9 m = 6.6 × 10-5 g/s 

𝑫𝟎 =  
𝒌𝒃 𝑻

𝒇𝟎
 =1.38 × 10-16 g∙cm2/s2 K-1 × 293 K /6.6 × 10-5 g/s = 6.1 × 10-14 m2/s 

𝒇𝒏 = 𝒇𝟎   

(
𝟐

𝟑
)𝟏/𝟑𝑷𝟐/𝟑

𝒍𝒏(𝟐𝑷)−𝟎.𝟑
= 6.6 × 10-5 g/s × 

(
𝟐

𝟑
)𝟏/𝟑𝟏.𝟑𝟗𝟓𝟐/𝟑

𝒍𝒏(𝟐×𝟏.𝟑𝟗𝟓)−𝟎.𝟑
 = 9.91 × 10-5 g/s  

𝑫𝒏 =  
𝒌𝒃 𝑻

𝒇𝑛
 = 1.38 × 10-20 g∙m2/s2 K-1 × 293K /9.91 × 10-5 g/s = 4.1 × 10-14 m2/s 

3. RhB 

𝑳𝟎 = √
𝟑𝒂𝒃𝟐

𝟐

𝟑

 =   √
3 × 1.607 × 1.1522

2

3

 = 1.473 𝑛𝑚                                            

𝒇𝟎 = 𝟔𝝅𝜼𝑳𝟎 = 6 × 𝝅 × 5.2 × 103 g/(s·m) × 1.473 m 10-9 = 1.45×10-4 g/s 

𝑫𝟎 =  
𝒌𝒃 𝑻

𝒇𝟎
 =1.38 × 10-16 g∙cm2/s2 K-1 × 293K /1.45 × 10-4 g/s = 2.8 × 10-14 m2/s 

𝒇𝒏 = 𝒇𝟎   

(
𝟐

𝟑
)𝟏/𝟑𝑷𝟐/𝟑

𝒍𝒏(𝟐𝑷)−𝟎.𝟑
= 1.45 × 10-4 g/s × 

(
𝟐

𝟑
)𝟏/𝟑𝟏.𝟑𝟗𝟓𝟐/𝟑

𝒍𝒏(𝟐×𝟏.𝟑𝟗𝟓)−𝟎.𝟑
  = 2.2 × 10-4 g/s  

𝑫𝒏 =  
𝒌𝒃 𝑻

𝒇𝒏
 = 1.38 × 10-16 g∙cm2/s2 K-1 × 293K /2.2 × 10-4 g/s = 1.8 × 10-14 m2/s 

𝑫𝟎 is the diffusion coefficient for a spherical shape ; 𝑫𝒏 is the diffusion coefficient for a 

rod shape. The values of theoretical diffusion coefficients in tissue were shown in Table 1. 

 

 

 

http://en.wikipedia.org/wiki/Kilogram
http://en.wikipedia.org/wiki/Second
http://en.wikipedia.org/wiki/Metre
http://en.wikipedia.org/wiki/Kilogram
http://en.wikipedia.org/wiki/Second
http://en.wikipedia.org/wiki/Metre
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Figure S10. The molecular structure and distance of TGFβ11 (a), FITC (b) and RhB (c) where a is the 

longest distance between atoms in one structure, and b is the radius of stimulated molecular structure. 

Spheres (atoms) of (b) and (c): Grey-C; White-H; Red-O; Purple-N; Yellow-S. 
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Cell-CNTs Interaction in vitro. Previous studies showed that surface properties of CNTs 

have an effect on cell internalization and excretion of nanoparticles and molecules.46 To determine 

how the different surfaces of CNTs influenced their interactions with cell membranes in our case, 

we first blocked the energy-enabled membrane transport of cells for the CNTs and their derivatives 

with FITC at 4 °C and 37 °C by treating the cells with sodium azide and 2-deoxyglucose. 

Subsequently, we carried out confocal fluorescence microscopy studies of their uptake and 

intracellular distribution in living cells without endocytosis (Figure S11). By analysis of confocal 

images, it was found that without endocytosis, CNTs and their derivatives can both penetrate into 

cells by direct insertion. When the temperature decreased, the lipid membrane become rigid and 

reduced the penetration amount of CNTs. Moreover, fewer CNTs with ligands penetrated into cells 

through transient pores than regular ones. With blockage of an energy source and thus the 

endocytosis, the internalization of CNTs is theoretically through lipid-membrane fusion only47. 

The results shows internalization of CNT-TGFβ1-FITC were lower than that of CNT-FITC. 

Meanwhile, the ratio of endocytosis at normal status was measured by staining and counting 

endosomes in cells. The images (Figure S12) implicated CNT with targeting ligand were 

internalized more by endocytosis whereas CNT-FITC interacted with cells by a lipid-assisted 

mechanism for passive insertion without energy supplement.  This is potentially due to the shapes 

of CNTs; that CNTs as elongated tubes are able to penetrate through the plasma membrane with 

lipid-membrane fusion, as a ‘nanosyringe’,47 which is dependent on their hydrophobicity and 

stability (Figure S13) culture media.48 This property of nanosyringe possibly hindered CNTs 

moving forward by free diffusion. 
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Figure S11. CNTs-FITC and their derivatives CNTs-TGFβ1-FITC entering cells at 4 °C and 37 °C 

under conditions where active internalization processes are blocked in the presence of azide and 2-

deoxyglucose. HepG2 cells were incubated for 20 min in serum-free medium with CNTs-FITC (a) or 

CNTs-TGFβ1-FITC (b) at 4 °C and with CNTs-FITC (c) or CNTs-TGFβ1-FITC (d) at 37 °C. Area 

fraction of CNTs and their derivatives were calculated (e). Nuclei were stained with DAPI (blue) while 

the cytoplasm was stained with CellTracker™ CMRA (orange-red). Scale bars: 5 μm. 
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Figure S12. Quantification of CNTs-FITC and their derivatives CNTs-TGFβ1-FITC entering cells by 

endocytosis at 4 °C and 37 °C. HepG2 cells were incubated for 20 min in serum-free medium with 

CNTs-FITC (a) or CNTs-TGFβ1-FITC (b) at 4 °C and with CNTs-FITC (c) or CNTs-TGFβ1-FITC (d) 

at 37 °C.  Nuclei were counterstained with DAPI (blue) and early endosomes are marked with early 

Endosomes-RFP. Endosomes were counted and shown in (e). Scale bars: 5 μm. 
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Calculation of apparent diffusion coefficient Da of CNT-TGFβ1-FITC. Consider interstitial 

space and interface with the cellular membrane as extracellular space, we can apply the concept of 

Monte-Carlo tracer method for two-phase transport in porous materials49 to define Da.  

Based on assumptions of association-dissociation equilibrium (Cbi /Cex = K) 50 

    𝑱 =  𝑱𝒆𝒙 + 𝑱𝒎𝒆𝒎 = − [𝑫𝒆,𝒆𝒙 + 𝒂𝒗𝑫𝒆,𝒎𝒆𝒎
𝑪𝒃𝒊

𝑪𝒆𝒙
] 

𝒅 𝑪𝒆𝒙

𝒅𝒓′                      Eq. S8 

where 𝑱𝒊 is the interstitial phase diffusive flux, 𝑱𝒎𝒆𝒎 is the cell membrane surface diffusive flux, 

𝑫𝒆,𝒊 is the effective interstitial phase diffusivity, 𝑫𝒆,𝒎𝒆𝒎 is the effective cell membrane surface 

diffusivity (length2/time); 𝑪𝒆𝒙 is the extracellular concentration, 𝑪𝒃𝒊 is the cell membrane surface 

concentration. 𝒂𝒗 is volume ratio (cylinder layer-cell membrane to capillary-interstitial layer).  𝒓′ 

is the direction of net motion. 

For combined interstitial and cell membrane surface diffusion, an effective diffusivity can be 

described in terms of the diffusivities associated with an equivalent capillary and of tortuosity 

factors 𝞽 for the void and surface phases: 

                            𝑫𝒂 =  
𝑫𝒆𝒙 𝟇

𝞽𝒊
+

𝑫𝒎𝒆𝒎 

𝞽𝒎𝒆𝒎
 𝒂𝒗𝑲                                 Eq. S9 

Di and Dmem are interstitial phase diffusivity and cell membrane surface diffusivity, in equivalent 

capillaries. The terms 𝞽𝒊 and 𝞽𝒎𝒆𝒎 denote the void and surface tortuosities, defined as the length 

of the equivalent capillary required in order to describe effective diffusivities in the void and 

surface phases, respectively. 𝟇 is void fraction of tumor. 

𝒂𝒗 = 2π (interstitial space size) (cell membrane thickness)×L/π(interstitial space size)2×L 

 =2(cell membrane thickness)/(interstitial space diameter) = 2× 8 nm/1343 nm = 0.01251, 52 
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Dex = (1.45±0.65) ×10
-14

 m
2
/s in lymph 53

 

Dmem = (2.3±0.7) ×10
-12

 m
2
/s 54 

Da were shown in Table 1 of maintext 

𝟇 = 40%~80% (average: 60%) 55 

𝞽𝒆𝒙 = 𝞽𝒎𝒆𝒎 =
𝑳

𝑪
=  

𝟐𝒅

𝝅𝒅
=

𝟐

𝝅
= 0.6 (assume heptocytes are spherical, d is the average radius) 

Therefore, if consider the membrane diffusion as part of extracellular diffusion, we have 

𝑲 = (𝑫𝒂 −
𝑫𝒆𝒙 𝟇

𝞽𝒆𝒙
)/(

𝑫𝒎𝒆𝒎 

𝞽𝒎𝒆𝒎
 𝒂𝒗)  

K > 0 

For CNT-FITC,  

KCNT-FITC = ((0.9±0.3) ×10-14 m2/s – 60% × (1.45±0.65) ×10
-14

 m
2
/s /0.6)/ ((2.3±0.7)×10

-12
 m

2
/s 

/0.6 × 0.012) ≈ 0 (Range of 0~0.125) 

For CNT -TGFβ1-FITC,  

KCNT-TGFβ1-FITC = ((1.5±0.2) ×10-13 m2/s – 60% × (1.45±0.65) ×10
-14

 m
2
/s /0.6)/ ((2.3±0.7) ×10

-12
 

m
2
/s /0.6 × 0.012) ≈2.95 (Range of 1.81~5.06) 
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Figure S13. Stability of CNT-FITC and CNT-TGFβ1-FITC in EMEM without (a) and with (b) 

FBS after 2 hours. 

Figure S14. Schematic diagram of ICC scaffold fabrication, cellular spheroid culture and imaging 

process of CNT diffusion. 
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Figure S15. SEM images of dehydrated hydrogel ICC scaffolds (b) created by dissolving beads template 

(a) from hydrogel matrix. Pore diameter was shrunk during the dehydration process of SEM preparation. 

Scale bars: 300µm (a) and (b). 
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Figure S16. Sliced confocal images of HepG2 spheroids after 20 min exposure (a) CNT-FITC and 

(b) FITC (8.7 ×10-5 mg/ml). HepG2 cells in spheroids were stained red (CMTPX) before spheroid 

formation for images. CNT-FITC and FITC have green fluorescence. 
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Surface diffusion Free diffusion

Interstitial space diffusion Internalization Binding

Scheme S1. Transport mechanisms governing CNT penetration through tissues.  
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