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Abstract: Microfluidics-based biochips play a vital role in single-cell research applications. Handling
and positioning of single cells at the microscale level are an essential need for various applications,
including genomics, proteomics, secretomics, and lysis-analysis. In this article, the pipette Petri
dish single-cell trapping (PP-SCT) technique is demonstrated. PP-SCT is a simple and cost-effective
technique with ease of implementation for single cell analysis applications. In this paper a wide
operation at different fluid flow rates of the novel PP-SCT technique is demonstrated. The effects
of the microfluidic channel shape (straight, branched, and serpent) on the efficiency of single-cell
trapping are studied. This article exhibited passive microfluidic-based biochips capable of vertical cell
trapping with the hexagonally-positioned array of microwells. Microwells were 35 µm in diameter,
a size sufficient to allow the attachment of captured cells for short-term study. Single-cell capture
(SCC) capabilities of the microfluidic-biochips were found to be improving from the straight channel,
branched channel, and serpent channel, accordingly. Multiple cell capture (MCC) was on the order of
decreasing from the straight channel, branch channel, and serpent channel. Among the three designs
investigated, the serpent channel biochip offers high SCC percentage with reduced MCC and NC
(no capture) percentage. SCC was around 52%, 42%, and 35% for the serpent, branched, and straight
channel biochips, respectively, for the tilt angle, θ values were between 10–15◦. Human lung cancer
cells (A549) were used for characterization. Using the PP-SCT technique, flow rate variations can
be precisely achieved with a flow velocity range of 0.25–4 m/s (fluid channel of 2 mm width and
100 µm height). The upper dish (UD) can be used for low flow rate applications and the lower dish
(LD) for high flow rate applications. Passive single-cell analysis applications will be facilitated using
this method.

Keywords: hydrodynamics; microfluidics; pipette Petri dish single-cell trapping (PP-SCT); passive
trapping; single-cell trapping; single cell analysis; tilt trapping
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1. Introduction

Cytology has been extensively studied since the invention of the microscope. However, in recent
years, microfluidics has predominantly come into play for single-cell analysis (SCA) due to the
development of modern fabrication technologies and tools [1–3]. The increase of sensitivity of many
analytical systems in cell and fluid handling are attributed to the microfluidics technology, which has
pushed the SCA to an advanced level. The number of articles published on SCA has increased manifold
as compared to past decades. The main reason for the ascendancy of using SCA is because it will
reduce the biological errors from the target cell population [4]. SCA acts as a tool to clarify molecular
mechanisms and pathways revealing the nature of cell heterogeneity. Moreover, each cell exhibits
different cell cycle stages, protein, and gene expressions [5]. Apart from that, SCA facilitates rare cells
or events, scarce, precious samples, and single-cell precision in populations.

1.1. Microfluidics

Single cells are to be trapped and isolated to perform single-cell investigations [6–10].
Microfluidics has come out as a powerful tool to study the complexities of cells [11]. Apart from
the quality of results, the reduction in time, savings in space, reagents and small sample volumes
involved (on the order of microliters) are some of the remarkable discoveries made using microfluidics
technology [4]. Several approaches [12–22] were utilized in microfluidics facilitating single-cell
trapping which can be broadly classified as contact-based and contactless. Various cell trapping
methods have been developed using different approaches including chemical, gel, hydrodynamic,
dielectrophoresis, magnetic, laser, and acoustics [23–26]. Every method has its merits and demerits.
Usually, the process requires auxiliaries, like a pump or a pressure-controlling system for fluid
introduction and guidance. Some processes need specialized electronics or optical equipment.
This specialized auxiliary equipment is not commonly used in medical or biological laboratories,
therefore, inducing additional access-related obstacles for operation. The area density of single-cell
arrays is reduced significantly due to the space occupation by the auxiliary parts or the devices. Usually,
the design structures of the microfluidic devices require the fabrication of many parts including valves,
multiple layers, and channels, which are complicated [27–29]. Thereby the practical applications in
clinics and general biological laboratories are limited due to these downsides [24]. These downsides
have led to the need for the development of a hydrodynamic trapping technique where the trapping
is performed using the design itself by involving unsophisticated basic laboratory instruments for
single cell measurements. The hydrodynamic trapping technique is also capable of preserving and
handling the cells which may be affected due to the presence of an external field/force. Apart from
the simplicity of the process, the natural state of the separated particles can be of use for several other
further studies.

1.2. Hydrodynamic Trapping

In hydrodynamic trapping approach, the target particles from the main flow are separated
using the mechanical obstacles or barriers. Once separated, the target particles are retained in
hydrodynamic trapping sites where various investigations can be performed. Walls and pores are the
typically-used particle trapping structures, arrays of these trapping pattern structures can be fabricated
to capture the single cells. SCA using labeling techniques can improve significantly the specificity and
sensitivity. The most common label is a fluorescent molecule, which is used to visualize the analyte.
Therefore, the combination of microfluidic platforms and multimodal spectroscopy opens the gate for
next-generation single-cell studies. With that combo, SCA with defined stimulation of cells and analysis
of cell responses can be performed simultaneously for as many different bio-molecules as possible.
This will also address several current needs and demands for technologies identified in the literature
to pursue SCA [5,30]. Thus, the field is a matter of interest for analytical and diagnostic aspects.
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Several researchers are working on hydrodynamic-based single-cell trapping [24,26,31–35].
New smart methods and platforms facilitating multiple measurements on individual cells are entailed.
Development of a platform, concurrently having high throughput and resolution with less expertise
requirement remains a challenge. The intent here is to facilitate a less complex microfluidic device,
which helps in vertical cell trapping based on the design and technique itself. Additionally, the process
involving unsophisticated basic laboratory instruments for single-cell measurements, which are
compatible with conventional fluorescence imaging modalities are the current needs of SCA platforms.
In this article a simple, but efficient, pipette Petri dish single-cell trapping technique (PP-SCT) is
demonstrated. This topic can also be termed as tilt trapping (TT). The PP-SCT technique only involves
basic lab equipment—as the name suggests, a pipette and a Petri dish—thereby its implementation and
application scope is very wide. Thus, this method can be easily implemented for single-cell analysis
without the need of complex auxiliaries.

In 2005, Rettig and Folch demonstrated the optimization of high single-cell trapping in microwells
by deriving a relation between well depth, well diameter, and settling time [12]. In 2010, Park et al.
demonstrated the microwell design analysis for efficient single-cell capture (SCC) [14]. In 2013,
Karimi et al. reported an overview of the cell/particle sorting techniques using hydrodynamic effects
in microchannels [36]. To the best of our knowledge, none of the studies in the literature have
investigated the relative efficiency of hydrodynamic-based fluid channel designs on SCC. In this
article, the effects of fluid channel design and microwell array design orientation for single-cell
trapping efficiency using the PP-SCT technique has been investigated. Three designs were considered
straight channel, branched channel, and serpent shaped channel. A simple, but efficient, microfluid
dynamics-based passive technique, capable of vertical cell trapping with high SCC for short-term SCA
study was demonstrated.

2. Methods

2.1. Concept and Design Criteria

Figure 1 shows the illustration of the PP-SCT technique. In this technique, the inlet edge of the
biochip is placed over the side wall of the Petri dish, and the outlet edge is placed inside the Petri dish
base along its diameter. When the biochip is moved externally to the Petri dish, the angle and height
of the inlet are varied. In this research, a glass slide biochip 3 inches × 1 inches in size, and standard
Petri dishes of 90 mm × 15 mm (Sigma, St Louis, MO, USA) were considered. Petri dishes have a
lower dish (LD) around 87 mm × 15 mm and an upper dish (UD) around 90 mm × 7 mm. The cell
suspension was pipetted out into the inlet well, which flows through the channel to be collected at
the outlet well. During the process, the cell gets captured in the microwell array. Biochip designs
with the straight channel, branched channel and serpent fluid channel were designed, fabricated and
investigated. Figure 2 shows the shape of different fluid channels considered. Sticky tape can be used
to lock the biochip position with the Petri dish during the process, if operated at extreme ranges.
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Figure 1. (a,b) Illustration of pipette Petri dish single-cell trapping (PP-SCT); (c,d) shows the side and
top view, respectively, where θ is the tilt angle, h is the height of the inlet, D is the distance between
biochip outlet side edge to the Petri dish wall along the diameter, and Sl is glass slide length.
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Considering a fluid flow from an elevated height to a lower height, by law of conservation of
energy, fluid velocity (V) at the outlet neglecting the frictional losses can be given as:

V =
√

(2g(h1 − h2)) (1)

In the above equation, g is the gravitational constant. Position 1 and position 2 corresponds to
the inlet and outlet, and h1 and h2 correspond to the inlet and outlet elevated height, respectively.
Flow rate (Q) can be given as:

Q = A × V (2)

where A is the cross-sectional area of the fluid channel and V is the fluid velocity. Both the fluid
velocity and flow rate are adjustable through alteration of the elevation head, which can be simply
done by altering the D in the PP-SCT method. Θ ∝ D ∝ h (for θ values between 0◦ and 90◦). Figure 3
shows the varying operational modes of the PP-SCT technique and its characteristics.
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2.2. Computational Analysis

PP-SCT was modeled and simulated using Comsol Multiphysics solver (version 5.0, COMSOL AB.,
Burlington, MA, USA). The simulation was carried out using water as the flow material. Newtonian
and single-phase fluid models were considered, by taking into account the law of conservation of



Fluids 2018, 3, 51 5 of 16

energy, Stoke’s law, and the continuity equation [37]. The Navier-Stokes equations govern the fluid
motion and can be seen as Newton’s second law of motion for fluids:

ρ((∂u/∂t) + u·∇u) = −∇p + ∇·(µ(∇u + (∇T u)) − 2/3(µ(∇·u) I)) + F (3)

where u is the fluid velocity, ρ is the fluid density, p is the fluid pressure, and µ is the fluid dynamic
viscosity. The equation includes the inertial forces, pressure forces, viscous forces, and the external
forces applied to the fluid. These equations are always solved together with the continuity equation:

∂ρ/∂t + ∇·(ρu) = 0 (4)

The Navier-Stokes equations represent the conservation of momentum, while the continuity
equation represents the conservation of mass. For incompressible flows, the continuity equation yields:

∇·u = 0 (5)

0 = −∇t p·et − 1/2((fd·ρ/dh)|u|u) + F·et (6)

−∇t·(A·ρ·µ·et) = 0 (7)

where et is the tangential unit vector along the edge.
The flow was modeled for a rectangular straight channel with a width of 2 mm and a height of

100 µm, for different angles, and its corresponding fluid velocity was plotted. During the simulation,
the Darcy friction factor for the rectangular microchannel with glass surface roughness of 0.0015 mm
was given as a boundary condition. A grid-independent study was carried out and the results suggest
that the finer and coarser mesh can produce grid-independent solutions. As a result, the computation
results are obtained using the physics-controlled grid system. Table 1 lists the properties and constants
used for the simulation. The Darcy friction factor fd using the Darcy–Weisbach equation is given below:

fd = 64/Re (8)

The Reynolds number [38,39] is given by the equation:

Re = (LVavg·ρ)/µ (9)

where Vavg is the average fluid velocity, and L is the relevant fluid length scale, for rectangular channel:

L = 4A/P (10)

where A and P are the cross-section area and wetted perimeter of the channel, respectively. Along with
that, the gravitational volumetric force was considered.

Table 1. Properties, constants, and boundary conditions used for the simulation.

Components Property Value/Equation

Fluid (water)
Dynamic Viscosity (mu) 8.90 × 10−4 (Pa·s)

Density (rho) 997 (kg/m3)

Channel Channel Surface Roughness Glass (0.0015 mm)

Initial Values
Pressure 101,325 (Pa)

Tangential Velocity 0 m/s

Volume Force
x 0 (N/m3)
y (−g_const) * pfl.rho (N/m3)

Pressure
Inlet 101,325 (Pa)

Outlet 101,325 (Pa) + (5(mm)) * g_const * pfl.rho

pfl is the fluid flow physics model in Comsol, g_const is the gravitational constant, * indicates the multiplication
and . indicates model based properties used in Comsol.



Fluids 2018, 3, 51 6 of 16

2.3. Biochip Fabrication

Biochips were fabricated using the emulsion mask grayscale photolithography process [40].
The biochip patterns were designed using CorelDraw X7. The designed pattern was drawn five times
larger than the original dimension because of the 5:1 shrinking rate of the mask fabrication equipment.
The percentage of grayscale concentrations were used to control the height of the developed photoresist
obtained after the ultraviolet (UV) exposure process. The designed grayscale mask was printed on a
transparent polyethylene terephthalate (PET) film by using the image setter technique. The printed
transparent film can also be called a master mask film. To project the image from the printed master
mask film in a 5:1 reduction scale onto a high-precision photo plate (Konica Minolta, Inc., Tokyo,
Japan) also known as an emulsion mask, an MM605 simple mask fabrication machine (Nanometric
Technology Inc., Milpitas, CA, USA) was used. The light-sensitive silver halide was coated over the
emulsion mask. Due to the high light sensitivity of the emulsion mask, the whole mask exposure
process was performed under dark room conditions. Before the emulsion mask exposure process,
the silver halide-coated surface was placed facing towards the light source with the exposure time
adjusted to 8 s. The exposed emulsion mask was immersed into an emulsion mask developer at room
temperature for 2 min after the exposure process. A mixture of one part of high-resolution plate
developer (CDH-100) from Konica Minolta Opto, Inc., Osaka, Japan and four parts of distilled water
was used as the emulsion mask developer. To ensure the uniform development process, the immersed
emulsion mask was stirred continuously. The previously-exposed silver halide had formed a high
optical density metallic silver during the development process, which can function as an excellent
optical filter on the emulsion mask. During the development process, the darkfield emulsion mask
was created.

The 3 × 1 inch-sized microscope glass slides (DURAN Group, DWK Life Sciences GmbH, Mainz,
Germany) were used as a substrate. The glass substrate was chosen due to its transparent property to
produce a 3D relief surface structure by employing the back UV exposure process. The glass slides
were washed to remove surface contaminants by using an ultrasonic bath (GT Sonic VGT-1613QTD,
GuangDong GT Ultrasonic Co. Ltd., Guangdong, China). First, the washing process was done by an
ultrasonic bath with acetone for 5 min, followed by an ultrasonic bath with methanol and isopropyl
alcohol (IPA) each for 5 min. After the above washing process, the glass slides were rinsed with
distilled water. Quickly after the surface washing process, 2 mL of SU-8 2010 photoresist (MicroChem,
Newton, MA, USA) was dispensed and spread over the whole surface of the 3 × 1-inch glass substrate
to generate a 700-µm thick SU-8 film. During this process, the coated SU-8 film was self-planarized
by itself. The obtained resultants were a flat and uniform layer due to the surface tension and high
mobility. The SU-8-coated glass substrate was soft baked using a conventional oven at a temperature of
95 ◦C for 10 h. It is essential to place all the SU-8-coated samples flat in the conventional oven to avoid
any gravity force affecting the flow of the photoresist. Then, the LA4100_R1 one-side mask aligner
(Sanei Electric Inc., Tokyo, Japan) was used to back expose the photoresist-coated glass substrates.
Figure 4 illustrates the grayscale photolithography process. The SU-8-coated glass substrates were
exposed using a 180 W mercury lamp of 365 nm for 30 s. A post-exposure bake was conducted in three
steps immediately following the UV exposure process. Firstly, the exposed samples were baked at a
temperature of 65 ◦C for 2 min on a hotplate. Secondly, the temperature of the hotplate was gradually
ramped up to 95 ◦C for 10 min. Lastly, after 10 min of baking the hotplate was switched off while the
samples were still left on top of the hotplate. The samples were then allowed to cool down gently to
room temperature. This slow cooling process decreases the stress built up in the cross-linked SU-8 and,
thereby, avoids cracking and deformation of patterns during the development process. The developing
process was performed by immersing the exposed samples into SU-8 developer solution (MicroChem,
Newton, MA, USA). The development process was enhanced by using an ultrasonic cleaner and took
only 2 min to dissolve all the unexposed SU-8 photoresist from the glass substrate completely. After the
first development, the developed samples were washed by using another batch of clean SU-8 developer
solution, then followed by the IPA and distilled water. Finally, a stream of nitrogen gas was used to
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blow dry the developed samples. Fabricated biochips are shown in Figure 5. The biochip consists
of a fluid channel with a width of 2 mm, and with a hexagonally positioned microwell array with a
diameter around 35 µm and a depth of 30 µm. The straight channel design consists of ~3500 microwells,
the branched channel design consists of ~5000 microwells, and the serpent shaped design consists of
~1100 microwells. There was a −5% change in the feature size of the fabricated biochips compared to
the original design.
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2.4. Cell Culture

Human A549 lung cancer cells were obtained from ATCC (Rockville, MD, USA). Cells were
cultured and maintained in complete growth media (CGM) consisting of 89% Dulbecco’s Modified
Eagle’s Medium (Gibco, Grand Island, NY, USA), 10% fetal bovine serum (Gibco, Grand Island, NY,
USA), and 1% of penicillin-streptomycin antibiotic (Gibco, Grand Island, NY, USA). The cells were
maintained at 37 ◦C under a humidified atmosphere, with 5% CO2 and 95% air, respectively.

2.5. Single-Cell Trapping and Cell Viability Tests

Prior to operation, the biochip was covered with a coverslip and sealed with sticky tape. Biochips
were sterilized with 70% ethanol and UV for a few minutes before using. Once the grown cells attained
80% confluency, they were trypsinized with TrypLe (Gibco, Grand Island, NY, USA) and centrifuged
(Eppendorf 5810, Westbury, NY, USA) at 700 rpm for 5 min. The cell pellet was resuspended in
complete growth media. Cell suspension with a density of 3.5 × 104 to 7.5 × 104 cells/mL were
mixed with Trypan Blue (Sigma-Aldrich, St Louis, MO, USA) and were pipetted down into the biochip,
which was tilted at an angle of around 10–15◦ (D was around 16–30 mm for LD). By varying the D
along with the ruler, the angle was varied accordingly. Pipetting was done gently and slowly. After the
cell-suspended growth media was partially drained out from the outlet and the channels were filled
with cells and growth media, the biochip was gently placed into a Petri dish and incubated. During
the transfer to the Petri dish, caution was taken not to shake the biochip, as it may result in moving the
cell out of the microwell before attachment. Additional growth media can be added if required after
placing into Petri dish. The microwell array was observed under a microscope (Leica DM 2000 LED,
Bensheim, Germany) for its trapping and viability. The overall technique was kept simple, and not
much complex process handling was done on the cells. Statistical analysis was performed using
GraphPad Prism 6.0. ANNOVA analysis was carried out to find the significant factors within each
channel design and two-way ANNOVA analysis for comparing between channel designs. * is p < 0.01,
** is p < 0.001, *** p < 0.0001, and **** is p < 0.00001, indicating that the result is significant.

2.6. Single-Cell Fluorescent Measurement

After loading the cells, the biochip was incubated at 37 ◦C under a humidified atmosphere,
with 5% CO2 and 95% air for 3 h for cell attachment. Once attached, the biochip was washed with
the phosphate-buffered solution (PBS) to fully remove remaining media. Cells were fixed with 4%
paraformaldehyde (Sigma, St Louis, MO, USA) for 30 min subsequently washed with PBS. For 5 s,
cells were permeabilized using 0.1% Triton-X (Sigma, St Louis, MO, USA) and then washed with
PBS. Fixed A549 cells were dyed with DAPI (Sigma, St Louis, MO, USA) and Rhodamine Phalloidin
(Molecular Probe, Eugene, OR, USA) for 10 min, washed, and subsequently mounted with glycerol
(Sigma, St Louis, MO, USA) for fluorescence imaging. Single-cell fluorescent measurements were made
using a microscope (Nikon Eclipse TE 2000-S, Tokyo, Japan).

3. Results

3.1. Characteristics of PP-SCT

As the D is increased, the angle (θ) and the height (h) are also increased. For a standard Petri
dish of 90 mm × 15 mm and a 3 × 1-inch microscope glass slide, the scope of operation is shown
in Figure 6. When D is increased beyond 50 mm for LD and 60 mm for UD, the θ and h values are
increased more significantly. As h is increased, the fluid velocity was increased linearly. The fluid
velocity range of around 0.25–4 m/s (a fluid channel of 2 mm width and 100 µm height) were achieved
using the PP-SCT technique for the considered design, which can be either increased or decreased
depending on the fluid channel design. Figure 7 shows the relationship between height, fluid velocity,
and tilt angle. UD can be used for low flow rate applications and LD for high flow rate applications.
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3.2. Single-Cell Trapping and Design Analysis

Streamline plots of three microfluidic channel designs are shown in Figure 8. Flow trajectories are
varying in the serpent-shaped channel compared to the other two designs. Observations from three
biochip designs reveal that the single-cell trapping was greater in the serpent-shaped biochip followed
by the branched channel design and the straight channel design. In the serpent design, SCC was
greater and MCC and NC (no capture) were lower when compared to the other two designs (refer to
Figures 9 and 10).
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 Figure 8. Streamline flow velocity profile in three fluid channels, the inset shows the close-up view of
(a) the straight channel, (b) the branched channel, and (c) the serpent-shaped channel.
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Figure 9. Trapped A549 cells in (a) the straight channel design; (b-i) the straight section in the branched
channel design; (b-ii) the side-branched section in the branched channel design, and (c) serpent channel
design. The blue arrow points to no capture, the green arrow points to SCC, the yellow arrow points to
dual-cell capture, and the red arrow points to three or more cell captures. The dotted black circles were
just for clarity; it did not resemble the exact scale of the biochip.
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Figure 10. Cell trapping capabilities of three channel designs with the comparison of NC, SCC,
and MCC based on the study conducted. Mean and SD were plotted from five independent repeated
experiments. ANNOVA analysis was done within each design to find the significant parameters and
two-way ANNOVA analysis was done comparing the designs to find the significant parameters. It can
be seen that in the serpent design NC and MCC are the least, and SCC is the maximum in comparison
to the others.
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3.3. Cell Viability and Single-Cell Fluorescent Measurements

It is evidenced by the results that viable A549 cells were trapped in microwells. The cells observed
were shining as the cells did not take up trypan blue (refer to Figure 11a–c). If cells were dead,
it would take up the trypan blue. Almost no dead cells were observed. Single-cell fluorescence
signals were observed in the demonstrated biochip. The results reveal that the A549 cells had intact
morphology. The DAPI (blue) signal from the nucleus and the Rhodamine Phalloidin (red) signal from
actin filaments, which holds the cytoskeleton of the cells. These results confirm that the cell shows
attachment at the bottom of the microwell for short-term study (refer to Figure 11d,e).
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Figure 11. (a–c) shows the cell viability test (cells did not take up the trypan blue) on the straight
channel, branched channel, and serpent channel, respectively; (d) the fluorescence signal from the
nucleus (DAPI) of single cells being captured in the serpent channel; and (e) single-cell cytoskeleton
(fluorescence image) after 3 h of incubation from loading to the serpent channel biochip, showing the
blue signal from the nucleus (DAPI) and red from the actin (Rhodamine Phalloidin).

4. Discussion

Conventional approaches involve auxiliary systems supporting microfluidic platforms which add
to the complexity, lab space, and cost. Mostly the developed approaches involve experienced handling,
and some involve application and exposure to electric fields and magnetic fields. The method which
does not require experienced handling is in great demand. PP-SCT can be used in the environment
where access to any external force or electric is absent. The biochip consists of four parts: an inlet
reservoir where the cell suspension is introduced, the main channel, microwells patterned on the
bottom surface of the main channel, and the outlet reservoir. Factors that are most likely to affect the
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cell occupancy in the PP-SCT technique include: (1) the shape of the channel; (2) the size, positioning,
and orientation of microwells; (3) the size of the cells; (4) the cell concentration; (5) the biochip tilt angle;
and (6) the glass slide length. These factors are to be considered while designing a hydrodynamic-based
microfluidic biochip for high SCC. The scope of the PP-SCT is very wide as it is simple, cost effective,
and can be readily implemented for any SCA as it does not require any additional equipment. SC-PPT
also provides a varying operational range of controlling the fluid flow rate depending on the tilt
angle, without involving any auxiliaries. Further, the PP-SCT technique does not harm the cells,
which were evidenced by the viability tests. From the results, it is revealed that the geometry of
fluid channels affects the trapping rate and efficiency of the SCC rate. There are more possibilities
for trapping multiple cells in the straight and branched channel. This is because when cells travel
over any regions of the straight or branched channel, they travel nearly the same distance, speed,
and trajectory profile to the well, providing high chances of multiple cells being trapped anywhere
in the channel. In the branched channel after the branch section, cell trapping was found to be
improved. This is due to the varying trajectory profile at the branched section of the branched channel.
On the contrary, the serpent channel with a hexagonally-positioned microwell array provides efficient
single-cell trapping possibilities. This is due to varying trajectories of the flow in the channel as
shown in the simulation results. This enables the cells to travel in the varying trajectory path with less
clumping, thereby providing high SCC with the least MCC. Achieving high SCC with no or minimal
NC and MCC is great if that demand can be achieved without involving specialized equipment and
no auxiliary equipment would definitely add to the upside. Advantages of using vertical cell trapping
when compared to lateral trapping are that the cell analytes can be treated or measured individually
without clump analyte measurement. In a vertical well, single-cell analytes are preserved separately
for analysis as an analogy to the conventional six-well or 96-well plate. Single-cell fluorescent images
reveal that cell morphology was intact, which is suitable for short-term investigation of a single cell.
This technique enables the real-time observation of single-cell measurements for analysis. Thus, these
observations act as design guidelines for the PP-SCT technique for hydrodynamic-based non-auxiliary
biochips in achieving high SCC. The PP-SCT technique can be combined with open tools [41] for
further exploration of the single cell analysis, making it accessible and cost effective.

5. Conclusions

This article has demonstrated the PP-SCT technique, along with the design, fabrication,
and analysis of a micro-fluid dynamic-based biochip for single-cell trapping. Flow rate variations
can be precisely achieved using PP-SCT technique with a flow velocity range of 0.25–4 m/s (with a
fluid channel of 2 mm width and 100 µm height). Characterization of three fluid channel shapes
for improving SCC was performed. Observations reveal that SCC rates can be improved based on
channel shape and orientation of the microwell array. SCC was around 52%, 42%, and 35% for the
serpent, branched, and straight channel biochips, respectively. In this investigation it is evident that
SCC can be improved significantly, based on the microchannel design, for a fixed cell density, with a
similar flow rate without involving any auxiliary systems. This article further paves the way for
designing nonauxiliary hydrodynamic-based microfluidics for high SCC with no, or minimal, NC and
MCC. Single-cell fluorescence measurements were performed with the biochip. The PP-SCT technique
investigated has wide applications in the field of single-cell microfluidic-omics technologies, such as
genomics, proteomics, secretomics, and metabolomics. This result can help in designing a passive
microfluidic biochip with lateral and vertical microwell arrays for efficient single-cell trapping using
the PP-SCT technique. Future directions are to characterize the PP-SCT for the different angles with
compatible microfluidic designs for high SCC.
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Abbreviation

PP-SCT Pipette Petri dish single-cell trapping
SCC Single-cell capture
MCC Multiple-cell capture
NC No capture
UD Upper dish
LD Lower dish
SCA Single cell analysis
PET Polyethylene terephthalate
IPA Isopropyl alcohol
CGM Complete growth media
PBS Phosphate-buffered solution
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