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Today, cancer is the second leading cause of death, with 
about 9.6 million deaths globally in 2018 [1]. At the end 
of the 19th century, Paul Ehrlich contributed a milestone 
to cancer research by introducing chemotherapy as a 
promising tumor treatment approach [2]. Since then, 
cancer treatment has undergone tremendous advances, 
with chemotherapy still being a widely used cancer 
treatment method today, however, often associated with 
severe side effects [3]. Immunotherapy emerged in the 
1980’s, and by activating or boosting the body’s own anti-
tumor mechanisms, [4] it has proven to be one of the most 
promising cancer treatments, showing fewer off-target 
effects than chemotherapy [5]. Thanks to advances of the 
nucleic acid technology, tremendous amount of data can 
now be collected for each individual patient. Once such 
data can be properly stratified and related to functional 
studies, the nucleic acid based technologies will most likely 
pave the way for early diagnosis and hence allowing cancer 
treatment in early disease progression [6,7].

In many cases, the cancer heterogeneity counteracts a 
general treatment approach that benefits every patient 
to the same extent [8,9]. Precision medicine for cancer 
is therefore seen as a landmark in cancer therapy. For 
effective drug testing and down-stream cancer analysis, an 
ex vivo 3D tumor model comprised of cancer cells from the 
individual patient would be a valuable tool. One possible 
resource to obtain ex vivo tumor models from patients 

might be circulating tumor cells (CTCs). Although CTCs 
are considered to be the main source of metastasis, their 
clinical application remain uncertain. Essentially, the CTC 
number in blood of especially colorectal cancer patients 
can be extremely low with 10-9 ml-1 among hematologic 
blood cells [10]. This rareness of CTCs in blood hampers 
the efficiency by which they can be analyzed, and used 
for functional studies and treatment screening. Several 
methods to isolate CTCs from patient blood have been 
developed over the last two decades [11], with CellSearch® 
as the only FDA approved method to isolate and enumerate 
CTCs. In recent years, focus has turned from enumeration 
to expansion of CTCs. The establishment of stable CTC cell 
lines derived from patient blood has been demonstrated 
and important insights into cancer biology could be 
obtained [12-20]. A few leading studies either successfully 
applied negative depletion methods [12-14,19,20] or used 
microfluidic devices [15-18,21] to culture CTCs from patient 
blood. Although highly depending on cancer type and 
disease status, negative depletion methods suffer from low 
culture success rates (e. g. 5.9% [12], 8.6% [13], 8.7% [20] 
and 2% [14]). Since time is precious in cancer treatment, 
rapid expansion of captured CTCs is a critical factor for 
CTC culture technology. The aforementioned negative 
depletion studies showed culture time duration varying 
from 3-4 weeks [13,20] to several months [12,14,19] in 
order to obtain stable CTC cultures. On the other hand, 
microfluidic devices have shown higher culture success 
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rates (e. g. 16.7% [18] and 19.6–59.3% [16]), and sufficient 
CTC expansion e. g. for drug testing within 2 weeks [16]. 
However, microfluidic devices often suffer from their 
inherent complexity which hampers their integration into 
clinical routines. Thus there is still a need for CTC culture 
technologies which enable fast expansion of CTCs and 
makes it possible to analyze the expanded tumor material 
in a way that can easily adapt to clinical practices. 

Electrospinning has been recognized to be a versatile 
technology to produce unique nanostructures that mimic 
native extracellular matrix. Together with their high 

specific surface area, electrospun fibers could not only 
facilitate the capture but also the on-site culture of CTCs. 
Several studies have applied electrospinning for capturing 
CTCs. Ueki et al. developed an anti-EpCAM conjugated 
solution electrospun polystyrene (PS) mesh. Blood spiked 
with MCF-7 breast cancer cells was filtered through the PS 
fibers mesh via vacuum aspiration. Although cell capture 
was enhanced up to 30% with thickened mesh of 100 um, 
no further culture of captured cells could be demonstrated 
[22]. Recently, Liu et al. demonstrated solution electrospun 
poly-(lactic-co-glycolic acid) (PLGA) fibers conjugated 
with anti-EpCAM and anti-N-Cadherin, for the capture of 

 
Figure 1: The CTC capture and culture approach put in perspective. A blood sample is drawn from a cancer 
patient as liquid biopsy. The blood sample is then filtrated using the anti-EpCAM conjugated melt electrospun filter. 
The close up view shows how an EpCAM positive CTC is binding to the anti-EpCAM conjugated filter surface while 
white blood cells like monocytes and lymphocytes are passing the pores. After 2-4 weeks of on-site culture the tumor 
clusters could be used for further down-stream analysis like genome sequencing and drug screening.
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both epithelial and mesenchymal CTCs [23]. Here, MCF-
7 and GIST882, a gastrointestinal stromal tumor line 
representing a more mesenchymal-like cancer cell line, 
upon spike-in blood samples were incubated on top of 
the fibers for 40 min before immunochemistry. A capture 
efficiency of 60% could be achieved, however, without 
further culture of captured cells [23]. Xu et al. developed 
a microfluidic chip incorporated with hyaluronic acid 
functionalized electrospun PLGA fibers, able to isolate 
CD44 positive cancer cells. Additionally, it was shown that 
in principle captured cells could also be cultured directly 
on the device. However, an extremely high cancer cell 
concentration of 100,000 cells/ml, not clinical relevant, 
was used for perfusion culture experiments and no patient 
derived blood was used in this study. Culture under static 
conditions was demonstrated with 7000 HeLa cells per 
well. Possibly, culture experiments with lower cancer cell 
concentrations were also conducted, however, no clinical 
relevant cancer cell concentration for culture is clearly 
stated [24].

Advancing electrospinning with computer aided design 
additive technology, melt electrospinning written (MEW) 
of polymer melts with lower conductivity is distinguished 
by its robustness to produce tailored porosity, mechanical 
property, and transparency which facilitate both filtration 
and on-site cell culture/monitoring/down-stream 
analysis. Recently, our group firstly demonstrated a MEW 
fabricated polycaprolactone (PCL) filter conjugated with 
anti-EpCAM antibodies for the purpose of capturing and 
in situ expansion of epithelial CTCs [25]. We have shown, 
that as few as 20 HT29 colon cancer cells spiked into 4 ml (5 
cells per ml) of whole blood can be captured and expanded 
in situ to tumor bodies visible to the naked eye within 
two weeks that can be microscopically monitored on-site 
followed with down-stream genomic/proteomic analysis. 
In perspective, this approach could facilitate precision 
medicine for cancer patients, by providing a platform for 
capture of CTCs from patient blood and further on-site 
culture to create cancer clusters within 2-4 weeks. Figure 1 
illustrates the potential workflow and how the filter could 
be implemented in clinic, leading to a more individualized 
cancer treatment. We demonstrate, that our filter is highly 
compatible with down-stream analysis on both protein 
and nucleic acid level. The filter is only 10 µm thick, has a 
porosity of 60%, and immunochemistry-based analysis of 
the filtered cells is straightforward. 

Challenges and Future Outlook

Through tremendous efforts, technologies to isolate 
CTCs from patient blood samples for ex vivo culture have 
been developed. For all the technologies there is a trade-
off between capture efficiency and purity, which appears 
to be almost inversely related. Furthermore, it is a major 
challenge to make devices that allow for efficient capture 

and at the same time present an environment for the tumor 
cells where they will proliferate. Finally, the technology 
needs to be compatible with microscopy as this allows 
monitoring the capture and culture on-site. Microscopy is 
also a key step in the pathological analysis of the cancer 
disease. The characterization by immunochemistry is still 
and probably will continue to be a very important ground 
for the clinical treatment decision making. Indeed, the 
access to the tumor material after culture is one of the great 
advantages of the filter compared to some of the recently 
reported elegant microchip systems for CTC expansion 
[26,27]. 

One of the main arguments for choosing a filtration 
setup to expand CTCs, is the apparent simplicity of 
implementing the technology into the clinic. Filtration 
setups are intuitively easy to understand, and filtrations 
can be done in any standard laboratory facilities and do 
not require highly trained laboratory staff. Furthermore, 
our MEW fabricated filter profits from its low cost in 
production. MEW is a stable and cost-effective method to 
print PCL microfibers. The equipment necessary to conduct 
the filtration can be found in most laboratories (tubes, 
syringes and syringe pump). The simplicity of the filtration 
setup together with the on-site culture/ monitoring/down-
stream analysis features stand out in comparison to multi-
component microfluidic devices [21,28]. 

A filter such as the one reported herein can enable both 
affinity and size-based capture of CTCs. Indeed, by being 
able to tune pore sizes, flow dynamics, and the number 
of different conjugated antibodies, a broader range of 
CTCs can be captured [11,29,30]. Furthermore, although 
suggested to facilitate cancer cluster formation [16], too 
high amounts of WBCs might decrease the CTC culture 
efficiency. Hence, aiming for a pore size distribution 
allowing more WBC to pass the filter pores while 
maintaining a high CTC capture efficiency could increase 
chances to successfully expand captured CTCs. WBCs are 
known to be less stiff due to lower N/C ratio compared 
to CTCs [31] and might be able to be pushed through the 
smaller pores by a higher flowrate. 

Clearly the culture conditions for captured CTCs will have 
a major impact on the ability of CTCs to proliferate and form 
clusters. It is known that not all CTCs have the potential 
to proliferate to form new cancerous colonies, since some 
CTCs might lack proliferative features and maintain in a 
state of dormancy without cancer outgrowth, or are simply 
dead [32]. Dormant CTCs might require external signals 
for further proliferation like growth factors and cytokines 
[32]. Among those, hypoxia has been reported to play a role 
as an external signal for cancer outgrowth, where cancer 
cells become more invasive and tend to more metastatic 
behavior [33]. It has been reported that hypoxia can act 
as an external cue stimulating dormant cells to exhibit a 
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more stem cell-like phenotype and ultimately leading to 
cancer outgrowth [34]. Erler et al. showed the importance 
of hypoxia in establishing a premetastatic niche where 
CTCs might reside and form a metastatic colony [35]. 
Since oxygen levels in outgrowing tumors can reach below 
2%, future culture experiments under hypoxia condition 
could mimic the hypoxic environment the captured CTC 
might originate from [36]. 

However, the interplay between CTC dormancy and 
hypoxia remains elusive [37], and CTCs have been 
successfully cultured under both hypoxic [13,15] and non-
hypoxic condition [12]. A few other studies suggest that 
hypoxia might act suppressive on CTCs in dormant states. 
It has been shown that the hypoxia-inducible gene domain 
family member 1A (HIGD1A), a hypoxia induced survival 
factor, can also promote a state of dormancy in cancer cells 
[38]. Additionally, a study by Hofstetter et al. suggested 
that hypoxia is increasing protein phosphatase 2A activity, 
a factor important for cell cycle regulation and growth 
inhibition [39]. 

Culture under low attachment and low serum levels [15] 
has been suggested to be essential for successful culture, 
whereas others suggest co-culture [17] to be an important 
parameter. This underscores that there might not be one-
fits-all standard for culturing these very heterogenous 
cancer cells.

Our technology of capturing and culturing CTCs using 
melt electrowritten filter will be validated by patient-
derived blood samples. If successful, we have developed 
a platform for CTC isolation and rapid ex vivo cultivation, 
which allows many crucial downstream analysis methods, 
and can be easily implemented in established clinical 
routines.
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