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ABSTRACT

Microfluidic devices have been widely applied to trapping and isolation of cells and clusters for controllable intercellular environments and
high-throughput analysis, triggering numerous advances in disease diagnosis and single-cell analysis. Passive hydrodynamic cell trapping is
one of the simple and effective methods that has been gaining attention in recent years. Our aim here is to review the existing passive micro-
fluidic trapping approaches, including microposts, microfiltration, microwells, and trapping chambers, with emphasis on design principles
and performance. We summarize the remarkable advances that hydrodynamic trapping methods offer, as well as the existing challenges and
prospects for development. Finally, we hope that an improved understanding of hydrodynamic trapping approaches can lead to sophisti-
cated and useful platforms to advance medical and biological research.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002866

I. INTRODUCTION

Microfluidic isolation and trapping of single-cells and cell
clusters shows great potential in advancing medical and biological
research.1–3 This is in part due to enabling investigations in
cell-to-cell interactions and signaling,4,5 studies of cell heterogeneity
in tumors,6 development of immunotherapies,7 investigations of
drug responses,8,9 and regulation of stem cell differentiation.10 In
conventional cell studies, cells are studied in larger populations in
which measurements can only reflect average values summed over
multiple cell responses.11 This approach, however, can lead to mis-
interpretations since it obscures important information about the
cells and their statistical nature.11 In addition, cell growth is subject
to multiple spatial and temporal cues including cytokine and
protein gradients and cell–matrix or cell–cell interactions;12 there-
fore, better control over the cell environment is desirable when con-
ducting in vitro experiments to achieve long cell viability.

Microfluidic trapping devices immobilize single cells and cell
aggregates in a controllable and independent environment, which
offers a way to conduct analysis at a single-cell level.11 These micro-
fluidic trapping devices allow integration of cell culture with analyti-
cal devices13 as well as the ability to probe biochemical processes
that govern cell behavior,14 which permits genetic,15,16 physiologi-
cal,17,18 and biochemical cell studies19,20 on a single-cell to organ

scale. Microfluidic trapping devices also offer a potential for 3D cell
culture to better mimic the in vivo microenvironment, allowing
researchers to study physical effects on cell function and behavior3,21

and with the scale-down of research protocols, results can be
obtained in only a few seconds instead of hours or days.22

Microfluidic strategies for trapping cells can be generally cate-
gorized as active contactless cell trapping and contact cell immobi-
lization by surface treatment or hydrodynamics.2,11 The former
comprises optical,23 dielectrophoretic,24 acoustic,25 and magnetic26

trapping approaches, while the latter consists of chemically driven
cell attachment to surfaces and passive hydrodynamic trapping.11

The approaches such as contact-free active immobilization and
affinity-based cell attachment provide high purity,27 accuracy,11 and
the potential of high-throughput,28 but are complex and costly. In
addition, for tumor cells with down-regulated or lost epithelial
markers, such as EpCAM, affinity-based cell attachment methods
lose efficacy.29 Therefore, passive hydrodynamic trapping methods
have been promoted in recent years.

Micropost arrays, microfiltration, microwell, and chamber
trapping are the four main categories of hydrodynamic trapping.
Compared with active microfluidic methods, hydrodynamic strate-
gies are much simpler and offer higher throughput and lower
cost.30 These passive techniques rely on inherent hydrodynamic
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forces and channel geometries and other physical obstacles in the
channels.31 These strategies may also allow for high cell viability,
mature chip fabrication crafts, easy operation, and integration with
other downstream analysis. However, deficiencies in the accuracy
and flexibility still remain.30 Less complexity in operation and fab-
rication process need to be the tendency during development.32

Publications on passive hydrodynamic cell trapping have
increased from 2 to around 80 papers per year in the past two
decades (Fig. 1), suggesting the burgeoning research field and
market prospects. A number of review articles33–35 on cell trapping
have already been published covering both passive and active
approaches, but not specifically focusing on hydrodynamic trapping.
Yet, a growing number of trapping devices rely on or are combined
with passive hydrodynamic methods; thus, an in-depth review on
hydrodynamic cell trapping is necessary for future chip design con-
siderations and cell analysis applications. Narayanamurthy et al.32

presented an extensive review of hydrodynamic trapping of single
cells in 2017, where they summarized major works from 2005 to
2016, mainly focusing on single-cell analysis rather than other cellu-
lar applications such as cell spheroid formation, co-culturing, and/
or real-time monitoring. Other reviews on cell trapping were pub-
lished some years ago, namely, Kim et al.35 in 2008, Nilsson et al.33

in 2009, and Wu et al.34 in 2017. Since then, many modified
designs of trapping structures have been developed and introduced,
motivating the need for a new comprehensive review of hydrody-
namic trapping. Other reviews also discuss notable works on parti-
cle separation and entrapment with microfluidics partly including
some hydrodynamic methods.36–38 To add to these discussions, we
focus our review on passive trapping techniques.

Herein, we review microfluidic cell trapping approaches involv-
ing only passive forces and physical obstacles including microposts,
microfiltration, microwells, and trapping chambers (Fig. 2). We also
further categorize trapping techniques to better illustrate the differ-
ences of structure design and how hydrodynamics is modified to
enhance trapping efficiency. A growing number of trapping devices
rely on or are combined with passive hydrodynamic methods; thus,
an in-depth assessment on current hydrodynamic cell trapping

devices will aid future chip design considerations and cell analysis
applications. This review will describe the principle, structure, and
performance of each method and summarize the key factors influ-
encing trapping efficiency.

II. MICROPOST ARRAY TRAPPING

Micropost array-based trapping is a horizontal trapping
method32 that can be achieved by simply blocking cells larger than
the gap between adjacent posts from flowing through the channel
(Fig. 3). In this approach, which was first reported by Lee et al. in
2006,39 micropost spacing must be adapted to the size of the cells
to be captured.40 Typically, designing the gap size as 20%–25% of
the target cell or cluster diameter is used to immobilize cells even
with deformation, while avoiding clogging.41 Shape, dimensions,
and layout modifications of microposts have been reported to
improve capture efficiency, reduce clogging, and reduce shear
stress.42 Polygonal, U-shaped, and other irregularly shaped micro-
posts have all been reported (Fig. 3). From single cells to clusters,
from whole blood samples to lysed samples, these all can be cap-
tured by microposts of certain shape and dimensions.

A. Polygonal micropost array

Polygonal micropost arrays, including triangular and diamond
shaped microposts, are generally combined in two or more posts as
one trap unit. Triangular post arrays usually are used to trap cell
clusters, since there is strong cell–cell adhesion in clusters they can
be held at vertex angles of triangular posts.43 Sarioglu et al.43

reported a triangular post array for label-free capture circulating
tumor cell clusters from whole blood with 99% capture efficiency of
at least four-cell clusters. The vertex angles of the triangular posts
bifurcate the laminar flow into two 12 × 100 μm2 opening that can
hold the circulating tumor cell (CTC) clusters with strong cell–cell
adhesion at the bifurcation, while single blood and tumor cells pass
through the openings. The parallel array structures increase the total
inlet flow rate up to 2.5ml/h [Fig. 4(a)].43 Gao et al.44 applied trian-
gular pillars with 50 μm and 20 μm gaps [Fig. 4(b)] to block the

FIG. 1. Search the paper topic about “passive*” or “hydrodynamic*” and “micro-
fluidic*” and “capture*” or “trap*” in databases of Web of Science Core
Collection, KCI, MEDLINE, Russian Science Citation Index, and SciELO.

FIG. 2. Schematics of hydrodynamic cell trapping methods.
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FIG. 3. Schematics of micropost arrays based on (a) polygonal, (b) U-shaped, and (c) butterfly-shaped micropost geometries. Target cells are immobilized in trapping
structures, while nontarget cells pass through.

FIG. 4. Polygonal micropost cell trapping arrays. (a) Schematic of triangular microposts in which CTC clusters are captured from unprocessed whole blood while single
cells pass through. Reproduced with permission from Sarioglu et al., Nat. Methods 12, 685–691 (2015). Copyright 2015 Springer Nature. (b) Representative fluorescent
images of white cell cluster (upper) and CTC cluster (lower) trapped in triangular pillar array. Scale bars, 20 μm. Reproduced with permission from Gao et al., Oncotarget
8, 12917–12928 (2016). Copyright 2016 Authors, licensed under a CC BY 3.0. (c) Schematic of the proposed microfluidic metamaterial sensor (MMS) operating in the
THz spectral region. Reproduced with permission from Shih et al., J. Appl. Phys. 121, 023102 (2017). Copyright 2017 AIP Publishing LLC. (d) Schematic of the filter-based
microfluidic device with SEM image showing the diamond-shaped pillars. Reproduced with permission from Zhu et al., Biomed. Microdevices 9, 745–750 (2007). Copyright
2007 Springer Nature. (e) White blood cells trapped after whole blood is flowed into the sample inlet. Reproduced with permission from Kuan et al., Sci. Rep. 8, 15345
(2018). Copyright 2018 Authors, licensed under a CC BY 4.0. ( f ) “Jail” traps for yeast during typical asymmetric budding; daughter cells are then washed away with media
flow. Reproduced with permission from Ryley and Pereira-Smith, Yeast 23, 1065–1073 (2006). Copyright 2006 John Wiley and Sons.
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CTCs and white blood cell clusters and achieved above 94% capture
efficiency and 90% recovery rate at 15ml/h.44 Shih et al.45 devel-
oped metamaterial traps with double trapezoids to trap 20 μm
microparticles [Fig. 4(c)]. The distance between two trapezoids was
designed to be 5 μm. The changes in the THz transmission response
of the metamaterial were used to examine the type and quantity of
the trapped microparticles.45

Diamond micropost trapping also is an efficient and common
size-based trapping method. Two neighboring posts combine as one
trap site, and the gap between two posts is adjusted based on the
particle or cell size. The diamond pillar shape reduces the gap length
between any two given pillars and decreases pressure at the filter
region to improve trapping efficiency and cell viability.46 Zhu et al.46

optimized the trapping array with diamond shaped pillars in a
zigzag layout [Fig. 4(d)] that can prolong the trapping length and
increase the capture efficiency of Giardia lamblia (∼12–15 μm long
and 5–9 μm wide47), Cryptosporidium parvum cells (∼4–6 μm48),
and MCF-7 breast cancer cells (∼20 μm–25 μm49) up to
90.8% ± 5.8%, 89.8% ± 16.6%, and 77.0% ± 9.2%. They designed the
zigzag coarse pillar-type filters with a gap of 20 μm to capture
MCF-7 breast cancer cells and fine pillar-type filters with 0.8 μm gap
size to trap Giardia lamblia and Cryptosporidium parvum cells.46

Zhou et al.50 designed diamond shaped post array with 12 μm wide
gap to capture CTCs from blood. They used HeLa cells as the
sample in this study. The total trapping efficiency could reach about
70% when the trapping sites were saturated. 97.4% viability was
achieved right after capture and 68% of trapped cells showed
adherence, as well as the high long-term viability for 11 days.50

In addition to the uniform pillar shape, combination of two or
more geometries was used to optimize trapping performance and
meet the processing requirement of more complex samples. Kuan
et al.51 reported a trapping device for on-chip white blood cell trap-
ping [Fig. 4(e)]. They combined one triangular pillar and two rect-
angular pillars as one unit with a gap of 2.5 μm, which formed a
T-shaped gap to capture white blood cells from whole blood.51

Combining multiple posts as one unit may enable different applica-
tions and provide better capture efficiency. Ryley and
Pereira-Smith52 described a “jail” design that combines three square
posts as one jail-like unit which can capture mother cells (large
cells) and let daughter cells (small cells) pass through [Fig. 4(f)].52

B. U-shaped microposts without apertures

U-shaped traps have principally been used for single-cell studies,
cell pairing experiments, and tumor spheroid formations.39,53–55

There are two types of design for a U-shaped trap: with apertures
and without apertures.39 This geometry has its own trap site unlike
polygonal traps that rely on neighboring posts to trap cells. For the
traps without apertures, the gap principally is designed on top or
bottom of posts allowing fluid to carry cells into traps.

In 2006, Di Carlo et al.56 reported a U-shaped post array
biased to trap only single cells and allows for both arrayed culture
of individual adherent cells and dynamic control of fluid perfusion
[Fig. 5(a)]. Reduced velocities were observed in the trapping region
from modeling, with a flow rate of 0.75 ml/min around the trap
sites. They achieved consistent trapping of single HeLa cells with
about 85% of cells maintained in the trapping site after 24 h.56

Precise positioning of cells and cell-pairs had also been achieved by
Zhang et al.,57 demonstrating a “cell printing” technique using
hook-shaped traps with high precision. Cells were allowed to
extend themselves, therefore, making it possible to quantify bio-
physical characteristics. Their device achieved high spatial resolu-
tion and close to 100% viability with minimal cell damage using a
gentle flow rate of <100 μl/min.57 In addition to single cell and cell-
pair analysis, tumor spheroid formation and drug discovery can
also be performed in a single microfluidic chip. Wu et al.58

reported a U-shaped trap with an inner volume of 35 × 70
× 50 μm3, which can typically contain about ten MCF-7 cells
[Fig. 5(b)]. This platform allowed microfluidic self-assembly of
spheroids and characterization analysis of spheroid dynamics all in
one platform suitable for anticancer drug assays.58

Modified U-shaped posts were designed to improve certain
performances such as continuous capture and minimizing clogging.
Chen et al.59 designed inverted Y-shaped fluidic guides in front of
U-shaped traps that caused cells to flow through the space between
the structures more easily [Fig. 5(c)], increasing the traps’ filling
time. Therefore, the capture structures with Y-shaped fluidic guides
can continue to capture cells rather than being filling quickly.59

Chen et al.60 modified the trap geometry to a streamlined-shape.
This streamlined-shape trap minimizes clogging of cells in capture
and release steps [Fig. 5(d)]. Over 85% of cells were captured inde-
pendent of the input flow speed and over 80% of captured cells
were subsequently released.60

While the majority of the micropost trapping systems apply
pressure-driven flow to load samples in 2D plane, Burger et al.61

reported a novel centrifugal microfluidic platform using centrifugal
force to drive particles trapped in the V-cup [Fig. 5(e)]. This work
demonstrated that, depending on the ratio of the active capturing
cross section of the cups and the diameter of the beads, the occu-
pancy could be adjusted ranging from single to multi-bead occu-
pancy. When the ratio of beads to cups is ≪1, the capture
efficiency was close to 100%.61 In addition to the centrifugal force,
gravity also can be applied to trapping devices. Fu et al.62 combined
fluid flow and the force of gravity to drive cells into U-shaped
traps. The chip was tilted at three angles (0°, 45°, and 90°) and the
trapping efficiency of the chip with 90° was highest and four times
of the chip with 0° [Fig. 5(f)]. For on-chip downstream spheroid
analysis, they applied hydrogel as the substructure, which is
non-adhesive to cells to promote the formation of multicellular
spheroids.62

C. U-shaped microposts with apertures

To attract more target cells flowing into trapping sites, most
designs opened apertures on U-shaped posts to decrease the hydro-
dynamic resistance and stagnation flow around the traps.63

Kim et al.64 reported a “U-type sieve” model with two apertures
that couple the flow field properties within a microchamber. They
showed excellent agreement between experimental and computa-
tional studies with respect to the cell number per trap and the uni-
formity of cell distribution within individual microchambers.
Compared with previous modeling, they considered both viscous
and inertial components to account for both the migration of
cells through the microchambers and their deceleration due to
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confinement in the microsieves.64 Kim et al.65 demonstrated trap-
ping of E. coli cells (∼1 × 3 μm66) in the U-shaped sieve traps.
These traps consisted of small openings that are <1 μm in size, cre-
ating a flow field that guided cells into the traps. Also, a simple

reversal of the flow direction is sufficient to release trapped cells
without lysis with a low flow rate (3–5 μl/min).65 Within similar
traps, Kukhtevich et al.53 observed that trap arrangement can also
affect trap efficiencies. Their semi-circular design resembled that of

FIG. 5. U-shaped micropost trapping arrays. (a) (i) and (ii) Schematic of the cell trapping mechanism using flow-through arrayed suspended obstacles. (iii) Phase contrast image
of an array of single trapped cells. Scale bar, 30 μm. Reproduced with permission from Di Carlo et al., Anal. Chem. 78, 4925–4930 (2006). Copyright 2006 American Chemical
Society. (b) Schematic of one microfluidic spheroid culture trap site. Drug molecules coming with the flow enter through the 2 μm perfusion channel underneath the trap.
Reproduced with permission from Wu et al., Biomed. Microdevices 10, 197–202 (2008). Copyright 2008 Springer Nature. (c) The velocity field of the different structures.
Reproduced with permission from Chen et al., Microsyst. Technol. 20, 485–491 (2014). Copyright 2014 Springer Nature. (d) Schematic of loading cell sample to the device and
physically captured the cells. Reproduced with permission from Chen et al., Biomicrofluidics 11, 054107 (2017). Copyright 2017 AIP Publishing LLC. (e) Beads were loaded into
trap under centrifugal force. Reproduced with permission from Burger et al., Lab. Chip 12, 1289–1295 (2012). Copyright 2012 Royal Society of Chemistry. (f ) Cell movement in
the microfluidic chip in the presence of gravity at different angles (0°, 45°, and 90°). Reproduced with permission from Fu et al., Biofabrication 6, 015009 (2014). Copyright 2014
IOP Publishing, Ltd. (g) U-shaped trap with an aperture was used to trap single droplet. Reproduced with permission from Huebner et al., Lab Chip 9, 692–698 (2009).
Copyright 2009 Royal Society of Chemistry. (h) Step-by-step of cell loading and pairing protocol where cell deformation was flow-induced. Reproduced with permission from Dura
et al., Lab. Chip 14, 2783–2790 (2014). Copyright 2014 Royal Society of Chemistry. (i) Step-by-step of cell pairing with flow reversal to transfer first cells into larger traps and a
second cell type was loaded from the top. Reproduced with permission from Skelley et al., Nat. Methods 6, 147–152 (2009). Copyright 2009 Springer Nature.

Biomicrofluidics REVIEW scitation.org/journal/bmf

Biomicrofluidics 14, 031502 (2020); doi: 10.1063/5.0002866 14, 031502-5

Published under license by AIP Publishing.

https://aip.scitation.org/journal/bmf


a “U-type sieve” and was arranged in three rows. Particle displace-
ments with respect to the center of the supply channel affected the
trapping probability of a particle for each designated trap in the
chamber.53 Kwon et al.67 integrated ZnO nanowires on the micro-
traps to form mesh-like cage structure to keep E. coli cells anchored
to the trap. The apertures in sieves were 3–4 μm wide and 10 μm
high. More E. coli cells were trapped and anchored in each unit of
nanowire-integrated posts compared to bare posts.67 It may,
however, be necessary in some cell studies to retrieve cells once
they have been trapped. A way of extracting cells from U-traps is to
use hydraulic pressure to selectively open gates of the traps to
release the cells inside.68

In addition to cell and particle trapping, artificially generated
droplets made up of cell samples or phospholipids are of great
interest. Therefore, trapping of these droplets can allow for further
investigation of drug screening and lipid–lipid/protein interac-
tions.41,69,70 Huebner et al.41 reported trapping and release of drop-
lets using single aperture U-shape sieves [Fig. 5(g)]. Their results
showed that more than 90% droplets trapped by sieves can be
released and collected after 45 min.41 Kazayama et al.69 designed
U-shaped traps with small back openings for size-selective
particle entrapment to investigate artificially generated giant vesi-
cles 10–20 μm in size.69 They designed gap size to be 20%–25% of
the target diameter, with the pitch of the traps set at 2 μm larger
than the gap to prevent the aggregation of vesicles between the
traps. Trapping efficiencies were reported as 64%, 66%, and 70%
for their target diameters of 12, 16, and 20 μm, respectively.69

One issue with micropost arrangement is that cells can
deform and squeeze through the gaps between posts reducing
capture efficiency. Dura et al.71 took advantage of cell deforma-
tion and designed U-shaped traps with openings smaller than the
cell diameter [Fig. 5(h)]. At high flow rates (100–500 μl/min),
cells squeezed into and secured in the traps.71 To protect the via-
bility of cells for long-term, the shear stress and thus the flow rate
need to be controlled at a low level (0.2–2 μl/min flow rate),28

which may impact throughput.

D. U-shaped microposts with back traps

Cell–cell interaction studies can also be achieved through
U-shaped posts with back traps to pair cells of different types.71,72

Skelley et al.72 reported the post design with front and back traps.
After loading the cells to the back traps, cells were then transferred
from the back traps to subsequent front traps by reversing flow,
and then the second type of cells were loaded into the front traps
in order to pair with the first loaded cells [Fig. 5(i)]. They found
that cell pairing efficiencies were dependent on cell-loading
parameters such as cell concentration, device dimension, loading
times, and flow rates. They captured 70%–90% of the cells with an
optimal column and row spacing of 20–50 μm.72 In 2015, they
adopted the same principles to capture lymphocytes.71 Since lym-
phocytes are 3× smaller and more deformable than stem cells, they
changed the dimensions accordingly to 7–9 μm column spacing,
12–16 μm row spacing, and 8–10 μm cup widths. Additionally, the
apertures in between posts and bottom were set as 20%–25% of
the total height to prevent cells from squeezing. With the opti-
mized dimensions, 80% cells that entered the array were captured,

up to 95% traps were filled and cell pairing efficiencies were
between 40% and 85%.71

E. Other micropost geometries

The diversity of micropost shapes includes not only the
polygonal and U-shape, but also other irregular shapes like cross,
ellipse, and heart. All of them are designed for different applica-
tions and trapping targets. Chen et al.73 reported elliptical micro-
posts with 100 μm long slim gaps [Fig. 6(a)], which gradually
narrowed from 18 μm to 5 μm to diminish the chances of losing
target CTCs. A robust yield of 90% was achieved and it can be
used for whole and lyse blood samples with rare CTCs.73 Besides
capturing only one kind of single cells, cell pair capturing is also
an essential technique for multicellular analysis. Zhu et al.74

designed heart-shaped posts with the gap on top of the posts
[Fig. 6(b)] to trap HeLa and MCF-7 cells after successive loading
from different directions. The gap at the top of the posts prevents
the first cells loss when flowing the second cell type from the
opposite direction and allows the secondary cells to touch the
posts for capturing. Single cells were captured in 93% traps.74

Weng et al.75 reported a single-cell trapping design using a
butterfly-shaped post array [Fig. 6(c)]. A pair of butterfly-shaped
post works as one trapping unit with 15 μm aperture between the
two posts. The cells were driven by gentle hydrodynamic pressure
and the yielding trap occupancy was up to 86.8%. Rat hepatocytes
and Brx-142 cells were used as models in this study.75 Mi et al.76

created a device employing the principle of least flow resistance
and using hydrostatic force (such that the flow rate was <100 nl/
min) for 90% single cell capture. The trapping structures were
designed to resemble a resistive electric circuit [Fig. 6(d)]. Cell
capture at the first trapping site acts as a plug and, therefore,
increases the flow resistance to the site. This structure enables
each trap unit to be treated equally and independently.76

III. CELL TRAPPING BY MICROFILTRATION

Microfiltration is another size-based hydrodynamic cell
trapping method using either horizontal or vertical filters
(Fig. 7). To avoid clogging, the crossflow technique is applied in
most microfiltration trapping devices.77 Sample solution flows
tangentially across the membrane in a crossflow filtration device
and the permeable solution flows through the filter. Due to the
transmembrane pressure, sample tends to pass the filters but
only small cells can flow through the gaps while large cells are
captured at trapping sites.78

Bypass-channels with sieve-like trapping offer a way to trap
cells or clusters sequentially. Since the trapped cells act as plugs,
flow resistance at the trapping site increases and subsequent cells
flow along the channel bypassing the filled trap.79 Tan and
Takeuchi were the first to report the sequential trapping of single
cells and to recognize that the flow rate through the trapping site
should be higher than the volume flow rate at the main channel,
meaning Qtrap/Qmc should be >1 for successful trapping of cells.
Sieve-like trapping sites along with the sinuous channel were
designed to trap beads in their study [Fig. 8(a)].79 According to the
Qtrap/Qmc > 1 principle, modified structure, shape, and size depend
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on different applications and can be roughly categorized based on
the horizontal and vertical trapping designs.

A. Horizontal arrangement

Horizontal trapping arrangement, which involves flowing
the sample along the filter surface with smaller cells passing

through the filter pores horizontally, is a common strategy in
microfiltration designs. Optimizing geometry of the trapping
channel to meet a proper range of flow rate and resistance
between the main channel and trap sites is the main method to
improve device performance. So far, bypass-channel trapping
and crossflow trapping are the two main categories of horizontal
arrangement.

FIG. 6. Micropost trapping arrays with irregularly shaped geometries. (a) Ellipse posts,73 (b) heart-shaped posts,74 (c) butterfly-shaped posts,75 and (d) hook-shaped
posts.76 Reproduced with permission from Chen et al., Sci. Rep. 7, 610 (2017). Copyright 2017 Authors, licensed under a CC BY 4.0. Reproduced with permission from
Zhu et al., Sens. Actuators B Chem. 283, 685–692 (2019). Copyright 2019 Elsevier. Reproduced with permission from Weng et al., Lab Chip 17, 4077–4088 (2017).
Copyright 2017 Royal Society of Chemistry. Reproduced with permission from Mi et al., Lab Chip 16, 4507–4511 (2016). Copyright 2016 Royal Society of Chemistry.

FIG. 7. Schematics of microfiltration trapping approaches. Target cells are captured by microfilters in (a) horizontal and (b) vertical arrangements.
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B. Bypass-channel trapping

Developed based on Tan and Takeuchi’s bypass-channel bead
trapping work, Kobel et al.28 reported single cell trapping with
bypass-channels, also employing the concept of Qtrap/Qmc > 1.
However, with cells, additional requirements including viability and
stability of the trapped cells also must be considered. Kobel et al.28

designed trapping structures consisting of a 3 μm high and 12 μm
wide horizontal gap on the bottom, which was used to capture
non-adherent EG7 cells and achieved a trapping efficiency up to
97% [Fig. 8(b)]. They also identified optimal perfusion rates at 100
nl/min that allowed both a high cell viability (>90%) and a minimi-
zation of cell loss (<23%). In addition, automated separation of
daughter cells upon division can also be performed in the same
device.28 Frimat et al.80 created cellular valving for single-cell
pairing [Fig. 8(c)]. Using the same original Qtrap/Qmc > 1 principle
but with two trapping sites interfaced with an aperture, they

reported a high arraying efficiency of ∼99%.80 After ensuring that
Qtrap/Qmc at each trap are in the proper range for trapping single
cells, Khalili et al.81 later optimized a single cell trapping model
and found the flow resistance ratio of the main channel and the
trapping site higher than 3.5 could be used for trapping cells. The
trapping length also can be optimized for single cell trapping. For
trapping 5 μm yeast cells, 5 μm trapping length is the most suitable
since the shorter sites could be blocked by cells while the longer
sites would trap multiple cells.81

Besides cell trapping, the bypass-channel also has other novel
applications. Bithi and Vanapalli82 applied the bypass-channel to
form droplets and then cultured the cells in droplets. After dispens-
ing the cell sample and oil orderly into the oil-prefilled microfluidic
device, each bypass-channel loop can park a droplet of 30 nl cell
sample and achieve 85%–100% cell capture efficiency. Droplet for-
mation on chip offers benefits of single cell resolution drug assays
with a small number of tumor cells or their clusters present in the

FIG. 8. Microfiltration with horizontal arrangement. Bypass-channel design (a) allowed for one-bead-to-one-trap79 and (b) single-cell capture.28 Reproduced with permission
from Tan and Takeuchi, Proc. Natl. Acad. Sci. U.S.A. 104, 1146–1151 (2007). Copyright 2007 National Academy of Sciences. Reproduced with permission from Kobel
et al., Lab Chip 10, 857–863 (2010). Copyright 2010 Royal Society of Chemistry. (c) Cell-pairing also could be achieved by the bypass-channel. Reproduced with permis-
sion from Frimat et al., Lab Chip 11, 231–237 (2011). Copyright 2011 Royal Society of Chemistry. (d) Bypass-channel was able to generate static droplet arrays with gradi-
ent concentration. Reproduced with permission from Sun et al., Lab Chip 11, 3949–3952 (2011). Copyright 2011 Royal Society of Chemistry. (e) Crossflow microfiltration
was able to control number of cells per trap by setting resistance of main channel and trap. Reproduced with permission from Chung et al., Lab. Chip 11, 3949–3952
(2011). Copyright 2011 American Chemical Society. ( f ) Mixture of 15 μm, 6 μm, and 3 μm particles was sorted by traps in different sizes. Reproduced with permission
from Kim et al., Lab Chip 14, 2480–2490 (2014). Copyright 2014 Royal Society of Chemistry.
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small sample.82 Sun et al.83 not only applied the bypass-channel to
form droplets but also achieved concentration gradients of droplets
by inducing diluting plugs of water [Fig. 8(d)]. After sample drop-
lets formed in each trap, the diluting plug, which is water moved
into channel, the concentration gradients in the array are produced.
This work demonstrated a throughput of nearly 60 different con-
centrations (in 30 nl drops) in about 10 min using only 2 ml of the
sample volume, which is a powerful platform for drug screening.83

Combining the cell traps with electrodes has interested many
researchers. By installing electrodes with traps, Zhou et al.84 were
able to dynamically monitor single cell lysis by measuring the
impedance of trapped cells. In this device, each trap site consists of
two sensing electrodes. Depending on flow direction, cells will be
captured at the trap facing upstream, while the trap facing down-
stream is empty.84

Novel modifications of the bypass-channel were also reported.
Chung et al.85 achieved >80% efficiency with trapping units that
splits incoming flow into two paths (paths A and B) that have dif-
ferent flow resistances, following the Qtrap/Qmc > 1 principle. This
method of diverting main flow into trap and bypass channels can
ensure single-cell capture. Path A flows through the center of the
trapping site and Path B flows through the side channels of the
trapping site.85 Similarly, Guan et al.86 used the flow rate ratio prin-
ciple and then a streamline-based approach to optimize the
channel design and thus maximize the capture efficiency. They
found that the longer bypass length created streamlines that direct
target particles into trap sites and prevented them from flowing to
the bypass channels.86 The principle has also been demonstrated
with other particles such as protein microcrystals for x-ray diffrac-
tion studies.87 Zhou et al.88 developed a valving technique that
traps and releases cells upon activation of microfluidic valves.
Trapping gaps were designed to be smaller than cells (3–5 μm
gaps) immobilizing them in place. Their device demonstrated the
entrapment of mouse embryonic stem cells and nuclei with a diam-
eter range of 8–12 μm.88 He et al.89 developed a hydrodynamic
shuttling technique able to capture three individual cells of differ-
ent cell types also by utilizing the bypass channel method.89

C. Crossflow microfiltration

The crossflow microfiltration is also based on the trapping
principle Qtrap/Qmc > 1. But compared with bypass-channel trap-
ping, crossflow trapping can offer higher trap concentration. Also,
by reversing the flow polarity, full microarray releasing can be
accomplished for both microbeads and cells. Released microparti-
cles can be transported to outlet locations and retrieved for subse-
quent analyses and/or experiments. As a result, microbeads and
cells could be processed on-chip to benefit from the advantages
associated with microscale systems.90

By optimizing the fluidic resistance of the crossflow channel
with respect to the resistance of the loop channel, Chung et al.91

determined the proper range of the resistance ratio of the main
channel and trap sites (Rmc/Rtrap). The resistance ratio of ∼110 led
to a higher trap occupancy of multiple cells and a higher ratio of
∼255, resulting in the highest single-cell occupancy [Fig. 8(e)]. The
optimized trapping mechanism with 25 μm wide trap and 1.8 μm
high gap on the top of each trap was designed, which enabled 95%

of single-cell occupancy and 94% viability after 24 h. The cells of
8–20 μm diameter at even high-density (up to 5 × 106 cell ml−1) can
be used in this device so that this platform can be used for diverse
applications such as fundamental studies of stochastic behavior,
diagnosis of patient samples, and/or drug screening in cancer and
stem cell biology.91 Nourmohammadzadeh et al.92 optimized the
Qtrap/Qmc to be 2.8 for trapping and forming ∼300 μm pancreatic
islet clusters and 99% ± 2% of the traps are occupied with
95% ± 1% of the occupied traps containing a single particle.92

The height of gap is critical in determining the trapping effi-
ciency.93 Lee’s group93 reported that the larger gap height would
result in cells squeezing during filtration and the smaller gap height
would prohibit both targeted and untargeted cells passing.
Therefore, they designed a filtering array to trap single leukemia
cells and white blood cells from peripheral blood. The width of
traps was set to 10 μm and the height of gap was determined to be
3.3 μm to ensure that WBCs and leukemia cells were trapped while
RBCs flow through. Under the flow rate of 0.2 ml/h, the single-cell
capturing efficiency was about 80%.93 Similar structure also can be
used to analyze embryoid body heterogeneity.94

The trap geometries also impact trapping efficiency. Lawrenz
et al.95 evaluated triangular, square, conical, and elliptical traps.
Overall, the triangular trap array was the most consistent in filling
large amounts of traps with single microparticles where triangular
arrays achieved >95% of filled traps having single particles, while
the conical, square, and elliptical traps achieved 93%, 78%, and
25%.95 Lu and colleagues96 used a slightly different approach where
their method did not depend on resistance changes after traps were
occupied, but rather they used guided flow to capture and orient
embryos into the traps. Their device consisted of a serpentine
channel for bulk flow and resistance channels to guide flow into
trap sites resulting in about 90% of traps occupied.96

Hydrodynamic entrapment of non-spherical shaped objects such as
a sperm cell that has an oval shaped head (with a length of 9 μm,
width of 4.5 μm, and a thickness of 0.5 μm97) was possible with the
use of crossflow channels.98 The method used two main channels
connected by smaller side channels of 1–2 μm widths, where sperm
cells may flow and be squeezed through after a pressure gradient
due to the differences in main channel flow rates.98

Particle sorting can also be achieved by crossflow microfiltra-
tion. Three different trapping zones connected sequentially in a
sinuous channel was reported by Kim et al. for sorting and trap-
ping of cell mixtures [Fig. 8(f )].99 The 15 μm, 6 μm, and 3 μm
diameter microspheres were sorted and trapped sequentially with
100%, 98%, and 85% efficiency, respectively.99 The trap size was
16 μm, 8 μm, and 4 μm and the passing gap size was 8 μm, 4 μm,
and 2 μm, respectively, for three kinds of microspheres. Therefore,
hydrodynamic methods can sort subjects with a resolution as low
as 3 μm, with a decreasing efficiency for a smaller particle size due
to Brownian diffusive effects.

Once cells are trapped on-chip, cell analyses can be performed
for a wide range of aspects, such as apoptosis,100 kinetic cellular
response,91 cell growth, coupling, and beating.101 Valero et al.100

reported a microfilter chip to immobilize and real-time monitoring
of single cells’ apoptotic process. U-shaped trapping sites were
designed with 10 μm diameter and 3 μm narrow openings to trap
HL60 cells. With this trapping device, apoptosis could be studied in
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real-time. Espulgar et al.101 demonstrated an integrated microflui-
dic chip to trap cells and analyze their coupling and decoupling
dynamics, which is the first to be observed in cardiomyocyte cell
microfluidics. They designed a chip combining filtration, trapping,
and monitoring. The cells flowed through the trapping sites with
10, 20, and 50 μm gap tangentially based on the sedimentation
effect. After capture, 70%–80% of the trapped cells grew.101

D. Vertical arrangement

Loading the sample on the top of the filter tangentially and
letting smaller cells pass through the filter pores vertically can be
categorized as vertical microfiltration trapping. Similar to horizon-
tal trapping, vertical trapping also mainly applies the crossflow
technique to mitigate the clogging issue while increasing through-
put. Different gap shapes and device structures were adapted to
achieve the capture of CTCs and cell line cells.

Tang et al.29 developed a crossflow vertical microfiltration
with conical-shaped holes to capture CTCs from diluted blood
[Fig. 9(a)]. The capture efficiency is up to 95% and the WBC
clearance efficiency is 96% when using the flow rate of 0.2 ml/min
with filters of 6.5 μm hole diameter.29 Also using vertical microfil-
tration with conical-shaped holes, Hosokawa et al.102 added the
vacuum chamber below the microfiltration to accelerate loading
speed and 90% of microcavities loaded cells.102 Hosokawa et al.103

then developed a microcavity array with 2 μm hole and success-
fully detected 97% of 10–100 lung carcinoma NCI-H358 cells
from 1ml whole blood. In addition, breast, gastric, and colon
tumor cell lines that include EpCAM-negative tumor cells, which
cannot be isolated by conventional immunomagnetic separation,

were successfully recovered on the microcavity array with high effi-
ciency (more than 80%). On average, approximately 98% of recov-
ered cells were viable.103 Their microcavity array system was then
used to detect CTC from non-small cell lung cancer patient’s blood.
CTCs were detected in 20 of 21 small cell lung cancer (SCLC)
patients using the MCA system vs 12 of 21 patients using the
CellSearch system.104 Deng et al.105 developed a U-shaped filter
between the main channel and the buffer channel [Fig. 9(b)]. The
cell suspension flowed along with the filter and the transmembrane
pressure resulted in the cells capturing in the trapping sites. The gap
size in this study was 5 μm and the target trapped cells were A549
cells. With the flow ratio of the trapping site and the main channel
higher than 1, the trapping efficiency was higher than 90%.105

IV. CELL TRAPPING IN MICROWELLS

For cell culture and cluster formation, the microwell system is
an ideal platform that can offer control over parameters such as
size, shape, and homogeneity.106 In biological studies, disease diag-
nosis, and drug screening, microwell platforms play an important
role in offering high-throughput data (Fig. 10). A rather straightfor-
ward solution to encage cells in a massively parallel format are
microwell arrays, where cells are seeded and allowed to settle into
microwells by gravity that can hold a single cell or cell aggregates in
each position.33,106–108 Unlike micropost and microfiltration
approaches, vertical microwells can control cells with certain
size,109,110 shape,110 and homogeneity110 in a uniform environment
and space for high-throughput and parallel cell or DNA analysis.

One of the advantages of such an array of cell traps is that
once trapped, each cell is held at a fixed position on the array. Thus,

FIG. 9. Microfiltration with vertical arrangement. Principle of single-cell positioning based on the hydrodynamic filter trapping. Filters can be arranged as (a) arrays29 or (b)
single row.105 Reproduced with permission from Tang et al., Sci. Rep. 4, 6052 (2014). Copyright 2014 Authors, licensed under a CC BY 4.0. Reproduced with permission
from Deng et al., Sci. World J. 2014, 929163. Copyright 2014 Authors, licensed under a CC BY 3.0.
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the transient properties of thousands of cells can be individually
monitored by capturing images sequentially using a conventional
fluorescence microscope.111 The use of microwell-based intercellular
experiments can aid in correctly characterizing the cell dynamics of
a single or a small number of cells.30 In addition, since microwells
form an array, they allow high-throughput and parallel assays,
which are useful in analytical research in cell biology and medical
diagnostic tests.112 Microwell dimensions, shape, and arrangement
can be adapted to different cell sizes, settle times, and cell seeding
densities. All of these microwell parameters and sample properties
impact capture efficiency. So far, microwell devices can offer a wide
range of applications from single cells capture107,108,111 to multiple
cells coculture113 due to their adaptable physical parameters.

Height/diameter ratio of a microwell of ∼1114 has been
reported to be the optimal to contain single cells107,115,116 and to
form spheroids in microwells.117 For example, a 30 μm well diame-
ter with a 30 μm height was suitable for stem cells (∼30.4 μm in
diameter) trapping,116 a 20 μm well diameter with a 21 μm height
was best for rat basophil leukemia cells (∼17–20 μm in diameter),
while a 25 μm-diameter and 27 μm-height were best for fibroblast
cells (∼13–20 μm in diameter).114 Proper microwell dimensions
need to be considered to trap the precise number of cells with high
efficiency.114 For single-cell studies, the isolation of individual cells
in separate traps from bulk solutions need to be optimized to
achieve high-throughput analysis. In addition to the fixed well size,
Wang et al.111 developed a stretchable circular microwell array for
single-cell analysis [Fig. 11(a)]. A microwell array was made of pol-
ydimethylsiloxane (PDMS) and stretched uniaxially by a plastic
tube controlled by a micromanipulator. Cells were added to the
tube and allowed to settle into the expanded microwells. Relaxation
of the PDMS by removal of the tube resulted in contraction of the
microwells around the cells which were trapped. For trapping
14.1 μm Ba/F3 cells, they set the diameter of the hole on the well as
12 μm which achieved 65.3 ± 7.6% trapping efficiency.111

In addition to the careful design of well dimensions, Park
et al.107 used a multiple sweeping process to move individual
budding yeast (3–4 μm in diameter) and Saccharomyces cerevisiae
cells (5–10 μm in diameter) into traps [Fig. 11(b)].107 Their circular
microwell design had an 8 μm diameter and 8 μm height. Larger
diameters from 12 μm to 24 μm resulted in lower single-cell resolu-
tion. Additionally, cell density affects the trapping efficiency of
their device. To obtain >90% efficiency, cell density needs to be
higher than 5.0 × 109 cells per ml, and thus it is not suitable for
samples with low cell density.107

Another parameter to consider is the well bottom shape. The
geometry of vertical well traps can significantly impact flow

streamlines.118 Manbachi et al.119 reported that smaller sized rectan-
gular microgrooves showed great recirculation, where the direction
of local velocity near the base of the grooves is opposite that of the
main channel flow [Fig. 11(c)]. Local shear stress guided cell align-
ment following the flow direction in the grooves.119 Park et al.118

simulated the recirculation pattern in the equilateral triangle,
square, circle, rhombus, and cone microwells from 3D simulation.

A strong flow recirculation occurs in the triangular microwell
thus efficiently catching cells from the main flow [Fig. 11(d)]. Once
a cell is captured, cells present in the microwell changes the flow
pattern, preventing trapping of other cells.118 Moreover, triangular
microwells with dimensions of 50 μm were found to be the most
efficient for single cell trapping while providing ample space for
cells to grow and spread.118 Computational and experimental study
with microbeads also demonstrated an effective trapping of
10–20 μm particles in triangular microwell traps.120

Circular microwell traps were used for spheroid formation
after multiple cell trapping was performed in 2012 by Kim et al.
[Fig. 11(e)].121 A defined inlet volumetric flow rate (200 μl/h) was
used to obtain the proper number of cells settle down in each circular
well with 300 μm diameter and 330 μm height. Uniform tumor spher-
oids with an average diameter of 188.1 μm were formed by trapping a
defined number of cells in each well.121 Choi et al.122 found that after
loading multiple cells into microwells, concave shaped wells form one
uniform spheroid rather than several clusters in one well with a flat
bottom [Fig. 11(f)].122 Other studies of tumoroid123 and 3D-cell
spheroid124 formation in microwells allowed for in vitro tumor model-
ing and high-throughput screening. Lee et al.125 developed a deform-
able truncated L-shaped microwell array for trapping pairs of
heterogeneous cells and analyzed cell–cell signaling [Fig. 11(g)]. Each
branch of the L-microwell had a dimension of 29 × 18 μm2 and the
depth of the entire L-microwell was 30 μm. Truncated L-shape allows
to trap only one cell in one branch. Researchers stretched the PDMS
substrate to let cells fall into branches and then released the substrate,
cells in the L-microwell are slightly squeezed to be held securely in the
L-microwells.125

In devices utilizing gravity-based sedimentation, settling time
is important to consider since it may be necessary to minimize cel-
lular sedimentation.22 Experiments have provided optimized settling
times for different devices varying from 2 to 30min depending on
the well depth, number of wells, and cell density.114,126,127 Longer
settling time resulted in higher cell occupancy and consequently
prolonged the total experimental time.127 In addition to the gravity-
based trapping, buoyancy force can be used to trap low density
samples. Due to the low density of droplets, Labanieh et al.128

designed microwells on the top of the chamber and droplets floated
into wells. The droplets can be recovered by flipping the device
[Fig. 11(h)].128 Centrifugal force was also applied as loading force of
trapping devices. Huang et al.129 developed truncated cone shape of
the microwells to trap single cells by centrifugation. The efficiency
of occupancy could reach approximately 90% within a few seconds
when the 24 μm microwells were used [Fig. 11(i)].129

To trap cells selectively and treat cells in multi-phenotype
array, Khademhosseini et al.130 presented a system that has been
used to trap multiple cell types separately and drive multiple treat-
ments to cell arrays [Fig. 11( j)]. By covering columns of channels to
isolate each column of microwells, multiple cell types can be loaded

FIG. 10. Schematic of microwell arrays. After being loaded into the microfluidic
chip, cells settle down into individual microwells vertically.
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into every channel separately. In addition, delivering of multiple
kinds of reagents by serially placing microchannel arrays orthogo-
nally on substrates can realize high-throughput cells analysis.130

Microwell devices have been used in biomedical research such
as single-cell analysis,85,108,131–133 in drug screening121 and stem
cell differentiation studies.122,126 A cell retainer device was designed
for the study of non-adherent primary cells without interfering
with cell integrity.134 Single B-lymphocyte analysis was performed

in 2007 with microwells at a size of 10 μm diameter and 15 μm
depth (less than 10 μm depth resulted in easy dislodgement of cells
during wash).133 Jen et al.131 performed high-throughput single-cell
chemical lysis in microwell arrays, where they captured HeLa cells
in 20 μm and 30 μm diameter wells.131 Recently, Zheng et al.127

used the microwell system where cells were allowed to settle to the
bottom overtime to quantify silver nanoparticles in single cells.
They achieved 60% single cell occupancy efficiency.127

FIG. 11. Vertical microwell arrangement. (a) Schematic of uniaxially stretching a PDMS microwell array by pressing with a plastic tube. Reproduced with permission from
Wang et al., Anal. Bioanal. Chem. 402, 1065–1072 (2012). Copyright 2012 Springer Nature. (b) Cell docking method with multiple sweeping processes. Reproduced with
permission from Park et al., Lab Chip 11, 79–86 (2011). Copyright 2011 Royal Society of Chemistry. (c) The graph of local velocity near the base and wall shear stress in
grooves. Alignment of cardiomyocyte cells shown with phase contrast images. In 50 μm grooves, cells were in the upstream corner, while in 75 μm grooves, cells were in
downstream corner. Reproduced with permission from Manbachi et al., Lab Chip 8, 747–754 (2008). Copyright 2008 Royal Society of Chemistry. (d) Geometry of microwell
affects the trapping rate. Streamlines in triangular microwells had strong recirculation for trapping of a single cell. Reproduced with permission from Park et al., Microfluid.
Nanofluidics 8, 263–268 (2010). Copyright 2010 Springer Nature. (e) Circular microwell for the formation of uniform-sized cell spheroids. Reproduced with permission from
Kim et al., Lab Chip 12, 4135–4142 (2012). Copyright 2012 Royal Society of Chemistry. ( f ) Concave microwells offered uniform size of spheroids. Reproduced with permis-
sion from Choi et al., Biomaterials 31, 4296–4303 (2010). Copyright 2010 Elsevier. (g) Trapping scheme of an L-microwell. Reproduced with permission from Kim et al.,
Micromech. Microeng. 25, 035005 (2015). Copyright 2015 IOP Publishing, Ltd. (h) A schematic illustration for the workflow of the floating droplet array (FDA). Reproduced
with permission from Labanieh et al., Micromachines 6, 1469–1482 (2015). Copyright 2015 Authors, licensed under a CC BY 4.0. (i) Steps for centrifugation-assisted
single-cell trapping (CAScT). Reproduced with permission from Huang et al., Anal. Chem. 87, 12169–12176 (2015). Copyright 2015 American Chemical Society. ( j)
Microwell array system allowed multiple treatments to cells. Reproduced with permission from Khademhosseini et al., Lab Chip 5, 1380–1386 (2005). Copyright 2005 Royal
Society of Chemistry.
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V. TRAPPING CHAMBER ARRANGEMENT

Microchamber entrapment is the alternative microfluidic trap-
ping strategy. Microchannels can be modified by altering channel
dimensions and combining trapping chamber horizontally or verti-
cally; therefore, their resistances and the surface tension can manip-
ulate flow of cells into trapping chambers (Fig. 12).

A. Horizontal arrangement

Cinque et al.135 designed straight channels with arrays of
micro-chambers on one side of main channel, which allowed cells
flow into the chamber and be captured [Fig. 13(a)]. They found best
results with the following ratios of main channel width:neck width:
neck length = 5:[1–1.5]:[1.5–2].135 Near 90% trapping efficiency of
HeLa cells was achieved by Wang et al.136 in 2015. They created
bypass structures in square-wave shaped main channels to test che-
motherapeutic drugs on trapped cells.136 Long-term cell culture was
achieved using serpentine and tree-pattern microchannels with

larger sized trapping chambers for cell growth and proliferation.137

Kamyabi et al.138 designed one microfluidic device for isolating
CTC clusters spiked in whole blood, which is equipped with
∼10 000 trap chambers that isolate tumor cell clusters based on
their large sizes and dynamic force balance against a pillar obstacle
in the trap chamber. At 25 μl/min for blood injection, 100 μl/min as
the wash flow rate, and 300 μl/min the release flow rate, a capture
efficiency of 66%–87% and a release efficiency of 76%–90% were
achieved. Luo et al.139 designed sidewall triangle-chambers for fast
cell loading based on gas absorption of degassed PDMS. The length
of triangle side is 125 μm and the width of the main channel is
125 μm. All chambers are connected to the main channel with a
narrow pass of 20 μm width and 20 μm length [Fig. 13(b)]. After
the devices are degassed, buffer solutions with yeast cells can be
introduced into the triangle chambers by gas absorption therein.
The ratio of cavities with a single cell is 40%. Since the flow velocity
in the micro-chambers can be nearly zero, it is easy to change the
medium at a flow velocity of 20 μl/h without washing the cells out
of the microstructures.139

B. Vertical arrangement

Ren et al.140 also utilized trapping chambers that can be used
to trap CTCs from whole blood. By taking the advantages of cell
deformation, CTCs would be squeezed through a constriction
microchannel with 8 μm width and height and 100 μm length, and
then trapped into a larger sized cylinder chamber with 30 μm
width and height and 40 μm length [Fig. 13(c)]. Due to the small
size, blood cells can flow pass through the constriction channel

FIG. 12. Schematic of trapping chamber. Target cells are squeezed through a
constriction microchannel due to cell deformation and then captured in a trap-
ping chamber with larger size, while smaller nontarget cells can flow through.

FIG. 13. Trapping chamber arrangement. (a) Cells were trapped into side chambers from main channels. Reproduced with permission from Cinque et al., Microelectron.
Eng. 88, 1733–1736 (2011). Copyright 2011 Elsevier. (b) After being injected into the main channel, the yeast cell suspension was aspirated into micro-cavities by gas
absorption of PDMS surface. Reproduced with permission from Luo et al., Biotechnol. Bioeng. 101, 190–195 (2008). Copyright 2008 John Wiley and Sons. (c) CTCs were
captured in cylinder trapping chamber while blood cells could pass through the narrow channels. Reproduced with permission from Ren et al., Anal. Chem. 90, 7526–7534
(2018). Copyright 2008 American Chemical Society. (d) The droplets were captured from channel to cylinder traps due surface. Reproduced with permission from Shi
et al., Microfluid. Nanofluidics 15, 467–474 (2013). Copyright 2013 Springer Nature.
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without any obstruction. An overall capture ratio >95% can be
reached.140 Shi et al.141 integrated the T-junction with trapping
chambers to form and trap droplets in one single device. The trap-
ping chambers were added on the top of the channel; since the
surface tension within traps was higher than that in the channel,
droplets can be captured from channel to traps [Fig. 13(d)]. The
following droplets pass through the filled trap along the channel
without mixing with the trapped one due to the effect of the surfac-
tant, and then are trapped into the next site.141

VI. SUMMARY AND OUTLOOK

With significant attention being paid to the development of
microfluidic systems for trapping of cells, it is important to under-
stand progress made and the existing challenges. The passive hydro-
dynamic trapping methods offer a simple approach for developing
microfluidic systems for enabling cellular assays without the use of
external forces.32 As we discuss above, there are many remarkable
advantages to microfluidic methods, such as reduction in time,
savings in space, conservation of reagents, and need for only small
sample volumes (on the order of microliters). Passive microfluidic
trapping methods, compared with their active counterparts, are
simpler in structure, easier to fabricate, lower in cost, and do not
demand skillful operators.142 Only simple trapping geometry and
sample flow are required to obtain a high capture efficiency in
passive trapping devices, enabling the integration of these devices
with upstream sample pretreatment or downstream analysis.

The micropost array is a straightforward and simple method to
block target cells from flow. Microfiltration offers a way to trap
single cells sequentially79 and delivers the potential for sorting cells
and subsequent chemical exposure steps.143 Also, compared with
the micropost trapping, once a cell is captured in crossflow microfil-
ters the fluid can bypass this cell, reducing further the pressure and
shear stress that cause cell damage.29 In microwells, cells are con-
fined in private and uniform environments enabling for precise
control of cell or cluster shape and size.106,118 Last, trapping cham-
bers have been used for long-term cell culturing. With these advan-
tages, high-throughput and rapid analysis are possible in biomedical

applications, such as studies of single-cell heterogeneity,6 drug-
screening,8,9 stem cell differentiation,10 and cell–cell interactions.4,5

Although the microfluidic cell trapping and analysis are in the
early stages, substantial progress has been made. Table I summarizes
the key metrics across the four trapping approaches. Most of the
passive trapping devices can achieve an efficiency above 80%, with
some reporting trapping efficiency with beads and cell clusters close
to 100%. Viability above 90% has also been achieved in micropost,
microfiltration, and microwell trapping devices, suggesting substan-
tial potential for downstream cell analysis. There are several physical
factors that impact chip design and trapping efficiency, such as cell
density, deformability, and size, with latter being the most impor-
tant. Most of the devices are capable of trapping up to tens of thou-
sands of cells and can be integrated (Table I).

An emerging trend is in the integration of microfluidic trap-
ping devices with either upstream sample preparation (e.g., cell
separation, sorting, and enrichment)144–146 or downstream cell
analysis or manipulation [e.g., PCR,135 fluorescence in situ hybridi-
zation (FISH),147 and drug-screening8,9,58,148]. Table II compares
the four cell trapping approaches, focusing on upstream and down-
stream integration. These integrations offer trapping devices more
powerful and comprehensive performance and extend their func-
tionalities to other applications. For example, the integration of
trapping devices with droplet microfluidics enables high-
throughput screening of single cells or clusters. This integrated
platform allows for the encapsulation of single cells and reagents in
independent aqueous microdroplets and enables the precise manip-
ulation of these reactors at a very high-throughput.149 To simplify
the integration platform, merging the functions of forming droplets
and trapping cells into trapping sites150 will be worth advancing.
Integration of trapping structures with sensor electrodes could lead
to new functionalities as well. Signaling electrodes set on the
bottom of trapping sites are able to continuously monitor the
changes of single-cell conditions, allowing the studies in the cell
dynamic mechanism field. In addition, spectroscopy151 and PCR135

as the downstream analysis systems also worked successfully.
While the current hydrodynamic trapping devices offer excel-

lent performance, they are not without limitations. One of the

TABLE I. Summary table of the key metrics across the four trapping approaches.

Microposts Microfiltration Microwells Chambers

Trapping efficiency/
occupancy

>70% >80% >60% >60%

Flow rate (μl/min) 0.1–750 0.1–200 N/A or low 0.3–25
On-chip culture weeks50,62 up to 1 week82 weeks106 weeks137

On-chip co-culture Yes55 Yes80 Yes113,125 Yes
On-chip cluster
formation

Yes58,62 Yes94 Yes117,121 Yes

Cell viability >95% >90% ∼100% >90%
Cell size 1–100 s μm (clusters) 1–100 s μm (clusters, droplets) 1–100 s μm (clusters,

droplets)
1–100 s μm
(droplets)

Capacity 9–70 000 5–10 000 1–40 000 1–10 000
Fabrication Soft lithography, ion etching,

photolithography
Soft lithography, photolithography,

laser drilled PET
Soft lithography,

stamping, 3D printing
Soft lithography
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critical challenges is trapping of small objects such as bacteria and
exosomes. For example, Brownian diffusion becomes significant
and can interfere with the immobilizing of trapped objects.152

Moreover, trapping resolution needs further improvement for more
sensitive and accurate capture of these objects. In some current
techniques, the passive trapping resolution can be decreased to
3 μm99 (i.e., 3 μm difference in size between target cells and non-
target cells). However, investigators usually keep the resolution to
about 10 μm to ensure a high capture efficiency.33

Another common challenge of hydrodynamic trapping
devices is the limited trapping efficiency for samples with low
target cell numbers and deformable cells. One example is trapping
of CTCs, which have been receiving broad attention in the micro-
fluidics field due to their strong diagnostic or prognostic poten-
tial. However, these cells are extremely rare, with a concentration
of only <10 CTCs vs billions of blood cells per 1 ml of blood,153

leading to a sharp decrease in the trapping efficiency. Finding a
balance between the target cell density and the trapping efficiency
is especially necessary for these samples. Deformability of cells
can also negatively impact the trapping efficiency. At high flow
rates, cells tend to squeeze through trap apertures resulting in a
lower trapping efficiency. Although there are special cases like
Ren et al.,140 who captured CTCs by squeezing cells into narrow
microchannels, unwanted cell deformity is still detrimental in
most of the passive hydrodynamic trapping devices. Cell cluster
dissociation also needs to be considered in design of CTC cluster
trapping devices, as cell–cell adhesion strength within CTC clus-
ters varies from <28 nN to >524 nN,154 and protecting the intact-
ness of clusters is challenging.

Moreover, the compatibility between upstream, down-
stream, and trapping technologies is another challenge. For
example, to match the flow rate of upstream and trapping sec-
tions, the modification of structure designs is required. For

downstream analysis, long-term viability of trapped cells needs
be considered. Although >90% viability can be maintained for a
few hours after capture, long-term viability was seldom reported.
One reason is due to the less-than-optimal culture environment
in microfluidic devices. Narrow chambers and small cell density
limit cell growth and weaken cell-to-cell communications.
Further, it is important to keep devices sufficiently compatible
where parameters such as channel dimensions, flow rates, or the
number of inlets/outlets are easily modified based on the
upstream or downstream applications.

Finally, the future directions of this field require creative
thinking in the broad context of the microfluidic lab-on-a-chip
(LOC) systems. LOC technology is widely seen as the revolution-
ary future of the current benchtop-based bioanalysis systems.
However, most of work to date has focused on maximizing per-
formance of the trapping approach, free from the restrictions
posted by integration. As we discussed above, integration needs to
consider the interface between the upstream and downstream
modules. Adding reagents, removing waste, retrieving cellular/
molecular samples, and imaging/detecting outcomes all would
pose risks of compromising performance of the trapping device.
For example, high throughput requiring high flow speed in the
upstream cell sorting module could negatively impact the trapping
efficiency, which is better at low speed. Introducing reagents may
also change the viscosity of the medium, which, in turn, could
alter the performance. Moreover, to preserve the biological prop-
erties of the trapped cells, their microenvironment may need to
be carefully managed. For example, gas exchange, fluid pressure,
and soluble factors must be considered for prolonged on-chip
processing and analysis. On the other hand, commercialization of
microfluidic devices would ultimately require alternatives to the
commonly used PDMS soft lithography, which is not compatible
with the mass-production industrial pipelines.

TABLE II. Comparison of the passive cell trapping methods.

Microposts Microfiltration Microwells Chambers

Upstream integration Cell soring Droplet formation,
reagent mixing

Droplet formation, reagent
mixing

Droplet
formation

On-chip downstream
analysis

Single-cell analysis,56

drug screening41

cell pairing57,71,72

cluster formation58,62

Single-cell analysis,81,100

drug screening82,83

cell pairing80

Single-cell analysis,111,118

drug screening,123,124

cell pairing,125

cluster formation117,121

Single-cell
analysis,140

drug
screening136

PCR135

On-chip immunostaining CK,43 CD45,43 Ki67,43

Vimentin,44 others
ER,91 profilin-1,91 others CD34,102 CD45,102 Oct4.109

e-eadherin109 others
Oct3/4, CK,

others
Sensor integration Impedance sensing

electrodes49
Impedance sensing

electrodes84
… …

On-chip nucleic acid
analysis

… … Yes108 Yes135

On-chip protein
expression analysis

Yes52 Yes91,92,94 Yes109 Yes

On-chip cellular analysis Yes54,58 Yes84,92,100 Yes109,112 Yes
Drug screening Yes41 Yes82,83 Yes123,124 Yes136

Outstanding issues Cell deformability, clogging Cell deformability Time consuming …
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