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Abstract

M obile sensing based on the integration of microfluidic device and smartphone, so-called MS?
technology, has enabled many applications over recent years, and continues to stimulate growing
interest in both research communities and industries. In particular, it has been envisioned that MS?
technology can be developed for various cell functional assays to enable basic research and
clinical applications. Toward this direction, in this paper, we describe the development of a MS?-
based cell functional assay for testing cell migration (the Myit). The system is constructed as an
integrated test kit, which includes microfluidic chips, a smartphone-based imaging platform, the
phone apps for image capturing and data analysis, and a set of reagent and accessories for
performing the cell migration assay. We demonstrated that the My;; can effectively measure
purified neutrophil and cancer cell chemotaxis. Furthermore, neutrophil chemotaxis can be tested
from a drop of whole blood using the My;; with red blood cell (RBC) lysis. The effects of
chemoattractant dose and gradient profile on neutrophil chemotaxis were also tested using the
Mit. In addition to research applications, we demonstrated the effective use of the Myj; for on-site
test at the hospital and for testing clinical samples from chronic obstructive pulmonary disease
patient. Thus, this developed My; provides an easy and integrated experimental platform for cell
migration related research and potential medical diagnostic applications.
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1. Introduction

M abile sensing based on the integration of microfluidic device and smartphone, so-called
M S2 technology, is an emerging and fast developing research area in recent years (Erickson
et al. 2014; Yang et al. 2016). It has been used as a mobile laboratory for a wide range of
applications, which include biochemical detection and analysis such as water and food
quality analysis, routine health test and disease diagnosis (Yang et al. 2016; Zhang and Liu
2016). The core components of MS? are lab-on-chip (LoC) based analytical technologies in
a portable and miniaturized manner, and the mobile sensing and data processing functions
offered by the new generation of smartphone. Effective integration of the two key
technologies critically empowers MS? for many mobile sensing applications. Current
applications of MS?2 cover detection of various environmental and health indicators such as
pH (Lopez-Ruiz et al. 2014), nitrite (Wang et al. 2015), heavy metal (Chen et al. 2014b;
Wang et al. 2014), bacterial contamination (Hutchison et al. 2015; San Park et al. 2013; Zhu
et al. 2012), blood glucose (Chun et al. 2014), proteins (Chan et al. 2015; Lillehoj et al.
2013; Preechaburana et al. 2012; You et al. 2013) and other pathogen-associated biomarkers
(Fronczek et al. 2014; Stemple et al. 2014; Yeo et al. 2016). Some complicated assays such
as enzyme-linked immunosorbent assay (ELISA) (Chen et al. 2014a; Wang et al. 2011) and
polymerase chain reaction (PCR) (Jiang et al. 2014; Liao et al. 2016; Stedtfeld et al. 2012)
were successfully implemented with the MS?2 systems. Furthermore, MS? systems offers
advantages in test speed, self-containment and sample to result assay operation, which are
required for in field test and point of care (PoC) diagnosis (D’ Ambrosio et al. 2015; Hu et al.
2016; Laksanasopin et al. 2015; Mudanyali et al. 2012). Those MS? applications integrated
sophisticated assay control accessories and sample-chip-phone interfaces, which
demonstrate the potential of MS2 to enable high-level biological applications.

Among the high-level biological applications, we envisioned that MS?2 technology can be
applied for various cell functional assays (Yang et al. 2016). To be more specific, here we
refer cell functional assays to the in-vitro assays that can qualitatively or quantitatively
measure the presence or level of functional activities of live biological cells (e.qg. cell
adhesion assay; cell migration assay). Indeed, growing efforts have been made to develop
compact imaging systems so that cell functional assays can be performed without requiring
specialized microscopy facilities. For example, various incubation microscopes were
developed so the microscope can be placed inside a conventional incubator for cell imaging
or directly control the temperature of the cell assay within the portable microscope (Jin et al.
2015; Pushkarsky et al. 2014; Walzik et al. 2015; Zhang et al. 2015). A highly integrated
portable and robotically controlled live cell imaging system was employed for cell migration
assay in a microfluidic device (Saito et al. 2016). In addition, USB microscopes or webcams
were also used for functional cell and tissue imaging, which significantly lower the costs
while maintaining adequate imaging performance (Isikman et al. 2012; Kim et al. 2011; Kim
et al. 2012; Lynch et al. 2014; Walzik et al. 2015). We have previously performed cell

Biosens Bioelectron. Author manuscript; available in PMC 2018 January 15.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Yang et al.

Page 3

chemotaxis test using a USB microscope based portable system and a smartphone for remote
data monitoring (Wu et al. 2014). More recently, the new generation of smartphones with
advanced hardware and software configurations led to growing development of smartphone-
based microscopy applications (Wei et al. 2013; Zhu et al. 2013; Zhu et al. 2012).
Collectively, these previous works support the concept of integrating mobile sensing devices
with microfluidic chips and control systems to enable MS2-based cell functional assays. To
our best knowledge, although smartphone-based imaging systems have been applied to
image cells (Liu et al. 2014; Skandarajah et al. 2014; Smith et al. 2011; Zhu et al. 2011),
they have not been used for cell functional assays.

In this direction, cell migration and chemotaxis assays represent an attractive target
application to realize the potential of MS? for advanced cell functional assays. Cell
migration and chemotaxis are important for many biological and pathological processes such
as host defense (de Oliveira et al. 2016; Kolaczkowska and Kubes 2013), tissue development
(Laird et al. 2008), autoimmune disease (Luster et al. 2005) and cancers (Condeelis and
Segall 2003; Friedl and Wolf 2003). In-vitro real-time visualization assays are widely used
for cell migration and chemotaxis research, which typically require sophisticated chemical
gradient generation, controlling incubation temperature, single cell imaging and quantitative
data analysis (Funamoto et al. 2002; Muinonen-Martin et al. 2010). Over the past near two
decades, microfluidic devices have become widely used research tools for quantitative cell
migration and chemotaxis studies owing to their ability to better control microenvironments,
low reagents consumption, simple and automated fluid handling systems (Huang et al. 2009;
Jeong et al. 2010; Jeong et al. 2013; Li et al. 2016; Sackmann et al. 2014a; Vargas et al.
2014; Wu et al. 2013). Many of these devices can configure chemical gradients without the
requirement of external fluid delivery instruments (Ge et al. 2015; Sackmann et al. 2012; Wu
et al. 2016). Recently, new microfluidic methods have been developed to allow rapid
immune cell chemotaxis test directly from a drop of whole blood by incorporating on-chip
cell isolation module (Agrawal et al. 2008; Hamza and Irimia 2015; Jones et al. 2016;
Sackmann et al. 2012; Sackmann et al. 2014b; Wu et al. 2016). Several studies have also
employed microfluidic cell migration systems for disease orientated applications (Butler et
al. 2010; Jones et al. 2014; Wu et al. 2015). These developments provide the general
background of microfluidics technology for performing portable cell migration and
chemotaxis assays on a smartphone platform. Such a platform will enable easy cell
migration experiment for scientific research and rapid on-site cell migration test for potential
clinical diagnostic applications (e.g. neutrophil chemotaxis test for lung disease diagnosis)
without requiring specialized research facilities and skills.

Therefore, in this study we were motivated to construct a MS2-based cell migration test kit
(we name it the Myj;) that integrates a new microfluidic device, a smartphone-based portable
live cell imaging platform, reagents and accessories for cell migration assay and custom
smartphone apps for image acquisition and data analysis. This Mgt is the first microfluidic
platform coupled with smartphone for cell migration and chemotaxis test. We successfully
validated this new Myj; by testing chemotaxis of both purified human blood neutrophils and
breast cancer cell line. Moreover, the My allows rapid chemotaxis test of neutrophils from a
drop of whole blood with red blood cell (RBC) lysis. Finally, we demonstrated the effective
use of the My for on-site test at the hospital and testing patient samples for potential clinical
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diagnostic applications. Thus, this effective Myj; demonstrates the potential of MS2-based
cell functional assays.

2. Materials and Methods

2.1 Assembly of Myt

The components of the Myj; and the method of cell migration test are illustrated in Fig. 1.

2.1.1 Reagents and supplies—BSA, RBC lysis buffer, FITC-Dextran, N-Formyl-Met-
Leu-Phe (fMLP), DME/F12, epidermal growth factor (EGF), Paraformaldehyde (PFA) and
Rhodamine 6 G were purchased from Sigma-Aldrich. The EasySep Direct Human
Neutrophil Isolation Kit was purchased from STEMCELL Technologies Inc. RPMI-1640,
DMEM, Fetal Bovine Serum (FBS) and DPBS were purchased from Fisher Scientific.
Pipettors or squeeze pipettes were used for adding reagents and samples to the microfluidic
device.

2.1.2. Smartphone-based imaging platform—The smartphone-based imaging
platform is illustrated in Fig. 2A-B. A commercial brand smartphone (H30-T100, HUAWEI,
China) was used for the Myi; prototype. This phone operates with the Android system. It has
an 8 MPixel CMOS module at the maximal resolution of 2560x1920 pixels and its built-in
lens has a focal length of f =4 mm. In general, the Myj; can work with different types of
camera phones and operating systems.

In addition to the smartphone, the imaging platform consists of the following components
and configuration:

a. A U-shape smartphone holder and an objective lens (focal length F ~ 6.5 mm)
installed in a plastic holder and connected with the U-shape holder's bottom
facet. The add-on objective lens was aligned with the smartphone camera to
enable cell imaging in the microfluidic device.

b. An imaging stage and a spiral lifting platform were used for vertical focus
adjustment. In addition, a stage motor (SLT-BB-0412-ELE0150RG, IGUS,
Germany) was used for driving the horizontal stage movement. In this study, the
optics of the imaging platform matches the dimension of the microfluidic device,
allowing the two test units to be imaged within a single field-of-view (FOV). The
motorized stage further permits programmable multi-position image acquisition
when more test units cannot fit to a single FOV. The system can be made cheaper
by using a manual stage, which is sufficient for end-point image acquisition but
not multi-position time-lapse imaging.

C. A low-power white LED (3 W, 3.2-3.3 V, COB, LED, China) was used for

illumination.

d. A blue excitation LED (470 nm, 700 mA, XRE, CREE, USA) and an emission
filter (520 nm, JSL520-25, Zhuoli Hanguang Beijing, China) aligned with the
objective lens holder were configured for fluorescence imaging. The current
configuration was for imaging FITC-Dextran as a measure of gradient
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generation. The fluorescence imaging unit can be modified to image other
fluorophores.

e A transparent heater and a controller (Minco, MN) were mounted on the imaging
stage to control the temperature of the microfluidic device at 37 °C for cell
migration experiments. The glass bottom of the microfluidic device was placed
on top of the heater. The heating element was embedded in the transparent plastic
sheet. The temperature was controlled by an ON/OFF controller, which was pre-
calibrated using a digital thermometer.

2.1.3. Image acquisition and analysis apps—Two customized Android apps were
developed for capturing single or time-lapse cell migration images and for image processing
and data analysis.

The image acquisition app controls the acquisition of cell migration images at the user-
defined frame rate and period. For example, neutrophil migration images were captured at 4
frames/min for 15 min. The exposure time and electronic gain were automatically adjusted.
Other image acquisition parameters including brightness, contrast and image compression
rate can be user-defined. The captured images were stored in the smartphone's memory card
in JPEG format.

The image processing and data analysis app identifies cells in the images and calculates cell
migration distance along the gradient direction as a measure of chemotaxis (Fig. 2C). It has
the option to import the images directly from the smartphone camera or from the memory
card for analysis. In the current experiments, the images were first collected by the
acquisition app and then imported to the analysis app. The target region of interest (ROI) for
analysis is user-defined. The cell recognition algorithm is based on threshold controlled
segmentation, which generally gives over 90% of accuracy. In addition to the simple cell
migration distance analysis by the app, the time-lapse images can be exported to a third
party software such as ImageJ (NIH, version 1.44) for further cell tracking analysis.
Quantitative cell migration parameters such as the commonly used chemotactic index (ClI:
cell displacement in the gradient direction divided by the total migration distance) and
migration speed (total cell migration distance divided by experiment time) were calculated
from the tracking data following the established methods (Lin and Butcher 2006).

2.1.4. Microfluidic chip—The polydimethylsiloxane (PDMS)-based microfluidic device
was fabricated using standard photolithographic and soft lithographic techniques (Dertinger
et al. 2001). Different from the previous design that only allows a single migration
experiment of one condition (Wu et al. 2016), the current design has two parallel
independently controlled test units on a single chip (Fig. 3). Briefly, the device was designed
using AutoCAD software and printed on a transparency mask using a high resolution printer
with 24,000 dpi resolution. The multi-height device mold was fabricated using SU-8
photoresist on a Si wafer by photolithography following the previously established protocol
(Taylor et al. 2005). The first layer (~3 um thick) was used to form the cell-docking
structure. The second layer (~60 pm thick) was aligned on the top of the first layer to form
the flow channels, source inlets, cell loading ports and outlets. The SU-8 mold was stamped
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with PDMS (Sylgard 184, Dow Corning) to fabricate the negative replica by soft-
lithography. The PDMS replica was peeled off from the mold. The inlets and outlets were
punched out of PDMS using sharpened punchers. The PDMS replica was then bonded to a
glass slide using a plasma cleaner (Harrick Plasma) to complete the microfluidic device
fabrication. The microfluidic channel was coated with fibronectin (BD Biosciences) for 1 h
followed by 0.4% bovine serum albumin (BSA) blocking for another 1 h all at room
temperature. The fibronectin coating provides a substrate for cell migration.

2.2 Cell preparation

Human blood samples were obtained by venipuncture from healthy donors under an ethics
protocol approved by the Joint-Faculty Research Ethics Board at the University of Manitoba.
Informed written consent form was obtained from all participants by the recruiting staff at
the Victoria General Hospital in Winnipeg. Neutrophils were negatively selected using a
magnetic neutrophil isolation kit directly from the whole blood (EasySep Direct,
STEMCELL Technologies). Isolated neutrophils were suspended in RPMI-1640 medium
before use for experiment within 8 h. Alternatively, 40 uL whole blood sample was mixed
with 1XxRBC lysis buffer in 1:5 ratio in an Eppendorf tube and incubated at room
temperature for 5 min to enrich the white blood cell population for cell migration
experiment. Human metastatic breast cancer cell line, MDA-MB-231 cells, were obtained
from ATCC and cultured in DME/F12 with 10% FBS in an incubator at 37 °C with 5% CO»
and passaged regularly. Cancer cells were detached with 0.25% trypsin for 2 min and re-
suspended in DME/F12 with 1% FBS before migration experiment.

2.3 Cell migration experiment

The cell migration experiment using the My is illustrated in Fig. 1B, Fig. 3 and
Supplemental Movie 1. Cells were loaded to the two test units of the microfluidic device
from the cell loading ports and allowed to align beside the cell docking structure. For whole
blood, 30 uL RBC lysed blood sample was loaded to the microfluidic device followed by
washing with the migration medium. Then, equal volume of chemoattractant solution (e.g.
fMLP in RPMI-1640 with 0.4% BSA for neutrophil experiment; EGF in DME/F12 with 1%
FBS for cancer cell experiment) and medium (e.g. RPMI-1640 with 0.4% BSA for
neutrophil experiment; DME/F12 with 1% FBS for cancer cell experiment) were added to
the source wells of the test unit, respectively. FITC-Dextran was added to the
chemoattractant solution for gradient measurement. For the control unit, only the migration
medium was loaded into both source wells. Similar to the previously reported strategy (Ge et
al. 2015), this device allows rapid flow-based chemical gradient generation based on the
pressure difference between the inlets and outlet without requiring external pumps, which
simplifies the assay operation. The microfluidic device was placed on the imaging stage of
the smartphone system. Gradient generation was checked by measuring the intensity profile
of FITC-Dextran in the microfluidic channel (Fig. 4). Then neutrophil migration was imaged
for 15 min and analyzed using the smartphone apps (Fig. 2C) or by cell tracking analysis.
The temperature of the microfluidic device was controlled at 37 °C using the stage heater.
Alternatively, if cell tracking analysis was not required, cells in the device were fixed in 2%
PFA at the end of the migration assay, and only the final cell image was acquired and
analyzed using the smartphone system. For cancer cells, the migration assay was incubated
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in a conventional incubator at 37 °C with 5% CO», for 9 h, followed by cell fixing and
imaging analysis using the smartphone system. The cell migration assay was repeated
independently three times for each condition. Forty cells were analyzed for each experiment.
The on-site test and COPD sample test were repeated two times. The Student's t-test was
used to compare the cell migration parameters between different conditions. The difference
was considered statistically significant at p < 0.05.

3.1 Imaging performance using the Myit

We tested the imaging performance of the smartphone system using the 1951 USAF
resolution target. The smartphone system can resolve Element 4 in Group 7 of the target.
The smallest lines that can be resolved are indicated by the red arrow (Fig. S1A) and the
corresponding peak intensity separation (Fig. S1B). The corresponding resolution is ~2.76
um, which is sufficient for cell imaging applications and is consistent with the smartphone
imaging resolution reported by previous work (Arpa et al. 2012). Indeed, we demonstrated
that the smartphone microscope can capture clear bright field images of both human blood
neutrophils and breast cancer cells in the microfluidic channels (Fig. 5A). The optical
magnification was selected so the maximal FOV of the current system is more than 0.5 mm?,
which allows imaging two gradient channels in a single FOV. Increasing or decreasing the
optical magnification will allow either enlarged visualization of less cells or larger FOV, but
will not affect the general chemotaxis measurement. The fluorescence images were taken
using the smartphone fluorescent microscopy module. We demonstrated that the intensity
profile of FITC-Dextran in the microfluidic channel can be quantitatively measured using
the smartphone system (Fig. 4A). The gradient profile is stable over time in each channel for
up to one hour (Fig. 4B) and identical gradients can be configured in both channels (Fig.
4C). Here we measured the gradient at 1.5 mm below the junction of the inlet channels. The
stable gradient is sufficient for neutrophil migration experiment. For cancer cell migration
experiment, chemoattractant solution and migration medium were added to the inlets and the
waste solution was removed from the outlet every 1 h to maintain the gradient over a longer
period. Taken together, the smartphone-based imaging system is capable of imaging
biological cells at the single cell resolution and can image fluorescent intensity profile for
gradient measurement. These imaging capabilities are required for performing smartphone-
based cell migration and chemotaxis experiments.

3.2 Cell migration assay using the Mt

3.2.1 Chemotaxis test of purified neutrophils and cancer cells—First, we
validated the developed My;; by testing chemotaxis of purified human blood neutrophils and
human breast cancer cells to the gradient of their respective known chemoattractant (i.e. 100
nM fMLP gradient for neutrophils; 30 nM EGF gradient for cancer cells). Each cell
migration experiment was done in duplicate by testing the same condition in the two test
channels of the same microfluidic device. The results show that cells clearly migrated
toward the gradient and the results in the two channels are consistent (Fig. 5A-B). In this set
of experiments, the average migration distance of neutrophils is 70.8 um and 73.8 um in the
two channels respectively; the average migration distance of human breast cancer cells is
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56.7 um and 58.1 um in the two channels respectively. The difference of migration distance
between the two channels is not statistically significant (by the Student's t-test),
demonstrating good reproducibility. Medium control experiment was performed separately,
which measured much lower migration distance comparing to the gradient experiment (Fig.
6A for purified neutrophils; the average migration distance of cancer cells in the medium
control is ~20 pm).

3.2.2 Test neutrophil chemotaxis directly from whole blood—Next, we
demonstrated that neutrophil chemotaxis can be rapidly tested from a drop of whole blood.
Previously, we developed an all-on-chip chemotaxis assay by integrating on-chip magnetic
neutrophil selection and chemotaxis test in a single microfluidic device (Wu et al. 2016).
This method is fully compatible with the smartphone system. Here we further showed that
neutrophil chemotaxis can be directly tested from whole blood with RBC lysis and on-chip
washing using the Myj. The whole assay from-sample-to-result can be done in 30 min. Such
a method eliminated the requirement of magnetic cell separation module. On-chip DAPI
staining confirmed that all the migrated cells into the gradient channel are
polymorphonuclear (PMN) cells (Fig. S2). For the cell migration experiments, we
configured chemotaxis test to a 100 nM fMLP gradient and medium control in parallel in
each microfluidic device (Fig. 5C), and repeated the experiment multiple times (n=3). The
results showed significantly higher migration distance to the fMLP gradient comparing to
the medium control and the results are consistent in repeating experiments with good
reproducibility (Fig. 5D).

3.2.3 Effect of chemoattractant dose and gradient profile on neutrophil
chemotaxis—To further demonstrate the use of Mkit for chemotaxis experiment, we tested
purified neutrophil migration to fMLP gradients over a range of doses (i.e. 10 nM, 100 nM,
200 nM) along with parallel medium control. The results showed the chemoattractant dose-
dependent chemotaxis. All three fMLP gradients induced significantly higher cell migration
distance comparing to the medium control, and the migration distance to the 100 nM fMLP
gradient and the 200 nM gradient is significantly higher than the 10 nM fMLP gradient (Fig.
6A). Single cell tracking analysis was further performed and the results are consistent with
the migration distance analysis (Fig. 6B). Cl for all three fMLP gradients is significantly
higher than the medium control, and CI for the 100 nM fMLP gradient and the 200 nM
gradient is significantly higher than the 10 nM fMLP gradient. The migration speed for all
three fMLP gradients is significantly higher than the medium control, and the speed is
comparable for different fMLP gradients. Such dosedependent neutrophil chemotaxis to
fMLP gradient was not clear in our previous study using a different microfluidic device
without the cell docking feature (Wu et al. 2015). We believe this is because cells are
randomly seeded in the gradient channel without the docking structure so their starting
positions in the gradient are different, which reduced the difference of averaged cell
migration parameters (e.g. Cl) between different gradients. With the docking structure, cells
have the same starting position relative to the gradient so the gradient dose-dependent
chemotaxis is shown more clearly by the cell migration parameters (e.g. cell migration
distance or CI).
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In addition to the chemoattractant dose, the quantitative gradient profile can also influence
chemotaxis. Our microfluidic device can generate steeper nonlinear gradient at the upstream
of the channel and smoother linear gradient at the relatively downstream of the channel due
to laminar flow mixing of the chemoattractant solution and the medium along the channel
(Fig. 6C-E), allowing us to compare the gradient profile dependent chemotaxis in a single
device. It is worth pointing out that the molecular weight of FITC-Dextran (10 kD) used in
our experiments is significantly higher than fMLP (< 0.5 kD). To more accurately confirm
the fMLP gradient profile, we in this experiment further used Rhodamine 6 G with similar
molecular weight of fMLP as the fluorescence indicator to measure the gradients at the
upstream (1.5 mm below the junction of the inlet channels) and downstream (4.5 mm below
the junction of the inlet channels) of the gradient channel. The upstream region and the
downstream region are separated by 3 mm in our experiment. As expected, the results (again
using purified human blood neutrophils) showed the migration distance is significantly
higher at the upstream gradient comparing to the downstream gradient, suggesting the
influence of gradient steepness and nonlinearity on chemotaxis (Fig. 6F). Such a gradient
profile effect was shown by a previous study that breast cancer cells chemotax to nonlinear
but not linear EGF gradient (Wang et al. 2004). Our previous study also found the similar
effect for human blood T cell that T cells can migrate toward a nonlinear chemokine
gradients (Lin and Butcher 2006) but not a linear chemokine gradient (unpublished) using
microfluidic devices.

3.2.4. On-site and clinical tests using Myj—To demonstrate the effective on-site use
of the Myjt, we performed chemotaxis test of neutrophils from healthy donors directly at a
local hospital (Victoria General Hospital in Winnipeg) without specialized cell culture and
imaging facilities. The results showed neutrophils chemotaxis to a 100 nM fMLP gradient
using the Myt (Fig. S3A). To demonstrate the effective use of the My for potential clinical
diagnostic application, we tested human blood neutrophils from healthy donor to a gradient
of sputum supernatant from patient with chronic obstructive pulmonary disease (COPD)
using the Myit. The COPD sputum samples were obtained at the Seven Oaks General
Hospital in Winnipeg under an ethics protocol approved by the University of Manitoba. The
sputum was processed to obtain the supernatant following the previously established method
(Wu et al. 2015). We have previously showed neutrophil chemotaxis to a COPD sputum
gradient using a microfluidic device and conventional imaging system for potential clinical
diagnostic application (Wu et al. 2015). Consistently, our current results using the Myi;
showed neutrophil chemotax to the COPD sputum gradient (Fig. S3B).

4. Discussion

Although the current prototype system of My has shown promise for research and clinical
applications, its performance can be strengthened. Particularly, the microfluidic device and
data analysis app can be further developed to improve their functionalities for different
applications. The current cell migration test takes less than 30 min so it is well within the
battery time of the phone for on-site test. Further incorporation of CO, and humidity
controls will allow direct time-lapse cell migration imaging with the smartphone system
over a longer period of time without requiring a separate incubator for more advanced cell

Biosens Bioelectron. Author manuscript; available in PMC 2018 January 15.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnuen Joyiny YHID

Yang et al.

Page 10

tracking analysis. For such a test, the phone may need to be plugged into a power outlet or a
portable battery charger.

Aside from targeting cell migration assay as a specific application, the smartphone-based
imaging platform can be generally useful for a broad range of cell-based applications in and
out of a research laboratory. The imaging quality of the smartphone-based imaging platform
can be further improved by configuring more sophisticated optical system to work with the
smartphone camera. Different visible wavelengths of fluorescent signal can be measured
using the smartphone-based imaging platform by configuring the suitable light sources and
filter sets. Furthermore, we envision that 3D printing technology can be employed for
fabricating integrated smartphone-based cell imaging system and to provide the necessary
biological containment to allow its safe use out of a research lab (Knowlton et al. 2015;
Skandarajah et al. 2014; Yafia et al. 2015).

Cell functional assays represent a higher level of validation for scientific hypothesis and
development in biological and biomedical research, and can also be used for clinical disease
assessment (Albini and Benelli 2007; Hong and Zu 2013; Kepp et al. 2011, Liang et al.
2007; Martins et al. 2012). In addition to chemotaxis assay as described in this study, we
envision that the MS? technology can be developed to enable a range of cell functional
assays such as cell viability assay, apoptosis assays, cell proliferation assay, cell
differentiation assay, cell invasion assay, wound healing assays, cell killing assay, live cell
signaling assays, and cell-based organ-on-chip imaging and monitoring. Fast growth of
microfluidic technology has made its way to connect with all main areas of cell biology
research (Duncombe et al. 2015). It has been increasingly enabling sophisticated
experiments in miniaturized devices, and many microfluidics-based cell functional assays
have been developed (Duncombe et al. 2015). However, a bottleneck that hinders the
adoption of microfluidic cell functional assays in life science research and medical
applications remains due to knowledge gap and the facility and skill requirement for
effective use of microfluidic assays. In this context, extending MS?2 technology to cell
functional assays provides a solution to bridge and integrate the two fields. With suitable
biological containment and safety procedures, the MS2-based cell functional assays can be
performed in different scientific educational settings to target both academic audience and
the general public. This will effectively promote science knowledge and healthcare
awareness by taking advantage of the high public acceptance of smartphone.

5. Conclusion

In conclusion, we successfully developed a MS2-based cell migration assay, the My, as an
example of MS2 technology for cell functional assays. The imaging performance and some
representative applications of the My were successfully demonstrated. With the optical add-
on components, the smartphone-based imaging platform can achieve ~3 pm resolution,
which is adequate for imaging many cell types with comparable quality of using a
conventional microscope at low magnification. The smartphone-based imaging platform is
also capable of fluorescence microscopy, which is consistent with a previously reported MS?
system (Zhu et al. 2011). The Myt was successfully validated for testing chemotaxis of
purified human blood neutrophils or directly from a drop of blood and breast cancer cell
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line. The Myj; also offers a promising solution for on-site test at the hospital and testing
patient samples. Collectively, this My has the potential to be broadly adopted for various
cell migration related research and clinical applications. Further development of different
MS2-based cell functional assays will provide useful tools for scientific research, medical
diagnosis and education.
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Fig. 1. lllustration of the M it
(A) Components of the Myjt; (B) Operation flow of the Myj;. CF indicates chemotactic

factor.
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Fig. 2. lllustration of the smartphoneimaging platform
(A) Expanded view of the imaging platform. The system is 260 (L) x 180 (W) x 100 (H)

mm; The illustration and a picture of the real assembled imaging platform are shown on the
right; (B) Optical configuration of the imaging platform; (C) Smartphone app interface
showing the cell migration distance analysis. The green line denotes the edge of the gradient
channel next to the docking structure. The final result is presented as the average migration
distance of all cells £ standard error of the mean (s.e.m.) in um.
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Fig. 3. lllustration of the microfluidic device for cell migration test
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(A) Microfluidic device illustration to test purified cells or directly from whole blood with
RBC lysis. (B—-C) Enlarged view of the microfluidic channel with cell docking. The red
spheres indicate the cells, which were initially aligned by the thin barrier channel because

the cell size is larger than the height of the barrier channel. Upon chemoattractant

stimulation, cells will change their morphology to crawl through the barrier channel into the
gradient channel. (D) Illustration of a cell migration experiment for parallel chemotaxis test
and medium control. CF indicates chemotactic factor. Blue color indicates the channel walls

and green color reflects the glass surface.
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Fig. 4. Gradient measurements by the smartphoneimaging system
(A) Gradient of FITC-Dextran in the two gradient channels captured by the smartphone

system; (B) Gradient profile at different time points in one gradient channel; (C) Gradient
profiles in two gradient channels.
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Fig. 5. Chemotaxistest of neutrophilsand cancer cellsusing the Mt
(A) Final distribution of purified neutrophils and cancer cells in the gradient channels in

response to a 100 nM fMLP gradient or a 30 nM EGF gradient respectively. The experiment
was done in duplicate on each device for purified neutrophils or cancer cells. (B) Cell
migration distance analysis of chemotaxis experiments using purified neutrophil and cancer
cells. (C) Final distribution of neutrophils from whole blood to a 100 nM fMLP gradient or
in the medium control; (D) Cell migration distance analysis of neutrophil from whole blood
in 3 different devices. The bars show the average migration distance of all cells to the fMLP
gradient for each device and the error bars are the standard error of the mean (s.e.m.). The
migration distance of the medium control shown in the graph is the average of all cells from
one device and it is similar in all three devices.
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Fig. 6. Chemotaxistest of neutrophilsto fMLP gradients of different doses and profiles using the
Mo

(Ak)ItCeII migration distance of neutrophils to fMLP gradients of different doses; (B) Cell
tracking analysis by calculating Cl and cell speed to different fMLP gradient doses; (C-D)
Rhodamine 6 G gradient images and the corresponding final cell distribution images at the
upstream and downstream of the gradient channel; (E) Plot of gradient profiles at the
upstream and downstream (normalized to the upstream gradient) of the gradient channel; (F)
Cell migration distance analysis of neutrophil in upstream and downstream to a 100 nM
fMLP gradient. The bars show the average value of the parameter of all cells for each
condition and the error bars are the standard error of the mean (s.e.m.). The data shown are
from a set of representative experiments (one experiment for each condition)
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