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Microfluidic probes (MFPs) combine the concepts of microfluidics and of scanning probes and

constitute a contact-free and channel-free microfluidic system. Whereas classically the sample is

introduced into the microfluidic device, with a MFP, the microfluidic stream is applied to the sample.

MFPs use hydrodynamic flow confinement instead of walls to constrain a microfluidic stream

between the MFP tip and a substrate. Because MFPs are free to move, they can be used to process

large areas and samples in a selective manner. The development of MFP technology is recent and has

numerous potential applications in several fields, most notably in the life sciences. In this review, we

discuss the concept of MFPs and highlight their application in surface biopatterning, controlling the

cellular microenvironments, local processing of tissue slices, and generating concentration gradients

of biochemicals. We hope that this manuscript will serve as an interdisciplinary guide for both

engineers as they further develop novel MFPs and applications and for life scientists who may identify

novel uses of the MFP for their research.

Introduction

Over the last two decades, microfluidics has emerged as a

powerful technology with many applications in the life sciences

and medicine. Microfluidic systems have many advantages that

overcome limitations of conventional tools and methods used in

life sciences research, Fig. 1. Notably, microfluidic systems have

a much smaller footprint, faster reaction rates that help shorten

the time to result, reduced sample consumption which can lead

to lower cost, multiplexing capability and the ability to perform

high throughput experiments.1,2 Consequently, microfluidic

systems have become increasingly prevalent and widely used.

For example in cell-based research, microfluidics were used to

study cell signalling,3 fusion,4 mechanics,5 dynamics,6,7 chemo-

taxis and electrotaxis.8
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However, microfluidics faces a number of issues as well, such

as clogging of the microchannels, and high flow resistance that

can lead to high shear stress that limits the speed at which

chemicals can be exchanged. It is difficult to selectively access

isolated areas inside of microchannels, and large samples. This

makes large samples such as tissue slices difficult to process. The

transition from traditional cell culture protocols (i.e. using Petri

dishes) to microfluidics faces additional obstacles, such as the

need to culture cells and tissues within microfluidic channels over

extended periods of time (prior to the experiment). Additionally,

cells experience different physical environments at the microscale

than at the macro-scale.9,10 Therefore, the conditions for long

term cultures inside microfluidic devices need to be re-

established. The continuous maintenance of flow can be a

challenge, especially when several experiments and devices are

required.

The MFP was proposed to overcome some of the limitations

of closed microfluidics while keeping many of the advantages of

microfluidics.11 The MFP is an open microfluidic system without

walls that works in non-contact mode. The MFP head and the

substrate surface are both flat and kept parallel to one another,

separated by a narrow gap. For fluid in the gap, the MFP head

and substrate are equivalent to two parallel plates corresponding

to a Hele–Shaw configuration.12 With the MFP, it is not

necessary to introduce a sample, i.e. a cell, into a microfluidic

conduit, but instead a microfluidic stream is applied to the

sample using the MFP. The MFP is mobile and can be moved

over the sample by scanning across it, and the microfluidic

stream can thus be applied anywhere in the sample, Fig. 1c.

These attributes facilitate the application of the MFP to

biological and medical research as it can simply be placed over

cells or tissues cultured according to conventional methods in a

Petri dish or on a cover slip.

In the following sections, we describe the basic concepts

underlying the MFP; describe different MFP designs and their

use for patterning surfaces with biomolecules, for processing

individual cells, groups of cells, and tissue sections, and for

generating ‘‘floating’’ concentration gradients. The concept of

open microfluidics was reproduced in a number of other devices,

notably the chemistrode,13 dual capillary probes,14 and micro-

fluidic pipettes.15 These technologies have been reviewed else-

where,16 whereas this review focuses on the MFP with parallel

plate configuration.

The microfluidic probe

The microfluidic probe (MFP) combines the concepts of

microfluidics and of scanning probes and can be used with any

planar substrate.11 It consists of a flat tip with a pair of

apertures, which are located within a few micrometres of one

another in the smallest probes, and one millimetre in the largest

ones built to date. For processing, the MFP is placed above the

substrate to form a narrow gap while being immersed within the

surrounding liquid, Fig. 1c, thus operating in a Hele–Shaw flow

configuration.12 The gap between the MFP and the substrate can

be adjusted and has been varied between 1 mm and 100 mm,

depending on the size of the probe and the application.11,17–22

One of the MFP’s apertures is used to inject a processing

solution, while the other is used for aspiration, Fig. 2a. When the

aspiration flow rate (QA) is considerably higher than the

injection flow rate (QI), the injected solution is confined and

Fig. 1 Traditional and microfluidic methods for in vitro cell culture. (a) A conventional cell culture dish being serviced with liquid using a pipette. (b)

A conventional microfluidic device made in transparent PDMS that is bonded to a transparent glass substrate. The device features two inlets, one outlet

and a closed channel network connecting them. The channels are filled with red food dye for visualization. (c) Schematics of the microfluidic probe

(MFP) operating on top of a substrate (i.e. Petri dishes) and immersed in liquid. The MFP can be freely moved across the substrate.
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deflected into a microstream by the (concentric) aspiration flow

field and entirely sucked back through the aspiration aperture.

This phenomenon is defined as hydrodynamic flow confinement

(HFC), Fig. 2b. Following HFC, there is no need for channel

walls to confine the processing solution. There is no leaking of

the injected solution into the surrounding medium as long as the

ratio QA/QI remains higher than the HFC threshold that was

found to be between 2–3.11,22 Efficient confinement for such low

QA/QI ratios is achieved thanks to the parallel plate configura-

tion that results in a quasi-2D flow field, and thus enables

efficient capture of all the injected fluid. The injected flow is

confined into a tear shape, and the size of the confined stream

can be tuned by adjusting the ratio QA/QI, and to a lesser extent

by adjusting the gap (G), Fig. 2c. The MFP can be used to

process large areas and samples in a selective manner by placing

it atop the area and the microstream is directly flushed across the

sample of interest. Thus, biological organisms cultured in Petri

dishes or on cover slips can be locally exposed to microstreams of

chemicals applied with an MFP. A detailed description on the

handling and mounting of the original Si based MFP is shown in

a video publication.23

The original MFP was microfabricated in a Si wafer with two

microfluidic apertures for injecting and aspirating fluids etched

through the wafer and located within a mesa that was protruding

y50 mm from the surrounding area.11,18 The Si chip was bonded

to a PDMS chip that served as the world-to-chip interface.

The MFP was connected to two syringe pumps, one for injecting

and one for aspirating, using two capillaries that were plugged into

the PDMS interface. The MFP was manipulated with a rod-clamp

that was mounted to an XYZ positioning system, Fig. 3a.

The Si chip was fabricated with multiple photolithography

steps and deep reactive ion etching (DRIE) on both sides of the

wafer. The drawbacks of this design were a large footprint of the

MFP head relative to the mesa and rather advanced and lengthy

microfabrication processes. Hence, novel geometries and simpler

fabrication processes were developed subsequently. Queval et al.

introduced a transparent PDMS MFP with a vertical probe

geometry,19 Fig. 3b. The fabrication process was based on

laminating a thin PDMS membrane between two identical

PDMS layers structured with microfluidic channels. This simple

process allowed for the production of 10 probes a day in a

standard laboratory and without need for a clean-room facility,

except for the initial fabrication of the master mold. This way,

the PDMS MFP could accommodate multiple apertures, and

since the material of the MFP is a transparent, this setup may

allow illumination of the sample from the top through the MFP

itself. A similar geometry and a multilayer fabrication process

with bonding was also adopted by Kaigala et al. but instead of

PDMS, the MFP was structured into Si which was anodically

bonded to a glass chip, followed by dicing of the MFP and

polishing of the tip.20 The Si-Glass MFP has the smallest

footprint among the various MFPs, and is also amenable to top

illumination through the glass layer, Fig. 3c.

Different holders have been produced17–20 to clamp and

manipulate the variety of MFPs. A stable and rigid probe holder

is required to permit precise adjustment of the position and

minimize vibration of the MFP, in particular when working with

small gaps of the order of a few micrometers. Thus, rigid metallic

holders were used for all of the MFPs.

All MFP stations to date were built atop of inverted

microscopes for live visualization of the MFP in operation,

Fig. 4. Precision XYZ gantry allows to precisely position the MFP

over any point and to adjust the gap between MFP and substrate

with sub-micrometer precision. The microscope stage is typically

used for XY positioning, and an external stage for the vertical

positioning along the Z axis. Note that a three-point support

configuration is used to adjust the horizontality of the substrate to

ensure a constant gap when long distances are being scanned

across the surface. The injection and aspiration of the flow are

achieved using automated and computer controlled syringe

pumps. Automated probe stations with programmable control

of the MFP position and syringe pumps with integrated imaging

have been built and are used routinely for experimentation.18

Fig. 2 Schematics of the microfluidic probe. (a) 3D representation of the MFP and underlying substrate. The injected solution is shown in green color.

The immersion medium is not shown. (b) Cross-sectional view and (c) bottom view of the MFP illustrating the Hele–Shaw configuration and showing

the hydrodynamic flow confinement of the processing solution (shown in green color) achieved by the push-pull configuration. G is the gap between the

MFP surface and the bottom substrate. QI and QA are the injection and aspiration flow rates, respectively. L and W are the length and the width of the

tear shape of the confined injected liquid, respectively. Schematics are not to scale.
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Surface bio-patterning

Patterning surfaces with biological molecules has broad applica-

tions in immunoassays, biosensors, cell biology, drug discovery,

and tissue engineering.24 There are various methods and

technologies to process and pattern surfaces. Inkjet printing

has been the method of choice for microarray patterning, but

printing is performed in a dry environment and consequently

evaporation and drying of reagents is a challenge.25 Pho-

tolithographic technologies are highly developed for patterning

surfaces with complex patterns.26,27 However, they rely on harsh

chemical processes that are not compatible with biological

samples. Soft lithography, a technique where structures are

fabricated using elastomeric stamps or molds, has allowed for

more flexible and low-cost methods for tailoring and patterning

surfaces. Soft lithographic patterning methods include micro-

contact printing28 and microfluidic networks,28,29 both of which

helped circumvent drying issues associated with inkjet printing.

However, microcontact printing can only pattern a single

biomolecule per print, and microfluidic networks can only be

used on small surfaces, and both methods depend on a direct

contact between the elastomeric device and the substrate.28–30

The MFP was applied to surface patterning and combines

advantages of microfluidics along with the flexibility and

addressability of inkjet printing. The MFP can be positioned

at an arbitrary location, and be used to flush and process the

surface below it with the microstream. This approach was used

to deliver protein solutions that were locally adsorbed and

patterned on the surface. However, unlike inkjet that ejects and

deposits a droplet on the surface, which remains and allows for

the adsorption of the molecules in the droplet to the surface, with

the MFP the surface is only processed while it is positioned

above it. By keeping the working gap between the MFP and the

surface small, rapid mass transfer and molecular adsorption to

the surface occur, and individual spots of proteins can be

patterned in a few tenths of a second.11

Another advantage of the MFP is that the HFC can be

adjusted, and hence the spot shape can be altered ‘‘on-the-fly’’ by

controlling the HFC, Fig. 2b&c. Consequently, complex patterns

can be generated by scanning the MFP across the surface and

changing the HFC. It was also found that depending on the

direction of the displacement relative to the microstream,

different patterning effects could be produced for high velocities

and notably the contact between the microstream and the

substrate suppressed when the displacement was sufficiently fast.

Using this strategy, an array11 with over 1300 protein spots

was made while maintaining sample consumption to less than

y300 nl, Fig. 5a.

The array comprises two different proteins (labelled with red

and green fluorescent dyes) that were patterned on a glass slide

with a density of 15,000 spot/cm2. Isolated spots were not

obtained by stopping the flow, but by a rapid stop-and-go

movement of the MFP. The ‘‘stop’’ consisted of a 0.3 s residency,

while the ‘‘go’’ consisted of moving the stage at y10 mm s21.

Connected spots were formed by a back-and-forth movement

between the two adjacent spots. The proteins were arrayed

sequentially and the protein solution was exchanged between the

two arrays. In another experiment, the MFP was also used to

‘‘erase’’ proteins from a surface by locally removing uniformly

adsorbed proteins with a stream of detergent solution, Fig. 5b,

using the same movement sequences as for the direct protein

patterning. Lines of proteins can be ‘‘written’’ on surfaces

continuously by moving the MFP, but as the velocity increases,

there is not enough time for molecules to form a full layer, and

the coverage of adsorbed molecules on the surface becomes

incomplete. This effect was exploited to form gradients of

proteins adsorbed to a surface by gradually decreasing (or

increasing) the writing speed, and in fact arrays of density

Fig. 3 MFP designs. (a) A photograph of the original MFP shown with

handling rod used to attach it to the micro-positioning system. The inset

shows an enlarged view of the MFP mesa and the two apertures. This

MFP was made out of a Si chip that was bonded to a PDMS interface for

input/output fluidic connections. The two apertures in the mesa connect

to the channels. Four microposts surrounding the mesa help alignment to

the substrate and serve as ‘‘bumpers’’ (b) A photograph of a vertical

PDMS-MFP with 6 apertures. This MFP was fabricated by laminating a

thin PDMS membrane between two PDMS layers structured with

microfluidic channels. The tip was formed by cutting the PDMS with a

razor blade. An enlarged view of the tip is shown on the right.

Reproduced by permission of The Royal Society of Chemistry.19 (c) 3D

schematic of a vertical Si-glass MFP that was made by anodic bonding of

a glass layer with a patterned Si chip. An enlarged view of the tip is

shown on the right. Reprinted with permission from Langmuir,

Copyright 2011 American Chemical Society.20
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gradients occupying a few millimetre square could be formed by

repeated acceleration of the MFP over different areas, Fig. 5c.

In conclusion, the MFP technology was used to pattern proteins

on large surfaces and in a multiplexed manner with high density,

and was able to generate complex and graded protein patterns.

Controlling the cellular microenvironment

The native cellular microenvironment is composed of extra-

cellular matrix (a complex structural entity that is composed of

several proteins surrounding and supporting a cell), soluble

molecules, and neighbouring cells, and is subject to multiple

reciprocal interactions.31 Stimuli and responses are highly

dynamic and occur over a day for circadian rythms, hours or

minutes for gradients and cell chemotactic responses, or

milliseconds for electrical impulses. In conventional cell cultures,

cellular microenvironments can be easily controlled for a

population of cells at the scale of tens of minutes, but cannot

be addressed locally at the level of individual cells with shorter

time scales.32 Microfluidics offer much greater spatiotemporal

control which can be achieved by switching and exchanging

solutions on a scale of milliseconds in some devices.33

Microfluidics were thus used to modulate cellular microenviron-

ments by replicating in vivo conditions, and by creating artificial

conditions that allow for the study of underlying signal

transduction pathways and their response time.34–36 However,

it is challenging to expose selected cells locally with short time

scales when using closed-channel microfluidic devices, as we

discussed previously.

The MFP is well suited for selectively perfusing groups of cells,

single cells or even sub-cellular features. For example, a single

cell was detached from a dish by placing the MFP above the cell

and flushing it with trypsin, Fig. 6. Although not demonstrated,

it should be possible to deposit the captured cell at a different

location by switching the flow. The MFP was also used to

selectively label sub-populations of fixed cells, Fig. 7a–b, and

living cells, Fig. 7c–d, as well as to selectively fixate living cells

within a tissue, Fig. 7e, by scanning it across them. Moreover,

the MFP is an attractive tool for the study of cellular dynamics

as it allows to locally perfuse drugs and reagents for hours on, or

with a temporal resolution of a few tenths of a second while

continuously imaging the cells of interest.

The possibilities for local perfusion afforded by the MFP are

particularly pertinent to neurons which are highly branched cells

with axons and dendrites. We used an MFP to locally perfuse an

axon of a fixed neuron with FluoroMyelin that is taken up by the

myelin sheaths surrounding the axon, Fig. 8a; this method could

be used to study and monitor myelination in vitro.37 Similarly, a

single axon of a live hippocampal neuron was perfused with

Fig. 4 Automated MFP station for positioning the MFP, flow control and live imaging. (a) The various components of the station are built around an

inverted microscope to permit live imaging during experiments. (b) A close-up view of the MFP positioning system that provides precise x-, y-, and

z-positioning of the MFP and allows adjusting the parallelism with the bottom substrate. An environmental chamber completes the setup but is not

shown. Reprinted with permission,18 Copyright 2010, American Institute of Physics.

Fig. 5 Biopatterning with the MFP. (a) Fluorescence micrograph of an

array of two different proteins patterned using the MFP. The first

deposited protein was a TRITC-labeled goat IgG (red). The second

protein, a rabbit IgG did not have a label, but was stained with a FITC-

labeled anti-rabbit IgG (green) following the patterning process. (b)

Fluorescence micrograph of an array of TRITC-labelled goat IgG. The

white color are fluorescent proteins that were homogeneously adsorbed

on the glass slide, and the black spots represent the areas where proteins

were removed by delivering a detergent solution using the MFP (c) An

intensity profile of a gradient array of TRITC-labelled goat IgGs on a

glass slide by ramping the MFP’s scanning speed. The 3D intensity

graphic reflects the surface-density of the proteins on the surface.

This journal is � The Royal Society of Chemistry 2012 Lab Chip
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Tumor necrosis factor-alpha (TNFa), Fig. 8b, which is implicated

in the regulation of synaptic transmission upon bath applica-

tion.38 These two results highlight the potential for the MFP to

uncover how cells respond to local applications of cues, and

whether the response will be restricted to the zone of application,

or spread throughout the cell and if yes, at what rate.

In summary, the MFP was used with dissociated cells and

tissue cultures to manipulate individual adherent cells, label

single cells and sub-populations of cells, and used for localized

chemical stimulation at the sub-cellular level on neurons. It

would be interesting to chemically deactivate a certain sub-

population of cells and remove them from the tissue culture

altogether, which can be envisioned as a controlled scratch

wound healing assay that is typically performed for the study of

cellular migration, cellular division, or tissue reorganization.39,40

The MFP might also be combined with microelectrode array

technology41 to study the electrical changes in neuronal networks

in response to topical application of neuromodulators.

Local processing of tissue slices

Tissue slices that are obtained through biopsies possess the

natural tissue-matrix configuration42 and better represent the

actual physiological settings of the organ than in vitro cultures of

dissociated cells.43 Thus, there is high demand for experimenta-

tion on actual tissue slices44,45 because more physiologically

relevant information (e.g. about metabolism and toxicity of the

candidate drug) can be obtained.46

Microfluidic systems were recently adapted to the study of

tissue slices47 with the benefit of reduced reagent consumption,

multiplexing capabilities and an increased throughput.48

Microfluidics have been developed for tissue slice culture with

continuous laminar perfusion and used for electrophysiological

studies,49 biomarker discovery,50 and toxicology studies.51

However, placing and culturing a large tissue slice inside a

closed microfluidic chamber is cumbersome, and it is difficult to

establish a long-term culture of tissue slices inside a microfluidic

device because of insufficient nutrients and oxygen exchange

between the slice and the laminar stream, which is diffusion-

limited across the tissue slice.52

It is also possible to use the MFP to locally perfuse tissue

slices, that were cultured according to the conventional protocols

such as the roller-tube technique.53 The MFP was notably used

with organotypic hippocampal brain slices. Organotypic brain

slices have preserved neuronal connectivity, synaptic transmis-

sion, and glial-neuronal complexes,54 and thus they are

commonly used to study learning and memory, neuronal

regeneration following injuries, and are used as models for

neurological diseases such as epilepsy.55 A perfusion chamber

Fig. 7 Selective labelling and deactivation of cells in culture with the MFP. (a) Phase contrast image of a fixed monolayer of fibroblasts (with MFP

overlay) that was processed selectively with a fluorescent dye (DiI) with the MFP to form the word ‘‘CELL’’ as shown in (b). (c) Selective labelling of

living fibroblasts with a fluorescent dye (Cellomics) forming the word ‘‘MFP’’. (d) An enlarged view of labelled living fibroblasts. (e) Selective

inactivation of a monolayer of fibroblasts with 2.5% sodium hypochlorite. Deactivated cells were subsequently stained with trypan blue while living

cells remained unstained. (f) Enlarged view of the deactivated cells revealing morphological changes. (c–f) Reprinted with permission from Langmuir,

Copyright 2011 American Chemical Society.20

Fig. 6 Use of the MFP for detaching and collecting selected living

adherent cells. (a) A cross-sectional schematic of the MFP positioned

atop a target cell. (b) A micrograph showing the selected fibroblast and

two neighbouring cells. (c) Fibroblast being perfused with a trypsin

solution. Dashed lines outline the apertures of the MFP and the red

overlay shows the HFC of trypsin solution. (d) Image after detachment

of the cell showing that the neighbouring cells remain.

Lab Chip This journal is � The Royal Society of Chemistry 2012
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was designed to fit in an inverted confocal microscope while

permitting high magnification imaging, allowing rapid insertion

of the coverslip with the tissue slice, and providing space to place

the MFP atop of the slice. This chamber was used to perfuse a

hippocampal organotypic slice.19 Red fluorescent dextran was

locally perfused on the slice and the distribution of the dye

within the slice mapped by recording multiple image sections at

different depth using live confocal imaging, Fig. 9. The dextran

penetrated to a depth of 32 mm inside the 70 mm thick slice after

12 min of perfusion. This suggests that mass transport inside the

slice is not dominated by convection, but diffusion.

The MFP was also used for immunohistochemistry (IHC) on

cancerous tissue slices.21 IHC is a staining procedure where

labelled antibodies are applied to the tissue and bind to the

antigens if they are expressed, which is revealed as a stain. IHC is

part of the standard of care and is used in surgical pathology to

classify cancers type and progression based on the expression of

specific proteins in the tissue sections and serves as the basis for

therapeutical decisions.56–58 The MFP was placed atop an

invasive ductal carcinoma breast cancer tissue and several spots

of the tissue were stained by local perfusion with an antibody

that labels the tumor suppressor protein p53, Fig. 10a. The MFP

was moved rapidly from one spot to the next so that non-stained

separation areas were left between spots. Multiplexing was

performed by subsequently staining the same tissue with an anti-

progesterone receptor (PR) antibody, Fig. 10b. Furthermore, the

MFP was used with tissue microarrays58,59 which comprise

millimeter-sized section of tissues from different patients,

Fig. 10c. Each section of the array was stained with three

antibodies including the two mentioned above and an antibody

against the estrogen receptor (ER), Fig. 10d. ER and PR are the

two traditional stains used to classify breast cancer tissue. The

vertical and horizontal patterns shown in the micrographs are

hematoxylin counterstaining lines. Counterstaining is a typical

step of the IHC procedure, which is useful to show the

morphological characteristics of the tissue.

In conclusion, the MFP was used to locally stimulate tissue

slices, and implement IHC procedures; this resulted in minimized

use of reagents, reduced time of experimentation, a cutback on

the required amount of tissue, high-throughput readout, and an

increased ability to multiplex. The MFP might also be combined

with electrophysiology measurements to study the electrical

Fig. 9 A fixed organotypic slice from an L15 transgenic mouse was perfused locally with a dextran for 12 min using a MFP. (a) Overview of a fixed

and stained mouse organotypic hippocampal slice. The slice mounted on a coverslip was placed in a chamber with the coverslip serving as substrate to

permit high resolution imaging using an inverted microscope. (b–j) Confocal images showing the dextran (red) distribution underneath the MFP and

through the 70 mm thick slice. Micrographs are showing the XY images starting from 76 mm above the coverslip (b), down to 33 mm above the coverslip

(j), with a 5.4 mm step size between each image. Blue (DAPI) and green (mGFP) colors represent the cell nuclei and membranes, respectively. No

dextran is visible in (i,j), indicating that the maximal depth is less than 32 mm. (k–m) Confocal micrographs showing the different XZ cross-sections

along the dashed lines shown in (f). These micrographs are showing the dextran confinement along the vertical plane. For reference, the top of the slice

is indicated by the dashed line in (k). Reproduced by permission of The Royal Society of Chemistry.19

Fig. 8 MFPs for localized stimulation of neuronal axons and dendrites.

(a) Local perfusion of an axon in a fixed culture of dorsal root ganglia

neurons in a dish. Neurons were stained with the myelin basic protein

MPB (red) for visualization and to label myelin. The MFP was used to

perfuse a solution of FluoroMyelin to study axonal myelin. FluoroMyelin

is mixed with Fluorescein (green) to visualize the local perfusion. (b)

Stimulation of an axon of a rat hippocampal neuron with TNFa to study

synaptic plasticity. Neurons are transfected with pHluorin-GluR1 (green)

which labels the glutamate receptors type 1 (GluR1). TNF is mixed with

dextran (red) to visualize the local stimulation.
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properties of the tissue slice in response to perfusion with

drugs.60

Also, it will be interesting to expand the study on tissue

staining and include the human epithelial growth factor receptor

2 (HER2) as part of the stain to replicate the common staining

procedure used to establish cancer status and progression.61 The

use of the MFP with tissue slices could be combined with other

technologies such as two-photon fluorescence microscopy for

deep imaging.

Generating concentration gradients of biochemicals

Biochemical concentration gradients are fundamental in many

biological processes and play key roles in the differentiation of

cells and development of organisms.62–64 Multiple methods have

been developed for establishing in vitro biochemical gradients,

such as tissue explant co-cultures,65 hydrogels trapped between

two fluids, one with the chemical serving as source and the other

serving as sink,66 or micropipettes that dispense small volumes of

reagents into the cell medium.67 Unfortunately, these methods

lack reproducibility and offer no or only limited temporal

control.68,69 A multitude of microfluidic devices for controlled

gradient generation have been developed that afford much

greater spatiotemporal control and long term stability.68,69

However, microfluidic approaches typically face a trade-off

between temporal control and minimizing shear stress.68 Rapid

gradient switching depends on high flow speed, but this also

entails high shear stress which can affect cells, notably neurons

and stem cells that are particularly sensitive to outside

perturbations.

We recently proposed the floating gradient concept that is

formed at the stagnation point at the centre of a microfluidic

quadrupole, and which can be rapidly switched yet incurs

minimal shear stress.22 The gradient was formed below a MFP

with four apertures arranged at the corners of a virtual square,

Fig. 11a. A cross-sectional schematic of the MFP immersed in

solution above a substrate is shown in Fig. 11b. Concurrent

injection of liquid from the two opposite apertures results in a

head-on flow configuration at the centre under the MFP

produces a stagnation point (SP). The concurrent aspiration

from the other two apertures results in the hydrodynamic

confinement of the injected streams when the aspiration flow rate

is significantly higher than the injection flow rate, Fig. 11c–e. As

a result a quadrupole-like microfluidic field is formed, Fig. 11f,

with the SP at the centre and a laminar interface between the two

injected fluids. There is no flow at the SP, and thus for cells right

below and close to the SP, the shear stresses are negligible. As

consequence diffusion also dominates mass transport at the SP

and form a stationary gradient.

Such a stationary concentration gradient was formed by

injecting fluorescein in water from one of the injection apertures

and water from the other, while aspirating both streams back

through the aspiration apertures, Fig. 12a. Interestingly, the

concentration gradient formed along the interface at the SP is

propagated along the entire interface between the two streams,

Fig. 10 Localized immunohistochemistry (IHC) executed using a MFP on 4 mm thick, well-differentiated invasive ductal carcinoma breast tissue

sections. (a) Several spots on the same slice were stained to target the tumour suppressor protein p53. (b) Multiplexing was achieved by staining two

different target proteins, the p53 and the progesterone receptor (PR) on the same slice. (c) A tissue microarray of infiltrating ductal carcinoma breast

tissue. Each individual core is 2 mm in diameter. (d) Selected cores of the tissue array (here A2 and B5) stained for p53, progesterone, and estrogen

receptor (ER) proteins. Each core was stained for each protein twice, once at 150 s residency time of the MFP, and once at 300 s. These images illustrate

the potential of the MFP for medical applications.

Lab Chip This journal is � The Royal Society of Chemistry 2012
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Fig. 12b. The shear stress however is only zero at the SP, and

increases linearly when moving towards the aspiration aper-

ture.22 Thus, using this setup it will be possible to expose cells to

stationary concentration gradients and to test the effect of shear

stress by positioning the cells at different distances from the

aspiration aperture.

The gradient slope can be rapidly changed, within a few

seconds, simply by changing the aspiration flow rates,

Fig. 12c&d. Moreover, the gradient can be moved hydrodyna-

mically along with the SP by changing the flow ratio between the

two injection apertures, thus pushing the SP to the aperture with

the lower flow rate. The gradient which is centred on the SP thus

‘‘floats’’ between the two streams. In addition, the MFP itself

can be displaced, thus providing an additional degree of freedom

to position the gradient at any position over a substrate. These

characteristics are now used to study cell chemotaxis under

different conditions.

By arranging multiple apertures into a quadrupole configura-

tion, SPs and floating gradients were generated using the MFP,

and scanned across surfaces. Double gradients may readily be

formed where each stream serves both as the source and the sink,

respectively, continuously replenishing one chemical and con-

tinuously carrying away the other chemical. We expect that

floating gradients will be useful for cell chemotaxis studies.

Conclusion and outlook

With the MFP, microfluidic streams are delivered to the

underlying sample without contact. The MFP designs have

evolved and many new probes now follow a vertical setup and

can be manipulated like pipettes, but while generally maintaining

a Hele–Shaw flow condition. A variety of samples or substrates

have been processed using the MFP without need for specific or

modified protocols or particular sample preparation, notably in

the case of cell and tissue culture. The MFP was used to deposit

complex and multiple proteins patterns with spots that were 50

mm long with a density of 15,000 spot/cm2. Moreover, using the

MFP technology, adherent cells with the size of 20 mm were

selectively removed from a dissociated cell culture and cells

stimulated with sub-cellular resolution. The MFP was also used

with tissue cultures to selectively process sub-populations of cells,

(y50 mm resolution), and with multi-layer tissue slices to deliver

reagents with a spatial resolution of less than 100 mm. In addition,

the MFP was used to perform multiplex IHC staining on invasive

ductal carcinoma breast cancer tissues. Each spot of staining was

around 100 mm in size, which allowed for performing multiple

staining on the same slice with minimized reagents consumption

(1006 less than the conventional methods). Convective flow of

Fig. 11 A MFP with four apertures used to generate a quadrupolar

flow and to form a floating gradient in an open space. (a) 3D

representation of the MFP with a micrograph of an actual device in

the inset. (b) The MFP is placed parallel to the bottom substrate to form

a narrow gap while immersed in the surrounding medium. (c) Schematics

of the quadrupolar flow and stagnation point formed at the center.

Chemicals are confined by using aspiration flow rates exceeding the

injection flow rates. (d) The X–X9, and (e) Y–Y9 cross-sectional views of

the injected chemicals confined in the gap between the MFP and the

bottom substrate. (f) 3D simulation of the flow under the MFP

illustrating the quadrupolar flow field, confinement, SP, and gradient

formed at the interface between the two streams.

Fig. 12 Floating concentration gradient formed using the quadrupolar

MFP. (a) A fluorescent micrograph obtained using an inverted

microscope. Solutions of fluorescein and pure water were injected

through the top right and bottom left apertures, respectively, and

aspirated back in through the other two apertures. A gradient was

formed across the SP and all along the interface of the two injected

solutions. A close up view of the concentration gradient corresponding to

the white rectangle is shown in the inset. (b) Surface plot of the

fluorescence intensity within the quadrupole. (c) Fluorescent intensity

profiles of the gradients generated across the SP for different aspiration

flow rates, illustrating the range of gradient slopes that can be obtained

by adjusting the QA/QI ratio. (d) Measured and calculated length of the

gradient with different aspiration flow rates (the injection flow rate for all

cases was kept constant at 10 nl s21).
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reagents that is associated with the MFP allowed for faster

staining process, which was reported to be 20 s for each spot in

comparison to more than 30 min with the conventional methods.

Moreover, tunable and mobile concentration gradients were

generated using MFPs fabricated with two pairs of injection and

aspiration apertures.

These results illustrate the strength of the MFP, and notably

the ability to process surfaces and objects while immersed in

solution using a stream. However this approach has some

drawbacks, and if the processing time is long, only small areas

can be processed within a given time. Under such circumstances,

forming large microarrays will be prohibitive. Or performing

biological studies with cells that require many repeat experiments

to reach statistical significance will be impractical. However, the

MFP is well suited for single cell experiments that require

dynamic monitoring of the cell response following localized

chemical stimulation. It is worth mentioning that the integration

of MFP with microscopes allows real-time observation and

characterization of the flow which is particularly useful for cell

biological applications, but the MFP can of course be operated

in the absence of a microscope to pattern any sort of surface.

The aperture-size of the different MFPs has been varied from

360 mm to 20 mm depending on the application, but it should be

possible to make smaller and more closely spaced apertures

following the development of novel designs and microfabrication

processes. Conversely, it may also be possible to make MFPs

with arrays of apertures to process multiple areas simulta-

neously.

Thus, MFPs have opened up new experimental avenues for life

sciences research by overcoming the limitations of closed-

channel microfluidics. We believe that the MFP will further

empower the field of life sciences and develop new experimental

methodologies, and will be a valuable tool in medicine when

developed for pathological staining for example.
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