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Abstract

Drug discovery and efficacy in cancer treatments are limited by the inability of pre-clinical models 

to predict successful outcomes in humans. Limitations remain partly due to their lack of a 

physiologic tumor microenvironment (TME), which plays a considerable role in drug delivery and 

tumor response to therapy. Chemotherapeutics and immunotherapies rely on transport through the 

vasculature, via the smallest capillaries and stroma to the tumor, where passive and active transport 

processes are at play. Here, a 3D vascularized tumor on-chip is used to examine drug delivery in a 

relevant TME within a large bed of perfusable vasculature. This system demonstrates highly 

localized pathophysiological effects of two tumor spheroids (Skov3 and A549) which cause 

significant changes in vessel density and barrier function. Paclitaxel (Taxol) uptake is examined 

through diffusivity measurements, functional efflux assays and accumulation of the fluorescent-

conjugated drug within the TME. Due to vascular and stromal contributions, differences in the 

response of vascularized tumors to Taxol (shrinkage and CD44 expression) are apparent compared 

with simpler models. This model specifically allows for examination of spatially resolved tumor-

associated endothelial dysfunction, likely improving the representation of in vivo drug 

distribution, and has potential for development into a more predictable model of drug delivery.

Graphical Abstract

A vascularized human tumor on-chip examines chemotherapeutic drug delivery in a more relevant 

tumor microenvironment. Tumors dramatically alter the local vascular and stromal landscape and 

can contribute to the negative impacts of chemotherapeutic treatment on vascular transport. This 

model has the potential for development into a relevant pre-clinical model, where tumor-

endothelial and tumor-stromal interactions are considered in drug-delivery.
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1. Introduction

Successful cancer treatment strategies rely heavily on the phenotypic and targeted drug 

development process, where, unfortunately, a very limited number of drugs pass clinical 

trials .[1] The low predictive ability of current pre-clinical models remains a huge challenge 

to overcome.[2] Species and disease-relevant differences often contribute to inaccuracies in 

predicting toxicity and efficacy of chemotherapeutic compounds in humans. For this reason, 

research into the development of physiologic and human-relevant pre-clinical models has 

surged. Yet, adoption and standardized use of complex pre-clinical models is non-existent in 

the drug development pipeline, as challenges regarding their relevance and validation 

remain. In light of this, and in contrast to costly and inefficient animal model development 

(xenografts, for example), microfluidics and other in vitro techniques (reviewed in [3, 4]) 

have become important tools for rapidly generating more predictive human models.

Development of complex 3D in vitro systems incorporating spheroids and organoids for 

large compound screens on-chip are on the rise. Spheroids are particularly useful for high-

throughput screening due to their reproducibility and ease of generation. These 3D tumor 

models have been used typically with cancer cells alone or in combination with other cell 

types (typically fibroblasts or endothelial cells). For instance, co-culture of endothelial and 

tumor cells has been used in an attempt to pre-vascularize spheroids and to recapitulate 

metastatic-like behaviour, seen by SW620 colon cancer cells intravasating into angiogenic 

vessels.[5] Similarly, Nashimoto et al. generated tri-culture tumor spheroids incorporating 

vessels and fibroblasts, to demonstrate the impact of fluid flow on tumor cell proliferation 

and drug effectiveness.[6] However, successful intra-tumoral angiogenesis could only be 

demonstrated in one cancer cell line (MCF-7) with the co-culture of fibroblasts in their 

model. As an alternative to using cancer cell-lines, patient-derived organoids, typically 

grown from processed biopsies in matrigel, may offer a more heterogeneous (phenotype and 

genotype) and arguably more relevant tumor model. Organoids self-assemble into complex 

structures and retain their genetic alterations, as shown with patient-derived lung organoids, 

that responded to targeted therapy similarly to the patient.[7] These systems have not been 

accepted as a drug screening tool due in part to limitations in patient and control organoid 

development. While both 3D tumor-forming strategies provide increased tumor-like 
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behaviours, and attempts have been made to integrate vasculature intra-tumorally,[8] they 

have not been integrated with the larger extra-tumoral microenvironment.

Emphasis has recently shifted to understanding the tumor within its microenvironment,[9] 

given that the TME can play a role in cancer progression, drug uptake and/or resistance 

(reviewed in [10]). For instance, tumor microvasculature is dysfunctional within the TME, 

and is a critical determinant of drug delivery, as shown with intravital microscopy in animal 

models.[11] How tumors influence microvascular remodelling and function, particularly in 

the context of drug response, is relatively poorly understood. This lack of knowledge 

regarding tumor-endothelial interactions in the TME leads to poor predictive features of 

existing human tumor models. With an increasing number of tools (including sacrificial 

molds and microfluidics) developed to generate in vitro microvessels (reviewed in [12]), the 

number of studies investigating the role of vasculature in the progression of tumor 

development and metastases is also increasing.[13, 14] Patient-derived samples have also been 

employed in vitro, where localization and migration of tumor cells were examined in the 

presence of microvessels on-chip.[15] Other models have focused on paracrine signalling 

between tumor cells and vasculature in an effort to study mass transfer,[8] cancer-cell 

intravasation,[16, 17] extravasation,[18] or directed angiogenesis and lymphangiogenesis.[19] 

While many of the aforementioned models generate more physiologic TMEs than simple 2D 

tumor cultures, none have integrated tumors with vasculature to examine drug delivery. 

Considering that many therapeutic compounds target tumor proliferation and viability, it is 

necessary to consider their effect on the TME, since unintended consequences like 

microvascular dysfunction can reduce treatment efficacy.[20]

In an effort to develop a system capable of predicting drug delivery within a more 

physiologic tumor microenvironment, 3D tumor spheroids are embedded within a perfusable 

microvascular network. For the first time, tumor spheroids are cultured within our previously 

developed vessel system, [21, 22] in order to explore drug delivery within a more physiologic 

tumor microenvironment, and to specifically investigate the impact on, and role of, the 

endothelium. A comparatively large field of microvessels are grown in order to examine 

localized regions near and far from a tumor. Vessels are significantly, and importantly, 

locally impacted (within millimetres) by two representative tumors (ovarian and lung 

carcinomas). Morphologic and permeability changes in tumor-adjacent vasculature 

contribute to differences in drug delivery, which are apparent between our complex TME 

and simpler spheroids (examined here), demonstrating the need to use more relevant TMEs 

for drug testing. Drug delivery is also examined in the presence of clinically employed drug 

efflux pump inhibitors in an attempt to improve chemotherapeutic uptake, which is 

demonstrated to be in-part regulated by the endothelium. Besides highlighting the role of the 

vasculature in drug delivery, further development of this culture method will be useful for 

investigating a variety of targeted and physiologic compounds, as well as for examining 

immune interactions and primary or acquired drug resistance – features that require the 

presence of a 3D vascularized microenvironment and so cannot be accurately examined 

using simplistic models.
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2. Results

2.1. Development of a vascularized tumor model

In an effort to enhance the predictive capacity of cancer drug screens, an in vitro 
vascularized tumor model was developed as an improved pathophysiologic platform. This 

model exploits two 3D in vitro technologies – spheroids as simplified tumor models, and the 

use of hydrogel-based microfluidics for generating a relevant vascularized tumor 

microenvironment (TME). Embedding tumor spheroids (TSs) within our device allows for 

tumor growth/death to be probed in the presence of perfusable microvessels (Figure 1). This 

system allows for direct examination of the influence of the TSs on the endothelium, and 

importantly drug transport through the vessels to the tumor. First, tumor cells are cultured in 

non-adherent 96-well plates for one week allowing for TS stabilization (Figure S1a–b, 

Supplementary Information). Herein, two cancerous human cell lines were used to examine 

the utility of the platform; an ovarian carcinoma (Skov3) and a lung adenocarcinoma 

(A549). Both cancer cells result in dense aggregate TSs (Figure 1b) which are then co-

cultured with human umbilical vein endothelial cells (HUVEC) and normal human lung 

fibroblasts (nhLF) in a fibrin gel. Fibrin has been proposed to have a direct role in 

modulating tumor growth and metastasis, and is often found adjacent to a variety of tumor 

types.[23] As described in our previous work,[22] microvessels develop in a process 

mimicking vasculogenesis over the course of approximately one week. Briefly, individual 

cells extend, interconnect, and form into a vessel network during the first 72 hours, followed 

by lumen formation by day 5, in the presence of a TS. During co-culture, TS growth is 

measured in the device, and is shown to increase in diameter (Figure 1c–d). Despite similar 

initial TS diameters, Skov3 grew significantly larger than A549 during five days of co-

culture with microvascular networks, demonstrating the capacity for this method to capture 

distinct phenotypes of different cancer cell types. In some cases following extended (two 

weeks) co-culture, vessels were seen within the tumor spheroid, and on very rare occasions 

tumor cells could be observed partially embedded intravascularly (Figure S1d, 

Supplementary Information).

2.2. Tumor-specific impacts on vasculature formation

Besides tumor characterization, this culture method is useful for investigating tumor-

associated changes in the surrounding vasculature. Following seven days in culture, striking 

differences are apparent in local regions of vasculature near the two types of TSs (Figure 2). 

For both tumor types, vessel density (vessel/total area) in the most adjacent (proximal) 

region to the TS was reduced in relation to a more distal radial region (Figure 2a–b). 

However, Skov3 tumors result in a significant reduction in vessel density in comparison to 

those of A549. Correspondingly, Skov3 induce a localized region of apoptosis in the 

vascular networks proximal to the TS, as opposed to more homogeneous distribution near 

A549, seen by the introduction of a fluorescent caspase 3/7 probe (Figure 2c). We postulated 

that differences in vessel density and apoptosis result from either an altered migration 

pattern or cytokine expression between the two tumor types.

Therefore, individual tumor cell migration was tracked from the TSs at day 7 (Figure 2d). 

While a significantly larger population of Skov3 migrate from the TS surface, they do so at a 
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significantly closer distance from the TS than A549 (see Figure S1d for an example of 

Skov3 migration). This migratory response can contribute to the differences observed in 

vessel death/density near the TS, but may also alter local pro-inflammatory marker 

concentrations (as well as other excreted danger-associated molecular pattern (DAMP)) 

proteins, metabolites, and growth factors, or exosomes containing RNA or proteins, all 

worth future exploration with this culture method). Therefore, a human cytokine antibody 

array was used to investigate these differences (Figure 2e). Supernatants were collected and 

pooled from n=5 devices each at day 7. In all cases, including control vessels (without TS), 

there was high expression of inflammatory markers (IL-6, IL-8 and MCP-1, top panel in 

Figure 2e), similarly shown by vessel supernatant in our previous work [21]. A549 TSs result 

in higher expression of angiogenic factors including angiogenin, which could partially 

explain the increased vessel density adjacent to these TSs compared to Skov3 TSs. However, 

only subtle differences in cytokine expression were observed between tumors and even 

microvessels alone. This is in part due to the global measurement of cytokines collected 

from the devices. Considering the highly localized changes in both vessel remodelling and 

permeability, it is likely that local changes in soluble factors within the TME, particularly 

near the TS (~1-3 millimeters, of a >1cm long vascularized chip), will not be detected and is 

a limitation of this model.

2.3. Tumor-induced changes in vascular permeability

It is well-known that cancer cells induce increases in vascular permeability, largely due to 

signalling molecules such as VEGF.[24] While tumor-associated vascular leakiness has been 

shown in simpler models,[9] our system is primed for investigating this phenomenon with 

high spatial resolution near and distant from the 3D tumors. To do so, TS were co-cultured 

with nascent vascular networks until day 4, when monolayers were seeded into the media 

channels (to limit diffusion through the gel from the media channels, as in [22]), and finally 

microvessels were perfused with fluorescent dextran (40 kDa) at day 7. We and others have 

shown that size [25] (amongst other parameters like charge and concentration) of solute 

molecules will impact vessel permeability. Importantly, we have shown that dextrans are 

transported paracellularly and provide a facile means for measuring an effective 

permeability.[22] The size of dextran (40kDa) was chosen to limit diffusion through the gel. 

A series of confocal z-stacks, spanning from the TS to a ~4mm contiguous distance, were 

acquired over 12 min intervals (Figure 3a). Microvascular permeability was computed from 

leakage of fluorescent tracer from the intra- to extravascular spaces, as we have done 

previously.[22] Microvessel permeability is within the range expected in vivo for normal 

vessels (~10−7 cm/s), perfused with similarly sized tracer molecules (66kDa and 40kDa).
[26, 27] However, permeability in the regions adjacent to the TS is significantly increased in 

comparison to distal regions and in comparison to control vessels without co-cultured TSs 

(shown as the grey area in Figure 3b). Skov3 have a more pronounced impact on vessel 

permeability adjacent to the TS, as well as at a greater distance away, in comparison to 

A549. These results may be due to changes in tumor-associated signalling. The expression 

of TNFα was examined due to its well-known role in vascular barrier dysfunction.[28] 

Supernatants collected from devices at day 7 were measured by ELISA and demonstrated 

only marginal increases in TNFα concentrations in TS-MVN cultures (Figure 3c). 

Considering the highly localized effect on vascular permeability, it is likely that any increase 
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in TNFα (or any other low concentration inflammatory cytokine) is localized to regions near 

the TS, again limiting detection in this system. Multiple pro-inflammatory cytokines, or 

other locally secreted factors, could contribute to the impaired barrier function observed, but 

will require further investigation. Importantly, the local effects of tumors on adjacent vessel 

remodelling and permeability will undoubtedly affect drug delivery to the tumor.

2.4. Vascular transport of chemotherapeutics in 3D

To test the efficacy of drug delivery in this system, we treated both microvessels and 

spheroids with a common chemotherapeutic reagent, Paclitaxel (also known as Taxol). A 

member of the taxane family, Taxol arrests cancer cells in the cell cycle, and has been used 

for decades in the treatment of both ovarian and lung cancers in vivo.[29] First, to determine 

concentrations of Taxol which would cause significant effects on the viability of all cell 

types (HUVEC, Skov3, and A549), CCK-8 and Calcein-AM fluorescent indicator assays 

were employed (Figure S2a–b, Supplementary Information). For tumor cells alone in 2D 

culture, a 5μM treatment for 1hr resulted in initial cell death, followed by observed recovery 

after 72hrs (Figure S2c, Supplementary Information). Thus, a treatment regime of 1hr, 

followed by complete media change, was carried out at day 7 of culture in our 3D devices 

(Figure 4a) at concentrations relevant to those seen in solid tumors in vivo. [30].

Considering that microvascular viability and function is often neglected in the study of 

chemotherapeutic delivery, we first examined the effect of Taxol on the barrier property of 

our perfusable MVNs in the absence of tumor cells. Permeability of MVNs to 40kDa 

dextran was significantly increased following just 1hr of treatment with increasing 

concentrations of Taxol (Figure 4b), as expected from the increased cell death in the MVNs 

with increasing Taxol concentration. Indeed, doses higher than 5μM resulted in total 

microvascular death 72hrs later (data not shown), corresponding with previous effects seen 

for HUVEC.[31] This finding highlights that MVN functionality, even in healthy vessels, is 

altered during and following successive rounds of treatment, which can recapitulate the 

adverse effects of chemotherapy often inferred,[32] and directly shown recently in ex vivo 
microvasculature.[33]

Next, we compared drug delivery between a simple spheroid model and our system. Taxol 

was used to treat TSs alone and within vascular networks (TS-MVN) (Figure 4c–g). Cell 

death in response to treatment was measured using a fluorescent indicator of caspase 3/7 as 

shown in Figure 4c for TS alone and Figure 4d for TS-MVNs. As seen in TS-MVNs, 

significant cell death in tumors and particularly in surrounding microvessels is also shown 

72hrs following 5μM Taxol treatment (Figure 4d). As expected, for treatment of spheroids 

alone (TS), increasing concentrations of Taxol resulted in a significantly higher caspase 3/7 

signal for both tumor cell lines (Figure 4e). For 1μM and 5μM Taxol respectively, there was 

a 1.8x and 2.3x increase for Skov3, and a 1.6x and 2.8x increase in cell death for A549, on 

average. Next, the same experiment was performed using the TS-MVN system, which was 

quantified by measuring intensity (integrated density) across only the tumor (Figure S3a, 

Supplementary Information). Caspase 3/7 intensity increased with Taxol treatment (Figure 

4f), similar to that of TS alone. TS-MVNs result in marginal increases in apoptosis (on 

average, 1.2x for Skov3 and 1.4x for A549). Relative measurements of fluorescence 
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intensity (i.e. drug/control ratios) can be compared between the TS and TS-MVN systems 

(unlike absolute measurements, limited by different imaging modalities for the different 

systems), and lower ratios for TS-MVNs suggest that the existence of a TME has an impact 

on drug uptake and apoptosis. It is possible that the tumor embedded within an ECM 

containing stromal cells and a perfusable vasculature limits the chemotherapeutic 

concentration at the site of the TS (in comparison to TS alone), by redirection of the drug 

spatially and by cellular uptake of non-cancerous cells (examined for ECs in the following 

section). Observed apoptosis in surrounding vessels (as seen in Figure 4d) could mitigate the 

effect of increasing concentrations of Taxol in the TS-MVN model. While there was no 

difference in caspase intensity (normalized to controls) between Skov3 and A549 TSs, the 

extra-tumoral region (see Figure S3a) adjacent to the TS (including vessels, fibroblasts, and 

any migrated cells) resulted in significantly increased apoptosis in comparison to A549 TSs 

(Figure 4g).

The difference between the TS and TS-MVN systems prompted the use of an additional 

method to compare drug efficacy. In addition to measuring apoptosis, we measured tumor 

size (diameter) 24, 48, and 72hrs following 5μM Taxol treatment (Figure 4h). Surprisingly, 

A549 TSs continued to increase in overall diameter following treatment - an effect also 

demonstrated by A549 TS-MVNs. Taxol treatment in these cases did result in significantly 

reduced increase in growth in comparison to control (Figure S3b, Supplementary 

Information). In contrast, Skov3 TSs alone shrank in diameter; however, this was not the 

case for TS-MVNs (which grew overall), and is potentially explained by a reduction in 

Taxol delivery due to dysfunctional adjacent vasculature, highlighting the difference in drug 

efficacy between TSs and our more physiologically relevant 3D TMEs.

2.5. Drug resistance in a relevant TME

Another major barrier to drug delivery is tumor-acquired drug resistance. Following 

exposure to taxanes (Taxol), tumors have often been shown to respond via increased 

expression of efflux pumps, resulting in multi-drug resistance (MDR) by actively pumping 

out chemotherapeutic agents from the cell cytoplasm, which can also be influenced by the 

TME. [34] Since P-glycoprotein (P-gp) is a common efflux pump associated with MDR, and 

one for which many inhibitors have been developed and used clinically to promote 

bioavailability of chemotherapeutics, including Taxol,[35] we examined the use of P-gp 

inhibitors and Taxol treatment in the 3D TS-MVN system. First, using 2D cultures we 

confirmed expression of P-gp (also known as MDR1) by western blot and flow cytometry in 

all cell types (Figure 5a–b), including HUVEC (as observed by others)[36]. Following 

exposure to 5μM Taxol (1hr treatment), mean P-gp expression (72hrs later) was reduced in 

A549 and Skov3, but was significantly (P=0.007) higher in HUVEC (Figure 5a). 

Nevertheless, Taxol pre-treated tumor cells resulted in decreased cleaved caspase-3 

(apoptosis marker), while increased caspase-3 was observed for Taxol pre-treated HUVEC, 

as expected comparing to those that were untreated. Considering that HUVEC express lower 

levels of P-gp (prior to Taxol treatment), it is unsurprising that uptake of 488-Taxol was 

higher when compared to A549 and Skov3, as measured by flow cytometry (Figure 5c). It is 

possible that the decrease in expression of P-gp in the tumor cells corresponded with 

increased expression of other drug efflux proteins to aid in drug resistance.
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Next, to further understand the role of P-gp, an efflux experiment was performed using 488-

conjugated Taxol and two commonly employed inhibitors. Verapamil (an L-type calcium 

channel blocker used to inhibit P-glycoprotein) and Elacridar (a dual inhibitor of P-gp and 

breast cancer resistance protein, BCRP) were used to inhibit P-gp activity in HUVEC, A549 

and Skov3. Briefly, cells were incubated with 488-Taxol for 30 min prior to subsequent 30 

min incubation with either inhibitor or vehicle control. As mentioned, uptake of 488-Taxol 

was significantly higher in HUVEC in comparison to Skov3 and A549. Verapamil only had 

a significant effect on Skov3, as demonstrated by 488-Taxol being retained within these 

cells. Interestingly, Elacridar had a counter-intuitive effect, contrary to other reports of 

successful P-gp inhibition,[37] and resulted in decreased 488-Taxol retention within all cells. 

Indeed, intensity was significantly decreased (488-Taxol was depleted) using this inhibitor 

for HUVEC and A549, further hinting at compounding effects of other drug resistance 

mechanisms. Efflux inhibition was additionally examined using calcein - a common 

substrate for P-gp,[38] and these assays showed similar results (Figure S4, Supplementary 

Information).

Finally, P-gp function was examined in our 3D model (Figure 5e). Given the reduction in 

Taxol uptake of HUVECs seen in the efflux experiments upon treatment with Elacridar, we 

first examined the potential of this treatment to affect microvessel permeability. MVNs were 

cultured for 7 days, and then perfused (via convective gradient applied across the gel and 

through the vessels) with media containing Elacridar or a vehicle control. Elacridar 

treatment had no effect on the permeability of vessels to 40kDa dextran (Figure 5f). Next, 

we examined the same treatment in the TS-MVNs prior to addition of 488-Taxol. After 1hr 

incubation, devices were washed with PBS and fixed in order to preserve the 488-Taxol 

distribution within the vessels and tumor spheroid. Integrated fluorescent intensity 

distributions were measured in the tumor spheroids using maximal projections (confocal 

images). Across multiple experiments (n≥3 samples each) pre-treatment with the inhibitor 

did not have any effect on the 488-Taxol distribution in the TS-MVNs, as opposed to the 

effects observed in 2D cell culture (Figure 5D). This result suggests that transport of both 

Taxol, and possibly P-gp inhibitors, are hindered by the presence of the MVNs, as opposed 

to in their absence (with 2D assays or spheroids alone). For this reason P-gp-inhibitors (as 

well as possibly other small molecule inhibitors) ultimately have little or no effect on 

chemotherapeutic (488-Taxol) accumulation in the tumor at the concentration tested, further 

attesting to the importance of employing a relevant pathophysiological 3D vascularized 

tumor model.

2.6. TME and diffusion-limited drug delivery

Apart from possible obstruction of luminal transport through the vasculature, barriers to 

drug transport in the TME persist. Inclusion of vessels and stromal cells allows for the 

measurement of transport through a more physiologic TME in the TS-MVN system. For 

instance, density of cells and extracellular matrix proteins in the surrounding 

microenvironment can impact diffusion-limited transport of small molecules to the tumor.
[39] In the TS-MVN system, fibroblasts strongly associate with the tumor spheroids (Figure 

6a). The cells occupy volume otherwise available for diffusion, and may also deposit large 

amounts of extra-cellular matrix (ECM). In fact, increased expression of matrix proteins 
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such as Collagen III are associated with drug resistance,[40] and are strongly expressed in the 

vicinity of our tumors (Figure 6b). Here, to compare molecular diffusivity within a relevant 

TME between the two cancer cell types and in the absence of binding events, the TS-MVN 

system was perfused with fluorescein-labelled dextran (Figure 6c–d). Following 1hr 

incubation, media was refreshed and fluorescence recovery after photo-bleaching (FRAP) 

measurements were performed. FRAP was performed in the matrix (distal to the TS), TME 

stroma (adjacent to the TS), and within the TS, for each cancer type. As expected, for both 

cancer cell types there was a significant decrease in diffusivity in the immediate TME 

stroma directly adjacent to the TS and furthermore within the TS itself (Figure 6c). While 

there was no difference in diffusivity in the matrix or TME stroma between the two cell 

types, the tumors themselves were significantly different. A549 particularly limited 

molecular diffusion within the TS in comparison to Skov3, as is also shown by fluorescence 

intensity measurements across the TSs (Figure 6d).

Tumor-associated changes in the endothelial and stromal components of the TME will 

considerably contribute to the effectiveness of transport of therapeutic reagents over time. As 

examined in our model, and summarized in Figure 6e, diffusive mechanisms of transport 

through the circulatory system to the tumor are quite important, particularly given that 

tumors can promote vessel dysregulation in their vicinity (causing leakiness or complete 

vessel regression with decreased perfusability). The model tumors examined herein 

demonstrated significantly altered effects on the surrounding vasculature and TME. 

Moreover, the tumors themselves demonstrated differences in diffusivity, which might 

explain why A549 do not respond to 5μM Taxol in the same manner as Skov3 (see Figure 4g 

and Figure 5d). Considering that other adaptive mechanisms such as increased cancer stem 

cell (CSC) phenotype may also be at play, we investigated one particular CSC marker 

following Taxol treatment. Increased CD44 expression (a well-known CSC marker [41, 42]) 

was seen in both tumor cell types (significantly for A549) following treatment with Taxol in 

2D (Figure S5a–b, Supplementary Information). Interestingly, this result was not repeated 

when measured by flow cytometry in tumor cells extracted from 3D TS-MVNs (Figure S5c). 

This contrasting result again highlights the need for examining drug transport in a more 

complex TME – where tumor-associated remodelling of the TME can hinder drug 

dissemination.

3. Discussion

Despite the frequent use of in vitro and in vivo tumor models for investigating drug efficacy, 

many candidate compounds continue to fail, both in early and in the later stages of clinical 

trials.[43] This short-coming is partially due to the inability of pre-clinical models to 

accurately represent the human tumor microenvironment. While no model will perfectly 

recreate the complexities and heterogeneity of patient-specific TMEs, in vitro systems that 

closely resemble the in vivo TME have the potential to bridge the gap left by interspecies 

differences in current models. The predictability of treatment outcomes in vitro models still 

requires careful correlation with animal and clinical studies. Therefore, as a first step, we 

developed a model capable of recapitulating a more physiologic TME, inclusive of a 3D 

tumor spheroid embedded within a network of stromal cells (fibroblasts) and perfusable 

vasculature made entirely from human cells. This TME-relevant culture method using our 
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previously employed vascular system [21, 22] allows for the direct observation and 

measurement of tumor-vessel and tumor-stromal interactions (Figure 1). Using two cancer 

cell lines as model tumors, we demonstrate highly localized changes in the TME over time 

in the TS-MVN model (Figure 2). Co-culture with these two tumor spheroids demonstrates 

changes in vessel density and cell apoptosis unique to each cancer cell type, which are 

captured with high spatial resolution using confocal imaging. Importantly, both tumors result 

in localized changes in endothelial barrier function, causing leakier vessels within ~1mm of 

the tumors (Figure 3). Key differences in the response of these two tumor types were also 

revealed: Skov3 are more dispersive and migrate into the surrounding TME, leading to 

increased intratumoral diffusivity as well as a drastic decrease in microvascular density in 

adjacent regions. On the other hand, A549 remain tightly packed and are thus less diffusive, 

and do not alter the surrounding vascular density as drastically (Figure 6). The choice of 

these cell lines was made due to their potential to form aggregates, and both of these cancer 

types are clinically treated by paclitaxel (ovarian cancer as a first-line treatment,[44] and lung 

cancer as an adjuvant therapy)[45] clinically relevant comparisons can be made. While cell 

lines are limited in their ability to capture the heterogeneity of patient samples, they are 

useful for establishing the model and show the sensitivity of our system to changes in tumor 

type. Differences in the response to treatment between these two tumors are investigated 

within the context of a more complex, yet more physiologic system. The endothelium is the 

main focus here, but stromal cells also impact the form and function of microvessels,[46] and 

have the potential to be investigated further in relation to the TME presented here. Overall, 

the TS-MVN system demonstrates the highly local effects of distinct tumors on the TME, 

which ultimately affects drug transport.

Successful drug transport relies on luminal, transendothelial and interstitial transport (within 

the surrounding TME and in the tumor itself) (Figure 6e). The first two mechanisms rely on 

functional microvessels, whereas the later mode depends on the cellular and ECM 

constituents present within the TME. An overview of the relations between diffusive and 

convective flux through the vasculature and interstitium is available in Stylianopoulos et al..
[47] Here, by employing fluorescent dextran and a common taxane (Taxol) conjugated to a 

fluorophore, it was possible to examine diffusive transport mechanisms and characterize the 

drug’s distribution within the TME in the TS-MVN system. Importantly, Skov3 and A549 

were shown to promote leaky vessels within several millimeters distance of the tumor mass. 

While tumors are well-known to alter barrier function,[48] this phenomenon had not been 

directly observed in other 3D in vitro studies. HUVEC and fibroblasts together allow for 

robust and perfusable culture of vessels; however, work is on-going to generate more tissue- 

and tumor-specific vasculature. Challenges will be faced generating hPSC-derived vessels, 

since they often represent early endothelial progenitors and can also lose endothelial 

phenotype in long-term culture, [49] so for this reason HUVEC (shown for us to express 

well-organized tight junctions and vessel morphology approximating in vivo 
microvasculature [22], and expression of an extensive repertoire of drug and nutrient 

transporters) were used as a representative model to assess tumor-dependent changes in 

vascular function. In this initial study, continuous luminal flow was not applied to the 

microvascular system, so that only diffusive measurements could be made. The impact of a 

dense tumor or surrounding stroma can greatly impact drug delivery time. Considering the 
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maximum distance between blood vessels (L≈100μm), diffusion time can be roughly 

approximated by L2/D,[20] where D is diffusivity. For the TSs, A549 demonstrate a near 2-

fold increase (~74s versus ~42s for FITC dextran) in diffusion time compared with Skov3. It 

is important to note that convection (which can be applied in this system)[50] will have a 

significant impact on permeability of the endothelium, interstitial fluid pressures, and 

ultimately drug transfer - investigations of which are on-going. Previous xenograft research 

has demonstrated that hydrostatic microvascular pressure drives the interstitial 

(hypertensive) tumor pressure.[51] Thus, hydrostatic conditions (as applied here) may still 

provide an appropriate indication of mostly diffusion-dependent drug delivery to the tumor.

While there are several opportunities for increased physiologic relevance, our TS-MVN 

system as used here already demonstrates clear differences between the response to Taxol 

between the TS-MVN model and the simpler TS without a TME (Figure 4e–h). In summary, 

while apoptosis markers increased as expected following Taxol treatment, tumor size was 

not necessarily correlated. Specifically, for A549 the TS (alone or within MVN) continued 

to increase in size, which could be attributed to transient enlargements, as seen during 

programmed cell death.[52] In contrast, Skov3 demonstrated an opposing effect in the TS 

versus TS-MVN systems, which could be attributed to changes in the local TME (decreased 

local chemo concentrations due to the lack of vessel delivery or changes due to cellular 

uptake in the surrounding stroma or nearby vasculature). Although Taxol is well-known to 

arrest cells in the mitotic phase, the subsequent outcome of this arrest is one of three fates: 

cell death, arrest, or continued cycling .[30] What determines this fate remains unknown, and 

we are still unable to predict accurately the sensitivity of cells to this drug, despite its 

widespread effectiveness and usage. Given the complexities in response to drugs like Taxol, 

our system provides a new avenue for further exploration of these differences between 

cancer types that can provide significant insight into its efficacy.

The significance of the endothelium is paramount in the drug delivery process, which is 

demonstrated by the TS-MVN model. Overall, our results show that Taxol treatment, as 

expected, has a significant impact on endothelial function and viability – with vessels 

becoming leakier with increasing concentrations and becoming non-perfusable at high 

concentrations (10μM). At concentrations (1-5μM) typically associated with intra-tumoral 

drug concentrations,[30] permeability to solutes is significantly increased, as is P-gp 

expression (in those cells that persist following 72hrs). Whether the expression level is 

increased or the population of cells already expressing P-gp are preferentially selected 

remains to be seen. Interestingly, intracellular uptake of Taxol was highest in endothelial 

cells, not in the tumor cells, suggesting that active transport mechanisms are at work. The 

effect of the efflux inhibitor Elacridar was also shown to not have a significant effect on 

uptake (or efflux) of 488-Taxol in the TS-MVN system – a result contradictory to what is 

expected,[53] and likely due to the hindered transport of the molecule in the system. 

Interestingly, the inhibitor did not have an effect on endothelial permeability, although the 

40kDa (40000 g/mol) dextrans used were an order of magnitude larger than Taxol (~854 g/

mol) (Figure 6), and might not be substrates for P-gp.

P-glycoprotein has been shown to limit uptake of chemotherapeutics like Taxol in vivo, and 

thus remains an attractive target for increasing drug delivery. In particular, the first line of 
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treatment for ovarian cancer is often Taxol (in combination with other drugs), which is well-

characterized as a substrate for P-gp.[54] Elacridar has been shown to be effective in Taxol-

resistant ovarian cancer cell lines.[53] For this reason, we examined the utility of this P-gp 

inhibitor in our 3D TS-MVN system. A surprising effect was shown in HUVECs, A549, and 

Skov3 pre-treated with Elacridar, which all resulted in decreased short-term 488-Taxol 

retention in 2D. The result suggests that Elacridar either interferes with the uptake of 488-

Taxol or causes increased efflux, possibly by compounding drug resistance mechanisms. 

While Elacridar is a specific but non-competitive target for P-gp, it has little effect on the 

other ATP-binding cassette (ABC) transporters, and so those other transporters could 

contribute to the observed effect and should be examined in the future. Cellular uptake of 

Elacridar could also be impeded, as it has been shown to be relatively insoluble.[55] No 

distinction was made here between passive and active transport of Taxol (either transcellular 

or paracellular), and we investigated only one active efflux mechanism in the 3D TS-MVN. 

Many other active transporters could be contributing to the efflux of Taxol in the tumor. 

Moreover, the 488-labelled version of the drug is larger and might interact differently with 

the inhibitors than non-labelled Taxol. Ultimately, examination of drug dissemination is 

complex; however the TS-MVN system provides an ideal platform to study drug delivery 

and tumor resistance in a pathophysiological representative TME.

Characterizing drug transport in the TS-MVN will be beneficial for targeting the correct 

tumor- and, importantly, the vascular response. For instance, drug transport through tumor-

induced leaky vessels will be more effective in regions of dense vasculature close to the 

tumor, where drug transport is not reliant solely on diffusion (as is the case where vessel 

rarefaction occurs). These ~500 micron diameter tumors were easy to handle and provided 

sufficient cell number for flow cytometry measurements, but have only a few small vessels 

protruding into the TSs (Figure 2a and Figure S1d, Supplementary Information). In vivo, 

larger and more aggressive tumors undergoing rapid growth are typically associated with a 

necrotic core [56] and initiate pro-angiogenic signalling and/or vessel co-option. While not a 

focus herein, metabolic stress-induced tumor necrosis could be a focus of future work using 

this system, and it is possible that at the average size of 500 microns our TSs may indeed be 

necrotic. It is possible that over longer durations our TS-MVNs might be increasingly 

necrotic and more vascularized (as seen at day 14 in Figure S1d, Supplementary 

Information). Although mostly avascular tumors were examined here, a variant of this model 

could be used to culture larger vascularized spheroids or tumor organoids, where vessel 

normalization (by for example using anti-VEGF treatments like bevacizumab)[37] could be 

examined as a possible strategy to increase drug delivery into the tumor by improving the 

transvascular pressure gradient. The TS-MVN system could also be used to examine the 

underlying factors responsible for tumor-induced vascular dysfunction (growth factors, 

cytokines, MMPs, DAMPs, extracellular vesicles, etc.) in more detail.

With a more physiologic TME, our 3D TS-MVN model has the potential to test various 

treatment strategies by direct delivery through the vasculature. This system is capable of 

examining drug dissemination from diffusive (herein) and convective (on-going) transport 

mechanisms – which is an advantage over animal models, where the two modes cannot be 

decoupled. Moreover, this culture method is beneficial for modelling drug delivery to small 

developing tumors, as they transition from a dormant to a metastatic growth phase.[57] 
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Considering that vessel density was significantly altered by both cancer cell types herein, 

this tool demonstrates its utility for demonstrating key differences in tumor-endothelial 

interactions, which will be important for detection of TME changes due to more complex 

and variant (patient) samples. Our previous in vitro models of cancer extravasation,[58, 59] 

and immune-mediated cancer cell migration assays,[60] have been validated against animal 

studies. Future work for this model necessitates correlation with clinical data and validation 

of our model in order for it to be proposed as a pre-clinical tool. Moreover, strategies that 

combine chemotherapeutics and immune cell interactions (as we previously showed with 

monocytes [61]) and immunotherapies (reviewed in [62]) could be examined in our TS-MVN 

on-chip. Importantly, the findings could be used to design novel vessel normalization 

therapies for better drug and immune cell (chimeric antigen receptor (CAR)T-cell) delivery.

4. Conclusion

Our human tumor on-chip model integrates perfusable microvessels directly with a tumor 

allowing for examination of key transport mechanisms. This model demonstrates the 

importance of an intact and functional vascular network for effective drug delivery, as 

tumor-induced remodelling significantly impacts the local TME and vasculature. Differences 

in response to Taxol treatment between our 3D model (dampened effects) and simpler 

systems (heightened effects), demonstrates the need for investigating drug delivery in a 

relevant TME. This model has potential for further development into a more accurate pre-

clinical model to examine complex immune cell and targeted antibody interactions, 

alongside chemotherapeutics.

5. Experimental Section

Detailed materials and methods can be found in the Supporting Information. Briefly, tumor 

spheroids are first grown and then seeded with a combination of endothelial and stromal 

cells in a hydrogel-laden microfluidic device, allowing for the growth of tumors embedded 

within a perfusable microvascular network.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
3D vascularized tumor model for cancer-specific characterization and drug dissemination. 

A) Schematic of the protocol used to generate tumor spheroids within microvascular 

networks (TS-MVNs). Gel-cell mixture was inserted into the middle gel port of 3mm width, 

0.5mm height, 15mm length, and media added to the two adjacent channels following 

polymerization. B) Histology image (H&E stain) of TS within gel and microvascular 

network after 7 days in co-culture. C) Epi-fluorescent images showing a region of interest 

centered on the tumor within the TS-MVN chips. TS diameter increases over time in culture 

with MVNs. TSs (red), HUVEC (green). White dashed line shows approximate diameter at 

day 1 overlaid on each subsequent time-point. Scale bar is 200 microns. D) Effective 

diameters (2D) measurements were performed for n=6 spheroids each. Significance is 
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indicated by * for P < 0.0001 with paired t-tests between subsequent days (example between 

days 1 and 2). Two sample t-tests between tumor types is significant (P < 0.0001) between 

days 2-5.
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Figure 2. 
Tumor-associated changes are present in the vasculature as tumor cells infiltrate the TME. 

A) Confocal image demonstrating local changes in vessel density near the TS at day 7. 

HUVEC are green and Skov3 are red. Scale bar is 200 microns. B) Vessel density measured 

proximally and distally from the TS. Regions of interest are indicated in (A), where 

concentric regions of interest 150 microns from the outer TS were used to generate proximal 

and distal regions. C) Apoptosis is seen in the endothelium adjacent to the TS. Stitched, 

maximum projection confocal images (left) show highly local apoptosis in ECs adjacent to 

Skov3-TS. A549-TS results in more homogeneous distributions of EC apoptosis, more 
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clearly demonstrated by heat maps (right). White dashed line indicates the TS. D) Cell 

migration in number (top) and distance (bottom), as measured from the TS exterior are 

shown for both Skov3 and A549. Single cell migration was measured at day 7 from stitched 

confocal images. E) A cytokine array is shown to qualitatively compare inflammatory 

cytokine expression between microvessels with and without tumor spheroids. Two scales are 

shown (normalized to highest expression levels) since the top 5 are much higher in signal 

than those shown separately below. Significance in (B) and (D) is *P<0.05, ††P<E−7, 

†††††P<E−11, ††††††P<E−12 using a t-test, as measured across 2 independent experiments 

with 6 samples each.
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Figure 3. 
Endothelial permeability is locally affected by the presence of a tumor. A) A stitched image 

demonstrating a TS-MVN system perfused with 40kDa fluorescein labelled dextran. B) 

Corresponding permeability measurements were made in consecutive regions next to the TS. 

Separate measurements were made for n=4 devices for TS-MVN samples containing either 

Skov3 or an A549 TS at day 7. Orange dots represent average across samples, and the grey 

shaded region shows the range of measured values for control samples (without a TS). C) 

ELISA measurements of TNFα concentrations are shown for control microvessels and those 

containing TSs. Shown is mean ± SEM measured from n=8 independent samples each 

across 2 experiments.
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Figure 4. 
Taxol treatment affects the endothelium and tumor. A) Time-line for drug treatment. B) 

Permeability measurements to 40kDa dextran made in n=6 independent control MVN 

samples in response to drug treatment. Box plots are shown with outer bars as SD and inner 

limits of SEM overlaid over individual data points. C) Tumor spheroids are shown following 

Taxol treatment and incubation with a caspase 3/7 indicator. Triton-X (TX) was incubated 

with several spheroids to demonstrate increased apoptosis. D) Stitched confocal images 

demonstrate caspase 3/7 expression in the TS-MVN system 72hrs following treatment with 

5μM Taxol. Corresponding heat maps (right) are shown. E) Increasing concentrations of 

Taxol result in increased apoptosis of Skov3 and A549 TSs, shown by normalized increases 

in caspase 3/7. Spheroids were treated directly in 96-well plates and imaged 72hrs later. F) 

Normalized caspase 3/7 intensity is shown for TS-MVN samples perfused and imaged at 

day 10 (72hrs after treatment). G) Integrated density measurements made in extra-tumoral 

region of interest. Intensities were normalized to the mean across each experiment. Shown 
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are results from 3 separate experiments with n≥2 samples. H) Relative changes in tumor 

diameter were measured for TS-MVN and TSs alone at 24 (no color), 48 (color), and 72hrs 

(color + hashed lines) after treatment. For E-G) mean ± SEM is shown. Significance is 

indicated for t-tests, with *P<0.05, **P<0.01. ***P<0.001, and ****P<0.0001.
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Figure 5. 
Intracellular uptake of Taxol is cell and efflux-dependent. A) WB data are shown for n=2 

separate experiments targeting P-gp expression in response to control or Taxol-treated cells. 

Mean intensity (normalized to β-actin) ± SEM is shown. B) Flow cytometry data for P-gp 

expression using standard and recombinant (rP-gp) form of antibody. C) Mean fluorescent 

intensity (MFI) of intracellular 488-Taxol, as measured by flow cytometry. Mean intensity ± 

SEM is shown. D) Normalized MFI of intracellular 488-Taxol is shown for control (488-

Tax) and cells pre-treated with inhibitors (Verapamil and Elacridar). Shown are box-plots 
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(with SE and SD outer bars) overlaid on data from n=3 samples. E) Schematic of pre-

treatment with P-gp inhibitor in the TS-MVN system. F) P-gp inhibition has no effect on 

diffusive permeability measurements made using 40kDa dextran in the MVN system 

(without TS). Shown are box-plots overlaid onto raw data. G) Normalized intra-tumor (TS) 

488-Taxol intensity for control and P-gp-inhibited TS-MVN samples. Significance is 

indicated for t-tests, with *P<0.05, **P<0.01.
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Figure 6. 
Drug transport is affected by the tumor microenvironment. A) Fixed image of Skov3 (TS-

MVN) at day 7 following co-culture. Mid-TS planar confocal image is shown demonstrating 

HUVEC-RFP and Skov3 (H2B-mcherry), and arrow indicating ring of fibroblasts 

(+Phalloidin, −RFP) surrounding TS. B) Max-projection image of A549 (TS-MVN) fixed at 

day 7 and stained for EpCAM and Collagen III (left). Right shows only Col III stain. C) 

Diffusivities measured in matrix, stroma, and within the TS at day 7 for both cancer cell 

lines (n=10 samples each). Shown are box-plots (inner SEM, outer bars SD) overlaid on 
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individual samples. Significance is indicated for paired t-tests, with *P<0.05, **P<0.01, and 

†P<E−6, ††††P<E−10, †††††P<E−11. D) A representative (normalized) intensity of 488-

Taxol accumulation within each TS – from outer TS to mid-point. The graph above 

demonstrates measurements made across the TS. E) A graphical summary of diffusive drug 

transport through the vasculature and TME, demonstrating the 3 transport routes in our 

model system. All co-cultured components dictate the efficacy of drug transport in the TS-

MVN system.
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