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Abstract

The binding site barrier (BSB) was originally proposed to describe the binding behavior of 

antibodies to cells peripheral to blood vessels, preventing their further penetration into the tumors. 

Yet, it is revisited herein to describe the intratumoral cellular disposition of nanoparticles (NPs). 

Specifically, the BSB limits NP diffusion and results in unintended internalization of NPs by 

stroma cells localized near blood vessels. This not only limits the therapeutic outcome but also 

promotes adverse off-target effects. In the current study, it was shown that tumor-associated 

fibroblast cells (TAFs) are the major component of the BSB, particularly in tumors with a stroma-

vessel architecture where the location of TAFs aligns with blood vessels. Specifically, TAF 

distance to blood vessels, expression of receptor proteins, and binding affinity affect the intensity 

of the BSB. The physical barrier elicited by extracellular matrix also prolongs the retention of NPs 

in the stroma, potentially contributing to the BSB. The influence of particle size on the BSB was 

also investigated. The strongest BSB effect was found with small (∼18 nm) NPs targeted with the 

anisamide ligand. The uptake of these NPs by TAFs was about 7-fold higher than that of the other 

cells 16 h post-intravenous injection. This was because TAFs also expressed the sigma receptor 

*Corresponding Author: leafh@unc.edu. 

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsnano.6b02776.

Additional detailed methodology including mathematical modeling, NP manipulation, Western blot, transgene expression, etc. are 

described in the methods section, and additional tables or figures are provided (PDF)

Notes
The authors declare no competing financial interest.

HHS Public Access
Author manuscript
ACS Nano. Author manuscript; available in PMC 2018 March 28.

Published in final edited form as:

ACS Nano. 2016 October 25; 10(10): 9243–9258. doi:10.1021/acsnano.6b02776.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



under the influence of TGF-β secreted by the tumor cells. Overall, the current study underscores 

the importance of BSBs in the delivery of nanotherapeutics and provides a rationale for exploiting 

BSBs to target TAFs.

Graphical abstract
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The binding site barrier (BSB) hypothesis was originally proposed by Weinstein to explain 

the nonuniform distribution of monoclonal antibodies in tumor nodules.1,2 Specifically, he 

proposed that cell populations localized near the blood vessels with high antigen density and 

binding affinity are likely to elicit a strong BSB.1,2 Beyond affecting antibodies, the BSB 

may be extended to the intratumoral disposition of nanoparticles (NPs).3 Unintended 

binding of NPs to cells near the blood vessels may significantly decrease the number of NPs 

available for penetration into the tumor matrix.4 Considering the heterogeneous stromal cell 

populations around the blood vessels, unintended uptake of NPs into these cells constitutes 

the basis of off-target effects.3,5

Tumor-associated fibroblast cells (TAFs), including α smooth muscle actin (αSMA) or 

PDGFRα positive myofibroblasts, pericytes, and other mesenchymal peri-vascular cells, are 

the major component in desmoplastic tumor stroma and preferentially localize near blood 

vessels.6 Multiple solid tumor systems such as pancreatic ductal adenocarcinoma (PDA), 

nonsmall cell lung cancer (NSCLC), aggressive urothelial carcinoma, and some breast 

cancers follow the aforementioned pattern, revealing TAFs as a major component of the 

BSB.7–13 Previous studies conclude that TAFs can enhance cancer cell proliferation, 

invasion, and contribute to immune suppression.14 Resultantly, the destruction of TAFs by 

exploiting their off-target NP localization has emerged as one potential therapeutic approach. 

The rationale states that the depletion of fibroblasts decreases the synthesis of extracellular 

matrix (ECM) proteins, downplaying mechanical barriers and facilitating drug delivery to 

tumor cells.15,16 Yet, recent studies revealed the paradoxical and intricate role that TAFs 

play in constraining tumor growth. Specifically, the transgenic depletion of FAP positive 

fibroblasts actually facilitated tumor growth and metastasis in a PDA model, rather than 

suppression.17–19 Furthermore, the off-target distribution of therapeutic agents to TAFs may 

Miao et al. Page 2

ACS Nano. Author manuscript; available in PMC 2018 March 28.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



elicit paracrine secretion of survival factors such as Wnt16, promoting drug resistance in 

neighboring cells.20,21 Moreover, TAF and tumor cell response to therapeutic agents is 

inconsistent across different models, leading to discrepancy in treatment outcomes.7 

Thereby, the investigation of fibroblasts and their role in the BSB is of great significance in 

understanding and solving the aforementioned off-target effects.

Herein, the fibroblast-elicited BSB for NP uptake was quantitatively investigated using lipid-

coated calcium phosphate nanoparticles (LCP NPs). LCP NPs possess a steric surface with a 

brush PEG coating22 and cationic lipid shell for enhanced uptake and release.23 In addition, 

LCP NPs have demonstrated stable delivery of several modalities including macro-

biomolecules and small phosphorylated drugs.24,25 Therefore, LCP NPs were used to 

evaluate tumor perfusion and predict therapeutic outcomes. The influence of particle sizes 

on the BSB uptake was also investigated by tuning the surfactant ratio to prepare LCP NPs 

of various sizes.26 Anisamide (AA), a model targeting ligand, was added on the surface of 

LCP NPs to evaluate the role of targeting ligands in dictating intratumoral cellular 

association of NPs.27 To investigate the role of fibroblasts on the BSB, their distance to 

blood vessels, expression of receptor proteins, and binding affinity were studied. An in vitro 

tumor spheroid model was also established to evaluate the BSB. Based on the spheroid 

model, a mathematical model was created to assay the influence of each independent 

parameter. Overall, this study emphasizes the role of the BSB in dictating NP delivery and 

provides guidance for the design of therapeutic NPs to treat desmoplastic tumors.

RESULTS AND DISCUSSION

Characterization of LCP NPs

LCP NPs were prepared according to established protocols.26 By adjusting the composition 

of the surfactant system, LCP core sizes could be tuned between 6 and ∼50 nm. The 

hydrophobic DOPA-cores were further self-assembled with outer leaflet lipids to form the 

asymmetric lipid-bilayer NPs (Figure 1A–D). Sucrose-gradient centrifugation was used to 

purify LCP NPs. Approximately 0.5% DiI was incorporated into the outer leaflet to monitor 

the purification process. As shown in Figure S1, LCP NPs with dense CaP cores localized at 

the interface between the 10% and 20% sucrose layers. TEM imaging confirmed successful 

purification of LCP NPs. Particle size and surface modifications had minimal effect on 

purification efficacy as approximately 85% of DiI-labeled NPs were recovered consistently 

(Table S1).

Large LCP NPs (diameter ∼65 nm and PDI ∼ 0.3) are termed L-LCP NPs. Smaller LCP NPs 

(diameter ∼18 nm and PDI ∼ 0.2) are termed S-LCP NPs (Table S1). All NPs demonstrated 

a clear core/membrane structure as determined by TEM and presented similar zeta potentials 

ranging from 18 to 20 mV (slightly positive) due to cationic DOTAP (Figure 1 and Table 

S1). Structure and zeta potential were independent of particle size and particles maintained 

their diameters over 96 h (Figure 1E). NPs showed similar plasma clearance rates 

independent of size or the presence of targeting ligands (Figure 1F), consistent with studies 

using other NPs of different sizes and targeting motifs.28,29 To confirm that outer leaflet 

lipids containing DiI served as a feasible tracker, the integrity of NPs before cellular 

internalization was determined in vivo. A hydrophilic Texas Red Oligo was encapsulated 
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into the CaP core along with hydrophobic DiI in the outer leaflet of L-LCP NPs. The 

fluorescence intensity of each dye remained similar when loaded alone or simultaneously 

into the NPs, suggesting little to no intermolecular Förster resonance energy transfer (FRET) 

interference between two fluorophores (Figure S2). Therefore, co-expression of Texas Oligo 

and DiI in an individual tumor cell after systemic circulation is an indication of NP integrity. 

Flow cytometry analysis indicated that ∼15% of cells in the tumor tissue co-expressed the 

aforementioned two fluorophores within 16 h after injection of the double-labeled NPs 

(Figure 1G), accounting for ∼70% of all the fluorescence positive cells. Dissociated single-

dye positive cells were observed 28 h post-injection, likely due to dissociation of NPs 

trapped in the ECM or intracellular degradation of released fluorophores. Data herein 

suggest that DiI localized in the outer leaflet remains associated with the inner core within 

16 h during systemic delivery. The co-localization of these two fluorophores was also 

visualized by confocal microscopy (Figure 1H). The majority of these dyes localized in the 

GFP positive stromal region near tumor vasculature, while only a small portion was 

observed in other cells. Thus, size tunable DiI-labeled LCP NPs were suitable for the 

evaluation of NP size or surface properties on intratumoral cellular distribution (within ∼16 

h post-injection).

Binding Site Featured by TAFs within the Stroma-Vessel Type Tumors Affects the 

Intratumoral Disposition of Nontargeted NPs at Early Time Points

The role of stromal patterns on the intratumoral distribution of NPs was investigated. Based 

on the anatomical architecture and the relative location of blood vessels and fibroblasts 

within the tumor, we categorized malignant solid tumors into two phenotypes: the stroma-

vessel type and tumor-vessel type. Similar criteria were also used by Smith et al. to classify 

tumors.7 Although discrepancies exist between our observations and theirs with respect to 

several biological parameters, the anatomical classification is very similar, if not identical. 

We classified a less desmoplastic NSCLC H460, a more sclerotic-like 4T1 breast cancer,30 

and a BXPC3 desmoplastic pancreatic tumor28 as tumors with stroma-vessel architecture. 

Pathologies (Figure 2A, Table S2, and Figure S3) suggest that αSMA positive fibroblasts are 

localized near blood vessels within the well-developed collagen-rich stroma area in all three 

tumors. Despite the discrepancies in blood vessel densities, collagen depositions, and 

interstitial fluid pressure (IFP), these three models meet the basic criteria of stroma-vessel 

type tumors. Immunofluorescence staining (IF) also indicated the formation of tumor nests. 

This is in comparison to melanoma tumors such as D4M and A375lu where tumor vessels 

are embedded throughout the tumor cell mass, revealing a tumor-vessel phenotype (Figure 

2A). The influence of stromal architecture on NP dispositions would be best visualized in 

animals bearing two tumor phenotypes and treated with highly permeable NPs with minimal 

selective cellular binding. Further, the difference should be magnified at earlier time points.2 

Therefore, D4M, H460 and BXPC3 were used as model tumors in animals treated with 

nontargeted S-LCP NPs and examined 8 h after injection. The representative images are 

shown in Figure 2B. Since these tumors vary in blood vessel perfusions and IFP, results 

should be interpreted with caution. Yet, the percolation of S-LCP NPs from blood vessels 

into both αSMA positive and negative areas was observed in the tumor-vessel phenotype 

tumor, D4M. Only 12.4 ± 6.2% DiI S-LCP was found in the stroma area. Meanwhile, the 

majority (65.3 ± 8.9% and 58.6 ± 7.5%) of DiI-positive S-LCP NPs were trapped in the 
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stroma of stroma-vessel type H460 and BXPC3, respectively. Therefore, proximity of 

stromal components to blood vessels likely dictates the distribution of nontargeted NPs in 

regions of dense stroma in stroma-vessel type tumors.

Mechanical barriers such as tight junctions, ECM, or elevated IFP can trap nontargeted NPs 

in the noncellular stroma.1 The binding and internalization of NPs in the cellular 

compartment of the stroma, i.e. BSB, also depletes the NPs. To examine the role of BSB in 

stromal cells, the association of DiI-labeled NPs with major stromal cells, i.e., fibroblasts, 

was investigated. Individual cells were collected after tumor tissue digestion and labeled 

with anti -αSMA or -PDGFRα, two markers commonly used for a wide population of 

fibroblasts (TAFs).31 After staining, samples were studied with flow cytometry, and results 

were shown in Figure 2C. In stroma-vessel type tumors (both H460, 4T1, BXPC3), 

association of DiI NPs (S/L) with αSMA positive cells was ∼2- to 3-fold higher than those 

delivered to the tumor nests. The trend was similar in fibroblasts labeled with PDGFRα 
(Figure S4). Stroma densities varied among tumors (i.e., 4T1 and BXPC3 having more 

stroma than H460), but the preferential distribution of NPs in stroma remained constant. 

Consistent with previous findings, smaller NPs demonstrated higher association with total 

cells, but the association ratio between fibroblasts and other cells (mainly tumor cells) was 

independent of size. However, the trend was reversed in the tumor vessel models (D4M and 

A375lu), where tumor cells favored DiI NPs’ accumulation. The data suggest that the 

binding site characteristic of fibroblasts was independent of particle size and stroma density, 

but strongly dependent on anatomical position of blood vessels.

To minimize the interference of heterogeneity in fibroblasts and the nonspecific staining 

using antibodies, a xenograft model consisting of the GFP-transfected NIH3T3 fibroblasts 

(3T3-GFP) and human bladder cancer UMUC3 was established. Since this model contains 

few host fibroblasts16 (Figure S5), the introduction of exogenous 3T3 fibroblasts minimizes 

the heterogeneity of TAFs. It was found that this bladder tumor mainly adopted a tumor-

vessel structure when smaller than 200 mm3. The tumor then transitioned to a stroma-vessel 

structure when larger than 400 mm3 (Figure 3A). Consistent with the previous results, NPs 

of all sizes tested localize preferentially to fibroblasts in large tumors (Figure 3B). Double 

staining of blood vessels and TAFs in patient bladder cancer tumor microarray (TMA) cores 

(n = 40) suggests that ∼80% of the desmoplastic tumor cores have a stroma-vessel 

architecture distinguished by prominent tumor nests, which was similar to the artificial large 

UMUC3/3T3 tumors (Figure S6). Furthermore, the S-LCP NPs also preferentially localized 

to TAFs in a patient-derived xenograft bladder cancer model (PDX model) (Figure 3C). All 

these indicate that the artificial large-size UMUC3/3T3 model accurately simulates NP 

disposition with high clinical relevancy. Herein, our findings demonstrate the binding site 

characteristics of fibroblasts in stroma-vessel tumors affect the initial distribution of non-

targeted NPs. Since stroma-vessel tumors often indicate poor patient prognosis, further 

studies on these tumor subtypes were conducted using UMUC3/3T3 (>400 mm3, ∼30% 

fibroblasts) as a standard model.
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Fibroblast-Induced BSB Was Intensified and Prolonged for Targeted NPs in Stroma-Vessel 

Type Tumor Models

AA has been exploited for targeted delivery of NPs to many epithelial cancers 

overexpressing the sigma receptor (Sigma R).24,27,32 To assess whether AA could increase 

binding affinity of LCP NPs to tumor cells and overcome the fibroblast-mediated BSB, the 

intratumoral dispositions of NPs with or without AA were examined. Eight % of AA (40% 

of the total DSPE-PEG) was coated onto the surface of NPs to ensure enhanced cellular 

uptake while maintaining the same physicochemical properties (Figure 1E,F, Table S1). 

Some molecularly targeted NPs have been reported to provide prolonged retention in tumor 

tissue, suggesting a delayed tumor clearance due to high binding affinities.4,29,33 Therefore, 

the kinetics of AA-targeted and nontargeted LCP NPs’ were determined. Accumulation of 
3H-labeled particles in UMUC3/3T3 was quantified for 16 h after intravenous injection, 

before NPs were degraded (Figure S7A). Results suggest that the tumor accumulation 

kinetics were roughly identical for particles with or without AA. However, smaller NPs 

demonstrated greater tumor accumulation compared to large NPs. In all four cases, tumor 

levels of NPs increased rapidly during the initial 8 h to 5–8% injected dose/g tumor tissue 

and remained steady over the next 8 h. No significant NP clearance was observed during the 

time monitored. Although tumor levels of targeted NPs were somewhat higher than those of 

the nontargeted NPs at certain time points, these differences were not significant (P > 0.05), 

which was consistent with Kirpotin et al. observation using antibody modified liposomes.34 

While the result is somewhat counterintuitive, the AA modifications indeed increased the 

cellular association of NPs within tumor tissues (Figure S7B).

The time-dependent cellular association of NPs (DiI labeled) in GFP positive fibroblasts and 

other cell populations was further measured by flow cytometry and compared. Although the 

overall tumor accumulation is similar, the cellular localization of AA LCP NPs and its 

nontargeted counterpart is fundamentally different. Data in Figure 4A show that nontargeted 

NPs appeared in GFP positive fibroblasts first, before they appeared in other non-GFP-

labeled cells, suggesting the gradually extravasation of NPs from the stromal layer, despite 

the presence of BSB. Consistent with other studies, S-LCP NPs were preferentially 

internalized by cells over L-LCP NPs. Sixteen hours after injection, over 40% of cells 

containing S-LCP NPs were nonfibroblast cells, and over 30% of nonfibroblast cells were 

DiI-positive. Surprisingly, the addition of AA did not increase the ratio of DiI-positive 

nonfibroblast cells. Rather, the initial association ratio of NPs (both S and L) with fibroblasts 

increased almost 2-fold over nontargeted NPs and was plateaued over 16 h (Figure 4A). 

Flow cytometry alone is insufficient to show the spatial information on NPs, so the 

preferential association of targeted NPs within stroma was further confirmed by fluorescence 

imaging (Figure 4B). Low-power magnification fluorescent images show that nontargeted S-

LCP NPs, in particular, expanded across the stroma and penetrated deeper into the tumor 

nests at 16 h post-injection. In contrast, the stromal matrix was populated with targeted NPs, 

leaving minimal distribution in the GFP negative area (Figure 4B). We also observed that the 

S-LCP NPs demonstrated a disperse distribution pattern compared to L-LCP NPs. Perhaps, 

either uneven blood vessel permeability or differences in the ECM composition may have 

limited the distribution of large NPs.
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The intratumoral diffusion kinetics of S-LCP NPs (two determined time points) was 

visualized by the higher magnification images (Figure 4C). CD31 (shown as cyan) was used 

to outline the blood vessel. It can be seen that, at 4 h, both AA targeted and nontargeted NPs 

mainly resided within or near the blood vessels. While at 16 h, only nontargeted NPs 

penetrated the stroma layer and diffused deep into the tumor nests. Consistent with the 

fluorescence images, quantitative analysis of the tumor penetration (Figure 4D) suggests that 

the distribution radius of DiI positive cells increases over time in nontargeted NPs, but not 

the targeted group (Figure 4D). The quantification of DiI percentages and intensities in the 

stroma area and tumor nest agreed with the above observations. Collectively, our results 

suggest that for tumors with slow clearance, targeting ligands are not supposed to affect the 

retention of NPs, but they do significantly affect NPs’ uptake in stroma and tumor cells, 

along with the penetration into tumor nests. Specifically, we found that the fibroblast-

mediated BSB was intensified and prolonged when NPs were modified with AA.

Intratumoral Cellular Association of S-LCP NPs (with or without AA) in the UMUC3/3T3 

Xenografts

High-resolution confocal microscopy was used to identify the uptake of NPs within different 

cell populations. Tumor cells were pretransferred with GFP (UMUC3-GFP, shown as 

magenta), while fibroblasts were prelabeled with RFP (3T3-RFP, shown as green) to 

distinguish these two cell populations within the tumors. Data in Figure 5A suggest that 

UMUC3 cells constitute the majority of the nonfibroblast cells. As expected, nontargeted S-

LCP NPs were detected within tumor cells 16 h post-injection, as illustrated by the co-

localized pink color in the tumor cell cytoplasm (Figure 5A(a)). Minimal nontargeted NPs 

were co-localized within or near the CD31 positive endothelial cells (Figure 5A(c)), 

suggesting that interaction of NPs with the anionic endothelial glycocalyx was negligible 

due to the high-density PEG shielding effects.35 In contrast, the intracellular localization of 

targeted LCP in tumor cells was a rare event. Even when observed, particles only 

concentrated in tumor cells next to fibroblasts. The accumulation of targeted LCP, however, 

was extremely high near the blood vessel. This may be attributed to the binding of NPs to 

pericyte-like and perivascular fibroblasts, demonstrating a strong BSB which occurred 

rapidly when NP extravasated from blood vessels (Figure 5A).

Since infiltrating leukocytes (including neutrophils, lymphocytes, macrophages, etc.) also 

constitute the TME, their contributions to off-target effects were also investigated. Confocal 

images suggest that CD45 positive leukocytes account for approximately 11% of total cells 

within UMUC3/3T3 xenografts (Figure 5B). As expected, limited nonspecific uptake of NPs 

(with or without targeting ligand) was observed, further inhibiting NPs from approaching the 

tumor nests. Results of flow cytometry was consistent with images and demonstrated NP 

association with CD45-positive leukocytes varied among the tested tumor models (Figure 

S8). No significant trend of NP uptake was observed in terms of different phenotypes and 

targeting ligands. This finding highlights the premise that the primary BSB in the selected 

models is composed of TAFs.
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Increased Expression of Sigma Receptor in TAFs Resulted in the Enhanced BSB for 

Targeted NPs

The distribution of Sigma R was then evaluated by co-immunostaining Sigma R with GFP-

positive fibroblasts, CD31 or αSMA. Results in Figure 6A demonstrated a heterogeneous 

Sigma R distribution. Tumor cell-rich areas were primarily Sigma R-positive, whereas, 

CD31-positive endothelial cells were not. However, the distribution of Sigma R was uneven 

among GFP-fibroblasts (Figure 6C). Primarily, the expression of Sigma R was greater in 

αSMA-positive fibroblasts than αSMA-low fibroblasts (Figure 6B,C). Consistently, other 

tumor models, 4T1, A375lu, and H460 (Figure 6D–F) expressed different levels of Sigma R 

in the αSMA-positive activated fibroblasts as indicated by the numbers in the figure, 

suggesting that the expression of Sigma R positive fibroblasts was not unique to the mixed 

bladder cancer xenografts. Furthermore, we found that under normal conditions, the 

expression of Sigma R in fibroblasts (e.g., NIH3T3, MRC5, WI-38) was constantly low 

compared to tumor cells, consistent with previous findings (Figure 6G). Therefore, the use 

of AA-mediated targeting was initially believed to be beneficial to tumor specific targeting. 

Yet, fibroblasts activated by TGF-β (TAFs) showed increased αSMA and Sigma R 

expression over time (Figure 6H). Further, activated fibroblasts demonstrated consistently 

higher uptake efficiency for targeted, but not untargeted NPs compared to unactivated 

fibroblasts (Figure S9). Therefore, activated TAFs expressing higher levels of Sigma R 

induced enhanced uptake of NPs and led to an intensified BSB.

To confirm the aforementioned hypothesis, individual cells in tumor tissues were collected 8 

h post-NP injection for Sigma R staining and flow cytometry. To exclude interference from 

other stromal cells, the tumor cells were pretransfected with fluorescent GFP. As shown in 

Figure 7A–E, the association of NPs with cells increased with the expression of Sigma R. 

Consistent with previous findings, the fibroblasts were categorized based on the expression 

level of Sigma R, into Sigma R (−), Sigma R low (L), and Sigma R high (H) (Figures 7C 

and S10). Next, a fibroblast cell strain expressing shRNA specific to Sigma R to block 

induction of Sigma R expression was generated (Figure 7F). 3T3-GFP (shRNA Sigma R) 

cells were mixed with UMUC3 and inoculated, low to no level of Sigma R expression of 

fibroblasts in the knockout model was confirmed (data not shown). As expected, the 

disposition of IV administered AA-targeted NPs in Sigma R knockout fibroblasts was 

significantly decreased, while association of NPs with tumor cells increased compared to 

standard UMUC3/3T3 model (Figure 7G). Thus, specific AA–Sigma R interactions 

facilitated the BSB in fibroblasts for targeted NPs.

High Binding Affinity Explains the Intensified BSB for AA-Targeted NPs

The binding affinity of NPs to fibroblasts and tumors is a direct indicator of the BSB 

strength.1 As described above, fibroblasts possess a heterogeneous expression of Sigma R in 

vivo. Thereby, to relate the NPs binding properties in activated NIH3T3 in vitro with the 

average behavior of in vivo TAFs, GFP-positive fibroblasts were sorted from the tumor 

tissue by MoXlo Flow. The binding affinity of AA LCP NPs was determined with these 

sorted fibroblasts and found to be identical to their binding affinity to NIH3T3 activated with 

TGFβ for 24 h in vitro (Figure 8A). The binding constants (KD) of both nontargeted and 

targeted NPs were then compared in vitro on this activated NIH3T3 and UMUC3 cells. As 
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shown in Figure 8B, both UMUC3 and NIH3T3 did not bind with any nontargeted NPs. Yet, 

AA-modified NPs bound strongly with both UMUC3 and activated NIH3T3 at low 

concentrations. Binding plateaued as the particle number increased. The apparent KD of AA 

L-LCP NPs for UMUC3 and activated NIH3T3 was 11.13 and 10.11 nM, respectively. Low 

and comparable dissociation constants suggested strong and similar binding affinities for 

both types of cells. The binding capacity of UMUC3, indicated by the surface saturation 

level, was higher compared to the activated NIH3T3. This finding is consistent with the fact 

that higher levels of Sigma R are present on UMUC3 over a majority of the activated 

fibroblasts even though the Sigma R was upregulated in TAFs (Figure 8B).

In most cases, NPs entered cells following binding to the cell surface. Thereby, the uptake 

process including adhesion and internalization was further evaluated on both fibroblasts and 

tumors. As expected, the targeted NPs entered cells more rapidly regardless of size 

compared to nontargeted NPs, likely due to the facilitated ligand–receptor interaction 

process. Consistent with the previous hypothesis describing a necessary wrapping time of 

the membrane, larger NPs required stronger driving forces and additional energy for 

successful cellular internalization.36,37 Therefore, cellular uptake quantities of NPs 

decreased with increasing particle size. Additionally, similar linear uptake profiles were 

observed between the two cell types (Figure 8C,D). The uptake rates for the targeted NPs in 

these two cell lines were almost identical. Meanwhile, the uptake rate was slightly higher in 

UMUC3 than in the activated fibroblasts with nontargeted NP (Figure 8C,D). Altogether, 

observations herein demonstrated that targeted NPs with high avidity can bind rapidly to and 

be taken up by nontumor cells expressing lower levels of Sigma R. Subsequently uptake is 

sufficient to elicit a BSB.

In Vitro Tumor Spheroid Modeling of the BSB

To quantify the BSB in vitro, a spheroid model was generated in which tumor cells 

(UMUC3) were enclosed by fibroblasts (3T3-GFP) to simulate the in vivo condition. The 

core–shell structure was confirmed by confocal Z-stack scanning from the bottom to the 

center of the spheroid with each layer measuring 15 μm in thickness (Figure S11A). Images 

indicated that the overall diameter and the fibroblast-shell thickness increased as the amount 

of added fibroblasts increased (Figure S11B,C). The core–shell 3D model (35% fibroblasts) 

closely mimicked the in vivo condition of the UMUC3/3T3 model where a single tumor nest 

was surrounded by a thin layer of stroma cells (Figure S11B). Thereby, this model was used 

to analyze the real-time disposition of NP into tumor nests after their extravasation from 

blood vessels.

An excess of DiI-labeled LCP NPs (S/L, ±AA) was incubated with the 3D spheroids in 

37 °C under frequent stirring. The spheroids were imaged at determined time points 

approximately 150 μm from the bottom of the spheroid (Figure 9A). Background 

fluorescence was corrected by subtracting the fluorescence at 0 h. Consistent with the in 

vivo study, the use of targeting ligands had a pronounced effect on the penetration of NPs in 

the spheroid. DiI-labeled AA S-LCP NPs and L-LCP NPs bound rapidly to the surface of 

fibroblasts within 30 min after incubation. Upon binding, the fluorescence intensity of 

targeted NPs in the fibroblast region increased with time. However, penetration into the 
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tumor nest required nearly 6 h post-incubation before a notable amount was observed. On 

the other hand, nontargeted NPs required longer incubations before initial binding. Yet, 

fluorescence penetrated rapidly into the tumor nest upon binding, resulting in the 

illumination of the entire nest soon afterward. These dynamics were further observed by 

averaging the intensities in the fibroblast (Figure 9B,C, gray zone) and tumor cell regions. 

For targeted NPs, the fluorescence intensity in the fibroblast region was approximately 4 

times higher than that in the tumor region, demonstrating lower penetration of targeted NPs. 

Time-dependent accumulation of nontargeted NPs in the fibroblasts region of the spheroid 

was notably similar to targeted NP except for the delayed binding. However, the behavior 

was different in the tumor region, in which the fluorescence intensity increased 

monotonically and eventually closed to the intensity in the fibroblasts region. Together, these 

observations are consistent with the in vivo observation and demonstrate that the fibroblasts 

served as the primary barrier for NPs penetration, especially for targeted NPs. The 

distribution of large NPs was similar to the small NPs but significantly smaller in signal 

strength, suggesting the role of particle size in tumor penetration.

Mathematical Model: Mechanical Barrier Strengthens the BSB

We developed a mathematical model to examine the contribution of NP diffusion through 

the extracellular matrix and uptake by cancer cells or fibroblasts on the distribution of 

different NPs in the aforementioned 3D spheroid model. Assuming the diffusivity of S-LCP 

is constant throughout this single-cell population spheroid, we obtained the best fit to the 

experimental data when D = 3.1 × 104 μm2/h and k = 0.25 h−1 (Figure 10A), comparable 

with those of 12 nm cationic quantum dots or 20 nm PEGylated polymeric NPs measured in 

collagen gels mimicking the ECM reported elsewhere.38,39 These results suggest that the 

uptake kinetics of S-LCP NPs is slow enough to allow them sufficient time to diffuse deep 

into the tumor spheroid before internalizing into cells.

We next sought to investigate the impact of the uptake vs diffusion on the intratumoral 

distribution of AA S-LCP NPs in the same UMUC3 only spheroid model (Figure S12). 

Since AA presumably does not directly interact with extracellular matrices, and given that 

AA S-LCP possessed identical size, surface charges, and PK profiles as S-LCP, we assigned 

the same diffusivity value (3.1 × 104 μm2/h) for AA S-LCP NPs. Unlike the relatively 

uniform distribution of S-LCP NPs, AA S-LCP NPs were primarily localized at the GFP-

edge, presumably due to increased uptake rates of AA S-LCP in cancer cells. Indeed, 

assuming the increased uptake rate for AA S-LCP NPs relative to S-LCP is comparable to 

what we observed in vitro on a monolayer culture of UMUC3 (Figure 8C,D), the NP 

distribution predicted by the model appeared to reasonably match experimental data (Figure 

10B) and underscore that uptake kinetics for AA-conjugated NP is comparable if not faster 

than the diffusion kinetics.

Interestingly, the localization of AA S-LCP in the 3D spheroid periphery was more 

pronounced in UMUC3/3T3 spheroids. Preliminary studies suggest that the fibroblasts’ 

expression of Sigma R was consistent to that quantified in vivo over the course of 

measurement (data not shown), and we observed similar NP uptake rates in fibroblasts vs 

UMUC3 in monolayer cell cultures in vitro (Figure 8C). These results suggest BSB is most 
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likely attributed in part to decreased diffusivity of NPs in the fibroblasts layer (Figure 10C). 

With the decreased diffusivity, the time it takes for NPs to diffuse through the fibroblasts 

layer increases, which further increased fraction of NPs internalized into the fibroblasts and 

intensified the BSB (Figure 10E,F). This prediction was confirmed by examining the ratio 

between the MFI of DiI in fibroblast layer and the tumor layer of the two spheroid models 

using flow cytometry (Figure S13).

CONCLUSIONS

In summary, a detailed investigation into the BSB elicited by TAFs and the subsequent 

effects on intratumoral deposition of sub-100 nm NPs in a stroma-vessel tumor model was 

conducted. Results herein focus on characterization of the TAF-elicited BSB through three 

major qualities defining the BSB: the proximity of the TAFs to blood vessels, the number of 

Sigma R, and the binding affinity.1

First, the close proximity of fibroblasts to blood vessels in stroma-vessel type tumors 

contributed to the role of TAFs as a binding site for NPs. Data herein suggested that NPs 

preferentially distributed to fibroblasts initially, regardless of size or the presence of 

targeting ligands, resulting in depletion of NPs available for tumor uptake. While the 

biological mechanism for the formation of this stroma-vessel architecture is unknown, it is 

conceivable that fibroblasts infiltrate during desmoplasia and envelop the neoplasm, 

subsequently influencing the architecture.9 Although blood vessels are sometimes observed 

in the tumor nests, the extravasation of NPs within the tumor nest was still reduced by the 

malfunction of intranest blood vessels.28

The number of receptors characterizes a second feature of the BSB. Overexpression of 

Sigma R is reported in several fast growing cancer cell lines. Since TAFs are metabolically 

active compared to quiescent fibroblasts, increased expression of Sigma R is reasonably 

consistent with previous investigations demonstrating the up-regulation of Sigma R in 

rapidly dividing normal tissues.14,40 Consistently, both the up-regulation of Sigma R and its 

heterogeneous distribution could be correlated with αSMA expression and triggered by 

TGFβ. The overexpression of Sigma R on TAFs was also observed in several patient bladder 

cancer samples (Figure S14), unveiling the clinical relevancy of this finding. As expected, 

AA (ligand of Sigma R) targeting paradoxically strengthened the BSB elicited by fibroblasts 

for NPs. This off-target binding of NPs to stroma cells was not the only challenge for AA 

coupled NPs. Other targeting receptors whose expression correlates with metabolic rate 

(e.g., folate and transferrin receptors) also exist in nontumor cells and are likely prone to 

unspecific targeting.3,41,42 Since these ligands are commonly used for tumor-targeted 

therapy, evaluation of off-target distribution would be of significance for therapeutic 

guidance.

While the induced expression of Sigma R in TAFs is still somewhat lower than in cancer 

cells, a strong binding affinity of NPs to TAFs constitutes the third parameter of the BSB. 

Notably, the high avidity of targeted NPs to TAF receptors compromises selectivity based on 

the number of receptors per cell, as NPs can bind rapidly with fibroblasts expressing lower 

levels of receptor.
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Mathematical modeling based on the in vitro spheroid model demonstrated that the observed 

BSB is attributed to both enhanced binding and uptake of AA-conjugated NPs as well as 

reduced diffusivity of NPs through the TAF layer; the reduced diffusivity further maximizes 

the fraction of NPs that can bind and internalize into TAFs. Factors such as the highly 

packed extracellular proteins secreted from TAFs, the spindle shape of TAFs, the presence of 

tight junctions, and the raised IFP could all contribute to the decreased diffusivity of NPs 

across TAFs.5,39,43 It should be noted that the BSB phenomenon is not unique to TAFs and 

can likely be extended to various types of cells (including tumor cells), since we also 

observed preferential distribution of NPs in the tumor periphery even with a purely tumor-

cell spheroid. However, the tumor cell-elicited BSB is weaker, in part due to the relative 

higher NP diffusivity in these cells as compared to TAFs, further illustrating the importance 

of TAFs as a strong BSB. Although the in vitro spheroid model and mathematical modeling 

did not consider the extravasation of NPs from blood vessels along with the shape and 

volume of the tumor nests, the current modeling and quantification still parallel the 

experimental observations. In particular, the MFI (of DiI) in the stroma layer was almost 4-

fold higher than that of the tumor nests 12 h post AA S-LCP incubation vs almost 1 after S-

LCP incubation in the 3D spheroid model. This finding mirrored the quantification obtained 

16 h after IV injection of LCP NP in vivo (Figure 4C,E). Therefore, the similarity between 

the in vitro model and in vivo quantitation demonstrates the relevance of the spheroid model, 

particularly for simulating the BSB.

Admittedly, the actual tumor microenvironment in different tumors is too complicated to be 

precisely represented by this single mathematical model. For example, this mathematical 

modeling cannot be applied to tumors with limited vessel permeability, where transvascular 

transport would be a hindrance for NP delivery. In addition, it also need to be expanded to 

account for nonspherical shape of tumor spheroids, heterogeneity within the spheroid, and 

variations in the diffusivity due to ECM and cell density when simulating the actual tumor 

models in vivo. However, to our knowledge this is the first model discussing fibroblast-

mediated BSB for NPs. It provides qualitative guidance and reasonable quantitative accuracy 

as a first approximation.

Consistent with other studies, this study suggested that nontargeted NPs demonstrated 

favorable tumor penetration over targeted NPs. The association of nontargeted NPs to tumor 

cells was actually higher than for targeted NPs over time, opposing the dogma that 

nontargeted NPs have greater penetration but lower cellular uptake. Compared to other 

studies using neutral or anionic NPs (i.e., gold NPs,44 hydrogel NPs,45 polymeric micelles,28 

etc.), cationic PEGylated NPs were studied herein. Undoubtedly, surface charges affect the 

penetration and uptake of NPs. For example, nontargeted anionic particles are more likely to 

penetrate deeper into the tumor. However, their efficacy is limited by insufficient cellular 

uptake. Meanwhile cationic NPs accumulate within the endothelium which limits 

penetration, whereas, highly PEGylated cationic NPs were used in the current study, 

decreasing endothelial binding due to PEG shielding while demonstrating greater uptake 

than anionic NPs. Previous studies demonstrated that shedding of the PEG layer on DOTAP-

coated NPs causes a subsequent shift in the PEG confirmation from brush to mushroom. 

This shift exposes cationic charges and enhances cellular uptake, offering a potential 

explanation for the greater cellular uptake observed in the current study.46
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What, then, is the significance of studying the TAF-elicited BSB? The TAF-elicited BSB 

depletes the number of NPs available to tumor cells, compromising therapeutic efficacy. 

Simultaneously, TAF depletion further induces adverse effects due to resistance of stromal 

cells to tumor-specific therapy. Examples of adverse effects can be found in a previous study, 

where TAF internalization of cisplatin NPs induced the secretion of Wnt16 (a survival 

factor) and paradoxically promotes tumor growth and metastasis.20 Despite certain 

limitations and assumptions, this study demonstrates the mechanistic basis of these off-target 

effects from the aspect of NP-delivery and offers guidance for the development of 

nanotherapeutics against stroma-vessel desmoplastic type tumors. Separately, these findings 

explore the rationale of intentionally targeting fibroblasts through the BSB. This fibroblast-

specific targeting feature of the NPs can be utilized to deliver reagents specifically to TAFs, 

reprogramming the stroma from tumor supportive to tumor inhibitive,47,48 to exploit TAFs 

as an in situ cytokine or cytotoxic protein producing reservoir, overcoming the tumor-

specific delivery barrier, orchestrating the suppressive tumor microenvironment, and 

improving the currently marginal antitumor outcome of stroma-vessel type tumors.

METHODS

Preparation of Fluorescently Labeled LCP NPs

The LCP NPs were prepared using a previously described method with some adjustments.26 

Additional details of NP manipulation are provided in the Supporting Information. To label 

the final LCP NPs, 0.5% DiI (mol/mol) was mixed with the outer leaflet lipid solution 

before the solvent was removed. Sucrose gradient centrifugation was performed to remove 

the excess lipid. Briefly, LCP NPs were loaded into a tube containing a sucrose density 

gradient ranging from 0% to 60% (w/w). After ultracentrifugation at 40,000 g for 3 h, excess 

lipids in the upper part of the gradient were separated from the dense LCP, which formed a 

sharp band around the 10–30% layer in the gradient. The morphology from each layer was 

confirmed by TEM.

Preparation of Tumor Models

Female nude mice (18–22 g) were inoculated subcutaneously with a combination of 

NIH3T3 (2.5 × 106 cells) and UMUC3 (5 × 106 cells), or with H460 (5 × 106 cells, 100 μL) 

to form the stroma-vessel phenotype tumor model, or with A375lu (5 × 106 cells, 100 μL) to 

form the tumor vessel phenotype tumor model. The 4T1 cells (5 × 105 cells, 50 μL) were 

orthotopically inoculated into the breast fat pads of the BALb/c mice and the D4M. 7A cells 

were injected intradermally (3 × 105 cells, 50 μL) into C57/B6 mice to form the stroma-

vessel and tumor-vessel type models, respectively, in the syngeneic host.

Measurement of Binding Affinity of L-LCP NPs for UMUC3 and Activated NIH3T3

A modification of the method reported by Zhou et al. was performed to determine the 

binding affinity of LCP NPs to Sigma R expressing cells.49 Briefly, 2 × 105 UMUC3 cells, 

NIH3T3 cells (activated with TGFβ 10 ng/mL, overnight), or GFP-positive fibroblasts sorted 

from the tumor tissues were incubated with various dilutions of DiI-labeled L-LCP NPs 

(±AA) at 4 °C for 40 min (concentration of NP ranges from 0.31 to 2.5 nM) in FACs buffer. 

Considering the similarities in surface properties of L-LCP to liposomes, the concentration 
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of LCP NPs was roughly converted from the concentration of phospholipid on the basis of 

the approximate number of phospholipid molecules per ∼90 nm liposome (80,000).49 Then 

the reaction was stopped by washing twice with FACs buffer. Afterward, the amount of cell-

bound NPs was quantified by flow cytometry in BD FACs Machine. KD values were 

determined by the following equation:

MFI = MFI
min

+ MFI
max

NP

K
D

+ NP

where MFI = mean fluorescence intensity, MFImin = background fluorescence, and MFImax 

was calculated from the plot. The term [NP] has been substituted for [NP – NPbound], the 

unbound NP concentration, based on the assumption that the concentration of bound NP is 

much less than total NP.

Flow Cytometry Analysis

To study the kinetics of the intratumoral cell populations that took up NPs, DiI-labeled LCP 

NPs (S/L, ±AA) at a dose of 300 μg/kg DiI were intravenously administered into nude mice 

bearing UMUC3/3T3-GFP xenograft (tumor volume, 400–600 mm3, n = 3–6 for each 

group). The mice were euthanized at determined time points, and tumor tissues were 

collected. Fresh tumor tissues were dissociated with the digestion solution to generate a 

single cell suspension. After red blood cell lysis, cells were washed with PBS and subjected 

to flow cytometry analysis. To study the nontarget LCPs NP (S/L) dispositions in 4T1, 

H460, D4M, and A375Lu at early time point, the same dose of DiI-LCP NPs was 

intravenously injected into mice bearing different tumors. Mice were sacrificed 8 h post-

injection and subjected to the same treatment as mentioned above. After obtaining single cell 

suspensions, cells were fixed with 2% paraformaldehyde. For the staining of fibroblasts with 

PDGFRα, the fixed cells (5 × 106 cells/mL) were stained with APC antimouse PDGFRα 
antibody (BD bioscience, San Jose, CA) and processed following the manufacturer’s 

instruction. For the staining of intracellular fibroblasts marker, αSMA, the cells from the 

tissues were penetrated with penetration buffer (BD, Franklin Lakes, NJ) following the 

manufacturer’s instructions. The antimouse αSMA (Abcam, Cambridge, MA) and isotype 

control were then applied, followed by extensive washing and Fluor 647 conjugated 

antirabbit secondary (Abcam, Cambridge, MA) staining. All staining procedures were 

carefully compensated by flow cytometry. To analyze the expression of sigma R in tumor 

cells and fibroblasts and to evaluate how expression levels correlated with the DiI-LCP NPs’ 

distribution, cells were stained with an anti-Sigma R antibody (Santa Cruz biotechnology, 

Inc.) following the same staining protocol. The UMUC3 cells were pretransfected with red 

fluorescence protein (RFP) and fibroblasts were pretransfected with green fluorescence 

protein (GFP) to define the cell populations (n = 3–6). The flow cytometry data were 

analyzed using FlowJo 7.6.1 (FLOWJO, Ashland, OR). The % of DiI-positive cells per cell 

population was calculated according to the following equation:
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% of DiI positive cells per cell population

=
% of DiI

+
Cell population

+
of the parent cells

% of DiI
+

Cell population
+

+ DiI
−

Cell population
+

of the parent cells

Cell population indicates either 3T3-GFP, RFP-UMUC3, sigma R+, or CD45+ cell 

populations.

In Vitro NP Penetration in a Core–Shell 3D Tumor Spheroid Model

For evaluating the effects of the BSB elicited by fibroblasts in vitro, ex vivo multicellular 

core–shell 3D tumor spheroids mimicking the single tumor nest surrounded by fibroblasts 

were developed using the lipid overlay system with some adjustments.50–53 This model was 

used to study the penetration behavior of LCP NPs after extravasating from the blood vessel. 

In brief, 1 × 104 UMUC3 cells were seeded into each well (using complete medium) of the 

ultralow attachment round-bottom 96 well plates (Costar, Corning, NY), followed by 

centrifugation at 900 rpm for 2 min to cluster the cells to the bottom of the wells and 

incubation at 37 °C for 4 days. The culture medium was changed every 2 days. Every fourth 

day, 1 × 104 GFP-NIH3T3 cells were added into each well, followed by continuous gentle 

rotation (200 rpm, 37 °C) for 6 h. Then the formed core–shell tumor spheroid was incubated 

for another 2 days. The structure of the core–shell spheroid was confirmed using a Zeiss 

LSM700 confocal microscope. Briefly, the spheroid was carefully transferred to a 

chambered coverslips and scanned from the bottom. Each scanning layer was 15 μm in 

thickness, and the total scanning was ∼190 μm in depth. Only the samples with uniform and 

compact core–shell structure were selected for the follow-up studies (approximately 15 out 

of the 96 well-plate). For the time-lapse assay, fluorescence images were acquired at a fixed 

focus at determined time points. Radial fluorescence intensity profiles in the spheroids were 

generated using a customized script in ImageJ.38 Average fluorescence intensity was 

determined for two annular regions: the tumor region (nonfluorescence) and the fibroblast 

region (fluorescence region).38,53 The treated spheroids were also washed with PBS and 

dissociated with collagenase and trypsin. The DiI positive cell populations in both 

fibroblasts and tumor cells were quantified by flow cytometry.

Statistical Analysis

Data are presented as mean ± SD (standard deviation). A two-tailed Student’s t test or a one-

way analysis of variance (ANOVA) were performed when comparing two groups or larger 

than two groups, respectively. Statistical significance was defined as the P value <0.05. 

Statistical analysis was performed using Prism Software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of LCP NPs. (A,B) Representative TEM images of LCP cores (S/L). (C,D) 

TEM images of final LCP NPs (S/L). (E) In vitro stability of LCP NPs (S/L, ±AA) in 5% 

FBS, 37 °C, over 96 h. (F) PK profiles of LCP NPs (S/L, ±AA). (G) Co-association of DiI 

and Texas Red Oligo in the same cells within the UMUC3/3T3-GFP tumor models 8, 16, 

and 28 h after double fluorescence-labeled NPs injection. Data were analyzed by flow 

cytometry, and the fluorescence was compensated. The red-marked population indicates the 

% of double positive cells in all fluorescence positive cells. (H) Fluorescence images of DiI/

Texas Red Oligo-labeled LCP NPs in the GFP positive fibroblasts 8 h post-injection of the 
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UMUC3/3T3-GFP tumors. The circled (white dot) population indicates the double 

fluorescences (DiI and Texas Red) in GFP-fibroblasts (upper circles) or nonfibroblast cells 

(lower circles) (cryosection).
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Figure 2. 
Stroma-vessel architecture affects the intratumoral distribution of nontargeted NPs. (A) 

Immunostaining of CD31 (red for blood vessels) and αSMA (green for fibroblasts) in 

subcutaneous tumor models (paraffin sections) with different tumor-stroma architectures. 

H460, 4T1, and BXPC3 belong to the stroma-vessel phenotype. Tumor nests (T) are 

highlighted in the images. D4M and A375lu belong to tumor- vessel phenotype. (B) 

Confocal images of DiI-labeled NP distribution in D4M, H460, and BXPC3 8 h post-

injection (cryosections). The fibroblasts were visualized by staining with αSMA. (C) Flow 

cytometry analysis of the association of nontargeted DiI-labeled NPs with either αSMA-

positive fibroblasts or other nonlabeled cells 8 h post-injection in the four different tumors (n 

= 3; * P < 0.05; ** P < 0.01; *** P < 0.001).
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Figure 3. 
UMUC3/3T3 recapitulates NP distribution patterns in desmoplastic tumors. (A) A tumor 

model established by co-inoculating UMUC3 with GFP-transfected fibroblasts NIH3T3 

(UMUC3/3T3-GFP). When the tumor was small, it mainly adopted a tumor-vessel 

phenotype in most areas. As the tumor grew, it adopted a stroma-vessel phenotype. (B) Flow 

cytometry analysis of the cellular distribution of nontargeted NPs (S-LCP NP, 18 nm; M-

LCP NP, 35 nm (characterization not shown); L-LCP NP, 75 nm) (n = 6). Flow cytometry 

analysis of the association of S-LCP NPs in a bladder cancer PDX model 8 h post-injection 

(n = 3). The ratios of DiI-positive fibroblasts and other cells are calculated and shown in 

blue. * P < 0.05; ** P < 0.01; ns, no significant difference.
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Figure 4. 
Time-dependent association of nontargeted and targeted NPs in fibroblasts and other cells 

(mainly tumor cells). (A) Flow cytometry analysis of the time-dependent cellular 

distribution of NPs (S/L, ±AA) (n = 6, **, P < 0.01). (B) Representative low-magnification 

fluorescent images of DiI NPs distribution in tumor sections 16 h post-injection. Green: 

3T3-GFP, red: DiI NPs. (C) Higher-magnification fluorescence images of S-LCP NP (with 

or without AA) at 4 or 16 h post-injection. Cyan: blood vessel. The accumulative distance of 

DiI NPs to the nearest CD31 positive blood vessels were quantified (D). In order to 
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quantitatively compare results from different samples, we compute the distance histogram 

for a uniform concentration of hypothetical particles (gray). Quantification (by ImageJ) of 

the mean fluorescence intensity (MFI) of DiI (left) or % of DiI positive (right) in the GFP-

stroma area and tumor nests area are quantified in (E) (n = 4; * P < 0.05; ** P < 0.01).
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Figure 5. 
Confocal analysis of the cellular association of S-LCP NPs (with or without AA, DiI 

labeled) 16 h after i.v. administration in UMUC3/3T3 xenografts. (A) Distribution of S-LCP 

NPs (with or without AA) in UMUC3- GFP tumor cells (magenta), 3T3-RFP fibroblasts 

(green), and CD31 endothelial cells (cyan). Single color panels on the left. Merged images 

are shown on the right. Particular areas are magnified for clear visualization (yellow dotted 

rectangle). Red arrows indicate the representative association of NPs with fibroblasts, white 

arrows indicate the representative association of NPs with tumor cells, and cyan arrows 

indicate endothelial outline. Nontargeted NPs showed scattered distributions in both 

fibroblasts and tumor cells. Fewer NPs are associated with the endothelial outline. (B) 

Distribution of NPs in CD45 positive leukocytes (cyan). Yellow numbers indicate the % of 

CD45 positive cells among all cell populations (mean ± SD). Cyan numbers quantify the % 

of CD45 positive cells that have taken up NPs (mean ± SD). Red numbers quantify the % of 
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DiI (NPs) positive cells that are leucocytes (mean ± SD). Both nontargeted and targeted NPs 

can be internalized by the leucocytes.
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Figure 6. 
Sigma receptor is expressed in αSMA positive TAFs. (A) IF staining of paraffin embedded 

tumor sections from the UMUC3/3T3 model. Red: Sigma R; green: αSMA; and cyan: 

CD31. Co-localization was observed partially between Sigma R and αSMA and illustrated 

as orange or yellow. (B) Higher magnification of the UMUC3/3T3 model stained with 

Sigma R and αSMA. The Sigma R high and low regions in fibroblasts were marked as F–H 

and F–L. Tumor nest (T) was highly positive for Sigma R. (C) Cryosections of 

UMUC3/3T3. Green indicated GFP-positive fibroblasts, and red indicated Sigma R. (D–F) 

Costaining of Sigma R (red) and αSMA (green) in 4T1, A375lu, and H460. The % of Sigma 

R positive fibroblasts or TAFs (αSMA) were quantified by ImageJ (n = 3). (G,H) Western 

blot analysis of Sigma R expression in vitro on different cell lines (including tumor cells 

UMUC3, and other mouse or human fibroblasts). Note that activation of NIH3T3 with 

TGFβ enhances the expression of Sigma R. The numbers below Western blot of Sigma R 

indicate the average intensity (quantified by ImageJ) of the blot in each samples compared to 

UMUC3 (set as 1).
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Figure 7. 
Correlation between Sigma R level and distribution of targeted NPs. (A) Gating of UMUC3-

GFP and 3T3-RFP in dissociated tumor tissues. (B,C) Gating of Sigma R positive 

populations in tumor cells and fibroblasts. Isotype controls are shown in Supporting 

Information figures. Most tumor cells have high and coherent Sigma R expressions, 

whereas, fibroblasts can be classified into Sigma R (H), Sigma R (L), and Sigma R (−) 

groups based on the expression of Sigma R levels. (D,E) Quantitative flow analysis of the 

distribution of DiI AA-NPs in different groups (different Sigma R level) of cells. (F) 

Western blot confirmation of the shRNA knockout of Sigma R in the NIH3T3 fibroblasts in 

vitro. (G) % of DiI positive cells in tumor cells and fibroblasts 8 h after injection of DiI NPs 

in the normal UMUC3/3T3-GFP model or UMUC3/3T3-GFP Sigma R knockout model (n = 

6). * P < 0.05; ** P < 0.001.
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Figure 8. 
Binding affinity and uptake rate of LCP NPs (S/L, ±AA) in UMUC3 and activated 

fibroblasts. (A) Binding curve of AA L-LCP NPs for activated NIH3T3 and sorted GFP-

fibroblasts from the stroma-rich bladder tumor models. (B) Binding affinity of LCP NPs 

(S/L, ±AA) in UMUC3 and activated NIH3T3. The data points were fitted to Michaels–

Menten curve, KD, and Vmax were calculated and shown in the chart. Time-dependent 

uptake of 1 nM LCP NPs (S/L) with or without AA in activated NIH3T3 and UMUC3 is 

shown in (C) and (D), respectively (n = 3).
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Figure 9. 
Penetration, binding, and internalization kinetics of LCP NP (L/S, ±AA) in a core–shell ex 

vivo spheroid model. The core–shell 3D spheroid model was established by coating the 

UMUC3 spheroid with 3T3-GFP fibroblasts. Fluorescence images were acquired after 

incubation with DiI-labeled LCP NPs for determined time points and shown in (A). Scale 

bar, 500 μm. The corresponding fluorescence intensity profiles are shown at determined time 

points in (B). The gray zone indicates the position of fibroblasts. Change of average 

fluorescence intensities over time in the tumor region and the fibroblast region after 

incubation with DiI-labeled LCP NP are shown in (C). Mean value was presented (n = 3).
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Figure 10. 
Mathematical modeling of S-LCP NPs (±AA) distribution in the core–shell spheroid and 

predictions of cellular uptake of S-LCP NPs (±AA) (A–C) Fluorescence intensity profiles 

measured in fluorescence images of core–shell 3D spheroids (symbols), and those predicted 

by the mathematical model (solid lines). (D–F) Predictions of cellular associated NPs 

(dashed lines) and acellular NPs (solid lines).
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