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Chapter 1: Introduction 
 

Background 
Despite continuous advances in treatment, cancer is currently the leading cause of death in 

the Western world1. Treatment options for cancer are surgery, radiotherapy and drug 

therapy. Drug therapy is used by about 30% of all cancer patients, for example when a 

cancer has metastasized2. 

Novel drugs are continuously invented, however the success rate in clinical trials of 

oncology drugs is only 5%3. The most important reason for this low success rate is a lack of 

efficacy4. Hence the current preclinical models used for efficacy prediction, consisting of in 

vitro models and animal models, are in need of improvement. 

One of the most used animal models in oncology is the cancer xenograft model in 

mice5. In this model human cancer cells are implanted in a mouse, most often 

subcutaneously5. Cancer growth in treated animals is compared to growth in untreated 

animals as a measure of efficacy. Although cancer xenografts consist of human cancers 

growing in an organism with homeostasis and dynamic drug exposures, efficacy predictions 

are imperfect due to a reduction of biological complexity such as intratumor heterogeneity, 

species differences in e.g. stroma cells and experimental variation6. Besides the imperfect 

efficacy predictions, animal testing raises increasing ethical concerns. 

 

A promising novel technology for mimicking disease processes and therapy effects in vitro, 

is organ-on-a-chip technology. Organ-on-chip technology is a descendant of lab-on-chip 

technology, in which chemical analyses equipment was shrunk to sub-millimeter 

dimensions, to allow for an entire lab-on-a-chip7. The on-chip term refers to the original use 

of manufacturing processes pioneered in the computer chip industry. As the small 

dimensions create a potential for parallelization, application of lab-on-a-chip technology to 

cell biology was pioneered in the 2000s, also for initial cancer-on-chip experiments. In an 

early study to convert in vitro drug efficacy assays to a chip, we conducted an apoptosis 

assay on-chip to evaluate whether we could measure the effect of staurosporine on breast 

cancer cells8. The study is described in Chapter 3 of this thesis. 

However it was recognized that besides parallelization, organ-on-chip technology can 

incorporate aspects of human physiology which are not feasible with traditional in vitro 

experiments9. The small features and microfluidic flow allow for more advanced 

manipulation of the cell environment. An organ-on-chip model does not contain an entire 

organ, but recreates a functional unit of the organ which sufficiently recapitulates its 

function, and/or drug response9, 10.   

Cancer-on-chip models have been developed which incorporate several aspects of 

tumor physiology: for example nutrient gradients, migration, angiogenesis, mechanical 

stimulation and stroma cells11. Up to recently, dynamic, in vivo-like drug concentrations 
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were surprisingly absent from this list12. In animals and humans, drug are administered and 

subsequently distributed, metabolized and excreted, resulting in a peak concentration and 

an exponential decline over time. However with current in vitro technology only constant 

drug concentrations are employed. Cancer-on-chip technology, which can incorporate 

microfluidic pumps and channels, would be suitable for mimicking the dynamic drug 

concentrations found in vivo.  

Besides adding novel technical capabilities, cancer-on-chip models have to be 

validated to replace current in vitro and animal models. These technologies have been in 

development for 15 years, and uptake in drug discovery and personalized medicine is still 

limited. Validation, robustness and scale have been a challenge. As animal models have 

their deficiencies, and clinical prediction is the ultimate goal, the cancer-on-chip field mainly 

tries to validate the models with clinical data. However this approach stacks two 

considerable uncertainties. One is the lack of scale and robustness of the innovative cancer-

on-chip models. Secondly, cancer is a very heterogeneous disease, even when considered 

for a specific organ such as colorectal cancer. Every patients’ cancer is different as it is 

derived from the patients’ genetic make-up. Furthermore within each tumor different 

clones arise, resulting in a challenge to obtain a representative sample for drug testing13.  

 

Because of these considerable challenges, it is uncertain when direct prediction of clinical 

efficacy with cancer-on-chip models will be achieved. A complementary, stepwise approach 

seems warranted.  In this stepwise approach cancer-on-chip models are first validated with 

cancer xenograft data, which provide thousands of data points with defined cell lines and 

drug exposures. Complementing and/or substituting the xenograft model could 

immediately improve drug discovery by increasing the scale of efficacy testing of cell lines, 

drugs and dosages while reducing experimental variation. Furthermore this cancer-on-chip 

model could provide a basis for the stepwise addition of human factors such as human 

pharmacokinetics, fibroblasts, cancer cell heterogeneity, immune cells and vessels, to 

increasingly approximate the drug response in humans.   

 

Aim of the thesis 
To incorporate dynamic, in vivo-like, drug concentrations in cancer-on-chip models, mimic 

the drug response found in cancer xenograft models and explore where on-chip models can 

outperform xenograft models.  

 

Outline 
Chapter 2 of this thesis reviews the readiness of cancer-on-chip models for replacing the 

xenograft model by focusing on the relevant xenograft biology, cancer-on-chip technologies 

available to mimic the biology, and existing empirical validation. 
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Chapter 3 describes an initial step in testing cancer drug response on-chip; the 

introduction of cancer cells on-chip and subsequent induction and quantification of cell 

death, or apoptosis.  

Chapter 4 contains a description of technology to administer dynamic drug 

concentrations to cancer cells on-chip. The dynamic drug concentrations found in mice were 

administered to colorectal cancer cells. Cells were cultured under a membrane to prevent 

shear stress. The resulting growth inhibition on chip was measured label-free. 

Chapter 5 combines dynamic drug concentrations with a three dimensional tumor 

microenvironment provided by tumor spheroids. Tumor spheroids are characterized by cell-

cell contact, three dimensional growth, solute gradients and offer the opportunity to 

perform histology. We directly compare on-chip growth inhibition and histologic response 

to xenografts. Furthermore, based on histology, we map on-chip results to the (micro-

environmentally) heterogeneous tumor in mice, to evaluate whether the on-chip response 

is representative. 

Chapter 6 provides a numerical simulation to evaluate whether drug exposure in 

avascular spheroids is comparable to in-vivo, vascularized tumors, when drug 

concentrations supplied are dynamic and equal. Drug exposure might differ as spheroids 

have a larger radius than the tissue cylinders surrounding blood vessels, but are supplied 

with drug from the outside in.  

Chapter 7 focuses on the application of dynamic, intracerebral-like, drug 

concentrations on-chip to screen for efficacy of drugs against pediatric brain stem cancer 

(DIPG). As animal models of brain cancers are time consuming and technically demanding, 

a screening tool for selecting the most promising drugs against pediatric brain stem cancer 

could accelerate finding effective treatments. As a pilot DIPG cells were cultured on-chip in 

Matrigel and exposed to estimated (human) intracerebral concentrations of doxorubicin. 

Chapter 8 concludes the thesis, and provides an outlook for mimicking the xenograft 

drug response on-chip. 
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Abstract 

Organs-on-chips are in vitro models in which human tissues are cultured in microfluidic 

compartments with a controlled, dynamic micro-environment. Specific organs-on-chips are 

being developed to mimic human tumors, but the validation of such ‘cancer-on-chip’ 

models for use in drug development is hampered by the complexity and variability of human 

tumors. An important step towards validation of cancer-on-chip technology could be to first 

mimic cancer xenograft models, which share multiple characteristics with human cancers 

but are significantly less complex. Here we review the relevant biological characteristics of 

a xenograft tumor and show that organ-on-chip technology is capable of mimicking many 

of these aspects. Actual comparisons between on-chip tumor growth and xenografts are 

promising but also demonstrate that further development and empirical validation is still 

needed. Validation of cancer-on-chip models to xenografts would not only represent an 

important milestone towards acceptance of cancer-on-chip technology, but could also 

improve drug discovery, personalized cancer medicine, and reduce animal testing.  
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Introduction 

Cancer is the leading cause of death in developed countries.1 New treatments are 

continuously being developed, however the success rate in clinical trials is only 5% for novel 

oncology drugs.2, 3 The main reason for attrition in clinical trials is lack of efficacy4. A 

technology which could potentially improve drug success rate is organ-on-chip technology.  

Organ-on-chip devices are microfluidic devices with living cells that model tissue-level and 

organ-level aspects of human physiology.5-8 Advanced environment architecture and 

control of flow and solutes within these devices enables studying human disease and 

therapy response in more supervised fashion.6-8  

Organ-on-chip technology has also been widely used to model and study cancer, and 

has been reviewed elsewhere.9-12 Cancer-on-chip systems contain cancer cells and mimic 

one or several aspects of tumor physiology, for example cell culture, nutrient gradients, 

interaction with support cells, dynamic drug concentrations and drug effect, angiogenesis 

or mechanical stimulation of cells (fig. 1).13-20  

Such ‘cancer-on-chip’ technology development has mainly focused on directly 

mimicking human cancer response, as this is ultimately the goal and would allow to bypass 

(imperfect) animal testing.21 However, it is extremely challenging to make systematic 

comparisons between experimental cancer-on-chip models with clinical data, due to the 

experimental nature of the models, the heterogeneity of cancer in humans and the need 

for expensive clinical trials. This lack of systematic comparison is hampering the validation 

and subsequent acceptance of cancer-on-chip models in preclinical and regulatory drug 

testing. 

Therefore we propose to first validate cancer-on-chip technology on animal models 

such as the mouse xenograft model (fig. 2). The xenograft model is the gold standard for 

testing the efficacy of a novel oncology drug, before progressing into (human) clinical trials. 

In this model human cancer cells are implanted in a mouse and the effect of drugs on tumor 

growth analyzed. The xenograft model shares several important characteristics with human 

tumors; the model entails a vascularized, three dimensional tumor, growing in a living 

organism with homeostasis, drug tolerance and metabolism. As the model lacks certain 

characteristics of human tumors such as intra- and inter tumor heterogeneity, human 

stroma, human pharmacokinetics, and an immune system,22 the xenograft model provides 

an intermediate step towards the complexity of human cancer (fig. 3). Due to the 

importance of xenograft models for progressing to human trials, every year hundreds of 

thousands of animals are used in experiments where the implanted cancer cell lines are 

known, animals are virtually identical (inbred), and drug responses are registered. This 

wealth of data from well-characterized in vivo models provides an opportunity for the 

validation of cancer-on-chip models.  
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Figure 1. Existing cancer-on-chip technology for mimicking cancer physiology. (a) Parallel 

cancer cell culture under continuous flow on-chip.13 (b) Co-culture of fibroblasts and cancer 

cells in adjacent channels and the effect on cancer growth.15 (c) A central channel for 

culturing cancer cells in which an oxygen and glucose gradient arises and is quantified.16 (d) 

Mechanical stimulation of cancer cells via simulation of breathing on chip affects tumor 

invasion and growth.17 (e) Cancer cells, fibroblasts and functional vessel formation in a 

microfluidic chip, which can distinguish direct drug effect and indirect drug effect via vessel 

formation.18 (f) Two separate microfluidic pumps enable dynamic drug control for 

mimicking in vivo like drug concentration profiles in a microfluidic chip with cancer cells.19. 

Reprinted with permission. 

 

Once cancer-on-chip systems reliably mimic the drug response in animal cancer models, 

these systems can surpass the xenograft model in several ways. The lack of certain human 

characteristics reduces the predictive power of basic xenograft models for efficacy of novel 

drugs in humans.2, 3 With further development, cancer-on-chip systems can mimic and be 

compared with more advanced xenograft models, such as those with cancer cell 

implantation in the organ of origin (‘orthotopic’), those with addition of immune system 

components23, and patient-derived xenografts (PDX).24, 25 Also, with their miniaturized 
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nature, more cell lines can be tested in cancer-on-chip models, thereby providing a sample 

more representative of intra- and inter-tumor heterogeneity in humans. Furthermore, the 

well-controlled nature of cancer-on-chip models could reduce the variation that is typically 

observed in experiments with mice, due to e.g inter-individual differences and technical 

variation in drug administration and tumor size measurements. With these steps the ‘pre-

clinical’ to clinical gap in drug discovery can be further reduced. Cancer-on-chip models 

could also be employed for personalized medicine as an alternative to successful but 

difficult and expensive individual patient-derived xenografts in mice.26-28 

Hence mimicking cancer xenograft models represents a well-defined, first step for 

validation of cancer-on-chip systems to mimic human cancer response in a step-wise 

manner. Furthermore the validated cancer-on-chip systems could provide an improved 

drug discovery tool and reduce animal testing. In this review we evaluate the readiness of 

organ-on-chip technology for simulating the xenograft model drug response by first 

describing the murine xenograft model biology, and subsequently the available organ-on-

chip technology for mimicking these characteristics.  

 

 

 
Figure 2. The human cancer cell line subcutaneous xenograft model for testing drug 

efficacy. Human cancer cell lines are injected below the skin of the mouse. The control 

group does not receive drug, while one or more groups of mice receive drug treatment(s). 

The primary outcome parameter is growth inhibition by the drug, for which tumor size is 

measured over time, often externally with calipers. After the tumor reaches a certain size 

the mice are euthanized. Drug effects on the tumor are further analyzed on a tissue level or 

molecular level (e.g. DNA, proteins).  
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Figure 3. Validation of cancer-on-chip tumor technology with animal models provides a 

stepping stone towards mimicking human cancer. Once homeostasis, pharmacokinetics, 

and a 3D heterogeneous tumor micro environment can be reliable modeled on-chip, further 

human cancer complexity can be added such as multiple clones, metastases, orthotopic 

location, an immune system, and host variation. 

 

Cancer xenograft biology 
In the xenograft model, human cancer cells are implanted in an immunodeficient mouse. 

Subsequently a drug or drug combination is administered. The primary outcome parameter 

of a xenograft model for testing drug efficacy is the growth of the treated tumor versus 

control (fig. 2).  
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Typically, xenograft tumors grow from 100 mm3 (6 mm diameter) to 1000 mm3 (12 

mm diameter) in several weeks. The growth rate often declines with larger tumor sizes, as 

opposed to exponential growth in (2D) in vitro experiments.29, 30 31, 32 Tumor growth 

inhibition varies per drug and implanted cell line.33 Often there is a decrease in growth 

under treatment, however tumor volume decrease also occurs.33, 34 The effect of 

therapeutics can be directly on tumor cells, or indirectly via the microenvironment such as 

the inhibition of vessel formation, or both.34-36  

Biological factors implicated in tumor growth are potential candidates for 

incorporation into chip-systems. A selection of these factors is discussed below, and an 

overview of example values for these factors is provided in supplementary table 1.  

 

Human cancer cell lines used in xenografts 

Cell lines that have been often used in in vivo studies provide the most data for validating 

the chip system. Examples of often used cancer cell lines for xenografts are HCT116 

(colorectal), MCF7 (breast) and A549 (lung), or more broadly, the NCI60 panel, which 

consists of 60 well-characterized tumor cell lines. These cell lines have been grown in vitro 

for numerous passages, leading to fast doubling times and loss of heterogeneity and original 

tumor characteristics.37 Nevertheless the level of cell differentiation and retention of 

original tissue structure after implantation differs per cell line.38 Alternatively cells can be 

used that have been harvested from a patient, and grown for multiple generations in 

immunodeficient mice (PDX). These cells retain more of their histologic and molecular 

characteristics, and intra-tumoral heterogeneity than in vitro passaged cell lines24. 

 

Xenograft tumor microenvironment components and gradients 

The human cell lines will be injected in the mouse. Subcutaneous (below the skin) 

implantation is the most commonly used location for tumor xenografts due to its high 

engraftment success rate, rapid tumor growth and ease of external caliper measurement. 

Subcutaneous xenografts tend not to spread to other parts of the body.39 

Besides cancer cells a subcutaneous xenograft consists of extracellular matrix (ECM) 

and stroma cells.40, 41 The ECM consists of proteins (collagen, fibronectin) and proteoglycans 

(e.g. hyaluronic acid), of which collagen is the most abundant.42, 43 These molecules form a 

fiber-like network by crosslinking. The ECM can affect drug diffusion, cellular behavior and 

response to drugs.44 The exact composition of the ECM varies per cell line, and the specific 

‘matrisome’ has been described for several xenografts.43, 45 The ECM is dynamic, e.g. matrix 

metalloproteinases can break down ECM42 and ECM components are produced by both the 

tumor cells and the stroma cells.43 The amount of ECM differs between human tumor types, 

ranging from 20%-90%.45, 46 Although xenografts generally have less stroma than primary 

human tumors40, 47, the amount of stroma in xenografts also depends on the cell line.45, 48  

The most prevalent stroma cells in xenograft tumors are (murine) fibroblasts and 

endothelial cells. As with the ECM, the amount of fibroblasts and endothelial cells combined 
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can differ per cell line in the range of 10-80%, with the difference driven by fibroblasts.40, 49 

Besides producing ECM, (cancer associated) fibroblasts (CAFs) are implicated in tumor 

growth, invasion, angiogenesis and chemoresistance via cell-cell contact and paracrine 

signalling.29, 50-52 Fibroblasts and ECM can also affect tumor growth via increasing the 

pressure in a tumor, either directly or via collapsing vessels.53 54 

When tumors grow beyond 1 mm3, small blood vessels (capillaries), formed by 

endothelial cells, are needed for oxygen and nutrient supply.55 56 Tumor vascularization is 

less structured than vascularization in normal tissue, e.g. shunts and abnormally wide 

vessels exist, which contributes to poor tissue perfusion and can lead to central or diffuse 

necrosis.57 Hence lagging functional vascularization is a possible reason of the declining 

growth rate of tumors.56 As nutrients, oxygen and therapeutics are supplied via the 

capillary, a concentration gradient arises away from the capillary. The concentration 

gradient depends on the concentration supplied, mass transfer (diffusion, convection), and 

binding and consumption in the tissue. Due to the higher interstitial pressure in the tumor, 

convection from the vessel into the tissue is lower, thereby limiting mass transfer mostly to 

diffusion.9 Besides a gradient away from the capillary, the periphery of the tumor typically 

is better perfused.57 Resulting gradients for oxygen and glucose range from the arterial level 

to ~0.58-62 As the capillary supply of nutrients and oxygen is crucial to tumor growth, a 

central capillary with a cylinder of tumor tissue (‘tumor cord’) can be seen as a functional 

unit of a tumor, alike a liver globule (acinus) or kidney nephron.57  Indicative dimensions of 

the tumor cord are a capillary length of 0.2-0.5 mm63 57 with a tumor cylinder radius of ~50-

100 µm. 

To summarize the tumor micro-environment, the typical xenograft tumor contains 

stroma cells and extracellular matrix besides cancer cells, and nutrient and oxygen 

concentrations decrease in distance from tumor vessels. 

 

Host organism: mice homeostasis and pharmacokinetics 

Mice maintain steady internal conditions (‘homeostasis’) of temperature, oxygen and 

nutrients. which in several aspects are comparable to humans and different from in vitro 

conditions. Although body temperature is approximately 37˚C64, which is equal to an 

incubator, mice have blood glucose of 6-7 mM65, which is 1.5-3× lower glucose than most 

cell culture media, while being more diverse in amino acids.61  

Mice have arterial blood levels of 90-100 mmHg oxygen pressure, with >95% of oxygen 

bound to hemoglobin.66, 67 Hence this is different from in vitro conditions with 

approximately 140 mmHg oxygen pressure and no hemoglobin bound oxygen.68  

Besides maintain homeostasis, mice affect the drug concentration over time. After an 

initial peak drug concentration in the blood due to drug administration, the concentration 

declines due to distribution, metabolism and excretion.69,70 The concentration profile can 

be described by several parameters, such as the maximum concentration (Cmax), drug half 

life (t1/2), and the drug concentration integrated over time (Area Under the Curve, AUC). 
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However the exact relation between these parameters and drug efficacy are usually not 

known.19, 35 Therefore the concentration profile over time cannot easily be substituted by a 

single constant dose or pharmacokinetic parameter. In blood drugs are also protein bound 

to a different degree, which reduces the amount of free drug which is pharmacologically 

active.71 Furthermore mice can receive single, or multiple rounds of drug treatment, ranging 

from once per week to once per day.72, 73 

 

Experimental variation in xenograft models 

The aforementioned biological characteristics could influence drug response in the 

xenograft model and therefore might be relevant for chip-systems mimicking the drug 

response. However several other characteristics of the xenograft model primarily lead to 

variation in the outcome without biological relevance. 

Variations arise for multiple reasons. Although mice typically used for xenograft 

studies are inbred and therefore virtually genetically identical, different strains, gender or 

microbiome could still lead to variation. Furthermore housing or conditions inducing stress 

could affect tumor growth.74-76 Also the subcutaneous injection of tumor cells can give rise 

to differently sized and shaped tumors. Injection of drugs into the tail vein or intraperitoneal 

can fail. External measurement of an irregularly shaped tumor, placed under the skin, with 

calipers in two directions on a millimeter scale gives rise to measurement errors. This 

variation can lead to false positive and negative results. This complicates mimicking the 

outcome of the xenograft model, and could require taking the average response of several 

studies, however also provides an opportunity for cancer-on-chip systems to provide a more 

statistically robust outcome then xenograft models. 

 

Capturing essential xenograft biology in cancer-on-chip models  

From the previous sections it might seem complexity and variation in xenograft tumor 

characteristics is infinite, and would lead to impossible technical requirements for cancer-

on-chip models to capture the response to drug treatment. However the 6-12 mm diameter 

tumor can be reduced to a collection of functional units, or ‘tumor cords’. Furthermore, an 

educated guess to rank the tumor characteristics most relevant to drug response, and a 

subsequent selection, could lead to a cancer-on-chip model that is able to predict the in vivo 

drug response. For example an initial model could match the cell line, incorporate gradients 

of oxygen, nutrients, and drug, and apply drug concentrations found in vivo. From such a 

relatively simple ‘starting point’ additional characteristics such as cancer associated 

fibroblasts, angiogenesis, and/or pressure, can later be added. These characteristics can be 

added for testing in general, or for testing of specific drugs and cell lines. 
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Cancer-on-chip tumor growth correlated with xenograft data 

The validity of such a ‘reductionist’ approach in the design of cancer-on-chip models is 

illustrated by the first direct comparisons of tumor growth in cancer-on-chip models to 

xenograft cancer growth. These studies are relatively scarce, but show promising results 

(fig. 4).28, 77-81  

 

 
Figure 4. Cancer-on-chip studies with a comparison to xenograft cancer growth. (a) Parallel 

platform to test drug combinations on cell plugs with a caspase read out. Increased caspase 

correlated to growth inhibition in xenografts.77 (b) A separate channel for introducing PDX 

spheroids and supplying medium and drugs, with a live/dead stain readout which correlates 

to growth inhibition in xenografts.80 (c) Multi cell layers consisting of endothelial cells, 

tumor and stroma cells in a micro-physiology system. Cancer cell growth inhibition and 

molecular analysis on-chip is comparable to xenografts.78 (d) Drug and nutrients are 

provided to cancer cell clusters (green) via self forming vessels (red). On-chip growth and 

growth inhibition is comparable to xenograft growth and growth inhibition for first line 

colorectal cancer therapy (FOLFOX).81. Reprinted with permission. 
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Drug-induced cancer cell death in a multiplexed microfluidic device was correlated to 

growth inhibition in a xenograft for pancreatic cancer cell lines and primary cells.77 A 

microfluidic platform was created for applying 56 simultaneous drug combinations times 20 

replicates to fluid plugs which contained ~100 tumor cells.77 Drugs were added  at a 

constant, uniform concentration and incubated for 16 hours. Activation of caspase 3, an 

apoptosis protein, was used to quantify drug efficacy on two pancreatic cancer cell lines. 

Drug efficacy found in the microfluidic device was subsequently compared to growth 

inhibition in subcutaneous xenografts. Effective drug combinations found in the microfluidic 

device also led to growth inhibition in xenografts.77  

Cancer-on-chips with less parallel processing but a higher degree of micro-

environment complexity were used in different studies. Spheroids have multiple cell layers 

and thereby induce a gradient of nutrients and drugs from the outside in. When spheroids 

derived from PDX bladder cancer cells were cultured in microfluidic chambers, they could 

be exposed to fixed concentrations of drugs for multiple days.28  Interestingly, in both the 

cancer-on-chip microchambers and in mice, combination therapy of cisplatin and 

gemcitabine inhibited growth, whereas individual agents did not. Similarly, when PDX lung 

tumor spheroids were cultured in a microfluidic device and exposed to epithelial growth 

factor receptor (EGFR) inhibitors, the decrease in viability correlated well with xenograft 

growth inhibition of different drug (combinations).80  

Increasing complexity can be included in the cancer-on-chip models to capture even 

more aspects of tumor biology. For example, a microfluidic chip with multiple layers of 

patient derived pancreatic cancer cells with fibroblasts on one side of a membrane and 

endothelial cells on the other side has been reported.78 Morphology of the microfluidic cell 

cultures showed disordered growth of tumor and stroma cells, comparable to xenografts. 

Upon perfusion with average drug concentrations found in mice, the transcriptome profile 

obtained with RNAseq suggested a stronger correlation with xenograft gene transcription, 

compared to 2D in vitro gene transcription.78 Furthermore, growth inhibition for several 

drugs was similar to growth inhibition in xenografts of the same cell lines.78, 82 

Further sophistication of the tumor micro-environment was achieved in a microfluidic 

chip with self forming vessels. The vessels provide nutrients and drugs to cancer cell clusters 

embedded in ECM containing fibroblasts.81 Two standard colorectal cancer cell lines which 

cover different archetypes of colorectal cancer were used. Vessels perfusion was achieved 

with a pressure gradient over the microfluidic chamber in which both the vessels and tumor 

cells are located. Computational modeling showed comparable vessel flow speed as in 

capillaries. As test drugs, 5-fluorouracil, leucovorin, and oxaliplatin, which are first line 

treatment for metastatic colorectal carcinoma, were chosen. Administered drug 

concentrations were based on maximum concentrations and drug half life found in men. A 

single cycle was applied and growth evaluated after 6 days. Tumor growth of both the 

control and treatment group in the chip was similar to xenograft growth, whereas two-
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dimensional growth differed significantly. Furthermore RNA analysis indicated a higher 

similarity between xenograft and on-chip tumors than with two-dimensional cell culture.  

These studies clearly illustrate the potential of cancer-on-chip technology to mimic 

the xenograft drug response. Especially the more complex systems (almost) cover the tumor 

characteristics chosen as a ‘starting point’: cell lines are matched, the microenvironment 

consists of multiple cell layers that generate solute gradients, there is a constant supply of 

nutrients and oxygen, and drug concentrations are based on in vivo concentrations. 

Furthermore a drug response which correlates to the in vivo drug response was observed.   

 

Improving correlation to xenograft biology with cancer-on-chip 

development 

Further mimicry of the xenograft tumor than already achieved by the examples listed above 

could be realized by incorporating dynamic drug control, controlled solute gradients and 

physiologic homeostasis. Beyond that, more advanced xenograft characteristics such as 

fully functional vessel growth can be incorporated. In the broader cancer-on-chip literature 

solutions exist for these parameters, although none have implemented all of them as of yet. 

Nutrient and oxygen homeostasis can be achieved by applying continuous flow to cell 

culture13. Cell medium used usually contains supraphysiological levels of glucose and other 

nutrients, however medium can be modified to be more in vivo-like for known medium 

constituents83. Furthermore ambient oxygen tension is typically higher than in vivo, 

however because of the absence of hemoglobin the amount of oxygen per medium volume 

is approximately forty times lower. For oxygen control, oxygen scavengers, adjacent gas 

supply channels or gas impermeable chips limiting the gas supply have been used.84 To 

increase the oxygen concentration in medium artificial oxygen carriers such as 

perfluorocarbons can be used.85 Both oxygen and glucose demand and supply can be 

modeled based on in vitro cellular consumption and numerical simulations86, 87. 

Dynamic, in vivo-like, drug concentrations have been created in microfluidic chips 

based on existing pharmacokinetic data. Drug concentrations can be controlled by multiple 

pumps, or channel geometry.19-21, 88  An even more ambitious approach is to use body-on-

chip technology to generate the pharmacokinetic profile of the drug.89, 90 Absorption of 

drugs by often used chip materials such as silicone rubbers is a known issue, and can be 

circumvented by using different materials, or by adjusting the dosage and continuous 

flow.21, 91 

Micro-environment nutrient and drug gradients arise from the outside of the tumor 

to the inside due to diminished blood flow, and radially outward from the tumor capillaries. 

Ideally the gradient on-chip matches the absolute values, and steepness of in vivo values 

for relevant solutes such as oxygen, glucose, other nutrients and drugs. To create gradients 

on chip multiple approaches are feasible. One approach is to create different 

concentrations in separate channels by using a gradient generator and parallel channels. 
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Double layers of gradient generators allow for independent oxygen and chemical gradient 

generation in a single chamber.92 A gradient can also be created across a single channel with 

cells consuming nutrients.16 Multiple stacked cell layers, for example in spheroids, also 

generate gradients across the cell layers, which can be quantitatively evaluated.86  

Different degrees of vessel incorporation and functionality into the model are possible 

based on existing microfluidic technologies. An endothelial cell layer could increase the 

validity of the model by providing a barrier to drug diffusion.78 Furthermore, self-forming 

vessels can be created on-chip to both provide cancer cells with nutrients and drug and 

indicate the effect of drugs on vessel formation.18 Although the self-forming vessels are the 

sole source of oxygen and nutrients, the differently sized cancer cell (cluster)s are still also 

dependent on nutrient diffusion from the empty extracellular space, instead of a central 

capillary in a tumor cord. Vessels which grow within a compact tumor, are the sole provider 

of nutrients to the compact tumor, and allow the tumor to grow larger than an avascular 

tumor, have not been achieved yet, neither on chip nor in spheroids.  

Despite the availability of technology to mimic separate aspects of xenograft tumor 

physiology on-chip, integration is not trivial. In general adding complexity reduces 

scalability, e.g. the use of microfluidic pumps for dynamic drug concentration control 

requires a separate technical solution to scale up.93, 94 Furthermore the preferred solution 

for one aspect might complicate control of another. For example oxygen control is often 

established on chip by using oxygen permeable materials. However potential absorption 

and desorption of drugs in the oxygen permeable material could require additional 

attention to the drug administration schedule. Also reliance on biology for recapitulating 

certain unknown parameters, such as multiple cell layers for drug transport through and 

around cells, could increase variability and distort other parameters such as oxygen 

availability, requiring compensation.  

Hence which biological parameters are crucial and whether the engineering solution 

suffices requires careful consideration. The aforementioned, relatively simple, ‘starting 

point’ tumor characteristics, together with the technologies mentioned in the previous two 

paragraphs, could aide in designing such as a system. 

   

Future validation of cancer-on-chip systems using in vivo xenograft data 

There is considerable interest in using organ- or cancer-on-chip for drug discovery, as 

illustrated by academic, industry and regulatory publications19, 21, 95, 96. However to obtain 

an established role in drug discovery cancer-on-chip systems need empirical validation. For 

initial validation of cancer-on-chip models commonly used cell lines are suitable. Although 

primary and PDX cells have a higher translational value, these cell lines are less stable and 

homogeneous and less data on growth inhibition is available. A starting point could be cell 

lines from the NCI-60 panel. 97 Initial drugs tested are preferably drugs approved for use in 

the clinic, as there is likely efficacy and hence an effect to measure, and the most data 
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available as these drugs have gone through the approval process. Furthermore, efficacy 

should preferably not depend on active metabolites, and drugs to have a direct effect on 

cancer cells instead of indirect effects via e.g. angiogenesis inhibition. Hence the drug-cell 

line combination for initial validation should allow for the relatively simple ‘starting point’ 

tumor characteristics. The approach of validating a chip system with a standard cell line and 

approved drugs to a xenograft has been used.81 Further examples of common combinations 

of cancer-cell lines and drug are provided in the Supplementary Material, as well as a guide 

to obtain growth inhibition data and accompanying pharmacokinetic data. As the search 

strategy and access to articles might lead to a bias, it is advisable to discuss the findings with 

researchers who conduct relevant xenograft studies. Also there is considerable statistical 

variation in mice xenograft data, it is advisable to start with drug dosages with a significant 

effect and use an average of growth inhibition found across studies.    

Crucial is validation on the primary outcome parameters of control growth and growth 

inhibition by the drug applied. For further validation of the technology, histopathology and 

molecular analyses on gene expression and/or protein levels of cancer-on-chip models 

could be compared to the in vivo tumor. Moreover face validity as judged by xenograft 

experts could aid in determining the validity. A minimum validation of several cancer cell 

lines with several drugs and dosages will be required. Once there is initial empirical 

validation, a multi-site, blinded trial comparing growth inhibition of multiple compounds in 

cancer-on-chip models to in vivo growth inhibition could be conducted. A recently 

conducted trial on the predictive power for cardiotoxicity of three dimensional engineered 

heart tissue could serve as an example. In this trial a set of 36 compounds was used, of 

which 8 were training compounds, and 28 were blinded test compounds98.  

After the validation on established cell lines and drugs, the model could be employed 

in the drug discovery process complementary to the in vivo model, e.g. to test the efficacy 

of novel compounds on different cell lines and with different administration schedules. If 

the cancer-on-chip model suggests a superior drug (schedule) exists, this can be retested in 

mice, to both act as a further validation of the model and to improve lead (compound) 

selection and optimization in drug discovery. With increasing validation the cancer-on-chip 

model can progressively substitute the use of mice. Nevertheless, though significantly 

reduced, animal models will remain needed for both toxicity and pharmacokinetics analysis, 

until ‘body on-chip’ devices have been tested sufficiently extensive to correctly predict 

(tolerable) drug concentrations and metabolism.89, 90 

Once the chip-system has been validated for xenograft drug responses the system can 

be made more human-like. For example by adding factors such as primary or PDX cells, 

human stroma, pharmacokinetics, and immune components. Also the chip-system can be 

used as substitute for PDXs in mice for individual patients to personalize treatment.27 
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Conclusion and outlook  

Mimicking human cancer on a chip would allow for personalized medicine and improve drug 

discovery, however has proven elusive. Mimicking a murine subcutaneous xenograft in a 

cancer-on-chip system would be an important and verifiable intermediate step towards 

human cancer-on-chip. Moreover chip systems could then surpass the mice xenograft in 

scale and robustness, immediately improving drug discovery and reducing animal testing. 

A human cancer xenograft in a mouse is arguably the most simple in vivo tumor, 

however it is still a vascularized three-dimensional tumor with stroma growing in a living 

animal. Despite the theoretically infinite complexity and variation, an educated guess on 

the most relevant tumor characteristics for predicting therapy response can be made as a 

starting point, and complexity added where needed.  

Current organ-on-chip technology is able to model many of the relevant biological 

parameters of the cancer cells, microenvironment, and host that are typical of xenografts. 

Some advanced organ-on-chip systems have incorporated several aspects and shown 

promising correlations to xenograft response. However further technical integration and 

empirical validation to in vivo tumor growth with common cell lines and drugs is needed.  

Overall, we conclude that the development of a cancer-on-chip system that is able to 

mimic the xenograft drug response should be feasible in the short term, and the benefits 

would be vast. Therefore validation of cancer-on-chip models to xenograft models warrants 

a significant effort from the cancer-on-chip scientists, either as separate research or 

incorporated into regular (human) cancer-on-chip development. 
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Abstract 

Breast cancer is the leading cause of cancer deaths among non-smoking women worldwide. 

At the moment the treatment regime is such that patients receive different 

chemotherapeutic and/or hormonal treatments dependent on the hormone receptor 

status, the menopausal status and age. However, in vitro sensitivity testing of tumor 

biopsies could rationalize and improve the choice of chemo- and hormone therapy. Lab-on-

a-Chip devices, using microfluidic techniques, make detailed cellular analysis possible using 

fewer cells, enabling working with a patients’ own cells and performing chemo- and 

hormone sensitivity testing in an ex vivo setting. This article describes the development of 

two microfluidic devices made in poly(dimethylsiloxane) (PDMS) to validate the cell culture 

properties and analyze the chemosensitivity of MCF-7 cells (estrogen receptor positive 

human breast cancer cells) in response to the drug staurosporine (SSP). In both cases, cell 

viability was assessed using the life-stain Calcein-AM (CAAM) and the death dye propidium 

iodide (PI). MCF-7 cells could be statically cultured for up to 7 days in the microfluidic chip. 

A 30 min flow with SSP and a subsequent 24 h static incubation in the incubator induced 

apoptosis in MCF-7 cells, as shown by a disappearance of the aggregate-like morphology, a 

decrease in CAAM staining and an increase in PI staining. This work provides valuable leads 

to develop a microfluidic chip to test the chemosensitivity of tumor cells in response to 

therapeutics and in this way improve cancer treatment towards personalized medicine. 
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Introduction 

Breast cancer is the leading cause of cancer among non-smoking women in the world, 

although variation in incidence, prevalence and mortality exists between countries1. 

Treatment modalities used in breast cancer include surgical removal of the tumor, 

followed by radiotherapy, chemotherapy and/or hormone therapy. The various protocols 

that exist for chemotherapy and hormone therapy have different and limited rates of 

success2. Currently, selection of chemotherapy and/or hormone therapy is based on a broad 

scale of factors, including a patients’ age and tumor characteristics, such as nodal status, 

the presence of estrogen receptors and the Her-2/neu status3. One potential approach to 

improve the therapeutic efficacy is to use ex vivo approaches to evaluate the sensitivity to 

specific hormone therapies and chemotherapeutic agents using patients’ tumor cells. This 

requires the harvesting of tumor cells via biopsy, conducting chemo- and hormone 

sensitivity tests and extrapolating the results to the clinical setting. 

Microfluidic devices are very helpful in the design of such chemo- and hormone 

sensitivity tests for multiple reasons. Microfluidic devices offer the possibility of using lower 

quantities of cells, parallel processing (high-throughput analysis) and detailed cellular 

analysis4, 5. Because of the lower quantities of cells (typically <100), cells can even be 

obtained via fine-needle aspiration. Furthermore, the obtained cells can be subdivided into 

numerous samples to test various concentrations and combinations of different 

chemotherapeutics and hormones (high-throughput drug screening). Furthermore, 

individually tested samples in parallel promotes statistical analysis. 

The balance between programmed cell death (apoptosis) and cell proliferation 

determines the tumor growth rate, and any alteration between these two factors may be 

the key element for the uncontrolled expansion of malignant tumors. Chemotherapeutics 

and/or hormones are prescribed to tackle this homeostatic imbalance. Conventional 

apoptosis and proliferation assays were performed to evaluate the hormone sensitivity of 

different breast cancer cell lines in vitro6-9. Attempts of testing chemosensitivity of tumor 

cells ex vivo were already made in the eighties, but have not developed into a standard 

chemosensitivity test so far10. Recently, research groups have established a link between 

clinical responses to chemotherapeutics and ex vivo chemosensitivity analysis11-13. 

Moreover DNA microarrays14 and multiparametric microsensor chips15 have been 

developed for chemosensitivity testing. The assays described above provide valuable leads 

for novel therapeutic modalities and improve cancer treatment, however there are 

limitations. For example, the in vitro hormone sensitivity assays need cell culture to obtain 

millions of cells for analysis and the techniques are very time-consuming and extremely 

laborious. Cell handling is easier with DNA microarrays, however, the link between genetics 

and the ultimate goal, cell death in response to chemotherapeutics, yields uncertainty and 

adds to statistical difficulties. 
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The focus of this article is to develop a microfluidic chip which enables the analysis of 

the chemosensitivity of first breast cancer cell lines, and in a later stage a patients’ own 

breast cancer cells in the presence of various chemotherapeutics. As the goal of 

chemotherapy is to induce cell death, the degree of apoptosis was assessed using 

fluorescent dyes. It is not until recently that research groups have become interested in 

developing chips convenient for detecting apoptosis16-18. So far, microfluidic chips have 

been developed to characterize the various hallmarks in the apoptotic cascade in real-time 

at a single-cell level using fluorescent dyes19-21, measuring the release of biological 

substances22, 23, and the fragmentation of the DNA24. Apoptosis assays place greater 

demands on cell handling, especially when cell culture of adherent cells is required. 

Therefore it has to be ensured that the microfluidic device and experimental set-up do not 

negatively influence the cellular behavior prior to adding chemotherapeutics25. Besides the 

fact that the microfluidic device and experimental set-up must be compatible with cell 

survival, a flow system is needed to deliver medium and chemotherapeutics. The applied 

flow rate and the accompanied shear stress have to ensure cell survival. For the chip 

material, the silicone elastomer poly(dimethylsiloxane) (PDMS) together with glass, for 

sealing, is chosen. PDMS is biocompatible, gas permeable, and a cheap material in which 

structures on a micrometer scale can be easily made26, 27, and Pyrex glass is a good 

supporting material for cell adhesion and promotes optical analysis. Overall, the 

microfluidic device and flow system consist of disposables, which is a great advantage when 

performing biological experiments. 

This paper describes the cellular studies performed on the estrogen receptor positive 

human invasive lobular carcinoma cell line MCF-7 in two different microfluidic PDMS chips. 

Firstly, a low volume microfluidic device with cell trap was used to evaluate cell culture. 

Secondly, a chip with a higher volume without cell trap was used to apply a controlled flow 

of medium and a chemotherapeutic to study the effect of this drug on the apoptotic 

pathway. In the experiments presented here, apoptosis is induced by the protein kinase C 

(PKC) inhibitor staurosporine (SSP)28 to optimize the microfluidic device towards a potential 

clinically relevant apoptosis assay. Staurosporine is a frequently used agent for the 

induction of apoptosis, and known to induce apoptosis in MCF-7 cells29-31. In a later stage, 

specific chemotherapeutic agents for breast cancer, such as cyclophosphamide or 

doxorubicin (anthracyclin) will be used. Cell viability was assessed using two fluorescent 

dyes, i.e., the life-stain Calcein-AM (CAAM)32 and the death dye propidium iodide (PI)33. This 

work provides us with valuable leads to develop a microfluidic chip to test the 

chemosensitivity of tumor cells and improve cancer treatment. 
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Material and Methods 

Chip design and fabrication 

Chip 1 

Chip 1 consists of a single channel with a length of 1 cm, a width of 200 μm and a depth of 

50 μm. The round inlet and outlet have a diameter of 1.5 mm. The total channel volume is 

~0.1 μl. The middle of the channel consists of vertical columns (17 μm wide, 10 μm length, 

40 μm depth) separated by 5 μm spaces, acting as a trapping structure (Fig. 1). The 

structures were made in PDMS (Sylgard 184, Dow Corning). Curing and base agent were 

mixed at a ratio of 1:10 for 15 min and degassed. PDMS was poured on the FDTS-coated 

patterned silicon wafer, degassed, and cured at 60° for 24 h. 

After curing, holes were punctured in the PDMS, creating an in- and outlet. The PDMS 

chip was sealed onto a slide of Pyrex glass (1 × 2 cm) using oxygen plasma. Therefore, the 

PDMS and Pyrex glass were cleaned with acetone and ethanol. The surfaces were placed in 

the plasma oxygenator (Harrick PDC001) for 4 min at an RF of 29.6 W and a pressure of 400 

mTorr (high). After sealing, phosphate buffer saline (PBS) was introduced into the chip to 

preserve the hydrophilicity of the PDMS and facilitate cell loading. 

 

 
Figure 1. Schematic drawing of PDMS chip 1. 

 

Chip 2   

Chip 2 consists of a main channel, which broadens into a chamber for cell culture. The inlet 

and outlet channel have a width of 1.5 mm and a depth of 44 μm. The cell culture chamber 

has a length of 10 mm, a width of 5 mm and a depth of 44 μm. The cell culture chamber 

includes an array of pillars to increase the stability of the chamber. Furthermore, chip 2 

consists of two secondary inlets for, for example, the optional addition of versene or 

fluorescent dyes. The total volume is 4.4 μl (Fig. 2(a)). The structures were made in PDMS 

and sealed onto a microscope slide as described above (Fig. 2(b)). After sealing, phosphate 

buffer saline (PBS) was introduced into the chip to preserve the hydrophilicity of the PDMS 

and facilitate cell loading. 
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Cell culture 

The estrogen receptor positive human invasive lobular carcinoma cell line MCF-7 was 

purchased from DSMZ (Braunschweig, Germany). Cells were grown in Roswell Park 

Memorial Institute (RPMI)-1640 medium, supplemented with 10% (v/v) fetal bovine serum 

(FBS), 100 IU/ml penicillin, 100 μg/ml streptomycin, 2 mM l-glutamine and 0.4 μg/ml 

fungizone (RPMI+ medium). Media and supplements were all obtained from Invitrogen 

(Grand Island, NY, USA). Cell cultures were sustained in a 5% CO2 humidified atmosphere at 

37°C. The medium was refreshed every 3–4 days and cultures were split weekly at a ratio 

of 1:3–1:6 after treatment with versene in distilled water. Versene consists of distilled water 

with 137 mM NaCl, 1.47 mM KH2PO4, 2.68 mM KCl, 7.37 mM Na2HPO4·2H2O and 0.54 mM 

NA2EDTA dissolved. In experiments, MCF-7 cells which had satiated the conventional 

culture flasks (>80% confluence) were used for cell loading. 

 

 

 
 

Figure 2. Schematic drawing of PDMS chip 2 (A) and picture of the final chip design in PDMS 

sealed onto a microscope slide (B). Courtesy S. Le Gac 2007. 

 

Experimental set-up 

Chip 1 

Cell loading was accomplished by pipetting cells in the inlet. Hydrostatic forces moved the 

cells into the channels and cells were trapped at the trapping site. The chip was put in a 

Petri dish and covered with RPMI+ medium to prevent further flow. The chip was placed 

back in the incubator to analyze long-term cell culture. For this, cells were cultured for 1, 2, 

3, 5 and 7 days, without changing the medium. For every time point a separate chip was 

used. Viability was assessed by staining the cells in the chip with 2 μg/ml Calcein-AM (CAAM; 

Molecular Probes Invitrogen) and 10 μg/ml Propidium Iodide (PI; Sigma, St. Louis, MO, USA). 

Cell viability was obtained optically, checking cell morphology with light microscopy and 

fluorescence with a mercury lamp. 
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Chip 2 

Cells were introduced by pipetting 20 μl of 4 × 106 cells/ml in the inlet. Cells dispersed evenly 

throughout the chip by hydrostatic forces. The chip was put in a Petri dish, covered with 

RPMI+ medium and placed in the incubator for 2 days. The medium in the chip and in the 

Petri dish were refreshed after 1 day. After 2 days, flow was applied. In the main inlet, a 

pipette tip (Finntip 200Ext 5–200 μl; Thermo Electron Corporation, Vantaa, Finland) was 

punctured, in which a PA-6 (inner Ø 0.25 mm and outer Ø 0.75 mm; Liquid scan) tube was 

put to connect it to a BD plastic syringe (Becton Dickinson, Franklin Lanes, NJ, USA) via a BD 

Microlance needle (30 G × 1/2 in.; 0.3 × 13 mm, yellow). Flow was applied by a KdScientific 

101 syringe pump at a flow rate of 0.5 μl/min. The outlet and secondary outlets were left 

open. Flow was applied for 30 min. Apoptosis was induced by 50 μM staurosporine (SSP; 

Sigma). RPMI+ medium served as a control. After 30 min of flow, the chip was disconnected 

from the flow system and put in a Petri dish fully covered with RPMI+ medium and placed 

in the incubator for 24 h. 

After 24 h, the chip was connected to the flow system to flow a solution of 2 μg/ml 

CAAM and 10 μg/ml PI through the chip at a flow rate of 0.5 μl/min for 30 min. Cell viability 

was obtained optically, checking cell morphology with light microscopy and fluorescence 

with a mercury lamp. 

 

Microscope system 

The microfluidic chip was mounted on to an X–Y–Z translation stage of an inverted wide 

fluorescence microscope (Leica DM IRM, Leica Microsystems, Wetzlar, GmbH, Germany). 

The microscope is equipped with a mercury lamp as an excitation source for fluorescence 

measurements, 5×, 10×, 20×, 50×, 63× objectives, and different fluorescent cubes, of which 

the BGR filter cube was used in these experiments (excitation BP 420/30 and emission BP 

465/20 [blue]; excitation BP 495/15 and emission BP 530/30 [green]; excitation BP 570/20 

and emission BP 640/40 [red]). In addition, a computer-controlled CCD camera (Leica 

DFC300 FX) is mounted on to the microscope for image recording, using the accompanied 

Leica Application Suite Software (version 2.3.4 R2). 

 

Results 

Chip 1   

For the culture of adherent cells in a microfluidic device, cells must be able to adhere to the 

bottom of the chip. PDMS is non-toxic and MCF-7 cells adhered optically. However when 

the PDMS was rinsed the cells flushed away. Coating with gelatin 1% or BSA 3% did not 

improve this. Possibly other coating agents would improve adherence. Nonetheless Pyrex 

glass was used for the cells to adhere (bottom of the chip), since MCF-7 cells adhere to Pyrex 

glass without the need of coating. Structures (upper part of the chip) were made in PDMS 

because of its fabrication properties and oxygen permeability. 



Chapter 3: Viability analysis and apoptosis induction on-chip 

33 
 

Chip 1 consists of a cell trap, which promotes the entrapment of MCF-7 cells in the 

middle of the channel (Fig. 1). In this way, the amount of cells which could adhere to the 

Pyrex glass, increased. Thus, the immediate flow of cells from the inlet directly to the outlet 

was prevented. By loading cells into the vertical inlet, it was expected, due to the 

hydrophilicity of the chip, that medium including cells would easily flow through the channel 

because of hydrostatic forces. However, only part of the loaded cells flew into the channel, 

others sank to the bottom of the inlet. This could be caused by the relatively small size of 

the channel compared to the size of the inlet, the used cell concentration or the stickiness 

of the cells. The used cell concentration is convenient for the chip dimensions of chip 1. 

MCF-7 cells are adherent epithelial-like cells which grow in colonies, forming aggregates, as 

it is the nature of these tumor cells. However, MCF-7 cells need to be in suspension to 

transfer these cells into the chip. This might account for the stickiness, and together with 

the narrow channel, complicate the entrance into the channel. In this way, a natural 

selection could occur due to differences in stickiness. If stickiness is related to cell viability, 

this could confound the viability analysis. In our case, MCF-7 cells, cultured in a conventional 

culture flask, were detached with versene, and immediately loaded in the chip, to minimize 

the effect on the cell viability. Resuspending did not yield extra cells in the channel and 

possibly damages the cells mechanically. 

The MCF-7 cells (size ≈ 10 μm) that entered the channel were mechanically trapped 

(Fig. 3(a)). Although, the space between the pillars is only 5 μm, cells were still able to pass 

the cell trap. Moreover, the cells could flow underneath the cell trap because the pillars 

have a height of 40 μm, in comparison to the channel which has a depth of 50 μm. 

Advantageously, the flow of medium was not obstructed by the trapped MCF-7 cells, 

however, when the MCF-7 cells formed a few rows in the cell trap the flow diminished. At 

the cell trap, the round cells were compressed at a high density, but during cell culture, the 

cells attached to the Pyrex glass, retaining their epithelial-like morphology and migrating 

away from the trap (Fig. 3(b) and (c)). Cell culture was performed under static conditions on 

the microscope stage at 37°C (thermoplate), using specific cell culture medium, i.e., CO2 

independent medium (Invitrogen), which is a non-HEPES proprietary medium suitable for 

supporting cell growth under atmospheric conditions. 
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Figure 3.  Static culture of MCF-7 cells in chip 1. Suspended MCF-7 cells were loaded in the 

chip and the cells which flew in the channel were trapped at the cell trap (a). Cell culture 

was performed on the microscope stage at 37°C (thermoplate) using specific cell culture 

medium, i.e. CO2 independent medium. The round MCF-7 cells attached to the Pyrex glass, 

retrieving their epithelial-like morphology (b), and migrated away from the trap (b white 

arrows and c). Magnification is ×10. 

 

Furthermore, the viability of long-term cell culture of MCF-7 cells was analyzed. In order to 

bring cells in their exponentially growing phase (doubling time ± 50 h), cells need to be 

cultured for 2–3 days before starting apoptosis experiments. MCF-7 cells were trapped in 

chip 1 and cultured in a conventional incubator. Cell viability was checked after 1, 2, 3, 5 

and 7 days using the life-stain Calcein-AM (CAAM) and the death dye propidium iodide (PI; 

Fig. 4). Viable cells stained green and dead cells red. Medium in the channel was not 

changed, and for every time point a separate chip was used, as fluorescent dyes are toxic 

for cells. As demonstrated in Fig. 4, the majority of the MCF-7 cells were viable, showing 

green CAAM staining and negligible red PI fluorescence. It was observed that MCF-7 cells 

migrated away from the trap in time, forming aggregates in the channel, and because of 

this clustered cell growth, quantifying the viability of the cells was difficult. Nevertheless, 

plotting the course of the overall green (CAAM), red (PI) and total fluorescent intensity in 

time provides a good indication of the viability. The plot of Fig. 4 shows an increase in the 

green fluorescence, defining that the cell number has increased (proliferation). The red 

fluorescence increases only slightly, indicating that some cells have died, though the 

number is similar to what apply for conventional cell culture. However, these viability 

results maybe somewhat positively skewed because the introduction of the fluorescent 

dyes in the chip induced a flow, resulting in lost of detached (including apoptotic bodies) or 

loose cells that flew towards the outlet. Moreover, due to the use of fluorescent dyes it was 

necessary to use a different chip for every individual time point. Nevertheless, the same 

pool and concentration of MCF-7 cells was used to perform the 7-days viability experiments. 

Hence, it can be assumed that cells survived and proliferated, since they were CAAM 

positive (increase in fluorescent intensity in time) and confluence increased, as shown in 

Fig. 4. 

The viability experiments as described above were performed without any medium 

change. For growth and viability maintenance, MCF-7 cells were dependent on the nutrients 
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present in the medium in the channel and the diffusion of nutrients through the inlet in the 

channel and the diffusion of gases through the PDMS. The thickness of the PDMS (0.1–1.0 

mm) and the distance from the trap to the inlet and outlet did not have any effect on cell 

viability inside the channel. It could be observed that cell growth was favored at spots where 

the cells were in direct contact with the medium and had no PDMS on top (Fig. 5). 

To conduct apoptosis experiments, a controlled flow was required to (continuously) 

introduce the apoptotic inducer in the microfluidic chip. Therefore, pipette tips were chosen 

because of the simplicity and the disposability. Unfortunately, it was not possible to use 

pipette tips to apply a controlled flow in chip 1, because puncturing a pipette tip in the inlet 

caused a sudden, strong flow (which detached the cells) as a result of the large volume of 

the pipette tip in comparison with the channel volume. To reduce this sudden strong flow, 

a new chip was developed (chip 2), with dimensions which enabled the connection to the 

flow system with use of pipette tips. 

 

 
Figure 4. Long-term static cell culture of MCF-7 cells in chip 1. Viability was assessed using 

the life-stain Calcein-AM (CAAM; green) and the death dye propidium iodide (PI; red). LM 

pictures with underneath the corresponding fluorescent pictures are shown for the 

different time periods. Magnification of the first four pictures (t = 1 day till t = 5 days) is ×10 

and for the last picture (t = 7 days) is ×20. Plot below the pictures shows the course of the 

overall green (CAAM), red (PI) and total fluorescent intensity during the 7 days of culture. 

Note that the picture of t = 7 days is taken with a higher magnification than the pictures of 

t = 1 day till t = 5 days. This also accounts for the increase in the fluorescent intensity at t = 7 

days. 
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Figure 5. Brightfield picture of the cell growth of MCF-7 cells at the inlet at day 5. Cell growth 

was better at the medium side, forming confluent cell cultures, whereas the cell growth 

under the PDMS was less pronounced. Magnification is ×20. The dotted line shows the 

dividing line between cell cultured under the PDMS or in direct contact with the medium. 

 

Chip 2  

As shown in Fig. 2, chip 2 consists of a larger surface area to culture cells. Due to widening 

of the channel, cell loading was improved. In this case, MCF-7 cells were loaded at a higher 

concentration (20 μl 4 × 106 cells/ml), since the surface is larger and there is no cell trap. 

The cells were introduced into the chip with a pipette tip and easily dispersed over the 

surface. In this chip design, the rapid deceleration and compression of cells, which did occur 

at the cell trap in chip 1, was prevented. After 2 days in the incubator for cell culture, chip 

2 was connected to the flow system. This also caused a displacement of liquid in the chip, 

however, because of the larger dimensions, the MCF-7 cells did not detach. A flow of 0.5 

μl/min for 30 min was applied, either containing RPMI+ medium for the control group, or 

50 μM staurosporine (dissolved in RPMI+ medium) for the apoptosis group. To prevent 

cellular disfunction and preserve the viability of MCF-7 cells under flow conditions, the 

duration of the flow was kept short and the flow rate as low as possible to have a minimal 

effect of the shear stress (<<0.5 dyn/cm2), but ensure that all cells have been in contact with 

the apoptotic inducer. Due to this short period, the use of specific CO2 independent 

medium was not necessary. After 24 h, the viability of the MCF-7 cells was checked with 

CAAM and PI. Figure 6 shows that the majority of the MCF-7 cells in the control group (Fig. 

6(a)) maintained an aggregate-like cell pattern, appearing in colonies. Most of the MCF-7 

cells in the control group were viable, as shown by the green CAAM staining. However, some 
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PI positive (red) cells could be observed, present as small red dots surrounding the (green) 

colony. In conventional cell culture, the amount of apoptosis is normally between 5% and 

10%, comparable with the results shown in Fig. 6(a).  

 
 

Figure 6. MCF-7 cells cultured in chip 2. MCF-7 cells were incubated with 50 μM 

staurosporine (SSP) under a continuous flow of 30 min (b). MCF-7 cells flown with RPMI+ 

medium served as a control (a). Thereafter, MCF-7 cells were put in a Petri dish and placed 

in the incubator for 24 h. After 24 h, the chip was connected again to the flow system to 

flow CAAM (green) and PI (red), to check the viability. This figure shows the LM pictures 

after fluorescent staining, with underneath the corresponding fluorescent pictures. White 

squares and circles highlight the pillars in the chip. Magnification is ×20. 
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When MCF-7 cells were subjected to a flow with SSP, the aggregate-like phenotype 

disappeared (the size of the colonies decreased), and cells were predominantly present in 

small clusters. Incubation with SSP demonstrated more PI positive cells (Fig. 6(b)) as 

compared to the control group (Fig. 6(a)). Plotting the green (CAAM) vs. the red (PI) 

fluorescent intensity (Fig. 7) shows that the addition of SSP to MCF-7 cells decreased this 

green:red ratio (control 0.74 ± 0.19 vs. SSP 0.47 ± 0.15), which occurred due to a decrease 

in the fluorescence of the life-stain and an increase in the fluorescence of the death dye. 

Thus, SSP induced apoptosis in MCF-7 cells. Even more, this effect is probably even larger, 

because due to the applied flow to add the fluorescent dyes, part of the dead cells washed 

away. 

 

 
Figure 7. Plot of the overall green (CAAM) vs. the red (PI) fluorescence of the individual 

pictures shown in Fig 6: left, middle and right (small squares), respectively, for the control 

(empty squares) and staurosporine (SSP; filled squares) treated MCF-7 cells. Average (big 

square) defines the mean of the measured green:red fluorescent intensities of the three 

individual pictures (small squares), with the accompanied SD. 

 

Discussion 

Goals and obstacles 

Matching cancer patients to the appropriate chemotherapeutics would increase the 

effectiveness of these pharmaceuticals. Microfluidic devices have the potential to aid in this 

process. For microfluidic devices to fulfill their potential multiple obstacles must be taken. 

For example, cells obtained via biopsy have to survive in the microfluidic device and the 

obtained results have to be extrapolated to the clinical situation. This paper described the 

first steps towards a microfluidic device which enables chemosensitivity testing of breast 
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cancer cells to improve treatment. The requirements for such assays were analyzed in two 

different PDMS chips. The first design was used to explore the cell culture properties of 

MCF-7 cells in the microfluidic device and the second design to test the chemosensitivity in 

response to the apoptotic agent staurosporine. However, it should be stated that the 

microfluidic device and experimental set-up as described in this paper is not specific for 

breast cancer, but applicable for other (cancer) cell lines and any other drug of interest to 

fine-tune multiple therapies and the treatment of diseases, in which specifically the process 

of apoptosis is suppressed or enhanced. 

 

Chip design and cell culture 

In apoptosis assays it is essential that the chip design and materials used create a 

microfluidic environment that meets cellular needs and sustains cellular viability25. MCF-7 

cells have been cultured in microfluidic devices, either in a 3D-cone structure34 or a channel 

device to which continuous flow was applied35. In our microfluidic PDMS-glass device type 

1, cell viability was maintained for up to 7 days in a static cell culture fashion in the 

incubator. It is described that the thickness of the PDMS has an influence on the permeation 

of gasses such as O2 and CO236, however, in our experiments PDMS with a thickness range 

in between 100 μm to several mm showed to have no influence on the cell viability (data 

not shown). Cell survival is also dependent on the quality of the available medium. A higher 

concentration of cells will exhaust the medium faster, however, cell–cell contacts are 

necessary for survival37. During long-term cell culture no flow was applied in the 

microchannel. This could have had an adverse effect on cell survival and proliferation 

because of acidification of the medium and depletion of nutrients38. However, Fig. 4 shows 

that cells managed to survive and proliferated in the medium present in the chip for up to 

7 days. Although observed in a different cell line and in a microchannel with dimensions in 

the mm range, the relationship between the microchannel geometry and cell proliferation 

was explored37. It was described that cells cultured in microchannels in the absence of flow 

proliferated significantly more slowly than cells cultured in conventional culture flasks, and 

entered a quiescent state. However, this inhibited cell proliferation disappeared when cells 

returned to a conventional culture flask. A possible explanation for the inhibited 

proliferation is that (cell-secreted) functional molecules surround the cells, enclosing the 

cell in a special microenvironment. Figure 5 of this paper also showed that cells grew better 

under a ceiling of only medium (in the punctured part) than under the ceiling of medium 

and PDMS. This suggests that the culture conditions change and even possibly deteriorate 

rapidly when under a PDMS ceiling, because of the lack of diffusion, causing the cells not to 

die, but entering a quiescent state. 

Applying a continuous flow is a possible solution to provide the cells with the 

appropriate amount of nutrients and oxygen, and to remove waste products39. However, 

the applied flow rate will expose the cells to mechanical forces, such as the shear stress. 

The maximum amount of shear stress that can be endured by cells depends on the cell type, 
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since certain cells (e.g., endothelial cells) require shear stress for their development, 

whereas other cell types are negatively affected by shear stress (such as chondrocytes)40-42. 

The optimal flow rate is therefore different for every cell type and chip design, depending 

on the chip dimensions. MCF-7 cells are from an epithelial origin, hence they do not require 

a (high) shear stress for development. In this case, the optimal flow rate needs to provide a 

good balance between on the one hand favorable medium conditions and on the other 

hand a low as possible shear stress. As stated in the results section, a flow of 0.5 μl/min was 

applied in chip 2, resulting in a shear stress of 0.17 dyn/cm2 in the inlet and outlet channel. 

The shear stress in the cell culture chamber is even lower, due to broadening of the channel 

and the presence of micropillars. This flow rate did not affect the cellular viability, though it 

could be observed that after 60 min of flow, the characteristic colony-forming growth 

pattern diminished and individual cells could be identified (data not shown). Applying a 

continuous flow could introduce a confounding variable in the apoptosis assays. To prevent 

this, the shear stress needs to be reduced by further decreasing the flow rate, changing the 

chip dimensions, or applying flow in intervals. In our experiments flow was applied for only 

30 min, which preserved the cellular viability (Fig. 6). 

 

Apoptosis induction 

To analyze the chemosensitivity of MCF-cells apoptosis assays were performed. 

Staurosporine induced apoptosis in MCF-7 cells, exhibiting a diminished aggregate-like 

phenotype and PI positivity (Fig. 6). Morphology and fluorescence analysis are widely used 

in apoptosis assays. For an apoptosis assay to be useful the assay has to be controllable and 

apoptosis rates must be quantifiable and repeatable. Quantification of apoptosis in 

adherent cells that grow in colonies and maybe even in layers is only indicative when solely 

relying on optical methods, and therefore it is better to implement the measurement of 

electrophysiological parameters, such as pH, pO2 and impedance measurements15. 

Furthermore, this aggregate-like phenotype complicates the interaction of the drug with all 

cells separately, hence probably not every cell was exposed to the same drug concentration 

during the 30 min of flow and the subsequent 24 h incubation. Moreover, the cells that in 

the final stage of the apoptotic process have detached from the surface and flow towards 

the outlet have to be counted in. In the experiments presented here, these detached cells 

were not included, so the amount of apoptosis observed might be an underestimation, for 

not only the untreated cells, but especially the SSP-treated cells. The chemosensitivity 

results obtained in the microfluidic chip are difficult to compare with standard conventional 

assays, such as flow cytometry, due to differences in experimental settings. The chosen 

staurosporine concentration used in our experiments was substantial higher than described 

in literature, in order to assure quick apoptotic effects in our caspase-3 negative MCF-7 

cells29-31. The implementation of a dose-gradient generator in future chip designs will enable 

dose–response analysis43. 
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External validity and future plans.  

If eventually the chip as described here is optimized to serve as a solid apoptosis assay to 

analyze drug responses, it will still be doubtful if in vivo cancer sensitivity to a certain 

chemotherapeutic agent can be predicted by in vitro testing. It is impossible to copy in vivo 

circumstances to the in vitro situation. However the quality of the model depends on 

predicting chemosensitivity, not on the resemblance between the in vitro and the in vivo 

environment. For testing chemosensitivity, apoptosis assays were chosen since apoptosis is 

the objective and most downstream effect of chemotherapy. DNA microarrays have less 

requirements regarding cell handling, nevertheless are more upstream. The uncertain link 

between genetics and apoptosis in response to certain chemotherapeutics introduces more 

variability. Breast tumors are heterogeneous and the cells of a single tumor could be 

heterogeneous because of tissue conditions (ischemia and necrosis)44. Therefore, it is 

essential to use a patients’ own (tumor) cells obtained via biopsy and perform experiments 

in an ex vivo setting. For high-throughput analysis, the obtained cells can be subdivided into 

numerous samples to test various concentrations (dose-gradient generator) and 

combinations of different chemotherapeutics. The objective of such a high-throughput 

analysis would be to rank different available chemotherapeutics based on their 

effectiveness for the specific tumor of a specific patient. In this way patient survival can be 

increased and costs decreased. Specific for breast cancer patients, such an assay could be 

used for example to decide between a cyclophosphamide-methotrexate-5-fluorouracil 

(CMF) treatment or an anthracyclin containing agent. For this, a detailed validation of the 

chip in a clinical setting is greatly required. 

Our future plans are first focused on optimizing the experimental set-up and be able 

to quantify apoptosis percentages, which is possible in conventional flow cytometry 

analyses16, 17 and in multiparametric tests on chip15, 29, 45. Quantifying apoptosis makes it 

easier to correlate the obtained values with results published in literature, and undertake 

steps towards the clinic. This will increase the chemotherapeutic effectiveness and improve 

personal health care. Although there is an increasing knowledge about the different 

chemotherapeutics and intracellular pathways, in our opinion one of the reasons for lack of 

chemotherapeutic effectiveness arise from the fact that there are hardly any predictive 

tests to match patients to chemotherapeutics. 

 

Conclusion 
In this paper the development towards a microfluidic chip which enables the cultivation of 

cells and the induction of apoptosis using a flow system is described. We found that MCF-7 

cells could be cultivated statically for up to 7 days in a microfluidic PDMS-Pyrex chip. Upon 

induction of apoptosis with SSP, the characteristic aggregate-like phenotype disappeared, 

and MCF-7 cells were predominantly present in small PI positive clusters. Compared to 

untreated MCF-7 cells, SSP diminished the ratio of the fluorescence of the life-stain CAAM 
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vs. the fluorescence of the death dye PI with almost a factor 2, indicating that apoptosis is 

induced. Next steps are focused on validating this device using clinically relevant hormone 

and chemotherapeutic agents in combination with patients’ tumor cells, to prove the 

importance of such a device for the clinic. 
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Abstract. We present a microfluidic device to expose cancer cells to a dynamic, in vivo-like 

concentration profile of a drug, and quantify efficacy on-chip. About 30% of cancer patients 

receive drug therapy. In conventional cell culture experiments drug efficacy is tested at 

static concentrations, e.g. 1 µM for 48 hours, whereas in vivo, drug concentration follows a 

pharmacokinetic profile with an initial peak and a decline over time. With the rise of 

microfluidic cell culture models, including organs-on-chips, there are opportunities to more 

realistically mimic in vivo-like concentrations. Our microfluidic device contains a cell culture 

chamber and a drug-dosing channel separated by a transparent membrane, to allow for 

shear stress-free drug exposure and label-free growth quantification. Dynamic drug 

concentration profiles in the cell culture chamber were controlled by continuously flowing 

controlled concentrations of drug in the dosing channel. The control over drug 

concentrations in the cell culture chambers was validated with fluorescence experiments 

and numerical simulations. Exposure of HCT-116 colorectal cancer cells to static 

concentrations of the clinically used drug oxaliplatin resulted in a sensible dose-effect curve. 

Dynamic, in vivo-like drug exposure also led to statistically significant lower growth 

compared to untreated control. Continuous exposure to the average concentration of the 

in vivo-like exposure seems more effective than exposure to the peak concentration (Cmax) 

only. We expect that our microfluidic system will improve efficacy prediction of in vitro 

models, including organs-on-chips, and may lead to future clinical optimization of drug 

administration schedules.  
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Introduction 

Cancer is the number two cause of death worldwide. About 30% of cancer patients receive 

drug therapy, dependent on cancer stage1. Drug concentration in blood and tissues is 

dynamic; it first increases after administration and declines due to distribution, drug 

metabolism and excretion2. These varying concentrations, or ‘pharmacokinetics’ are an 

important aspect of the efficacy of a treatment and the ideal dosing regimes to control 

concentrations of a therapeutic in patients are an intense topic of clinical research3. In 

contrast, in vitro, novel drugs are tested on cultured cells in a time-constant concentration, 

e.g. 1 µM for 48 hours4, and this lack of realistic dosing regimes contributes to the poor 

correlation of in vitro results with observations in the clinic5.  

Certain pharmacokinetic parameters of clinically relevant drug exposures are available 

and can in principle be used to inform the static drug concentrations used in cell culture 

studies6. For example, maximum concentration in blood (Cmax) values can be used to set the 

maximum concentration of a drug for in vitro experiments. Alternatively, drug half-life (t1/2) 

and total drug exposure over time (Area Under the Curve, AUC) can be used to inform 

approximate drug exposure durations.  

Nevertheless, it cannot be known beforehand whether either the Cmax, t1/2, AUC, 

and/or a combination, is the pharmacokinetic driver of drug efficacy, as this depends on 

drug characteristics such as diffusion, binding and mechanistic effects. For many drugs the 

pharmacokinetic-pharmacodynamic (drug efficacy) correlation often remains a topic of 

discussion, as illustrated by the debate on the widely used anti-cancer drug cisplatin7. As 

pharmacokinetic parameters of drugs are correlated, e.g. by increasing the dose, both Cmax 

and AUC increase, isolating the pharmacokinetic driver of efficacy can be a challenge. A 

partial solution is dose fractioning in animals8, however this is resource-intensive and there 

are limits to dosing frequency for animals. Due to these challenges and lack of in vitro testing 

possibilities, a final resort is trial and error in humans. For example, the anti-cancer drug 

oxaliplatin, a first line therapeutic for metastasized colorectal carcinoma in a schedule with 

5-fluoruracil and leucovorin, is sometimes administered with a prolonged infusion time of 

6 hours instead of 2 hours, thereby lowering Cmax, to reduce side effects.9, 10  

Hence, it would add a lot of value to in vitro studies if it were possible to not simply 

pick a single static concentration and exposure time, based on some of the pharmacokinetic 

parameters, but instead to have full control over the dynamics of drug concentrations. This 

could also accelerate the adoption of the FDA of advanced in vitro models into the drug 

development regulatory pathway11.  

Conventional technical solutions to mimic in vivo concentrations in vitro have been 

developed, for example dynamic flow chamber set-ups or hollow fibre models for 

antibiotics. However, drawbacks of these systems are high reagent use, low throughput and 

membrane blockage12. 

Microfluidic technology is ideally suited to overcome these challenges13. Mimicking in 

vivo-like drug concentrations over time, on-chip, is an emerging field where pioneering work 
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has been done on antibiotics and kidney toxicity14, 15. While cancer drug testing has been 

performed extensively in microfluidic cell culture systems16-19, mimicking in vivo-like drug 

concentrations over time on-chip has up to recently been largely neglected in the oncology 

field, with recent notable exceptions20-23. Several current solutions rely on active perfusion 

of cell culture chambers with dynamic drug concentrations22, 23. This perfusion results in 

shear stress, which increases with a higher concentration change rate. Systems in which 

cells are cultured in a separate compartment to prevent direct exposure to fluid flows suffer 

from other drawbacks. For example, cells are cultured directly on a membrane, which 

hampers visual inspection, or specific geometries limit concentration rate change or 

concentration range14, 15, 20, 21.  

Lohasz et al. defined a hypothetical in vivo-like concentration profile for the non-

clinical drug staurosporine and controlled its concentration on-chip through gravity-driven 

flow controlled by chip tilting and a specific chip geometry20. Chou et al. administered a flat 

(investigative) drug dosage which stopped after two hours, and the diffused drug in the 

tissue channel acted as a reservoir to provide the drug for the declining concentration 

phase21. Although these technical solutions are sophisticated, its strong reliance on 

microfluidic chip geometry might limit broad adoption and puts constraints on dosing 

schedules. Guerrero et al. used two microfluidic pumps to administer a dynamic drug dose 

in a one layer chip. Two clinically approved drugs, doxorubicin and gemcitabine, were 

administered to breast cancer cell line cells at in vivo-like concentrations22. 

To prevent shear stress, as this is often absent in interstitial tumor tissue due to 

deficient lymphatic drainage and increased interstitial and oncotic pressure24, we 

developed and characterized a two layer chip with a membrane for dynamic drug 

concentrations. Dynamic drug concentrations are administered by pre-programmed syringe 

pumps. This solution allows for freedom in the design of the microfluidic chip and is widely 

applicable to organ-chip systems. Moreover, cells are seeded not at the membrane but at 

the bottom, which allows for on-chip, label-free, pre-post quantification of cell growth of a 

single culture condition. 

Here, we use our microfluidic system to investigate the in vitro effect of oxaliplatin on 

colorectal cancer cells2. Oxaliplatin was chosen as a model drug as it is a first line drug in the 

treatment of colorectal cancer, one of the most frequent cancers10. We also use the results 

of our assay to explore the pharmacokinetic driver of efficacy of oxaliplatin at an in vivo-like 

dosage. 

 

 

Experimental 
Device design and fabrication 

The microfluidic device consists of two crossing channels, a (bottom) culture channel 

containing the cells and a so called (top) treatment channel for drug dosing, separated by a 
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membrane (Fig. 1a). The cross shape allows for seeding cells at the intersection of the 

channels, below the membrane in a controlled manner (Supplementary movie 1). After 

seeding the cells in the bottom channel the bottom channel is closed to enable shear stress 

free dynamic drug exposure. Dynamic drug dosing is provided via changing the drug 

concentration in the top channel via two separate syringe pumps and subsequent diffusion 

of drug to the bottom channel via the membrane. The membrane is a 35 µm thick 

transparent hydrophilic polytetrafluorethylene (PTFE) membrane purchased from 

Sterlitech (US), consisting of random fibres which block particles >1 µm, and with a typical 

empty volume of ~80%. The bottom layer is glass for cell adherence and growth, other 

layers are made out of polydimethylsiloxane (PDMS) for oxygen diffusion in static 

experiments. Channel dimensions are 17×2×0.5 mm  and 21×2×1 mm for the bottom 

(culture) and top (treatment) channel respectively, to allow for sufficient nutrients in static 

conditions and sufficient cell numbers for quantitative analyses.  

Fig. 1 Microfluidic chip design and function. (a) Multilayer cross channel chip design; glass 

(1), PDMS (2), PTFE membrane (3), PDMS (4,5). Dashed blue and brown lines represent cross 

section view direction for b and c respectively. (b) Cells in the bottom channel are seeded 

exclusively below the membrane, at the intersection of the top and bottom channel by 

forcing flow over the membrane by blocking the outlet of the bottom channel when 

introducing cells. (c) Drug is administered in the treatment channel, separated by a PTFE 

membrane from the closed bottom channel, to prevent shear stress while maintaining 

diffusion and optical transparency. (d) Photograph of the device filled with medium. (e) 

Brightfield microscope image of adhered cells on the bottom of the device below the 

membrane and (f) confluency algorithm (see ‘Growth inhibition experiments’ paragraph) 

translation for quantification. 
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Chips were fabricated using PDMS in a 10:1 weight ratio of base vs. curing agent (Sylgard 

184, Dow Corning, US). The PDMS was poured on a mould, degassed, and cured at 60 °C 

overnight. For the top channel, a micro milled (Datron Neo, Germany) mould was used. For 

the bottom channel, a flat silicon wafer-based mould with subsequent press-cutting 

(Bleijenberg, the Netherlands) of the channel geometry was used. The chips were bonded 

to glass microscope slides after activation by oxygen plasma using a plasma cleaner (model 

CUTE, Femto Science, Germany). PDMS parts and membrane were glued by using a mixture 

of toluene and PDMS at a 2:3 ratio and were allowed to bond overnight. Inlet and outlet 

holes were punched using Harris UniCore punchers of 1 mm diameter.  

For static condition treatments, Tygon (Cole Palmer, US) tubing with a 0.05” inner 

diameter was connected to the inlets and outlets of the chip, and for dynamic experiments, 

1/16” outer diameter, and 1/32” inner diameter Teflon tubing, with an IDEX (US) P712 Peek 

flow splitter was used.  

 

Microfluidic dynamic drug exposure characterization experiments 

The ability to control dynamic drug concentrations in the chip was verified by fluorescein 

experiments and oxaliplatin measurements. To evaluate lag induced by dead volume, two 

programmable syringe pumps were used (Harvard PhD2000, US), one of which holding a 10 

ml syringe (B. Braun, Germany) with 10 μM fluorescein sodium salt (molecular weight, 332 

Da, Sigma-Aldrich, US) in phosphate-buffered saline (PBS) and one with only phosphate 

buffered saline (PBS). Tubing was combined with a flow splitter, with the combined tube 

connected to the chip. The administration schedule covered the (relative) dosing steps and 

absolute flow  rates of the administration schedule used for cell experiments, with dosage 

steps of fluorescein of 5, 2, 1.0, 0.3 and 0 μM with flow rates of 10, 10, 3, 3, 3 μl min-1, for 

15, 15, 30, 30, 60 minutes respectively. Fluorescence images were obtained with a a green 

filter (GFP) fluorescence microscope (Leica DM IRM, Germany). Quantification of 

fluorescence was done in ImageJ software25. For quantification of fluorescence a fixed 

location and fixed exposure time per time series is used, and background fluorescence was 

subtracted. 

The time to achieve a stable concentration of fluorescein in the top channel for 

different flow rates was evaluated with 5 μM fluorescein in the top channel on the inlet 

side, before the membrane, at flow rates of 3, 10, 30 μl min-1. Flow rates were chosen to 

cover the relevant flow rates and explore a potential relation between flow rate and time 

to achieve a stable concentration. Time measurements were corrected for dead volume 

after the flow splitter (see Fig 2). 
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Fig. 2 Dynamic drug control characterization. (a) Schematic overview of the dynamic solute 

control chip-system and factors influencing control; dead volume, channel filling, diffusion 

time. (b) Dynamic drug concentration control in the top (treatment) channel is affected by 

dead volume (~85 µl). There is a (varying) time lag due to dead volume, as shown between 

uncorrected expected and corrected (for dead volume) expected fluorescence. An initial 

dead volume time of ~8 minutes (Δ1) arises when starting with PBS between the flow 

splitter and chip, and additional dead volume time of ~20 minutes (Δ2) after flow rate 

decrease from 10 to 3 µl min-1. Measured fluorescence follows expected corrected 

fluorescence closely, except for lags marked with an asterisk, which are the result of Taylor 

dispersion. (c) Due to Taylor dispersion there is a time lag until the top channel solute 

concentration equilibrates. Top channel equilibrium time decreases in flow speed, with 

about six minutes for 10 µl min-1. (d) Diffusion quantification of Fluorescein over the 

membrane and bottom channel. 50% fluorescence decrease within 5-10 minutes at the 

membrane area independent of (relevant) flow speeds after loading the bottom channel 

with Fluorescein and flowing PBS through the top channel. 

 

Diffusion across the membrane was evaluated by loading the bottom channel with 5 

μM fluorescein in PBS with a closed top channel with PBS, closing the bottom channel via 

plugs in the bottom channel inlet and outlet, and then continuously flowing PBS across the 
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top channel at 3, 10, 30 μl min-1 while quantifying decline of fluorescence over time in the 

bottom channel.  

To validate fluorescein as a model for oxaliplatin diffusion, the top channel was loaded 

with both, and after 16 hours, diffusion into the bottom channel was measured with UV-vis 

spectrophotometry (Thermo Fisher Nanodrop 2000, US). Starting concentrations were 200 

μM and 6.25 mM respectively, so measured values would be in the range of the 

spectrophotometer based on calibration curves of fluorescein and oxaliplatin 

(Supplementary Fig. 1). 

PDMS is known to potentially adsorb and absorb molecules, especially small lipophilic 

molecules26. To verify no significant sorption, oxaliplatin at 30 μM was flushed through the 

top channel for 30 minutes at 10 μl min-1, collected, and analysed with UV-vis 

spectrophotometry. 

For determining oxaliplatin in the top channel outlet, the concentration of platinum 

(Pt) was measured with a 8300DV ICP-OES (Perkin Elmer, US). The calibration standards for 

Pt was made by diluting a standard solution (Merck, Certipur, 1000 mg/L Pt) with PBS. 

  

Numerical simulations of drug concentration over time 

Two-dimensional diffusion equation simulations were performed with Comsol 5.1 (Comsol 

AB, Burlington, MA). The equation solved is the continuity equation; 

 

𝜕𝑐

𝜕𝑡
+ 𝛻 ∙ 𝐽𝐷 = 0, 

 

With for the flux, JD, diffusion according  to Fick’s law;  

 

𝐽𝐷 = −𝐷∇c, 

 

With D, the diffusion coefficient and c the concentration of the solute, with a no-flux 

boundary condition at the channel walls. The flux through the membrane was modelled as 

the boundary condition: 

𝐽𝑐 ∙ 𝒏 = −𝐷 ∙ 𝑘 ∙
𝐶0 − 𝑐

𝑤
, 

with, C0 the concentration in the top channel, k, the permeability constant of the 

membrane and w the thickness of the membrane. The flow velocity in the top channel was 

considered to be sufficiently high to neglect the local depletion in the top channel just above 

the membrane. 

Chip geometries were used, in 2D, assuming a closed system (Supplementary Fig. 8). 

For fluorescein, with a molecular weight of 332 Da, a known diffusion from the literature of 

4.2×10-6 cm2 s-1 was used, on the lower side of the range of estimates of 4.0-5.727. For 

oxaliplatin, with a comparable molecular weight of 397 Da, the diffusion coefficient is 
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unknown. Based on a similar diffusion in the chip as fluorescein (Supplementary Fig. 1) we 

used the same diffusion coefficient for oxaliplatin for simulations. This is likely a 

conservative diffusion coefficient as cisplatin, with a more similar molecule structure to 

oxaliplatin, at molecular weight of 300 Da, has an estimated diffusion coefficient of 8.2×10-

6 cm2 s-1 28.  

The optimal value of k (0.2) was determined by fitting the model to experimental data 

from the diffusion experiment (Fig. 2d, Supplementary Fig. 10). Flow in the top channel was 

assumed infinite for finding the membrane characteristics and dynamic drug dosing, based 

on relatively large flow of 3, 10, 30 μl min-1 in experiments.  

With the permeability constant found from the diffusion experiment, the drug 

exposure to cells on the bottom of the bottom channel with a given dosage schedule was 

simulated using the same computational model.  

 

Growth inhibition experiments 

HCT-116 colorectal cancer cells (Sigma-Aldrich) were cultured in McCoy 5A medium 

(ThermoFisher) with 5% foetal bovine serum (FBS, ThermoFisher) and 1% penicillin-

streptomycin (ThermoFisher) and used at passage numbers under 30. For experiments, 

3000 cells were seeded for a 25% (Supplementary Fig. 16) starting surface coverage of the 

bottom channel and concentrated under the membrane, via forced fluid flow of 20 μl min-

1 through the membrane. After cell localization under the membrane, the bottom channel 

was closed with plugs.  

Cells attached overnight and were subsequently treated for 48 hours with static or 

dynamic concentrations of oxaliplatin (Sigma-Aldrich, US), or medium as a control. All 

experiments were performed in a cell culture incubator.  

Medium, drug, and staining were administered in the top channel with a syringe 

pump, or two programmable pumps for dynamic drug concentrations as described above. 

Static treatment consisted of a flush of 10 μl min-1 for 20 minutes through the top channel 

and 48 hours incubation. The dynamic dosing schedule of oxaliplatin was based on mice 

pharmacokinetics, as mice pharmacokinetics are often available at an earlier stage in the 

drug discovery process than human pharmacokinetic data. Pharmacokinetics found in a 

study using 8 mg kg-1 oxaliplatin dosage were used2. This dosage is a midpoint in the 

standard dosage range of 5-10 mg kg-1  29-31. The in vivo pharmacokinetics are used as a 

starting point. With one pump containing 60 μM oxaliplatin in medium, and one pump with 

medium, combinations of flow rates are programmed to match the in vivo 

pharmacokinetics, taking chip mass transport characteristics into account. 

Cell growth was quantified before and after treatment by a label-free confluency 

analysis32 and expressed relative to starting confluence. Brightfield images were obtained 

at 10× magnification (Leica DM IRM, Leica Microsystems, Wetzlar, GmbH, Germany). Images 

were split into individual red-green-blue (rgb) channels, and the green channel images were 

stitched in ImageJ/FIJI33. The stitched images were evaluated with the PHANTAST 
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segmentation algorithm at standard settings of sigma 1.20 and epsilon 0.03. Corrections for 

background signal were made by sampling three areas without cells and subtracting this 

from the confluency number. Growth was expressed relative to average control growth in 

the following manner: 

  

(𝐶𝑜𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑦 𝑒𝑛𝑑)/(𝑐𝑜𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑦 𝑠𝑡𝑎𝑟𝑡)𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 1

∑((𝐶𝑜𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑦 𝑒𝑛𝑑)/(𝑐𝑜𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑦 𝑠𝑡𝑎𝑟𝑡)𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 1)/𝑛
 

 

Where n is the number of control experiments. Results were from 3 or more chips in 

total per condition from at least two independent, i.e. executed on a different date, 

experiments. Statistical significance is tested with an Analysis of variance (ANOVA) test and 

subsequent Tukey HSD test for individual conditions, in software package R version 3.6.3. 

CalceinAM (ThermoFisher) at 10 μM was used for assessing overall viability, ethidium 

homodimer (ThermoFisher) at 10 μM for late apoptotic cells and NucBlue (ThermoFisher) 

at 8 drops per ml for nucleus identification. Fluorescence images were obtained with GFP, 

Texas Red, DAPI filter (ThermoFisher EVOS) at 10×.  

For 96-well validation experiments, 10×103 cells in 100 μl medium were seeded per 

well, attached overnight and treatment added for 48 hours in 100 μl medium. Growth was 

quantified with confluency analyses as described above.  

 

Results and discussion 
Microfluidic device design and cell seeding 

The microdevice that we designed for our studies contained two intersecting channels, 

separated by a transparent porous membrane (Fig. 1). The top channels serves as the 

treatment channel via active fluid flow, whereas the bottom channel remains static and 

serves as the cell culture channel. Dynamic drug concentrations are created by two separate 

programmable syringe pumps. Tubing from these two pumps is combined via an Y splitter 

and connects to the top channel. Cells were seeded and analysed exclusively at the 

intersection of the channels. To hold enough cells to limit spiking errors and stochastic drug 

responses, a bottom and top channel width of 2 mm, and therefore a culture area of 4 mm2, 

was chosen. This allows for culturing thousands of cells at full confluency. In order to expose 

cells to dynamic drug concentrations, diffusion time should be relatively short from the top 

channel to the bottom cell culture area. We therefore designed a microfluidic system which 

has a bottom channel of limited depth (0.5 mm). The top channel has a depth of 1 mm, 

which combined with the bottom channel of 0.5mm, satisfies the 1.2 mm medium column 

per 48 hours rule of thumb for sufficient nutrients in static experiments34. For seeding, 3000 

cells in 5 µl were manually pipetted in the bottom channel and were allowed to sink for 1-

3 minutes. Then a flow rate of 20 μl min-1 was applied as cells then have sufficient horizontal 
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speed to locate under the membrane, but upward flow is insufficient for lifting the cells 

from the bottom (Supplementary Movie 1).  

 

Controlling dynamics of solute concentrations inside the microfluidic chip 

To study the control over the dynamic concentration of the small molecule drug oxaliplatin 

in the top channel of the chip we measured oxaliplatin in the outlet. The oxaliplatin 

concentration measured in the outlet follows the administered oxaliplatin well, with a 

deviation of less than 10% (Fig. 3a).  

 

 
Fig. 3 Administered, measured, simulated oxaliplatin concentration over time. (a) The 

measured concentration in the outlet is within 10% of the administered concentration. 

Deviation from the administered concentration at * is due to collection of medium at the 

outlet for the first 30 minutes which combines the 30 and 12 µM steps, due to the detection 

limit. For the timing of sample collection taking dead volume into account see 

Supplementary Fig. 3. (b) Cell exposure is based on a numerical simulation taking into 

account drug administration, dead volume, channel filling and diffusion lag. Cell exposure 

follows the in vivo-like drug concentration over time closely. First six hours of 48 hour 

infusion schedule shown for optical clarity. 

 

 

As the bottom channel is a sealed compartment, a direct measurement would require local 

concentration sensing in the culture area, which is not practically feasible for oxaliplatin and 

other drugs. Therefore, we took the approach of tracking fluorescein, a fluorescent 

molecule which behaves similar to the solute of interest, as an alternative for direct sensing. 

To verify comparable diffusion characteristics for fluorescein and oxaliplatin, a static 

diffusion experiment was conducted, in which the top channel was loaded with oxaliplatin 

and fluorescein, while the bottom channel was loaded with PBS, and after 16 hours the 

bottom channel was flushed and analysed with UV-vis spectrophotometry. Relative 



Chapter 4: Dynamic oxaliplatin concentrations on-chip 

57 
 

diffusion of both solutes was equal from the top to the bottom channel (Supplementary Fig. 

1).  

PDMS allows for static drug exposure which is methodologically closest to 96 well 

experiments, thereby providing an intermediate step between well plate experiments and 

dynamic/continuous flow chip experiments. However PDMS is known to absorb certain 

drugs26, nevertheless oxaliplatin is not suspect for PDMS sorption based on lipophilicity as 

expressed by octanol/water coefficient (Log P) of -0.47.35-37 With UV-Vis spectroscopy we 

detected no absorption of oxaliplatin (Supplementary Fig. 2).  

 

By applying fluorescein as a model compound, we studied the time resolution of dynamic 

solute control, focusing on three key parameters: dead volume lag time, equilibrium time 

of the top channel and diffusion time to the bottom channel (Fig. 2).  

Dead volume lag time is defined as the time needed for a new concentration of the 

solute to travel from the flow splitter to the top channel over the cell culture area. Dead 

volume comprises the volume of the common inlet tubing (75 µl) and the first part of the 

treatment channel (10 µl). At a flow rate of 10 μl min-1 there would be a delay of about 8 

minutes for the fluorescence signal to start, while at a flow rate of 3 μl min-1 this lag time 

would be about 28 minutes. This was also confirmed by measurements of the dead volume 

lag times in the system (Fig. 2b). The potential delay caused by hydraulic resistance and 

capacitance is assumed insignificant compared to the dead volume time and required 

dosing time steps.  

It also takes time to homogeneously fill the top channel with the solute (Fig. 2c). This 

equilibrium time is a result of a parabolic flow profile in a square channel cross-section 

causing Taylor dispersion of the solute along the channel axis. These lags are flow rate 

dependent, as equilibrium is achieved in 4, 6, 15 minutes for 30, 10, 3 μl min-1 respectively 

(Fig. 2c). 

After reaching equilibrium, variation in fluorescence over the width of the channel is 

within 10%, illustrating the homogeneity in the distribution of solute upon entry into the 

chip (Supplementary Fig. 4,5,7). 

To characterize the diffusion time to the bottom channel, the bottom channel of the 

chip was loaded with fluorescein. Any fluorescein diffusing into the top channel was washed 

out by perfusing the top channel with PBS. A decrease of 50% of fluorescence was observed 

within 10 minutes, independent of which perfusion rate was chosen for the top channel 

(Fig. 2d).  Remaining fluorescence after thirty minutes is due to diffusion out of the areas of 

the bottom channel adjacent to the cell culture area. Fluorescent images supporting the 

data in Fig. 2, as well as a comparable analysis for the fluorescent drug doxorubicin are 

provided in Supplementary Fig. (4-6, 13-15). 

As dead volume lag can be controlled for, and the combination of a typical top channel 

equilibrium time of 6 minutes with a diffusion time to the bottom channel of less than 10 
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minutes for a 50% concentration reduction, the typical half-life for fluorescein (and thus 

oxaliplatin) that we can achieve in our system is within 20 minutes. 

 

Delivering a pharmacokinetic concentration profile to the microfluidic cell culture 

chamber 

To expose cultured cells in a microfluidic chip to oxaliplatin concentration profiles that 

match the in vivo pharmacokinetics, a short peak of 20 μM needs to be given which declines 

over several hours to a lengthy exposure of 1-2 μM (Supplementary Fig. 17)2. Distribution 

half-life of oxaliplatin, i.e. the time it takes from the peak dose to halve, based on 

distribution of the drug from the vascular space to the tissues, is ~20 minutes. This is the 

most constraining drug concentration change, as a rapid rise can be induced by using a 

higher concentration, while decline is limited by zero concentration in the top dosing 

channel. Therefore distribution half-life can be used as the minimally required rate of 

concentration change for the chip-system. In the previous section it was shown our chip can 

indeed achieve 50% of concentration reduction within 20 minutes. 

The pump programming schedule for delivering oxaliplatin to the cell culture chamber 

is based on the drug concentrations found in vivo, taking dead volume, channel equilibrium 

lag times and diffusion into account. During phases of peak exposure and distribution half-

life, a flow of 10 μl min-1 was used to reduce top channel equilibrium time, whereas for the 

remaining time a lower flow rate of 3 μl min-1 was used to conserve medium. The decrease 

in flow rate was programmed after 1 hour to prevent extension of dead volume time to 

coincide with a required steep concentration decline. The lower flow rate still supplies an 

abundance of oxygen and nutrients34, 38. 

As Cmax peak exposure of 20 μM occurs after 15 minutes, there is a need to administer 

a higher starting concentration dose of 30 μM as the diffusion assay (Fig. 2) indicated that 

after 15 minutes 2/3rd of the fluorescein has diffused out, which should mirror loading 

solute into the culture area.  

Importantly, control over drug concentrations in the cell culture chamber still needs 

to be translated to local concentrations in the bottom of the chamber, where the adhered 

cancer cells will grow. To estimate cell exposure in the microfluidic chip with the 

programmed pumping, a numerical simulation was used. As the membrane has a random 

fibre like structure, experimental diffusion results from the diffusion assay (Fig. 2b) were 

used to find an equivalent large pore membrane with equal thickness with numerical 

simulations. The best fit with experimental data from the diffusion assay was obtained by 

using 20% (k=0.2) porosity (Supplementary Fig. 10).  

The modelled membrane was used as an input in a numerical simulation of drug 

exposure of cells on the bottom of the bottom channel, along with the following 

assumptions: diffusion coefficient of oxaliplatin of 4.2×10-6 cm2/s, which is equal to 

fluorescein based on diffusion experiments (Supplementary Fig.1), and top channel 
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concentrations follow the administration schedule with drug concentrations adjusted for 

concentration change lags based on used flows27.  

The numerically simulated cell exposure follows the in vivo blood concentrations 

measured (Fig. 3b). Deviation on key pharmacokinetic parameters such as the area under 

the curve (AUC), AUC of the first hour and the Cmax are within 20%, which we deem 

acceptable given the biologic variation observed within and between studies and species2, 

39. The current approach of an administration schedule based on the in vivo-like 

concentration, taking into account lags in concentration change, works well. In the future 

we do envision a formal transfer function to further ease translation of the desired dynamic 

drug concentration to an administration schedule. 

A limitation of the system is the inability to measure drugs directly under the 

membrane in the cell culture area. To ensure sufficient diffusion of the molecule to the cell 

culture area when using a different drug than oxaliplatin, non-absorbance and transport 

through the membrane and bottom channel should be tested (Fig. 3a, Supplementary Fig. 

1,2, 11). The system is primarily intended for small molecule drugs, typically with a 

molecular weight up to 1500 Da, and diffusion coefficients in the range of 2.9 – 9.0 10-6 cm2 

s-1   40. Diffusion coefficients within this range have a limited influence on diffusion time 

towards the cell culture area of less than 5 minutes, which is acceptable depending on the 

in vivo pharmacokinetic profile (Supplementary Fig. 12). 

 

Static oxaliplatin cancer cell growth inhibition in the microfluidic chip  

The developed microfluidic chip allows us to expose cancer cells to controlled concentration 

profiles of oxaliplatin, including those that mimic pharmacokinetics of the drug in vivo. The 

colorectal cancer cell line HCT116 was seeded in the cell culture area of the bottom channel, 

and its growth was tracked by brightfield microscopy. Methodologically closest to standard 

laboratory 96 well growth inhibition is static exposure. Static exposure on chip leads to a 

sensible dose response effect, i.e. reduction of HCT116 cell growth in increasing dosages of 

oxaliplatin (Fig. 4a). For 48 hours of 0 (control), 1, 10, 100 µM oxaliplatin exposure, growth 

versus control is 100%, 100%, 40%, 10% respectively. The effect of the drug is statistically 

significant for 10 and 100 µM oxaliplatin versus control. Starting confluency for control, 1, 

10, 100 µM oxaliplatin were between 0.2 and 0.3 on average for all conditions and 

differences were not statistically significant (Supplementary Fig. 16). 

To confirm the dose-response effect, a calcein/ethidium homodimer (‘live-dead’) 

staining after drug exposure was performed. The results showed lower growth and higher 

late stage apoptosis at 10 and 100 μM oxaliplatin and a general loss of viability at 100 µM 

oxaliplatin (Fig. 4c). 

It must be noted that static on-chip administration of oxaliplatin leads to an effective 

dose that is 25% lower than the administered dosage. This is due to the fact that the drug 

is only introduced in the top channel, after which it diffuses into the bottom channel, 

thereby diluting the administered dose.  



Chapter 4: Dynamic oxaliplatin concentrations on-chip 

60 
 

On-chip cell growth versus control was comparable to internal and external 96 well 

results for  10, 100 µM oxaliplatin  (Supplementary Fig 18)4. Growth versus control for 1 µM 

oxaliplatin treatment is higher on chip. Besides the 25% lower actual drug concentration in 

the cell chamber, this is primarily driven by a lower growth rate of cells under control 

conditions in the chip (Supplementary Fig 18).  

  

 

Fig. 4 Treatment of human colorectal cancer cells in the microfluidic chip with static 

concentrations of oxaliplatin leads to growth inhibition and cell death. (a) Average 48 hour 

confluency growth relative to control is 1.0 for control, 1.0 for 1 µM, 0.4 for 10 µM, 0.1 for 

100 µM. Error bars are Standard Error of the Mean (SEM). N=3-5 per treatment condition. 

* p<0.05 versus control. (b) Brightfield images show lower cell density and less spreading 

with increasing dosages. Scale bar 20 µm.  (c) Staining shows lower growth and increasing 

apoptosis with higher concentrations, and general loss of viability at 100 µM; cell nuclei 

(Nucblue/Hoechst 33342, blue), viability (Calcein AM, green), late stage apoptosis (Ethidium 

homodimer, red). Scale bar 200 µm. 

 

 

Altered baseline cell growth in microfluidic devices versus macroscale culture is common41. 

A specific potential explanation for our chip system is that a confluency read-out based on 

brightfield microscopy typically underestimates cell numbers at high confluency42. This 

effect is more pronounced with less homogeneous seeding, which could occur on chip 

compared to 96 well plates. This explanation is supported by the observation that a typical 

control confluency increase of 20% to 50% (2.5×) based on analysis of brightfield images is 

matched by a 3.5 fold increase in cell nuclei (Supplementary Fig. 19).  
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Other potential, but more difficult to quantify, factors could contribute to the control 

growth difference. Besides less confluency growth compared to DAPI nucleus count based 

growth, less homogeneous seeding can also lead to slower actual cell growth. Also PDMS 

can leach uncured molecules and absorb growth factors, which has been implicated in lower 

microfluidic baseline cell growth41.  

A comparison to macroscale culture helps understand the effect of the microfluidic 

chip system on cell growth (inhibition) versus a 96 well plate. However 96 well plate results 

are an imperfect gold standard for both control and treated tumour growth as in vivo, 

tumours grow much slower than in well plate experiments. As an indication, an estimate of 

tumour doubling times for colorectal carcinoma is 4 months, while doubling time in a 96 

well plate for HCT116 colorectal cancer cells is 21 hours4, 43. 

In summary, the chip-system displays a clear dose response effect for oxaliplatin 

which corresponds well with 96 well results, albeit with a lower sensitivity for (sub) 

micromolar oxaliplatin concentration. Still, the growth reduction sensitivity at dosages 

higher than 1 µM provides the opportunity to test in vivo-like drug concentrations. 

 

Growth inhibition by in vivo-like concentrations of oxaliplatin in the microfluidic chip  

To test the effect of an in vivo-like concentration of oxaliplatin, published pharmacokinetic 

data of oxaliplatin blood concentration over time were translated into a drug administration 

schedule and infused into the chip treatment channel by syringe pumps (Fig. 5a, 

Supplementary Fig. 17)2. Cell growth relative to control is 60% of control (Fig. 5C). The 

difference is statistically significant with a significance of p<0.05. Hence the microfluidic 

chip-system is able to detect a significant growth reduction when applying an in vivo-like 

concentration of a clinically approved drug. 

 

Using concentration profiles to find the pharmacokinetic driver of efficacy of oxaliplatin 

The dynamic control over drug concentrations that our system provides can be used to 

perform detailed studies on the role of pharmacokinetic parameters in drug efficacy. For 

example, to our knowledge, it is not experimentally verified whether the peak 

concentration (Cmax) is the major driver of efficacy of oxaliplatin, or whether continuous 

exposure to the average in vivo concentration over 48 hours would lead to higher growth 

inhibition.  

To investigate whether the Cmax or continuous exposure is more effective we compare 

the efficacy of two treatment schedules: one without a peak but with the average in vivo 

concentration of 2.5 µM over 48 hours. This concentration results in an Area Under the 

Curve (AUC) equal to the AUC of the in vivo concentration profile of 120 µM hr. And the 

second schedule with only the peak exposure but without (90% of) the AUC, i.e. after the 

first 30 minutes of the in vivo-like administration schedule containing the 30 µM 

(administration) peak, 47.5 hours of medium perfusion (Fig. 5d). 
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When 2.5 µM oxaliplatin is continuously administered, confluency growth is 40% of 

control, with a statistically significant difference versus control growth. If peak exposure 

only is administered cell growth is higher at 70% of control, and the difference versus 

control growth is not statistically significant. This implies continuous exposure is a more 

important pharmacokinetic driver of efficacy than peak exposure in our model. Retaining or 

even improving efficacy with constant exposure without a peak could be relevant for drug 

dose schedule optimization, as clinical experience suggests prolonging oxaliplatin infusion 

time from 2 to 6 hours reduces side effects9.    

 

Fig. 5. HCT116 growth under in vivo-like oxaliplatin concentrations and pharmacokinetic 

driver exploration. (a) Administration schedule of the in vivo-like drug concentration over 

time. (b) Administration schedules for 2.5 µM oxaliplatin continuous, which leads to an 

equal AUC as the in vivo-like administration, and a peak only administration, which leads to 

an equal Cmax as the in vivo-like administration. (c) Confluency growth of cells treated with 

dynamic drug concentrations. In vivo-like, oxaliplatin concentration growth is 60% of 

continuous medium perfusion (control). In vivo-like and 2.5 µM continuous have a 

significant lower growth than control, whereas peak only does not. N=3-5 per treatment 

condition, n=8 for control. Error bars are SEM. * p<0.05 versus control growth. (d) Staining 

shows mostly live cells, with limited late-stage apoptosis for the in vivo-like exposure. Cell 

nuclei (Nucblue/Hoechst 33342, blue), viability (Calcein AM, green), late stage apoptosis 

(Ethidium homodimer, red). Scale bar 200 µm. 
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A potential explanation for efficacy improvement through constant exposure could be the 

time needed for oxaliplatin to enter the cell and exert its main effect through binding to 

DNA at sufficient levels. Transport across membranes and DNA binding can be relatively 

slow, as time to equilibrium intracellular concentration could take as much as 24 hours at a 

stable extracellular concentration for HCT116 cells44, 45. When peak exposure is very short 

compared to time needed for equilibrium, as is the case for a 30 minute peak versus a 24 

hour equilibrium, achieved DNA bound oxaliplatin will be relatively low. Growth inhibition 

will then be low as well, if peak DNA bound oxaliplatin determines growth inhibition, as is 

suggested for cisplatin7. However shorter equilibrium times have been found for other cell 

lines46, which could lead to a higher effect of a peak exposure. Furthermore potential off-

target (desired) effects could also change the relative contribution of peak and continuous 

exposure, especially if the pharmacokinetic-pharmacodynamic relation is different for on-

target and off-target binding.  

Hence for guiding drug schedule optimization, e.g. bolus versus extended infusion 

times, several in vitro and in silico models should ideally be combined in a single study. 

Besides combining these assays, the chip system could incorporate other potentially 

relevant biological factors. Administered dosages could be corrected for in vivo protein 

binding as drug effectiveness is likely caused by free drug concentrations47. Also the cell 

chamber can be adjusted to mimic the tumour microenvironment. E.g. by introducing 

different cell types, 3D structures and nutrient variation. By leveraging recent advances in 

organ-on-chip and cancer-on-chip technology, the in vitro-in vivo gap can be further 

reduced48.  

 

 

Conclusions  

In this study we have administered a dynamic, in vivo-like, drug concentration of first line 

drug oxaliplatin to colorectal cancer cells in a microfluidic device. Growth (inhibition) was 

measured label free on chip. We found significant growth inhibition of oxaliplatin at an in 

vivo-like dose, primarily driven by continuous exposure and not maximum concentration 

(Cmax). Hence microfluidics, with its ability to control geometries, flow and concentrations, 

enables mimicking in vivo-like drug concentrations in cell culture experiments. This is an 

emerging field in microfluidics14, 15, 20-23. We contribute to this emerging field by offering an 

alternative technology to induce and validate dynamic dosing, test a drug used in the clinic, 

and translate clinical pharmacokinetics to technical requirements. We foresee use of this 

technology in the drug discovery process, for example in the lead optimization process 

where a handful of drugs are tested and optimized in in vitro and in vivo models. The device 

could aid in optimization and selection of compounds, based on pharmacokinetics found in 

mice. In the device also additional cell lines and concentration profiles could be tested. In 

general, the described microfluidic technology could be used for (i) increasing the 
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mechanistic and predictive translational quality of in vitro models, including advanced 

microfluidic organ-on-a-chip and cancer-on-chip models17, 48, 49, (ii) finding the 

pharmacokinetic driver of efficacy and optimizing dosing strategies, and (iii) screening and 

selection of novel and repurposing drugs.  
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Abstract  
The cancer xenograft model in which human cancer cells are implanted in a mouse, is one 

of the most used preclinical models to test efficacy of novel cancer drugs. However, the 

model is imperfect; animal models are ethically burdened and the imperfect efficacy 

predictions contribute to high attrition rates in the clinic of novel drugs. If cancer-on-chip 

models could recapitulate key elements of the xenograft model, then these models could 

substitute the xenograft model, and subsequently surpass the xenograft model by reducing 

unwanted variation, increasing sensitivity, scale and adding human factors. Here, we 

exposed HCT116 colorectal cancer spheroids to dynamic, in vivo-like, concentrations of 

oxaliplatin, including a 5-day drug free period, on-chip. HCT116 spheroids contained cancer 

cells with limited differentiation and extracellular matrix, as do HCT116 xenografts. Drug 

efficacy read-outs were matched to the xenograft model: volume growth, and 

immunohistochemistry. Growth inhibition on-chip was comparable to existing xenograft 

studies. Furthermore immunohistochemistry showed a similar response in proliferation and 

apoptosis markers on-chip as in xenografts. While small volume changes in xenografts are 

hard to detect, in the chip-system we could observe a temporary growth delay of spheroids 

after treatment with oxaliplatin. Finally, histopathology and a pharmacodynamic model 

show the spheroid-on chip is representative of the proliferating outer part of the HCT116 

xenograft, and thereby captures the major driver of the drug response of the xenograft. 

Hence the cancer-on-chip model could recapitulate the response of HCT116 xenografts to 

oxaliplatin and provide additional drug efficacy information. 
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Introduction  

Cancer is the leading cause of death in the western world1. Continuous improvements in 

treatment have extended survival times, nevertheless high attrition rates in clinical trials of 

novel drugs hamper treatment improvement2, 3. One reason for high attrition rates is the 

limited translational quality of in vitro and animal models4. 

One of the most used animal models in cancer drug discovery is the mouse xenograft 

model5. In this model human cancer cells are implanted in an immune-deficient mouse. The 

xenograft adds certain physiologic aspects compared to in vitro assays, such as 

pharmacokinetics, homeostasis, and three-dimensional, vascularized tumor growth. 

However the predictive power of the model towards human cancer response has limitations 

due to the reduction of biological complexity, species differences and experimental 

variation6. Despite these shortcomings the xenograft model remains a key assay for in vivo 

efficacy testing of novel drugs before clinical trials. 

Basic human cell culture models are no direct alternative for xenograft models in 

preclinical efficacy testing, as they are incapable of capturing all relevant aspects of an in 

vivo tumor. Recently, microfluidic ‘cancer-on-chip’ technology has led to major 

improvements in modeling tumor physiology in vitro. Cancer-on-chip models can 

recapitulate essential in vivo characteristics of cancer, such as continuous perfusion to 

maintain homeostasis, angiogenesis, controllable oxygen and nutrient gradients, 

interaction with stromal cells and mechanical stimulation7-12. Recently, the possibility to 

offer dynamic, in vivo-like, drug concentrations has been added to this repertoire12-14. 

Despite all these promising aspects, cancer-on-chip technology has not been sufficiently 

validated to significantly replace existing preclinical, in vivo, assays. Validation against 

xenograft models will be an essential step for cancer-on-chip models to be used as valid 

alternatives in preclinical efficacy testing. Moreover, such validation will offer an 

indispensable foundation for further development of even more advanced cancer-on-chip 

models with added human complexity15.  

Comparison of the drug response in cancer-on-chip models to xenografts is budding, 

and multiple studies have performed such side-by-side experiments 16-18. These first studies 

were based on cancer-on-chip models that included vascularization, stromal cell co-

culture18, 19, patient-derived cells16, and dynamic drug concentrations17. The results of the 

side-by-side comparisons are highly encouraging, with cancer-on-chip models and 

xenografts based on the same cells responding similarly upon treatment with the same 

drugs. However, these early studies have focused on live-dead stains16, volume based 

growth read-outs17, in situ immunofluorescence17 or gene expression18 for comparison 

between cancer-on-chip and xenograft models. An important read-out in xenograft studies 

is provided by histopathology and immunohistochemistry, which provides data on cancer 

cell morphology and tissue structure. Furthermore immunostaining on e.g. proliferation 

and apoptosis, of tissue sections reduces the probability of signal distortion compared to in 
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situ immunofluorescence due to the thickness of the cancer tissues20. Therefore, side-by-

side histological analysis of both cancer-on-chip and xenograft models will be an 

indispensable step in the validation of cancer-on-chip models. 

Here, we have performed a side-by-side comparison between the response to 

oxaliplatin of HCT116 colorectal cancer spheroids in a cancer-on-chip model versus HCT116 

xenografts in existing studies. We have evaluated the effect of oxaliplatin on volume growth 

and proliferation and apoptosis markers. Moreover, we have explored how histological 

information can be used to scale the overall growth data of spheroids in the cancer-on-chip 

model to xenografts to provide an improved comparison with data from the in vivo 

xenograft. 

 

Material and methods 

Device design and fabrication 

The chip consisted of two detachable parts (Fig. 1b,c). The top part contained a 21x2x1 mm 

(length x width x height) straight channel for continuous perfusion of nutrients and drug. 

The bottom part contained a 2 mm diameter, 0.8 mm deep u-shaped well to facilitate 

placement and growth of spheroids from 0.5 mm to 1 mm diameter (Fig. 1c). 

Chip parts were made of PDMS. Chips were fabricated using PDMS in a 10:1 weight 

ratio of base vs. curing agent (Sylgard 184, Dow Corning, US). The PDMS was poured on a 

micro-milled mold (Datron Neo, Germany), and cured at 60 °C overnight. Inlet and outlet 

holes were punched using Harris UniCore punchers of 1 mm diameter. Medical grade 

adhesive tape AR Care 8939 (Adhesive Research, Ireland), 0.11 mm thickness, was applied 

to the bottom part before coating the well. For ensuring non-adhesion of the spheroids to 

the well a coating of 6 µl Pluronic F127 20mg/ml in DI water was applied to the wells and 

incubated for 2 hours at 37 ˚C21. Chips were placed in a box inside the incubator with 

phosphate buffered saline (PBS, ThermoFisher, US) soaked Kimwipes to prevent drying out.  

After incubation the Pluronic was removed, and the well flushed with 2 µl medium, before 

placing the spheroids. 

 

Cell and spheroid culture 

HCT-116 colorectal cancer cells (Sigma-Aldrich, US), passage number under 30, were 

cultured in McCoy 5A medium (ThermoFisher, US) with 5% foetal bovine serum (FBS, 

ThermoFisher) and 1% penicillin-streptomycin (ThermoFisher, US). Four days before the 

start of the chip experiment, 2000 HCT116 cells in 200 ul of medium per well are placed in 

a Nunclon Sphera ultra low absorption round bottom plate (ThermoFisher, US). Cells were 

spun at 390 G for 5 minutes and placed in a humidified incubator at 37 ˚C.   
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Figure 1. Requirements, design and validation of the chip system for mimicking oxaliplatin 

efficacy in a HCT116 xenograft model. (a) Outline of a typical xenograft experiment. Key 

requirements in the grey boxes. (adopted from chapter 2). (b,c) Chip design. The two-part 

chip consists of a 21x2x1 mm (l x w x h) top channel for continuous perfusion and dynamic 

drug concentrations and a u-shaped well for spheroid placement and growth. (d) H&E 

staining shows poor differentiation and extracellular matrix in the spheroid on-chip. Scale 

bar 50 µm (e) Oxaliplatin growth inhibition is not confounded by the chip, although control 

growth is slightly higher, as shown by a comparison to a 96 well ultra-low attachment plate. 

n=3 for on-chip, n=6 for 96 well ULA.  
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Chip experiments 

Spheroids were collected from the 96 well plate with a wide bore P200 pipette tip set at 50 

µl (VWR, US). In several seconds the spheroid sinks to the bottom of the tip and 

subsequently the tip was brought in contact with the medium in the well, resulting in the 

transfer of the spheroid, after which the top part of the chip was placed on the bottom part. 

Chips were filled with medium at a flow of 20 µl/min. Chips were continuously perfused at 

a flow rate of 2 µl/min. 

 

Histopathology 

Spheroids were taken off-chip for histopathology by removing the top part of the chip with 

tweezers. A PDMS ring with an inner diameter of 8 mm and a thickness of 3 mm was placed 

around the well and gently filled with 150 µl PBS. The spheroid was harvested with the p200 

wide bore pipette tip, and transferred to 4% paraformaldehyde (PFA, Sigma, US) in PBS. 

Spheroids were placed in 70% alcohol overnight, dehydrated, transferred to a biopsy foam 

pad, embedded in paraplast and cut to 0.4 um sections. Tissue sections were rehydrated, 

and stained with hematoxylin and eosin (H&E) to evaluate tissue structure or a 

diaminobenzidine (DAB) staining for apoptosis (Cleaved Caspase 3) or proliferation (Ki67) 

with a hematoxylin counterstain. Antibodies used for the DAB staining are primary 

antibodies Cleaved Caspase 3 (ASP-175) (1:1000, Cell Signaling #9661, US) or Ki67 (1:1000, 

Sigma #SAB5500134, US) and secondary anti-rabbit antibody linked to horseradish 

peroxidase (HRP). Slides are dehydrated and mounted with Pertex (VWR, Netherlands).   

 

Imaging and analyses 

Brightfield images of the spheroids on-chip were taken at t=0, t=2 days, t=7 days at 10× 

magnification (Leica DM IRM, Germany). Spheroid size was determined with open source 

software ImageJ/FIJI based on the algorithm developed by Ivanov et al. (Supplementary Fig. 

11)22. Spheroid growth inhibition was defined as  

 

1 − 
average(𝑉𝑜𝑙𝑢𝑚𝑒 𝑒𝑛𝑑𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡/𝑉𝑜𝑙𝑢𝑚𝑒 𝑠𝑡𝑎𝑟𝑡𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 1)

average(𝑉𝑜𝑙𝑢𝑚𝑒 𝑒𝑛𝑑𝑐𝑜𝑛𝑡𝑟𝑜𝑙/𝑉𝑜𝑙𝑢𝑚𝑒 𝑠𝑡𝑎𝑟𝑡𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 1)
 

 

Spheroid cell counts were carried out by harvesting the spheroids from the chips as 

described in the histopathology section, however instead of fixation spheroids were placed 

in a 96 well plate in 100 ul trypsin for 20 minutes at 37˚C. After resuspension, cells were 

counted with a Luna automated cell counter (Logos Biosystems, South Korea).   

Immunohistochemistry analyses were conducted with open source software Qupath 

on 20x brightfield images23. For Ki67 detection colors were first deconvoluted for each 

image with the “Estimate stain vectors” function. Nucleus detection was based on the 

parameters used by Robertson et al24. Cutoff for Ki67 positivity was 0.3. CC3 positivity was 

based on positive pixel % of pixels within the spheroid at a cutoff value of 0.5.  
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Xenograft data 

To compare growth inhibition on-chip to published xenograft studies a literature search was 

conducted.  Inclusion criteria were: indexation in PubMed, analysis period and treatment 

start at a tumor starting volume of 50 mm3 or larger, subcutaneous placement of tumors, 

and more than 1 treatment cycle during the analysis period of 2-5 weeks25-31. An overview 

of tumor growth (inhibition) data is provided in Supplementary Table 1 and Supplementary 

Figure 10. 

To compare the histology and immunohistochemistry between the untreated on-chip 

spheroids and HCT116 xenografts, xenograft specimens obtained in an existing xenograft 

experiment were used32. Briefly, 1·106 human colorectal cancer cells were injected 

subcutaneously in NOD/SCID IL2R gamma-/- (NSG) mice.  When tumours had reached a 

volume of ~300 mm3, mice were sacrificed and xenografts were stored in formalin fixed, 

paraffin embedded (FFPE) blocks. 

 

Results and discussion 

Chip design and validation for mimicking xenograft drug response on-chip 

To mimic drug efficacy in a xenograft model on-chip, important biological factors and read-

outs should be comparable (Fig.1.a). Injection of the colorectal cancer cell line HCT116 

below the skin of the mouse leads to a fast-growing tumor with poor differentiation 

(Supplementary. Fig.1). When the tumor achieves a measurable volume (50-300 mm3), 

oxaliplatin is administered, typically one to several times a week for multiple cycles25-31. 

Oxaliplatin concentration in the mouse is characterized by a peak and an exponential 

decline, with limited free, non-protein bound drug, measurable 48 hours after 

administration (Fig.2.a)33, 34. During the experiment, the diameter of the tumor is measured 

with calipers, and volume derived. Growth inhibition is based on the volume at the end of 

the experiment of the control group versus the treated group. Isolated tumors are further 

evaluated with histopathology, for example on proliferation and apoptosis markers 

(Fig.1.a)25-31. 

To incorporate these key biological parameters and read-outs, especially 

histopathology, a detachable two part chip was designed (Fig. 1b,c). The top part consists 

of a straight channel to supply continuous perfusion of nutrients and dynamic drug 

concentrations14. The bottom part contains a 2 mm diameter, 0.8 mm deep u-shaped well 

to facilitate placement and unimpeded growth of spheroids (Fig. 1c). The well is coated with 

Pluronic F-127 to prevent adhesion and non-spheroidal growth of the spheroid21. The u-

shape of the well allows for central placement of the spheroid by spheroid transfer via fluid-

fluid contact. Central placement prevents automated imaging challenges and distortion of 

diffusion of nutrients to the spheroid (Supplementary Fig. 11). The well is able to hold the 

spheroids under flow without the need for fixation with extracellular matrix. 
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An algorithm in Fiji/ImageJ based on earlier work was used to quantify the spheroid 

surface and derive volume (growth) (Supplementary Fig. 11)22. Due to the non-adhesion of 

spheroids, outer diameter should reflect spheroid volume accurately. Trypsinization of 

spheroids of different sizes and subsequent automated cell counting confirms the 

correlation between volume derived from the outer diameter and cell number growth 

(Supplementary Fig.3).  

The chip is reversibly bonded by medical grade adhesive tape to enable off-chip 

standard histopathology. Spheroids are taken out of the chip, formalin fixed, paraffin 

embedded (FFPE), cut in sections, and stained with hematoxylin-eosin (HE), or hematoxylin 

and markers for proliferation (Ki67) and apoptosis (Cleaved Caspase-3, CC3). HE staining 

shows spheroids contain poorly differentiated cancer cells, with limited extracellular matrix, 

as is observed in viable regions of the HCT116 xenografts (Fig. 1d, Supplementary Fig. 1,2).  

The chip system should not confound control growth and drug effect35. Ideally cancer-

on-chip technology can bridge the gap between standard in vitro assays and in vivo models. 

Therefore, spheroids were exposed to constant oxaliplatin concentrations on-chip and in an 

ultra low attachment plate with u-shaped wells (‘Sphera’). Although growth is slightly higher 

on-chip, likely due to constant perfusion, drug effect is very similar on-chip to the 96 well 

plate (Fig.1e). The growth (inhibition) results for validating the chip system also clearly show 

a difference in growth of HCT116 cells in spheroids versus monolayers (2d). Untreated 

doubling time increases from 20 hours to 48 hours for HCT116 spheroids with a typical 

diameter of 0.5 mm36. 

To mimic oxaliplatin concentrations over time found in the blood of mice, dynamic 

control of solute concentrations is needed. Dynamic control was validated with fluorescein, 

a small molecule with a molecular weight of 332 Da. Concentration steps similar to 

oxaliplatin were programmed, and fluorescence signal quantified and compared to 

expected fluorescence changes. Measured fluorescence follows expected fluorescence, 

taking into account expected lags in concentration changes due to Poisseuille flow 

(Supplementary Fig. 12). Furthermore, the total amount of fluorescein administered with 

the dynamic drug program was equal to the constant average concentration. 

(Supplementary Fig.4). Dynamic concentration control of oxaliplatin on-chip has also been 

described elsewhere in more detail14.  

 

In vivo-like oxaliplatin leads to 70% growth inhibition on-chip, with a temporary halt of 

growth 

To mimic growth inhibition in xenograft studies, drug exposure in mice needs to be 

recapitulated. Dosages in in vivo studies vary from 5-20 mg/kg per week, given in 1-3 

dosages per week25-31. Here we used the pharmacokinetic data resulting from a single dose 

of 8 mg/kg, and correct total drug concentration for an average of 2/3 protein binding, as 

only free drug has a parmacological effect33, 34. The in vivo drug concentration over time was 

translated to a drug administration schedule (Fig.2a).  
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Growth inhibition is the primary read out of xenograft experiments. Exposure of 

HCT116 spheroids to in vivo-like oxaliplatin on-chip resulted in growth inhibition of 70%, as 

measured over a 7 day period (Fig.2.b).  Growth inhibition of 70% found on-chip matches 

well with average growth inhibition of 60% found in xenografts (Supplementary Fig. 10, 

table 1)25-31. 

 

 

 Figure 2. In vivo-like oxaliplatin leads to 70% growth inhibition on-chip, with a temporary 

reduction of proliferation and increase in apoptosis. (a) In vivo-like oxaliplatin 

concentration over time found in mice33, corrected for protein binding34, translated into an 

in vivo-like drug administration schedule. (b) Dynamic, in vivo like33, drug concentration lead 
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to temporary, partial growth inhibition of the spheroid. N=3 from 2 separate experiments. 

Error bars s.e.m. (c) In vivo-like oxaliplatin reversibly decreases proliferation (Ki67) for 2 

days, and increases apoptosis (CC-3), albeit from a low level. Scalebar 50 µm. (d,e) 

Quantification of staining with Qupath23, 24 between control and treated chips after two and 

seven days. Average of 3 sections, from two spheroids from separate experiments. * 

indicates significant differences p<0.05 with two sided t-test. 

 

Immunohistochemistry can give further insight into the molecular mechanisms of 

growth inhibition of the drug29, 37. Immunohistochemical markers were quantified for the 

entire spheroid section using Qupath software, which has been used for scoring Ki67 in 

clinical breast cancer samples (Fig. 2c,d, Suppementary Fig.5,6)23, 24.  Immunohistochemistry 

indicated drug treatment lead to both a reduction of proliferation marker Ki67 and an 

increase in apoptosis marker CC3 after 2 days (Fig. 2 c,d,e). Oxaliplatin treatment of HCT116 

xenografts also leads to a decrease in Ki67 and increase in CC329, 30, 37.  

The in vivo-like drug exposure lead to a growth stop for the first two days, after which 

growth recovered. The recovery of growth is accompanied by an increase of the 

proliferation marker Ki67, and a decrease in CC3 after 7 days, as compared to 2 days (Fig. 

2c,d,e). Comparing the Ki67 and CC3 status of the treated spheroid with the untreated 

spheroid after 7 days is less straightforward, as the untreated spheroid has, due to its size, 

a decreased proliferation rate, and a higher baselines apoptosis especially surrounding the 

necrotic core.  

To our knowledge the temporary growth slow down and subsequent growth recovery 

has not been described for HCT116 xenografts treated with oxaliplatin in in vivo studies, 

possibly due to the limited precision of measuring tumor volume through the skin with 

calipers, on a millimeter scale, and the amount of animals needed for histological analyses 

at multiple time points. For HCT116 xenografts treated with gemcitabine daily histological 

sections did show a similar full growth stop and gradual recovery over six days, as measured 

with BrdUrd38. Knowledge of recovery times of cancer cells in vivo could support future 

design of dosage schedules, which for example for oxaliplatin is once per 2-3 weeks, 

although side effects also have to be taken into account 39, 40.  

   

The cancer-on-chip model primarily provides information on proliferating cells of HCT116 

xenografts 

In the previous paragraph it was shown that growth inhibition on-chip and in xenografts 

were comparable. Nevertheless, even though spheroids share similarities with xenografts, 

such as spheroidal shape and solute gradients, spheroids also differ from xenografts in 

several ways; e.g. spheroids are avascular and typically have a diameter 10x smaller than 

xenografts. Furthermore although large spheroids grow more slowly than 2d cultured cells, 

spheroids still typically grow faster than xenografts of the same cell line. The structural and 
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growth differences between xenografts and spheroids raises the question whether the 

spheroid is representative for the whole xenograft tumor, or only for specific areas.  

The abundance of published xenograft studies provide growth inhibition data to 

validate the chip system with25-31. However, these studies do not provide histology of entire 

xenograft tumor sections. To study how the untreated HCT116 spheroids on-chip compare 

to xenografts of the same cell line, tissue samples of an existing HCT116 xenograft study 

were used and freshly stained32. The average tumor size was ~300 mm3, a size in between 

the typical range of tumor volumes of 50-150 mm3 at the start of a xenograft experiment, 

and 1000 mm3 at the end. Upon histopathological analysis, it became clear only a fraction 

(46%) of the xenograft is proliferating (Fig. 3a). The proliferating cells clustered in 

proliferating regions, towards the periphery of the tumor. These proliferating regions 

contained ~80% Ki67 positive cells and CC3 signal was very low, whereas the non-

proliferating regions contained <5% Ki67 positive cells (Fig 3c,d, Supplementary Fig.7). With 

H&E staining, the non-proliferative regions were characterized by eosinophilic staining (Fig. 

3b), nuclear condensation and loss of nuclei, suggesting necrosis (Supplementary Fig. 1)41. 

The presence of these two distinct regions has been observed for other xenograft tumors, 

and can likely be explained by differences in perfusion and interactions with host stroma42-

44. 

The untreated spheroids on-chip were >95% Ki67 positive at two days, which declines 

to 75% after 7 days when a necrotic core has also formed. Hence the spheroids were most 

representative of the proliferating cells in the xenograft for the first two days of the 7-day 

analysis period. In the second half of the analysis period the untreated spheroid became a 

mix of tissue representative of the proliferating regions and a necrotic core. This creates a 

challenge on translating the growth rate to a xenograft with different (relative) dimensions 

of the necrotic versus non-necrotic tissue.   

The on-chip control growth rate of 40% per day in the first two days, is much higher 

than the average daily growth rate of untreated HCT116 xenografts across studies of around 

17% 25-31. However, based on the observation that the majority (54%, Supplementary data 

and Supplementary figure 9) of cells in the xenograft are not proliferating, the lower growth 

rate of the HCT116 xenograft compared to the spheroid is likely attributable to the presence 

of a significant proportion of non-proliferating cells in the tumor, and not to an overall 

slowly growing tumor (Fig.3a). Based on growth rate and Ki67 status the spheroids-on-chip 

could therefore represent the proliferating cells in the xenograft.  
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Figure 3. The on-chip spheroid is representative of proliferating regions of the xenograft, 

which allows for modeling growth (inhibition) for the entire HCT116 xenograft (a) HCT116 

xenografts stained for Ki67 contained large areas of non-proliferating tissue towards the 

core. Scale bar 2 mm. (b)  Non proliferating tissue showed eosinophilia, a  sign of necrosis 

in HE staining. Scalebar 0.5 mm. (c) Proliferating areas were ~80% Ki67 positive, (d)  non 

proliferating areas <5%. Ki67 quantification by Qupath software, positive cells in red23. Scale 

bar 20 µm. (e) A pharmacodynamic model for HCT116 xenograft growth and growth 

inhibition. The thickness of the proliferating shell is derived from untreated HCT116 

xenografts. On-chip control growth and growth under treatment was applied to the 

proliferating shell. (f) Modeled control growth and growth under oxaliplatin were 11x and 

3x, on the high side but within the range of xenograft study outcome range of 5-13x and 

1.5-7.5x25-31. Error bars s.e.m. 20-26. 
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The cancer-on-chip model captures the HCT116 xenograft response to oxaliplatin, as the 

xenograft drug response is likely dominated by the effect on proliferating cells 

The presence of proliferating and non-proliferating cells in the HCT116 xenograft not only 

provides an explanation for the different control growth rates, but could also explain the 

comparable growth inhibition found in both the cancer-on-chip model and in xenografts. 

The effect of oxaliplatin on the non-viable, non-proliferating, regions will be limited, as they 

are not growing, poorly perfused and already in a (pre) necrotic state (Fig 3b, 

Supplementary Fig. 1)43. In the viable, proliferating, regions 83% of cells are Ki67 positive, 

for which the spheroid-on-chip should be representative. The remaining 17% of non-Ki67 

positive cells in the viable regions do not grow, however we do not have information on the 

apoptosis rate after oxaliplatin exposure from our chip model. However in vivo studies 

suggest a low rate of apoptosis, as the significant increase is from a low base29, and in in 

vitro HCT116 spheroids, no apoptosis was observed in Ki67 negative cells when treated with 

25 µM oxaliplatin for 24 hours, an AUC 15x higher than in vivo-like AUC, used here45. 

Therefore a strong apoptotic effect on non-proliferating cells seems unlikely. Hence the 

drug effect found on-chip could represent the xenograft.     

Beside the immunohistochemical comparison and reasoning that the on-chip drug 

effect is representative of the drug effect in xenografts, a quantitative pharmacodynamic 

model in which on-chip growth (inhibition) is mapped to the representative parts of the 

xenograft could further scrutinize the ability of the cancer-on-chip model to mimic the 

effect of oxaliplatin on HCT116 xenografts, and identify translational discrepancies.  

As HCT116 xenografts consisted of proliferating and non-proliferating cells, the 

pharmacodynamic model employed here consists of two populations, a proliferating and 

non-proliferating subpopulation. Pharmacodynamic models with a proliferating and non-

proliferating cell populations have been developed for modelling tumor growth and drug 

response 46, 47. For modelling HCT116 xenograft growth the subpopulations can be 

geometrically divided, as the vast majority of proliferating regions are located on the 

periphery of the xenografts (Fig.3a. Supplementary Fig.8). Associated ‘surface growth’ has 

been described for other colorectal cancer xenografts44, 48. Surface growth with a constant 

radius growth per day provided a better fit to growth curves than exponential growth44. 

Furthermore, existing HCT116 xenograft studies show a good fit with constant radius 

growth, as the estimated radius growth in the first week of the analysis period is on average 

0.21 mm per day, and in the second week 0.19 mm per day25-31. 

The formula describing surface growth employed here is44 

 

𝑉(𝑡) = 4/3𝜋(𝛼𝑡 + 𝛽)3     (1) 

 

Where 𝑉 is the volume of the tumor in mm3 at day 𝑡, 𝛼 represents radius growth per 

day in mm/day, and 𝛽 is the starting radius in mm.  
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To model tumor growth the constant radius growth needed to be determined. In our 

model the constant radius growth was based on the thickness of the proliferating shell in 

control xenografts, and the growth (inhibition) found on-chip. On average the thickness of 

the proliferating outer shell of the analyzed xenografts was estimated at 0.9 mm. Details on 

determining the proliferating shell thickness are in the supplementary material (Fig.3a, 

Supplementary data. Supplementary Fig. 9). A growth rate of 40% per day, based on the 

first two days of control growth when spheroids are >95% Ki67 positive and no necrotic core 

has formed, of a 0.9 mm thick proliferating outer shell in a tumor of ~400 mm3, implies a 

radius growth (𝛼) of 0.25 mm per day. For a starting volume of 100 mm3 (𝛽 =2.9mm), tumor 

volume after 14 days would be 1100 mm3. 

When the fully proliferative spheroids were treated with in vivo-like oxaliplatin on-

chip, growth stopped for two days, and subsequently recovered. Average growth rate over 

a week on-chip was 17%. Applying this growth rate to the proliferating shell thickness of 0.9 

mm results in constant radius growth of 0.11 mm/day (Supplementary data). According to 

formula 1, constant radius growth of 0.11 mm/day (α = 0.11 mm/day), and a starting volume 

of 100 mm3 (β = 2.9 mm) results in tumor volume of 400 mm3 after 14 days (Fig. 3f). 

Resulting modeled growth inhibition was therefore 70%.   

Untreated tumor volume growth in existing HCT116 xenograft studies over 14 days 

was 5-13 fold (Supplementary table 1). Xenografts treated with oxaliplatin grew 1.5 – 7.5 

fold over 14 days 20-26. Growth inhibitions measured over two weeks were between 30 and 

80%. Hence the outcome of the pharmacodynamic model for untreated and treated growth 

was on the high side, but within the range found in existing xenograft studies.  

Potential reasons for the remaining slightly high control growth predictions could be: 

slightly higher proliferation rate in spheroids in the first 2-3 days, a decline in radius growth 

per day at higher tumor volumes in xenografts, higher external pressure in xenografts49 and 

potential compression of the necrotic core during growth, and measurement errors due to 

interference of skin and connective tissue with caliper measurement50, which could have a 

larger influence on smaller starting tumors.  

However, based on the immunohistochemistry which has shown on-chip spheroids 

were representative of the proliferating cells, and the pharmacodynamic model which 

indicated growth (inhibition) is close to the range of actual xenograft studies, remaining 

potential translational discrepancies provide room for future optimization but did not seem 

to interfere with the ability of the cancer-on-chip model to represent the effect of 

oxaliplatin on HCT116 xenografts. 

 

Conclusion and outlook 
A cancer-on-chip model was designed and validated to incorporate key elements of the 

cancer xenograft assay. On-chip growth inhibition of HCT116 colorectal cancer spheroids at 

in vivo-like oxaliplatin concentrations was comparable to in vivo xenograft growth 
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inhibition, while providing novel insights in the temporal response. Furthermore, 

immunohistochemistry performed off-chip indicated a decrease in proliferation marker 

Ki67 and an increase in apoptosis marker CC3, as found in xenograft studies.  

As the size and structure of xenografts and spheroids differs we further evaluated the 

representativeness of the spheroid. Immunohistochemical staining suggests the on-chip 

HCT116 spheroid was representative of the proliferating cells in the outer shell of the 

xenograft, which likely determine the growth and growth inhibition in the xenograft. 

Furthermore, a pharmacodynamic model with constant radius growth based on growth 

(inhibition) found on-chip and proliferating proportion found in control xenografts, lead to 

correct growth (inhibition) predictions for HCT116 xenografts treated with oxaliplatin, thus 

providing additional support for the translational relevance of the cancer-on-chip model.  

With further validation cancer-on-chip models could initially complement cancer 

xenograft models. Different cell lines, dosage schedules and drug combinations can be 

tested for further validation of novel drug efficacy without increasing animal use. 

Furthermore cancer-on-chip models have the potential to decrease variability of in-vivo 

assays as there is less unwanted biological variation from the animal host. Furthermore, 

continuous monitoring of cancer growth-on-chip could elucidate drug exposure and 

response relations. To mimic human cancer more closely, besides expanding cell lines to 

have greater coverage of clinical variety, human aspects can be added in a stepwise fashion, 

such as human pharmacokinetics, stroma, and immune components. As such cancer-on-

chip models have the potential to progressively complement and substitute the cancer 

xenograft model. 
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Abstract 
Recently developed microfluidic technology allows for administering dynamic, in vivo-like 

drug concentrations to cancer cells in vitro. Testing novel cancer drugs at in vivo-like 

concentrations could improve predictions of efficacy and reduce attrition rates in clinical 

trials. However administration of in vivo-like concentrations to cancer cells in vitro might 

not lead to similar drug exposure, as mass transport within tissues might differ. For example 

cancer spheroids, one of the most used three dimensional cancer tissue structures in vitro, 

can have a radius of 250 µm and are supplied with nutrients and drug from the outside, 

while the radius of in vivo tumor tissue around blood vessels (‘tumor cord’) is 50-150 µm 

and nutrient and drug supply is from the inside. Here we have listed known differences 

which are relevant to mass transport for spheroids and tumor cords and have quantified 

the difference in drug exposure with a numerical simulation. While spheroids have a larger 

radius, and thus a higher absolute distance for mass transport, the distance from surface to 

half of the total cell mass is only 20% of the radius, while this is 70% in a tumor cord. 

Furthermore, in a spheroid, the ratio of the drug-exposed surface to volume is more 

favorable, there is no endothelial barrier, there are lower concentrations of drug-binding 

albumin and less drug depletion. Numerical simulations with a parameter range for small 

molecules showed exposure for the median cell in a spheroid with a 250 µm radius, which 

is about the maximum viable radius, is comparable or up to 3 times higher than for a tumor 

cord with a 100 µm radius. Hence, drug concentrations administered to spheroids do not 

need to be increased to reflect in vivo exposure. For fine tuning concentrations specific 

knowledge on mass transport parameters of the tissue and drug of interest would be 

required. 
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Introduction 

Development of novel cancer drugs is hampered by the limited ability of in vitro assays to 

predict efficacy in humans1. One of the potential factors for the in vitro-in vivo gap is the 

use of constant drug concentrations in vitro, whereas in vivo drug concentrations are 

characterized by a peak and exponential decline2. Recently microfluidic technology has 

been developed to administer dynamic, in vivo-like drug concentrations, to cancer cells in 

vitro2-4. Dynamic drug concentrations can also be administered to cancer spheroids, one of 

the most used three-dimensional in vitro models in cancer research4, 5. Combining these 

technologies has shown promise in mimicking the drug response found in animal models, 

and with its greater flexibility in implementing human factors, this technology might surpass 

animal models in drug discovery5, 6. 

 However it is currently unclear whether administering human drug concentration 

profiles to tumor spheroids will also result in realistic drug exposure of the tumor mass 

inside them. Besides drug supply, mass transport affects drug exposure within tissues. Mass 

transport in tumors in vivo occurs from capillaries radially outward into a tissue cylinder 

(‘tumor cord’) with a typical radius of 50-150 µm7-9. In (avascular) spheroids, mass transport 

of a drug will occur from the outside-in, over a radius of up to 250 µm, which is typically the 

maximum viable radius10, 11. As the radius of a spheroid is typically larger than that of a 

tumor cord, drug exposure in the tumor mass of a spheroid might be lower than what is 

typically found in vivo. Differences in drug exposure might require adjustments to drug 

schedules administered to spheroids to mimic in vivo exposure. 

Direct measurement of (small molecule) drug concentrations at different locations, 

over time, in a spheroid or in vivo tissue is challenging because of the needed spatial 

resolution and detection limits9, 12. Specific technology has been recently developed to 

evaluate spatial distribution of compounds at the cellular scale by analytical chemistry. 

However these analyses were made with high drug concentrations13, 14. As a result, most 

experimental analyses have been largely restricted to a few naturally fluorescent anti-tumor 

drugs, e.g. doxorubicin9, 15, 16. 

In the absence of direct measurements, modeling, with parameter inputs from in vitro 

and in vivo experiments, can provide estimates of spatial concentrations of solutes. 

Numerical simulations, agent-based models and analytical models have been developed to 

evaluate solutes such as drugs, oxygen and glucose in either tumor cords or spheroids8, 10, 

17-22. However, no explicit comparison of drug exposure between tumor cords and cancer 

spheroids has been made that includes dynamic concentrations profiles. Until recently this 

was also not necessary, because spheroids were always exposed to constant drug 

concentrations over long periods of time. 

Here we have systematically compared (small molecule) drug exposure within tumor 

cords in vivo and tumor spheroids in vitro, in the presence of dynamic drug concentrations. 

We have first listed the known differences which might affect mass transport of drugs 
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between in vivo tumor cords and spheroids. Subsequently we have conducted numerical 

simulations to evaluate whether the geometric properties of the spheroid and the tumor 

cord lead to different drug exposure of the tumor cell mass in spheroids.  

 

 

Methods  

Tumor cord and spheroid characteristics 

A cancer spheroid is a spherically shaped, adherent collection of cancer cells without blood 

vessels. Nutrients and drugs diffuse from the surrounding medium into the spheroid. 

Spheroids typically have a radius of up to a 250 µm, as a full oxygen gradient and necrotic 

core develops at this radius, although this depends on the cell line10, 23. A much larger 

spheroid often has a larger necrotic core, and the viable outer shell remains at about 200-

300 µm10. The spheroids can be grown in microfluidic devices, where the drug concentration 

in the surrounding medium can be changed continuously to mimic the drug concentration 

measured in the blood of humans or test animals (Fig. 1a)2, 4, 24, 25. 

 Although a tumor growing in vivo, in either humans or test animals, is also 

spheroid-shaped, its radius is typically much larger, e.g. 3-10 mm in animal models, and 

even larger in humans26, 27. In vivo tumors rely on internal blood vessels for the supply of 

oxygen and nutrients, as cellular consumption limits the distance over which sufficient 

oxygen can be maintained by diffusion7. Solutes diffuse radially outward from a 

microvascular capillary into the surrounding tissue (Fig. 1b). For small molecules, mass 

transport is diffusion dominated, especially as tumors often lack functional lymphatics 

which further limits interstitial flow28, 29. An often used abstraction for tissue mass transport 

is the tumor cord, or Krogh cylinder, to represent a capillary and its surrounding tissue 

cylinder8, 17, 20, 22, 30 . The typical tissue cylinder radius is 50-150 µm, hence a tumor can be 

considered to be a collection of many of these tumor cords17 (Fig. 1b).  

 A qualitative overview of known differences which could be relevant for mass 

transport of drugs in spheroids and tumor cords is provided in Table 1. Although the total 

radius of the spheroid is larger than the radius of the tumor cord, the surface-to-volume 

ratio relevant for diffusion is larger for the spheroid. Moreover, the distance from the 

diffusion surface to half the tumor mass (represented by the median cell) is significantly 

lower. Furthermore, several biological factors in the tumor cord could reduce mass 

transport compared to spheroids, such as drug depletion in the capillary, the endothelial 

barrier, and higher interstitial (drug binding) albumin.  
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Figure 1. Images of an in vitro spheroid and an in vivo tumor cord. (a) Brightfield image of 

a an HCT116 colorectal cancer spheroid with a radius of 250 µm inside a microfluidic chip. 

Scale bar 100 µm. (b) A central capillary (red dashed circle) and surrounding tumor tissue 

(within blue dashed circle, ‘tumor cord’) with a radius of 100 µm in a colorectal cancer 

xenograft with a total diameter of 8 mm in mice31, stained with hematoxylin-eosin.  Scale 

bar 100 µm. 

 

Table 1. Known differences between a tumor cord and spheroid which could be relevant to 

drug mass transport and thus tissue exposure. Except for total radius, other known 

differences (+) result in higher drug transport in a spheroid than in a tumor cord.  

 

 
Mass transport factor  Spheroid Tumor cord 

Geometric    
Radius - Up to 250 µm 50-150 µm 
Distance to median cell + Outside-in; at 20% of radius Inside-out; at 70% of radius 
Diffusion surface + Large; surface of sphere Small; central capillary in cylinder 
    
Biological    
Drug depletion + Large volume of outside medium Blood flow in central capillary 
Tissue entrance + Direct Via endothelial barrier 
Drug binding + Extracellular albumin ~5% of plasma  ~Plasma albumin extracellular 
    
Tortuosity, cell density, 
stroma, matrix, ..  

= Assumed equal for spheroid and 
tumor cord 

Assumed equal for spheroid and 
tumor cord 

 

 

 

The numerical simulation model 

To investigate the effect of the different geometric properties (Table 1) on drug exposure 

in spheroids and tumor cords numerical simulations were conducted. The models used were 

a 2-dimensional axi-symmetric representation of a 0.25 mm radius spheroid, and a 0.1 mm 

radius tumor cord surrounding a 10 μm radius blood vessel (Fig. 2).  
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Drugs were provided as a Dirichlet boundary condition at the edge of the vessel and 

the outside of the spheroid respectively (Fig. 2, blue lines). The drug concentration over 

time was based on free concentrations over time found in human plasma17, 25, 32. 

 

Csupply(t) = Cplasma(t) 

 

Diffusion into tissue was based on diffusion coefficients found  in vitro with multi-cell 

layers (MCL) placed between a donor and receiver compartment33, 34. The diffusion 

coefficients (DMCL) are calculated based on the concentration increase over time of the 

receiver compartment. Therefore these diffusion coefficients also reflect the effect of the 

tortuous path between cells, and (extra) cellular binding of drug33, 34. The concentration of 

drug  in tissue(Ctissue) over time is based on Fickian diffusion. The continuity equation solved 

is: 

 

∂Ctissue

∂t
 +  ∇  ·  JD =  0 

 

With for flux JD, according to Fick’s law: 

 

JD =  −DMCL∇ Ctissue  

 

There is a no flux boundary condition at the outer edge of the tumor cord. 

We recognize these diffusion coefficients have their limits in modelling drug transport 

in tissues. Incorporation of drug binding or metabolism into the diffusion coefficient might 

not provide an optimal fit with the data over time35, for example because (net) drug binding 

or intracellular transport might saturate. Furthermore a low DMCL does not provide 

information whether diffusion is very slow or there is extensive binding, or both. Therefore 

depletion of drug in a blood vessel is difficult to model with the DMCL. Also in the phase of a 

decreasing drug concentration in tissue it is unclear how much drug dissociation would 

contribute to the tissue concentration over time. Therefore we assume no drug depletion 

in the vessel, which is not uncommon17, 19, and evaluate drug exposure based on the 

maximum concentration achieved in tissue.  

To compare the drug exposure based on the human pharmacokinetic profiles and DMCL 

we compared the maximum drug concentration achieved in the median cell in both tissues. 

In literature, drug concentrations are often shown in relation to the distance to the supply 

surface17, 30. However for our purposes this measure does not provide the most relevant 

information. A similar distance will encompass a different proportion of cells in the tumor 

cord and the spheroid. Relevant for overall growth inhibition in both tissues is the 

proportion of cells exposed to a certain concentration of drug. In the a spheroid with a 
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radius of 0.25 mm approximately 50% of cells are within 50 µm from the drug supply 

surface, while in a tumor cord with a radius of 0.1 mm this accounts for only 25% of cells.  

Numerical simulations were performed with Comsol 5.1 (Comsol AB, Burlington, MA). 

 

 
 

Figure 2. Numerical simulation models for drug transport. (a) A model for the spheroid, 

with a radius of 0.25 mm. A pharmacokinetic drug concentration profile is provided as a 

boundary condition at the blue line. The red line represents the axi-symmetry axis. (b) A 

model for the tumor cord with a 0.1 mm radius, adjacent to a central capillary with a 0.01 

mm radius. Drug is provided as a boundary condition at the blue line.  

 

 

Results and discussion 

Despite the larger radius of the spheroid, the drug exposure of the median cell in the 

spheroid was comparable or higher than in the tumor cord in our numerical simulations. 

For high diffusion coefficients as found in multi-cell layer experiments (DMCL of 0.7·10-6 

cm2/s, Fig. 3a, b) or long infusion times (Fig. 3b, d), the maximum concentration at the 

median cell in the spheroid was comparable or not more than 20% higher than the 

concentration at the median cell in the tumor cord. With a short infusion period of three 

minutes and a low DMCL (0.02·10-6 cm2/s, Fig. 3c) the maximum drug concentration at the 

median cell in the spheroid was threefold higher than in the tumor cord.  

The reason for the higher exposure in the median cell in the spheroid was twofold (Fig 

4.). Firstly, the radial gradient of drug concentration is not very steep in spheroids due to 

the large outside-in diffusion surface. This can be clearly observed when plotting 

concentration as a function of distance from the diffusion surface at the end of a 3-minute 

infusion period of a drug with a high diffusion coefficient (Fig. 4.a). Secondly, in spheroids, 

the median cell is closer to the diffusion surface than in a tumor cord. This geometrical effect 

is immediately clear when plotting the proportion of cells at a radial distance from the 

diffusion surface (Fig. 4b).  
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The numerical simulation was conducted for two different pharmacokinetic profiles 

and two different diffusion coefficients which represent a range for both parameters. The 

pharmacokinetic profiles are based on drug concentrations measured in plasma after a 

three-minute infusion time and a three-hour infusion time for doxorubicin and cisplatin 

respectively17, 25, 32. The specific drug here is not relevant, just the steepness of the 

concentration increase, as a shorter infusion time might induce a larger gradient within the 

tumor tissue and therefore lead to differences in drug exposure between cells in spheroids 

and tumor cords.  

 

 
Figure 3. Peak drug concentrations achieved at the median cell in the tumor cord and 

spheroid under different infusion times and diffusion coefficients. (a) With a 3 minute 

infusion and a high diffusion coefficient, peak concentrations are 18% higher in the median 

cell in the spheroid than in the tumor cord. (b) With a 3 hour infusion and a high diffusion 

coefficient drug exposure for the median cell in the spheroid and tumor cord are equal. (c) 

Short infusion and a low diffusion coefficient leads to a three-fold higher drug exposure in 

the median cell of the spheroid compared to the median cell in the tumor cord. (d) A long 

infusion time and a low diffusion coefficient lead to slightly higher (19%) drug exposures in 

the median cell of the spheroid compared to the tumor cord.  

 

Diffusion coefficients for small-molecule drugs found in multi-cell layers (MCL), which, 

as explained in the Material and Method section, reflect both diffusion in a tortuous path 

and drug binding, are rather scarce, but range from 0.02·10-6 cm2/s for vinblastine in MCLs 
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of DLD1 colorectal cancer cells to  0.7·10-6 cm2/s for pimonidazol in MCLs of V79 hamster 

cells33, 34. Hence these diffusion coefficients are 10-200× lower than typical diffusion 

coefficients in water for molecules of similar properties33, 34.  

These MCL diffusion coefficients seem reasonable and also to provide a full range. 

Diffusion coefficients of small molecules which cannot be absorbed such as L-glucose, 

sucrose or urea, are typically between 0.2 and 1·10-6 cm2/s in MCLs or spheroids, or about 

10× lower than what is found in aqueous medium10, 21, 34. With intracellular transport and 

(extra)cellular binding, molecules are thus expected to have lower diffusion coefficients 

than molecules which are not transported and bound in cells. Vinblastine seems to cover 

the lower bound of diffusion coefficients through MCLs, as vinblastine transport was among 

the slowest of several anti-cancer drugs36.  

 

 
 

Figure 4. Drug exposure of the median cell in the spheroid is higher due to a lower radial 

concentration gradient and a shorter distance of the median cell to the diffusion surface. 

(a) The decrease in concentration of drug in distance from the supply surface is less strong 

in the spheroid at the end of a 3-minute infusion and high DMCL. (b) The median cell in a 250 

µm radius spheroid is at 51 µm distance from drug supply, whereas in the 100 µm tumor 

cord, surrounding a 10 µm capillary, the median cell is at 68 µm. 

 

 

Here only the geometric differences between tumor cords and spheroids, namely the 

different radius and direction of drug transport, were taken into account. Drug exposure in 

the median cell in spheroids was comparable or higher, despite the larger radius. Hence 

when factoring in other known, biologic, differences between spheroids and tumor cords 

which all hamper drug transport in tumor cords relative to spheroids (Table 1), drug 

exposure in spheroids will be comparable or higher than in tumor cords.  

A more complex numerical simulation which incorporated the other biological factors 

(Table 1) confirmed this result (Supplementary figure 1,2,3, Supplementary table 2). In this 

simulation the endothelial barrier, interstitial drug binding, and depletion of drug in the 
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vessel were incorporated, and (intracellular) drug binding was separated from the diffusion 

coefficient. Cisplatin was chosen as a drug for this more detailed analysis, because it has an 

average transport rate across MCLs, and because detailed information is available on 

diffusion and reaction rates (Supplementary table 1) 36, 37. Drug exposure for the median cell 

in the spheroid was  up to 2.5 times higher than the median cell in a tumor cord, based on 

the Cmax, or up to 1.7 times higher based on the integral of drug concentration over time 

(Area Under the Curve, AUC) (Supplementary figure 1,2,3).  

The most important factor in explaining the difference in exposure between the 

median cell in the spheroid and the tumor cord in the complex simulation was the 

geometry; outside-in versus inside-out transport and the shorter distance to the median 

cell (Supplementary figure 2b). Still, results did exhibit some sensitivity to variation within 

the physiologic range of the tumor cord radius, and to a lesser extent to the endothelial 

barrier, diffusion coefficient and intracellular transport. Nevertheless drug exposure in the 

median cell in the spheroid never became lower than in the tumor cord (Supplementary 

figure 3). In vitro concentration profiles can in principle be fine-tuned (typically to lower 

concentrations) if detailed information on the biological parameters of the drug and tissue 

of interest are available. 

Nevertheless a potential limitation of one-to-one translation of in vivo drug 

concentration profiles to spheroids in vitro is that differences in drug exposure of a certain 

proportion of cells might correlate with differences in the exposure to oxygen and nutrients. 

For example, the median cell in a spheroid might not only be exposed to a higher drug 

concentration, but might also be in a more favorable micro-environment in terms of oxygen 

and nutrients. In this situation a mapping of representative parts of the spheroid to the 

tumor cord is primarily needed, before adjusting the drug administration. 

 

Conclusion 
When a dynamic, in vivo-like drug concentration profile is administered to a spheroid or 

tumor cord, modelled drug exposure of the median cell in the spheroid will typically be 

comparable or higher than in the tumor cord, despite the larger radius of the spheroid. The 

increased levels of small molecule drug exposure can be attributed to known differences 

between a spheroid and a tumor cord: the spheroid diffusion surface is larger, the distance 

to the median cell is relatively short, drug depletion can be prevented, there is no 

endothelial barrier and interstitial drug binding to albumin is lower. Therefore administered 

dynamic drug concentrations in vitro to spheroids should not be increased to mimic in vivo 

drug exposure, and using the in vivo pharmacokinetics provides a realistic baseline. Due to 

the uncertainty in the biological parameters and sensitivity of resulting drug exposure, 

further tuning of the in vitro drug concentrations would require very specific knowledge of 

in vivo and in vitro biological parameters for the drug and tissue under investigation. 
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Abstract 

WHO grade IV H3K27M-altered Diffuse Midline Glioma (DMG/DIPG) is a highly malignant 

brain cancer with an abysmal prognosis. Less than 10% of patients are alive 2 year after 

diagnosis. Efficacy of chemotherapy is hampered by the blood brain barrier (BBB). With the 

advent of methods to temporarily open the BBB such as Focused Ultrasound-mediated BBB 

disruption (FUS-BBBD), previously ineffective oncology drugs could be effective. Animal 

models of DMG however, are technically demanding and not suitable for screening and 

repurposing hundreds of available marketed oncology drugs. In vitro drug screening 

methods, on the other hand, often apply time-constant drug concentrations without taking 

human pharmacokinetics and the blood-brain barrier into account.  

Here, we have developed a cancer-on-chip system for evaluating the efficacy of drugs 

at dynamic, intracerebrally achievable concentrations against DMG. Doxorubicin was 

selected as a pilot drug as drug concentrations needed in vitro to reduce growth by 50% 

(IC50) are within achievable plasma concentration in patients, and doxorubicin was 

previously shown to be subject to enhanced to-brain delivery by FUS-BBBD. GFP-transfected 

DMG cells were cultured in Matrigel on-chip, to mimic diffuse growth in a solid environment 

and fluorescence was used as a readout of proliferation. Free doxorubicin concentration in 

the brain extracellular fluid (bECF) was estimated at ~10% of plasma values, based on the 

brain-to-muscle ratio method. After application of this hypothesized bECF pharmacokinetic 

(PK) profile, no growth inhibition on-chip was observed, in contrast to on-chip growth 

inhibition by 48 hours exposure to 1 µM doxorubicin. The approach used here might better 

predict (the absence of) treatment effects in patients, by dynamically mimicking real-life 

plasma and brain pharmacokinetic (PK) profiles.  
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Introduction 

Diffuse Intrinsic Pontine Glioma (DIPG) is a pediatric brain stem cancer with an abysmal 

prognosis. Two years after diagnosis with DIPG, or the H3K27M subtype reclassified by the 

WHO as Diffuse Midline Glioma (DMG), less than 10% of patients are alive1. Surgery is 

almost impossible due to the location of the tumor and its diffuse growth. Radiotherapy is 

standard of care; radiotherapy alleviates symptoms and survival benefits are estimated at 

three months2.  

The efficacy of drug therapy is hampered by the Blood-Brain-Barrier (BBB)3. The BBB 

significantly reduces the drug concentration for almost all small molecule drugs and all large 

molecule drugs4. Drug concentrations of several small molecule chemotherapeutics in the 

extracellular fluid of the brain are only a fraction (2-20%) of plasma levels, as estimated with 

intracerebral micro-dialysis (Supplementary table 1).  

Several methods for enhancing drug transport into the brain are in development, for 

example direct injection, inhibition of efflux pumps, carrier mediated transport, or 

temporary disruption of the BBB by Focused Ultrasound (FUS)5. FUS is a promising 

technology6 which has increased drug delivery to the brain by 2-10x in non clinical models7, 

and 1.5-7x in clinical trials8. In principle, all drugs are candidates for FUS enhanced delivery. 

However, registered oncology drugs alone are in the hundreds, without taking into account 

combination therapy. Animal models of orthotopic brain stem cancers and FUS treatment 

are complex, time consuming, and ethically burdened, and therefore ill-suited to test large 

number of drugs9.  

Therefore an in vitro method is needed which aides in selecting the most promising 

drugs for subsequent testing in DMG animal models. Current in vitro efficacy testing 

typically exposes cells to constant, log step concentrations of drugs, with little resemblance 

to the dynamic, and often lower, plasma drug concentrations. Furthermore even with the 

2-10x increase in FUS, the drug concentration in the brain might be considerably lower than 

in plasma, when the fold increase is related to a very low concentration in the brain without 

BBB manipulation. Therefore not taking into account realistic drug concentrations in the 

brain can lead to choosing the wrong drugs for progression towards animal models and the 

clinic, and failure to achieve efficacy in patients.  

Cancer-on-chip (CoC) models have recently been developed to administer dynamic, in 

vivo-like drug concentrations10. Cancer cells can be cultured in hydrogels or in spheroids to 

approximate the in vivo micro- environment of either dense or diffuse growing tumors, and 

resulting proliferation rates and drug sensitivities11, 12. Furthermore continuous progress in 

on-chip parallelization is being made, holding a promise for future drug discovery and 

personalized medicine applications12, 13.  

Here we present an approach in which drugs are pre-selected based on a favorable 

ratio of in vivo exposure to in vitro efficacy. Subsequently intracerebral (free) drug 

concentrations over time are estimated based on plasma levels, corrected for the brain-to-
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muscle drug concentration ratio from existing in vivo  experiments 14. The dynamic, 

intracerebral-like, drug concentrations are administered in a cancer-on-chip system to GFP 

expressing DMG cells cultured in Matrigel.  

As a pilot we have tested the efficacy of doxorubicin at intracerebral-like 

concentrations after FUS. Relatively high concentrations of doxorubicin can be achieved in 

the blood compared to concentrations needed in vitro to inhibit DMG growth, and 

intracerebral concentrations were significantly increased by FUS enhanced drug transport9, 

15. 

 

 

Material and methods 

Device design and fabrication 

The cell culture device used in this study was a microfluidic chip with microwells in the 

bottom for 3D culture, which was connected to pumps for dynamic drug delivery. To enable 

seeding of the cells in the well, the chip consisted of two detachable parts. The top part was 

made of PDMS and had a straight channel for continuous perfusion of nutrients and drug. 

The bottom part consisted of a glass bottom and a 1 mm thick PDMS layer with two wells 

with a diameter of 2 mm spaced 5 mm apart (Figure 1b). The PDMS was bonded to glass 

slides after activation by oxygen plasma using a plasma cleaner (model CUTE, Femto 

Science, Germany). 

PDMS chip parts were made with a 10:1 weight ratio of base vs. curing agent (Sylgard 

184, Dow Corning, US). The PDMS was poured on a micro-milled PMMA mold (Datron Neo, 

Germany) and cured at 60 °C overnight. Inlet and outlet holes were punched using Harris 

UniCore punchers of 1 mm diameter. Medical grade adhesive tape AR Care 8939 (Adhesive 

Research, Ireland), 0.11 mm thickness, attached the bottom and top part of the chip.  

Dynamic drug concentrations were generated by two programmed syringe pumps 

(Harvard PhD2000, US)10, with one pump containing doxorubicin (Sigma-Aldrich, US) 

solutions in a 2 ml syringe (B. Braun, Germany) and one pump containing medium in a 10 

ml syringe (B. Braun). For tubing 1/16 inch outer diameter, and 1/32 inch inner diameter 

Teflon tubing (Darwin Microfluidics, France), was used. Drug and medium flows were 

combined with an IDEX (US) P712 Peek flow splitter.  
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Figure 1. Schematic overview of drug selection, administration of estimated intracerebral 

concentrations, and efficacy evaluation on-chip. (a) Overview of the process for selecting 

promising drugs against DMG for further animal testing: pre-selecting drugs based on low 

in vitro IC50 concentration, high in vivo plasma concentrations (PK; pharmacokinetics) and 

relatively high (un)aided BBB passage. Subsequently, intracerebral free drug concentrations 

(dashed) are estimated, translated into a drug schedule, and administered to GFP-DIPG007 

cells on-chip16. (b) Zoom in on the chip-system design, which consists of a channel delivering 

continuous perfusion and dynamic drug concentrations to DIPG/DMG cells embedded in 

Matrigel in a well. (c) Actual image of the maximum intensity projection of the GFP signal of 

GFP-DIPG cells on-chip, which is used for quantifying cell growth (inhibition)16. Scale bar 200 

µm. 

 

 

Cell line and culture 

The HSJD-DIPG007 is a Diffuse Intrinsic Pontine Glioma cell line obtained from the pons of 

a 10 year old boy at autopsy17. HSJD-DIPG007 harbors a mutation in H3K27M, as do 80% of 

DIPG cases, hence would be reclassified as a Diffuse Midline Glioma grade IV by the WHO2. 

The cell line stably expresses eGFP-ffluc16. Cells were cultured in HSJD-DIPG007 tumor stem 

medium (TSM) which contained 48% Neurobasal-A medium, 48% DMEM/F-12, 1% 
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Glutamax, 1% MEM non-essential amino acid solution, 1% HEPES buffer solution, 1% 

sodium pyruvate and 0.2% primocin. The TSM was supplemented with 2% B27 supplement 

minus vitamin A, 20 ng/mL recombinant human FGF-2, 20 ng/mL recombinant human EGF, 

10 ng/mL recombinant human PDGF-AA, 10 ng/mL recombinant human PDGF-BB, and 2 

g/mL heparin, as described elsewhere16. Cells are grown in a 5% CO2, 37 ˚C incubator.  

 

Drug selection 

Drugs were preselected based on the ratio of in vivo plasma concentrations to drug 

concentrations needed in vitro to inhibit 50% of cell growth (IC50). The plasma exposure in 

terms of the (free) maximum concentration (Cmax) and the integral of concentration over 

time (AUC) was derived from the pharmacokinetic data on 141 approved small molecule 

drugs provided by Liston et al18. Cmax and AUC were both corrected for protein binding. IC50 

values were derived from the dose response curves of the NCI60 ‘Central nervous system’ 

panel, which contains six glio(blasto)ma cell lines19. Protein binding in vitro was estimated 

based on the in vivo protein binding, and 5% FBS in the in vitro medium, by the formula 

proposed by Liu et al20. We specifically ranked drugs based on: the integral of drug 

concentration over time in blood plasma, corrected for protein binding, divided by the 

concentration to reduce tumor growth by 50% (IC50) multiplied by exposure hours (48), 

corrected for protein binding at 5% FBS.  

 

Chip-experiments 

DMG cells were diluted to 1·106/ml and mixed in a 1:1 volume ratio with Growth Factor 

Reduced Matrigel (Corning, US) kept on ice. A volume of 2.5 μl of cell suspension was 

pipetted into the wells of the chip. Subsequently, the top part of the chip was attached to 

the bottom part, chips were placed in a box inside the incubator with phosphate buffered 

saline (PBS, ThermoFisher, US) soaked Kimwipes to prevent drying out, and chips were 

incubated for 30 minutes in 37 ˚C  to solidify the Matrigel.  Chips were then either exposed 

to treatment under continuous perfusion for 48 hours (flow schedule in Supplementary 

table 3) or directly washed and fixed at 10 μl/min with PBS, 4% PFA, and PBS for imaging of 

the signal at seeding. The thickness of the Matrigel was determined at the end of the 

experiment with 1 µm diameter red fluorescent polystyrene beads (Sigma-aldrich, US), 

which do no sink in the Matrigel, which were flown at 10 μl/min for 10 minutes through the 

chip. The z level where 50% of the image contained beads was considered the top of the 

Matrigel, and the bottom z level was where the lowest cells were in focus.  

 

96 well growth inhibition experiments 

DMG cells were diluted to 1·106
 cells/ml and mixed in a 1:1 volume ratio with Matrigel 

(Corning, US) kept on ice. A volume of 10 ul of cell suspension was pipetted into the wells 

of a u-Plate Angiogenesis 96 well (Ibidi, Germany). After 30 minutes incubation at 37 ˚C, 70 

ul medium with or without doxorubicin was added gently, for a 48 hour treatment. Images 
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were obtained right after adding the medium, and after 48 hours. To evaluate doxorubicin 

sensitivity of DMG cells in suspension, the CellTiter Glo read out to measure ATP content 

was used according to the manufacturers protocol (Promega, Netherlands). Per well 12·103 

cells were seeded in 100 μl medium with or without doxorubicin in a black-walled 96 well 

plate. At either 0 hour or 48 hours 100 μl CellTiter Glo reagent was added and ATP content 

was measured with a SpectraMaxID3 (Molecular Devices, US). 

 

Imaging and analyses 

To quantify cell growth the GFP signal of the transfected HSJD-DIPG007 cells was used16. 

Images were obtained at 10× magnification in the middle of the well with a Leica DMI8 

microscope (Leica, Germany). A z-stack with 5 µm step size of the ~0.5 mm thick Matrigel 

layer was made. A maximum intensity projection (MIP) was made to analyze the total GFP 

signal of the Matrigel. 

 GFP signal intensity at the end of the treatment period was related to GFP signal 

before the treatment, in the immediately fixed samples, with open source software 

ImageJ/Fiji and the Otsu automated threshold algorithm to distinguish GFP signal from the 

background. 

 

 

Results and discussion 
Chip-system and assay design  

The cancer-on-chip system consisted of a central channel placed over two serial wells of 2 

mm diameter and 1 mm depth (Figure 1a,b). Via the channel, continuous perfusion and 

dynamic drug concentrations are provided. Control of dynamic drug concentrations was 

validated with the fluorescence of doxorubicin and numerical simulations (Supplementary 

figure 5,6). 

The HSJD-DIPG007 cell line was chosen as it contains a H3F3 mutation in histone 

H3K27M, a R206H mutation in the ACRV1 gene, and a PIK3CA mutation17. These mutations 

are frequent in DIPG/DMG17. The cell line stably expresses eGFP-ffluc for continuous 

monitoring of cell growth16.  

Growth (inhibition) in our system was quantified based on GFP signal after 48 hour 

treatment (Figure 1c) versus GFP signal of chips immediately fixed at the cell seeding date.  

To validate the MIP of GFP signal as a proxy for cell growth, GFP MIP were correlated to 

Hoechst 33342 MIP, as well as to GFP signal with confocal microscopy (Figure 2b, 

Supplementary figure 3). Both correlations are high, confirming the validity of the MIP of 

GFP signal as a proxy for cell growth.  

In the well DMG cells were embedded in (Growth Factor Reduced) Matrigel. As DMG 

tumors often show diffuse infiltration of tissue21, dispersed growth in a hydrogel was chosen 

as an initial model, as opposed to cell growth in e.g. a dense spheroid. Nevertheless, as 
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some DMG tumors exhibit high grade glioma or glioblastoma hallmarks such as high 

cellularity and necrosis, the chip is also suitable for growing and treating DMG spheroids 

(Supplementary figure 1). Matrigel was chosen as a hydrogel as it is a biological hydrogel 

which provides structural support to cells, allowing for e.g. invasion of DMG cells22. 

Furthermore Matrigel contains laminins and collagen type IV, which are also present in the 

brain extracellular matrix23, 24. Both the Matrigel and spheroid environment seem to result 

in lower efficacy of doxorubicin compared to DMG cells in suspension (Figure 2a). In 

Matrigel in a 96 well plate the IC50 for 48 hour doxorubicin exposure was found to be ~0.3 

µM, whereas in cell suspension the IC50 was below 0.1 µM (Figure 2a). Matrigel, or different 

micro-environments in general, have been shown for other cell lines and drugs to influence 

drug efficacy25. Although Matrigel is not identical to brain ECM, as it does not contain for 

example hyaluronan or other brain cells, it is a relatively soft hydrogel which allows cells to 

invade and migrate, and contains collagen IV and laminin, which are both present in the 

brain ECM. Given the clear differences between brain ECM in which DMG cells grow in vivo, 

and 2D culture on polystyrene, cell suspensions and the spheroid micro-environment, DMG 

response in Matrigel can be a valuable input for expected drug efficacy in vivo. 

 

 
Figure 2. Comparison of DMG growth and growth inhibition for different micro-

environments (a) Control growth in Matrigel in the Ibidi angiogenesis 96 well plate, 

evaluated based on GFP signal, is similar (~3.2x) as in cell suspension based on ATP 

measurement with the CellTiter-Glo assay. Growth inhibition is reduced significantly in 

Matrigel with an IC50 of ~0.3 µM, while the IC50 in cell suspension is below 0.1 µM. * t-test 

p-value <0.01. (b) The MIP signals of GFP and nuclear stain Hoechst 33342 correlate well 

with a correlation coefficient of 0.91, indicating GFP is a proxy for cell number. 

 

 

Since microfluidic handling of the chip could potentially induce mechanical damage to the 

Matrigel, integrity of the Matrigel layer on-chip was evaluated with beads which were flown 

over the well after each growth inhibition experiment (Supplementary figure 4). Matrigel 

layers with a thickness below 180 µm, the lowest measured thickness of the Matrigel in 
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chips fixed right after seeding, were considered potentially damaged during the flow 

experiment, which could confound growth inhibition results, and excluded (Supplementary 

figure 4).  

 

Drug selection 

To select the most promising drugs, in vitro efficacy can be related to in vivo drug exposure. 

For example, the drug concentration at 72 hour exposure needed for 50% growth inhibition 

(IC50) of DMG cell lines has been compared to the maximum concentration found in blood 

plasma (Cmax), to select drugs with a higher Cmax than IC5026. However the maximum 

concentration of a drug is usually maintained only briefly, while the IC50 is a concentration 

which would lead to 50% growth inhibition when applied constantly for 1-5 days. An 

additional method for ranking compounds is to compare the integral of concentration over 

time (Area under the curve (AUC)) found in vivo, to the AUC of the IC50 value found in vitro18, 

27. A refinement to this method is the correction for protein binding in vivo, and in vitro if 

there is FBS in the medium20, as only the free drug is active.  

The top 20 highest ranked drugs on the AUC ratio, of drugs which were included in 

both the dataset of Liston et al, and the NCI60 screen, have been listed in Supplementary 

table 2. Only 10 drugs, out of ~80  drugs which were included in both the dataset by Liston 

et al and the NCI60 screen, have a (free) plasma AUC over time higher than the AUC of the 

IC50 value with a 48 hour exposure (Supplementary table 2). A larger set of drugs has a Cmax 

higher than the IC50, however the drug would have to be fast acting for this value to be 

more relevant. 

 From the top 20, Doxorubicin was chosen as a pilot drug. Doxorubicin has been 

recognized as a potent inhibitor of DMG cell growth in vitro by other groups15. Furthermore 

it is one of the three drugs from the top 20 where Focused Ultrasound has been applied, 

and succeeded in significantly increasing brain distribution15. Furthermore doxorubicin 

could be especially potent even at in vivo concentrations, as its Cmax to IC50 ratio is 

favorable, and it is likely a fast acting drug as cell uptake is rapid28 and a short, high exposure 

is relatively effective compared to long exposures with a low concentration29. An additional 

benefits is its autofluorescence, which can be used to validate the dynamic drug 

concentration control in the chip-system. 

 

Estimating intra-cerebral drug concentrations of doxorubicin 

Doxorubicin plasma concentrations over time in humans, corrected for protein binding, are 

readily available30. Here we apply the pharmacokinetic profile of a 15 minute infusion of 75 

mg/m2.30 The total concentration of doxorubicin in plasma decreases from a peak of 5 µM 

to 0.1 µM in an hour, with further exponential decline. Total AUC is 4.2 µM·hr. Protein 

binding in plasma is ~75%, hence free doxorubicin plasma levels are 25% of total levels 

(Figure 3a).    
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For our specific purpose of mimicking the drug exposure of brain cancer cells after 

FUS, the concentration of unbound drug in the brain extracellular fluid (bECF) needs to be 

determined. The only method for direct estimation of extracellular unbound drug 

concentrations is micro-dialysis, which for doxorubicin is not available. Without direct 

measurements of bECF drug concentrations, estimates can be based on different indicators 

of drug exposure of the brain:  (i) the unbound drug concentration in bECF to plasma ratio 

(Kp_uu_brain = Cu,brain / Cu,plasma). To obtain Kp_uu_brain total tissue concentrations in blood and 

brain are corrected for the fraction bound drug. For brain the unbound fraction is 

determined with brain homogenate or tissue slices. This method is, after micro-dialysis, the 

most sophisticated estimate of drug exposure in the brain, however is not always available 

due to the required analytical chemistry and throughput of brain slice technology31, 32. 

Furthermore Kp_uu_brain describes the steady state ratio between unbound drug in plasma 

and bECF; (ii) the total tissue drug concentration ratio of brain to blood (Kp = Cbrain / Cplasma), 

for example in rodents33. The Kp is one of the most available parameters as it is the most 

straightforward to measure. However this method does not distinguish between bound and 

unbound drug, or intra- and extracellular drug and therefore does not provide information 

about the bECF32, 34; (iii) the affinity for efflux transporters, which can be tested in vitro with 

trans-well or microfluidic BBB models35, 36. These models indicate whether compounds are 

a substrate of efflux transporters or provide an estimate of transport rates, which in isolated 

use, are challenging to translate into a quantifiable drug exposure in the brain in vivo; (iv) 

physicochemical characteristics of drugs can be used to estimate a likelihood of BBB 

passage, however this does not readily translate to drug concentrations in bECF over time37, 

38; (v) Physiology based pharmacokinetic (PBPK) models. bECF concentration could be an 

explicit output of a PBPK model, however PBPK models are often purpose built for several 

molecules and require drug specific parameters, including advanced parameters such as for 

example the Kp,uu,brain
34

. 

For different drugs, different data might be available to estimate the unbound 

extracellular drug concentration in brain over time. To quantitatively estimate doxorubicin 

concentration in bECF over time (Figure 3a) in the absence of micro-dialysis data, we correct 

plasma concentrations by the unbound drug concentration in bECF to plasma ratio 

(Kp_uu_brain). To estimate the Kp_uu_brain for doxorubicin we follow the method of Cui et al.14, 

who use the ratio of drug concentration in brain to muscle (Kp,brain/muscle = Cbrain / Cmuscle) as a 

proxy for the ratio of free drug in bECF to plasma (Kp,uu,brain)31. To underpin this 

approximation, Cui et al. show drug efflux from muscle tissue is expected to be negligible 

and drug binding is comparable between brain and muscle. With a set of 64 compounds the 

correlation of the Kp,brain/muscle  to Kp,uu,brain was shown14. Intuitively, free drug levels in the 

muscle extracellular space follow plasma levels closely, and a reduced concentration in total 

brain tissue compared to muscle is a direct result of the lower extracellular concentration 

caused by drug efflux, and not caused by lower cellular uptake and binding in the brain. 

Hence the Kp,brain/muscle ratio is similar to the Kp,uu,brain ratio.   
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The major advantage of this method is that a single in vivo  experiment can both 

provide the muscle and brain tissue. Possible drawbacks of this approach are the use of a 

steady-state measure Kp,uu,brain. Added to these complications, the correlation of Kp,brain/muscle 

with Kp,uu,brain was determined with the homogenate method instead of tissue slices, thereby 

combining unbound intracellular and extracellular concentrations14. However based on 

publicly available data, without micro-dialysis data, tissue slice data or a brain PBPK model 

for doxorubicin, this is still the best possible estimate.  

The brain to muscle concentration ratio of doxorubicin is 1.5% after one and four 

hours in mice, after administration of 5 mg/kg doxorubicin i.v.39. After FUS treatment and 5 

mg/kg i.v. doxorubicin, doxorubicin concentration in the brain after 2 hours is 10% of the 

level found in muscle after 1 and 4 hours15, 39. Hence,  with Kp,brain/muscle at 10%, we estimate 

the free doxorubicin exposure of brain stem cancer cells after FUS to be 10% of the values 

found in blood plasma.  

  

Growth inhibition at intracerebral-like concentrations on-chip 

DMG cells grew significantly on-chip in the 48 hour treatment period, at a similar rate as in 

the 96 well plate in Matrigel (Figure 2a, Figure 3b). Furthermore, constant exposure to 1 µM 

doxorubicin for 48 hours led to a significant decrease in growth (Figure 3b). 

Application of dynamic concentration profiles of doxorubicin in the brain after FUS 

treatment does not lead to significant growth inhibition (Figure 3b). Dynamic concentration 

profiles that mimic plasma levels and which are estimated tenfold higher than brain levels, 

do inhibit growth (Figure 3b).  

Both the relatively low doxorubicin concentration over time and the relative 

resistance of DMG cells to doxorubicin in Matrigel as compared to cells in suspension, seem 

to contribute to the lack of effect of intracerebral-like doxorubicin.   

Whether the sensitivity of our system is appropriate ultimately needs to be 

determined with in vivo results. However effectiveness of doxorubicin in vivo after FUS 

enhanced BBB passage is still uncertain. A pioneering study in mice showed some growth 

inhibition on MRI, but no increase of overall survival9. It must be noted this study used a 

different DMG/DIPG cell line, doxorubicin plasma levels in mice are lower, and only a single 

drug injection was used. An initial safety study in patients with brain cancer was recently 

completed, however results have not been published yet (NCT02343991). 

  Besides doxorubicin, several other drugs are promising candidates for treatment of 

DMG based on in vitro effectiveness and brain distribution. These candidates can be tested, 

ranked and optimized with our chip-system. Furthermore the sensitivity and specificity of 

our chip-system can be further calibrated based on future in vivo results of compounds also 

tested with our system. 
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Figure 3. Growth inhibition of DMG cells after administration of estimated intracerebral 

drug concentrations after FUS. (a) Plasma concentration of doxorubicin over time in 

humans, as well as estimated brain extracellular fluid concentrations, and translation of the 

estimated brain concentration in an administration schedule. First 24 hours of total 48 hours 

drug exposure shown. (b) 48 hour growth inhibition by estimated intracerebral doxorubicin 

dynamic concentration profiles after FUS do not lead to growth inhibition on-chip. * p<0.05 

with ANOVA Tukey HSD. Error bars represent standard error of the mean. 

 

 

Conclusion and outlook 
We have presented a method for selecting drugs for the treatment of DIPG/DMG for further 

in-vivo testing. Our approach consists of estimating the intracerebral drug concentration 

over time, and applying these dynamic, in vivo like concentrations in a cancer-on-chip 

system. Doxorubicin was chosen as a pilot drug because of its in vitro potency and improved 

BBB passage after FUS15. However in our cancer-on-chip model, doxorubicin does not inhibit 

DMG cell growth at estimated intracerebral concentrations, after FUS. Both our estimate of 

intracerebral free doxorubicin concentrations after FUS at 10% of plasma levels, and the 

lower efficacy of doxorubicin in Matrigel seem to contribute to the absence of effect.  

Nevertheless identifying a lack of effect could also be valuable as failure in (pre)clinical 

in vivo trials is costly. The identification of lack of effect might suggest further optimization 

of the drug or brain delivery, or to progress other compounds. With the increasing 

knowledge of molecular pathways and brain distribution several compounds can be 

identified which could be effective against DMG. These compounds can also be tested and 

optimized with our method.  
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Chapter 8: Conclusion and outlook 
 

This thesis argues that mimicking the drug response of xenografts in mice in cancer-on-chip 

models is both a worthwhile immediate objective, as it can improve cancer drug discovery 

directly, and is a verifiable intermediate step to modelling even more complex human 

cancer on-chip. In this thesis it has been shown that drug response measurements, as 

carried out in standard well assays can be carried out on-chip. Furthermore administering 

dynamic, in vivo-like drug concentrations, was shown to be feasible in a cancer-on-chip 

model. This aspect of tumor physiology can therefore be implemented in cancer-on-chip 

models, which is not feasible in traditional in vitro assays.  

When in vivo-like oxaliplatin concentrations, as measured in mice, are administered 

to HCT116 spheroids on-chip, a similar response was seen as in xenografts, in terms of 

volume growth inhibition and immunohistochemical markers on proliferation and 

apoptosis. Despite the large radius of the spheroid, it is likely that drug exposure in the 

spheroid is comparable or slightly higher than in xenografts. A method has been developed 

to map growth inhibition found on chip, via histopathological markers, to xenografts to 

evaluate the representativeness of the drug response.  

The spheroid on-chip model allows for a higher sensitivity in measuring temporary 

growth inhibition, which can provide information for optimizing drug dosage schedules, in 

terms of dosing, infusion duration and time between drug administration. Another aspect 

in which cancer-on-chip models could surpass mice xenograft models is in humanization of 

the model. In this thesis DIPG cells were exposed to estimated, human, doxorubicin 

concentrations in the brain.  

 

Nevertheless further model development and empirical validation is needed. Once it is clear 

which xenografts can be reliably mimicked, e.g. based on existing or already planned 

xenograft data, and sufficient throughput and robustness is achieved, (blinded) side-to-side 

studies should be conducted to evaluate the performance of the chip model versus the 

xenografts. Also for more complex xenografts, which for example have differentiated cancer 

cells and complex micro-environments, or for drugs with an indirect mode of action, e.g. via 

the tumor micro-environment, model features might have to be added.  

When this development and validation is successful cancer-on-chip models might 

complement and (partially) substitute animal models for cancer drug discovery. This would 

allow for testing of more drugs and combinations, more drug schedules, more cell lines, and 

hence improve the prediction of efficacy in the clinic. Further humanization of the model 

could also provide a basis for ex-vivo drug testing and personalized cancer treatments, 

where the chip model could replace the ‘avatar’ mice piloted in the past, in which patient 

derived tumor cells were implanted for personalized drug selection.
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Summary in English and Dutch 
 

English summary of the dissertation “Mimicking and surpassing the cancer 

xenograft model with dynamic, in vivo-like, drug concentrations on-chip” 
Chapter 1 contains the rationale and aim of this thesis and outline of chapters. Cancer is the 

leading cause of death in Western countries. Current in vitro and in vivo animal models are 

imperfect predictors of the efficacy of novel cancer drug therapy, which contributes to the 

95% drug attrition rate in clinical trials. Cancer-on-chip technology has shown great promise 

in improving preclinical models, however validation with clinical trial results and broad 

adoption has proven challenging due to lack of robustness and scale of the models, and the 

complexity of human cancer. In this thesis we take a stepwise approach to validating cancer-

on-chip models for drug discovery. In this approach cancer-on-chip models are first 

validated against cancer xenograft models, and subsequently human tumor physiology is 

added. The specific aim of this thesis is to develop microfluidic cell culture models that can 

administer dynamic drug concentrations, mimic the drug response as typically found in 

cancer xenografts, and explore where the chip model can already outperform the xenograft 

model.  

In chapter 2 we have reviewed crucial aspects of cancer xenograft biology and the 

availability of cancer-on-chip technology to mimic the xenograft. The subcutaneous cancer 

xenograft is a relatively simple cancer as it consists of only one cancer cell line (clone), 

however contrary to cancer cells in a petri dish the cancer is continuously supplied by 

nutrients via drug vessels, drug concentration varies over time, gradients of nutrients and 

drug exist within the tissue, and varying amounts of stroma cells are present. Cancer-on-

chip technology for mimicking several xenograft tumor characteristics are available, such as 

nutrient gradients, three-dimensional cell culture, stroma cell co-culture, cell migration, 

dynamic drug concentrations, angiogenesis and mechanical stimulation. Also initial 

empirical validation of growth inhibition on-chip with drug response in xenografts is 

promising. Nevertheless integration of different aspects of tumor physiology can lead to 

technical challenges, and empirical validation needs to be expanded both in terms of read-

outs and number of drug-cell line combinations.  

Chapter 3 is an early study in which we took initial steps to culture cancer cells on-chip 

and induce cell death. MCF-7 breast cancer cells were introduced into a chip and survived 

for multiple days. Apoptosis could be induced by staurosporine, and cell survival and death 

could be quantified with calcein AM and propidium iodide on-chip.   

In chapter 4 colorectal cancer cells were exposed to dynamic, in vivo-like drug 

concentrations on-chip. Oxaliplatin drug concentrations over time were matched to drug 

concentrations found in the blood plasma of mice. Colorectal HCT116 cancer cells were 

cultured under a membrane, in a two-channel chip, to prevent shear stress. Dynamic, in 

vivo-like, oxaliplatin led to significant growth inhibition, as measured with label-free 
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confluency analysis. Providing only the peak drug exposure led to less growth inhibition than 

the in-vivo like concentration profile, or the average, constant concentration over 48 hours. 

Hence applying an in vivo-like drug concentration on-chip was feasible and the effect of 

different concentration-time profiles could be evaluated. 

In chapter 5 we sought to mimic the effect of oxaliplatin on the colorectal HCT116 

xenograft in mice, on-chip. To succeed in mimicking the drug response on-chip several key 

aspects of the xenograft model were implemented on-chip. HCT116 cells were grown on-

chip as cancer spheroids, which are characterized by cell-cell contact and a three-

dimensional tumor microenvironment. Furthermore HCT116 spheroids were poorly 

differentiated and contained little stroma, alike HCT116 xenografts. Also, spheroids were 

exposed to dynamic, in vivo-like oxaliplatin concentrations for two days, and a drug free 

period of 5 days, mimicking a once a week drug administration schedule. Finally, drug 

response was evaluated by volume measurements and histology, as in xenografts. The drug 

response on-chip, as evaluated by volume growth inhibition, was 70%, which is comparable 

to growth inhibition found in xenograft studies. A decline in proliferation marker Ki67, a 

marker often used in xenograft studies and the clinic, and an increase in Cleaved Caspase 3 

(CC3), an apoptosis marker, were observed, as in xenograft studies. Additionally, a 

temporary growth stop of two days and subsequent recovery of growth was observed on-

chip, which would be difficult to detect in mice studies with external caliper measurement 

of the tumor volume. However, as spheroids are geometrically different from xenografts 

and grow faster, we further evaluated the representativeness of the drug response on-chip. 

Ki67 staining allows for mapping on-chip growth (inhibition) to the xenograft, via whole slide 

imaging and quantitative pathology with Qupath software. Based on the Ki67 staining on-

chip spheroids were considered primarily representative of the ~1 mm thick proliferating 

shell of the HCT116 xenograft tumor. When on-chip growth and growth inhibition were 

applied to the proliferating shell in a pharmacodynamic model of the HCT116 xenograft, 

both control growth and growth under treatment are within the range of values found in 

xenograft studies. Hence drug response on-chip was representative of the effect of 

oxaliplatin in HCT116 xenografts.  

As cancer-on-chip technology enables administration of in vivo-like drug 

concentrations, in chapter 6 we compared drug exposure within a spheroid to a xenograft 

after in vivo-like drug administration. While a spheroid is avascular and supplied with drug 

from the outside, a xenograft receives nutrients and drugs from blood vessels which supply 

surrounding tissue cylinders (or “tumor cord”). The radius of a spheroid can be more than 

twice as large as the radius of a tumor cord. Due to the difference in radius and supply 

direction, mass transport and hence drug exposure within the tissue might differ 

considerably. A qualitative evaluation indicated that except for absolute radius, other 

known relevant factors lead to higher mass transport in a spheroid: a shorter distance to 

e.g. the median cell, a larger drug supply surface-to-volume ratio, less potential for drug 

depletion, no endothelial barrier and less interstitial drug binding. Numerical simulations 
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showed that administration of identical, dynamic, drug concentrations resulted in a 

comparable or up to 3 fold higher drug exposure in the median cell of a 250 μm radius 

spheroid compared to a 100 μm radius tumor cord. Hence despite the larger radius of 

spheroids there is no a priori need of increasing the drug administration to obtain an in vivo-

like exposure. For fine tuning the drug concentration administered, specific and precise 

knowledge of relevant biological parameters for the tissue and drug under investigation 

would be needed.  

Besides administering drug concentrations equal to concentrations in the blood of 

mice, cancer-on-chip systems can be used to test the effect of human drug concentrations. 

In chapter 7 we describe the development of a chip-model to administer drug 

concentrations which can be achieved in the brain, to pediatric brainstem cancer cells 

(Diffuse Intrinsic Pontine Glioma, DIPG/DMG). There is an urgent need of improving the 

treatment of DMG as two years after diagnosis less than 10% of patients are alive. Drug 

therapy against DMG is ineffective due to the blood brain barrier. However due to the 

advent of technologies for opening the blood brain barrier such as Focused Ultrasound 

(FUS), and the availability of hundreds of oncology drugs, new opportunities for effective 

treatments arise. However animal models of brain stem cancer are technically complex and 

time consuming and can therefore test only a limited number of drugs and drug 

combinations. Therefore, an in vitro method for selecting promising drugs is needed. First a 

pre-selection of drugs was made based on the ratio of drug levels achievable in blood 

plasma to concentrations needed to inhibit 50% cell growth in vitro. From the top 20 drugs 

doxorubicin was selected as a different research group has shown BBB transport was 

increased by FUS. Because direct measurement of intracerebral drug concentrations over 

time are unavailable for doxorubicin, the exposure over time is estimated based on the drug 

concentration in plasma, corrected for the brain to muscle drug concentration ratio. 

Exposure of DMG cells on chip to intracerebral-like doxorubicin concentrations, which we 

estimated at 10% of plasma levels, did not lead to significant growth inhibition, while 

exposure to 1 µM doxorubicin and plasma levels did inhibit growth. Both our estimate of 

intracerebral exposure after FUS at 10% of plasma levels and the induction of drug 

resistance by the Matrigel micro-environment seem to contribute to the lack of 

effectiveness. Whether the lack of effectiveness is representative of the in vivo effect is not 

yet clear; no clinical evidence whether FUS enhanced doxorubicin treatment of DMG is 

effective exists yet, and preclinical evidence is inconclusive. Nevertheless several other 

drugs have shown promising in vitro effectiveness and plasma availability and will be tested 

with the cancer-on-chip model, to both select promising drugs for the treatment of DMG 

and validate the sensitivity of the chip-system with future in vivo results. 

From this thesis it can be concluded that cancer-on-chip models are able to mimic 

dynamic, in vivo-like, drug concentrations. Furthermore the response of HCT116 xenografts 

to oxaliplatin can be recapitulated on-chip. Also the cancer-on-chip models can provide a 

better insight in temporary drug responses and incorporate human tumor physiology, such 
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as human drug concentrations over time. Nevertheless, before the chip model can 

substitute the xenograft model, further model development and empirical validation is 

needed for other drug-xenograft combinations. This holds especially for more complex 

xenografts, which for example have differentiated cancer cells and complex micro-

environments, or drugs with an indirect mode of action, e.g. via the tumor micro-

environment. When this validation is successful cancer-on-chip models might complement 

and (partially) substitute animal models for cancer drug discovery, and with further 

humanization of the model provide a basis for ex-vivo drug testing and personalized cancer 

treatments.  

 

 

Nederlandse samenvatting van het proefschrift: “Nabootsen en 

overtreffen van het kanker xeno-transplantaat model met dynamische, 

levensechte, medicijnconcentraties op een chip” 
Hoofdstuk 1 beschrijft de doelstelling, het nut en de hoofdstukken van dit proefschrift. 

Kanker is de leidende doodsoorzaak in welvarende landen. Het merendeel (95%) van 

nieuwe medicijnen blijken niet effectief in klinische trials, ondanks positieve resultaten in 

cellijnen en proefdieren. Kanker-op-een-chip modellen bootsen kritische aspecten van 

humane tumorfysiologie na en hebben de potentie om een betere voorspelling van 

medicijneffectiviteit te geven dan standaard medicijntesten in het lab en 

proefdiermodellen. Echter validatie met klinische trials en brede adoptie zijn uitdagend 

gebleken in de afgelopen 15 jaar door een gebrek aan robuustheid en schaal van deze 

modellen, en de complexiteit van humane kanker. Dit proefschrift beschrijft een 

stapsgewijze aanpak om kanker-op-een-chip modellen te valideren voor 

medicijnonderzoek. In deze aanpak wordt het chip-model eerst gevalideerd met het 

proefdiermodel waarin humane kankercellen onderhuids bij muizen worden geïnjecteerd 

(xenotransplantaat). Vervolgens kan verdere humane fysiologie in het chip-model worden 

geïntroduceerd. De specifieke doelstelling van dit proefschrift is om een kanker-op-een-chip 

model te ontwikkelen die toediening van dynamische medicijnconcentraties mogelijk maakt 

en de medicijn respons kan nabootsen die wordt gevonden in het kanker xeno-

transplantaat model in muizen. Daarnaast wordt verkend hoe een kanker-op-een-chip 

model betere informatie over de verwachte effectiviteit van medicijnen kan geven dan dit 

diermodel. 

Hoofdstuk 2 is een overzichtsartikel wat beschrijft welke cruciale biologische aspecten 

van de geïmplanteerde humane tumor in muizen moet worden nagebootst en welke 

kanker-op-een-chip technologie daarvoor beschikbaar is. De onderhuids geïmplanteerde 

tumor in de muis is een relatief simpele tumor, omdat deze slechts uit één type (kloon) 

kankercellen bestaat, maar in tegenstelling tot kankercellen in een petri-schaal of 96 well 

plaat, wordt deze tumor continu voorzien van voedingsstoffen via bloedvaten, is er sprake 
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van wisselende medicijnconcentraties over tijd, zijn er delen van de tumor met hoge en lage 

concentraties voedingsstoffen en bevinden zich er in meer of mindere mate ook 

bindweefselcellen in de tumor. Kanker-op-een-chip technologie is beschikbaar om 

verschillende van deze aspecten na te bootsen: continue doorstroming van groeimedium, 

dynamische medicijnconcentraties, gradiënten van moleculen, co-kweek met fibroblasten, 

mechanische stress, en zelfs bloedvatvorming. Het combineren van verschillende 

technische aspecten is echter niet triviaal, en validatie van deze systemen met de 

uitkomsten in diermodellen is veelbelovend maar nog schaars.  

Hoofdstuk 3 beschrijft de eerste stappen in het overbrengen van kanker medicijn 

testen naar een microfluidische chip. Cellen van de borstkanker cel lijn MCF-7 konden 

meerdere dagen in leven blijven in een microfluidische chip. Daarnaast was het mogelijk 

geprogrammeerde celdood (apoptose) te induceren met het middel Staurosporine, en dit 

te kwantificeren. Kwantificering van apoptose gebeurde met Calcein AM, wat levende 

cellen aankleurt, en Propoidium Iodide wat apoptotische cellen kleurt.  

Hoofdstuk 4 introduceert een microfluidische chip waarin humane HCT116 

darmkankercellen blootgesteld werden aan dynamische, ‘levensechte’, concentraties 

oxaliplatin die gemeten werden in het bloed van muizen. Oxaliplatin is een medicijn 

waarmee patiënten met uitgezaaide darmkanker worden behandeld. De darmkankercellen 

werden onder een membraan gezaaid om schuifspanning door vloeistofstroming te 

voorkomen. Celgroei werd gekwantificeerd door een voor- en nameting met 

lichtmicroscopie, zonder kleuring, van bedekking van het oppervlak onder het membraan. 

De ‘levensechte’ concentratie oxaliplatin remde de groei van de darmkankercellen. 

Wanneer echter alleen de piekconcentratie werd toegediend was de groeiremming minder 

sterk, dan bij de levensechte of gemiddelde concentratie over 48 uur. De piekconcentratie, 

waarvan vaak gedacht wordt dat dit bijwerkingen veroorzaakt, is dus niet vereist voor 

werking van het medicijn. Dit hoofdstuk toont aan dat het toedienen van dynamische, 

levensechte medicijnconcentraties op een chip mogelijk is en dat hiermee het effect van 

verschillende medicijnconcentraties over tijd meetbaar is. 

Het doel in hoofdstuk 5 was om het effect van oxaliplatin op de subcutaan 

geïmplanteerde, humane darmkanker HCT116 in een muis, na te bootsen op een chip. Om 

het effect na te bootsen werden verschillende aspecten van het muismodel nagebootst op 

chip. HCT116 cellen groeiden in de chip als een ‘spheroid’, een bolvormige collectie van 

aanhechtende kankercellen, om drie dimensionaal cel-cel contact, net als in de tumor in de 

muis, na te bootsen. Bovendien vertoonde de spheroid gebrekkige differentiatie en een 

beperkte extracellulaire matrix, net als HCT116 tumoren geïmplanteerd in een muis. De 

spheroids werden 48 uur lang blootgesteld aan dynamische, ‘levensechte’ 

medicijnconcentraties, en daarna was er een medicijnvrije periode van 5 dagen, als 

benadering voor een medicijntoediening van 1x per week. Het effect van het medicijn werd, 

net als in muizen, gemeten aan de hand van volumegroei van de tumor, en 

(immuno)histologie.  
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Remming van volumegroei, na oxaliplatin behandeling, was 70%, vergelijkbaar met 

groeiremming in muizen. Na medicijnblootstelling was een afname van proliferatie marker 

Ki67 te zien, en een toename van apoptose marker Cleaved Caspase 3, net als in muizen. In 

de chip was een tijdelijke groeiremming waar te nemen, die door de meetmethode in 

muizen moeilijk zou zijn waar te nemen. Echter, aangezien een spheroid een andere 

omvang en geometrie heeft, en sneller groeit, dan een gevasculariseerde tumor in een muis, 

hebben we gekeken hoe representatief de medicijnrespons op een chip was. Op basis van 

analyse van proliferatie marker Ki67 was de spheroid vergelijkbaar met de prolifererende 

buitenste schil van de xenotransplanaat tumor, in tegenstelling tot de niet-delende kern. 

Wanneer de dagelijkse groei van de spheroid gemeten in het kanker-op-een-chip model 

werd aangenomen voor de prolifererende schil in een pharmacodynamisch model van de 

xenotransplantaat tumor, viel zowel de groei met als zonder behandeling binnen het 

spectrum van uitkomsten van gepubliceerde studies over subcutane HCT116 tumoren in 

muizen behandeld met oxaliplatin. Concluderend, de respons van de HCT116 spheroid in 

een kanker-op-een-chip model was representatief voor de uitkomst in het diermodel.   

Kanker-op-een-chip technologie bleek geschikt om dynamische, ‘levensechte’, 

medicijnconcentratie aan tumorcellen toe te dienen. Echter toediening van de concentratie 

medicijn die in het plasma van een mens of dier gemeten is aan een spheroid op een chip, 

betekent niet vanzelfsprekend dat de concentratie medicijn binnen in de spheroid gelijk is 

aan de concentratie medicijn binnen in het tumorweefsel in mens of dier. In hoofdstuk 6 is 

het verschil in blootstelling aan medicijn in deze verschillende weefsels geanalyseerd. 

Tumorweefsel in mens of dier groeit in een cilinder rondom een bloedvat, ook een ‘tumor 

cord’ genoemd. Een spheroid heeft een radius die meer dan 2x zo groot kan zijn als de radius 

van een tumor cord, en aangezien een medicijn tijd nodig heeft om deze grotere afstand te 

overbruggen en bovendien weefsel medicijn bindt, zou een grotere radius tot een lagere 

medicijnconcentratie kunnen leiden in de spheroid. Om gelijke medicijnconcentraties in het 

weefsel te bereiken zou de toe te dienen medicijnconcentratie aan de spheroid dus 

misschien moeten worden verhoogd. Echter behalve de absolute radius zijn relevante 

factoren voor medicijntransport gunstiger in de spheroid: het oppervlak voor 

medicijnuitwisseling ten opzichte van het volume is groter, de mediane cel ligt dichter bij 

het uitwisselingsoppervlak, er is geen endotheliale barrière, er is minder depletie van het 

medicijn in de toevoer, en er is een lagere concentratie albumine, wat medicijn bindt. 

Kwantitatieve evaluaties via numerieke simulaties op basis van parameters die passen bij 

‘small molecule’ (~<1 kilodalton molecuulgewicht) medicijnen, lieten zien dat de medicijn 

blootstelling van de mediane cel in de spheroid hoger was dan in de tumor cord, echter 

binnen een factor 3. Concluderend, ondanks de grotere radius lijkt het niet nodig om de 

medicijntoediening aan de spheroid te verhogen ten opzichte van de concentraties 

gemeten in plasma. Voor verlaging van de concentratie zou specifieke kennis vereist van de 

biologische parameters voor het te onderzoeken medicijn en tumor weefsel vereist zijn.  
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Naast medicijnconcentraties gemeten in muizen, kunnen kanker-op-een-chip 

systemen ook gebruikt worden voor het toedienen van humane medicijnconcentraties. In 

hoofdstuk 7 beschrijven wij de ontwikkeling van een chip-model waarbij 

medicijnconcentraties die in de hersenen bereikt kunnen worden toegediend worden aan 

hersenstamkankercellen (Diffuus Intrinsiek Pons Glioom/Diffuus midline glioom, 

DIPG/DMG). Betere behandeling voor hersenstamkanker, wat zeldzaam is en voornamelijk 

bij kinderen voorkomt, is nodig omdat twee jaar na diagnose minder dan 10% van de 

patiënten in leven is. Een reden voor de slechte prognose is het gebrek aan effectiviteit van 

chemotherapie, wat komt doordat de bloed-brein-barrière (BBB) de medicijnconcentratie 

in de hersenen verlaagt. Echter door nieuwe technologie zoals ‘Focused Ultrasound’ (FUS) 

kan de BBB tijdelijk worden geopend en zouden bestaande oncologie middelen toch 

effectief kunnen zijn. Omdat diermodellen voor hersenstamkanker complex en tijdrovend 

zijn is een methode vereist die de meest veelbelovende (combinaties van) honderden 

toegelaten oncologie medicijnen selecteert. In onze methode werd er een voorselectie 

gemaakt van medicijnen door een rangschikking op de ratio tussen gemeten bloedwaardes 

en concentraties die nodig waren voor 50% groeiremming in een well plaat (in vitro). Uit 

deze top 20 medicijnen werd doxorubicine geselecteerd omdat door een andere 

onderzoeksgroep was aangetoond dat de doxorubicine concentratie in de hersenen 

verhoogd kon worden door FUS. Aangezien directe metingen van de concentratie 

doxorubicine in de extracellulaire vloeistof in het brein niet beschikbaar zijn, gebruikten wij 

de ratio van concentratie tussen spierweefsel en hersenweefsel om de plasma 

concentraties over tijd in te schatten. Deze ingeschatte medicijnconcentratie in de 

hersenen, hier 10% van de plasma concentratie, werd toegediend aan de DMG cellen in de 

chip. De DMG cellen groeiden in de chip in Matrigel, om de diffuse groei van de ziekte na te 

bootsen. Blootstelling van DMG cellen aan de (ingeschatte) doxorubicine concentratie die 

in de hersenen bereikt kan worden na FUS leidde niet tot groeiremming, terwijl dit wel het 

geval was bij plasma waardes of een concentratie van 1 µM. Zowel de relatief lage 

(ingeschatte) doxorubicine concentratie als de resistentie door de Matrigel omgeving lijken 

bij te dragen aan de afwezigheid van groeiremming. Er zijn nog geen resultaten uit de kliniek 

om ons resultaat mee te valideren. Eerste resultaten in muizen van een andere 

onderzoeksgroep, met een andere DMG cel-lijn, gaf een wisselend beeld; enige 

groeiremming, maar geen verbetering van overleving. Naast doxorubicine bestaan andere 

middelen met veelbelovende resultaten in vitro. Door het testen van effectiviteit van deze 

middelen bij concentraties die in de hersenen bereikt kunnen worden, kunnen 

veelbelovende middelen geselecteerd worden voor verdere testen in proefdieren en 

klinische trials, en ook de sensitiviteit van het chip-systeem verder worden ge-evalueerd.  

Dit proefschrift concludeert dat kanker-op-een-chip modellen de mogelijkheid bieden 

dynamische, ‘levensechte’, medicijn concentraties na te bootsen. Bovendien bleek hiermee 

het effect van oxaliplatin op de HCT116 xenotransplantaat in muizen nagebootst te kunnen 

worden. Ook gaf het chip-model inzicht in het effect over tijd wat moeilijker te meten is in 
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het muismodel. Daarbovenop kunnen in het chip-model stapsgewijs humane factoren 

worden toegevoegd, zoals humane medicijn-concentraties. Echter verdere empirische 

validatie en ontwikkeling van het model is nodig voordat het chip-model het muis model 

kan complementeren en substitueren. Bijvoorbeeld voor medicijnen met een indirecte 

werking via tumor stroma, of xeno-transplantaten met hoge differentiatie graad. Wanneer 

dit echter bereikt wordt, kan het chip model medicijnontwikkeling verbeteren door meer 

en beter medicijnen te testen dan in het huidige muis xenotransplantaat model en mogelijk 

zelfs geïndividualiseerde kankertherapie ondersteunen. 
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Supplementary table 1. Example values for xenograft tumor parameters, which can serve 

as a input for cancer-on-chip requirements. 

Topic Parameter Example values cancer xenografts 

Tumor growth Measurable macroscopic 
diameter 

6-12 mm1 

 Size increase Exponential – linear/ Gompertzian, cell line 
dependent2, 3 

 Experiment duration Several weeks4 

 Drug growth inhibition 0-100%; drug dependent4 

Cancer cells 2d growth speed 35 (18-80) hour doubling time5 

 Differentiation Undifferentiated – organ tissue structure6 

 Cell size, diameter floating 1 pL, 15 µm7 

 Start number 1 104 – 1 106    8, 9 

TME ECM components Collagen, fibronectin, proteoglycan …10, 11 

 ECM % 20-90%12, 13 

 Stroma cell types Murine endothelial, fibroblasts14, 15 

 Stroma cell % 10-80%14, 15 

 Pressure 0.4-8 kPa (3-60 mmHg)16 

 Tumor cord radius 50-100 µm17, 18 

 Capillary diameter 10 µm17 

 Oxygen tension <1-100 mm Hg (0.1-13%)19, 20 

 Glucose concentration <0.5 - 6 mM21, 22 

Organism (mouse) - 
homeostasis 

Temperature 37 ˚C 23 

 Blood glucose 7 mM24 

 Blood oxygen tension 100 mm Hg25, 26 

 Hemoglobin concentration, 
saturation 

2.3 mM, 90-95%25, 26 

 Derived oxygen concentration 
arterial 

8-9 mM 

Organism (mouse)- 
pharmacokinetics 

Concentration time profile Drug, dosage dependent. Curve described by 
peak (Cmax), decline speed (t1/2), Area under the 
Curve (AUC)27 

 Drug rounds 1 to many, daily to weekly4, 28 

 

 

 

Supplementary table 2. Examples of cell line-drug combinations of frequent cancers. 

Xenograft growth inhibition data for these combinations can serve as a starting point for 

empirical validation of xenografts-on-chip. 

Frequent cancer Common cell lines5 Examples of often used drugs29-31 

Colorectal HCT-116, HT-29, SW620 5-Fluoruracil, oxaliplatin, irinotecan*** 

Lung (non-small cell) A549, H460 Cisplatin, docetaxel, erlotinib* 

Breast**  MCF-7, MDA-MB-231, T-47D Doxorubicin, paclitaxel, trastuzumab* 

*For targeted drugs erlotinib and trastuzumab target mutation status of the cell line should be checked. 

**Dependent on hormone receptor status of cell lines, hormone therapy, e.g. tamoxifen, could be an alternative 

to the drug listed in the table. 

*** Irinotecan activity occurs via active metabolite SN38 
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For every cell-line drug combination a Pubmed (https://pubmed.ncbi.nlm.nih.gov/) search 

can be conducted with keyword combinations such as “xenograft AND oxaliplatin AND 

(HCT116 OR HCT-116)”. Control and treated xenograft growth (inhibition) can be obtained 

from the growth graphs in articles. Also the drug dose administered should be obtained. 

Unless there is a reason for using a specific dose, the median administered drug dose can 

be used for finding accompanying pharmacokinetic data in mice.  
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Supplementary Fig. 1 UV-vis spectrophotometry for comparison of oxaliplatin and 

fluorescein diffusion on chip. (a) UV-vis spectrophotometry of the bottom channel after 

16 hours of diffusion from the top channel loaded with 200 µM Fluorescein and 6250 µM 

Oxaliplatin. A 16 hour time period was chosen as a numerical simulation indicated the 

average concentration in the bottom channel would be substantial, but not yet in 

equilibrium (Supplementary figure 11). Bottom channel concentration would be at 48% of 

the concentration at the start in the top channel, while top channel concentration after 16 

hours would still be 80% of the starting concentration, which is due to diffusion time and 

the difference in volume between the top and bottom channel (Supplementary figure 11). 

Concentrations in the bottom channel, based on the calibration plots in b-f, are 10 µM 
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fluorescein and 300 µM oxaliplatin, which is a similar ratio as the loaded solutes in the top 

channel, which implies similar diffusion coefficients. The 20x lower concentration in the 

bottom channel compared to the top channel is due to 10x dilution of the bottom channel 

volume for achieving the minimum volume needed for analysis, and ~2x dilution due to 

diffusion. (b,c,d) calibration graphs for oxaliplatin at 250 nm (Rsq=0.99), fluorescein at 

490nm (Rsq=0.99), and fluorescein at 250nm (Rsq0.99). (e,f ) Absorbance profiles for 

different dosages of oxaliplatin and fluorescein for comparison of the absorbance profile 

of (a).  

 

Supplementary Fig. 2 Oxaliplatin absorption on chip. No absorption detectable at 31 µM 

Oxaliplatin flown through the top channel at 10 µl/min as the absorbance profile is ~equal 

to 31 µM Oxaliplatin of the calibration sequence that was not flown through a chip. 

 

Supplementary Fig. 3 Timing difference in oxaliplatin concentration between 

administration at the Y splitter and outlet collection due to dead volume lag.  (a) Inlet 

tubing and top channel volume combined is 120 µl, giving rise to an initial (*) dead volume 

lag of 12 minutes at a flow of 10 µl min-1, which increases to 40 minutes (**) at 3 µl min-1. 

To match samples with the administered concentration steps, sample timing is adjusted 

accordingly. (b) Concentration in outlet samples collected matches outlet sample measured 

well. 
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Supplementary Fig. 4 to support main Fig 2b. The expected and measured fluorescence 

profile of main text figure 2b is shown. Pictures used for fluorescence quantifications are 

shown below the time axis. On the top of the pictures the top edge of the top channel, on 

the inlet side can be observed. Scale bar is 0.5 mm. 

Supplementary Fig. 5 to support main Fig. 2c. The increase in fluorescence at 10 µl min-1 is 

illustrated by the pictures below the time axis. On the bottom of the picture the bottom 

edge of the top channel, on the inlet side can be observed. Virtually the entire 2mm width 

of the channel can be observed. Fluorescence across the channel is homogeneous, which is 

further quantified in Supplementary Fig. 7. Scale bar is 0.5 mm. 
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 Supplementary Fig. 6 to support main Fig 2d. The decrease in fluorescence due to diffusion 

across the membrane of main text figure 2d is repeated. The bottom channel is filled with 

fluorescein. Subsequently the bottom channel is closed and PBS is continuously flown 

through the top (treatment) channel and fluorescence decline at the membrane is 

monitored. Scale bar is 0.5 mm. 

 

 

 Supplementary Fig. 7 Fluorescence homogeneity across the width of the top channel after 

flowing fluorescein 10 µM for 10 minutes at 10 µl min-1 through the top channel. (a) The 

drop beyond 1000 pixels in figure a indicates crossing the boundary of the channel. (b) 

excluding the pixels beyond the boundary, the difference in fluorescence between the 

middle quintile and outermost quintiles is ~10%.  
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Supplementary description of simulations  

For the simulation of the diffusion of oxaliplatin, a 2D, time dependent model was made in 

which the diffusion-equation was solved numerically. The bottom channel was simulated 

with the following geometry: 

 

 
Supplementary Fig. 8 Bottom channel geometry used in simulations. 

 

The equation solved was: 

 

𝜕𝑐

𝜕𝑡
+ 𝛻 ∙ (−𝐷𝛻𝑐) = 0 (1) 

 

With 𝑐, the oxyplatin concentration, 𝑡, the time and 𝐷, the diffusion coefficient. 

A no-flux condition is set at the walls and at the cells;  

 

𝐽𝑐 ∙ 𝒏 = 0 (2) 

 

Although the cells consume part of the medicine, this is considered to be neglectable 

compared to the available oxaliplatin within the channel and therefore not taken into 

account in this simulation. 

And a flux condition in the middle to simulate the flux through the membrane: 

 

𝐽𝑐 ∙ 𝒏 = −𝐷 ∗ 𝑘 ∗
𝐶0 − 𝑐

𝑤
 (3) 

 

With 𝐶0 the concentration in the top channel, 𝑘, the permeability constant of the 

membrane and 𝑤 the thickness of the membrane. The flow velocity in the top channel was 

considered to be sufficiently high to neglect the local depletion in the top channel just above 

the membrane. A triangular mesh was used with the following parameters; Maximum 

element size: 0.0255 mm, minimum element size: 0.001 mm, maximum element growth 

rate: 1.15, curvature factor 0.3, resolution of narrow regions: 1. 

 

Membrane 

Cells 
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To determine the permeability factor, the average concentration in the square area 

between the membrane and the cells was taken and fitted to experimental fluorescence 

data, with 𝑘 as the fitting parameter. Where 𝐶0 was set at zero and the concentration in the 

bottom channel over time was evaluated. This gave a permeability factor of 𝑘 = 0.2 

(Supplementary Fig 3). A graphical depiction of the simulated concentration wash out with 

a membrane porosity of 0.2 is shown in Supplementary Fig 3. 

Supplementary Fig. 9 Comsol simulated wash out of fluorescein out of bottom channel 

through a membrane of porosity 0.2. Starting concentration is set at 1. Diffusion coefficient 

for fluorescein is 4.2×10-6 cm2 s-1. 

 

For the simulation of the administering of variable Oxaliplatin doses, a variable 𝐶0(𝑡) was 

given, and the concentration was determined by using the mean values, at the bottom of 

the channel over the entire length of the membrane over where the cells are located as a 

function of time.   

 

Supplementary Fig. 10 Numerical simulation of diffusion out of bottom channel for 

different membrane porosities (k) plotted next to diffusion for different flow rates. 0.2 

porosity has a good fit with the diffusion experiments. 
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Supplementary Fig. 11 Numerical simulation of loading the top channel with a solute with 

concentration 1, and diffusion across the membrane into the bottom channel over 16 

hours for a diffusion coefficient of 4.2 10-6 cm2 s-1. Average concentration in the bottom 

channel is 0.48, and 0.8 in the top channel. For the diffusion coefficient range of small 

molecules of 2.9- 9.0 10-6 cm2 s-1 concentration in the bottom is 0.41 to 0.62.  

 

 

 

Supplementary Fig 12 Concentration decrease in the bottom channel for diffusion 

coefficients of (a) 2.9, (b) 4.2, (c) 9.0 10-6 cm2 s-1. Time until 50% of the concentration 

washes out of the cell culture area is 3, 6, 8 minutes respectively. 
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Supplementary Fig. 13 Doxorubicin dynamic dosing is compared to fluorescein by adding 

doxorubicin data and images to Supplementary Fig. 4. Doxorubicin follows fluorescein and 

expected fluorescence reasonably well but with an increasing delay at lower concentrations 

and flow rates, which might be due to some absorption. Doxorubicin (10 µM) fluorescence 

was imaged with a Texas Red filter on a ThermoFisher EVOS microscope at 5×. Doxorubicin 

fluorescence was quantified by subtracting background fluorescence and subsequently 

scaling doxorubicin maximum to fluorescence maximum. 

 

Supplementary Fig. 14 Time until equilibrium fluorescence is achieved for doxorubicin is 

compared to fluorescein by adding doxorubicin data and images to Supplementary Fig. 5. 

Equilibrium fluorescence occurs at ~12 minutes for doxorubicin, several minutes later than 

for fluorescein. Doxorubicin fluorescence was quantified by subtracting background 

fluorescence and subsequently scaling doxorubicin maximum to fluorescence maximum. 
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Supplementary Fig 15 Diffusion of doxorubicin out of the culture channel across the 

membrane is compared to fluorescein by adding doxorubicin data and images to 

Supplementary Fig. 6. First the bottom channel is filled with doxorubicin. Subsequently the 

bottom channel is closed, and PBS is flown through the top channel at 10 µl min-1. Decrease 

of fluorescence of doxorubicin across the membrane is about 5 minutes slower than for 

fluorescein at the membrane. Doxorubicin fluorescence was quantified by subtracting 

background fluorescence and subsequently scaling doxorubicin maximum to fluorescence 

maximum. 

 

These figures show doxorubicin follows the dynamic dosages, channel filling and diffusion 

found with fluorescein reasonably well, indicating dynamic control for approximation of in 

vivo like drug concentrations is feasible. One potential point of concern is the  increasing lag 

in concentration decline in Supplementary Fig 13 at lower flow rates and concentrations. 

Slight, but statistically insignificant sorption of doxorubicin has been reported1. To exclude 

sorption and desorption to have an effect on the concentration in the chip  60 µM 

doxorubicin at a flow of 10 µl/min for an hour was administered to the PDMS top channel 

bound to a layer of PDMS. Subsequently PBS at 10 µl/min flow for 30 minutes was applied. 

Doxorubicin collected from the outlet, and analysed with UVvis at 480 nm, after the first 

hour was 6% lower at 52 µM, than 55 µM expected. A dilution of 60 µM to 55 µM was 

expected as the top channel has a volume of 42 µl and was prefilled with PBS. Doxorubicin 

in the PBS flush was 7.8 µM, slightly lower than 8.4 µM which was expected based on 42 µl 

of 60 µM doxorubicin in the channel and a subsequent 300 µl PBS flush. Hence we suspect 

there is slight sorption and negligible de-sorption, which neither have a significant influence 
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on the doxorubicin concentration in the channel. Therefore we conclude dynamic dose 

control for in vivo approximation on chip would be feasible for doxorubicin. 

 

Supplementary Fig 16 Starting confluency is comparable between 0.2 and 0.3 for different 

conditions. ANOVA p=0.80. 

 

Supplementary Fig. 17 Oxaliplatin concentration in blood over time. Blood concentration 

values found in mice. Based on graphical depiction by Li et al. 2011 of measurements at 15, 

30 minutes, 1, 2, 3, 4, 8, 10, 24, 48 hours.  

 

 
Supplementary Fig. 18 Comparison of on chip growth versus control for different 

Oxaliplatin dosages versus 96 well plate and NCI60 data. (a) Growth versus control 

quantified with confluency for on chip and 96 well, and SRB/protein mass for NCI60. The 

NCI formula for growth versus control is ((end cell mass treated-cell mass seeded)/(end cell 

mass control- cell mass seeded). 96 well in triplicate. *no explicit growth data available from 

NCI60 screen data, however numbers are deduced from doubling time and growth versus 
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control which are available. (B) Staining of internal 96 well plate at 20x magnification; cell 

nuclei (Nucblue/Hoechst 33342, blue), viability (Calcein AM, green), late stage apoptosis 

(Ethidium homodimer, red). Scale bar 150 µm. 

 

 
 

Supplementary Fig. 19 Relation between cell nuclei per mm2 and confluence. Typical 

control growth of 20% confluence to 50% confluence (2.5x) would be ~3.5x growth based 

on DAPI nucleus count, explaining part of the difference between control growth found on 

chip and in well plates (R2=0.81). 

 

Supplementary description of cell seeding movie 

About 3000, 5 µl of 0.5 mln ml-1 cells, HCT116 cells were spiked with a pipette into the 

bottom channel of the device. After letting the cells sink to the bottom, flow of 20 µl min-1 

was applied. The time lapse has 1 frame per 10 seconds. 

 

References supplementary material chapter 4 

1. Auner AW, Tasneem KM, Markov DA, McCawley LJ, Hutson MS. Chemical-PDMS 
binding kinetics and implications for bioavailability in microfluidic devices. Lab on a chip. 
2019;19(5):864-74. 

 



Supplementary material chapter 5 

141 
 

Supplementary material chapter 5 

 

 

 

Supplementary figure 1. HCT116 xenograft tissue stained with hematoxylin-eosin (HE). 

Viable HCT116 xenograft tissue (V) consists of undifferentiated tumor tissue with limited 

stroma and extracellular matrix, as there is mainly hematoxylin (blue) staining of nuclei, and 

limited eosinophilic (pink) staining implying limited extracellular matrix. Non-viable tissue 

(N) is characterized by nuclear shrinkage (pyknosis), and progressive loss of nuclei, which 

results in less hematoxylin (blue) staining and more pronounced eosinophilic staining 

(pink).Scalebar 200um.  

 

 
Supplementary figure 2. HE staining of HCT116 spheroids after two days on chip without 

treatment. (a) The spheroids consist of poorly differentiated cells, e.g. no gland or crypt-

like structures are visible. Furthermore there is a high nuclear density, as there is mainly 

hematoxylin (blue) staining, and limited extracellular matrix which can be observed from 

the lack of eosinophilic (pink) staining. Scalebar is 200 um. (b) Zoom in highlighting nuclear 

density and paucity of extracellular matrix. Scalebar 100um. 
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Supplementary figure 3. Correlation between image based tumor volume derivation of 

the spheroids and automated cell count after trypsinization. 

 

 
Supplementary figure 4.  The dynamic flow schedule delivers the same amount of 

fluorescein as constant administration of the average concentration. Fluorescein was 

administered with the flow schedule for oxaliplatin (Fig. 2a) at 60x the oxaliplatin 

concentrations to enable UV-vis analyses, and its equivalent time weighted average 

concentration (48 µM). Analyses with UV-vis spectrophotometry (Thermo Fisher Nanodrop 

2000, US). 

 
Supplementary figure 5. Ki67 (proliferation) quantification of HCT116 spheroid sections in 

Qupath. Control spheroid (a,b) and spheroid treated with dynamic oxaliplatin after 2 days 

(c,d). Ki67 negative cell encircled in blue, and Ki67 positive in red (b,d).  
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Supplementary figure 6. Detection of apoptosis marker cleaved caspase 3 (CC3).  Control 

spheroid (a,b) and spheroid treated with dynamic oxaliplatin after 2 days (c,d). A threshold 

for the DAB stain results in a CC3 positive area (c,d, in red). Scalebar 20 um. 

 

 
Supplementary figure 7. Limited cleaved caspase 3 (CC3) staining at the tumor edge of 

untreated xenografts. Scalebar 100 um. 
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Supplementary figure 8. Macroscopic view of HCT116 xenografts, untreated, at on average 

~400mm3 (4.5 mm radius) volume. Hematoxylin (blue) staining is confined mostly to the 

outer parts of the spheroids, whereas central parts show more eosin (pink) staining. Ki67 

(DAB, brown) is also mostly confined to outer areas of the xenografts and correlates strongly 

to regions with intense hematoxylin staining with HE staining. 

 

 

Supplementary data: description of the derivation of the thickness of the proliferating 

shell of the spheroid.  

To calculate the constant radius growth in the pharmacodynamic model the thickness of 

the proliferating shell, consisting of Ki67 positive cells, needs to be estimated. First, in 

Qupath cells are classified as either Ki67 positive or negative with nucleus detection 

parameters similar to Robertson et al1.  

As the proliferating cells are located more peripherally, the associated volume is not 

equal to the proportion of positive cells (40%) in the cross section. An initial estimate would 

be to treat the Ki67 positive cells as perfectly located peripherally in a perfect sphere. 60% 

negative Ki67 cells would occupy a fraction of 0.77 of the radius of a circle. If the non 

proliferating radius has a fraction of 0.77 of the total radius, a sphere would have a non 

proliferative volume of 46%. Hence the proliferative volume would be 54%.   
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However cells are not perfectly located peripherally, To more precisely estimate the 

associated volume, taking the location of cells into account, the associated relative volume 

per cell is estimated. An estimate is obtained by calculating the distance of cell from its x or 

y coordinate to the x or y centroid of the entire tumor. This distance provides a 

circumference around the axis of rotation. The circumference is representative of relative 

volume, as cell density for proliferating and non proliferating regions is comparable at 8600 

and 9500 per mm2. The resulting proliferating volume estimate then is on average 46%; or 

46%, 50%, 43% for the three xenografts 910 TL, 910 TR, 911 TL.  

Volume of the xenografts individually is calculated by averaging the vertical and 

horizontal diameter, and calculate volume as a perfect sphere. With the proportion of 

proliferative cells known, the (outer) radius of proliferating cells can be calculated. The 

average radius of the proliferating shell is calculated at 0.9 mm.  

 

Supplementary figure 9. Xenograft tumor 910TR of fig 8. Proliferating regions in red, non 

proliferating regions in blue. Scalebar 2mm top, 200 um bottom 

 

Supplementary data: derivation of constant radius growth from on-chip growth 

Average derived volume for the three xenograft control tumors is 432 mm3, and a radius of 

4.69 mm. With a proliferating outer shell of 0.9mm, proliferating volume equals 197 mm3. 

40% growth of this proliferating volume in one day results in a tumor volume of 505 mm3. 

Radius is then 4.94mm. Therefore radius growth in one day is 0.25 mm/day. 

 

Supplementary table 1. Xenograft studies used for comparing growth inhibition and 

growth. To compare oxaliplatin growth inhibition of HCT116 spheroids on-chip to 

xenografts a literature search was conducted.  Inclusion criteria were: indexation in 

PubMed, analysis period and treatment start at a tumor starting volume of 50 mm3 or 
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larger, subcutaneous placement of tumors, and more than 1 treatment cycle during the 

analysis period of 2-5 weeks.  

 
Author Treatment Start volume 

tumor (mm3) 
14 day volume 
(mm3) 

Volume increase 
vs start) 

De Bruijn et al.2 Control 100 1060 10.5 

De Bruijn et al. 2 Oxaliplatin 100 450 4.5 

Liang et al.3 Control 200 1000 5 

Liang et al.3 Oxaliplatin 200 500 2.5 

Nagaraju et al.4 Control 100 570 5.7 

Nagaraju et al.4 Oxaliplatin 100 370 3.7 

Shelton et al.5 Control 50 650 13 

Shelton et al.5 Oxaliplatin 50 380 7 

Threatt et al.6 Control 100 790 8 

Threatt et al.6 Oxaliplatin 100 600 6 

Xu et al.7 Control 100 570 6 

Xu et al.7 Oxaliplatin 100 150 1.5 

Zhang et al.8 Control 50 680 13 

Zhang et al.8 Oxaliplatin 50 380 7 

 

 
Supplementary figure 10. Growth inhibition from existing HCT116 xenograft studies 

plotted against dose per week. Growth inhibition is between 30% and 80% for multiple 

doses. Dosages per week ranged from 4 to 20 mg/kg/week. There is a modest dose response 

relation for multiple dose studies, although variability is relatively large and explanatory 

power of dose relatively low (Rsq=0.41). Sources: Multiple doses2-8. Single dose studies9-12  

 

 

 
 

Supplementary figure 11. Spheroid size determination output by the Fiji algorithm. Based 

on the method by Ivanov et al.13 

{ 
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run("Enhance Contrast", "saturated=0.8") 

run("16-bit"); 

setThreshold(75,255); 

//setAutoThreshold("Yen"); 

setOption("BlackBackground", false); 

run("Convert to Mask"); 

//getHistogram(0,hist,256); 

//ratio = hist[255]/hist[0]; 

//run("Maximum...", "radius=3"); 

 //run("Fill Holes"); 

 //run("Minimum...", "radius=2"); 

 run("Remove Outliers...", "radius=50 threshold=0 which=Bright"); 

 run("Minimum...", "radius=2"); 

 //run("Maximum...", "radius=30"); 

 //run("Watershed"); 

 } 

 

 
Supplementary figure 12. Validation of dynamic drug control on chip. Dynamic solute 

concentration control was validated with fluorescein. Evaluation of signal with a Leica DM 

IRM fluorescence microscope. Flow was at 2 µl/min for all steps. Fluorescein concentrations 

at 10.5, 4.0, 2.9, 0.4 µM for 15, 15, 30, 30 minutes respectively. Last step was truncated. 

Fluorescein concentrations were chosen to match the concentrations of Oxaliplatin of the 

first three steps of the flow schedule (Fig 2.a), and the last step. The lag in concentration 

adjustments is due to Poisseuille flow 14. 
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Supplementary material chapter 6 

 

The tumor cord model with additional biological factors 

A numerical simulation can quantify the difference in drug concentration over time in a 

spheroid and tumor cord. We employed an axi-symmetric continuum model for both the 

tumor cord and the spheroid model. In the tumor cord (Supplementary Fig. 1a,b), the axi-

symmetry axis (A) was placed through the central capillary.  

 

 
 

Supplementary figure 1. The numerical simulation models are 2D axi-symmetric and 

contain pores. (a,b) 100 µm radius, 0.5 mm long tumor tissue with a 1 mm long, 8 µm radius,  

central capillary providing drug. Capital letters are used to highlight mass transport 

processes described in detail in the text. A highlights the axi-symmetry line, B blood flow, C 

the blood plasma drug concentration boundary condition, D the endothelial barrier, E 

interstitial diffusion, F intracellular transport and H are pores with zero flux boundary 

conditions to correct for the intracellular space (see text). (c,d) 250 µm radius spheroid with 

drug supply from the outside in.  
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 In vivo tissue contains extracellular space (‘void’) and intracellular space. 

Nevertheless, simulations often assume a pseudo-homogeneous tissue space in which 

transport and reactions take place, which increases the volume of both the intra- and 

extracellular tissue compartments by 1/volume fraction of the compartment. Therefore in 

a pseudo-homogeneous space adjustments in the rates for differential equations for 

extravasation, reactions and transmembrane transport are needed, as well as a correction 

for the resulting concentrations. The adjustment in rates and concentrations are based on 

the intracellular volume fraction1-4. As Thurber et al.2 explained, conversion of parameters 

found in in vitro experiments, to the pseudo-homogeneous space which requires 

adjustments for the intracellular fraction, requires caution, and errors might be difficult to 

locate. Furthermore, different approaches for adjusting extravasation and reaction rates 

have been used1-3.    

Instead of using a (pseudo)homogeneous space, tissue volume in our model was 

reduced by ‘pores’ with a volume equal to the intracellular fraction (Supplementary Fig. 

1b,d), surrounded by a no flux boundary. This prevented the need for adjusting the 

extravasation rate. As the intracellular fraction was assumed 0.5 as it falls within the range 

found in vivo and in vitro (Supplementary Table 1), which is equal to the extracellular 

fraction, all reactions could take place in the extracellular space without adjustments.  

However the diffusion coefficient had to be adjusted, as the placement of pores in the 

tissue space reduces the effective diffusion coefficient. The diffusion coefficient (D) 

obtained from in vitro experiments assume a homogeneous space and therefore already 

reflects diffusion along a tortuous path5. Hence when the artificial pores are now placed in 

the tissue space, this further decreases the effective diffusion coefficient artificially. To 

compensate for this artificial lowering of the effective diffusion coefficient Dpor was 

obtained by correcting the diffusion coefficient D of cisplatin found in tissue, for the 

excluded space (Supplementary Fig 1.b, H) in the model. The correction consisted of dividing 

D by the porosity (ε=0.5) divided by the corresponding tortuosity (τ=1.46) for squares at a 

porosity of 0.5, according by the method by Yu et al as reviewed by Sobieski et al6, 7. Hence 

 

𝐷𝑝𝑜𝑟  =  
𝐷

𝜀/τ
 

 

The use of Dpor in tissue with excluded space, or pores, led to similar effective diffusion 

as with D in a homogeneous space (Supplementary figure 4). 

Despite the adjustment for the diffusion coefficient, our model with excluded pores 

reduces the required adjustments in diffusion and reaction terms and therefore facilitates 

the application of reaction rates found in vitro to the numerical simulation, and makes 

interpretation of results easier.  
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Drug, in this case free (unbound) cisplatin, was provided at the arterial end of the 

central vessel at concentration Ccis,art, via a Dirichlet boundary condition (Supplementary Fig. 

1b, C), where drug concentration is equal to free (unbound) drug concentrations measured 

over time (Ccis,PK), e.g. free cisplatin in mice8.  

 

𝐶𝑐𝑖𝑠,𝑎𝑟𝑡(𝑡) = 𝐶𝑐𝑖𝑠,𝑃𝐾(𝑡) 

 

There is laminar blood flow in the capillary (B), at an average speed equal to blood 

flow found in capillaries9. Blood flow was confined to the capillary, i.e. there is no trans-

endothelial flow as tumors often lack functional lymphatics, and diffusion is most relevant 

to mass transport for small molecules even when there is trans-endothelial flow1, 2.  Blood 

flow was governed by Navier-Stokes formulas of conservation of momentum and 

conservation of mass for incompressible flow of water. 

The drug concentration measured in humans and animals is the drug concentration in 

blood plasma. Total blood consists of red blood cells (~40% of volume) and blood plasma. 

To correct for blood volume occupied by red blood cells, which does not hold diffusible free 

drug in this case, the capillary cross section surface was reduced by 40%, while maintaining 

flow velocity. This reduced the capillary radius from 10 µm to 7.7 µm, well within estimated 

radii of 3-20 µm1, 9. The limited radial concentration gradient in blood enables this 

assumption. In our view this was a reasonable alternative to published methods such as no 

adjustment4, or a decrease in flux1, 2.  

 In the tumor cord model free drug diffused from the vessel to the tissue through 

the endothelial barrier according to: 

 

𝑛 ∗ 𝐽𝑐𝑖𝑠 =
𝐷𝑒𝑛𝑑𝑜

𝑑𝑒𝑛𝑑𝑜
  (𝐶𝑐𝑖𝑠,𝑣𝑒𝑠𝑠𝑒𝑙 −  𝐶𝑐𝑖𝑠,𝑡𝑖𝑠𝑠𝑢𝑒) 

 

Where JCis is the flux of free cisplatin from the vessel to tissue, Dendo is the diffusion 

coefficient of cisplatin in endothelium and dendo is the thickness of the endothelial layer. 

Ccis,vessel is the cisplatin concentration at the vessel side of the boundary, and Ccis,tissue, is the 

concentration of cisplatin at the tissue side. The diffusion coefficient of cisplatin in 

endothelium was derived by multiplying the endothelial permeability coefficient (Pendo) by 

the endothelial layer thickness2. No other solutes besides free cisplatin were assumed able 

to cross the endothelial barrier.  

Once the drug had entered the tissue, the diffusion-reaction continuity equation 

determined the spatial concentration over time of the drug:  

 

𝜕𝐶𝑐𝑖𝑠,𝑡𝑖𝑠𝑠𝑢𝑒

𝜕𝑡
 + 𝐷𝑝𝑜𝑟  ·  ∇2𝐶𝑐𝑖𝑠,𝑡𝑖𝑠𝑠𝑢𝑒  + 𝑅 =  0 
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Reaction term R  represented ordinary differential equations describing transport of 

drug into the cell and subsequent binding to the target (DNA) and dissociation. Furthermore 

there was also binding to albumin in the extracellular space of tissues. The reactions R 

consisted of the following: 

 

𝜕𝐶𝑐𝑖𝑠,𝑡𝑖𝑠𝑠𝑢𝑒

𝜕𝑡
=  − 𝑘𝑖𝑛 ∗  𝐶𝑐𝑖𝑠,𝑡𝑖𝑠𝑠𝑢𝑒  + 𝑘𝑜𝑢𝑡  ∗  𝐶𝑖  −  𝑘𝑜𝑛 ∗  𝐶𝑐𝑖𝑠,𝑡𝑖𝑠𝑠𝑢𝑒  ∗  𝐶𝑎𝑙𝑏,𝑡𝑖𝑠𝑠𝑢𝑒  +  𝑘𝑜𝑓𝑓 𝐶𝑏 

 

𝜕𝐶𝑏

𝜕𝑡
 =  𝑘𝑜𝑛 ∗  𝐶𝑐𝑖𝑠,𝑡𝑖𝑠𝑠𝑢𝑒  ∗  𝐶𝑎𝑙𝑏,𝑡𝑖𝑠𝑠𝑢𝑒  −  𝑘𝑜𝑓𝑓 𝐶𝑏  

 

𝜕𝐶𝑎𝑙𝑏

𝜕𝑡
 =  − 𝑘𝑜𝑛 ∗  𝐶𝑐𝑖𝑠,𝑡𝑖𝑠𝑠𝑢𝑒  ∗  𝐶𝑎𝑙𝑏,𝑡𝑖𝑠𝑠𝑢𝑒  +  𝑘𝑜𝑓𝑓 𝐶𝑏  

 

𝜕𝐶𝑖

𝜕𝑡
 =  𝑘𝑖𝑛 ∗  𝐶𝑐𝑖𝑠,𝑡𝑖𝑠𝑠𝑢𝑒  − 𝑘𝑜𝑢𝑡  ∗  𝐶𝑖  −  𝑘𝐷𝑁𝐴 ∗ 𝐶𝑖 

 

𝜕𝐶𝐷𝑁𝐴

𝜕𝑡
 =  𝑘𝐷𝑁𝐴 ∗  𝐶𝑖  −  𝑘𝑟𝑒𝑝  ∗  𝐶𝐷𝑁𝐴  

 

𝜕𝐶𝑟𝑒𝑝

𝜕𝑡
 =   𝑘𝑟𝑒𝑝  ∗  𝐶𝐷𝑁𝐴  

 

 

Where Ci was the intracellular concentration of cisplatin, Cb was the concentration of 

cisplatin bound to albumin in a 1:1 ratio, Calb was the concentration of albumin in tissue. Ci 

was the concentration of intracellular cisplatin, CDNA was the concentration of cisplatin 

bound to DNA, and Crep was the concentration of cisplatin removed from DNA by DNA repair 

complexes. Crep was assumed to be an inactive metabolite10.  

There was a no flux boundary condition at the outer domain of the tissue cord 

(Supplementary Fig. 1. G). 

 

The spheroid model 

The spheroid model was considerably simpler than the tumor cord model, as it did not 

contain a blood vessel with convective flow and an endothelial barrier. The spheroid model 

was axi-symmetric around its central axis (Supplementary Fig. 1.d. A).  The reaction diffusion 

equations in the extracellular space (Supplementary Fig. 1.d. E,F) were similar to the tumor 

cord model equations. It was assumed drug concentration can be changed instantaneously 

to drug concentrations measured in blood plasma (Ccis,PK) at the edge of the spheroid with 

e.g. a microfluidic system. Hence drug was supplied via a Derichlet boundary condition at 
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the edge of the spheroid, and drug diffuses in via the part of the spheroid edge adjacent to 

extracellular space. 

 

𝐶𝑐𝑖𝑠,𝑒𝑑𝑔𝑒(𝑡) = 𝐶𝑐𝑖𝑠,𝑃𝐾(𝑡) 

 

Model parameters 

Model parameters were based on in vivo and in vitro experiments (Supplementary Table 1). 

Cisplatin was chosen as a model drug due to its widespread use in cancer and availability of 

its diffusion coefficient in cancer tissue and cellular uptake5, 10. 

 

Supplementary table 1. Model parameters based on existing in vitro and in vivo 

experiments. 

 

Parameter (symbol) Value Units Source 

Tumor cord    
Capillary radius 10 µm 1, 11 
Tissue cylinder length 0.5 mm 9 
Tumor cord radius 100 µm 9, 11, 12 
Blood flow velocity 0.4 mm/s 2, 9 
Hematocrit 0.4 l/l 1, 13 
Endothelial barrier thickness (dendo) 0.3 µm  2  
Endothelial permeability (Pendo) 1.4 µm/s 1, 14 
Cellular volume fraction 0.5 - 1 
Albumin in cancer tissue 600 µM 1, 15 
Albumin diffusion coefficient in cancer 
tissue 

0.9 10-7 cm2/s 16 

    
Spheroid     
Spheroid radius 0.25 mm 17 
Cellular volume fraction 0.5 - 18-20 
Albumin in tissue (5% FBS) 25 µM 21 
       
Cisplatin    
Cisplatin unbound pharmacokinetics 
(CCis,PK) 

Time dependent µM 8 

Cisplatin diffusion in medium 8.2 10-6 cm2/s 5 
Cisplatin diffusion in tissue (D) 1.8 10-7 cm2/s 5 
Cisplatin cellular uptake rate (kin) 2.6 1/hr 10 
Cisplatin cellular outflow rate (kout) 0.13 1/hr 10 
Cisplatin DNA binding rate (kDNA) 0.20 1/hr 10 
Cisplatin DNA repair rate (krep) 0.47 1/hr 10 
Cisplatin albumin binding rate (kon) 0.97 1/(s µM) 8 
Cisplatin albumin dissociation rate (koff) 0 1/(s M)  



Supplementary material chapter 6 

154 
 

 

Numerical implementation  

Numerical simulations were performed with Comsol 5.1 (Comsol AB, Burlington, MA).  

 

Tumor cord versus spheroid drug exposure, and drivers 

For cisplatin, we used free drug concentration measurements over a period of 2 hours, after 

an intravenous bolus infusion of 15.5 mg/kg in mice8. The Cmax for the median cell in the 

spheroid is 72% of plasma levels, while it is 30% for the tumor cord. The 2 hour AUCs are 

72% and 55% in the spheroid and cord relative to the plasma levels. (Supplementary Fig. 

2.a). Hence drug exposure in the spheroid was higher than in the tumor cord, which was 

more pronounced for the Cmax than for the AUC, nevertheless the spheroid exposure was 

within ~2.5 fold excess of the tumor cord on both metrics.  

To evaluate the drivers of the lower modelled drug exposure of cisplatin in the tumor 

cord compared to spheroids, the concentration in radial distance from the drug supply 

surface for the spheroid  and the tumor cord was evaluated (Supplementary Fig. 2b). The 

middle of the tissue cylinder was chosen for the radial distance profile of the tumor cord. 

The timepoint of 5 minutes was chosen as this is the time of the maximum concentration 

of the median cell in the spheroid. When vessel depletion was prevented by a very high 

(100x) blood flow, or albumin was decreased to the spheroid level, there was a modest 

increase in the concentration profile. Increasing the blood flow has a limited influence as 

cisplatin depletion in the vessel at the regular blood flow was <15%. The limited influence 

of albumin was due to the relatively slow binding rate, which is based on a half-life of free 

cisplatin, not bound to albumin, of 20 minutes8. However the influence of the endothelial 

barrier was more significant.  

After correcting for all these three factors (Supplementary Fig. 2b), there were no 

biological differences between the spheroid and the tumor cord, and the residual difference 

was driven by the geometrical difference between inside out diffusion from a central vessel 

into a cylinder and outside in diffusion in a sphere. From the steepness of the concentration 

decline in distance it is clear mass transport from the outside in versus the inside out was 

much more efficient (Supplementary Fig. 2b). Furthermore the closeness of e.g. the 50th 

percentile cell of a spheroid at only 1/5th (50 µm) of the full radius increased the maximum 

concentration measured compared to the cells at 250 µm. Hence despite the larger radius, 

the geometry of the spheroid actually increased drug exposure for the median cell. 
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Supplementary figure 2. Drug exposure in a spheroid and tumor cord, and drivers of 

difference in exposure. (a) Cisplatin exposure in a 250 µm diameter spheroid versus a tumor 

cord with a 100 µm radius with an intravenous bolus infusion in mice8. Cmax and AUC were 

~2 fold lower for the median cell in the tumor cord compared to the spheroid.  (b) Analysis 

of drivers for achieving a lower Cmax in tumor cords versus spheroids. Concentration at t=5 

minutes, Tmax of the median cell of spheroid. The concentration in radial distance at the 

middle of the tissue cylinder is shown. Major contributors to the faster concentration 

increase in the spheroid were the closeness of the median cell in the spheroid (1/5th of total 

radius, or 50 µm), the flux surface to volume ratio, resulting in the less steep concentration 

decline in distance, and the endothelial barrier. 

 

The effect of variation and uncertainty in biological parameters  

In the previous paragraph the differences in drug exposure between a tumor cord and 

spheroid and the causes of this difference were analyzed. However there is also 

considerable variation and uncertainty in the estimates for biological parameters used for 

modelling cisplatin concentration in tissue, which could affect the difference in exposure 

found. To analyze the impact of variation in the biological parameters we adjusted the 

parameters as follows: drug concentrations were adjusted to  plasma concentrations in 

humans receiving a three-hour cisplatin infusion schedule22, or a twice higher endothelial 

mass transfer coefficient1 was used, or a ~10x lower cellular drug uptake and accompanying 

outflow and DNA binding rates14, or a ~10x higher diffusion coefficient in tissue14, or a twice 

smaller (50 µm) tumor cord radius1, 9.  

The effect of varying these parameters on cisplatin exposure in tumor cords and 

spheroids over time is shown in Supplementary Fig. 3. With an increase in drug exposure 

time (Supplementary Fig. 3a.), a decrease in cellular uptake rate of cisplatin (Supplementary 

Fig. 3b), or an increase in diffusion coefficient (Supplementary Fig. 3c), drug exposure for 

the median cell in the spheroids remains higher than in a tumor cord, although difference 

decrease slightly (Supplementary table 2). However when decreasing the radius of the 

tumor cord to 50 µm, the exposure for the median cell in the tumor cord became 
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comparable to the spheroid (Supplementary Fig. 3d), as the difference in Cmax and AUC 

becomes 18% and 11% respectively.  

This sensitivity analysis on the variation in estimates of biological parameters suggests 

cisplatin exposure in spheroids is typically higher or comparable to exposure in tumor cords, 

despite its larger radius. Hence an increase in the dynamic, in vivo-like, drug concentration 

administered to spheroids in vitro is not advisable. The results of the numerical simulation 

suggest that for most scenarios a decrease in drug concentration might be warranted. 

However absolute differences in exposure are within 2.5 fold for the Cmax and 1.7 fold for 

the AUC, and are smaller for variations in biological parameters shown in Supplementary 

Fig. 3. Therefore the downward adjustment of dynamic drug concentrations applied to 

spheroids would require specific knowledge of the biological parameters for the specific cell 

line tested,  and also whether the micro-environment for the spheroid is representative. For 

example, oxygen availability might be higher for the median cell in the spheroid compared 

to the tumor cord, and hence a larger proportion of cells in the spheroid might be in a viable 

and proliferative state, which could require a fine tuning of drug exposure to the micro-

environment.  

     
Supplementary figure 3. The effect of variation in biological parameters on drug exposure 

in spheroids and tumor cords (legend in d). (a) With extended infusion and drug 

concentrations over time drug exposure in the tumor cord was also lower than in the 

spheroid22. (b) A lower cellular uptake slightly increased peak concentrations in the tumor 

cord but also in the spheroid (compare to Fig 3.a.). (c) A higher diffusion coefficient 

increased peak concentrations for both the cord and the spheroid, but exposure in the 

spheroid remained higher. (d) Decreasing the tumor cord radius to 50 µm brought drug 

exposure in the tumor cord close to the spheroid drug exposure for the median cell. 
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Supplementary table 2. Comparison of cisplatin exposure for the median cell in the 

spheroid versus the tumor cord for different biological parameters. 
 

Spheroid/plasma Cord/plasma Spheroid/cord 

Condition Cmax AUC Cmax AUC Cmax AUC 

Base case 72% 94% 30% 55% 243% 170% 

Human 3 hour infusion 94% 94% 55% 56% 171% 169% 

Less endothelial barrier 72% 94% 34% 61% 211% 155% 

Higher diffusion coefficient 94% 100% 44% 71% 213% 139% 

Less intracellular transport 75% 99% 35% 69% 216% 143% 

Tumor cord radius 50 um 72% 94% 61% 84% 118% 111% 

 

 
 

Supplementary figure 4. Verification of the adjustment of the diffusion coefficient for 

excluded space. (a,b). A 2D simulation with a well stirred (diffusion coefficient=10 cm2/s) 

donor and receiver compartment, with a 100 µm wide area which represents tissue. A 

concentration of 1 µM is applied at t=0 in the donor compartment, and allowed to diffuse 

across the tissue area to the receiver compartment. The tissue area is either without 

(homogeneous) or with (porous) 50% area exclusion (a, zoom-in). The diffusion coefficient 

in the tissue area is either the diffusion coefficient of cisplatin in tissue (D, Table 2) or the 

effective diffusion coefficient (D_por), which was obtained by:  
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𝐷𝑝𝑜𝑟  =  
𝐷

𝜀/τ
 

Where D was divided by the porosity (ε=0.5) divided by the corresponding tortuosity 

(τ=1.46) for squares at a porosity of 0.5, according by the method by Yu et al as reviewed 

by Sobieski et al6, 7. As can be observed from the graph in (b), which shows the concentration 

change over time in the middle of the receiver compartment, not adjusting the diffusion 

coefficient while excluding 50% of the tissue area leads to markedly reduced diffusion (red 

line). The Dpor leads to similar diffusion in porous tissue as in homogeneous tissue with a 

diffusion coefficient D. Hence the adjustment to D leads to the desired diffusion, although 

it slightly overshoots (<10%). (c,d) A 2D axi-symmetric model where a boundary condition 

of 1 µM solute was applied at the middle edge (‘vessel surface’) of the 100 µm tissue 

cylinder, and solute could diffuse over time into the receiver compartment. The adjustment 

to Dpor restores diffusion after exclusion of 50% of the volume, with a slight overshoot 

(<10%) as in the 2D case. 
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Supplementary material chapter 7 

 

Supplementary table 1. Micro-dialysis estimates of drug concentrations in the brain 

extracellular fluid versus plasma concentrations. 

 
Test subject Drug Brain ECF: Plasma AUC (range) Study 

Human Methotrexate (3-9 %) intact BBB, (28-31%) disrupted BBB Blakeley et al.1 
Human Temozolomide 18% (6-23%) in peritumoral tissue Portnow et al2 
Non human primates Cisplatin 2.1% Jacobs et al.3 
Non human primates Carboplatin 3.1% Jacobs et al.3 
Non human primates Oxaliplatin 2.2% Jacobs et al.3 
Rat Gemcitabine 8% Apparaju et al.4 
Rat Paclitaxel 11% Zhu et al.5 

 
 
Supplementary table 2. Ranking of drugs based on drug availability in plasma, corrected for 

protein binding, divided by the AUC of the IC50 found in vitro in the NCI60 glioma panel.  

 
Rank Drug AUC in vivo : AUC IC50  Cmax : IC50 

1 Methotrexate                  1,199.0        11,510.3  

2 Bleomycin                     290.6           2,792.7  

3 Vinblastine                       18.7              565.5  

4 Paclitaxel                       16.0              186.5  

5 Gemcitabine                       13.2           1,191.2  

6 Eribulin mesylate                       10.0              235.8  

7 Pralatrexate                         7.8              374.4  

8 Romidepsin                         5.2                60.3  

9 Dactinomycin                         2.4                63.8  

10 Temsirolimus                         1.1                18.3  

11 Vemurafenib                         0.4                  2.1  

12 Mitoxantrone                         0.4                20.8  

13 Cisplatin                         0.4                  1.8  

14 Belinostat                         0.4                25.7  

15 Pazopanib                         0.4                  1.0  

16 Cabazitaxel                         0.3                  3.8  

17 Everolimus                         0.3                  1.9  

18 Hydroxyurea                         0.3                  2.8  

19 Doxorubicin                         0.2                23.6  

20 Vinorelbine  0.2    12.53  
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Supplementary figure 1. The chip system can also be used for evaluating drug efficacy on 

DIPG spheroids, as growth inhibition results are comparable to growth inhibition in ultra 

low attachment 96 well plates (Sphera).  

 

 
Supplementary figure 2. Illustration of the correlation of the Hoechst 3342 (left) and GFP 

signal (right). MIP projections. 

 

 
Supplementary figure 3. Correlation of the GFP signal on-chip of maximum intensity 

projections of the widefield z-stack, thresholded with the Otsu algorithm, with positive 

voxels after a single threshold in the confocal images.  
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Supplementary table 3. Flow profile of in vivo-like doxorubicin in plasma and brain, 

administered to chips. 

 
Time (hr) Flow ul/min Plasma-like free doxorubicin (µM) Brain-like free doxorubicin (µM) 

0.33 10 1.7 0.17 
0.67 10 0.04 0.004 

5 2.5 0.02 0.002 
42 2.5 0.01 0.001 

AUC (µM hr)  1.12 0.11 

 
 
 

 
 
Supplementary figure 4. Exclusion of Matrigel layers with a thickness below 180 um, the 

thinnest Matrigel layer right after seeding, to prevent potential confounding of growth 

inhibition results by damaged Matrigel layers during the flow experiment. 
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Supplementary figure 5. Validation of dynamic drug control with doxorubicin in the 

channel. Measured fluorescence follows expected fluorescence. Flow at 10 ul/min. 
 

 
Supplementary figure 6. (a) Numerical simulation of drug exposure in the microfluidic wells 

at 10 ul/min. Point of analysis is the middle of the first well. Diffusion of doxorubicin is based 

on diffusion estimates of 4 10-6 cm2/s in medium from Lankelma et al6, corrected for 

diffusion in a hydrogel of 67% (average of 50-85% reported in McMurtrey et al7). (b) 

Comparison of concentrations in top (red, 10 um from the hydrogel-fluid interface), middle 

(blue), and bottom (green, 10 um from bottom or 490 um from the hydrogel-fluid interface) 

of the well. (c) comparison of concentrations in the middle of the proximal (blue) and distal 

well (green). Difference in peak exposure is ~10%. 
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