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Abstract 

Background: Traditional two-dimensional (2-D) monolayer cell culture is vastly different from in vivo physiological 
conditions, which can lead to inaccurate or insufficient data in areas where response and efficacy within humans 
are being investigated, such as drug discovery, pathology studies, etc. Misleading results arise from two main dis-
advantages of monolayer cell culture. First, after several passages, cell lines lose many features from their original 
in vivo state. Second, the morphology of cells cultured in a monolayer is much different from the cell morphology in 
three-dimensional (3-D) in vivo conditions, thus resulting in altered cellular function. Three-dimensional multi-cellular 
spheroids, on the other hand, are a better representation of in vivo physiological conditions while still retaining many 
of the in vitro cell culture advantages. Primary spheroids freshly isolated from tissue samples are especially ideal for 
cell-based assays by avoiding the two problems of 2-D monolayer cell culture.

Methods: In this paper, we report a microfluidic device for primary tumor spheroid isolation. Pancreatic tumor sam-
ples from mice were used in the experiments.

Results: We successfully isolated primary tumor spheroids from the pancreatic tumor samples and were able to 
maintain the spheroids in culture for up to two weeks.

Conclusions: This novel microfluidic device may promote and advance the isolation of primary tumor spheroids for 
future drug testing and interrogation of tumor characteristics.
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Background
Two-dimensional monolayer cell culture in cell culture 
dishes (or flasks or plates) is still widely used in aca-
demic, pharmaceutical, and biotechnology research due 
to its availability in large volumes and easy-to-maintain 
procedures. However, traditional cell culture has some 
fundamental flaws that limit potential insights into true 
physiological responses. First, the cellular morphology 
of cells cultured in a monolayer is a far cry from cells’ 
normal morphology in  vivo. Cells in most organisms, 
including humans, live in a complex 3-D environment 
surrounded by other cells (both of the same type or dif-
ferent types of cells) and extracellular elements. This 
different microenvironment can lead to vastly different 

cell behaviors, including proliferation, differentiation, 
metabolism, etc. [1]. Unsurprisingly, this can lead to 
errant results in assays based on 2-D monolayer cell cul-
ture. For example, cell-based drug screening in pre-clin-
ical stages of drug discovery can lead to false drug leads 
and very costly failures in later stages of drug discovery. 
Ninety percent of the chemical compounds that pass 
through early stage screening fail in the costly clinical 
trial stages. Some of these failures can be attributed to 
the non-ideal cell culture system used in the early stages 
of drug screening [2, 3].

Three-dimensional cell culture, which is believed to 
be a better alternative to 2-D monolayer cell culture, 
has seen increasing utility and popularity over recent 
years. Different methods of 3-D cell culture, i.e., in dif-
ferent types of gels, in droplets, etc., have emerged as 
researchers continue to gain a better understanding of 
3-D culture microenvironments [1, 4]. In addition, new 
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technologies such as microfluidics allow for more pre-
cise and throughput methods for cell-based assays. For 
example, many kinds of organ-on-a-chip devices have 
been developed to better recapitulate physiological 
function and response of different organs in an organ-
ism [5]. Spheroids, in which different kinds of cells live 
together in a 3-D, roughly spherical shape, have also 
generated interest in research fields with the develop-
ment of new technologies. Spheroids can be formed 
from single-cell suspensions in hanging drops sus-
pended over microtiter plates [6], within hollow micro-
spheres [7], or using specially-constructed microfluidic 
devices with specific designs, controlled flow, and other 
techniques [8–11].

Spheroids (also sometimes referred to as “organoids”) 
are especially important for cancer research as it pre-
sents a more realistic model of tumor tissue [12–15]. 
A number of previous research studies have demon-
strated the ability to form spheroids from established 
cell lines within microfluidic devices [10, 11, 16]. 
However, the use of established cell lines in cell-based 
assays is limited by two main drawbacks: (1) the gener-
ation of immortalized cell lines alters the biology of the 
cells [17], and (2) after several passages, cells tends to 
lose their desired physiological features and thus their 
relevance to clinically-applicable [18]. Furthermore, 
spheroids formed from cell lines, even including mul-
tiple cell lines, lack the heterogeneous composition and 
physiological characteristics of primary cell and tissue 
samples.

The aforementioned disadvantages of 2-D monolayer 
cell culture and the use of established cell lines lead us 
to believe that spheroids isolated from primary tissue 
samples are the best model for many cell-based assays. 
This is especially true for cancer-related studies and 
anti-cancer drug development as 2-D models cannot 
fully capture the complexity of the cancer microenvi-
ronment [19]. In this paper, we present a novel micro-
fluidic device capable of isolating spheroids directly 
from primary tumor samples. The device facilitates 
the separation of spheroids from single cells in the pri-
mary tumor sample, and the captured spheroids can be 
readily collected for further analysis and culture. We 
demonstrate that the isolated spheroids contain a het-
erogeneous population of cells, including KPC tumor 
cells, Emr1-expressing macrophages, and α-SMA-
expressing fibroblasts. Finally, we verify that the isolated 
and collected spheroids remain viable and can be cul-
tured in a Matrigel-supported environment for up to 
2 weeks.

Methods
Cell culture and reagents
Immediately after euthanizing KPC  (KrasG12DTrp53R172H; 
Pdx1-Cre) mice, the fresh primary pancreatic tumor tis-
sue was resected and transferred into complete medium. 
The complete medium was composed of RPMI 1640 
supplemented with 10% fetal bovine serum and 100 μg/
ml penicillin and streptomycin. The collected tissue was 
washed three times with PBS and transferred to a petri 
dish. Then the tumor tissue was finely minced with a 
sterile scalpel and transferred into a sterile centrifuge 
tube with digestion medium. The digestion medium was 
prepared with complete medium containing Collagenase 
Type IV (Invitrogen, Life Technology) and Hyaluronidase 
(Sigma). The mixture of finely-minced tissue and diges-
tion medium was incubated at 37 °C for 1 h in a shaker. 
After incubation, the digested mixture was allowed to 
settle for 5 min and the supernatant was discarded. The 
precipitate was strained through a cell strainer (100 μm, 
BD Biosciences) and resuspended in complete medium.

The collected spheroids were cultured in a polymer-
ized mixture of growth medium and Matrigel Basement 
Membrane Matrix (BD Biosciences). The growth medium 
for the spheroids was composed of RPMI 1640, 10% fetal 
bovine serum, 1  mM sodium pyruvate, 2  mM  l-glu-
tamine, and 100 μg/ml penicillin and streptomycin. The 
growth medium was replaced every 2–3 days.

Design and fabrication of the spheroid isolation device
The microfluidic chip was made using soft lithography 
techniques as previously described in [20, 21]. Briefly, 
photoresist SU8-2025 (Microchem, Inc) was spin-coated 
on a polished silicon wafer. After baking, the SU8 layer 
was then patterned with a transparent mask and devel-
oped to form the microchannel network mold. The chip 
with the microfluidic network was fabricated by casting 
polydimethylsiloxane (PDMS) onto the SU8 mold. The 
mold with PDMS was baked at 80 °C for 1.5 h. The PDMS 
was then peeled off from the mold, cut, and drilled to gen-
erate the inlet/outlet interface with the fluid control sys-
tem external to the device. Finally, the chip was bonded to 
a glass cover slip and baked at 80 °C for about 5 h.

The chip has four inlets/outlets and a main chamber 
with hundreds of spheroid isolation units (Fig. 1). Sphe-
roid isolation units are funnel-shaped with a big opening 
in the front and a small opening at the end. The size of the 
unit can be adjusted according to the size of the spheroid 
in concern. The small opening at the end is large enough 
to allow single cells to pass through while keeping any 
trapped spheroids in place. In our design, the typical size 
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of the small opening is about 10–15 μ, and the big open-
ing is 40–100 μ. The rows of the spheroid isolation units 
are in an alternating pattern to allow efficient trapping of 
spheroids. The height of the chamber is 50 μ.

Sequencing of captured spheroids for Kras mutations 
and RT‑qPCR of Emr1 and α‑SMA
Total RNA from the captured spheroids was isolated 
with a RNeasy™ Micro kit (Qiagen), and cDNA was 
synthesized with the GoScript™ Reverse Transcription 
System (Promega). The primer set for PCR amplifica-
tion of murine Kras codon 12 (exon 1) were as follows: 
Kras-F:5′ACTTGTGGTGGTTGGAGCTG-3′, Kras-R:5′-
TGACCTGCTGTGTCGAGAAT-3′. The PCR products 
were then sequenced using the primer Kras-R for Kras 
mutation detection.

RT-qPCR was used to evaluate the mRNA expression 
of Emr1 and α-SMA. Sets of primers were used as fol-
lows: α-SMA-F: 5′-GTCCCAGACATCAGGGAGTAA-3′,  
α-SMA-R: 5′-TCGGATACTTCAGCGTCAGGA-3′; Emr1- 
F: 5′-CCCCAGTGTCCTTACAGAGTG-3′, Emr1-R: 5′-G 
TGCCCAGAGTGGATGTCT-3′;GAPDH-F: 5′-TGGATT 
TGGACGCATTGGTC-3′, GAPDH-R: 5′-TTTGCACTG 
GTACGTGTTGAT-3′,

Results and discussions
Experimental procedure
The cell suspension was freshly prepared from the dis-
sected primary pancreatic tumor of KPC mice. All the 
procedures were carried out gently; violent mixing, vor-
texing, and centrifuging were avoided in order to main-
tain the original native state of the spheroids.

The chip was primed with cell growth medium before 
the experiment to clear air out of the chip. Once both the 
cell suspension and the chip were prepared, the cell sus-
pension was introduced to the chip through the cell inlet 
(Fig. 2). The cell suspension was allowed to flow through 
the chip driven by the pressure difference between the 
inlet and outlet. Appropriately-sized spheroids were cap-
tured by the spheroid isolation units (Fig. 2). The micro-
fluidic chip was put under a microscope for observation. 
The flow of cell suspension was stopped when most of 
the spheroid isolation units contained trapped spheroids. 
Then cell growth medium was introduced into the chip 
through another inlet to wash out any unwanted debris. 
After the chip was washed clean, the flow was reversed 
and the trapped spheroids were released from the chip 
and collected in a tube. In our chip, there are more than 
500 spheroid isolation units. Spheroid isolation efficiency 
of the chip depends on many facts, such as the size of 
the units, how many spheroids are presented in the cell 
suspension, as well as flow conditions. We were unable 
to take pictures of all the units. According to the pictures 
we have, around 50–60% spheroid isolation units can 
successfully capture spheroids. Trypan Blue was used 
to confirm the viability of trapped spheroid in separate 
experiment. A similar spheroid trapping device has been 
reported in [22] in which spheroids generated from an 
established cancer cell line were captured within a trap 
formed by PDMS posts within the device. This device has 
the added capacity to measure the dielectric properties of 
the trapped spheroids over time using electrical imped-
ance spectroscopy; however, the throughput of the device 
is low (trapping only a single spheroid per device), and it 
is difficult to collect and culture the spheroids afterwards.

Results
To verify the composition of trapped spheroids, two 
experiments were conducted. First, we verified the exist-
ence of the KPC tumor cells in the spheroids by exam-
ining the mutational status of the Kras loci (Fig. 3). The 
sequencing result of amplified Kras codon 12 (exon 1) 
demonstrated that the isolated spheroids carried the 
 KrasG12D point mutation, which indicating the existence 
of the KPC tumor cells.

Fig. 1 Design and fabrication of the spheroid isolation device. 
a Design layout of the chip. It has four inlets/outlets and a main 
chamber with hundreds of spheroid isolation units. b Close-up of the 
funnel-shaped spheroid isolation units. The rows of spheroid isolation 
units are slightly offset to promote efficient trapping of spheroids. c 
Picture of a real device
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Then we did a PCR experiment to analyze other cell 
types in the spheroids and found that the macrophage-
specific marker Emr1 was highly expressed in the cap-
tured spheroids (Fig.  4a). The fibroblast-specific marker 
α-SMA was also moderately expressed in the captured 
spheroids (Fig.  4b). These results indicate that at least 

two other types of cells are present in the spheroids: 
fibroblasts and macrophages. We believe the heteroge-
neous spheroid represents a better system than purified 
KPC tumor cells for drug testing and other tumor related 
studies, since it represents the actual tumor microenvi-
ronment more closely. For example, pancreatic tumor 

Fig. 2 Work flow of spheroid isolation process using the device. Top panel cell suspension flows into the chip. Spheroids were captured by the trap-
ping units. Single cells were not trapped by the tripping units as the opening is big enough for single cells to flow through. Middle panel the chip 
was washed with cell culture media to remove debris and excessive cells. Bottom panel spheroids were released from the chip through the bigger 
opening of the trap by reversing the fluid flow
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cells are sensitive to chemotherapy such as Gemcitabine, 
while a lot of studies demonstrated that both of mac-
rophage and fibroblasts mediate gemcitabine resistance 
of pancreatic tumor cells [23, 24].

Next, we tested the viability of the collected spheroids. 
The trapped spheroids were released from the chip, 
diluted in a mixture of growth medium and Matrigel, 
and quickly aliquoted into a 96-well plate at one spheroid 

per well before gelation. Then the viable spheroids were 
cultured at 37  °C in 5%  CO2, and the growing spheroid 
colonies were monitored daily. Time-lapse microscopic 
monitoring of seeded spheroids in the first 48 h of culture 
revealed the proliferative capacity of the viable spheroids 
(Fig.  5). The proliferation was still robust after 14  days 
of culture (Fig. 5). The culture was stopped after 14 days 
since we deem 14 days is enough for most tests.

Conclusions
In this paper, we successfully isolated primary tumor 
spheroids using a specially designed microfluidic device. 
In comparison to traditional 2-D monolayer cell culture, 
primary tumor spheroids have two major advantages: 
multi-cellular spheroids in 3-D formation preserve 
cells’ in vivo physiological condition, and primary cells 
from fresh tissue samples keep most features of cells in 
their original state. In addition, the microfluidic device 
allows for simple and high-throughput isolation of 
spheroids from resected tumors as well as easy visuali-
zation using an inverted microscope. The isolated sphe-
roids can be cultured in a cell culture plate afterwards 
for further analysis. This novel microfluidic design may 
promote and advance the isolation of primary tumor 
spheroids for future drug testing and interrogation of 
tumor characteristics. The PCR results suggest that 
there were at least three different types of cells in the 
isolated spheroids: the KPC tumor cells, fibroblasts, 
and macrophages. The experimental studies and results 

Fig. 3 The trapped spheroids carried the KrasG12D point mutation. 
According to the sequencing map of the amplified Kras codon 12 
(exon 1), both the ATC and ACC sequences are present at the site of 
mutation (the T-peak is equal to the C-peak). Therefore, the comple-
mentary sequence corresponds to GAT and GGT, which represents 
the mutated KrasG12D and the wild-type Kras sequences, respectively

Fig. 4 Mouse macrophage-specific marker Emr1 is highly expressed in the captured spheroids (a), and fibroblast-specific marker α-SMA is also 
moderately expressed in the captured spheroids (b). For Emr1 expression, KPC pancreatic tumor cells were used as a negative control, and murine 
bone marrow macrophages were used as a positive control. For α-SMA expression, KPC pancreatic tumor cells were used as a negative control, and 
murine NIH-3T3 fibroblasts were used as a positive control. The relative mRNA expression of Emr1 and α-SMA were measured by RT-qPCR
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presented provide us insight for future investigations 
involving the re-constitution of spheroids from purified 
primary cell cultures.

Abbreviations
2-D: two dimensional; 3-D: three dimensional; KPC: KrasG12DTrp53R172H,Pdx1-
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containing mucin-like receptor 1; α-SMA: alpha smooth muscle actin; Kras: 
Kirsten rat sarcoma.

Authors’ contributions
All authors participated in the study. ZY and JZ drafted the manuscript, JS and 
LZ revised the manuscript. All authors read and approved the final manuscript.

Acknowledgements
Not applicable.

Competing interests
ZY is employee of Euveda Biosciences Inc. JS and XF are former employees of 
Euveda Biosciences Inc., they have no conflicts to declare.

Availability of data and materials
The datasets generated and/or analyzed for the current study are not publicly 
available, but are available from the corresponding authors on reasonable 
request.

Consent for publication
All authors have consented to the publication of this work.

Ethics approval and consent to participate
Not applicable.

Funding
This work was supported in part by NIH R01 CA169702 (LZ), the NCI SPORE in 
Gastrointestinal Cancers P50 CA062924 (LZ).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 31 May 2017   Accepted: 3 August 2017

References
 1. Antoni D, et al. Three-dimensional cell culture: a breakthrough in vivo. Int 

J Mol Sci. 2015;16:5517–27.
 2. Breslin S, O’Driscoll L. Three-dimensional cell culture: the missing link in 

drug discovery. Drug Discov Today. 2013;18:240–9.
 3. DiMasi JA, Grabowski HG. Economics of new oncology drug develop-

ment. J Clin Oncol. 2007;25:209–16.
 4. Edmondson R, et al. Three-dimensional cell culture systems and their 

applications in drug discovery and cell-based biosensors. Assay Drug Dev 
Technol. 2014;12:207–18.

 5. Ingber DE. Reverse engineering human pathophysiology with organs-
on-chips. Cell. 2016;164(6):1105–9.

 6. Kelm JM, et al. Method for generation of homogeneous multicellular 
tumor spheroids applicable to a wide variety of cell types. Biotechnol 
Bioeng. 2003;83(2):173–80.

 7. Alessandri K, et al. Cellular capsules as a tool for multicellular spheroid 
production and for investigating the mechanics of tumor progression 
in vitro. PNAS. 2013;110:14843–8.

 8. Chan HF, et al. Rapid formation of multicellular spheroids in double-emul-
sion droplets with controllable microenvironment. Sci Rep. 2013;3:3462.

 9. Chen Y-C, et al. High-throughput cancer cell sphere formation for charac-
terizing the efficacy of photo dynamic therapy in 3D cell cultures. Sci Rep. 
2015;5:12175.

 10. Patra B, et al. A microfluidic device for uniform-sized cell spheroids forma-
tion, culture, harvesting and flow cytometry analysis. Biomicrofluidics. 
2013;7:054114.

Fig. 5 Culture and proliferation of a captured spheroid in the Matrigel polymerized growth medium for 14 days



Page 7 of 7Zhou et al. Exp Hematol Oncol  (2017) 6:22 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 11. Wu LY, Carlo DD, Lee LP. Microfluidic self-assembly of tumor spheroids for 
anticancer drug discovery. Biomed Microdevices. 2008;10:197–202.

 12. Li X, et al. Oncogenic transformation of diverse gastrointestinal tissues in 
primary organoid culture. Nat Med. 2014;20(7):769–77.

 13. Boj SF, et al. Organoid models of human and mouse ductal pancreatic 
cancer. Cell. 2015;160:324–38.

 14. Gao D, et al. Organoid cultures derived from patients with advanced 
prostate cancer. Cell. 2014;159:176–87.

 15. Weiswald L-B, Bellet D, Dangles-Marie V. Spherical cancer models in 
tumor biology. Neoplasia. 2015;17:1–15.

 16. Mehtaa G, et al. Opportunities and challenges for use of tumor sphe-
roids as models to test drug delivery and efficacy. J Control Release. 
2012;164(2):192–204.

 17. Maqsood MI, et al. Immortality of cell lines: challenges and advantages of 
establishment. Cell Biol Int. 2013;37:1038–45.

 18. Hewitt NJ, Lechón MJG. Primary hepatocytes: current understanding of 
the regulation of metabolic enzymes and transporter proteins, and phar-
maceutical practice for the use of hepatocytes in metabolism, enzyme 
induction, transporter, clearance, and hepatotoxicity studies. Drug Metab 
Rev. 2007;39:159–234.

 19. Stadler M, et al. Increased complexity in carcinomas: analyzing and mod-
eling the interaction of human cancer cells with their microenvironment. 
Cancer Biol. 2015;35:107–24.

 20. Yin Z, et al. Analysis of pairwise cell interactions using an integrated 
dielectrophoretic-microfluidic system. Mol Syst Biol. 2008;4:232.

 21. Yin Z, et al. An integrated micro-electro-fluidic and protein arraying 
system for parallel analysis of cell responses to controlled microenviron-
ments. Integr Biol. 2010;2:416–23.

 22. Luongo K, et al. Microfluidic device for trapping and monitoring three 
dimensional multicell spheroids using electrical impedance spectros-
copy. Biomicrofluidics. 2013;7:034108.

 23. Weizman N, Krelin Y, Shabtay-Orbach A, et al. Macrophages mediate 
gemcitabine resistance of pancreatic adenocarcinoma by upregulating 
cytidine deaminase. Oncogene. 2014;33(29):3812.

 24. Lee J, Yakubov B, Ivan C, et al. Tissue transglutaminase activates cancer-
associated fibroblasts and contributes to gemcitabine resistance in 
pancreatic cancer. Neoplasia. 2016;18(11):689–98.


	Microfluidic device for primary tumor spheroid isolation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture and reagents
	Design and fabrication of the spheroid isolation device
	Sequencing of captured spheroids for Kras mutations and RT-qPCR of Emr1 and α-SMA

	Results and discussions
	Experimental procedure

	Results
	Conclusions
	Authors’ contributions
	References




