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1. Introduction

The central idea of modern personalized medicine is the 
concept of a patient centered care, which is already well estab-
lished for diseases such as diabetes, where patients can deter-
mine their specific needs in real time by measuring the blood 
sugar level. However, this distinction from “one-size-fits-all” 
approaches of conventional medicine is difficult for more 
complex diseases and therapy options, in particular for cancer. 
Today’s personalized cancer therapy integrates data from a wide 
spectrum of diagnostic tests and patient history, to define the 
optimal treatment for each patient. This spectrum includes 
simple categorizations of patients (e.g., fast metabolizer) for 
drug dosage decisions,[1] to more precise stratifications of 
patients into individually tailored treatment groups based on 
unique biomarker profiles.[2] Since each patient’s individual 
response to treatment largely depends on their genomic back-
ground and/or the genetic makeup of the tumor, the majority 
of current approaches used for cancer patient stratifications are 
based on genetic tests.[3]

Tailoring patient-specific treatments for cancer is necessary in order to 
achieve optimal results but requires new diagnostic approaches at affordable 
prices. Microfluidics has immense potential to provide solutions for this, as 
it enables the processing of samples that are not available in large quantities 
(e.g., cells from patient biopsies), is cost efficient, provides a high level of 
automation, and allows the set-up of complex models for cancer studies. In 
this review, individual solutions in the fields of genetics, circulating tumor cell 
monitoring, biomarker analysis, phenotypic drug sensitivity tests, and sys-
tems providing controlled environments for disease modeling are discussed. 
An overview on how these early stage achievements can be combined or 
developed further is showcased, and the required translational steps before 
microfluidics becomes a routine tool for clinical applications are critically 
discussed.

The requirement for personalization of 
cancer therapies is a result of the genetic 
nature of cancer and the resulting diversity 
of tumors. Despite overlaps in driver gene 
activities of tumors from different patients, 
the diverse mutational landscape between 
patients often leads to different thera-
peutic outcomes for treatments with the 
same drugs.[4] Patient-specific factors (e.g., 
smoking habits, inheritance) in combina-
tion with a stochastic and dynamic tumor 
initiation and progression often results in 
strong interpatient tumor heterogeneity, 
which makes it difficult to design one suc-
cessful therapy for all patients. The need to 
define personalized treatments is further 
increased by the diversity and plasticity 
within individual tumors.[5] Drug treat-

ments of heterogeneous tumors can result in the eradication of 
susceptible subpopulations followed by persistence and/or out-
growth of pre-existing resistant clones.[6] Additionally, drug expo-
sure often leads to the acquisition of new genomic aberrations 
and transcriptional reprogramming driven by the increased selec-
tion pressure and increased genomic instability.[7] Taken together, 
subclonal diversity gives tumors a selective advantage that pro-
vides the basis for adaptive and acquired resistance. Therefore, a 
personalized cancer therapy that includes the analysis of inter and 
intratumor heterogeneity for treatment decisions is crucial, and 
should include longitudinal monitoring of tumor composition 
and drug sensitivities to achieve a faster therapeutic adaptation.

The first and still most widely used approach for modern 
cancer patient stratification is to detect biomarkers revealing 
genomic aberrations that can be targeted with a specific drug 
(Figure 1). A very successful example is the treatment with 
Imatinib of chronic myeloid leukemia patients bearing the 
Bcr-Abl translocation.[8] The success of such diagnostic tests 
and recent advances in sequencing technologies and bioinfor-
matics has opened the research field of pharmacogenomics, 
which aims at linking the genomic makeup to drug responses. 
This approach aims at defining new biomarkers that predict the 
patient’s treatment outcome based on their genomic informa-
tion, and to use this information to improve patient stratifica-
tion. The genomic and transcriptomic analysis of hundreds 
of cancer cell lines paired with their sensitivity to clinically 
relevant drugs revealed several associations and thus provides 
a basis for the discovery of new genetic biomarkers.[9,10] This 
approach can be improved further by comparing genomic fea-
tures from patients and cell lines to exclude cell line specific 
factors.[11] Using this approach, associations made between 
genotype and phenotype from cell line-based drug screens are 
more likely to be of clinical relevance. The need to screen drugs 
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on cell lines that only recapitulate genomic and transcriptomic 
characteristics of tumors, rather than directly on tumors, is due 
to the number of cells that can be obtained from solid tumors 
being too small to run large drug screens. By focusing on blood 
cancers, Dietrich et al. circumvented this limitation since here 
high cell numbers can be easily isolated. The authors performed 
multiomics analyses paired with drug screenings directly on 
cancer cells from blood samples, and could link genomic status 
to drug sensitivities.[12] The detailed patient analysis allowed 
classification of patients into treatment groups and could link 
several genomic aberrations to drug sensitivities. In summary, 
such studies provide the basis for more precise therapies, since 
defined biomarkers can be used by physicians to determine the 
best drug for each patient. However, the study also finds phe-
notypic readouts of drug response predictive for the overall sur-
vival (OS) of patients and showed that drug sensitivities cannot 
always be linked with the observed genotype. This observation, 
as well as further studies,[13,14] clearly indicates that functional 
readouts for each patient paired with genetic tests would be 
most beneficial for defining optimal therapies.

As done for bacterial infections for decades[15] (where bacteria 
are tested against several antibiotics), taking tumor biopsies 
and testing the cells for their vulnerabilities against drugs 
would be the most direct way to determine the optimal treat-
ment. As mentioned above, this has been successfully achieved 
for leukemias,[12,16–19] but implementing such approaches for 
solid tumors requires several hurdles to be overcome, including 
the availability of typically only low cell numbers. One way to 
obtain enough material for ex vivo screens on biopsies from 
solid tumors is the isolation and expansion of tumor cells into 
patient-derived cell lines.[13,20] Another ex vivo approach is 
growing cells in spheroids in order to screen drugs in systems 
that mimic in vivo tumor architectures. Using this approach, 
good correlations between spheroids and patient responses to 

chemotherapy were achieved.[21] However, establishing patient-
derived cell lines and spheroids is costly and typically takes 
several weeks, thus often exceeding the time given for treat-
ment decision making in the clinic. Additionally, long culturing 
procedures can result in adaptations and subclonal selection of 
tumor cells. The same limitations are true for patient-derived 
xenograft (PDX) models, with times between 4 and 8 months 
for establishing and screening PDX models and high estimated 
costs (usually >20k US$ per 10 drugs tested). PDX models 
mainly offer great potential for preclinical drug screens but 
seem unsuited for defining first line patient therapies.[22] Taken 
together, conventional drug screens directly on patient mate-
rial or patient-derived models for functional patient stratifica-
tion, are currently either limited to blood cancers or difficult 
to implement into a clinical setting. The aforementioned rea-
sons for this are 1) limited cell numbers, 2) costs due to low 
throughput, and 3) the time it can take from tumor resection 
until results on tumor vulnerabilities are available.

In order to increase the feasibility of further personaliza-
tion, especially toward functional screens, the development 
of technologies that enable handling of small and/or many 
samples will be of great interest. A strong miniaturization of 
testing volumes enables: 1) a more sensitive detection (less 
cells are required) and 2) massive parallelization of reaction 
(higher throughput and reduced costs). Since microfluidics 
is a technology that handles fluids at the nano to femtoliter 
scale (over a thousand fold reduction in volume, compared to 
standard microplate assays), it provides the required minia-
turization to handle small samples at an increased throughput 
(Figure 2). By adapting lithographic methods, microfluidics fol-
lows the same manufacturing principles used in the electronics 
industry, but instead of transporting electrons, reagents or 
cells are flown through chips fabricated using soft-photolithog-
raphy.[23–26] This process allows fast and cheap manufacturing 
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Figure 1. A brief overview of current and future cancer therapy approaches. Currently most patients are not treated in a personalized way, but bio-
markers with known correlation to drug effect are analyzed where possible. To avoid resistances, therapies based on drug combinations are beneficial. 
Novel approaches will enable the most efficient combinations to be determined using a combination of biomarker and phenotypic data. Patients should 
then be monitored during treatment and even after, to track disease status and adapt treatment if necessary.
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of chips with defined geometries at micrometer scale and thus 
makes microfluidics accessible to a wide research community. 
The injection of reagents into such devices allows the handling 
and analysis of fluids at volumes ranging from 10−6 to 10−16 L,  
which results in a drastic reduction of used reagents and an 
increased sensitivity, enabling precise single cell measure-
ments.[27] Furthermore, in small channel dimensions, viscous 
forces become dominant and water-based fluids start behaving 
like viscous fluids. The resulting laminar flow regimes enables 
precise control of injected fluids, such as stable concentration 
gradients or parallel flow of miscible reagents.[23] Microfluidic 
devices can be used as single-phase systems by injecting only 
aqueous solutions into the chip’s channels (Figure 2A). Simple 
chambers can be used to enable the study and perturbation of 
complex biological systems under precise control.[28] Adapted 
from multititer plates, the fabrication of so called nanowells 
(Figure 2B) is a simple way to achieve high numbers of reagent 
vessels with low sample consumption.[29] However, it should be 
noted that the wells are usually too small to be filled with dif-
ferent reagents and rather just host different individual cells or 
spheroids. A more sophisticated approach to separate reaction 

vessels, is the use of valves separating specific regions of micro-
fluidic channels.[30] Valve-based systems (Figure 2C) find wide 
application for single cell sequencing[31,32] and single cell trap-
ping for performing high sensitivity multiplexed immunoas-
says.[33] Furthermore, valve-based systems allow highly auto-
mated workflows for cell culturing.[34] While valve-based systems 
enable compartmentalization into thousands of reaction cham-
bers, two-phase systems outperform these numbers by several 
orders of magnitude. Millions of reaction vessels (Figure 2D) can 
be generated by the formation of droplets using two immiscible 
reagents. For biological applications, this generally involves an 
aqueous phase that is passively segregated into monodisperse 
droplets by a continuous oil phase.[35] Surfactant-stabilized drop-
lets can be generated at kilohertz frequencies, stored in a single 
tube, and manipulated in order to add reagents or sort for spe-
cific phenotypes comparable to fluorescence activated cell sorting 
(FACS)[25] but additionally enabling to sort entire reaction vessels 
with encapsulated chemicals, secreted factors or even different 
cell types. The encapsulation of single cells into droplets became 
a popular application of droplet-based microfluidics since it 
allows the functional and genetic analysis of heterogeneous cell 
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Figure 2. Different microfluidic formats. A) Continuous flow microfluidic systems predominantly used for cell culturing. B) Comparisons between 
a standard 96-well plate and a nanowell chip. C) Mechanism of a pneumatic valve in a microfluidic device. D) Droplet emulsion collected in a  
test tube.
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populations at a very high throughput (tens to hundreds of thou-
sands of cells can be analyzed in a single experiment).[36–38]

The conceptual advantages of the different microfluidic formats 
and the general benefits of working at the microscale provide an 
impressive toolbox for personalized cancer medicine. Taken 
together, they allow many of the current limitations (Table 1) to be 
addressed and will hopefully find their way into the clinic, soon.

The combination of high throughput with low sample and 
reagent consumption is of great potential to screen tumor biop-
sies in order to find promising treatment options. Addition-
ally, available genetic and protein biomarker tests can benefit 
from the multiplexing capacities of microfluidics, resulting 
in reduced costs and enabling clinicians to perform better 
patient characterization even with limited starting material. In 
this review, we discuss how microfluidics can be exploited to 
enhance genetic and phenotypic tests. In addition to only sum-
marizing the state-of-the-art technologies, we will also show 
how different developments can be combined to push the limits 
further and/or to take the next translational steps. Having now 
provided a brief introduction into microfluidics for nonexperts, 
we will focus on microfluidic applications that already allow or 
have the potential to screen patient material for several treat-
ment options, either using biomarker-based or functional (e.g., 
apoptosis) readouts. In the last part we will then discuss micro-
fluidic devices that enable complex disease modeling.

2. Detecting Biomarkers for Cancer Diagnosis  
and Stratification

There are a large number of commercially available, FDA-
approved tests, which predict patient drug response based on 
biomarker status (companion diagnostics), or predict disease 
severity and progression based on atypical presence of par-
ticular cells. When a drug’s likelihood of safety or efficacy is 
known to correlate with a particular biomarker (e.g., genetic 
alterations, or abnormal expression of certain proteins), 

companion diagnostics tests are used to determine whether the 
drug should be prescribed. As knowledge of cancer biomarkers 
increases, biomarker tests will need to be increasingly cheap, 
sensitive, and multiplexed. If it can be concluded that disease 
progression will be slow, a patient would show resistance to a 
drug or the treatment would cause a greater loss of quality of 
life than clinical benefit, doctors may suggest that patients do  
not undergo treatment. We will discuss here several micro-
fluidic platforms, which have already been developed with 
the goal of providing clinicians with the critical information 
required for effective patient-specific treatment.

2.1. Microfluidic Devices for Biomarker Analysis  
of Solid Tumor Biopsies

One example of increasing sensitivity of tests while reducing 
cost is in the context of Her2 overexpression testing. Her2 is 
a biomarker frequently found in breast cancer, which deter-
mines sensitivity to Her2-targeted therapies (e.g., Herceptin). 
Standard testing can be done on tumor biopsies with a number 
of commercial kits. These either use immunohistochemistry 
(IHC) to semiquantitatively assess the Her2 protein expression 
levels, or various in situ hybridization (ISH) approaches are 
used to identify Her2 gene amplification at the DNA level.[39] 
While quantitative polymerase chain reaction (qPCR) would 
be significantly less labor-intensive and more reliable than 
fluorescence ISH, its application in conventional systems is an 
expensive alternative.[40] With the goal of making qPCR a fea-
sible and affordable approach for Her2 testing, a microfluidic 
platform was developed which could reduce costs of qPCR, 
while improving reliability, user-friendliness via automation, 
and robustness to contamination.[41] This approach used “plug 
microfluidics,” whereby a “train” of large microfluidic droplets 
(nano–microliter volume range) with a number of different 
reagents, were produced and stored sequentially, separated by 
oil spacers. Magnetic tweezers were then used to suspend the 
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Table 1. Current issues preventing personalized medicine to be used for all patients, and the ways in which microfluidic technologies can help to 
overcome these issues.

Current limitations for the application of personalized medicine How microfluidic systems could address these limitations

Traditional biopsies provide very few cells for analysis. Direct phenotypic (biomarker independent) drug screens can be done with small cell 

numbers using miniaturized assay formats, and optimal drug combinations can be 

determined.

Not all biomarkers of drug response are known, and recurrence is frequent.

Phenotypic testing for drug response can be very expensive. Microfluidic technologies can significantly reduce cost by reducing reagent volumes 

required.

Solid tumor biopsies cannot easily be repeated, so monitoring of patient 

drug response is difficult.

Microfluidic chips enable easy isolation of DNA, proteins, extracellular vesicles, or rare 

circulating tumor cells (CTCs) from blood, and subsequent on-chip multiplexed assays to 

quantitatively characterize these, allowing patient stratification. As blood samples can be 

repeatedly taken, patients can be continuously monitored in this way.

Normally only a limited range of biomarkers are assessed for each cell within 

a biopsy.

Phenotypic and (genetic) biomarker data can be acquired from the same cell using 

microfluidic methods.

Culturing patient tumor cells ex vivo can lead to selection of particular clones 

and nonphysiological drug responses due to the artificial environment.

More physiological culture conditions can be achieved by growing tumor spheroids or 

organs on chip. Microfluidic systems can be used to facilitate high throughput produc-

tion and processing of spheroids, thus making phenotypic screening on spheroids 

possible.
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sample RNA on oligo-dT magnetic beads, and move the RNA 
between different droplets, finally mixing the RNA with the 
reagents required for reverse transcription (RT) and PCR. This 
system was validated with high and low Her2-expressing cell 
lines, and with patient samples. 80× less RNA was needed per 
test in the microfluidic platform, compared to the standard bulk 
qPCR carried out in parallel for comparison. Despite the mas-
sive reduction in RNA requirement, results correlated very well 
between the microfluidic platform and standard qPCR (Pearson 
correlation coefficient of 0.84). As the analysis of RNA is not 
standard practice for Her2 expression analysis, clinics would 
need to implement protocols for extracting total RNA in order 
to implement this platform. However, once set-up, it should be 
easily adaptable for use with similar analysis of alternative bio-
markers, and even multiplexed analysis of multiple biomarkers.

Another microfluidic platform has been developed for the 
detection of KRAS mutations, which are predictive for drug sen-
sitivity in a variety of cancers.[42] Conventional FDA-approved 
PCR-based tests have limited sensitivity (typically only muta-
tions with >1% frequency within the analyzed cell population 
are detected), leading to false negatives when there is insuf-
ficient sample DNA. Pekin et al. introduced a digital droplet-
based PCR method to allow detection of a single mutated variant 
per 200 000 copies of the gene (workflow shown in Figure 3A). 
This could be applied either to DNA from tumor cells, or sam-
ples such as plasma or stool. Droplets were produced con-
taining PCR reagents, genomic DNA (gDNA), and two different 
TaqMan probes, one green and one red, targeting the wild type 
(wt) and mutated KRAS gene respectively. After thermocycling, 
the fluorescence of the droplets was analyzed to determine the 
ratio between red and green fluorescence, indicating the ratio 
of mutated to wt KRAS. This approach was further developed 
to determine which mutation was present, by using a panel of 
green TaqMan probes, targeting the six most common KRAS 
mutations, as well as the wt gene. The identity of the TaqMan 
probes present were encoded using different intensities of red 
fluorophore, added to each droplet, dependent on the probe 
present. This approach enables cheap, sensitive detection of 
mutations, in a range of samples types. The utility (and cost 
efficiency) of such systems could be increased further by even 
higher multiplexing, e.g., by allowing multiple mutant genes to 
be tested for at once. On the technical side, this could be imple-
mented by increasing the complexity of droplet encoding, by 
encoding the probe identity using multiple fluorophores, rather 
than one.[43]

Accurately predicting postsurgical disease-progression for 
patients with breast or prostate cancer is essential to deter-
mine the appropriate level of treatment after surgery. Cur-
rent risk stratification methods have limited accuracy. Aiming 
to improve this, a simple microfluidic chamber, coated with a 
carefully formulated extracellular matrix mixture, was used 
to grow cells acquired from tumor biopsies.[45] After 72 h 
of growth, the cells were thoroughly evaluated using auto-
mated live and fixed cell imaging. The data was evaluated with 
machine vision approaches to assess the characteristics of each 
cell, including migration velocity, cell area and focal adhesion 
(FA) number. A number of antibody stains were used for the 
fixed cell imaging to allow quantification of chosen biomarkers 
(e.g., phosphorylated FA kinase). The data from the imaging 

analysis was then fed into machine learning algorithms for 
patient stratification to determine which patients were likely to 
need further treatment because the biopsied cells presented an 
aggressive phenotype. Caution should always be taken when 
analyzing primary cancer cells which have undergone in vitro 
culture steps, as cultivation can lead to alterations in the popula-
tion composition and behavior of the cells, compared to physi-
ological conditions. Despite these potential confounding fac-
tors, the authors were able to predict the clinical outcome of low 
and intermediate-risk prostate cancer patients with an AUC of 
0.9. By comparison, previous attempts at predictive modeling 
for likelihood of prostate cancer progression achieved AUCs of 
0.6–0.7.[46]

2.2. Microfluidic-Based Tests for Analysis of Circulating  
Tumor Cell (CTC) Liquid Biopsies

CTCs are cells which have detached from a tumor, and moved 
into the circulating blood. Metastases, which are the main 
cause of cancer-related deaths,[47] occur when CTCs are able 
to migrate to a new site, and start to replicate there. By deter-
mining the characteristics and number of CTCs from a patient, 
disease progression can be predicted,[48] and current biomarker 
status of the tumor can be inferred based on the CTC bio-
marker profile. As the analysis of CTCs requires only a small 
blood sample (typically 7.5 mL) to be taken, repeated tested 
can be done, allowing monitoring of patients throughout treat-
ment. CTCs are typically present at very low numbers: around 
one CTC per one billion normal blood cells, in patients with 
advanced cancer.[49] As a result, many different systems have 
been developed to capture and analyze CTCs from patient 
blood.

The most well established CTC isolation and enumera-
tion system to date is the CellSearch system developed by 
Veridex,[50,51] which is approved by the FDA for use in meta-
static breast, colorectal, or prostate cancer. The system uses a 
ferrofluid of magnetic particles coated with an antibody tar-
geting the epithelial cell adhesion molecule (EpCAM): an 
antigen found on many epithelial cells and often overexpressed 
on cancer cells,[52] to pull-down CTCs and remove them from 
the background of blood cells. During initial assessment of the 
technology,[50] capture efficiency was reported to be on average 
85%. Importantly, CTCs captured by this system are not ame-
nable for biomarker analysis, so only CTC number is deter-
mined. Attempts to guide patient treatment decisions based 
on changes in CTC number during treatment have so far been 
unsuccessful,[53] partly because this approach does not pro-
vide any information on which alternative drugs would bring 
patient-specific benefits.

Microfluidics is particularly well suited to CTC isolation, 
because of the microscale chip geometries which can be pro-
duced, to ensure precise control of forces on cells flowing 
through, allowing differences in physical properties to be har-
nessed. Earlier microfluidic systems worked to increase pro-
cessing speeds and efficiency of isolation,[54,55] later systems 
enabled semiautomation and even on-chip CTC characteriza-
tion, thus providing comprehensive additional information on 
patient’s tumors.

Small 2019, 1904321
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Figure 3. Microfluidic analysis of cancer biomarkers and CTCs. A) Detection of KRAS mutations by droplet PCR.[42] Aqueous droplets are produced 
in oil, comprising TaqMan reagents and aqueous sample containing DNA (e.g., blood serum). Subsequently the droplet emulsion is thermocycled to 
allow the PCR reaction to occur. The TaqMan probes result in green or red fluorescence, depending on the DNA present, from which the ratio of wild-
type to mutant KRAS can be determined. By compartmentalizing single DNA template molecules, amplification biases are minimized, thus increasing 
sensitivity. Reproduced with permission.[42] Copyright 2011, The Royal Society of Chemistry. B) Isolation of CTCs using the iCHIP.[44] CTCs are isolated 
from whole blood, after premixing with immunomagnetic beads. Separation is achieved by flowing the blood–bead mixture first through a size-selection 
chamber, then aligning the remaining cells by inertial focusing, and finally pulling the bead-bound cells toward the isolation outlet with magnetic force. 
Reproduced with permission.[44] Copyright 2013, The American Society for the Advancement of Science.
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2.2.1. Immunoaffinity CTC Capture in Microfluidic Devices

One classic microfluidic system for CTC isolation, capable 
of either positive or negative selection, is the CTC iCHIP[44] 
(Figure 3B; a comprehensive protocol on the preparation and 
use of the device can be found in ref. [56]). This achieved ≈97% 
capture efficiency, using a series of sequential processing steps 
and flow rates up to 8.4 mL h−1. This device first removes plate-
lets and non-nucleated cells (red blood cells) based on size, 
then aligns the nucleated cells using inertial focusing within a 
microfluidic channel, and finally cells bound to magnetic beads 
are magnetically deflected into a collection channel. For nega-
tive selection, the magnetic beads are conjugated to antibodies 
against CD45 (present on all differentiated hematopoietic cells, 
except plasma cells or erythrocytes[57]) and CD15 (a granulocyte 
marker), but positive selection can also be done if the beads are 
conjugated to anti-EpCAM antibodies. As the negative selection 
approach does not rely on EpCAM expression, a broader range 
of CTCs can be isolated with this device. Following CTC capture, 
various biomarkers were tested for in the captured CTCs, using 
immunocytochemistry (ICC), RT-PCR, or quantitative RT-PCR 
(qRT-PCR). The qRT-PCR allowed highly multiplexed testing 
for the expression of 43 genes (note that we will discuss options 
for multiplexed CTC characterization in more detail in Sec-
tion 2.2.3), but required complex micromanipulation to extract 
the identified CTCs for testing, making this approach unlikely 
to be applicable in the clinic. However, this work nicely showed 
that by using magnetically labeled beads, isolated CTCs could be 
removed for further characterization with good viability, as they 
are not bound to the microfluidic device following isolation.

2.2.2. Nonaffinity-Based CTC Isolation

Given the inability of any one antigen to ensure complete and 
pure isolation of CTCs, there is also motivation to develop 
isolation methods that do not rely on the targeting of specific 
antigens.

A very unique approach to antigen-independent CTC isola-
tion was published in 2016, making use of the altered metab-
olism of cancer cells, and the hitherto undiscussed ability of 
microfluidic droplets to concentrate cellular effluent.[58] The 
Warburg effect[59] is observed in most, if not all types of human 
cancer: Cancer cells tend to metabolize via glycolysis, even in 
aerobic conditions, which leads to lactate secretion and acidi-
fication of the tumor microenvironment. Taking advantage of 
this, an emulsion of droplets was produced with each droplet 
containing a ratiometric pH sensitive dye, and either one CTC 
or one leukocyte. As the CTCs acidify their environment 30× 
faster than leukocytes, the droplets containing CTCs were iden-
tifiable by their shifted ratio of fluorescence emittance at the 
two wavelengths. A maximum of only 20 min incubation was 
required, and spike-in experiments (with a target cell:WBC 
ratio of as little as 10:200 000) showed that the detection rate 
was ≈60%. Given that there are many powerful droplet sorting 
platforms,[60,61] one could also make use of these for collecting 
the acidified droplets for further analysis.

CTCs can also be isolated by dielectrophoresis, separating 
CTCs from blood cells based on differences in membrane 

capacitance and other physical features. The first example 
of this achieved 90% isolation efficiency, but was limited in 
throughput, requiring 40 batch runs in order to process one 
blood sample.[62] In 2013, Shim et al. published an approach 
to use continuous-flow dielectrophoretic field-flow fractiona-
tion (DEP-FFF) to separate CTCs from blood cells.[63] In DEP-
FFF, CTCs and blood cells are subjected to a combination of 
DEP, hydrodynamic lift, and sedimentation forces, which 
together result in the CTCs and blood cells travelling through 
the separation chamber at different heights. The blood cells can 
be found flowing higher up in the chamber, while the CTCs 
move through the chamber sufficiently far below the blood cells 
and can thus be collected from the lower part of the chamber. 
Validating the system with both cell line spike-in experiments 
and blood samples from real patients, an entire 10 mL blood 
sample was processed in less than an hour, with isolation effi-
ciencies of 70–80%.

2.2.3. Increasing Information Output from Isolated CTCs

In parallel to isolating CTCs in an antibody-independent way at 
low cost and high throughput, there is also significant progress 
in gaining more information per isolated CTC.

One approach described in 2010 was to combine several 
microfluidic modules, to immunomagnetically isolate patient 
CTCs and then genotype them.[64] The aim was to produce a 
platform capable of enriching and genotyping the patient CTCs 
from blood within half a day. Multiplexed ligation probe ampli-
fication (MLPA) was carried out on the isolated CTCs to test for 
the expression of a panel of 20 genetic markers.

An alternative approach to increasing the information 
gained from CTCs is to amplify the isolated CTCs ex vivo. In 
2012, Kang et al. published a microfluidic device which could 
immunomagnetically capture CTCs from blood, and culture 
them on-chip.[65] In 2013 and 2014, Yu et al. further validated 
the utility of culturing CTCs by performing both phenotypic 
screens for drug response and genetic biomarker analysis on 
cultured CTCs, isolated with the iCHIP.[54,66] Despite long-term 
culture, the CTCs maintained the cytological features of the ini-
tially captured CTCs, and CTCs from one patient were found 
to have the same driver mutations regardless of culturing time. 
However, unsupervised hierarchical clustering analysis of RNA 
sequencing data showed that CTC cultures clustered together, 
separately from both a panel of 13 common breast cancer cell 
lines, and from uncultured CTCs from ten patients. This shows 
that the culturing did alter the CTCs to some extent. A hybrid-
capture-based next-generation sequencing (NGS) platform was 
used to screen captured cells for mutations in 1000 annotated 
cancer genes. In comparison, the hospital where the patients 
were being treated, would normally only screen for a panel 
of mutations across 25 genes. Guided by the identified muta-
tions, drug screening for cell viability with 40 different drugs 
or drug combinations, was carried out. A number of identified 
CTC drug sensitivities correlated with patient clinical histories 
and a number of cooperative drug combinations were identified 
which were not in common use in the clinic. Further optimi-
zation will be needed for this approach however, as only sam-
ples from 6 of 36 patients were able to produce CTC lines. In 
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addition, the entire process is still time consuming (several 
weeks) and costly, but it illustrates the potential of determining 
drug sensitivities directly on patient cells. We will further 
address phenotypic drug screens in Sections 3 and 4, in the 
context of primary cancer cells from solid tumors rather than 
CTCs isolated from blood.

2.3. Microfluidic-Based Tests for Analysis  
of Non-CTC Liquid Biopsies

As with liquid biopsies to isolate CTCs, other types of liquid biopsy 
are safer to acquire than solid tumor biopsies, so testing can be 
repeated regularly. This allows continual monitoring of a patient’s 
cancer throughout treatment, which gives the potential to detect 
newly acquired mutations and determine how treatment is pro-
gressing. Non-CTC liquid biopsies are most often the analysis of 
soluble components from blood (e.g., proteins or DNA), but can 
also be testing of components from urine, feces or spinal fluid.

2.3.1. Tumor-Derived Extracellular Vesicles (EVs)

EVs are released by most eukaryotic cells, including tumor 
cells. Tumor-derived EVs (tdEVs) are showing great promise 
for cancer diagnosis and stratification through analysis of their 
incidence and profile of membrane-bound protein biomarkers. 
tdEVs can be isolated from urine, and used to diagnose bladder 
cancer if a threshold number of vesicles is found. Currently, 
attempts to isolate tdEVs from urine are normally based on 
ultracentrifugation, which is slow, labor-intensive, and equip-
ment-dependent. In 2017, an integrated double-filtration micro-
fluidics device was developed to enrich and quantify tdEVs 
from urine.[67] In this device, the sample is passed through two 
polycarbonate membranes, the first with a 200 nm pore size, 
the second with a 30 nm pore size, leaving in the interme-
diate space only the particles which fit within this range. Then, 
an on-chip ELISA is carried out to determine the number of 
30–200 nm tdEVs. This ELISA is based on CD63 on the tdEVs: 
an antigen which is associated with the membranes of intra-
cellular vesicles. The authors of the study showed that tdEVs 
concentration in the cancer patients (16 subjects) was signifi-
cantly higher than those in the healthy donors (8 subjects). 
They were thus able to predict bladder cancer with a sensitivity 
of 81.3% at a specificity of 90%. Both sensitivity and speci-
ficity here is higher than, or equivalent to, that of current gold 
standard approaches for detecting bladder cancer. This device is 
currently only capable of diagnosis, but could be amenable for 
incorporation of a further biomarker probing component (e.g., 
quantification of membrane-bound proteins, such as EpCAM, 
CA125, or CD81 as in ref. [68]). This might enable the approach 
to provide information capable of predicting successful thera-
peutic approaches in the future.

The specific detection of tdEVs (with sufficiently accurate 
quantification for diagnostic purposes) from blood is chal-
lenging as there are many other small particles with similar 
physical properties in blood samples. Recently, Mathew et al. 
developed an electrochemical sensing method for detecting 
tdEVs with a two-level amplification enzymatic assay for high 

specificity and redox cycling for improved sensitivity, and two-
level selectivity through a sandwich immunoassay.[69] They 
analyzed prostate cancer cell line tdEV samples at different 
concentrations and determined the limit of detection as low as  
5 tdEVs µL−1, and the range of their detection was 10–106  
tdEVs µL−1, which critically determines the clinical range of 
tdEVs in metastatic cancer patients.

2.3.2. Multiplexing Assays to Detect Greater Numbers  
of Biomarkers

Multiplexing assays to allow testing for multiple biomarkers 
allows significantly higher accuracy of cancer type classifica-
tion. As knowledge of biomarkers which predict drug response 
increases, multiplexed stratification will be increasingly nec-
essary, as the status for a larger number of biomarkers will 
be used to predict drug response. Xie et al. devised a dispos-
able microfluidic chip for early diagnosis of gastric cancer 
from patient blood samples.[70] The authors deposited anti-
bodies against six different biomarkers on the microfluidic chip 
(carcinoembryonic antigen (CEA), carbohydrate antigen 19-9 
(CA19-9), helicobacter pylori CagA protein (H.P.), P53 onco-
protein (P53), pepsinogen I (PG I), and PG-II). Electrochem-
ical detection was used to detect these biomarkers from blood 
sera with high sensitivity and the entire assay was performed 
in less than 40 min. The applied electrochemical microfluidic 
chips (ECMC) contained six detection zones to account for six 
different biomarkers. 394 gastric cancer patient samples were 
processed and analyzed using both this microfluidic approach 
and traditional ELISA. The results showed that the microflu-
idic system produced more accurate results than the traditional 
ELISA, and therefore could potentially be applied for early 
screening of gastric cancer patients, therapeutic evaluation, and 
observing the progress of gastric cancer.

For any new system to be applied in the clinic, automation of 
the desired protocol is highly desirable to obtain more reproduc-
ible results and to circumvent the need for highly trained staff, 
or prohibitively high man-hour requirements in the running 
of the protocol. With this in mind, a completely automated, 
multiplexed electrochemical immunoassay-based microfluidics 
device has been recently developed.[71] This functions much like 
a traditional sandwich ELISA, except that electrochemical rather 
than colorimetric signal is detected when a molecule of interest 
binds to both the primary and secondary antibodies. This tests 
simultaneously for 8 proteins whose presence in blood serum is 
indicative of prostate cancer status. Automation was achieved by 
integrating a series of low-cost components together, to follow a 
user-defined protocol implemented via an Arduino Uno micro-
controller. The assay can be carried out in less than 30 min. 
While this is very promising, the protocol was not trialed on real 
patient samples so remains to be proven in a real-world setting.

3. Phenotypic Testing of Patient Cancer Cells

In addition to counting CTCs and analyzing biomarkers, there 
is a significant development toward testing drugs directly 
on tumor material. This comes with the advantage of not 
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requiring knowledge of specific targets or biomarkers, hence 
allowing meaningful data to be obtained without prior knowl-
edge of the exact tumor biology. Microfluidics provides many 
advantages for screens on primary cells, such as handling low 
volumes, requiring fewer numbers of cells, achieving automa-
tion more easily, screening in a high throughput manner, and 
obtaining results rapidly.[26,72] In the following, we will illustrate 
these conceptual advantages for the identification and sorting 
of cancer cells as a prerequisite for drug screens and for drug 
testing on primary tumor samples, before discussing more 
complex disease models such as tumor spheroids in the fourth 
section.

3.1. Identification and Sorting of Cancer Cells

In order to perform drug screens on primary cells, sometimes it 
is essential to identify and sort cancer cells from noncancerous 
cells. In addition to what has been discussed for the isola-
tion of CTCs (Section 2.2), microfluidics also allows cells to be 
separated by active sorting, similar to FACS (e.g., based on valve 
and droplet technology[73–75]). Using microfluidic approaches 
provides three main advantages: 1) First, much lower cell num-
bers can be processed without significant sample loss. Vol-
umes of just a few microliters or less can be handled easily, 
making the sorting of primary cells from patients fully feasible.  
2) Using droplets, the sorting decision can even be based on 
the sensitivity to co-encapsulated drugs, thus allowing sensitive 
or resistant cells to be specifically sorted. Based on optical bar-
coding, such approaches can even be multiplexed for different 
drugs.[26,76] 3) Microfluidics also enables more complex sorting 
mechanisms, including entirely label-free approaches based on: 
imaging,[77] cell deformability, size, and/or invasive features. A 
nice example for sorting on complex properties was shown by 
Liu et al., who developed a microfluidic chip in which cells are 
sorted based on the capacity of cells to travel through small con-
strictions (in between tilted microposts[78]), as required for the 
formation of metastases. Their system has two unique features: 
one is the special geometry containing tilted microposts, which 
allow particle sorting based on the size; the other crucial feature 
is the rectangular microarray of 90 000 trapping barriers that 
mimic blood vessel diameter in order to trap cells. The authors 
applied this system for high-throughput separation of MCF-7 
breast cancer cells based on their size and transportability with a 
trapping efficiency of 5%. While no clinical application has (yet) 
been demonstrated, such systems pave the way to infer diag-
nostic information on the invasive potential of patient cells, and 
could potentially also allow testing of drugs for the inhibition 
of this exact property. However, more physiological setups (e.g., 
layers of endothelial cells rather than just polydimethylsiloxane 
(PDMS)) are probably needed to get more meaningful data.

3.2. Drug Screening on Primary Cells

Given that microfluidic approaches require significantly fewer 
cells than conventional bulk liquid-handling systems, this 
technology facilitates screening of different drugs or combina-
tions thereof, directly on primary tumor samples to determine 

the best hit. Lee et al. encapsulated not only brain tumor cell 
lines but also primary cells from brain cancer patients into 
hydrogel drops and cultured these in a micropillar chip, sand-
wiched with a second microwell chip containing 24 different 
compounds of interest.[79] The micropillar chip contained  
532 pillars with a diameter of 750 µm, each of which had one 
of the 30 nL cell-containing hydrogel drops dispensed onto it. 
Upon sandwiching, each pillar contacts a well with a diameter 
of 1.2 mm, providing ≈1 µL of drugs and growth media. Corre-
sponding drug toxicity assays allowed the authors to determine 
dose response curves for therapeutic efficacy at six different 
concentrations, resulting in a total of 144 different tested condi-
tions. The results were consistent with conventional assays and 
did not reveal any microfluidic-specific bias. Nevertheless, the 
authors did not address combinatorial therapy in their study, 
which is a key aspect in treating many types of cancer.

Similarly, Wong et al. developed a droplet-based microflu-
idic screening platform requiring only a very small number 
of cells.[80] In this method, premixed aqueous solution 
(100–200 nL) containing cells, drugs, and other reagents was 
manually withdrawn into a tubing at a flow rate of 200 µL h−1, 
followed by withdrawing oil to form plugs. Then the tubing 
comprising all the plugs was connected to a microfluidic chip 
containing 48 wells and infused at very low flow rate (25 µL h−1) 
such that plugs were arrayed in geometrically defined traps. 
The readout of the plugs was based on staining cells with the 
cell viability dye ethidium homodimer 1 during drug treatment, 
revealing dead cells by image analysis. As a proof-of-concept, 
the authors implemented drug screening on both suspended 
(Jurkat) and adherent (MDA-MB0-231) cancer cell lines. They 
have successfully used this platform for screening four anti-
cancer drugs (Bortezomib, Epirubicin, Cisplatin, and Vori-
nostat) against cancer cell lines. Furthermore, seven primary 
nasopharyngeal tumors obtained by surgical resection were 
screened against the two drugs Bortezomib and Cisplatin at 
different concentrations. The primary tumors showed strongly 
variable response to the drugs, illustrating the urgent need for 
personalized therapy. The authors also pointed out that the 
system can be applied for both suspension cells and adherent 
cells and enables an entire screen to be performed in less than 
24 h. However, the main drawback of the system was its ability 
to test only five different conditions for every 80 000 cells.

To further push the throughput and also to enable the 
screening of drug combinations, we recently described a 
droplet microfluidic system that can produce in a sequen-
tial manner drug cocktails, paired with fluorescent bar-
codes[81] (Figure 4A). The screening of drug combinations is 
of particular interest because they are often more efficient 
than monotherapies, especially in overcoming resistances. 
Our system uses piezoelectrically actuated Braille valves,[82] 
which are controlled via custom-made LabVIEW software to 
manipulate the flow of liquid samples (cells, drugs, and other 
reagents) in microchannels. The microfluidic device was man-
ually aligned against a Braille display and clamped such that 
the moving pins of the Braille display were positioned over 
the valve channels, enabling the movement of a pin to open or 
shut a valve. We established a fluorescence assay for apoptosis 
in large droplets (termed plugs) hosting ≈100 cells per sample, 
and successfully screened 54 drug combinations (with at least  
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Figure 4. Target agnostic and biomarker-independent testing of drugs directly on very limited patient material. A) Combinatorial drug screening in 
nanoliter plugs.[81] a) Microfluidic design of the chip including the inputs into chip color coded, respectively. b) Microfluidic chip mounted onto a Braille 
display and manually aligned and tightened against a plexiglass plate. c) Combinatorial plugs containing patient cancer cells, drug combinations, and 
all reagents of a fluorescence assay for apoptosis were generated in an automated fashion and stored sequentially in PTFE tubing of length of 5 m.  
d) After overnight incubation, multicolor fluorescence analysis of the sample plugs was carried out to determine drug efficacy in a personalized 
approach. Apapted under the terms of a Creative Commons Attribution 4.0 International License.[81] Copyright 2018, The Authors, published by Springer 
Nature. B) Label free screening of drugs using a suspended microchannel resonator (SMR).[83] The buoyant mass of individual cells is measured while 
flowing through several consecutive resonators (data points in the center plot), thus revealing the mass accumulation rates (MARs) within 15–20 min 
intervals (red fit in the center plot and data on the right). In the presence of a drug, sensitive cells show a decreased MAR, whereas resistant cells show 
no change. Reproduced with permission.[83] Copyright 2016, Springer Nature.
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15 replicates, each) against pancreatic cancer cell lines as a 
proof-of-concept. Furthermore, we were able to validate the 
most efficient drug combinations in xenograft mouse models 
and also demonstrated the successful processing of human 
clinical tumor samples. We found that each of the four tested 
patients responded differently to the tested combinations, 
and for each patient, we were able to identify hits that were 
more potent in the microfluidic system than the standard care 
gemcitabine treatment. This illustrates a strong need for per-
sonalized approaches, which on the technology side must be 
accompanied by improved robustness and user-friendliness 
of the microfluidic devices. As a first step toward this direc-
tion, we have implemented the loading of drugs from standard 
micro titer plates, which also allows further upscaling. Future 
work has to reveal for what fraction of drugs the efficacy in 
microfluidic droplets truly resembles that of the in vivo 
situation. In parallel, single cell assays have to be implemented 
to take tumor heterogeneity into account, and to enable the 
separation of resistant cells from sensitive cells for further 
characterization and therapy guidance.

Another technology enabling the label free screening of 
drugs on very small samples of primary cancer cells has been 
recently introduced by the Manalis lab.[83] It uses suspended 
microchannel resonators (SMRs; Figure 4B) to measure growth 
rates of single cells. The SMR comprises of a microcanti-
lever containing a fluid channel that resonates at a given fre-
quency. When a cell enters the SMR, the resonant frequency 
is decreased according to the increase in mass, which is the 
buoyant mass of the cell.[84,85] The mass accumulation rate 
(MAR) of cells can be determined by connecting several SMRs 
via delay channels and by consecutively measuring the mass 
of cells flowing through the array of SMRs. The gain or the 
loss of biomass of one cell between SMRs is detected by the 
change in frequency, which can be performed for more than  
100 cells h−1.[86] MAR is a fast and direct measure of cell growth 
which was applied to determine the drug responses of primary 
tumor cells from glioblastoma and acute myeloid leukemia 
patients enabling prediction of the clinical outcome for nine 
multiple myeloma patients with 100% accuracy.[83,87,88] Such 
predictions were possible due to the high level of precision of 
these drug sensitivity measurements, using on average only 61 
cells per condition. Since MAR allows accurate predictions on 
such small samples, it also has the potential to be applied to 
predict drug sensitivities of rare CTCs (see Figure 3B). How-
ever, so far the platform can only test individual treatment 
options per experiment and requires further upscaling, auto-
mation, and integration (e.g., the loading of drugs from conven-
tional microtiter plates) to allow for translation into the clinic.

4. Complex Disease Modeling

The sensitivity of cancer cells to drugs is significantly affected 
by the tumor microenvironment. Therefore, it is desirable 
to have in vitro systems that can simulate the in vivo micro-
environments. Many in vitro models, such as transwell cell cul-
tures, spheroids, and organoids, have been developed for this 
purpose. These models facilitate not only understanding of how 
cancer cells interact with their surroundings, but also testing of 

different drugs to determine the optimal therapy in the context 
of personalized medicine.

4.1. Reconstructing Tumor Environment and Testing Drugs

Culturing cells in 3D has been shown to produce more physio-
logically relevant drug responses than standard 2D cultures.[89,90] 
This is because these systems better replicate the level of cell–
cell interactions experienced in vivo, and 3D heterogeneity is 
achieved by producing an environment in which some cells are 
directly exposed to the surrounding fluids and others are not. 
Das et al. developed a microfluidic chip for manipulation and 
analysis of spheroids from a serous ovarian cancer cell line.[91] 
Once produced externally by the hanging-drop method, these 
spheroids were flowed through the chip and trapped in parallel 
microwells compatible with confocal microscopy. Six replicates 
were treated, per chip with precise dosages of two standard anti-
cancer agents for ovarian cancer, and then stained with viability 
dyes, to determine the sensitivity to these drugs. Spheroids dis-
played higher resistance against these drugs in comparison to a 
2D culture of the same cell line. The authors also noted more 
cell death at the center of the spheroid than at the periphery. 
This approach enabled reproducible analysis of drug effects 
in a significantly more physiological setting than standard 2D 
culture, which could be scaled to test larger numbers of drugs 
by using multiple devices in parallel. First however, it must be 
shown with primary cells if it is to be applied in the clinic to 
test individual patient drug response.

To further increase the reproducibility of spheroid forma-
tion and testing, Kim et al. devised microfluidic chips for auto-
mated formation of spheroids from an ovarian cancer cell line, 
and performed multiple cytotoxicity assays on a single chip[92] 
(including the assessment of sequential treatments with dif-
ferent drugs).[93] The chip was produced from poly(ethylene) 
glycol diacrylate (PEGDA) hydrogel, which was photopolym-
erized according to the desired microfluidic pattern. The chip 
allowed capture of cells in 24 microwells for spheroid produc-
tion. Drug combinations could be flowed over these wells with 
a concentration gradient across the different wells. As uniform 
spheroids were produced, treated, and imaged to determine 
viability, all on the same chip, this approach should also be very 
scalable by running several devices in parallel. As previously 
discussed however, applying the approach using primary cells 
must first be shown.

Another important aspect of normal physiology, which is not 
reproduced in standard 2D cultures, is the effect of multiple cell 
types interacting within the microenvironment. A micro fluidic 
platform that can facilitate the formation of uniform-sized,  
heterologous (consisting of different cell types) spheroids using 
primary lung cancer cells was developed by Ruppen et al.[94] 
This chip also used a microwell approach to trap cells for sphe-
roid development, but importantly, was demonstrated using pri-
mary cancer cells showing that the approach does not require 
prohibitively large numbers of cells. The authors showed that 
co-cultured pericytes act as a resistance barrier to protect pri-
mary lung epithelial tumor cells (PLETCs) from the effects of 
Cisplatin. This clearly demonstrated the feasibility and impor-
tance of using 3D models composed of multiple cell types.
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Mimicking the natural tumor environment by co-culturing 
two different cell types within a tumor spheroid has also been 
exploited in the context of pancreatic cancer.[95] Pancreatic stel-
late cells (PSCs) play a major role in drug resistance and cancer 
progression via promotion of epithelial-to-mesenchymal transi-
tion (EMT) which leads to metastasis. PSCs were co-cultivated 
in a 7-channel microfluidic device together with PANC-1  
(a human pancreatic cancer cell line) in type-1 collagen matrix. 
Expression of EMT-biomarkers, and migration of cells within 
and between channels of the device, was found to be higher in 
co-cultured spheroids than in monocultured spheroids. Live/
Dead assays were performed in the presence of anticancer 
drugs, revealing that gemcitabine alone did not prevent sphe-
roid growth, whereas when given in combination with Pacli-
taxel, the tumor spheroid growth was inhibited with prominent 
death of PSCs. Being able to determine both cell viability and 
invasiveness in response to drug treatment within one chip is 
very powerful. In order to bring this approach to the clinic, cul-
ture conditions must be further optimized, as spheroids were 
not successfully produced from all of the cell types trialed and 
primary cells from patients are likely to be even more difficult 
to grow.

In order to increase throughput and allow for highly multi-
plexed assays on spheroids, Baroud and co-workers developed 
a droplet-based microfluidic system for long-term culturing 
of adherent cells in a 3D pattern, to form 500 spheroids per 
chip.[96] Droplets of 16 nL, each containing around 200 cells, 
were produced at a flow focusing junction. By using patterns 
in the subsequent chip design with increased height, droplets 
were guided along “rails” toward “anchors” were they were 
trapped by reduction of the Laplace pressure due to spherical 
expansion of the droplets inside the traps.[97] This approach 
allows efficient filling of all 500 traps and therefore ensured 
high throughput generation of spheroids and their analysis 
using imaging. This device allows cell proliferation and pre-
serves phenotypes under long-term culture conditions. Three 
important aspects of this microfluidic system were: con-
tinuous monitoring of individual cell behavior in a spheroid, 
co-culturing of endothelial cells (BAECs) and hepatoma cells  
(H4-II-EC3) in the 3D spheroids, and selective recovery of 
spheroids of interest (e.g., showing a resistance phenotype). 
Ongoing work in the group focuses on exposing the spheroid 
arrays to multiple different conditions and on obtaining com-
prehensive dose response curves for drugs (Figure 5A).[98] 
Taken together, these droplet-based microfluidic platforms 
provide powerful tools for analyzing cell–cell interactions and 
drug sensitivities in a high throughput manner. Using such 
approaches to efficiently grow spheroids from patient biopsies, 
will allow monitoring of patient-derived tumor spheroids under 
drug perturbation. Thereby the emergence of resistant clones 
can be studied in a personalized manner and would allow adap-
tation of the patients’ therapy, potentially even before the resist-
ance shows up in vivo in the corresponding patient.

While many in vitro models only study the effects of drugs 
on tumor cells, modular multiorgan-on-a-chip systems aim at 
integrating pharmacodynamics in order to take the effects of 
drug metabolism, etc., into account and define the therapeutic 
window of drug activity. Several organ-on-a-chip models can be 
connected to mimic the vessel-based exchange of metabolites 

and drugs or even cells (e.g., metastasis) between organs.[100] 
The general feasibility of such a “human-on-a-chip” approach 
was shown by Zhang et al., who developed a microfluidic 
system for culturing several organoids inside microreactors. 
They also integrated sensors for monitoring biomarkers, pH, 
O2, and optics to measure organoid morphologies in real-time 
(Figure 5B).[99] Individual organoids were integrated into an 
automated drug screening platform, containing liver, heart, and 
tumor organoids. In a proof-of-concept study, the simultaneous 
measurements of drug sensitivity of the tumor tissues and 
hepato- and cardiotoxicity were performed. The use of patient-
derived cell lines to establish such integrated system offers 
great potential to establish more personalized human-on-a-chip 
to study drug interactions.[101,102]

(Multi)organ-on-a-chip formats are also promising for stud-
ying metastasis, which is the primary cause of cancer related 
deaths. Aleman and Skardal very recently put together a 
metastasis-on-a-chip device that accommodates 3D organoids 
in an extracellular hydrogel matrix.[103] The device consists of 
multiple chambers, hosting liver, lung, and endothelial cell 
populations, interconnected with one main chamber, which 
hosts colorectal cancer (CRC) organoids. Fluorescently labeled 
tumor cells (HCT116 CRC) in the primary organoid can enter 
into circulation and reach other organ-like populations (liver 
and lung). This allows tumor spreading to be studied under 
tightly controlled conditions. While such approaches are still 
at an early and simplistic stage (e.g., no immune interactions 
are taken into account and the channels only poorly resemble 
the complexity of human vessels), they nicely demonstrate 
the possibilities of microfluidic technology, which go far 
beyond simple culturing conditions in conventional formats. 
In the future, such devices could also be used with patient-
derived cells and enable personalized drug sensitivity tests or 
drug screens focusing on the inhibition of metastases.

5. Single Cell Sequencing as a Promising New 
Technology for Personalized Medicine

As briefly discussed in the introduction, the presence of 
multi ple subpopulations within the same tumor has a strong 
impact on treatment outcomes, since the heterogeneity allows 
tumors to adapt faster to changing environments. Monitoring 
clonal diversity of cancer patients could therefore become a 
central part of personalized medicine. In recent years, there 
have been major developments toward simple low cost micro-
fluidic workflows for single cell barcoding of mRNA, which 
enables single cell RNA sequencing (scRNA-Seq) at high-
throughput.[37,104] These methods aim at producing droplets 
containing single cells and single beads carrying primers for 
reverse transcription with a bead-specific DNA barcode. All 
barcodes of primers on the same bead are identical, whereas 
barcodes between different beads are different. Reverse tran-
scription yields cDNA tagged with the same barcode for 
mRNA from the same droplet, allowing reads to be assigned 
back to individual cells after pooled sequencing. The commer-
cially available solution (10x Genomics) has been applied to 
analyze tumor cells from myeloma patients to reveal the sub-
clonal architecture of tumor cells and allow the post-therapy 
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Figure 5. Phenotypic drug testing on complex cancer models. A) High-throughput production of 3D spheroid cultures.[96] Agarose droplets containing 
cells were produced on-chip, then loaded into the array of microfluidic anchors. Once each droplet was held in place and the oil-flow was removed, 
the cells sedimented to the bottom of each droplet and a spheroid were formed. The droplets were then gelled to allow media and other reagents to 
be flowed over the array. Adapted under the terms of a Creative Commons Attribution 4.0 International License.[96] Copyright 2017, The Authors, pub-
lished by Springer Nature. B) Fully integrated organ-on-a-chip platform.[99] Schematic of a microfluidic system in which an organs-on-a-chip platform 
was enclosed in a custom-made incubator. Pneumatic valves allow fully automated addition of reagents and other complex manipulation steps. Due 
to the small volumes, such devices enable the use of primary patient material for highly controlled disease modeling. Reproduced with permission.[99] 
Copyrigtht 2017, National Academy of Sciences.



www.advancedsciencenews.com www.small-journal.com

1904321 (14 of 18) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

characterization of rare residual tumor cells.[105] Furthermore, 
combining droplet-based scRNA-Seq with DNA-barcoded anti-
bodies allows researchers to assign proteomic information to 
transcriptomes on the single cell level.[106,107] Multiomics char-
acterization of malignancies allows an even deeper delineation 
of subclonal phenotypes and genotype[108] and has the potential 

to define new treatment biomarkers. Besides analyzing tran-
scriptional states, barcoding of chromatin from single cells 
was applied for single cell ChIP-Seq.[109] Defining tumor het-
erogeneity of chromatin states will help to entangle subclonal 
structures and to identify and characterize resistant tumor 
cells as demonstrated by a more recent approach of single cell 
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Figure 6. Perspective of a potential functional and genetic cancer patient stratification and monitoring approach using microfluidics. A) Resected 
tumors or tumor biopsies can be used to determine potent first line treatments exploiting genetic and phenotypic screens. In order to monitor treat-
ment responses, CTCs from patient blood can be isolated using microfluidic devices.[65] Applying, for example, a combination of valve and droplet 
technology to read apoptosis[81] or a series of suspended microchannel resonators (SMRs) to measure mass accumulation rate (MAR),[83] will allow 
drug susceptibilities of isolated primary tumor cells or CTCs to be determined. In parallel, isolated tumor cells can be applied to various genetic tests 
to predict potent drugs from patients’ genotypes. In consequence, matched functional and genetic data will be generated allowing clinicians to derive 
precise and accurate predictions on which drugs are most suited for each patient. B) For taking effects of the tumor microenvironment into account, 
one can generate tumor spheroids prior to functional drug testing. Microfluidic formats such as nanowells[115] and droplet anchors[96,115] enable this 
step at very high efficiency and large scale.
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ChiP-Seq in droplets.[110] Overall, knowledge on the subclonal 
structure of tumors has the potential to improve the selection 
of drugs or drug combinations for individuals. Additionally, 
the detection of low abundance resistant subpopulations and 
residual tumor cells is of great interest for the prevention of 
tumor relapse and guidance of therapies.

6. Conclusion and Outlook

Already in the 1950’s medical oncologists performed studies 
on the correlation between drug responses of cancer patients 
in vivo with that of corresponding tumor biopsies in tissue 
culture models.[111] Over the years many more approaches to 
personalized medicine have been established, ranging from 
purely sequencing-based methods[112] to the use of patient-
derived xenograft mouse models that can be used as avatars 
to test different treatment options.[113,114] However, so far only 
very few approaches have made it into routine clinical use. 
This is mostly due to three main requirements that are cur-
rently not adequately met: 1) Personalized approaches must be 
implementable within time scales that allow clinicians to adapt 
therapy in real time (time from test to result must be within 
hours or days). This, for example is, not possible when using 
complex mouse models. 2) Personalized therapies have to be 
affordable, with extra costs of probably no more than a few 
hundred dollars, as compared to conventional treatments. Only 
this way will the healthcare systems cover the costs and support 
market entry. 3) Diagnostic tests have to be performed with 
minute sample amounts of patient material.

For each of these points, microfluidics offers conceptual 
advantages, as discussed in detail in the preceding paragraphs. 
We therefore expect microfluidic technology to play a major 
role in future personalized cancer therapy approaches, making 
use of genetic and phenotypic data of cancer cells from patients 
(Figure 6). In particular, microfluidic devices will allow the iso-
lation and characterization of CTCs from patients, and enables 
target-agnostic, phenotypic drug sensitivity screens on rare cells 
(Figure 6A). Compared to CTCs, the use of cancer cells from 
tumor biopsies and resected tumors comes with the advantage 
of higher available cell numbers. In consequence, no poten-
tially bias-introducing cultivation steps have to be performed, 
even when performing large-scale screens. However, one 
should keep in mind that CTCs probably represent the most 
dangerous cancer cell type, as these are the cells responsible for 
forming metastases. Furthermore, CTCs obtained from blood 
might originate from all tumors/metastases in a given patient, 
rather than only from the primary tumor site. This means that 
CTCs may cover the relevant tumor heterogeneity better. We 
therefore believe that future microfluidic-guided personalized 
therapy approaches should probably make use of both sample 
types. Complementary to this, patient material can also be 
used to grow highly standardized tumor spheroids in micro-
fluidic devices at large scale, prior to assessing drug potency 
(Figure 6B). This way, effects of the tumor microenvironment 
can be taken into account. Combining these approaches will 
allow highly efficient workflows to determine the best therapy 
option for each patient, and complement the limited existing 
knowledge on predictive genetic biomarkers.

Despite the many advantages and promising work already 
completed, microfluidic modules for personalized cancer 
therapy are still in their infancy and often incompatible with 
clinical use. Academic labs typically develop prototype tech-
nology, which is neither particularly robust nor user-friendly, 
and which is based on many separate technical components 
rather than integrated standalone devices. A paradigm shift 
toward translational steps is needed, potentially carried out 
by academic labs in collaboration with industry. Rather than 
only focusing on the scientifically and intellectually most novel 
approaches and/or aiming for one-off publications, academic 
groups should consider all requirements for clinical use. They 
also have to tackle rather boring problems, such as replacing 
the standard workhorse PDMS chips by mass manufacturable 
materials and truly converting the chip-in-a-lab into robust 
standalone instruments. It is desirable for these steps to be 
implemented by, or at least accompanied by, the same teams 
that have established the initial academic platforms (rather than 
separate expert groups focusing on only one aspect) to ensure 
compatibility of all modules and maintain developability. Such 
efforts also profit from scientific exchange, e.g., at conferences 
such as the Annual Personalized Medicine Conference at  
Harvard Medical School, the EMBL-Stanford conference on 
personalized health, or the EMBL microfluidics conference.

Translational steps will also be fueled by new methodology 
and applications. For example, the field of paper fluidics (gener-
ating fluidic networks on patterned filter paper chips) is rapidly 
advancing and offers unprecedented cost savings. Genetic tests 
have successfully been implemented in such formats,[116] and 
their application in the field of personalized medicine is just a 
question of time. Readers who want to get additional details on 
this type of technology are referred to more technical reviews 
focusing on other application fields.[117,118] Another area that 
urges for personalized approaches is immune oncology,[119] 
which shows impressive survival advantages, but only for a 
fraction of all patients. Microfluidic solutions for prioritizing 
patients that would profit from those treatments have enor-
mous potential and are urgently needed. Taken together, we 
expect the field of microfluidic personalized medicine to grow 
rapidly over the next couple of years, hopefully with a strong 
focus on the above-mentioned requirements.
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