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TThe microfluidic probe 
(MFP) is a noncontact technology that 
applies the concept of hydrodynamic 
f low confinement (HFC) within a 
small gap to eliminate the need for 
closed microfluidic conduits and, 
therefore, overcome the conven-
tional closed-system microfluidic 
limitation. Since its invention, 
the concept has experienced con-
tinuing advancement with sev-
eral applications, ranging from 
manipulating mammalian cells 
and printing protein arrays to 
performing microfabrication.

One of the recent develop-
ments of the MFP technology 
is the microf luidic quadrupole 
(MQ)—a microfluidic analogy of 
the electrostatic quadrupoles—that 
is capable of generating a stagnation 
point (SP) and f loating concentra-
tion gradients. These distinct features 
combined with the open-channel con-
cept make the MFP and MQ poten-
tially suitable tools for studying cell 
dynamics or diagnostic cell trapping 
and manipulation (using the SP).
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 MFP TECHNOLOGY
Microfluidics is defined as the study and manipulation of 
f luids at the micrometer scale, where f luid f low is lami-
nar, predictable, and controllable [1], [2]. Conventional 
microf luidic devices [Figure 1(a)] are typically com-
posed of a network of channels with lengths ranging from 
a few millimeters to a few centimeters and heights ranging 
from a few micrometers to a few tens of micrometers. In 
chemical and biomedical analyses, dealing with f luids and 
devices at this scale comes with several advantages because 
these methods require substantially lower sample sizes 

(ranging from a few microliters to a few milliliters, depend-
ing on the application) and a shorter experiment-to-result 

time (within a few seconds to a few minutes, depending on 
the experiment), which reduces the experimentations costs [3]–

[5]. However, the small cross-sections of microfluidic channels 
limit the range of biological samples that can be processed—most 

embryo samples and tissue slices are too large, and sensitive mam-
malian cells, like primary neurons and stem cells, are diff icult to 

culture in channels of such scale. In addition, the typical long micro-
f luidic channel with a small cross-sectional area generates high f low 

resistance that can cause an elevation of applied shear stresses, limit quick 
switching of chemicals, and introduce difficulty for a uniform in-channel 

cell culture [6], [7]. 
It is also challenging to perform a successful long-term mammalian culture in 

microfluidic channels because this would require the development of new cell culture 
protocols—biologists would need to modify conventional petri dish and microtiter plate 

methods to a continuous fluid flow setup for replenishing the cell culture with nutrition and 
flushing out biological waste. Moreover, a long-term culture with continuous flows could nega-

tively influence proper cell growth since cell secretion could be washed away during the process. To 
the best of our knowledge, the requirement of developing new cell culture protocols stands as one of the 

main barriers to widespread applications of microfluidic technologies in biology and medicine. Consequently, 
the open-channel design of the MFP, which retains the advantages of the conventional microfluidic techniques while 
overcoming the closed-channel f low limitations, was introduced to solve these challenges [8]–[10]. With the MFP, 
cell culture is decoupled from the microfluidic operation, and long-term cell cultures can be performed by conven-
tional protocols in dishes with the microfluidic operation introduced onto the cell culture at the time of the experi-
ment [Figure 1(b)]. Since the first development of the MFP in 2005, several other open-channel microfluidic devices 
have also been reported [9], [11], [12].

The conventional MFP is designed with a mesa that possesses two apertures (fluidic ports): one for injecting chemi-
cals and the other for aspiration. The mesa is immersed into the liquid, i.e., the cell culture medium when used with a 
cell culture, and brought in close proximity and parallel to the bottom substrate (the cell culture dish) [Figure 1(c)]. By 
concurrently injecting and aspirating liquid in and out of the medium, a flow pattern is created [Figure 1(d) and (e)], and, 
by varying flow rates, this flow pattern can be adjusted to suite specific sample manipulation requirements.

The main functionalities of the MFP are greatly dependent on the HFC of the underlying flow structure. To achieve 
hydrodynamic confinement, two requirements need to be satisfied: 1) the gap between the MFP mesa and the bottom 
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substrate needs to be smaller than a cer-
tain threshold value that depends on the 
apertures size, aperture-to-aperture spac-
ing, and injection-aspiration flow rates, 
and 2) the aspiration-injection flow ratio 
( / )Q Qasp inj  needs to be higher than a 
certain threshold value that depends 
on the gap, apertures size, and spacing 
between them. If the MFP-substrate gap 
is larger than the confinement threshold 
value or if the /Q Qasp inj  is smaller than 
the confinement threshold value, then 
injected fluids will partially leak out to 
the immersion liquid. In contrast, in the 
hydrodynamic conf ined f low regime, 
all injected chemicals get recaptured by 
the aspiration flow along with some par-
tial withdrawal of the immersion liquid. 
Descriptions of the MFP operation [13], 
fabrication [14], [15], and use [16]–[18] 
are detailed in the literature.

A salient difference between the 
MFP and other microf luidic devices 
is the application of the microf luidic 
stream to a sample rather than the intro-
duction of the sample in the microflu-
idic stream within a conduit (Figure 1). 
In addition, the MFP is mobile relative 
to the sample and can be utilized in a 
scanning mode. As such, the MFP has 
a large span of processing area and can 
be used to process samples with a high 
degree of flexibility.

The aforementioned characteristics 
of the MFP make it a good candidate 
for performing bioassays in a manner 
similar to conventional applications 
in petri dishes. This has led to several 
investigations with specific applications, 
including the tuning of microenviron-
ments, surface biopatterning, and cell/
tissue processing. Advancements in 

this line have subsequently led to an 
extension of the MFP’s configuration 
to include multiple injection and aspira-
tion apertures and to the development 
of the MQ concept [19]. As the name 
implies, the MFP used to generate the 
MQ constitutes four microfluidic aper-
tures—two apertures for injection and 
two apertures for aspiration—arranged 
in such a way that the injection and 
aspiration apertures are always adjacent 
to each other and in a conf iguration 
that permits hydrodynamic confinement 
of the injected f luids [Figure 2(a)–(c)]. 
Concurrent injection and aspiration of 
liquid through the corresponding MFP 
apertures produces a quadrupolar f low 
pattern as shown in the schematics of 
Figure  2(d) and the numerically calcu-
lated f low prof iles of Figure  2(e). To 
achieve full hydrodynamic confinement 
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FIGURE 1 The closed- and open-space microfluidics. (a) A conventional closed-channel microfluidic device made from polydimethylsiloxane 
(PDMS). (b) The schematics of the MFP inserted into a cell culture medium in a petri dish. The fluid is injected through one of the apertures and 
completely aspirated back out, along with some culture medium. (c) The positioning of the probe in parallel and close proximity to the bottom sub-
strate. (d) A longitudinal cross section of the probe highlights the flow path and the HFC. (e) A plan view of the generated MFP’s HFC pattern. The 
scale bar is 60 µm. (Images reproduced with permission from Macmillan Publishers Ltd., Scientific Reports [10].)
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within the MQ, the small-gap and high 
aspiration/injection f low-rate ratio re
quirements also apply for each aper-
ture pair. However, the MQ’s f low 
structure is a bit more sophisticated 
as it is generated by the interaction of 
two flow pairs, and the desired interac-
tion occurs only under certain operat-
ing conditions.

The flow field within the MQ is a pla-
nar extensional flow: a two-dimensional 
(2-D) f low consisting of purely exten-
sional and compressional f low compo-
nents with a zero-velocity SP formed at 
their junction [20] [Figure 2(d) and (e)]. 

Characteristically, the magnitude of 
the MQ’s f low velocity is proportional 
to the distance from the SP along each 
component’s direction [21]. In theory, 
since the f luid velocity approaches zero 
at the SP, diffusion dominates mass 
transport at this point. As such, when 
liquids with different chemical compo-
sitions are injected via each injection 
aperture, a f loating concentration gra-
dient can be formed at the SP and the 
fluidic interface [Figure 2(d)–(e)]. These 
features of the MQ are the basis behind 
its potential applications in life science 
and medicine.

MFP APPLICATIONS IN  
MEDICINE AND LIFE SCIENCE

CELL AND TISSUE PROCESSING
Sensitive cells such as primary neu-
rons or stem cells can be cultured with 
conventional protocols when using the 
MFP. The experiment would typically 
start by bringing the culture dish from 
the incubator, placing it on the inverted 
microscope stage, and then introduc-
ing the MFP from the top until it is 
very close to the cell culture within the 
culture medium [Figure 1(b)]. Depend-
ing on the aperture diameter, spacing 
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FIGURE 2 The representations of the four-aperture MFP used to generate the MQ. (a) An image of the MFP secured within the probe holder (clamping 
rod) and connected to capillaries. (b) A schematic of the four-aperture MFP. The apertures are arranged on the corners of an arbitrary square and sup-
plied with +ve or –ve pressure using the glass capillaries. (c) An image of the head of the MFP with a silicon mesa and PDSM chip. (d) The schematics 
of the MQ concept showing the quadrupolar flow, HFC, and generated SP in the center. The insets show the XX’ and YY’ cross sections and highlight 
streamlines of the injection and aspiration flow rates. (e) The numerically calculated flow of the MQ showing the generated SP and the concentration 
gradient at the fluidic interface. (Images reproduced with permission from Macmillan Publishers Ltd., Nature Communications [19].)
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(aperture-aperture), and, therefore, the 
area of the chemical hydrodynamic con-
finement, single cells may be exposed to 
the induced stimulus, while neighboring 
cells are left untouched. Moving the 
MFP relative to the culture or varying 
the scanning speed can adjust the stim-
ulus or exposure time, respectively. The 
ability to move or scan the MFP also 
allows for unlimited serial experimenta-
tion within the same culture dish and 
increases the f lexibility of performing 
several experiments in tandem. How-
ever, one limitation of this approach is 
its low throughput: only a few tens of 
cells can be studied in such experiments. 
This limitation can be somewhat over-
come by performing serial exposures 
while moving the MFP.

An early demonstration of the MFP 
applicability with cell culture was pre-
sented by locally f lushing a single cell 
with a solution of trypsin and detaching 
the cell from the culture while neighbor-
ing cells were unaffected and left adher-
ent [22] [Figure 3(a)]. Using the same 
approach, single cells can be selectively 
detached from a culture, sucked into the 
aspiration aperture, and retrieved into a 
new location by switching the aspiration 
f low to injection. Another interesting 
application of the MFP is in handling 
neurons—highly branched cells with 
axons and dendrites [9]—that are known 
to be difficult to culture inside closed 
channels. The MFP has been proposed 
to locally perfuse a neuron with Fluo-
roMyelin, a method that could be used 
for in vitro investigations on myelination 

[23]. In a similar fashion, an axon of a 
hippocampal neuron was perfused with 
tumor necrosis factor-alpha [9], [24], and 
the MFP was suggested to be combined 
with microelectrode array technologies 
[25] to investigate electrical changes in 
neuronal networks.

The MFP is also well suited for pro-
cessing large biological samples, such as 
tissue slices and embryos, which are rela-
tively difficult to culture and process with-
in closed-channel microfluidics. The MFP 
was used to locally perfuse tissue slices [9] 
that were cultured with conventional pro-
tocols like the roller-drum technique [26], 
[27]. A notable application was the combi-
nation of an MFP with a perfusion cham-
ber in culturing organotypical slices for 
the localized microperfusion of brain tis-
sue [14]. The setup was designed to fit on 
top of an inverted confocal microscope 
for concurrent imaging during the pro-
cess. Red fluorescent dextran was locally 
perfused on the slice [Figure 3(b)], and 
the penetration within the slice’s depth 
was recorded. The results showed that 
dextran penetrated to a depth of approxi-
mately 32 mn  within the 70 m-n -thick 
slice after only 12 min of perfusion 
with deeper penetrations at the center 
of the hydrodynamically confined dex-
tran, which suggested diffusion driven 
mass transport.

In another application, a vertical 
MFP (vMFP) was developed to confine 
nanoliters of antibody solutions over 
micrometer-sized areas of tissue sec-
tions as a key step in micro-immunohis-
tochemistry ( )IHCn  [28]—a method 

for extracting high-quality information 
from tissue sections and a valuable tech-
nique for classifying cancer cells in surgi-
cal pathology [29], [30]. The footprint of 
the vMFP-confined liquid was observed 
to be comparable to areas examined 
using laser captured microdissection [31], 
[32]. The implementation of the vMFP 
in IHCn  was reported to increase the 
information retrieved from very small 
tissue samples, minimized the volumes 
of antibodies, facilitated monoplex or 
multiplex staining of a tissue section, 
and offered a scanning capability. There-
fore, the MFP has been suggested to 
work with tissues in microarray format 
[33], [34] and proposed to use with elec-
trophysiology measurements to study 
the response of cells to drug perfusion 
[35]. Moreover, it has been suggested 
to advance the immunohistochemistry 
process by including the human epithe-
lial growth factor receptor in its staining 
procedure [36], and it has been proposed 
to be used with two-photon fluorescence 
microscopy for deep imaging [9].

SURFACE PATTERNING
In biomedical and biological research, 
surfaces are often patterned with biomol-
ecules, such as proteins and antibodies, 
for several applications, including immu-
noassays or integration with biosensors 
[37]. Closed-channel microf luidic use 
is often limited to patterning channels 
with a few types of biomolecules at a 
time. Closed channels are not flexible in 
terms of pattern shapes and are limited 
to the shape of laminar flow interfaces. 
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FIGURE 3 The MFP for cell, tissue, and surface processing. (a) The MFP is used to locally flush a cell with trypsin to selectively detach it while 
leaving surrounding cells unaltered [8]. (Image courtesy of Macmillan Publishers Ltd., Nature Materials.) (b) An organotypic brain slice is perfused 
locally, using an MFP, with a solution of dextran to study drug penetration at the tissue level [14]. (Image used with permission from The Royal 
Society of Chemistry.) (c) The patterning of a surface with high density spots of two proteins using the MFP [8]. (Images used with permission from 
Macmillan Publishers Ltd., Nature Materials.)
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Traditionally, surfaces have been pat-
terned with biomolecules using several 
techniques including inkjet printing and, 
more recently, microcontact printing 
[38]. While inkjet printing is the gold 
standard for biopatterning surfaces, the 
technique has several limitations such as 
its susceptibility to reagents drying, evap-
oration, and denaturation when printed 
on a dry surface [39]. 

Another notable issue is the limited 
patterning of spot arrays. Microcon-
tact printing, on the other hand, is a 
soft lithography technique that uses 
soft stamps to print biomolecules on 
surfaces [40]. Each stamp can print 
one kind of pattern and protein, which 
limits the ease of printing several types 
of biomolecules on the same substrate. 
Since the MFP can work with any pla-
nar surface in a noncontact mode while 
immersed in liquid, it overcomes sev-
eral challenges associated with other 
biopatterning techniques. The small gap 
between the MFP’s mesa and the bot-
tom surface enhances mass transport and 
biomolecule adsorption to the surface so 
that patterns can be produced quickly 
with low sample consumption using the 
scanning mode of the MFP.

Printing two different proteins on 
the same substrate constitutes the first 
demonstration of the MFP capabilities in 
biopatterning [Figure 3(c)]. Using a single 
run, 15,000 spot/cm2 were achieved while 
maintaining the printed array immersed 
with the physiological liquid that pre-
vented evaporation and protein dena-
turation problems [8]. Subsequently, 
the MFP was shown to work on both 
additive and subtractive modes as well as 
printing during scanning, which brings 
even more possibilities to pattern surfaces 
with advanced patterns that cannot be 
accomplished with other methods [8].

Recently, the MFP concept was devel-
oped further to include four apertures 
aligned on a straight line for surface pat-
terning [41]. Two neighboring apertures 
were used for injecting different liquids, 
while the other two neighboring aper-
tures were used for aspiration. This way, 
simultaneous injection and aspiration 
through the apertures achieved a hydro-
dynamically confined inner liquid envel-
oped within an outer confined liquid, 

and this formed an interesting configura-
tion that is called the hierarchical HFC. 
By optimizing injection and aspiration 
flow rates, the multiple layers of liquids 
can be selectively brought into contact 
with the bottom surface. Therefore, 
this MFP can be used to address critical 
aspects of microscale surface process-
ing through minimal dilution, efficient 
retrieval, and fast switching of chemicals 
in a confined region.

The hierarchical MFP was portrayed 
to be applicable in removing function-
alized deoxyribonucleic acid (DNA) 
from a surface with a sixfold increase in 
DNA retrieval compared to the original 
MFP device with only two apertures. 
This was achieved by injecting a solu-
tion of sodium hydroxide—using the 
inner HFC to denature DNA locally and 
remove the f luorescently labeled DNA 
strand from the surface. Similar tech-
niques can be used to recover or isolate 
samples, such as nucleic acids or other 
ligands, from specific sites on microarrays 
or from selected adherent cells. Anoth-
er application of hierarchical MFP is a 
simultaneous deposition of two proteins 
on a surface using compartmentaliza-
tion of the proteins in either the inner 
or the outer HFC. Remarkably, the res-
olution of patterns created on surfaces 
was observed to be adjustable by vary-
ing the gap between the MFP and the 
bottom substrate, and in comparison 
to the conventional MFP technique, a 
threefold decrease in the consumption 
of chemical reagents was recorded when 
processing a surface using the outer 
HFC flow [41].

The MFP, in principle, can also be 
used to pattern surfaces with several 
types of biomolecules by a sequential 
switching of the injection aperture from 
a source to another. This procedure, 

performed in a preprogrammed manner, 
can bring several advances to the fields 
of immunoassays, cell biology studies, 
biosensors, and t issue engineering. 
However, for processing large areas, one 
needs to make sure the MFP and the 
bottom substrate are perfectly aligned 
(in parallel to each other) to guarantee 
uniformity in the printing density and 
to avoid any physical contact between 
the MFP and the substrate.

One technique to solve this issue 
was developed by integrating a f luid-
ic mechanism to control the distance 
between the MFP and the sample [18]. 
The concept is denoted as the f loating 
MFP, where two additional apertures 
were introduced farther away from the 
patterning injection-aspiration aper-
tures and used for injecting medium-
to-high f low rates into the gap to cause 
hydrodynamic levitation of the MFP. 
A balance between the hydrodynamic 
levitation force and the MFP’s other 
external forces def ines the gap size, 
and this gap is maintained even when 
the bottom substrate is not uniform. 
By adapting similar techniques, large 
areas can easily be patterned using the 
MFP; however, there is a limitation in 
the volume of the biomolecules source 
as this depends on the size of the typi-
cally adapted glass syringe. As ref ill 
mechanisms are typically associated 
with microf luidic pumping systems, 
this issue is not expected to cause a 
major problem.

CONCEPTS AND  
CONFIGURATIONS OF MQS
The two-aperture MFPs can be de
scribed as a microfluidic dipole, analo-
gous to electrostatic dipoles, where the 
injection aperture represents the posi-
tive charge element and the aspiration 

The MFP, in principle, can also be used 
to pattern surfaces with several types of 

biomolecules by a sequential switching of the 
injection aperture from a source to another.
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aperture represents the negative charge 
element. The fact that the gap between 
the MFP and the substrate is signif i-
cantly smaller than the MFP mesa 
dimensions reduces the problem to 
a 2-D microf luidic dipole and makes 
modeling the phenomena relatively easy 
[10]. In a similar fashion, the MQ is 
a 2-D f luidic analog to electrostatic 
quadrupoles, with two injection aper-
tures and two aspiration apertures. 
Thus, an MQ is a combination of two 
microfluidic dipoles positioned in close 
proximity and formed using an MFP 
with four apertures, where an injection 
aperture is always positioned next to an 
aspiration aperture.

To date, there are two distinct con-
figurations of MQs: the lateral MQ and 
the linear MQ. As shown in Figure 4(a), 
with the lateral MQ, the apertures are 
positioned on the corners of a virtu-
al square, where similar (+ve or −ve) 
apertures are arranged diagonally. As 
described previously, injected chemicals 
meet heads-on at the center, create an 
SP with zero f low, and then split to 
each aspiration aperture. On the other 

hand, in the linear MQ [Figure 4(b)],  
the apertures are arranged on a straight 
line with aspiration apertures posi-
tioned at the outer ends of the line. 
Due to the linear MQ’s aperture con-
figuration, each neighboring aspiration 
aperture also confines injected chemi-
cal and, therefore, leaves a stagnation 
region in-between both chemicals. 
Modulating the aspiration/injection 
f low rates ratio can control the size 
of this stagnation region; some pre-
liminary results suggest that the region 
could be shrunk down to a point where 
the injected chemicals meet heads-on at 
the center.

In both types of MQ, chemical dif-
fusion occurs across f luidic stagnation 
areas, and it interfaces and generates 
concentrat ion gradients. In the lat-
eral MQ, the diffusion occurs across 
the SP as well as the f luidic interface 
[Figure 4(a) and (c)]. With the linear 
MQ, the diffusion occurs across the 
stagnation region [Figure 4(b) and (d)]. 
In general, one of the injected chemi-
cals represents the gradient source, 
while the other injected f luid operates 

as a sink for the gradient. However, 
there are some differences between the 
gradients generated by lateral and linear 
MQ: the lateral MQs are much shorter 
and faster to establish in comparison 
to the gradients established within the 
linear MQ.

VISUALIZING THE MQ’S SP  
AND STAGNATION REGION
Three-dimensional multiphysics model-
ing and simulations confirmed the for-
mation of an SP and a stagnation region 
within the lateral and linear MQs, 
respectively (Figure 4). Experimentally, 
an inverted fluorescence microscope was 
used to visualize the quadrupolar pat-
tern and stagnations of the MQ f low. 
For the lateral MQ flows, solutions of 
green and red tracer beads were injected 
through each injection aperture, respec-
tively, while the immersion liquid was 
clear deionized water. By increasing the 
exposure time for the acquired image 
through the sensitive camera connect-
ed to the microscope, streakline images 
for the quadrupolar flow were observed 
[Figure 5(a)].

Clearly, the beads carried with the 
f low are shown as streaklines, and the 
SP is observed where the lines converge 
and get def lected toward the aspira-
tion apertures, leaving the SP with zero 
flow velocity. The used tracer beads are 
2 nm in size so their diffusion is negli-
gible. Immobilized beads [shown as dots 
in Figure 5(a)] sticking to the substrate 
were used as reference points.

To visualize the linear MQ, the 
immersion liquid was mixed with tracer 
beads while injected liquids were clear 
deionized water. The hydrodynamically 
conf ined injected liquids are shown 
in Figure 5(b) as two black spots with 
a tear shape, and the f luid f low is 
observed by the bead’s streaklines fol-
lowing imaging after a long exposure 
time. In Figure 5(b), streaklines can 
be seen converging near the stagnation 
region that is observed by the immobile 
beads, and they get deflected toward the 
aspiration apertures. Immobile beads, 
shown as dots, are suspended within the 
immersion liquid in-between the injec-
tion apertures, and they do not encoun-
ter fluid flow.
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FIGURE 4 The stagnations and concentration gradients within the MQ. (a) The streaklines of the 
lateral MQ flow. The SP is formed at the intersection of all flows. (b) The streaklines of the linear 
MQ. The aspiration apertures (Asp) are positioned at the outer end of the line, and the injection 
apertures (Inj) are positioned at the middle. (c) A sharp concentration gradient generated by 
the lateral MQ. (d) A long range concentration gradient generated by the linear MQ. [(a) and (c) 
reproduced with permission from Macmillan Publishers Ltd., Nature Communications [19].]
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CONTROLLABLE LATERAL MQ  
FLOW AND SP POSITIONING
To achieve the HFC of the MQ, the aspi-
ration f low Qasp^ h must be sufficiently 
larger than the injection flow Q inj^ h so 
that all of the injected fluid is reaspirated 
back. Otherwise, parts of the injected 
fluid leak out to the immersion flow and 
make it difficult to define a region that 
the MQ spans over. As chemicals injected 
into the streams may be used to process 
the underlying surface selectively [8], the 
confinement area of the MQ is of signifi-
cance. Varying /Q Qasp inj  from 1.75 to 2, 
numerically and experimentally deduced 
streamlines of the lateral MQ are present-
ed in Figure 6, highlighting the variation 
in the confinement area. Measurements 
of the confinement radius, defined as the 
distance between the SP and the out-
ermost point of zero velocity from the 
radial streams [Figure 6(a)] as a function 
of flow ratio / ,Q Qasp inj^ h  portray a dec-
rement in the confinement radius R as 
the ratio increases.

Since the aspiration aperture cap-
tures all of the injected fluid, at a steady 
state, the spread of the injected f luid 
becomes larger as the aspiration flow rate 
is reduced relative to the injection flow 
rate. This increase in the spread contin-
ues until a certain threshold of the flow 
ratio is reached, and the flow structure 
is broken with leakage to the immer-
sion fluid. The corresponding measured 
relation between the flow ratio and the 
confinement radius was shown to be in 
quantitative agreement with the ana-
lytical equations (Figure 6) formulated 
using the Hele-Shaw approximation (2-D 
Stokes flow) [19].

By changing the conventional unity 
aspiration and injection flow ratios (make 

/Q Q 11 2in in !  and / ,Q Q 11 2asp asp ! h  the  
MQ can be used to generate complex flow 
patterns. Such adjustments also serve as 
a tuning mechanism for the position and 
dynamics of the SP. In Figure 7, the red 
tracer beads are injected through one 
of the apertures and deionized water is 
injected through the other, while the 
injections /Q Q1 2in in^ h and aspirations 

/Q Q1 2asp asp^ h ratios are varied.
Figure 7(a) shows the symmetric flow 

streaklines of the MQ when the injec-
tion and aspiration flow ratios are both 

(a) (b)
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FIGURE 5 An experimental visualization of the MQ. (a) The streaklines of the lateral MQ. The  
2- mn  green and red tracer micro beads injected at 10 nL/s− 1 through the top right and bottom 
left apertures, respectively, into a 50- mn  gap filled with liquid and aspirated back at 100 nL/s− 1 
through the other two apertures. (b) The streaklines of the linear MQ. The stagnation region is 
visualized by mixing 2- mn  red tracer beads with the immersion medium. The two inner aper-
tures were used for injecting deionized water (1 nL/s− 1), while the outer apertures were used 
for aspirations (10 nL/s− 1). A 5-s exposure revealed the streaklines of the fluorescent tracer 
beads. The gap between the probe and the substrate was 50 mn  [42]. Inj: injection aperture; 
Asp: aspiration aperture. 
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cally calculated streamlines for the MQ with / . .Q Q 1 75asp inj =  The confinement radius is defined 
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MQ with a flow ratio of 1.75. (d) The experimentally captured image of the MQ with a flow ratio 
of 2. Inset: The analytical formula for estimating the confinement radius. Each aperture size is 
360 mn . (Images reproduced with permission from Macmillan Publishers Ltd., Nature Com-
munications [19].)
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unity. However, as shown in Figure 7(b), 
increasing the injection f low Q 2in  to a 
value of seven times that of ,Q 1in  while 
leaving the aspiration flow rates identical, 
breaks the MQ’s symmetry and moves 
the SP closer to ,Q 1in  along the axis con-
necting the injection apertures. In a sim-
ilar fashion, a different flow structure can 
be formed by increasing Q 1in  to a value 
of ten times that of ,Q 2in  [Figure 7(c)]. 
Figure 7(d)–(e) shows that the SP can 
be also moved along the axis connect-
ing the aspiration apertures by varying 
the ratio of aspirations. Furthermore, 
more complex f low structures and 2-D 
movement of the SP can be achieved by 
simultaneously varying both injections 
and aspirations ratios [Figure 7(f)]. Using 
this dynamic response of the SP, the MQ 
can be potentially used to trap objects 
and move in a 2-D pattern.

CONCENTRATION GRADIENTS
Concentration gradients within the MQ 
are formed by diffusion from one of the 
injected fluids to the other at the f low 
divergence junction of the MQ (the axis 
connecting the aspiration apertures). As 
such, to generate concentration gradi-
ents, the injected f luids through each 
aperture are required to be of different 
chemical compositions. As shown in Fig-
ure 8, the injection of a fluorescein solu-
tion through one aperture and deionized 
water through the other was used  
to demonstrate the generation of con-
centration gradients with the lateral 
MQ [19]. Starting with a f low ratio of 
2 [Figure 8(a)], the spread (the radius of 
confinement) of the injected fluorescein 
solution is seen to progressively reduce 
as the flow ratio is increased to 10 and 
20 in Figure 8(b) and (c), respectively. 

This is in accordance with the theory 
explained in the section “Controllable 
Lateral MQ Flow and SP Positioning.” 
However, as demonstrated in the imag-
es inset [Figure 8(a)–(c)], in addition to 
varying the confinement size, the size of 
the concentration gradient can also be 
manipulated by the flow ratio.

Exper iments and mathemat ica l 
models were used to derive a theoreti-
cal framework, / ,L D Q Qg asp injb= +  
which can be used to precisely predict 
the size of the  concentration gradient. 
Lg  is the length of the produced gradi-
ent, b  is a constant that depends on the 
spacing between the injection apertures 
and the MFP-to-substrate gap, and D is 
the diffusion coefficient of the injected 
solute [19].

The experiments also confirmed the 
uniformity of the gradient size across 

QA1
Ql1

Ql2
QA2

(a)

(d) (e) (f)

(b) (c)

FIGURE 7 The hydrodynamic positioning of the SP within the lateral MQ. (a) The symmetric flow with Q Q 101 2in in= =  and Q Q 1001 2asp asp= = . 
(b) The MQ with Q 101in = , Q 702in = , and Q Q1 2asp asp= =  100. The symmetry is broken due to the variation in the injection flow rate. The SP is 
moved toward the low inlet flow aperture Q 1in^ h along the axis connecting both injection apertures. (c) The MQ with Q 1001in = , Q 102in = , and 
Q Q1 2asp asp= =  100. The SP is moved toward the low inlet flow aperture Q 2in^ h. (d) The MQ with Q Q 101 2in in= =  and Q 1501asp = , Q 1002asp = . The 
SP is moved toward the high aspiration flow aperture Q 1asp^ h along the axis connecting both aspiration apertures. (e) The MQ with Q Q 101 2in in= =  
and Q 1001asp = , Q 1702asp = . The SP is moved toward the high aspiration flow aperture Q 2asp^ h. (f) The MQ with Q 901in = , Q 102in = , and Q 701asp = , 
Q 1902asp = . Movement of the SP is in 2-D and, therefore, the MQ is of asymmetric shape. All flow units are in nL/s− 1. The scale bar is 200 mn . 
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the axis joining the aspiration apertures 
[Figure 8(d)], which was correspondingly 
observed in numerically obtained results. 
The normalized fluorescent intensity as 
a function of the position across the lines 
a–b, c–d, and e–f, are shown in Figure 8(e), 
which identically matches.

Furthermore, simulations of the MQ 
fluid flow show that the minimum flow 
speed is at the SP where injected chemi-
cals meet head on, whereas the maximum 
flow speed exists at the edge of the aspira-
tion aperture. The fluids accelerate after 
splitting and deflecting toward each aspi-
ration aperture until reaching maximum 
speed at the aspiration aperture edge. 
Therefore, convection dominates diffu-
sion except at the SP. This explains the 
uniform gradient size across the interface, 
particularly when considering the strong 
concentric flow around the aspiration 
apertures that focuses the gradient stream 
and counter diffusive broadening of the 
gradient. Furthermore, transient mea-
surements show that the gradient can be 
modulated rapidly, in a matter of seconds, 
which suggests that dynamic gradients 
can be readily formed by preprograming 
the working flow rates.

The SP movement explained in the 
previous section (Figure 7) also suggests 
the movement of the gradient hydrody-
namically, as the fluidic interface will be 
curved toward the weaker injection aper-
ture. The same can be achieved using 
the linear MQ—its hydrodynamics also 
allow for resizing and repositioning of 
the stagnation region, and, therefore, 
forming of the concentration gradient, 
by modulating / .Q Qasp inj  By automating 
this flow via a code, dynamic gradients 
can also be generated, and this can be 
extended to more complex landscapes by 
increasing the number of apertures. This 
programmable concentration gradient 
feature of the MQ has a good poten-
tial in life science applications like repro-
ducing cellular microenvironments [43], 
[44], differentiating cells, and developing 
organisms [45], [46]. However, it must 
be noted that work on this concept with 
the linear MQ is still under development.

FUTURE OUTLOOK
The concept of open microfluidics is still 
new and needs to be developed further 

before being used as a standard technol-
ogy in biomedicine and life science [47]–
[49]. Although research and development 
still have a key role to play before these 
technologies can achieve commercializa-
tion [50]–[52], a few open microfluidic 
systems have successfully made it to the 
market [53], [54]. The same applies to 
the concepts of the MFP [8] and the MQ 
[19], where more research, applications, 
and developments in their setup are still 
required. However, for substantial prog-
ress to be recorded with applications of 
these devices, their unique features have to 
be leveraged and highlighted in the future.

For the MFP, its open and mobile 
setting is expected to impact single cell 
studies and surface patterning. The MQ 

is notable because of its dynamic and 
controllable SP, and concentration gra-
dients, which hold promise for future 
applications in trapping and manipu-
lating cells. The unique features of the 
MFP and MQ also usher in applications 
in capturing, enumerating, and charac-
terizing biological particles and scanning 
over biological samples for dynamic sam-
pling and stimulations. The open con-
f iguration of the MFPs, in general, 
represents a new era of open microflu-
idics since cell and tissue cultures are 
decoupled from the microf luidic pro-
cesses, and microf luidics are brought 
to the sample instead of bringing the 
sample inside the microfluidic channels. 
These features can be simply envisioned 
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FIGURE 8 The concentration gradient formed within the lateral MQ. (a) An image of the fluores-
cein distribution and concentration gradient of the MQ for Q 10inj =  nL/s and / .Q Q 2asp inj =  The 
inset: A close-up view of the gradient corresponding to the white rectangle. (b)–(c) The images 
of fluorescein distribution with /Q Q 10asp inj =  and 20, respectively. The insets are close-up 
views. (d) An image of the fluorescein distribution and concentration gradient of the MQ with 

/ .Q Q 5asp inj =  The inset: A close-up view featuring the gradient lines for which quantitative 
intensity measurements were taken. (e) The fluorescence intensity profiles of the gradients 
across the lines a–b, c–d, and e–f in (d). A constant concentration gradient is observed across 
the line connected both aspiration apertures. (Images reproduced with permission from Mac-
millan Publishers Ltd., Nature Communications [19].)
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as bringing microfluidics to the culture 
dish where cell and tissue cultures are 
performed using conventional methods.

One interesting potential future appli-
cation of the MQ is in the detection of 
target-sequences [55] by trapping and 
stretching DNA at the SP. This can be 
used to elucidate the fundamental under-
standing of the transcription of genetic 
information from DNA to a messenger 
ribonucleic acid using transcription fac-
tors [56], [57]. Another fascinating 
potential application is the trapping of 
cells at the SP for studying cell dynamics 
[58] and deformability [59], [60] akin 
to closed-chip microfluidics [61], [62] 
but utilizing the open nature and scan-
ning capability of MQs. Furthermore, the 
MQ’s generated floating concentration 
gradient can be used for cell chemotaxis 
studies, neuronal navigation, cancer cell 
migration, and stem cell differentiations. 
An early biological application of the 
MQ was shown in applying the floating 
concentration gradients to a culture of 
neutrophils, a type of white blood cells. 
While the study is still in progress, prelim-
inary results show distinct responses and 
the dynamics of cells’ chemotaxis when 
challenged with stationary versus moving 
gradients [63], [64].

The future we envisage for the MFP 
and MQ is evolving from the current 
form, as experimental tools, to the inte-
grated lab-on-tip devices used com-
mercially. However, this transformation 
is highly reliant on how much these 
devices can be used to simplify con-
ventional processes with a high level of 
sensitivity, selectivity, and throughput 
[65], [66]. For the MFP and MQ to 
attain this, considerable efforts need to 
be made to establish integrated tools 
without dependence on external devic-
es. In addition, methods of automati-
cally moving the MFP and the MQ’s 

SP and concentration gradients on a 
preprogrammed manner can enhance 
their transformations to biological and 
clinical laboratories.

CONCLUSIONS
The emergence of the MFP and MQ in 
microfluidics has the potential to develop 
a new era in the field. However, prac-
tical applications of these technologies 
in biology and life science are key steps 
in transitioning their current laboratory 
forms to physical lab-on-tip tools used 
commercially. This article reviewed recent 
developments in MFP and MQ technolo-
gies and highlights their promising fea-
tures. The open nature of MFP and MQ 
concepts are particularly interesting due to 
the flexibility they offer. The MFP device 
can be introduced into the experiment 
at any time and does not require users to 
shift from conventional biology proto-
cols. However, a key requirement to their 
operation is ensuring that the devices are 
setup in such a way that the parallel plate-
plate requirement is upheld. The parallel 
plate requirement presents some difficulty 
in setting up the experiments, as perfect 
alignment is difficult to attain at the micro 
scale. Although, some techniques have 
been shown to ease this process, a full 
automation of the process is required.

The MFP has been proven to be a 
good candidate for complex shape biopat-
terning and multiplexing because it solves 
the problems of protein denaturation and 
sample evaporation during printing. The 
SP of the MQ has a potential for trapping 
and manipulating cells (e.g., stretching 
DNA); however, practical applications for 
the SP are still yet to be demonstrated.

On the other hand, some preliminary 
studies have exhibited the potential of 
the generated concentration gradient for 
chemotaxis studies. The scanning capa-
bility of this generated gradient could 

extend such studies to the investigation of 
chemotaxis within moving gradients. The 
open nature of the concept also makes it 
a good candidate for studying sensitive 
cells, such as primary neurons or stem 
cells. The resolution of the MFP, and 
therefore the MQ, is highly dependent 
on the aperture and mesa sizes, and so 
there is also a potential to scale the tech-
nology down to even subcellular resolu-
tions. Although this comes at a cost of 
low throughout, perhaps this can open 
doors for MFP and MQ applications at 
the submicron scale.
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