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Insight, innovation, integration 

Emerging evidence surggests that nervous systems contribute to tumor growth and 

progression. However, few in vitro models are suitable for investigating their interaction. Here, 

we reported the use of a microfluidic compartmentalized device to simulate the interaction 

between neurons and cancer cells. We demonstrated that nerves provided biophysical support 

for cancer cells and guided their directional migration, which was consistent with clinical 

metastatic behaviors of different types of cancers. Our on-chip model provided a useful 

platform to investigate the roles of nerves on cancer progression, and can broaden the 

chemical space in screening neuronal drugs for cancers. 
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Emerging evidence suggests that there is extensive interaction between neurons and cancer cells. However, few model 

systems have been developed to investigate nerve-cancer interaction in vitro. Herein, a high-throughput microfluidic 

compartmentalized chip is developted to examine the interaction between neurons and cancer cells. The nerve bundles 

appear to provide biophysical support for cancer cells and guide their directional migration. The cancers that have high 

levels of perineural invasion in clinical observations exhibit greater migration along neurites in the on-chip model. The on-

chip model allows the screening of compounds which inhibit cancer cell migration along neurites in vitro. The interruption 

of neurites, the pharmacological blockade of nerve-cancer signaling,  effectively attenuate the migration of cancer cells 

along neurites. This on-chip model provides a useful platform to investigate the dynamic interaction between cancers and 

neurons, and can dramatically broaden the chemical space in screening neuron-related drugs for cancers. 

Introduction 

Emerging studies suggest that the neural microenvironment is 

a novel niche in cancer growth and progression. In fact, this 

topic has been received increased attention recently.
1-5

 The 

neural microenvironment plays a critical role in cancer 

progression,
6
 for example, the cancer cells can migrate and 

spread along nerves, a process termed perineural invasion 

(PNI), which is an important pathologic feature and correlates 

with poor prognosis and decreased survival in certain 

cancers.
7-10

 Increasing evidence suggests reciprocal interaction 

between cancer and nerves. Cancer cells secrete neurotrophic 

factors and axon guidance molecules to stimulate the neurite 

growth in solid tumors.
11, 12

 In turn, nerves secrete chemokines 

and neurotransmitters which generate a positive 

microenvironment for survival, proliferation and metastasis of 

cancers.
11, 12

 

Modeling the effect of nerves on cancer progression may 

provide novel insights in understanding the neurosignaling in 

cancer and help the development of anti-cancer therapy. 

However, to date, research towards studying nerve-cancer 

crosstalk has been largely hampered due to lack of a robust, 

and biologically relevant, in-vitro model/ system.
7
 Animal 

models have been the foundation of cancer research. For 

instance, gene knockout mice were generated to study the 

contribution of automonic nerves on prostate cancer 

progression,
1
 and in vivo chick chorioallantoic membrane 

(CAM) model was developed to investigate tumor invasion and 

metastasis in head and neck cancer.
3
 However, animal models 

are generally limited due to high cost and long experiments. 

The development of robust and effective in vitro neuron-

cancer models that accurately mimic the in vivo tumor 

microenvironment is important for advancing the knowledge 

of cancer biology and for developing rapid, high-throughput 

screening in drug development and testing. 

Compared to traditional in vitro cell culture techniques,
13

 

microfluidic systems offer great opportunities for the spatial-

temporal control of cells and cellular microenvironments due 

to their microscale precision and high-throughput capability.
14-

19 
More specifically, Taylor et al. developed the microfluidic 

compartmentalized chips for neuron culture, in which neuron 

somas and neurites can be separated in different 

compartments.
20

 Benefiting from this culture platform, we are 

able to advance our knowledge in neuroscience and 

neurobiology previously.
21-25

 

In this work, we present a high-throughput microfluidic 

compartmentalized chip to study the nerve-cancer interaction 

in vitro. In particular, we aim to study the migration of cancer 

cells associated with neurites, in order to mimic the process of 

perineural invasion of cancers in vivo. Our results show that 

the neurites provide biophysical supports for cancer cell 

attachment and guide their directional migration. The cancers 

that have high rate of perineural invasion in clinical 

observations exhibit greater migration along neurites in the 

on-chip model. Further, we apply this on-chip model to screen 

Page 2 of 11Integrative Biology

In
te

gr
at

iv
e

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

the compounds for the inhibition of cancer cell migration along 

neurites. We demonstrate that the inhibition of signaling 

between neuronal and cancer cells impairs the migration of 

said cancer cells along the paths of outgrown neurites. This 

suggests a possible application of our on-chip model towards 

the investigation of the roles nerves play in tumor progression. 

Materials and methods 

Microfluidic chip fabrication 

We fabricated microfluidic compartmentalized devices using 

standard soft lithography and replica molding.
17, 26

 Briefly, we 

used photolithography to pattern two layers of negative 

photoresist, SU-8 (MicroChem., MA, US), onto a silicon wafer, 

resulting in a master with positive relief patterns of cell culture 

compartments and microgrooves. We cast and cured a pre-

polymer mixture of Sylgard 184 at 10:1 ratio (Dow Corning) 

against the positive relief master to obtain a negative replica-

molded piece. After curing, we peeled off the PDMS from the 

master and punched inlets and outlets of the channels with a 

sharpened needle. We sterilized the PDMS devices at 121 °C 

and 15 psi for 15 min. We cleaned the cell culture dishes 

(35mm x 10mm, Corning) with purified water and coated them 

with 0.1 mg/mL poly-D-lysine (PDL, Sigma) for overnight 

before use. We sealed the PDMS pieces to PDL-coated dishes 

by conformal contact to form the enclosed channels (Fig. 1A). 

This type of reversible contact resulted in both a water-tight 

seal during use and the easy release of the PDMS pieces from 

the substrates as desired. 

 

Cell preparation 

The cell preparation and culture was performed in accordance 

with approved guidelines of the Institutional Animal Care and 

Use Committee at National Center for Nanoscience and 

Technology (ACUC-NCNST, IRB Number 2013-0016). We 

prepared hippocampal and cortical neurons from embryonic 

SD rats (E18) as described previously.
17, 26, 27

 We isolated dorsal 

root ganglion (DRG) neurons from postnatal SD rats (weight ~ 

60 g) according to previously established techniques.
28

 We 

suspended the hippocampal, cortical or DRG neurons into a 

density of approximate 6  10
7 

cells/mL in neuron culture 

medium (Neurobasal® medium containing 2% B27 

supplements and 1% penicillin streptomycin (PS)) for use.  

The human cancer cell lines, including prostate cancer cell 

line PC-3, pancreatic cancer cell line Panc-1 and breast cancer 

cell line MCF-7, were obtained from Institute of Basic Medical 

Sciences, Chinese Academy of Medical Sciences. The selection 

of cancer cell lines was based on the clinical observation of 

different rate of perineural invasion of cancers.
9
 PC-3 cells 

were maintained in F12K medium supplemented with 10% 

fetal bovine serum (FBS), and 1% PS. MCF-7 and Panc-1 cells 

were maintained in DMEM medium with 10% FBS and 1% PS. 

PC-3 cells transfected with luciferase gene (PC-3-luc cells) were 

obtained from Institute of Laboratory Animal Sciences (ILAS), 

CAMS & PUMS, and maintained in DMEM/F12 supplemented 

with 10% FBS, 1% PS and 500 µg/ml G418. All cancer cell lines 

were routinely maintained and passaged in a humidified 

atmosphere containing5% CO2 at 37 °C. 

 

Cell culture in microfluidic devices 

We first introduced approximately 10 µl neuron suspension 

into the left channel of the microfluidic device, and filled the 

right channel with neuron culture medium. The entire 

chamber were immersed in neuron culture medium during 

culture. After 4-5 days, the neurites extended to cross the 

interconnected microgrooves. We carefully removed the 

medium outside of the chambers and in the right channel, and 

introduced the cancer cells at density of approximate 6  10
6 

cells/mL into the right channels, then we immersed the device 

in neuron culture medium for incubation. We let the cancer 

cells adhere for 6 h, and then we removed the medium outside 

of the chambers, and carefully removed the cover by peeling 

the PDMS from the neuronal side to cancer sides. We washed 

away the non-adhered cells and debris, and observed the 

neuro-cancer cell interactions by microscopy. The neuron-

cancer co-cultures were maintained in neuron culture medium. 

 

Chemical or physical ablation of neurites 

To induce neuron injury, we introduced 6-hydroxydopamine 

(6-OHDA, 100 µM) in the neuronal compartment for 1 h to 

induce acute neuron injury. We peeled off the PDMS cover to 

observe the nerve-cancer interaction as described above. 

Otherwise, we carried out the neuron-cancer co-culture as 

described in previous section. After peeling off the PDMS 

covers, we carefully removed the neurites in the 

interconnected regions by tweezers under a stereomicroscope 

(Leica). We washed away the cell debris, and investigated the 

migration of cancer cells as described above. 

 

Blocking of surface receptors on cancer cells 

We incubated the PC-3 cells with -blockers (propranolol and 

penbutolol) (10 µM for each), muscarinic antagonists (atropine 

and hyoscine) (10 µM for each) in the cell culture medium 

overnight, we then seeded the pre-treated PC-3 cells into 

microfluidic devices as previously described. PC-3 cells without 

drug treatments served as controls. 

 

Video recording 

We used time-lapse video to record the cancer cell migration. 

We transferred the cell culture dishes onto the motorized 

stage of time-lapse microscopy enclosed in a humidified 

atmosphere at 37 °C and 5% CO2 (Leica DMI 6000B). We 

recorded the images of cells every 5 minutes for up to 24 

hours to follow the cancer cell locomotion. We analyzed the 

videos using Time Lapse Analyser and ImageJ software as 

previously described.
29

 We plotted the centroids of individual 

cancer cells at intervals of 3 hours to illustrate different modes 

of cancer cell migration. 

 

Immunofluorescence of on-chip cells 

We fixed the cells using 4% paraformaldehyde (PFA) for 15 min 

at room temperature, permeabilized with 0.3% Triton X-100 

and blocked with 1% bovine serum albumin (BSA). We 

Page 3 of 11 Integrative Biology

In
te

gr
at

iv
e

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

incubated the samples with primary antibodies at 4 °C 

overnight. The primary antibodies are: mouse monoclonal to 

III Tubulin (Tuj1, Abcam), rabbit polyclonal to pan-cytokeratin 

(panCK, Abcam). We incubated the samples with secondary 

antibodies conjugated with AlexaFluo
®
488 or 568 (Invitrogen) 

for 1 h at 37 °C. We counterstained the cell nuclei using DAPI 

(Invitrogen) for 10 minutes, mounted the cells with Prolong
® 

Gold antifade reagent (Invitrogen) and observed with confocal 

microscopy (Carl Zeiss LSM710). 

 

Statistical analysis 

All in vitro experiments based on at least five independent 

repeats for each condition, and three repetitions of the 

experiments. Data were displayed as mean value ± standard 

deviation (sd). Statistical analysis was performed using 

Student’s t-test. P<0.05 was considered as statistically 

significant. 

Results 

Microfluidic compartmentalized chip design 

We developed a high-throughput microfluidic 

compartmentalized chip to investigate the in vitro neuron-

cancer interaction. The microfluidic device contained two 

separate compartments (2 mm wide, 150 µm high, 2 cm long), 

which were connected by 1000 parallel ultraminiaturized 

microchannels (5 µm wide, 5 µm high, 450 µm long) (Fig. 1A). 

The microfluidic chips were adapted to fit into 6-well cell 

culture plate. Neurons and cancer cells can be separately 

seeded into the main compartments (Fig. 1A-C). The neuronal 

cell bodies (soma) and cancer cells were limited to the main 

channels, whereas only the neurites can grow and cross the 

interconnected, ultraminiaturized microchannels (5 µm wide, 5 

µm high). We seeded the dissociated DRG neurons into the 

neuronal compartment. As expected, the neurites crossed the 

interconnected microchannels and were readily detected in 

the opposite compartment by day in vitro 4 (DIV 4) (Fig. 1B, D-

E, G-H). Due to the limited space of interconnected 

microchannels, the neuronal soma and cancer cells were 

limited in the main channels, respectively (Fig. 1B, C). 

 

Neurites facilitate the migration of cancer cells 

We investigated the migration of cancer cells associated with 

neurites using the above device. We first cultured DRG 

neurons in the neuronal compartment. When the neurites 

extended to the opposite channel at DIV4, we seeded the 

prostate cancer PC-3 cells in the opposite compartment. We 

let the PC-3 cells adhere for 6 h and carefully peeled off the 

PDMS cover from the substrates, to investigate the nerve-

cancer interaction (Fig. S1A). The devices without 

interconnected microgrooves, namely, no neurites in the 

interconnected regions served as controls (Fig. S1B). The 

presence of neurites accelerated the migration of the PC-3 

cells as compared to the controls without the presence of 

neurites in the interconnected regions (Fig. 2A-B). Magnified 

phase-contrast images and fluorescent images showed that 

the PC-3 cells navigated along the neurites (Fig. 2C, E-F). The 

quantification of the surface area covered by the migrated PC-

3 cells in the interconnected regions showed that the 

migration of PC-3 cells along neurites consistently occurred 

and increased over time (Fig. 2D). 

We disrupted the neurites in the on-chip platform to reveal 

the effects that neurites play on the migration of cancer cells 

(Fig. S2). After physical removal of the neurites in the 

interconnected regions by tweezers, the migration of the PC-3 

cells towards neural compartment decreased as compared to 

the control with presence of neurites (Fig. S2A-C). We also 

introduced 6-OHDA in the neuronal compartment to induce 

neuron injury.
30

 After incubation of 6-OHDA (100 µM) in 

neuronal channel for 1 h, the neurites were significantly 

destroyed (Fig. S2). However, owning to selectivity of 6-OHDA 

to neurons, incubation of 6-OHDA to PC-3 cells did not induce 

significant cytotoxicity to PC-3 cells in vitro (data not shown). 

After chemical ablation of DRG neurons by 6-OHDA, the 

neurotransmitters (including NE and ACh) released by DRG 

neurons were significantly decreased (Table S1). Without the 

presence of neurites and release of neurotransmitters, the 

migration of PC-3 cells was significantly inhibited (Fig. S2A-C). 

The surface area covered by migrated PC-3 cells was significant 

reduced after physical removal or chemical ablation of 

neurites in the interconnected region (Fig. S2D). 

 

Time-lapse analysis of cancer cell migration 

We analyzed the migration of individual PC-3 cell associated 

with neurites by time-lapse microscopy (Fig. 3), and we plotted 

the centroids of individual PC-3 cells to illustrate different 

modes of migration of PC-3 cells (Fig. 4). After peeling off the 

PDMS cover, the PC-3 cells disengaged from the cancer 

compartment, and migrated along the contacted neurites (Fig. 

3A, Fig. 4A, Movie S1). The neurites provided a physical 

support for the migration of PC-3 cells toward the neuronal 

compartment (Fig. 3B, Fig. 4B, Movie S2). A few of PC-3 cells 

crossed between adjacent bundles of neurites for migration 

forward (Fig. 3C, Fig. 4C, Movie S3). The percentage of the 

crossing was 7.8 ± 3.1% by counting of 200 cells in time-lapse 

analysis. When the PC-3 cells arrived at the barrier of neuronal 

compartment, they may migrate backwards along the neurites 

(Fig. 3D, Fig. 4D, Movie S4). For the PC-3 cells which were not 

in contact with the neurites, the PC-3 cells exhibited random 

direction of migration (Fig. 3E, Fig. 4E, Movie S5). In contrast, 

without the presence of neurites in the interconnected regions, 

the spreading and migration of PC-3 cells was significantly 

inhibited (Fig. 3F, Fig. 4F, Movie S6). 

 

Migration of individual cancer cell associated with neurites 

We compared the migration of individual PC-3 cells with or 

without the contact with neurites (Fig. 5). The PC-3 cells along 

the contacted neurites exhibited an elongated and polarized 

morphology, with a shape index of 0.25 ± 0.06 (Fig. 5A, B). In 

contrast, the PC-3 cells without nerve contact showed less 

morphological changes with a shape index of 0.608 ± 0.111 

(Fig. 5A, B). We measured the displacement (the distance 

between the start and end position, Fig. 5C), and divided it by 

the distance (that the cell travelled along its path, Fig. 5D), and 
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used their ratio to define the directionality of the cells (Fig. 5E). 

The results showed that PC-3 cells with nerve contact travelled 

longer distances with increased directivity, and reached a 

higher velocity of 0.86 ± 0.13 µm/min (Fig. 5C-G). In contrast, 

the PC-3 cells without nerve contacts exhibited random, non-

directional movements and lower velocity (0.13 ± 0.11 µm/min) 

(Fig. 5C-G). Together, the PC-3 cells with nerve contact 

produced a single lamella in the leading edge (Fig. 5A), 

resulted in directionally persistent cell migration,
31

 and 

increased migration rate of PC-3 cells (Fig. 5C-G). The PC-3 cells 

without nerve contacts produced multiple lamellae in PC-3 

cells (Fig. 5A), resulted in random migration,
31

 and decreased 

migration rate of PC-3 cells (Fig. 5C-G). 

 

Migration of different cancer cells associated with neurites 

We aimed to use the microfluidic co-culture system to 

examine the interaction of neurons with different types of 

cancers (Fig. S3). We selected different types of cancer cells 

(including PC-3 prostate cancer cells, Panc-1 pancreatic cancer 

cells, and MCF-7 breast cancer cells) based on clinical 

observation on their different rate of perineural invasion,
9
 

where prostate cancers and pancreatic cancers exhibit higher 

rate of PNI (75-80%, and up to 100%, respectively), but breast 

cancers exhibit a lower rate of PNI (3-38%).
9, 10

 The on-chip 

result showed that PC-3 prostate cancer cells and Panc-1 

pancreatic cancer cells exhibited greater migration along 

neurites than MCF-7 breast cancer cells from the cancer 

compartment toward the DRG neuronal compartment (Fig. 

S3A-B). The surface areas covered by the migrated PC-3 cells 

and Panc-1 cells were greater than that of MCF-7 cells (Fig. 

S3C). These results suggest that the migration of cancer cells 

along neurites was dependent on specific characteristics of 

cancer cells, and the results correlated with the clinical 

observations on PNI of different cancers.
9
 The prostate cancers 

and pancreatic cancers exhibit higher rates of PNI,
9
 and these 

cancer cells exhibited greater migration along neurites in the 

on-chip model, whereas the breast cancers exhibited a lower 

rate of PNI,
9
 and the breast cancer cells exhibited a lower 

migration along neurites in the on-chip model.  

The reasons for the preponderance of PNI in certain cancers 

(such as pancreatic cancer, head and neck cancer, prostate 

cancer) are not clearly understood,
3, 8, 9

 but can be partially 

explained by the strong neurotrophic effects of these cancers 

and the close proximity to several neural plexuses. In turn, the 

abundance of innervations from neural plexuses generates an 

available interface for the migration and spreading of cancer 

cells via nerves. 

Together, the above results showed that the neurites 

provided biophysical supports for the cancer cell attachment, 

guided and facilitated their migration (Fig. 2-5, Fig. S2). We 

found that the feature of cancer cell migration along neurites 

was a common phenomenon for different types of cancer cells, 

the cancers that have high levels of perineural invasion in 

clinical observations exhibited greater migration along neurites 

in the on-chip model (Fig. S3). 

 

Neural-signaling-inhibitor regulates migration of cancer cells 

We applied our on-chip model to achieve the screening of 

neural drugs which inhibit the migration of cancer cells along 

neurites. To do this, we aimed to target the most direct nerve-

cancer signaling in prostate cancers with the on-chip model. 

For background introduction, prostate glands receive 

abundant innervations from sympathetic nervous system (SNS) 

and parasympathetic nervous system (PNS) (Fig. S4).
32, 33

 SNS 

nerves release noradrenaline (NE), which binds to adrenergic 

receptors, whereas the PNS nerves release acetylcholine (ACh), 

which acts on muscarinic receptors on stroma cells of 

prostate.
33, 34

 It is reported that the -adrenergic receptors and 

muscarinic receptors are expressed by prostate cancer cells.
35, 

36
 The -adrenergic signaling and ACh-muscarinic signaling are 

involved in the normal physiological function of prostates and 

prostate cancer development.
1, 35-37

 

In the on-chip model, we confirmed the expression of 

neurotransmitters (NE and ACh) by DRG neurons by ELISA, the 

NE and ACh released by DRG neurons were determined to be 

14.4 ± 2.9 nmol/L and 612 ± 69 nmol/L, respectively (Table S1). 

We also confirmed the expression of -ARs (with β1-AR and β2-

AR subtypes) and mAChRs (with m1AChR and m3AChR 

subtypes) on PC-3 cancer cells by western blot (WB) (Fig. S6). 

These results suggest that targeting nerve-cancer signaling by 

either NE--adrenergic signaling or ACh-muscarinic signaling 

may have potential in inhibiting cancer cell function (Fig. 6A). 

In our on-chip model, we used non-selective -blockers 

(including propranolol and penbutolol) to block the -ARs on 

PC-3 cell surfaces, and we also applied non-selective 

muscarinic antagonists (atropine and hyoscine) to block the 

muscarinic receptors on PC-3 cells. These compounds are 

typically very safe and already applied in routine clinical 

practice.
38-40

 After incubation of PC-3 cells with these 

compounds overnight, no significant cell cytotoxicity was 

observed from these compounds at lower concentration (≤ 10 

µM) (Fig. S5). However, the treatment of -blockers and 

muscarinic antagonists (at 10 µM for each agent) to PC-3 cells 

effectively down regulated the expression of β-adrenergic 

receptors and muscarinic receptors on PC-3 cells, respectively 

(Fig. S6).  

On the chip-model, the blockade of NE--adrenergic 

signaling by -blockers and the blockade of ACh-muscarinic 

signaling by muscarinic antagonists effectively inhibited the 

migration of PC-3 cancer cells along neurites (Fig. 6B,C). The 

surface area covered by migrated PC-3 cells in the 

interconnected region was significantly decreased after -

blockers and muscarinic antagonist treatment to PC-3 cells (Fig. 

6D). Meanwhile, the use of agonist and antagonist on these 

signaling proved the sensitivity and specificity of the neuron-

cancer crosstalk in the on-chip model (Fig. S7). These results 

suggested that blockage of nerve-cancer signaling impaired the 

migration of cancer cells along neurites (Fig. 6).  

Discussion  

Our microfluidic chip model provides a new method to study 

the interaction between neurons and cancer cells in vitro (Fig. 

1). Using this on-chip model, we demonstrate that the neurites 
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provide biophysical support for the attachment of cancer cells, 

and guide their directional migration (Fig. 2-5). The cancers 

that have high levels of perineural invasion in clinical 

observations exhibit greater migration along neurites in the 

on-chip model (Fig. S3). 

We then try to apply this on-chip model to investigate the 

signaling pathway between the neurons and cancer cells, to 

understand the neuronal cues that recruit cancer cells. Herein, 

we target the most direct nerve-cancer signaling pathway 

involving in prostate cancers, with NE--adrenergic signaling 

and ACh-muscarinic signaling, respectively (Fig. S4, Fig. 6A), 

since both signaling was involved in the physiological function 

of prostates and prostate cancer development.
1, 35-37

 In the on-

chip model, the inhibition of either NE--adrenergic signaling 

or ACh-muscarinic signaling effectively inhibited cancer cell 

migration along neurites (Fig. 6).  

In the literature, the binding of NE to -adrenergic 

receptors increases the intracellular level of cAMP (cyclic 

adenosine monophosphate), which activates PKA and PI3K 

pathway in cancer cells, resulting in the proliferation, 

progression and metastasis of cancers.
35

 In our on-chip study, 

the blockade of NE--adrenergic signaling by -blockers 

effectively decreases the cancer cell migration in the on-chip 

model (Fig. 6). Our on-chip results are consistent with previous 

studies that -blocker inhibited NE-driven metastasis of 

prostate cancer cells in mice,
41

 and -blocker intake improved 

the survival of prostate cancer patients.
42

 

Meanwhile, ACh-muscarinic receptor binding can activate 

PI3K signaling pathways in cancer cells, enhanced the cancer 

cell growth, proliferation and invasion of cancer cells.
36

 Our 

on-chip results show that the blockade of ACh-muscarinic 

signaling by muscarinic antagonists also effectively reduced 

the cancer cell migration in the on-chip model (Fig. 6). 

Moreover, previous report shows the density of cholinergic 

fibers exceed that of adrenergic fibers in the overall prostate,
43

 

and our ELISA analysis showed a higher expression level of 

neurotransmitter (ACh) from cholinergic nerves (Table S1). The 

ELISA results support the applicability of on-chip assay as an in 

vitro model of the neural microenvironment. 

In future work, our study will focus on the understanding 

of neuronal cues that recruit cancer cells, and investigating the 

associated nerve-cancer signaling pathway with the on-chip 

model. We will broaden the on-chip studies by application of 

the neurotrophic factors (such as nerve growth factor (NGF), 

brain-derived neurotrophic factor (BDNF), neurturin and 

artemin), migration associated protein (such as focal adhesion 

kinase (FAK)), or neuronal adhesion molecules (L1 cell 

adhesion molecule (L1CAM)) which are implicated in 

perineural invasion. 

Conclusions 

We successfully developed a high-throughput microfluidic 

chip-model to simulate the migration of cancer cells in the 

neural microenvironment. We used this chip to effectively 

screen the compounds for inhibition of cancer cell migration 

along neurites. With the on-chip model, we demonstrated that 

the neurites provided biophysical support for cancer cell 

attachment and facilitated the directional migration of cancer 

cells. The cancers that have high levels of perineural invasion 

in clinical observations exhibited greater migration along 

neurites in the on-chip model. The interruption of neurites, the 

blockade of nerve-cancer signaling inhibited cancer cell 

migration. Our on-chip model provides an excellent platform 

to investigate the dynamic interaction between cancers and 

neurons, which has great potential for investigations involving 

cancer tumor metastasis in the neural microenvironment. 
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Figures and captions 
 
 

 
Fig. 1  Microfluidic chip for investigating the neuron-cancer cell 
interaction in vitro. (A) Schematic of a cell culture dish mounted 
with microfluidic compartmentalized device. The device is 
composed of two separate cell culture compartments (2 mm 
width, 150 µm height, 2 cm length), which are interconnected by 
an array of parallel microgrooves (5 µm width, 5 µm height, 450 
µm length). (B-C) Phase-contrast images of the device seeded 
with either DRG neurons or cancer cells. (D, E, F) and (G, H, I) are 
magnified phase-contrast images (D, E, F) and fluorescent 
images (G, H, I) corresponding to the regions in (B-C). Neuron 
soma are confined in the neuronal channel (D, G), neurites grow 
and cross the interconnected microgrooves to reach the 
opposite compartment (E, H), whereas the cancer cells are 
limited in the cancer compartments (F, I). Neurons, cancer cells, 
and cell nuclei were stained with Tuj1 (green), panCK (red) and 
DAPI (blue), respectively. Dotted lines in the images indicated 
the borders of the two main compartmental channels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Fig. 2  Guided migration of PC-3 cancer cells with the presence of 
DRG neurites. (A) Representative phase-contrast images show 
the migration of the PC-3 cells with the presence of DRG 
neurites in the interconnected region at 24 h after removal of 
the PDMS cover. (B) The chips without the presence of neurites 
in the interconnected microgrooves served as control. (C) 
Magnified areas correspond to the regions indicated in (A), 
yellow arrowheads indicate the PC-3 cells navigating along the 
contacted neurites. (D) Quantification of the surface area 
covered by the migrated PC-3 cell projections in the 
interconnected regions at 6 h, 12 h, and 24 h after removal of 
PDMS covers. Data obtained from 10 random fields per sample, 
each counted field surface is 0.30 mm

2
. * p< 0.01. (E) 

Immunofluorescent images of DRG neurons and PC-3 cells in the 
microfluidic chips. (F) Magnified images refer to the numbers 
indicated in (E). Neurons, cancer cells and nuclei are stained with 
Tuj1 (green), panCK (red) and DAPI (blue), respectively. 
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Fig. 3  Time-lapse images monitor the migration of PC-3 cells 

on the microfluidic chips. (A-D) Migration of individual PC-3 

cell associated with the contacted neurites, (A) PC-3 cell 

disengages from the cancer compartment and migrates along 

the contacted neurites. (B) PC-3 cell navigates along the 

contacted neurites for migration forward. (C) Cancer cell 

navigates along the neurites and jumps to the adjacent 

neurites for migration forward. (D) Cancer cell migrates 

backward along the contacted neurites. (E) Migration of PC-3 

cell which is not in contact with neurites. (F) Migration of 

cancer cells without the presence of neurites in the 

interconnnected regions. The tracked PC-3 cells are pseudo-

colored in red. Scale bars, 150 µm in (A-D), and 50 µm in (E, F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Trajectory of PC-3 cells in the microfluidic chip model. 

The traces connect the positions of the centroids of cells at 3-h 

intervals, the traces are offset vertically along the dotted line 

for clarity. Each trace follows a separate cell. (A) PC-3 cell 

disengages from the cancer compartment and migrates along 

the contacted neurites. (B) PC-3 cell navigates along the 

contacted neurites for migration forward. (C) Cancer cell 

navigates along the neurites and jumps to the adjacent 

neurites for migration forward. (D) Cancer cell migrates 

backward along the contacted neurites. (E) Migration of PC-3 

cell which is not in contact with neurites. (F) Migration of 

cancer cells without the presence of neurites in the 

interconnnected regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 9 of 11 Integrative Biology

In
te

gr
at

iv
e

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  

Please do not adjust margins 

Please do not adjust margins 

 

 

 

 

Fig. 5  Neurite contact enhances the directional migration of 

the PC-3 cells. (A-B) Representative confocal images of PC-3 

cells migrating along the contacted neurites or without the 

contacted neurites. Neurons, PC-3 cells, and nuclei are stained 

by Tuj1 (green), phalloidin (red), and DAPI (blue), respectively. 

Yellow arrows indicate the direction of the migration of PC-3 

cells. Scare bar, 20 µm. (B) Cell shape index, (C) Displacement, 

(D) Distance, (F) Directionality, and (G) Velocity of the PC-3 

cells with or without the nerve contacts. Cell shape index is 

calculated according to the formula I =4s/l
2
 (s: cell surface 

area, l: cell perimeter), cells are round as I being 1, and cells 

are infinitely elongated as I approaching 0. Directionality is 

defined as the displacement divided by the distance of the cell 

(E). If a cell is migrating more randomly, directionality 

decreases and vice versa. * p< 0.01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

Fig. 6  Blocking the nerve-cancer crosstalk inhibits the 

migration of PC-3 cells along neurites. (A) Scheme of 

innervations of prostate cancers and relative nerve-cancer 

signaling. (B) Representative phase-contrast images show the 

migration of PC-3 cells at 24 h after peeling off PDMS covers, 

with no treatment to PC-3 cells as control group, or pre-

treatment of PC-3 cells with -blocker (propranolol, 10 µM), or 

with muscarinic antagonist (hyoscine, 10 µM). (C) Traces of PC-

3 cells at 24 h intervals with treatment as indicated in (B). (D) 

Quantification of the surface areas covered by migrated PC-3 

cells in the interconnected regions with different treatment at 

24 h after peeling of the PDMS cover. Each counted field 

surface is 0.30 mm
2
. * p < 0.01. 
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